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Editorial on the Research Topic
Advanced functional materials for disease diagnosis, drug delivery and
tissue repair

In recent years, with the rapid advancement of science and technology, advanced
functional materials have demonstrated extensive potential in disease diagnosis, drug
delivery, and tissue repair (Shi, 2009; Hu et al., 2020; Fenton et al., 2018; Varanko
et al., 2020; Whitaker et al., 2021; Christman, 2019). The current Research Topic,
Advanced Functional Materials for Disease Diagnosis, Drug Delivery, and Tissue
Repair, focuses on the theoretical breakthroughs and multidimensional applications of
these emerging materials, exploring how interdisciplinary collaboration drives medical
innovation. By integrating materials science, biotechnology, and clinical needs, these studies
provide systematic solutions to complex pathological challenges in modern medicine and
lay a solid foundation for precision medicine and regenerative medicine.

In the field of diabetes management, significant progress has been achieved in precision
diagnostics and chronic wound repair. Guan et al. reported the integration of intelligent
nanosensor technology and biosensors, enabling more efficient and non-invasive dynamic
glucose monitoring with significantly enhanced sensitivity and specificity (Guan and
Zhang). Moreover, Mills et al. demonstrated that dressings coated with multipotent
adult progenitor cells (MAPC) accelerated angiogenesis and anti-inflammatory
responses, reducing the healing time of chronic diabetic wounds by 40% (Mills et al.).
Additionally, Chen et al. developed a synergistic approach using graphene oxide (GO)
alginate hydrogels in combination with platelet-rich plasma (Chen et al.), significantly
enhancing collagen synthesis and microvascular growth, offering a promising strategy for
the precise treatment of complex and irregular wounds.

In the field of cancer diagnosis and treatment, functional materials are revolutionizing
the way malignant tumors are diagnosed and treated. For tumor imaging, Zhou et al.
highlighted the use of PL002 bimodal contrast agents for precise localization during
glioblastoma surgery, substantially improving the efficiency of tumor removal (Zhou
et al.). Na et al. summarized major breakthroughs in the use of metallic nanoparticles
and carbon-based materials for cerebrovascular imaging, enhancing the ability to conduct
early screening for conditions such as aneurysms and strokes (Na et al.). On the therapeutic
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front, Xu et al. reported that metal-based nanomaterials exhibited
synergistic effects in photothermal and immunotherapy (Xu et al.),
paving a new pathway for precise breast cancer treatment. Zhao et al.
investigated the controlled drug-release capabilities of metal-organic
frameworks (MOFs) (Zhao et al.), which have now become a critical
tool in treating bone tumors. Ren et al. successfully fabricated SPIO/
TP53/PLGA nanobubbles with a diameter of approximately 200 nm
and, in combination with low-intensity focused ultrasound,
achieved targeted delivery of the TP53 gene, significantly
promoting the apoptosis of osteosarcoma cells and providing
substantial support for gene-targeted therapies of malignant
tumors (Ren et al.). Furthermore, Liu et al. developed a novel
sonosensitizer, La2(WO4)3/CuWO4 composite material (LC-10),
through a two-step hydrothermal method (Liu et al.). When used
in a U251 glioblastoma cell model, this composite material inhibited
electron-hole (e−–h+) recombination and generated stronger
oxidative reactive oxygen species (ROS), effectively inducing
glioblastoma cell apoptosis.

In the field of chronic wound repair, multifunctional smart
materials have shown remarkable therapeutic potential. For
infectious chronic wounds, Yang et al. developed CS/PVP
composite nanofiber membranes with antimicrobial and
antioxidant properties (Yang et al.), which not only enhanced the
healing efficiency of acute burn wounds but also improved
angiogenesis and re-epithelialization. Dai et al. designed shellac
microspheres for the sustained release of nonsteroidal anti-
inflammatory drugs (e.g., ketoprofen) (Yang et al.), extending
bioactivity for up to 3 weeks and effectively reducing systemic
side effects of conventional drugs. Regarding antibacterial
applications, Zheng et al. created fluoride-releasing nano-
zirconia-based composite coatings with long-term fluoride
release, high wear resistance, and mechanical stability (Zheng
et al.), representing a groundbreaking advancement for dental
restorative materials. Tian et al. further demonstrated that
multifunctional smart biomaterials hold significant promise for
improving wound healing and preventing infections (Tian
and Bian).

Repair and engineering of the nervous system have also
benefited from the innovative design of functional materials.
In spinal cord injury repair, Zhang et al. developed a dual-
phase hydrogel scaffold (DPSH) capable of the controlled co-
release of neurotrophic factors and Ang-(1–7) (Zhang et al.),
effectively reducing local inflammation, promoting neural stem
cell proliferation and differentiation, and significantly enhancing
the recovery of motor function. In the urological and skeletal
systems, the exploration of functional materials also yielded
success. Hu et al. proposed that biodegradable ureteral stents
(BUS), incorporating antibacterial coating and drug delivery
technologies (Hu et al.), can mitigate infections and
complications caused by long-term stent implantation, thereby
improving patient safety and comfort. Moreover, Cao et al.
fabricated PCL-PEG/CS/AST nanofibers (Cao et al.), which
induced osteogenic differentiation of bone marrow
mesenchymal stem cells (BMSCs), greatly promoting bone
repair and functional reconstruction, providing a powerful
tool for precision treatment of complex bone diseases.

In conclusion, advanced functional materials, with their
multifunctional integration and precise design capabilities, offer
multidimensional solutions to complex diseases. Under the
impetus of interdisciplinary collaboration in materials science,
biology, medicine, and engineering, these research outcomes have
enabled dynamic diagnosis, intelligent drug delivery, and tissue
regeneration, paving the way for clinical translation in precision
medicine. However, several challenges persist, such as optimizing
biocompatibility, controlling production costs, and accelerating
regulatory approval processes. Looking forward, artificial
intelligence may play a critical role in optimizing material
properties and designing drug delivery systems, further
accelerating the development of smart medical technologies.
With continued research progress, multilayered medical
technologies involving precise diagnosis, personalized treatment,
and tissue repair will gradually emerge in clinical practice, bringing
greater hope to patients worldwide and advancing global health to
unprecedented heights.
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Delivery of multipotent adult
progenitor cells via a
functionalized plasma
polymerized surface accelerates
healing ofmurine diabeticwounds

S. J. Mills1,2*, G. T. Kirby1,2, B. R. Hofma1,2, L. E. Smith1,2,
P. Statham1,2, B. Vaes3, A. E. Ting4, R. Short5 and A. J. Cowin1,2

1Future Industries Institute, University of South Australia, Mawson Lakes, SA, Australia, 2Cooperative
Research Centre for Cell Therapy Manufacturing, Adelaide, SA, Australia, 3ReGenesys BV, Bio-Incubator
Leuven, Leuven, Belgium, 4Athersys Inc., Cleveland, OH, United States, 5Material Science Institute,
Lancaster University, Lancaster, United Kingdom

Introduction: Stem cell therapies have been investigated as potential treatment
modalities for chronic wounds however there has been limited success to date.
Multipotent Adult Progenitor Cells (MAPCs©) have been identified as having
potential as an allogenic stem cell product due to their high population
doubling number and their characteristic dampening of T-cell proliferation.
This helps to prevent autoimmunity and graft/cell rejection.

Methods: We have developed a dressing, consisting of medical grade silicone
coated with a heptylamine plasma polymer, which supports the growth and
transfer of MAPCs to skin. To determine if the dressing can deliver functional
stem cells into diabetic wounds, they were loaded with MAPCs and then placed
over excisional wounds in both normal and diabetic mice.

Results and discussion: Accelerated healing was observed in both the normal and
diabetic wounds with wound gape being significantly smaller at day 3 when
compared to controls. Wound analysis showed that treatment with the MAPC
dressings dampened the inflammatory response with reduced numbers of
neutrophils and macrophages observed. Additionally, an increase in pro-
angiogenic VEGF and CD31 positive endothelial cells was observed indicating
improved new blood vessel formation. The MAPC dressings had no effect on
fibrosis with collagen I and III being equally affected in both control and treated
wounds. Overall, the functionalized MAPC dressings improve healing responses
particularly in diabetic mice with impaired healing responses and therefore, show
potential for development as an advanced therapeutic approach for the treatment
of chronic diabetic wounds.

KEYWORDS

MAPC, Inflammation, wounds, diabetes, biomaterials, plasma polymerization
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1 Introduction

Diabetes is one of the main causes of chronic wounds and the
burden of this disease is rapidly increasing (Australia, 2021). There
are thought to be around 422 million diabetic people and one in two
adults undiagnosed with diabetes worldwide (Australia, 2021;
Organisation, 2021). Approximately 15% of diabetic patients will
go on to form diabetic foot ulcers and complications from these
wounds lead to an occurrence of a major amputation every 30 s
(Johannesson et al., 2009) with follow up mortality rates as high as
80%, over the next 5 years (Reiber et al., 2001). Clearly, there is an
unmet demand for effective treatments, which improve healing of
chronic wounds in diabetic patients.

The use of stem cells as a treatment for a variety of wound types
has been around for some time. Mesenchymal Stem Cells (MSCs)
are a cell type that have been widely used for this purpose due to
their multipotent characteristics enabling them to differentiate into
many different cell types including, chondrocytes, adipocytes,
tenocytes, and myocytes (Kirby et al., 2015). The majority of
studies show that treatment of a wound with MSCs accelerates
the rate of wound closure in both normal and diabetic mice
(Badiavas and Falanga, 2003; Ichioka et al., 2005; Mansilla et al.,
2005; Falanga et al., 2007; Dash et al., 2009; Stoff et al., 2009; Mills
et al., 2013; Gao et al., 2014; Huang et al., 2015; Ahangar et al., 2020a;
Thomas et al., 2021). This improvement in healing is achieved via
increases in vascularization, cellularity and elastin production as
well as reduction in scar formation. Isolated humanMSCs have been
delivered to wounds using a variety of different methods. Badiavas
and Falanga (2003) isolated the patients MSCs, via a bone marrow
aspirate of the iliac crest. These cells were then administered directly
onto a debrided wound site and were also injected intradermally into
the wound margins. A remainder of the cells were also cultured, and
three additional treatments were administered. This treatment was
applied to three patients, all of which had chronic cutaneous
ulcerations. The MSC treatment resulted in wound closure, with
increased vascularization, in all three patients with no reoccurrence
of the wounds after following up 1-2 years later (Badiavas and
Falanga, 2003). Falanga et al. (2007) refined their treatment in
this later study by isolating the mononuclear cells from the iliac
crest, and then culturing them in MSC media. These cells were then
characterised before being incorporated into a fibrin spray
containing 5 mg/mL fibrinogen and 25 U/mL thrombin. This cell
suspension was then sprayed topically onto the surface of acute and
chronic human wounds. The acute wounds were shown to heal with
some of the MSCs incorporated into the newly formed tissue. The
chronic wounds were shown to reduce in wound area with theMSCs
again remaining in the wound site. MSCs isolated from mice and
applied using the fibrin spray technique were also able to accelerate
healing in diabetic mice (Falanga et al., 2007). Ichioka et al. (2005)
investigated the use of a collagen matrix to delivery their bone
marrow cells (Ichioka et al., 2005). The cells were isolated from the
bone marrow of mice and then impregnated into the collagen
matrix. The cells using in this study were not passaged or
characterised and are more likely a mixed population of stromal
cells rather than an enriched population of MSCs. The collagen
matrix containing the cells was then placed in a wound created using
a skin fold model of healing, which allowed the visualization of new
blood vessel growth. Treatment with the bone marrow suspension

showed increased vascularization of the murine wounds. This
method of treatment was also used for the treatment of a human
non-healing ulcer. After treatment there was an induction of
granulation tissue formation that led to the eventual closing of
the wound (Ichioka et al., 2005). Human MSCs have also been
shown to have low immunogenicity and promote healing in
incisional wounds in rabbits (Stoff et al., 2009). In this study,
3 cm incisional wounds were created on the dorsum of
New Zealand White rabbits. The wounds were sutured and then
fluorescently labelled human MSCs were intradermally injected
around the wound site. After 7 days the sutures were removed,
and the wounds left to heal. The wounds treated with hMSCs were
shown to have increased tensile strength and reduced scarring (Stoff
et al., 2009).

Other studies with human MSCs and stromal cells also showed
that in addition to their beneficial effects on the wound healing
process in skin they can also improve healing in other tissues such as
the spinal cord and the myocardium (Mansilla et al., 2005; Huang
et al., 2010). Their effects are wide ranging and have also shown to
alter lipid metabolism during wound healing in diabetic wounds
(Gao et al., 2014). However, despite the numerous studies being
performed using MSCs, several differences in how the cells are
characterized, where they are harvested from, their dosage and
method of application has hindered their uptake or application
(Kirby et al., 2015). Additionally, the term “MSC” in the literature
has also referenced mesenchymal stromal cells, which unlike stem
cells are a heterogenous population of different cell types, of which
only a small population may be true mesenchymal stem cells. Whilst
mesenchymal stem cells can help to repopulate lost cells and tissues
the mesenchymal stromal cell population acts more by homing to
the wound and secreting factors which are often
immunomodulatory in nature (Viswanathan et al., 2019). This
confusion and poor characterization has led to an increasing
number of treatments with a high degree of variability, which has
potentially hindered the approval of MSC treatments available for
the treatment of chronic wounds (Moll et al., 2019; Moll et al., 2022).

Given the lack of progress with the development of MSC
treatments, other types of stem cells have been investigated.
Multipotent adult progenitor cells (MAPCs) are bone-marrow
derived non-haematopoietic adherent cells that have been
identified as a potential allogenic cell type for the treatment of
various conditions (Boozer et al., 2009; Reading et al., 2013; Laing
et al., 2020; Carty et al., 2021). They were first described in 2002, by
Jiang et al., and were found to have similar characteristics toMSCs in
that they could proliferate without senescence and differentiate into
the three germ layers to create bone, cartilage, fat, muscle, tendon,
endothelium, neurons, glia and hepatocytes (Jiang et al., 2002; Khan
and Newsome, 2019).

One advantageous characteristic of MAPCs, not shared by
MSCs, is that they can be expanded for over 70 population
doublings, unlike MSCs which are limited to around
20–25 doublings. This makes MAPCs much more robust when
expanding the population for in vivo treatments and for upscaling
during manufacturing of a therapeutic (Roobrouck et al., 2011).
MSCs andMAPCs have also been shown to be non-immunogenic as
they lack the expression of MHC class II and have low expression of
MHC class I molecules, as well as costimulatory markers (CD40,
CD80, and CD86), and CD45 (Khan and Newsome, 2019).
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Interestingly, it has been observed that upon differentiation or
exposure to IFNγ, MSCs increase their expression of MHC class
I and class II molecules making them susceptible to lysis by natural
killer cells (Le Blanc et al., 2003). MAPCs, however, upregulateMHC
class I but not class II molecules and they even inhibit host IL-7-
dependant effector T-cells proliferation, which may prolong their
persistence (Tolar et al., 2006; Jacobs et al., 2013; Reading et al.,
2015). This dampening of the immune response and inhibition of
T-cell proliferation, brought about by MAPC expression of
prostaglandin E2, suggests that potentially MAPCs make an ideal
allogenic product and is why they are currently being tested in graft
versus host disease, immunomodulation after liver transplant and
for cardiac regeneration (Pelacho et al., 2007; Highfill et al., 2009;
Jacobs et al., 2013; Soeder et al., 2015).

MAPC actions, in vivo, appear not to be limited to
immunomodulatory properties but they also have beneficial
effects on existing vasculature as well as promoting new vessel
growth. This has been observed in a variety of models including
islet cell transplantation were significantly increased VEGF
expression and vascularization was observed. This resulted in
an increased number of islet cells that survived engraftment
(Cunha et al., 2017). This improvement in vascularization has
also been shown in a model of limb ischaemia where treatment
with MAPCs led to improved vascularization and blood flow
with improved vascular and skeletal muscle cell growth
repairing the ischaemic damage (Aranguren et al., 2008).
MAPCs have also been shown, via proteomic analysis, to
regulate a wide variety of proteins when stimulated with either
IFNγ, LPS or (a tolerogenic CD74 ligand) RTL1000 (Burrows et al.,
2013). The functions of these proteins included in processes such
as extracellular matrix formation and regulation (MMPs and
proteases), angiogenesis and immune regulation of cells such as
neutrophils, macrophages and T-cells (Burrows et al., 2013).
MAPCs not only possess many of the beneficial traits of their
MSC counterparts, when used for the treatment of a wide variety of
disorders, but they also have selective advantages over MSCs when
being considered for an allogenic therapeutic. The increased
number of cells cycles that they can be expanded for mean that
MAPCs are more robust when generating the required number of
cells for in vivo treatment. In addition, their dampening of the
immune response means that they can persist within the body
to prolong their beneficial effects on the immune response and
vascularization process resulting in better treatment outcomes
when compared to MSCs.

When developing stem cell products for the treatment of acute
and chronic wounds the effects of the mode of delivery and its
optimization is often not fully considered. A common method of
delivering stem cells is with the cells in suspension (Basiouny et al.,
2013), however this is often preceded by enzymatic digestion, which
can be detrimental to the cells. Cells are also administered via
injection but this technique has been shown to increase rates of
apoptosis in the delivered cells (Amer et al., 2015). This has led to
interest in producing stem cell therapies which avoid enzymatic
digestion and deliver the cells as a sheet (Kirby et al., 2017). We have
previously described the manufacture of a functionalized
heptylamine surface on a silicone backing, using plasma
polymerization, that can transfer MAPCs onto a dermal
equivalent in vitro (Kirby et al., 2017). This dressing negates the

need for any enzymatic digestion prior to use and the functional
surface allows the cells to detach and migrate into the wound site
(Kirby et al., 2017). The functional effects of MAPCs and this mode
of delivery suggests that the functionalized dressings with adherent
MAPCs may be beneficial for the treatment of diabetic wounds
which have impaired healing.

Here, for the first time, we describe the delivery, and
optimization of dosage, of MAPCs using a functionalized
dressing for wound healing. Using preclinical wound models in
normal and diabetic mice we have shown that MAPC dressings
improve healing outcomes through a dampening of the immune
response and an increase in angiogenesis. In addition, we also
showed that when MAPCs are delivered to the entire surface of
the wound via the dressing that healing is accelerated when
compared to injecting MAPCs intradermally around the
perimeter of the wound.

Material and methods

Chemical and reagents

Primary antibodies NIMP-R14 (sc-59338) and MRP-14 (sc-
8114) were from Santa Cruz Biotechnology (United States),
collagen I (600-401-103) and collagen III (600-401-105) were
from Rockland Immunochemicals Inc. (United States), VEGF
(MA1-16626) was from Thermo Fisher Scientific (MA,
United States) and CD31 (ab28364) and HNA antibody
(ab215396) was from Abcam (Cambridge, UK). All secondary
antibodies were Alexa Fluors, goat anti-rat 660 (A21054), donkey
anti-goat 594 (A11057) and goat anti-rabbit 488 (A11008) and IgG
antibody (02-6502) were from Thermo Fisher Scientific (MA,
United States). Streptozotocin (STZ; S0130) and heptylamine
were sourced from Sigma-Aldrich (MO, United States). Silicone
was obtained from Polymer Systems Technology Ltd. (High
Wycombe, UK).

Functionalized dressing manufacture

Dressings were manufactured using a backing substrate of
0.3 mm-thick silicone, which were coated with heptylamine using
plasma polymerization and a parallel plate reactor (Figure 1A). A
radio frequency power of 13.56 MHz was used along with an initial
pressure of 2 × 10−2 mbar. The deposition time was 20 min, and the
precursor flow was maintained for a further 10 min. The method
and physico-chemical analysis of the polymer produced is more fully
described in Kirby et al. (2017) (Kirby et al., 2017).

Cell culture

Human MAPCs were obtained from ReGenesys (Heverlee,
Leuven, Belgium), prepared from the bone marrow of a healthy
volunteer and cultured under previously described conditions
(Boozer et al., 2009). Briefly. MAPCs were expanded on a primed
and fibronectin-coated hollow-fibre cartridge of the Quantum cell
expansion system (TerumoBCT, NJ, United States), harvested using
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trypsin/EDTA (Lonza, Basel, Switzerland), cryopreserved and stored
in the vapour phase of liquid nitrogen until use. Cells were further
expanded on fibronectin-coated plastic tissue culture flasks. Cell

cultures were maintained under low oxygen tension in a humidified
atmosphere of 5% CO2. Cells were cultured to sub-confluence in
MAPC, low glucose DMEM, culture media (Thermo Fisher

FIGURE 1
Schematic representation showing the fabrication steps for the cell-dressing (A). A radio-frequency plasma polymer process is used to generate a
chemically functional polymer onto the silicone dressing (A, left). Multipotent adult progenitor cells are then seeded onto the dressing and allowed to
adhere for 24 h (A, right). (B) Expression of MAPC and MSC markers of donor matched MAPCs and MSCs to confirm the genotypes of the cells. (C) HNA
staining of human MAPC cells in mouse wounds in MAPC treated and dressing alone at day 7 (scale bars = 50 µm). (D) Dose response of MAPCs in
diabetic wounds. (E) Comparison of wound gape from diabetic mouse wounds injected at D0 with 2 × 104 MAPC or treated with a dressing seeded with
2 × 104 MAPC. Markers of significance are * = p ≤ 0.05, and ** = p ≤ 0.01. The data in (D,E) was compared using a one-way ANOVA with a Bonferroni
correction.
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Scientific, MA, United States) supplemented with FBS (Atlas
biologicals, CO, United States), MCDB (Sigma-Aldrich, MO,
United States), platelet-derived growth factor (R&D Systems,
MN, United States), epidermal growth factor (R&D Systems,
MN, United States), dexamethasone (Sigma-Aldrich, MO,
United States), penicillin/streptomycin (Invitrogen, CA,
United States), 2-Phospho-L-ascorbic acid (Sigma-Aldrich, MO,
United States), and linoleic acid–albumin (Sigma-Aldrich, MO,
United States). Cells were imaged live using phase contrast
microscopy and were split when they reach confluence using
phosphate buffer saline (PBS, Lonza, Basel, Switzerland) and
trypsin-EDTA (Lonza, Basel, Switzerland). Prior to use, cells were
washed in PBS and seeded onto the functionalized dressings
using a seeding ring, to keep the cells within a defined area. To
achieve this a 10 mm seeding ring with an area of 0.8 cm2 was used
and either 1 × 104, 2 × 104, 4 × 104 or 8 × 104 cells were seeded per
dressing. After 24 h the seeding ring was removed, and the dressing
was ready for use.

mRNA isolation and analysis

Cell expression of MAPC and MSC markers were assessed via
mRNA isolation and qRT-PCR as previously described (Kirby
et al., 2017). In brief, donor matched MSCs and MAPCs were
cultured, and RNA extracted using an AllPrep Protein/RNA
Isolation Kit according to the manufacturers protocol
(QIAGEN, Germany). The RNA was quantified using a
NanoDrop Lite Spectrophotometer (Thermo Fisher Scientific,
MA, United States) and the expression of the following markers
was assessed via qRT-PCR: AGT, VCAM1, ANGPTL2, VCAM,
CXCL4, INSC, and PTGS1. Expression was normalised to the
housekeeping gene ATP5B following iScript cDNA synthesis
(BioRad, CA, United States) and qPCR on the BioRad CFX
Connect using the SsoAdvanced SYBR Green Universal
Supermix synthesis (BioRad, CA, United States).

Animal studies

All animal studies were carried out with approval from
the Women’s and Children’s Health Network Animal Ethics
Committee (secondary healing model—AE971/4/2018 and
diabetic healing model—AE984/6/2017) and carried out in
accordance with the Australian code of practice for the care
and use of animals. Mice were all eight-to ten-week-old females
(BALB/C) sourced from the Animal Resources Centre (Perth, WA,
Australia). Mice were acclimatized for 7 days upon arrival and
were kept in a 12-h light/dark cycle, in a temperature and
humidity-controlled environment. Only female mice were used
as there are significant inherent difference in the wound healing
mechanism when compared to male mice. It has been reported in
the literature that oestrogen can accelerate healing via a
dampening of the inflammatory response whilst androgen have
the opposing effect (Ashcroft and Mills, 2002; Ashcroft et al.,
2003). Studies in male mice will be conducted if the MAPC
treatment is successful.

Diabetes induction

10–12-week-old mice were fasted 4 h prior to streptozotocin (STZ)
being injected interperitoneally at 50 mg/kg, in citrate buffer pH 4.5
(100 ul), for 5 consecutive days. The mice were then group housed and
mushy food was supplied until healthy weights were maintained. Blood
glucose levels were tested daily and 1-2 U of insulin was administered as
required to maintain the blood glucose levels within the diabetic range
of 15–25 mmol/L. Following maintenance for 6 weeks post-STZ
injection, only mice within the diabetic range for the entirety of
weeks 4–6 were included in the study. Overall, 70% of the mice in
this study became diabetic using thismethod and these were included in
the diabetic groups to give N = 7. The other 30% of the non-diabetic
mice were used for other studies.

Surgical procedures

Groups of healthy and diabetic mice were anaesthetized with
inhaled isoflurane. Mice were initially placed in an induction box
supplied with at 2 L/min of oxygen and 3% isoflurane. Once under
surgical depth anaesthesia the mice were transferred to a nose cone
which was supplied with 0.2 L/min oxygen and 2% isoflurane. At this
point the dorsum was shaved, depilated with Veet cream and cleaned
with 70% ethanol. Two equidistant 6 mm full thickness excisional
wounds were created, using a punch biopsy, on the dorsal surface,
1 cm from the base of the skull and 1 cm either side of themidline. Each
wound was then covered with a circular 1 cm diameter dressing which
was held in place using a 3 cm by 1 cm strip of Tegaderm. Mice were
under anaesthetic for an average of 5 min.

MAPC and control treatments

Treatments were either administered as intradermal injections or
via the functionalized dressing. For the intradermal injection the
treatment consisted of MAPCs in PBS or PBS alone, with a total
volume of 100 uLs. 25 μLs of PBS or the cell suspension was injected
intradermally 2 mm from the wound margin, at 4 sites equidistant
around the wound circumference. The dressings were either the
functionalized surface alone or the functionalized surface seeded
with MAPCs. Both the wounds on the mice received the same
treatment for all studies i.e., either control dressings or inject
MAPCs or dressing seeded with MAPCs or PBS injection. The
dressings were removed after 72 h, and the wounds left to heal by
secondary intention i.e., no sutures or dressings were used after 72 h.
N = 7mice per group were used as calculated using a power calculation.

Dose response study

An initial in vivowound healing study was performed to identify
the optimal dose of MAPCs that would result in the fastest rate of
wound closure. The wounding was carried out as described in the
surgical procedures section in diabetic mice and five groups were
compared, a control functionalized dressing with no cells and
dressing seeded with either 1 × 104, 2 × 104, 4 × 104 or 8 × 104
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cells. Macroscopic wound gape measurements were then compared
to determine the rate of healing.

Comparison of MAPC delivery

In this study using diabetic mice, MAPCs were delivered to the
wound either via intradermal injection or via the functionalized
dressing. The controls used were wounds treated with PBS delivered
via an intradermal injection or a functionalized dressing with no
MAPCs. MAPCs in PBS were initially delivered to the wound
surface but the cell suspension was not retained within the wound
site due to a lack of viscosity as such it was decided to deliver the cells via
intradermal injections.

Acute and diabetic wound healing studies

These studies were carried out as specified in the surgical
procedures section and the MAPC dose used was 2 × 104 cells
per wound. The two treatment groups were the functionalized
dressing seeded with MAPCs or the functionalized dressing alone.

Macroscopic assessment

All wounds were photographed daily, and macroscopic
measurements of re-epithelialization, termed wound gape, were
measured from these digital images.

Microscopic assessment

Wounds were collected from groups ofmice on days 3, 7 and 14 and
bisected. Half the wounds were snap frozen in liquid nitrogen and used
for molecular analysis and half the wounds were fixed for 24 h in 10%
normal buffered formalin before being processed into paraffin and used
for histological analysis. 5 µm wound sections cut and mounted onto
coated glass slides. Slides were stained with haematoxylin and eosin for
microscopic woundmeasurements including, woundwidth, wound area
and percentage re-epithelialization.

Immunohistochemical staining

5 µm sections on glass slides were placed into xylene before the
sections were rehydrate using graded concentrations of ethanol. Antigen
retrieval was carried out in 10mM citrate buffer, pH 6.0, where the
sections were heated to 90°C for 10min. Once cooled the sections were
incubated with an appropriate blocking serum for 30min. Primary
antibodies to NIMP-R14, MRP-14, VEGF, CD31, HNA, collagens I
and III were diluted 1:100 using PBS and secondary antibodies were
diluted 1:200 in PBS. Control staining used an appropriate IgG antibody,
which was used in place of the primary antibody. Secondary antibodies
were Alexa Fluor, mouse anti-rat 660, mouse anti-goat 594 and mouse
anti-rabbit 488. All sections were counterstained with DAPI (4’, 6-
diamidino-2-phenylindole) at a concentration of 1:5000. Images were
captured on Olympus IX83 with a DP80 camera, at ×20 magnification.

Analysis and quantification of cells per unit area (mm2), fluorescent
intensity and wound measurements were performed using CellSens
software (Olympus, Japan).

Statistical analysis

Statistical significance was calculated using a two-tailed Student’s
t-test when comparing two groups. A one-way ANOVA was
performed, with a Bonferroni correction, for comparison of
multiple groups. A p-value of less than 0.05was considered significant.

Results

Expression of MSC and MAPC panel markers

To confirm the population of cells used wereMAPCs, analysis of
expression markers for donor matched MSCs and MAPCs was
performed. Significantly more expression of MSC markers (AGT,
ANGPTL2, and VCAM) were observed in the MSC cells compared
to MAPCs, which had little measurable expression (Figure 1B). The
expression of the MAPC markers (CXCL5, INSC and PTGS1) had
greater expression in the MAPCs when compared to the MSCs,
which had little or no expression of these markers (Figure 1B).

Identification of the optimal dose of MAPCs
delivered using the functionalized dressings
to treat diabetic wounds

Wounded diabetic mice (n = 7) were treated with functionalized
dressings seeded with: 1 × 104, 2 × 104, 4 × 104, 8 × 104 MAPCs or
functionalized dressing (cell-free) alone. Macroscopic images were
taken at day 0, day 3, day 7 and day 10 and wounds harvested at day
7 and day 10. To confirm delivery of human MAPCs into the murine
wounds, human nuclear antigen (HNA) antibody staining was
performed. The presence of human MAPCs was confirmed at day
7 with HNA positive cells observed within the wounds (Figure 1C).
Macroscopic wound measurements showed that at day 3 all mice
treated with MAPC dressings had smaller wounds when compared to
those treated with cell-free control dressings with wound gape being
44.1%–52.7% smaller than the dressing alone depending on the
dosage used. At day 7, only wounds treated with the 2 × 104

MAPC dressing remained significantly smaller than wounds with
dressing alone (p = 0.0103) (Figure 1D). In addition, wounds treated
with the highest dose of MAPCs showed delayed healing compared to
those treated with the cell-free dressings (p = 0.0009). Due to this data
all other studies used a dosage of 2 × 104 MAPCs as this was shown to
be most effective at promoting wound repair.

MAPCs delivered using functionalized
dressings improved healing when compared
to injected MAPCs

To determine if injection of MAPCs was as effective as delivery
via a functionalized dressing, wounded diabetic mice (n = 7) were
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either treated at day 0 with 2 × 104 MAPC injected intradermally at
four sites around the wound margin or a functionalized dressings
seeded with 2 × 104MAPCs. Two control groups of injected PBS or a
dressing alone treatment were also included. At day 3, wounds
treated with the MAPC dressings (34.9%) had smaller wounds when
compared to wounds treated with MAPC injections (74.5%), PBS
injections (122%) and dressing alone (83.6%), though this data was
not significant. Wounds treated with the MAPC dressings (2.38%)

were significantly smaller at day 7 (p = 0.003) when compared to
wounds directly injected with equivalent numbers of MAPCs
(12.76%) or the PBS (17.8%) and dressing alone (19.4%) groups
(Figure 1E).

Figure 1E showed a trend to suggest that the wounds treated
with injected MAPCs, or the dressing alone were healing at a faster
rate than the PBS injected wounds, at day 3. This, however, was not
significant when the data was compared by one-way ANOVA. It has

FIGURE 2
Representative images of the macroscopic appearance of the day 3 normal (A) and diabetic (B) wounds treated with MAPC dressings and control
dressings (Scale bars = 2 mm) and the respective macroscopic wound gape measurements (C,D). Histological H&E images of day 3 and day 7 normal (E)
and diabetic (F) wounds treated with MAPC dressings or control dressings (scale bars are 20 µm) and their respective microscopic wound area
measurements (G,H). Markers of significance are * = p ≤ 0.05, and ** = p ≤ 0.01. Significance was determined using a two tailed student t test.
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been reported in the literature that plasma polymerized surfaces can
promote the proliferation of human keratinocytes, which may
explain the perceived reduction in wound area of the wounds
treated with the dressing alone, when compared to the PBS
group at day 3 (Haddow et al., 2003).

Interestingly, the wounds treated with the MAPC dressing had a
wound gape of 34.9% and 2.4%, at day 3 and 7 respectively, whereas
the MAPC injected wounds had a wound gape of 74.5% and 12.7%.
These observed differences may be because the dressing
administration delivered the MAPCs to the entire wound surface
whereas the intradermally injected MAPCs were only delivered into
the wound margins and had to migrate into the wound site. There
are also reports in the literature that show up to 80% of a dose
delivered via injection can be non-viable depending on the needle
size and flow rate used (Amer et al., 2015). This may also account for
the reduction in efficacy seen with the injected MAPCs. As a
comparatively low dose of MAPCs was administered to each
wound (2 × 104 cells per wound) any loss via injection could
significantly impact the effect of the MAPC treatment. In
addition to this, it would result in differing doses being delivered
to the wound site when comparing the intradermal injection and the
dressing delivery system. As such the intradermal injection was not
considered a reliable control and only the dressing alone control was
used for the remainder of the study.

Delivery of MAPCs improves macroscopic
healing in both normal and diabetic wounds

In both normal and diabetic mice, the delivery of MAPCs by the
functionalized dressings significantly accelerated macroscopic
wound closure at 3 days post-wounding (Figures 2A–D). At day
3, excisional wounds in normal mice treated with MAPC dressings
had reduced by 26.9% (Figure 2C). This was significantly smaller
(p = 0.021) than the 17.9% reduction observed in the control wounds
(Figure 2C). This improvement was also seen in diabetic mice
treated with the MAPC dressing with wound gape being
significantly reduced by 59.8% compared to wounds treated with
control dressings which were reduced by 36.3% (p = 0.001)
(Figure 2D). There were no significant differences seen at day
7 in either the normal or diabetic wounds.

MAPC dressings decrease wound area in
diabetic but not normal wounds

When wound area in normal mice was assessed
microscopically, no differences were observed at any of the
time points between wounds treated with MAPC dressings or
control dressings (Figures 2E, G). Diabetic wounds have
impaired healing, and the wounds were significantly larger
than those in normal healthy mice. When treated with MAPC
dressings, a decrease in wound area was observed, in the diabetic
mice, of 26% at day 3 (0.43 mm, p = 0.04), 31.5% reduction at day
7 (0.32 mm, p = 0.02) and 35.9% at day 10 (0.15 mm, p = 0.002)
when compared to control dressings (Figures 2F, H).

Reduced neutrophil influx in normal and
diabetic wounds treated with MAPC
dressings

Neutrophils are among the first immune cells to immigrate
into the wound site and whilst there were no significant differences
observed in the day 3 excisional wounds in normal mice there was
a significant reduction (p = 0.002) in neutrophilic persistence in the
MAPC dressing treated wounds when compared to control
wounds at day 7 (Figures 3A, C). In contrast, a significant
reduction in neutrophilic influx at day 3 (p = 0.0008) was
observed in MAPC dressing treated diabetic wounds and
persistence at day 7 (p = 0.006) was again observed compared
to control dressings (Figures 3B, D).

MAPC dressings modulate macrophage
influx into normal and diabetic wounds

Excessive macrophage recruitment to the wound site is often
linked with a delayed wound healing phenotype (Kirby et al., 2015).
In the normal mice wounds, treatment with MAPC dressings
significantly reduced the numbers of macrophages at both day 3
(p = 0.0005) and day 7 (p = 0.001) when compared to control
wounds (Figures 3E, G). This reduction in macrophages was also
seen at day 3 in the diabetic wounds (p = 0.003) but was not
maintained at day 7 (Figures 3F, H).

Treatment with MAPC dressings increases
blood vessel formation in normal and
diabetic wounds

Angiogenesis is key to successful wound healing as without
blood vessels the wound tissue and the cells within that tissue are
starved of oxygen. This results in hypoxia and delays wound
healing (Velazquez, 2007). Two markers of angiogenesis are
VEGF and the endothelial cell marker CD31. Treatment of the
excisional wounds in normal mice with MAPC dressings showed
increased VEGF expression at day 3 (p = 0.005) and day 7 (p =
0.05) when compared to wounds treated with control dressings
(Figures 4A, C). No significant difference was observed in VEGF
expression in day 3 diabetic wounds, but increased levels of VEGF
expression was observed in the wounds treated with the MAPC
dressings at day 7 (p = 0.036) when compared to control wounds
(Figures 4B, D). In the acute wounds there were significantly more
CD31 positive cells in the MAPC treated wounds (p = 0.02) when
compared to the control wounds (Figures 4E, G), which also
reflected the similar expression levels of VEGF in these wounds.
There were no significant differences in CD31 expression observed
in the acute wound at day 7. In the diabetic wounds there was only
a significant difference in CD31 positive cell numbers at day 7 (p =
0.03), with more CD31 cells in the MAPC treated wounds (Figures
4F, H). This also reflects the VEGF data which also showed
significantly more expression in the MAPC diabetic wounds at
day 7.
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MAPC dressings had no effect on collagen
deposition in normal and diabetic wounds

Collagen deposition is another key element of the wound healing
process. Collagen is initially deposited in the form of collagen III,
which is then replaced by collagen I (Kirby et al., 2015). In this study
collagen I and III expression were investigated in both normal and
diabetic wounds at day 3 and day 7 treated with the MAPC
dressings. No significant differences were observed at any of the
time points assessed (Figures 5A–H). The ratio of collagen I to
collagen III were also considered as this is a marker of wound
remodelling but again no significant differences were observed
(Figure 5I).

Discussion

In this study we have assessed the effectiveness of delivering
MAPCs using a functionalized heptylamine surface on a silicone
backing, using plasma polymerization. By manufacturing these
MAPC dressings and applying them topically to normal and
diabetic murine wounds, we have shown that we can positively
influence healing and increase the rate of wound closure. This was
achieved with only one application of the cells at the time of wounding,
via the dressing, which remained in place for 72 h. In both the normal
and diabetic wounds, treatment with the MAPC dressing increased the
rate of wound closure. Previous studies have investigated the effects of
MAPCs encased in alginate and discovered that when applied in vitro

FIGURE 3
Representative images showing NIMP-R14 positive neutrophils at day 3 and day 7 in normal (A) and diabetic (B) wounds treated with MAPCs
dressings or control dressings and their respective positive cell staining counts per mm2 (C,D). Representative images of the immunohistochemical
staining of MRP-14 positive macrophages in day 3 and day 7 normal (E) and diabetic wounds (F) and their cell counts per mm2 (G,H). Markers of
significance are ** = p ≤ 0.01 and *** = p ≤ 0.001 and scale bars are 50 µm. Significance was determined using a two tailed student t test.
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to scratch wounded corneal stromal cells, there was a significant
increase in the rate of wound closure (Al-Jaibaji et al., 2018). In
another study, a mixture of rodent MAPCs, epidermal stem cells
and fibroblasts were injected intravenously and subcutaneously
around excisional wounds of nude mice leading to accelerated
wound healing rates (Ji et al., 2009). Interestingly, this study also
showed that the MAPCs were able to incorporate themselves into
the hair follicle bulge in the epidermis, which is a known location of
stem cell populations, and were then able to contribute to wound
healing in the surrounding skin (Ji et al., 2009). MAPCs have also been
shown to improve the vasculature in an ischaemic limb injury model in
mice where intramuscular injections of murine MAPCs showed
improved muscle regeneration, increased blood flow and improved
function of the effected limb. This was compared to treatments with

murine MAPC vascular derived progenitors and murine bone marrow
cells, which were not as effective (Aranguren et al., 2008). Vaes et al.
have shown thatMAPCs not only improve the invasion of vessels into a
Matrigel plug injected subcutaneously in mice but that when MAPCs
were injected intraperitoneally into wounded mice improvements in
the vascularization and healing of the wounds was observed (Vaes et al.,
2020). MAPCs can improve the vasculature around injected islet cells
increasing the number of engrafted islet cells and improving the rate of
diabetes reversal in mice (Cunha et al., 2017). In our study the data also
showed that there was an improvement in blood vessel formation at day
3 and 7 in the model of normal healing and at day 7 in the diabetic
impaired healing model determined by VEGF and CD31 staining.
More recently, treatment of excisional wounds with MAPC secretome
has been shown to increase the rate of healing by dampening the

FIGURE 4
Representative images of VEGF staining in normal (A) and diabetic (B)wounds at day 3 and day 7 treated with MAPCs dressings or control dressings.
Graphical representation of the intensity per mm2of the control and treated wounds (C,D). Representative images of the immunohistochemical staining
of CD31 positive cells in day 3 and day 7 normal (E) and diabetic wounds (F) and their cell counts per mm2 (G,H). Markers of significance are * = p ≤
0.05 and ** = p ≤ 0.01 and scale bars are 50 µm. Significance was determined using a two tailed student t test.
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immune response and increasing angiogenesis (Ahangar et al., 2020b).
MAPCs have a dampening effect on the host immune system,

which helps prevent rejection of the MAPCs and autoimmunity
(Reading et al., 2015). They achieve this phenomenon by the
suppression of T-cell proliferation in conjunction with prostaglandin
E2 (PGE2) production. These characteristics make MAPCs prime
candidates for allogenic products. In addition to the effects of

MAPCs on the regrowth of the vasculature, described by us and
others, we have now shown that MAPCs also influence the
inflammatory response in vivo. Previous studies looking into the
effects of MAPCs on the immune response have been in vitro and
focused on the effect on T-cells to assess their potential as an allogenic
product (Burrows et al., 2013; Reading et al., 2013; Reading et al., 2015).
These studies show that MAPCs can inhibit the IL-7 dependent T-cell

FIGURE 5
Immunofluorescent staining of collagen I in normal (A) and diabetic (B)wounds at day 3 and day 7 treatedwithMAPC dressings and control dressings
and the graphical representation of the intensity measurements of those wounds (C,D). Collagen III staining of normal (E) and diabetic (F)wounds at day
3 and day 7 when treated with the MAPC dressings and control dressings and their intensity measurements (G,H). Ratio of collagen I and collagen III
staining in normal and diabetic wounds at day 3 and day 7 for MAPC dressing and control dressing treated wounds (I). Scale bars = 500 µm.
Significance was determined using a two tailed student t test. de.
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expansion to prevent autoimmunity and graft rejection. Interestingly,
within these studies MAPCs were also shown to inhibit the expression
of TNF and IFNγ. Whilst this was only confirmed in vitro it does
provide an explanation for the effect of MAPCs on neutrophil and
macrophage infiltration observed in this in vivo study. TNF and IFNγ
are two cytokines that are known to increase the recruitment of both
neutrophils and macrophages into the wounds site (Zhang, 2007;
Ashcroft et al., 2012). With this study we also observed an
inhibition of the inflammatory process with a reduction of
neutrophil and macrophage numbers seen in the MAPC dressing
treated wounds. Prostaglandin E2 (PGE2), which is upregulated by
MAPC treatment, has also shown to have some links to the resolution of
the inflammatory response (Walker et al., 2012), which further supports
the reduction in the inflammatory response seen in this study. Finally,
the data showed that there was little effect on collagen deposition within
the wound. As accelerated healing is often associated increased scarring,
treatment with the MAPC dressings was shown to not only accelerate
the rate of healing but that this improvement was not achieved with a
poorer cosmetic outcome.

In summary, we have shown that treatment of wounds with the
MAPC dressings can accelerate healing in both normal and diabetic
mice when compared to cell-free dressings. The MAPC dressings also
significantly accelerated healing when compared to MAPC injections
into the wound margins. This suggested that delivery of the MAPCs,
via the dressing, to the entire wound surface rather than relying on the
cells to migrate into the wound site can result in an overall improved
rate of healing. The mechanisms by whichMAPCs increase the rate of
healing was achieved through a dampening of the immune response
and an increase in angiogenesis. Overall, this allogenic dressing has
the potential to improve the healing of chronic diabetic wounds in
patients to help alleviate their suffering and the financial costs to the
health services worldwide.
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Slow-sculpting graphene oxide/
alginate gel loaded with
platelet-rich plasma to promote
wound healing in rats
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1Shandong University, Jinan, Shandong, China, 2Department of Burns and Plastic Surgery, Weihai
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Scientific and Technological Innovation, Yantai Hi-tech Industrial Development Zone, Yantai, Shandong,
China, 5Department of Burns and Orthopedic Surgery, Jinan Central Hospital, Jinan, Shandong, China

Wounds, especially chronic wounds, have become an important problem that
endangers human health. At present, there are many repair methods, and among
them combines materials science and biology is one of the important repair
methods. This study explored the preparation method, physicochemical
properties, biological activity and safety of Platelet-Rich plasma (PRP)-loaded
slow-sculpting graphene oxide (GO)/alginate gel, and applied it to acute full-
thickness skin defect wounds in rats to observe its role in wound healing. The
results show that the slow-sculpting GO/alginate gel has excellent plasticity and
is suitable for a variety of irregularly shaped wounds. At the same time, its porous
structure and water content can maintain the activity of platelets and their
released growth factors in PRP, thereby promoting wound collagen synthesis
and angiogenesis to accelerate wound healing. This indicates that the slow-
sculpting GO/alginate gel is an excellent loading material for PRP, and the
combination of the two may become one of the methods to promote
wound repair.

KEYWORDS

slow-sculpting gel, platelet-rich plasma, wound healing, graphene oxide, alginate gel

Introduction

With the intensification of the aging society and the increase of obese people, the
incidence of refractory wounds such as burn/trauma, diabetic ulcers, vascular ulcers and
stress injuries has increased year by year and has become a global problem that endangers
human health (Collaborators et al., 2017; Dai et al., 2020; Sen, 2021). As a result, the repair
and remodeling of wounds has attracted widespread attention in areas such as tissue
engineering and clinical medicine (Buechler et al., 2021; Chen et al., 2021; Mascharak et al.,
2021). However, wound healing is a dynamic and orderly biological process, and
disturbance or interruption of any one stage will cause it to delay or not heal (Gurtner
et al., 2008; Reinke and Sorg, 2012; Eming et al., 2021; Konieczny and Naik, 2021). Studies
have found that a variety of functional dressings and biological therapies can promote
wound healing, but the polymorphism of wounds affects the application of regular shape
dressings, and the therapeutic effect of monotherapy is not satisfactory (Frykberg and
Banks, 2015; Martinez-Zapata et al., 2016; Tang et al., 2022). Therefore, there is great
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potential for combining functional plastic biomaterials with
biotherapies to rationally and effectively restore orderly wound
healing processes.

Platelet-Rich plasma (PRP) as a biological therapy is rich of
growth factors that can be easily produced from blood samples by
centrifugation or platelet apheresis, which has been used for
increasing frequency for the treatment of acute/chronic wounds
(Gentile et al., 2020; Laschke and Menger, 2022). After PRP
activation, the α particles in platelets release a variety of growth
factors (such as PDGF, VEGF, TGF-β, EGF and FGF, etc.), which
have the effect of promoting vascular regeneration, collagen
synthesis, and involved in a specific biomolecular activity, which
in turn plays an important role in acute and chronic wound healing,
inflammation and pain treatment (Martinez-Zapata et al., 2016;
Harrison et al., 2018; Gentile et al., 2020; Laschke and Menger,
2022). In addition, the formation of fibrin scaffolds after PRP
activation can support growth factors in wound sustained release,
so its biological effect is also closely related to the density of fibrin
(Harrison et al., 2018; Anitua et al., 2019). However, the PRP gel
scaffold is similar to the blood clot, showing a loose and porous
network structure, its plasticity and adhesion are not enough to meet
the needs of the wound surface, especially the chronic refractory
wound surface with variable shape and different depths (Hsu et al.,
2019; Irmak et al., 2020; Catanzano et al., 2021; Oneto and Etulain,
2021; Zhou et al., 2022). Therefore, through the principle of tissue
engineering, loading PRP with functional materials to improve its
biological activity is one of the important directions of current
exploration (Qiu et al., 2016).

In recent years, sodium alginate, which has been widely used,
is an anionic natural polysaccharide extracted from the cell wall
and interstitium of algae, because of its gelatinity,
biocompatibility and biodegradability and other advantages
(Wang et al., 2018; Sanchez-Fernandez et al., 2021). In the
field of biomedicine, because it has good water solubility and
rich functional groups, it has excellent characteristics of
structural improvement and construction of composite
materials. In sodium alginate, sodium ions are exchanged with
polyvalent metal cations, crosslinked to form hydrogels with
good permeability, which has a significant effect on
maintaining the activity of cells, enzymes, sensitive drugs,
proteins and other substances (Sanchez-Fernandez et al.,
2021). So, it is widely studied in the fields of tissue repair
materials, biochemical drug-controlled release carriers, cell
immune isolation and other tissue engineering (Kumar et al.,
2019; Zhu et al., 2020; Liu et al., 2021; Rami et al., 2021; Shiny
et al., 2021; Wang et al., 2021; Zhang et al., 2021). Although
alginate (Alg) is currently widely used in clinical practice, and
one of the most effective dressings, but there are still many
deficiencies in clinical application. The shortcomings of the
rapid gel process, poor mechanical strength, no biological
activity, no antibacterial activity, poor stability, limited
adsorption capacity and poor water resistance limit its
promotion to a certain extent. Therefore, researchers try to
use the composite covalent crosslinking method to modify it
to solve this problem, but chemical crosslinking agents may affect
its biosecurity, so physical crosslinking or ion crosslinking to
improve its performance is safer and more effective, of which
carbon materials are more ideal choices.

Carbon materials include graphene, graphene oxide (GO),
reduced graphene oxide, carbon nanotubes, etc., of which GO, as
a new type of material, can combine its high specific surface area,
great thermal stability, special physicochemical properties, good
electronic conductivity and amazing mechanical force and other
advantages, and play synergistic role with other materials (Liu et al.,
2011; Xie et al., 2018). In recent years, GO-based nanocomposites
have received more and more attention in many different fields, and
various functional combination strategies can effectively improve
the performance of GO, and give materials some properties such as
sustained release, stability, photocatalytic properties, etc. (Wang
et al., 2018; Wu et al., 2019; Joshi et al., 2020; Shen et al., 2020;
Wang et al., 2020; Olmos and Gonzalez-Benito, 2021). GO surface
contains a variety of oxygen-containing functional groups, with
richer surface activity, good hydrophilic and biocompatible, which
not only play its hydrogel good biocompatibility and moisturizing
effect to promote wound healing, but also has antibacterial effect
(Wu et al., 2019; Olmos and Gonzalez-Benito, 2021). Therefore, GO
is widely used in antibacterial bioassays, cancer treatment, drugs and
gene delivery.

In recent years, a number of studies have investigated the
utilization of GO- and Alg-conjugated compounds. These
compounds exhibit considerably enhanced biomechanical
characteristics in comparison to Alg alone, and have been
documented to possess exceptional antibacterial efficacy, as well
as the ability to promote cell proliferation and facilitate drug delivery
(Ciriza et al., 2015; Chen et al., 2016; Wang et al., 2019). According
to the literature reviewed above, in the current study, we prepares a
slow sculpting GO/Alg gel support PRP for wound repair. It is
expected to provide a new idea for the preparation of wound healing
materials and the promotion of PRP.

Materials and methods

Preparation of GO/Sodium alginate solution

The GO powder (Shenzhen Guosen Linghang Technology Co.,
Ltd., China) was dispersed in sterilized distilled water with a
concentration of 2 mg/mL, then placed in an ultrasonic washer
(Ningbo Xinzhi Biotechnology Co., Ltd., China) in room
temperature for uniform dispersion for 2 h to obtain GO
dispersion solution. Appropriate amount of sodium alginate
powder (Shanghai Aladdin Biochemical Technology Co., Ltd.,
China) was added into the GO dispersion (3%wt), stirred well
and placed at room temperature for later use.

PRP preparation

For PRP preparation, male SD rats with a body weight of
260–280 g were used, after successful anesthesia with a 10%
chloral hydrate (Shanghai Macklin Biochemical Co., Ltd., China),
peripheral blood was drawn into a centrifuge tube containing 3.2%
concentration of sodium citrate anticoagulant (peripheral blood:
sodium citrate = 10:1), shaken well. Peripheral platelet
concentrations were measured and PRP was prepared by the
two-step centrifugation method. Centrifuge machine (Hunan
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Xiangyi Laboratory Instrument Development Co., Ltd., China) was
used, blood was first centrifugated at 2000 rpm for 15 min at room
temperature. By this step, the whole blood was divided into three
layers: the upper layer contained most of the platelets and plasma
while most of the red blood cells were sedimented in the bottom
layer, and the middle layer (buffer layer) contained white blood cells
and platelets. The upper layer and surface part of the middle layer
were transferred to another sterile centrifuge tube, the transfer
process should be gentle to avoid mixing with too many red
blood cells. Then perform a second centrifugation at 3,000 rpm
for 10 min, after the second spin, upper 2/3 was called poor platelet
plasma (PPP), which contained a small number of platelets, and the
lower 1/3 was PRP. 2/3 of the PPP was discarded, gently shaken the
centrifuge tube to obtain final PRP. This method of PRP preparation
obtained a platelet concentration of approximately 6times compared
with the baseline concentration.

Go/Alg gel loaded with PRP

The GO/Alg solution and PRP were mixed evenly with the ratio
of 1:2, Added an appropriate amount of calcium carbonate powder
(Shanghai Aladdin Biochemical Technology Co., Ltd., China) into
the solution to insure the mass concentration of calcium carbonate
was 4%, after stirring well, added glucono-delta-lactone (GDL)
powder (Shanghai Aladdin Biochemical Technology Co., Ltd.,
China) with a the molar ratio to calcium carbonate 2.65 to the
solution, and after rapid stirring, let it stand for later use.

Gel lyophilization and electron microscopy
observation

The GO/Alg gel with PRP was mixed and aliquoted into sterile
EP tubes, after 1 h of standing at room temperature, the gel sample
with a complete appearance and satisfactory strength was placed in
the refrigerator at −80°C for 24 h, and then the frozen sample was
placed into a vacuum freeze dryer (−88°C, 0.011 kPa, Labconco Co.,
US) for 24 h to obtain fluffy lyophilized samples. Sharply cut the
middle part of the lyophilized sample for vacuum gold spraying, and
then observe the microstructure of the gold-plated
sample with SEM.

Plasticity, adhesion and mechanical testing

The gel prepared by the above method was put into a 5 mL
sterile bottle at room temperature, and gel formation status was
observed by inverting the test tub: tilted the tube 10° every 30 s to
observe the fluidity of the gel, gel was judged complete formed when
no flow was observed for 10 s, and the gelation time was recorded,
repeated the process for three times to take the average value (Nair
et al., 2007). Different porcine tissues (skin, fat, muscle and bone)
were selected to simulate their adhesion to human tissues.

The adhesive properties of the hydrogels were determined
using a lap shear test at 25°C. Briefly, the specimens underwent
testing using an INSTRON 5565 tensile testing apparatus
(manufactured by Instron, Nor-wood, MA, United States) with

a velocity of 10 mm/min until two sections of skin tissue were
detached. The adhesive strength was calculated based on the
maximum modulus of the adhesive area. Uniaxial tensile tests
were conducted on GO/Alg, PRP, and GO/Alg/PRP scaffolds to
evaluate their mechanical properties according to previous study
(do Amaral et al., 2019).

Porosity testing

The porosity was measured by the drainage method. 50 mL of
absolute ethanol was added to the container, and a certain mass of
sample (M1) which was already dried to the balance weight was put
into the container. The container was then vacuumed circularly until
no more bubbles overflow in the sample, weighed the mass of the
container containing ethanol and the sample (M2). Then the sample
filled with ethanol was taken out, and the remaining ethanol and
volumetric bottle were weighed (M3). The porosity was calculated
according to the following formula: porosity%= (M2-M3-M1)/
(M2-M3) ×100%.

Water content testing

The fully gelled hydrogel sample was immersed in PBS solution,
after placing in a 37°C incubator for 24 h, removed the excess water
on the surface of hydrogel with filter paper and weighed, the mass
was recorded as M1. Then the hydrogel was lyophilized in a low-
temperature freeze-drying machine for 24 h, and the weight of the
solid after lyophilization was recorded as M2. The water content of
hydrogel = (M1-M2)/M1×100%.

Platelet fluorescence staining

PKH67 reagent was diluted 250 times through PBS solution and
diluent provided in the kit (Beijing Solarbio Science and Technology
CO., Ltd., China), and the prepared gel was stained in situ with the
staining solution fully covered the gel. After standing at room
temperature for 1 h, the staining solution was discarded. After
fully rinsing the sample with PBS solution for 3 times, the
labeling effect of platelet cells in the gel was observed under a
fluorescence microscope.

Degradation rate

The materials with the same mass of GO/Alg, PRP and GO/
Alg/PRP were respectively weighed into sterile centrifuge tubes,
the weighing mass was denoted as W0 and placed at room
temperature (25°C, 40–50%RH). Meanwhile, the materials with
the same mass of GO/Alg/PRP were placed at (37°C, 40%–50%
RH). Samples were taken out and weighed at week
1,2,3,4,5,6,7 and 8, respectively. The mass of each sample was
denoted as W1, and the degradation rate of the gel was calculated
according to the mass change: degradation rate% = (W0-W1/W0)
%. There were 3 samples in each group and the mean value was
taken for statistical comparison.
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Sustained release test of PDGF

Approximately 1 mL of the freshly prepared PRP and GO/Alg/
PRP solution were placed into sterile EP tubes. PRP was activated
and gelatinized by hemocoagulase and calcium chloride, GO/Alg/
PRP was gelatinized by adding calcium carbonate and GDL. After
fully gelatinized, appropriate amount of PBS was added to
completely soak the gel. Medium was changed every day; the
supernatant was collected and frozen at −80° for testing. The
concentration of PDGF in the supernatant was detected by rat
ELISA kit (Jiangsu Meimian industrial Co., Ltd., China).

Establishment and grouping of rat
wound model

Male rats with a body weight of 260–280 g were anesthetized by
intraperitoneal injection of chloral hydrate. The hair on the back of
the rats was removed, and then a full-thickness skin wound with a
size of 1.5 × 1.5 cm was created on the back of the rats with a scalpel.
After modeling, the rats were randomly divided into 4 groups:
control group, GO/Alg group (wounds were applied with GO/Alg
gel without other active ingredients), PRP group (wounds were
applied with homologous rat PRP) and GO/Alg/PRP group (wounds
were applied with GO/Alg/PRP gel). Near-infrared irradiation was
performed once a day, with 5min each time. On the 0, 3, 5, 10, and
14 days, the wound was photographed with a single-lens reflex
camera, and the area of the wound was estimated using ImageJ (NIH
Image, Rockville, MD, United States).

All animals were kept in a pathogen-free environment and fed
ad lib. The procedures for care and use of animals were approved by
the Ethics Committee of the Shandong University and Weihai
Municipal Hospital (2021075), and all applicable institutional and
governmental regulations concerning the ethical use of animals
were followed.

Histopathology and immunohistochemistry

On the 14th day of the experiment, the rats were euthanized, and
the wound tissues were excised for hematoxylin-eosin (HE),
Masson’s staining and CD31 immunohistochemical staining. At
the same time, the heart, liver, lung and kidney were excised for
further HE staining. The tissue specimens were immediately fixed
with 4% paraformaldehyde (Shanghai Macklin Biochemical Co.,
Ltd., China) for 48 h after removal. And then dehydration,
embedding and sectioning (Hua Yong, China; Leica, RM2265)
were applied for follow-up inspection. The two pathologists
quantitatively analyzed collagen and vascular content using ImageJ.

Statistical analysis

SPSS22.0 software was used for data analysis, and data were
expressed as mean ± standard deviation (SD). t-test and one-way
analysis of variance (ANOVA) were used to determine statistical
differences.

Results

Preparation and electron microscopy
structure of GO/Alg/PRP

The preparation process of GO/Alg/PRP was shown in
Figure 1A. Grossly, the general form of GO/Alg/PRP is denser
than GO/Alg. Cuts the spray gold, and scans the electron
microscopy to observe the microstructure. Under electron
microscopy, GO/Alg and GO/Alg/PRP gels have a three-
dimensional network structure, and the pore distribution is
uniform and the size is relatively consistent, about 100–200 μm,
indicating that GO is well dispersed, which helps GO with rich
functional groups on the surface to form hydrogen bonds with
hydrogels (Figure 1B); The cross-section of the pore wall is
protruding, indicating that the connection with the adjacent
structure is good, and there is no separation phenomenon
(Figure 1B). After PRP is added, it is evenly distributed in the
pores of the material, and the fibrin is cross-linked with the pore wall
to form a stable three-dimensional structure (Figure 1C), and this
more stable three-dimensional structure is more conducive to
exerting the biological activity of PRP.

Plasticity and adhesion of GO/Alg/PRP

Figure 2 shows the slow plasticity and injectability of GO/Alg/
PRP sols. The test tube inversion method determines the glue
forming time, Go/Alg/PRP sol remains in the sol state at room
temperature at 1–4 min, and the viscosity gradually increases,
becoming a gel for about 5 min (Figures 2A,C), which is more
suitable for clinical applications than PRP immediate gels. GO/Alg/
PRP gels can be smoothly extruded through a 18G syringe at room
temperature, forming specific patterns (Figure 2E), demonstrating
their superior injectability.

As can be seen in Figure 2B, both GO/Alg and GO/Alg/PRP can
be easily and firmly adhered to different tissues (such as skin, fat and
muscle) surfaces at room temperature, while PRP’s tissue adhesion is
easy to fall off from the above tissues. The adhesion stress results of
the GO/Alg/PRP hydrogels indicated that the addition of GO/Alg
improves the adhesion properties of the hydrogel (Figure 2D). The
area of GO/Alg/PRP was larger than that of PRP group, indicated
that the contractility was reduced (Figure 2F). Tensile modulus
analysis revealed that PRP gel exhibits very little resistance to
tension, while GO/Alg/PRP exhibits stronger resistance to tension
compared to PRP and GO/Alg (Figure 2G).

Wet environment constructed by porosity
and moisture content of GO/Alg/PRP

As can be seen in Figure 3A, the appearance of GO/Alg and GO/
Alg/PRP gels is more complete, mechanical strength is better, while
PRP gels are softer and looser. After lyophilization, GO/Alg and GO/
Alg/PRP gels are porous and sponge-like structures, with more pores
and uniform pore size, good pore integrity, better penetration
between pores, and denser than PRP gels.
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The use of porous materials to act on the wound surface in order
to promote its healing has always been expected by researchers, and
porosity is an important factor affecting the load capacity of the
material (Yao et al., 2022). Figure 3D showed that the porosity of
GO/Alg decreased from (66.67 ± 4.51) % to (56.67 ± 4.51) % after
adding PRP. Combined with electron microscopy images, it was
found that PRP could be uniformly filled in GO/Alg gel, which
further confirmed its loading effect on PRP.

From Figure 3C, it can be seen that the water content of GO/Alg
and GO/Alg/PRP hydrogels is significantly higher than that of PRP
gels. Immunofluorescence staining of platelets in the gel showed that
the platelet aggregation rate in GO/Alg/PRP gel was lower than that
in PRP gel, and platelets could flow freely in GO/Alg/PRP gel, as
shown in Figure 3B.

Effect of GO/Alg on platelet-derived growth factor
controlled release in PRP

At the same time, in vitro degradation experiments also found
that the degradation of GO/Alg and GO/Alg/PRP gels showed a slow
trend, which simulated the wet micro-environment in vivo and was

conducive to maintaining the activity of platelets and releasing
growth factors.

The degradation of GO/Alg/PRP between room temperature (2
5°C, 40%–50% RH) and body temperature (37°C, 40%–50% RH) was
compared, and there was no significant difference in the degradation
rate between the two observation time points, but the higher the
temperature, the faster the degradation rate (Figure 4A). At the same
time, GO/Alg, PRP, and GO/Alg/PRP are stored at room
temperature (25°C, 40%–50% RH) under laboratory light for
1–7 weeks for degradation testing. Among them, the PRP group
degraded rapidly and was basically completely degraded at 3 weeks;
GO/Alg and GO/Alg/PRP degraded slowly, and there was no
significant difference in vitro degradation between the two, and
the degradation rate remained stable, and it was completely
degraded about 7 weeks (Figure 4B).

PDGF, as a representative, plays an important role in wound
healing (in collagen prolif-eration, angiogenesis and other aspects),
so we choose it as a representative to compare the release kinetics of
growth factors between PRP gel and GO/Alg/PRP gel. The PDGF
release kinetics in PRP and GO/Alg/PRP was compared using

FIGURE 1
Preparation and characterization of the GO/Alg/PRP. Preparation route of the GO/Alg/PRP (A). Gross appearance and SEM image of GO/Alg, GO/
Alg/PRP at indicated magnification scale, and their porous structure (B, C).
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FIGURE 2
Optical photogragh of sol-gel transition of GO/Alg/PRP with 10°and 180° change on room temperature (A). The GO/Alg/PRP adhered onto various
biological tissues including skin, adipose, muscular and bone (B). The setting time of GO/Alg and GO/Alg/PRP (p > 0.05), as shown in (C). The adhension
stress of GO/Alg/PRP (D). The injectability of GO/Alg/PRP through the 18G syringe (E). Area (F) the results showed that the GO/Alg/PRP acquired a similar
shape compared to GO/Alg, as presented in tensile modulus (G).
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enzyme-linked immunosorbent assay (ELISA). This study found
that from day 1 to day 10, the morphology of PRP gel gradually
loosened, while GO/Alg/PRP gel was intact and showed no signs of
loosening except for a slight reduction in volume. According to the
concentration of the standard in the ELISA kit and the absorbance
measured, the standard curve was calculated. The standard
concentration and the absorbance value correspond well. The
standard curve equation is: Y = 0.1533 + 9.9631X. The standard
curve equation has a high fitting degree with the standard curve (r =
0.991), see Figure 4C. The results showed that the release
concentration of PDGF decreased gradually, and there was no

statistical difference between the two on the first, ninth and 10th
days. The concentration of PDGF released by GO/Alg/PRP gel was
higher than that of PRP gel on the second to eighth days, and there
was statistical difference between the two, as shown in Figure 4D.

Wound General View and Healing Rate

The external effects of the three gels were compared by in vivo
wound experiment. Figure 5A shows the typical wound images of
each group on days 0, 3, 5, 10 and 14. From the dynamic changes of

FIGURE 3
Gross appearance of GO/Alg, PRP and GO/Alg/PRP (A). Immuno-fluorescence staining of platelet-rich region in PRP and GO/Alg/PRP (B).
Difference of water content in GO/Alg, PRP and GO/Alg/PRP, significantly more water content compared to the PRP group (pp < 0.05), as shown in (C).
Interval porosity in GO/Alg and GO/Alg/PRP, and difference were observed between GO/Alg and GO/Alg/PRP (pp < 0.05), as shown in (D). Data were
shown as mean ± SD.
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wound morphology, the wounds of all groups gradually healed with
time, and the GO/Alg/PRP group showed the best healing effect.
Quantitative analysis of Figure 5B showed that the wound healing
rate of PRP group and GO/Alg/PRP group was better than that of
control group and GO/Alg group on the third and fifth day with no
significant difference in wound healing rate. On the 10th and 14th
days, the GO/Alg/PRP group was superior to the other three groups,
and the healing speed of GO/Alg/PRP group was faster than the PRP
group and the control group.

Wound histology

On day 14 of the experiment, HE staining of wound tissue
showed that the GO/Alg/PRP group showed better epithelial
regeneration than the control group, GO/Alg group and PRP
group (Figure 6A). Masson staining was used to observe
collagen formation. Compared with the other three groups, the
GO/Alg/PRP group not only increased collagen deposition, but
also had dark blue-stained collagen directional arrangement in the
tissue, and tissue remodeling was improved (Figures 6B,D).
CD31 staining was used to observe angiogenesis. The brown
part of the GO/Alg/PRP group was significantly higher than
that of the other three groups, indicating that GO/Alg has a
role in promoting vascular proliferation in wound repair
(Figures 6C,E).

Effects of metabolic rate and vital organs

Through the pathological analysis of important histopathology of
the heart, lungs, liver and kidneys, the organ toxicity of GO/Alg and the
presence or absence of accumulation in vivowere studied. On day 14 of
the experiment, the stained sections of vital organs of the heart, lungs,
liver and kidneys in each group showed no pathological changes,
rejection inflammation, and signs of accumulation in vivo, indicating
good biosecurity, as shown in Figure 7.

Discussion

The results showed that the slow-sculpting GO/Alg gel has
excellent plasticity and is suitable for a variety of irregularly
shaped wounds. At the same time, its porous structure and water
content can maintain the activity of platelets and their released
growth factors in PRP, thereby promoting wound collagen synthesis
and angiogenesis to accelerate wound healing.

Wound dressing materials including hydrogels, films, wafers,
nanofibers, foams, topical formulations, transdermal patches,
sponges and bandages were widely used in clinical. Hydrogels
exhibit unique features which make them suitable wound
dressings. A certain adhesion between the material and the
wound can not only prevent its self-wound surf ace from falling
off, but also play a role in shrinking the wound surface and

FIGURE 4
GO/Alg/PRP degradation at different temperature has no statistical difference for 7 weeks (p > 0.05), as shown in (A). GO/Alg, PRP, and GO/Alg/PRP
degradation at room temperature for 1–7weeks (pp < 0.05, compared to PRP group), as shown in (B). Standard curve (C). PDGF slow release from PRP and
GO/Alg/PRP in PBS of 37 °C, and data were shown as mean ± SD (pp < 0.05), as shown in (D).
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promoting wound healing, which is one of the indispensable
characteristics of hydrogel as a wound dressing (Li and Wang,
2011; Hu et al., 2018; Blacklow et al., 2019). By incorporating
calcium ions as crosslinking agents in sodium alginate hydrogels,

their mechanical properties are significantly enhanced, especially in
terms of tensile strength (Wang et al., 2022). In order to enhance the
plasticity and antioxidant activity of the GO/Alg gel, and then
improve the biological activity and mechanical strength of PRP

FIGURE 5
Evalution of the different groups on wound healing. Macroscopic full-thickness skin wounds images were recorded during wound healing on day 0,
3, 5, 10, and 14 (A). Percentage of wound healing process (B), and data were shown asmean ± SD, significantly faster wound closure was observed in GO/
Alg/PRP, pp < 0.05.
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gel, we use gluconolactone to decompose calcium carbonate and
slowly release calcium ions to produce a homogeneous calcium
source, and prepares a slow sculpting gel support PRP for wound
repair. Consistent with the previous studies, our results showed that

the slow-sculpting GO/Alg gel has perfect porosity to act on the
wound surface meanwhile the water content can create a moderate
wet environment for wound healing. The excellent plasticity is
suitable for a variety of irregularly shaped wounds.

FIGURE 6
Histological appearance and analysis of the control, GO/Alg, PRP and GO/Alg/PRP group on day 14. Transmitted light images of HE-stained(A),
Masson’s trichrome-stained (B) and CD31 immunohistochemical-stained (C). Significantly faster collagen synthesis (D) and CD31 (E) were observed in
GO/Alg/PRP group, bars represent mean ± SD, Signifificances are presented bypp < 0.05,ppp < 0.001.
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The growth behavior of active substances on tissue engineering
materials directly affects their tissue repair and reconstruction.
Therefore, the ideal tissue engineering material must not only have a
microenvironment suitable for the active substance, but also have the
needs for the active substance to secrete its own extracellular matrix,
nutrient infiltration, and metabolite discharge. Studies have shown that
primary cells can grow albumin-secreting on three-dimensional
structures for more than 6 weeks, and this function is missing
during monolayer culture. Therefore, porous scaffold materials with
three-dimensional microstructures play an important role in tissue
engineering. Platelets in PRP are rapidly activated in vitro to release a
variety of growth factors such as PDGF, TGF, FGF, VEGF and so on.
PDGF, as a representative, plays an important role in wound healing (in
collagen proliferation, angiogenesis and other aspects), so we choose it
as a representative to compare the release kinetics of growth factors
between PRP gel and GO/Alg/PRP gel (Hong et al., 2019; Kim et al.,
2020; Laschke andMenger, 2022). Consistent with the previous studies,
our study revealed that the concentration of PDGF released by GO/Alg/
PRP gel was higher.

As we all know, wound healing is divided into: hemostasis,
inflammation, proliferation and remodeling period, and the main
risk factors affecting the delay or interruption of its healing can be
roughly divided into: local factors (such as infection, hypoxia, re-
injury and tissue necrosis, etc.), systemic diseases (such as diabetes,
malnutrition and immunodeficiency, etc.) and pharmaceutical
factors (such as the use of steroid drugs) (Martinez-Zapata et al.,
2016; Zahn et al., 2017; Anitua et al., 2019; Spater et al., 2020;
Laschke andMenger, 2022). In the current study, the external effects

of the gels were compared by in vivo wound experiment. Based on
the previous studies, we established a rat model of full-thickness skin
defect on the back and explored the role of each group in wound
healing. The wound closure rate was recorded at fixed time points
from day 1–14. Wound General View and Healing Rate, HE staining
and Masson results of wound tissue showed that the GO/Alg/PRP
group showed better epithelial regeneration.

Both cell proliferation and migration are fundamental processes
in the context of angiogenesis. Platelet endothelial cell adhesion
molecule, commonly referred to as CD31, is a glycoprotein with a
molecular weight of 130–140 kD. It belongs to the immunoglobulin
(Ig) superfamily. The interactions between endothelial cells
mediated by CD31 play a crucial role in angiogenesis. This
biological process typically initiates with the proliferation of
endothelial cells, which is subsequently followed by migration,
adhesion, and differentiation. In the current investigation, a
notable increase was observed in the GO/Alg/PRP group. This
discovery implies that the sustained release of functional GO/Alg/
PRP has the potential to enhance angiogenesis by expediting the
proliferation and migration of endothelial cells, thereby preserving
the integrity of the vascular system.

The study of GO -based materials for dressings is still in the
experimental stage, and clinical applications need to clarify their
metabolism and tissue and organ tox-icity. Through the pathological
analysis of important histopathology of the heart, lungs, liver and
kidneys, the organ toxicity of GO/Alg and the presence or absence of
accumulation in vivo were studied. In the current study, the stained
sections of vital organs of the heart, lungs, liver and kidneys in each group

FIGURE 7
Potential organs (including lung, heart, liver and kidney) toxicity of GO/Alg/PRP with HE-stained on day 14. Scale bars are 100 μm.
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showed no pathological changes, rejection inflammation, and signs of
accumulation in vivo, indicating good biosecurity of GO/Alg/PRP.

In summary, our study suggests that GO/Alg/PRP gel exhibits
potential in wound repair. Nevertheless, the precise underlying
mechanism remains unclear and more investigations are needed
to further elucidate and clarify.

Conclusion

The present study indicates that the slow-sculpting GO/Alg gel
is an excellent loading material for PRP, and the combination of the
two may become one of the methods to promote wound repair.
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Ureteral stenting is a common clinical procedure for the treatment of upper
urinary tract disorders, including conditions such as urinary tract infections,
tumors, stones, and inflammation. Maintaining normal renal function by
preventing and treating ureteral obstruction is the primary goal of this
procedure. However, the use of ureteral stents is associated with adverse
effects, including surface crusting, bacterial adhesion, and lower urinary tract
symptoms (LUTS) after implantation. Recognizing the need to reduce the
complications associated with permanent ureteral stent placement, there is a
growing interest among both physicians and patients in the use of biodegradable
ureteral stents (BUS). The evolution of stent materials and the exploration of
different stent coatings have given these devices different roles tailored to
different clinical needs, including anticolithic, antibacterial, antitumor,
antinociceptive, and others. This review examines recent advances in BUS
within the last 5 years, providing an in-depth analysis of their characteristics
and performance. In addition, we present prospective insights into the future
applications of BUS in clinical settings.

KEYWORDS

biodegradable ureteral stent, natural polymers, PLGA, PCL, PTMC, biodegradablemetals

1 Introduction

Ureteral stents are widely used in the therapeutic management of urological diseases
and are one of the most commonly used devices in clinical urology. Playing a crucial role in
providing essential support and facilitating urine drainage, ureteral stents are routinely used
in various clinical scenarios, including assisting in the treatment of urinary tract stones and
alleviating and treating both benign and malignant ureteral obstructions. They are placed
preoperatively to aid in intraoperative identification of the ureter, to facilitate expulsion of
small residual stones in the upper urinary tract, and to prevent postoperative complications
such as ureteral stricture (Lange et al., 2015; Wang et al., 2018).

In 1949, Herdman initially delineated ureteral stents constructed from polyethylene
(Herdman, 1949). However, this material does not prevent mechanical obstruction caused
by urine settling on the stent tube, which can lead to hydronephrosis. Zimskind et al. (1967)
initially delineated in vivo silicone ureteral stents (Zimskind et al., 1967). The stent is made
up of a straight silicone tube with an open end and a drainage hole on the side. Encrustations
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of silicone catheters appear to be less prevalent, albeit with higher
stent mobility. In order to enhance stent mobility, Gibbons et al.
(1974) employed an acorn-shaped silicone sheath at the distal end of
the stent, strategically positioned just within the ureteral orifice,
thereby facilitating stent fixation within the ureter (Gibbons et al.,
1974). Hepperlen et al. (1978) initially documented the utilization of
self-retaining single pigtail stents, featuring a proximal pigtail
configuration aimed at mitigating distal displacement, but they
still have the potential to migrate to the proximal end, making
removal difficult (Hepperlen et al., 1978). In the same year, Finney.
(1978) reported that double J tubes, with both distal and proximal
ends in a “J” shape, greatly reduced the risk of stent displacement,
and are still widely used in clinical diagnosis and treatment
(Finney, 1978).

Currently, diseases such as ureteral tumors, ureteral calculus,
and ureteral strictures may lead to renal and ureteral hydronephrosis
as well as urinary tract infections, often requiring the use of ureteral
stents (as shown in Figure 1). Ureteral tumors represent about 2.65%
of genitourinary tumors and have a mortality rate of 3%, according
to the 2023 United States Cancer Statistics. The number of ureteral
tumor patients in the United States is expected to increase by
500 compared to 2020 data, indicating an upward trend (Siegel
et al., 2020; Siegel et al., 2023). The incidence of kidney and ureteral
calculus ranges between 4% and 20% (Trinchieri, 1996). An
examination of adult Americans unveiled that the incidence of
kidney and ureteral stones has shown a continuous rise over the

years, escalating from 0.6% in 2005 to 0.9% in 2015 (Tundo et al.,
2021). Epidemiological data from the United States and Europe
indicate a yearly increase in the incidence of sepsis, with an annual
increase of 8.7%. It is noteworthy that 8.6%–30.6% of sepsis cases are
related to the urinary tract, and the mortality rate can reach 20%–

40% (Martin et al., 2003). Therefore, as the incidence of urological
diseases continues to rise, the use of ureteral stents is expected to
increase accordingly.

Despite the widespread use of ureteral stents, they are associated
with diverse complications, the most common of which are
infection, crusting on the stent surface, patient discomfort, and
hematuria (Xia et al., 2023). At present, the most commonly used
stent tube materials are silicone and polyurethane. These materials
require a second invasive procedure with cystoscopy for retrieval
and are considered permanent. This secondary surgery increases the
risk of postoperative complications such as hematuria and ureteral
stricture. For pediatric patients, the removal of the stent requires
supplementary general anesthesia. Simultaneously, non-
biodegradable ureteral stents are associated with stent retention
syndrome (Monga et al., 1995). Over time, the presence of a stent in
the body increases the risk of urinary tract infection and the rate of
surface crust formation (Klis et al., 2009; El-Hayek et al., 2017). In a
recent meta-analysis, the early removal of ureteral stents (i.e., within
3 weeks) was found to significantly mitigate the occurrence of
urinary tract infections (Wang et al., 2022). Undoubtedly, the
combination of the primary disease and the adverse effects

FIGURE 1
Types of diseases treated clinically with ureteral stents and possible complications after stent implantation.
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TABLE 1 Comparison of currently used materials for BUS.

BUS materials Degradation
period

Degradation
mechanism

Characteristics
of BUS

Drawbacks
of BUS

References

Alginate 7 days Benign dissolution Favorable tissue compatibility 1. Insufficient
degradation time

Auge et al. (2002)

2. Further analysis of
human subjects is
required

Alginate Ureter: 8 days Even degradation 1. Effective temporary
drainage lasting 48 hours

1. 68.2% reported urethral
discomfort during the
exclusion period

Lingeman et al. (2003a)

Bladder: 15 days 2. Favorable biocompatibility 2. A 3.4% inadequate
degradation rate

3. Stent displacement

Blend of alginate,
gelatin, and cold-set
jelly

10 days Even degradation 1. Adjustable in vitro
degradation rate

1. Rapid in vivo
degradation rate

Barros et al. (2015a),
Barros et al. (2015b),
Barros et al. (2016),
Barros et al. (2018)2. Increased inhibition of

bacterial adhesion
2. During in vivo
degradation, the
mechanical performance
of BUS decreases

3. Uniform degradation

4. Effective urine drainage

5. High biocompatibility

6. Capable of loading ketorolac
and anti-tumor drugs

PLGA (Uriprene™) First generation:
4–10 weeks

Distal degradation is
preferred

1. Distal priority degradation
prevents debris from blocking
the ureter

1. Sudden disintegration
of the material

Hadaschik et al. (2008),
Chew et al. (2010), Chew
et al. (2013)

Second generation:
2–10 weeks

2. Excellent drainage
performance

Third generation:4 weeks

Poly(ε-caprolactone)
(PCL)/poly(lactic-co-
glycolic acid) (PLGA)
(LA:GA = 80:20)

5% PCL/PLGA:28 days Block degradation 1. Controllability of
mechanical properties

1. Lack of in vivo animal
implantation experiments

Wang et al. (2015b)

15% PCL/PLGA:42 days 2. Flexibility of degradation
time

2. Mild inflammatory
response observed in
rabbit bodies

25% PCL/PLGA:56 days

PCL/PLGA Begins degradation at
4 weeks, completely
degrades within 10 weeks

Gradual degradation from
the distal to proximal end

1. The function of gradual
degradation from distal to
proximal

1. Lack of in vivo animal
implantation experiments

Wang et al. (2015a)

2. Effective ureteral drainage 2. Acidic degradation
products

3. favorable biocompatibility

Mg-Sr-Ag alloy The stent continuously
degrades during the 12-
week implantation period

The surface continuously
corrodes and degrades

1. Good cell compatibility and
blood compatibility

1. The implantation of the
scaffold has a mild impact
on the bladder function of
experimental animals

Tie et al. (2022)

2. The adjustability of the
degradation cycle of the
scaffold

2. The degradation
products contain
Mg(OH)2, which may
lead to an increase in pH

(Continued on following page)
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associated with the use of ureteral stents places a significant financial
burden on global healthcare systems, presenting substantial
challenges to their fiscal resources and long-term sustainability.
Researchers are investigating new biomaterials and designs to
tackle these issues. Unlike non-degradable ureteral stents, ureteral
stents made of biodegradable materials have several advantages,
including good biocompatibility that can be broken down into small
molecular by-products (Liu et al., 2021), better mechanical
properties than currently used polyurethane stents (Antonowicz
et al., 2021), the ability of nanoparticles made of biodegradable
materials to serve as drug delivery systems (Mehrotra et al., 2023),
stent degradability to avoid the risk of second surgery, and the
capability to mitigate surface crusting. Biodegradable ureteral stents
(BUS) have gained significant attention among scholars due to their
potential clinical benefits, making them a promising area of
investigation.

The materials used for BUS can be classified into three groups:
natural polymers, synthetic polymers, and metallic materials (as
shown in Table 1). Regulating the degradation rate and managing
the size of degradation fragments are the challenges in the
development of biodegradable ureteral stents, which remain in
the realm of experimental research. Nevertheless, significant
progress has been made in stent design by improving biomaterial
properties and biocompatibility. Although still in the experimental
research stage, BUS hold promise for future clinical applications.
Biodegradable stents have been proposed and shown to be effective
in the treatment of benign luminal narrowing in various anatomical
structures, including coronary arteries, esophagus, trachea, and
others (Saito et al., 2007; Serruys et al., 2010; Zajac et al., 2019).

Interestingly, in addition to their inherent degradability, BUS
can exhibit multiple functionalities when integrated with stent
coatings and drug-eluting techniques. This versatility positions
BUS to achieve different effects in future clinical applications in
the field of urology, offering multiple advantages for the treatment of
various diseases. Previous research has explored the incorporation of
stent coatings and drug-eluting techniques into non-biodegradable
stents, laying the foundation for functional features on BUS surfaces
(Chew et al., 2006; Kram et al., 2020). Extensive development and
study of drug-eluting, degradable stents have been made in the field
of cardiovascular disease (El-Hayek et al., 2017; Kutcher, 2018; Liu

et al., 2020). Research on the utilization of BUS in the urinary system
is limited, causing delays in the development of ureteral stents
compared to the cardiovascular field. This paper summarizes the
latest developments in the study of BUS over the past 5 years and
explores future clinical applications (as shown in Figure 2).
Furthermore, we engage in a comprehensive discussion on the
merits and drawbacks of BUS in urology. Additionally, we
present our unique recommendations for improving BUS to
encourage further research and development in clinical practice.

2 Technology applied to the
development of BUS

2.1 Biodegradable materials for ureteral
applications

2.1.1 Natural polymers
Natural biodegradable materials include alginate, gelatin, silk

fibroin, and chitosan. In the early 21st century, Auge et al. reported a
temporary ureteral drainage stent based on alginate polymers.
Although the stent exhibited a short degradation time in porcine
experiments (completely degraded in 7 days), it reassuringly
degraded in a benign manner, as confirmed by histologic
examination, indicating its safety (Auge et al., 2002). Lingeman
et al. patented a BUS based on alginate polymers (Lingeman et al.,
2003a). In vivo experiments confirmed the effective urinary drainage
and excellent biocompatibility of the BUS. However, the stent
exhibited an inadequate degradation rate of 3.4%, potentially
necessitating secondary surgery for retrieval. A decade ago,
Barros et al. utilized alginate, cold-setting gelatin, and their
blends with gelatin to produce a naturally sourced
polysaccharide-based degradable ureteral stent (Barros et al.,
2015b). Subsequently, they developed ketoprofen-eluting BUS
and anticancer drug-eluting BUS based on this stent (Barros
et al., 2015a; Barros et al., 2016). Despite Barros confirming
through in vitro experiments that the stent could degrade within
14–60 days, with degradation rates controllable by altering the
proportion of biodegradable materials, the in vivo degradation
rate was excessively rapid (10 days), accompanied by a decline in

TABLE 1 (Continued) Comparison of currently used materials for BUS.

BUS materials Degradation
period

Degradation
mechanism

Characteristics
of BUS

Drawbacks
of BUS

References

3. Higher antimicrobial
activity attributed to the
release of silver ions

4. The scaffold maintains
sufficient structural support
during the degradation
process

Biodegradable
magnesium alloy wires
serve as the scaffold for
the stent, surrounded
by degradable
polyurethane material

The stent rapidly degrades
after 2 weeks and
completely degrades within
5 weeks

Not mentioned Good biocompatibility 1. Degradation at
4–5 weeks leads to an
increase in artificial
urine pH

Jin et al. (2021)

2. Has not demonstrated a
perfect antibacterial effect

Frontiers in Bioengineering and Biotechnology frontiersin.org04

Hu et al. 10.3389/fbioe.2024.1373130

37

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1373130


mechanical performance during the degradation process (Barros
et al., 2015a; Barros et al., 2016; Barros et al., 2018). Chitosan and silk
fibroin have also been explored by other researchers as surface-
degradable coatings for ureteral stents, facilitating drug delivery
(Ecevit et al., 2022; Soria et al., 2022).

2.1.2 Synthetic polymers
In the development of ureteral stents, the predominant

synthetic biodegradable polymers currently include
polycaprolactone (PCL), polyglycolic acid (PGA), and polylactic
acid (PLA). The first-generation Uriprene stent was composed of
80% LA and 20% GA. It exhibited the advantage of faster distal
degradation than proximal degradation, with degradation
beginning at 7 weeks and complete degradation at
approximately 10 weeks (Hadaschik et al., 2008). The second-
generation Uriprene stent began to degrade at 2 weeks and was
completely degraded by 10 weeks, while the third-generation stent
degraded uniformly within 4 weeks (Chew et al., 2010). However,
Uriprene stents were challenged by uncontrolled degradation,
leading to sudden material degradation and transient
obstruction in animal experiments (Hadaschik et al., 2008;
Chew et al., 2010; Chew et al., 2013). Despite significant
advances, various PLGA ureteral stents still have drawbacks
such as stiffness, high brittleness, poor shape memory, a lack of
inherent stability, and multiple fracture events during the
degradation process leading to ureteral obstruction (Wang
et al., 2015a). Wang et al. utilized dual-nozzle electrospinning
technology to design and manufacture a novel stent with a gradient
composition of PCL and PLGA (Wang et al., 2015a). The stent
consisted of three segments: proximal (25 wt% PCL), intermediate
(15 and 25 wt% PCL), and distal (15 wt% PCL). The varying PCL
content provided a gradual degradation function from distal to
proximal. This stent began to degrade at week 4 and was
completely degraded by week 10, with no ureteral obstruction
observed in their animal studies. Despite the acidic nature of the
degradation products of the PLGA (Lü et al., 2009), experimental
results demonstrated no significant difference in pH values
between the two groups compared to the control group (Wang
et al., 2015a).

2.1.3 Metals
Compared to polymer-based materials for ureteral stents,

metallic materials have greater inherent antimicrobial activity
and superior mechanical properties (Fu et al., 2020). The
enhanced mechanical performance and prolonged lifespan
allow patients to reduce the frequency of ureteral stent
replacements, maintaining better luminal patency and
preventing complications such as recurrent strictures (Abbasi
et al., 2013). However, with the prolonged presence of ureteral
stents, the inevitable formation of biofilm on the stent wall and
biofilm-associated infections are unavoidable (Akay et al., 2007).
Hence, biodegradable metal materials have attracted increasing
research interest due to their natural degradation advantages and
inherent antimicrobial activity (Lock et al., 2014; Zhang et al.,
2020). In recent years, magnesium (Mg) and magnesium alloys,
zinc (Zn), and zinc alloys have been investigated for the
development of degradable ureteral stents (Nguyen et al.,
2018; Fu et al., 2020). In 2021, Tie et al. innovatively
developed the Mg-Sr-Ag alloy, combining the exceptional
mechanical properties of the Mg-Sr alloy with the pronounced
antimicrobial activity of silver (Ag). They validated its
biocompatibility and impact on the urological system (Tie
et al., 2022). Previously, they had preliminarily confirmed the
applicability of the Mg-Sr alloy for the manufacture of
biodegradable bone fixation devices and demonstrated the
pronounced antibacterial activity of magnesium alloys
containing silver in an in vitro setting (Tie et al., 2013; Tie
et al., 2016).

The innovative biodegradable ureteral stent, synthesized from
biodegradable polyurethane and magnesium alloy, represents an
innovative endeavor. Jin et al. introduced an innovative degradable
stent featuring a surface coating of poly-L-lactic acid (PLLA) and
poly (lactic-co-glycolic acid) (PLGA) (Jin et al., 2018). Although this
stent demonstrated drainage capabilities similar to those of
conventional stents, it exhibited renal hydronephrosis when
inserted on the degradable side. After 2 years, by capitalizing on
the degradation and antimicrobial properties of magnesium alloy in
artificial urine, they innovatively designed a biodegradable ureteral
stent composed of biodegradable polyurethane and magnesium

FIGURE 2
The material classification of BUS and the innovation in clinical functions that can be used in the past 5 years.
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alloy (Jin et al., 2021). Their research demonstrated negligible
cytotoxicity of the degradable stent and excellent
biocompatibility. The stent remained nearly intact for the first
2 weeks in vitro, followed by rapid degradation and complete
degradation within 5 weeks. However, around the 4–5 weeks
mark, the stent caused an increase in the pH of the artificial
urine, possibly related to the formation of hydroxides from the
degradation of the magnesium alloy. The elevated urine pH could
promote crystal deposition and lead to incrustation (Tomer et al.,
2021). Therefore, further refinement is necessary for the ongoing
development of this stent.

2.2 Technology for drug delivery systems
in BUS

In the past, the mere application of a drug coating to the stent
surface could confer functionality to the stent. However, owing to
uncontrolled drug release, the outcomes consistently prove
unsatisfactory. Amidst ongoing innovation in drug delivery
system (DDS) technology, drug-eluting stents have demonstrated
the ability to sustain prolonged and effective drug release. The
increased stability of the drug-loading function further enhances
the suitability of stents for future clinical applications of BUS.

TABLE 2 DDS classification applied to BUS.

Classification of DDS Advantages Disadvantages Application in BUS 参考文献

Traditional DDS (Hot melt
extrusion, solvent casting And soak
the polymer in a drug solution)

1. The process is simple and easy to
make

1. Poor drug control release 1. BraidStent-H® developed by Soria
et al., surface-coated heparin for
antimicrobial use

Soria et al.
(2021b)

2. Easy for industrial mass production 2. Lack of targeting 2. The BraidStent-SF-MMC developed
by Soria et al. is used for the treatment
of UTUC

Soria et al.
(2023)

3. Poor water solubility Edgar and
Wang (2017)

4. Poor sensitivity to drug
resistance

CO2 Impregnation 1. Facilitates the loading of drugs into a
pre-manufactured implant

1. Adequate solubility in CO2 is
imperative for the drug

1. Barros et al. pioneered the utilization
of this technique in crafting the
ketoprofen-eluting BUS

Barros et al.
(2015a)

2. Both the drug loading rate and
drug loading efficiency exhibit
suboptimal levels

2. They also used the same method to
load paclitaxel and doxorubicin into a
BUS based on a natural source polymer
for the treatment of UTUC

Barros et al.
(2016)

3. The shape of the stent changed
after drug loading

Champeau
et al. (2015)

Electrospun Nanofibers 1. High encapsulation efficiency for
drug loading

1. The active ingredients are
unstable

1. Wang et al. used electrospun
nanofibers to develop a PCL/PLGA
ureteral stent with adjustable drug
release and degradation rates of EPI for
UTUC

Wang et al.
(2019)

2. Controlled residence time 2. The initial release of the drug Luo et al.
(2012)

3. The predictability of the delivery
rate of encapsulated drugs

3. Residual solvent quantity Thakkar and
Misra (2017)

4. Better stability 4. Temporary industrial
production difficulties

Zamani et al.
(2013)

5. Satisfactory softness and flexibility

Nanoparticle-Based Drug Delivery
Systems

1. The therapeutic efficacy of loaded
drugs can be improved by using active
targeting of site-specific delivery and
protecting normal cells from damage

1. The majority of nanoparticles
remain at the stage of cellular and
animal testing

1. Gao et al. developed HBPAA-Ag@
Au NPs for antimicrobial use

Gao et al.
(2020)

2. Potentially prolonging the duration
of action and reducing toxicity

2. Nanoparticles entering the
bloodstream may cause adverse
effects

Park (2014)

3. Low drug loading rate Ding et al.
(2019)

4. Biodegradable polyester
nanoparticles are also complex
and costly to manufacture

Wang et al.
(2023b)

Wen et al.
(2023)
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Numerous drug delivery systems find current applications in the
realm of ureteral stents, encompassing traditional DDS methods
(such as hot melt extrusion and polymer soaking in drug solutions),
CO2 impregnation, nanofibers, and nanoparticles. We have
summarized the representative articles corresponding to DDS for
BUS, as shown in Table 2. A comprehensive comprehension of the
advantages and disadvantages inherent in diverse DDS, coupled
with an insight into the contemporary developmental landscape of
DDS, is poised to significantly aid the future evolution and clinical
transformation of functional BUS.

2.3 Design for BUS

The current design for ureteral stents involves a bilateral
terminal J-shaped tube configuration. While the design of this
stent has broad clinical applicability, its use can impede the
closure of the ureteral bladder orifice, leading to the occurrence
of vesicoureteral reflux (VUR). The stent’s distal end has a curling
configuration that, combined with the patient’s movement, may
cause irritation to the kidney or bladder, leading to LUTS such as
frequent and urgent urination as well as kidney colic. Various stent
designs exist to alleviate bladder irritation and prevent VUR, and
some individuals have undertaken summarizations of these designs
(Domingues et al., 2022). As far as we know, there is no
comprehensive summary available for the enhanced design of the
ureter specific to BUS.

Presently, the predominant design employed in BUS remains the
double J stent, widely favored for its post-implantation stability and
resistance to displacement. The synthetic polymer-based gradient
degradable scaffold designed by Wang et al. (Wang et al., 2019), the
natural polymer scaffold designed by Barros et al. (Barros et al.,
2015a; Barros et al., 2015b; Barros et al., 2016; Barros et al., 2018),
and the Uriprene stent designed by Chew et al. (2010, Chew et al.
(2013), Chen et al. (2022) all adopted D-J design.

To prevent vesicoureteral reflux caused by the double J-tube
structure, Lumiaho et al. developed a biodegradable, self-expanding,
self-augmenting spiral scaffold with X-ray visibility using poly (L,
D-lactide) material (SR-PLA 96) (Lumiaho et al., 2007). The BUS is a
50 mm long stent that forms a double-helix structure. The self-
expanding properties of SR-PLA 96 can effectively secure the bracket
in place. In vivo, the stent is positioned 2 cm above the ureterovesical
junction to protect the integrity of the ureterovesical valve
mechanism and reduce the risk of VUR. They then demonstrated
through animal experiments that the stent’s short ureteral stent
design minimizes the use of VUR compared to a double J stent
(Lumiaho et al., 2011).

The BraidStent, innovatively devised by Soria et al., boasts a
three-part configuration, encompassing a proximal spring coil,
a midsection comprising the braidstent, and a distal Nitinol
mesh basket for anchoring. The distal end is positioned 2 cm
above the ureteral opening to reduce bladder irritation, while
the stent prevents ureteral spasms by conforming to the ureteral
pathway (Soria et al., 2021b). Nevertheless, the stent deviates
from the conventional double J tube design, posing a unique
challenge during its implantation for clinicians. Additionally,
there is a risk of stent displacement after implantation (Soria
et al., 2020).

Wang et al. innovatively engineered a biodegradable mesh
ureteral stent tube (Wang Y. C. et al, 2023). The stent length was
initially abbreviated by adopting a singular J-shape design. The distal
J-shape was eliminated to reduce post-implantation stimulation
from the distal coil to the bladder, but this also reduced overall
stability. To enhance the stent’s stability, the reticulated ureteral
stent was expanded and affixed to the ureter using the balloon
dilation technique, thereby increasing its overall stability. The
in vitro experiments demonstrated the stent’s commendable
biocompatibility. Subsequent in vivo experiments substantiated
the stent’s stability, revealing no instances of displacement post-
implantation. However, comprehensive evaluation through animal
and clinical trials is still necessary.

Cui et al. (2022) developed a hand-woven PLCL stent and
improved the design of the D-J tube to reduce bladder irritation
at the distal end of the stent. The distal end of the stent features a
singular loop in the J-shaped configuration, which reduces bladder
irritation and enhances structural stability.

3 Current clinical development of BUS

The main difference between BUS and conventional ureteral
stents is their degradability, which can reduce the side effects of
ureteral stents after implantation. Domingues et al. summarize four
steps for bringing a ureteral stent tomarket (Domingues et al., 2022).
This statement has significant implications for the marketization of
BUS. In this section, we shall summarize the stents that have
undergone clinical trials or are poised for imminent clinical trials.

Lingeman et al. conducted a phase I clinical trial on the
temporary ureteral drainage stent (TUDS) (Lingeman et al.,
2003b). Stent drainage was unimpeded within 48 h of placement,
and all stents were removed within 1 month from 18 patients with
TUDS placement. Although there were no complications related to
TUDS with this stent, experimental errors could not be avoided due
to the small sample size of this experiment. Larger prospective
studies are needed to confirm the clinical feasibility and safety of
this stent.

A Phase II clinical trial was then conducted to increase the
sample size. They placed TUDS in 87 patients, 68 of whom showed
satisfactory results in draining and degrading (Lingeman et al.,
2003a). Despite 17 patients exhibiting stent displacement and
3 patients experiencing stent degradation for a duration
exceeding 3 months, a notable 89% of the 80 patients conveyed
satisfaction with TUDS. The stent can effectively provide temporary
drainage for 48 h, making it particularly suitable for patients who
require short-term stent retention after ureteroscopy. However, for
patients requiring longer retention after major surgery, TUDS may
not be suitable. Displacement and partially undissolved stent
fragments after stent implantation require reoperation to resolve,
and therefore the stent is not used in clinical practice.

The 2nd and 3rd generation of Uriprene stents developed by
Chew et al. showed longer degradation time and a certain degree of
degradation controllability in pigs that deserve our attention (Chew
et al., 2010). The stent is made by the PLGA. The second generation
of scaffolds exhibited characteristics of degradation from the distal
to the proximal end due to the varying coating thickness. This
feature improved the controllability of scaffold degradation.

Frontiers in Bioengineering and Biotechnology frontiersin.org07

Hu et al. 10.3389/fbioe.2024.1373130

40

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1373130


Additionally, the 4-week degradation time of the third-generation
scaffolds was consistent with the 4-week time required for clinical
disease indications. Therefore, we look forward to future clinical
trials of this stent. Unfortunately, despite their good mechanical
properties before surgery, the mechanical properties of Uriprene
stents during in vivo degradation have not been demonstrated.

Zhang et al. reported on a poly (lactic-co-glycolic acid) (PLGA)-
woven BUS implanted in dogs. The study demonstrated superior
mechanical properties of the PLGA-based BUS compared to non-
degradable scaffolds in vivo (Zhang et al., 2014). However, there
were still reports of stent fragments in the renal pelvis and bladder
when using the stents developed by Zhang et al. and Chew et al.
despite their degradation (Chew et al., 2010; Zhang et al., 2014).
Barros et al. developed a natural BUS using a patented technology
that combines the injection process with supercritical fluid
technology. The scaffold showed good biocompatibility and
degradability, with complete degradation in pigs after 10 days
(Barros et al., 2018). Although the stent’s degradation time is
short (10 days), which may limit its clinical application, the
combination of supercritical technology and BUS is innovative
and has potential for drug loading, giving BUS more functions.
However, the formulation of the stent may need further
improvement before being applied to clinical trials.

The additional antimicrobial capability of the BraidStent®-H
developed by Soria et al. has been shown in pigs to reduce bacterial
overgrowth as early as possible, although long-term efficacy needs to
be improved (Soria et al., 2021a). The stent had a reasonable
degradation time (6 weeks). There was no obstructive debris after
stent degradation, and VUR was avoided. The stents provide an
important reference for the subsequent animal experiments on the
functional development of the scaffolds. It is worth looking forward
to the testing of the stent in clinical trials.

4 Future clinical applications of BUS

4.1 Stent encrustation prevention

The incidence of surface stone formation on the ureter is
increasing with the prolonged indwelling time of ureteral stents.
Encrustation is believed to be a consequence of the development of
a urinary conditioning film on the stent’s surface. The formation of
the conditioning film begins with the adsorption of urinary
proteins onto the stent’s biocompatible material, usually
through electrostatic interactions. Increasing the hydrophilicity
of the scaffold surface is a strategy to prevent crusting. Enhancing
the hydrophilicity of the stent surface can reduce the friction
coefficient of the ureteral stent, thereby preventing scab
deposition. Ko et al. explored an innovative anti-encrustation
coating comprised of monomethoxy polyethylene glycol
(mPEG) and 3,4-dihydroxyphenylalanine, applicable to the
modification of the surface of ureteral stents to inhibit biofilm
formation and scaling in human urine (Ko et al., 2008). However,
advancements in this strategy are restricted to the surface of the
ureteral stent. Non-biodegradable ureteral stents still encounter
the issue of stent-forgotten syndrome. As a result, the research
focus has shifted towards developing an optimal biodegradable
ureteral stent with an anti-encrustation coating.

Zhang et al. designed a new biodegradable ureteral stent using
methoxy poly (ethylene glycol)-block-poly (L-lactide-ran-ε-
caprolactone) (mPEG-PLACL) (Zhang et al., 2021). This is due
to the flexibility and high elongation at break of polycaprolactone
(PCL), combined with the hydrophilic properties of mPEG’s
polyether structure, which improve the brittleness and
hydrophobicity of poly (L-lactide) (PLA). The combination of
mPEG with copolymerized CL and LA products can enhance the
hydrophilicity and smoothness of ureteral stents, as well as
accelerate their degradation rate. The experimental results suggest
that the ureteral stent’s increased surface hydrophilicity accelerates
its degradation rate. The water absorption rate of MPEG5-PLACL
reaches a maximum of 9.69% after 30 days, followed by a slight
decrease. MPEG8-PLACL completely degrades after soaking for
10 days, leading to a decline in mechanical strength due to
complete degradation. Furthermore, both in vitro and in vivo
experiments demonstrate that mPEG-PLACL exhibits excellent
anti-encrustation effects. The in vivo experiment showed a 40%
diffuse mucosal hyperplasia rate in the mPEG5-PLACL group,
compared to the 100% rate in the PLACL control group,
indicating better tissue compatibility. This study confirms that a
smooth and hydrophilic surface plays a crucial role in preventing
encrustation deposition. However, it is important to note that the in
vivo encrustation experiment was conducted in the bladder of mice,
which differs from the physiological peristaltic function and urine
flushing environment present in the ureter. Therefore, further
experiments are necessary to confirm the feasibility of this stent
in the ureter.

4.2 Antibacterial

The bacterial colonization rate of indwelling ureteral stents
varies between 42% and 90% (Reid et al., 1992; Kehinde et al.,
2004). Both initial contamination during insertion and prolonged
indwelling time contribute to the frequent association of stents with
urinary tract infections. In a 2021 retrospective analysis, Salari et al.
identified positive bacterial cultures from stent specimens as a
distinctive risk factor associated with urinary tract infections
within 12 months following stent removal (Salari et al., 2021). To
reduce bacterial accumulation on stent surfaces, the idea of coating
stents and using drug elution has been suggested for
biodegradable stents.

ZnO itself possesses intrinsic antibacterial properties (Garino
et al., 2019). However, the release of Zn2+ has the potential to trigger
cytotoxic effects in healthy cells (Dumontel et al., 2017). Therefore, it
is necessary to optimize and monitor their release to ensure
biocompatibility. Since ZnO has been shown to readily dissolve
in aqueous solutions with a pH below 5.5 or in salt-rich solutions,
such as phosphates (Laurenti et al., 2019), employing ZnO-based
materials in ureteral stents is not just innovative but also presents a
multitude of advantages. It is critical to limit the release of Zn2+ from
ZnO-based ureteral stents and ensure the drug release challenge.
Laurenti et al. prepared hydrogels of poly-hydroxyethyl
methacrylate (Poly-HEMA) or crosslinked poly (HEMA-co-AA)
copolymers using free radical polymerization, combined with zinc
oxide (ZnO) microparticles prepared by a hydrothermal method.
The composite carried ibuprofen and diclofenac and was studied in
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artificial urine (AU) (Laurenti et al., 2020). Their experimental
results demonstrated that the combination of ZnO particles with
poly-HEMA successfully reduced the release of Zn2+, with a decrease
of 74.6% and 80.4% in the released Zn2+ amount after 3 and 7 days,
respectively, compared to pure ZnO particles. This could potentially
enhance its cell compatibility. Thermal analysis indicated increased
stability of the copolymer as a result of the incorporation of ZnO.
Drug release studies conducted In artificial urine under both acidic
and alkaline pH conditions, it was demonstrated that the presence of
ZnO in the formulation did not adversely affect the hydrogel’s
capability to store and release anti-inflammatory drugs.
Additionally, ZnO microparticles endowed the composite
material with supplementary antibacterial characteristics
compared to the pure hydrogel. Furthermore, their release studies
indicated that poly (HEMA-co-AA)@ZnO_(0.1%) exhibited good
stability and optimal release trends, with modest kinetic constants
and restricted burst release. The inherent antibacterial activity of this
composite material will be further tested in future studies (Refer to
Figure 3 for further details).

Heparin sodium, a naturally occurring glycosaminoglycan, is
commonly used as an anticoagulant due to its anti-adhesive

properties. In theory, this reduces bacterial adhesion on stents
and prevents biofilm formation and encrustation (Al-Aown et al.,
2010). Soria et al. found that BraidStent®, a type of BUS, was
associated with a high bacterial contamination rate, affecting
study subjects with a contamination rate as high as 50% (Soria
et al., 2020). Consequently, 1 year later, they developed a novel
BraidStent®-H, utilizing coating technology to give it a heparin
surface coating (Soria et al., 2021b). Their research results
demonstrated that BraidStent®-H exhibited a programmable and
predictable degradation rate, with 91.7% completely degrading
within the intended 6 weeks. Although heparin-coated catheters
reduced the initial bacteriuria rate, they did not decrease long-term
bacteriuria, and the long-term positive asymptomatic bacteriuria
rate remained high. Further research is needed to enhance the
antibacterial coating to reduce contamination in BraidStent®-H.
Additionally, the impact of changes in urinary pH values on
degradation rates and biocompatibility in patients, considering
that experimental animals follow a controlled diet, requires
further validation upon human application.

Gao et al. (2020) developed a ureteral stent consisting of a poly
(ethylene glycol) (PEG)/poly (lactic-co-glycolic acid) (PLGA) fiber

FIGURE 3
(A) The schematic representation of the formation of crosslinked polymers/hydrogel. (B) Infrared spectra of HEMA monomer and hydrogels with
varying HEMA content, obtained through free radical polymerization, as well as composite samples with different zinc oxide concentrations, were
compared. (C) Drug release kinetics over time in a simulated physiological urine solution. (D) The time-dependent drug release patterns in an acidic
simulated urine solution. (E)Drug release kinetics over time in an alkaline simulated urine solution. (F) FESEM images illustrating the formation of salt
deposits and encrustations on the surface of polyHEMA@ZnO after 2weeks of immersion in artificial urine. Reproducedwith permission from ref (Laurenti
et al., 2020). CC BY 4.0. Copyright © 2020 by the authors.
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membrane structure with hyperbranched poly (amide-amine)
(HBPAA)-terminated silver-coated gold core nanoparticles (Ag@
Au NPs). The scaffold’s surface gradient degradation, achieved
through continuous peeling, provided the stent with self-cleaning
attributes and sustained antibacterial functionality, exposing the
HBPAA-terminated Ag@Au NPs inside to eliminate adhered
bacteria and proteins. Results from their in vitro degradation
experiments confirmed the scaffold’s persistent antimicrobial
activity, limited release of Ag and Au elements (6.7%, ~8 μg),
coupled with negligible cytotoxicity (L929 cell relative growth
rate >80%). In in vivo experiments in pigs, the scaffold exhibited
significant absorbable membrane characteristics, reducing
inflammation and levels of necrotic cells. No large fragments
were noted in the urinary system throughout the degradation
process of this scaffold.

Most proteins carry charges and can establish strong adhesive
interactions with nonpolar surfaces while demonstrating weak
interactions with polar surfaces (Kehinde et al., 2004). By
manipulating the material-protein and material-bacteria interface
forces, it is possible to enhance repulsive interactions over adhesive
attractions. Regarding the material-protein interaction, grafting
highly polar polymer coatings with negative or neutral charges
onto the scaffold surface can create an anti-protein polar surface.
However, due to the lack of antibacterial activity in amphiphilic
polymers, they do not prevent biofilm formation caused by bacterial
proliferation in vivo. At the interface between the material and
bacteria, contact-killing surfaces were created by attaching
polycationic polymer brushes. However, their antibiofilm
properties in vivo and durability fell short of expectations. This is
due to the fact that host proteins, bacteria, and bacterial fragments
are readily drawn by electrostatic forces to engage with positively
charged antibacterial surfaces. The resulting biofilm shields the
bactericidal moieties, providing a substrate for adjacent
thermophilic bacteria, ultimately leading to the loss of surface
contact-killing activity. To construct a dual-functional surface
simultaneously possessing antibacterial and anti-protein
functions, Gao et al. engineered an amino-terminated
hyperbranched poly (amidoamine) (HBPAA) with inherent
hydrophobicity internally and hydrophilicity externally. This
arrangement streamlines the formation of a stronger and denser
antibacterial hydrophilic layer (Gao et al., 2021). They further
prepared a biomimetic super-hydrophilic patterned (rough)
surface through an in-situ approach, creating biocompatible
polydopamine (PDA) microparticles (MP) on the surface of a
biodegradable ureteral stent. They then chemically grafted
HBPAA onto the PDA MP, resulting in a highly hydrophilic
surface designed for contact-killing. The surface exhibited robust
resistance to protein adhesion and achieved synergistic antibacterial
and anti-protein adhesion activity. They fabricated the ureteral stent
using poly (glycolic acid) (PGA) and poly (lactide-co-glycolide)
(GA/LA ratio of 9:1) fibers woven into a structure and converted
into a PGA fiber-PGLAmembrane structure ureteral stent (FMBUS)
through melt processing. Experimental results demonstrated that
FMBUS had radial resistance similar to polyurethane ureteral stents
(PUUS) used clinically, and no significant decrease in mechanical
performance was observed after modification with PDA and
HBPAA. Surface charge measurements confirmed that the
surface charge of FMBUS could be controlled by adding HBPAA.

Results from protein adsorption assessment indicated that
increasing amino content could enhance surface hydrophilicity,
and the improvement in surface hydrophilicity could provide
sufficient repellence to overcome the electrostatic attraction of
proteins. In vitro and in vivo antibacterial experiments proved its
effective bacterial inhibition. Cytotoxicity experiments
demonstrated that HBPAA-PDA-FMBUS had good
biocompatibility. The stent holds great clinical potential for
preventing urinary tract infections (UTIs) and stent surface
encrustation caused by ureteral stents in the future.

In 2022, Tie et al. fabricated Mg-1.0Sr-0.5Ag (wt.%) alloy (JQ
alloy) through semi-solid rheo-extrusion (Tie et al., 2022). Their
experimental results demonstrated a 111% increase in ultimate
tensile strength for JQ alloy (223.7 MPa) compared to pure
magnesium (105.9 MPa). There was a noteworthy improvement
in both tensile strength and elongation at the breaking point,
ensuring sufficient support performance of the scaffold
throughout its entire degradation process. In vitro cell
compatibility tests indicated that JQ alloy showed comparable
cell compatibility and similar blood compatibility to pure
magnesium. Pure magnesium has been proven to be a non-toxic
implant material (Sun et al., 2019). In vitro antibacterial experiments
showed that the release of magnesium ions and silver ions from the
JQ alloy played a crucial role in its antibacterial effect. The JQ
scaffold continuously degraded during the 12-week implantation,
reducing the risk of urinary tract obstruction caused by biofilm
formation. The reduction in urinary tract obstruction is beneficial
for decreasing post-void residual urine volume, which can improve
bladder function postoperatively. While this experiment yielded
many scientifically significant positive results, additional
randomized and prospective multicenter studies, employing
diverse animal models, are required to thoroughly showcase the
applicability of the alloy. Customization of alloy composition, long-
term testing, and comparative studies with different magnesium
alloys will be the main directions for future research.

During that very year, Ecevit et al. successfully grafted chitosan
(CS) coating polymer chains with three distinct fatty acids (FAs):
stearic acid (SA), oleic acid (OA), and linoleic acid (LinA).
Afterwards, the CS-FA derivative solution was coated on the
surface of a polyurethane (PU) scaffold. This study represents the
initial evaluation of these coatings as antibacterial materials on PU-
based ureteral stents (Ecevit et al., 2022). The researchers verified the
minimal cytotoxicity of the formulated coatings, and the materials
exhibited antibacterial potential against various microorganisms.
This study provides a new idea for the future use of CS-FA as a
surface coating in combination with biodegradable ureteral stents.
In order to fully tap the potential of CS-FA as a surface coating for
biodegradable ureteral stents, further research and clinical trials
are needed.

4.3 Carcinoma treatment and prevention

Urothelial carcinoma can occur in both the upper and lower
urinary tracts. The upper tract includes the ureters and the renal
pelvis-calyceal system, while the lower tract comprises the urethra
and bladder. It is a multifocal disease with a tendency for local
recurrence and metastasis. According to the 2023 US cancer
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statistics, bladder urothelial carcinoma is the fourth most common
cancer in males in terms of incidence and the eighth most common
in terms of mortality. Bladder tumors make up 90%–95% of
urothelial carcinomas, which are the most common tumors in
the urinary tract. In contrast, upper tract urothelial carcinoma
(UTUC) is less common, with ureteral tumors accounting for
only about 2.65% of urinary system tumors and a mortality rate
of 3% (Siegel et al., 2023). UTUC is stratified into low-grade and
high-grade risk levels. Low-grade UTUC patients benefit from
nephron-sparing surgeries. After the surgery, it is crucial to place
a ureteral stent to support the ureter and ensure the smooth flow of
urine into the bladder. The most critical postoperative challenge is
preventing tumor recurrence and managing the side effects
associated with ureteral stent placement. To prevent the
recurrence and progression of low-grade UTUC, drug instillation
therapies can be used. Adjuvant instillation of mitomycin C (MMC)
has shown promise in reducing the likelihood of urothelial
recurrence and progression in individuals diagnosed with low-
grade UTUC, offering hope for survival without
nephroureterectomy (Metcalfe et al., 2017). However,
administering intraluminal chemotherapy infusion is challenging
due to the washout effect caused by urine produced by the kidneys
and the limited storage capacity of the upper urinary tract, in
comparison to bladder instillation (Jung et al., 2019). Patients
with low-grade UTUC who undergo nephron-sparing surgery
may not benefit from adjuvant chemotherapy instillation
procedures, resulting in poorer outcomes. Biodegradable ureteral
stents loaded with anti-tumor drugs offer a clinical prospect for
tumor treatment and prevention by maintaining long-term effective
drug concentrations at the lesion site. Furthermore, their self-
degradation capability can overcome the drawbacks of traditional
ureteral stents.

Wang et al. developed a biodegradable ureteral stent using
electrospinning technology for the targeted delivery of anticancer
drugs (Wang et al., 2019). Varying concentrations of the anticancer
drug epirubicin (EPI) were loaded onto a gradient-degradable PCL/
PLGA scaffold with 15.0% and 25.0% PCL, which was designed for
treating UTUC (as shown in Figure 4). The various scaffolds
displayed different degradation rates and kinetics of EPI release.
The experimental results showed that the PCL/PLGA scaffold had

the characteristics of sustained and controllable degradation. The
degradation rate of the scaffold could be adjusted by modifying the
PCL ratio, and reducing the PCL content could accelerate both drug
release and degradation rates. The study demonstrated the
effectiveness of the scaffold in inhibiting the growth of bladder
tumor cells both in vitro and in vivo. Additionally, the in vivo
application of all EPI-loaded scaffolds showed no apparent systemic
toxicity. The research suggests that using electrospun polyester
scaffolds with gradient degradation is a promising approach to
support and repair ureteral drainage while preventing the
proliferation of residual tumor cells.

Soria et al. developed a coating for the biodegradable ureteral
stent BraidStent® using silk fibroin protein. They then loaded two
formulations of mitomycin C into the polymer matrix to evaluate
the stent’s degradation rate, released mitomycin C concentration,
and changes in pH and weight (Soria et al., 2022). The BraidStent®

was divided into two groups: BraidStent-1, a long-term woven stent
containing GlycomerTM 631 (a Biosyn suture produced by
Covidien in Minneapolis, Minnesota, USA) and poly (4-
hydroxybutyrate-co-hydroxyvalerate) (PGA); and BraidStent-2, a
short-term woven stent containing GlycomerTM 631 and PGA. The
polymer composition ratio for each stent remained constant during
its manufacturing process: GlycomerTM 631 (54%); PGA and poly
(4-hydroxybutyrate-co-hydroxyvalerate) (46%). After degradation
in AU, BraidStent-2 was chosen because it complies with
degradation standards within the first 7–8 weeks and has weaker
medium acidification caused by degradation products compared to
BraidStent-1. Silk fibroin coating and MMC formulation addition
were performed on BraidStent-2. The results confirmed that the silk
fibroin protein matrix can coat the biodegradable stent and release
mitomycin C for 6–12 h in artificial urine. Furthermore, the
BraidStent-SF-MMC exhibited a significantly delayed degradation
rate compared to the uncoated biodegradable stent. The degradation
time was extended from 6–7 weeks to 13–14 weeks. Although the
degradation process caused a significant decrease in pH, it remained
within the normal range for humans. The authors proposed that silk
fibroin enables processability in multiple forms, including gel,
membrane, coating, and stent. In 2023, Soria et al. conducted
further evaluation of BraidStent-SF-MMC in a study involving
14 female pigs with single kidneys (Soria et al., 2023). The

FIGURE 4
Illustration depicting the in vivo application of a ureteral stent to prevent the recurrence of upper urinary tract tumors and facilitate ureter repair.
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experimental results indicate that the stent was able to release
mitomycin within the first 12 h. However, during the first and
third weeks, 28.5% and 7.1% of the animals, respectively,
experienced the release of obstructive ureteral coating fragments,
which may have been caused by a pH < 7.0. Furthermore, a
concerning 21% ureteral stricture rate was observed between
weeks 4–6. In contrast to the previously mentioned in vitro
degradation time, the stent completely degraded in vivo within
6–7 weeks (Refer to Figure 5 for further details).

4.4 Postoperative discomfort and pain
management

Joshi et al. developed and validated the Ureteral Stent Symptom
Questionnaire (USSQ). The questionnaire revealed that over 80% of
patients with benign conditions who undergo stent implantation
experience symptoms of irritative voiding, pain, and discomfort
(Joshi et al., 2003). Harper et al. discovered a noteworthy rise in
stent-related symptoms among patients on the first day after
surgery. However, there was an approximately 50% reduction in
pain intensity from postoperative day 1 to day 5, yet the interference

caused by pain continued to rise (Harper et al., 2023).
Pharmacological intervention is often required to manage lower
urinary tract symptoms (LUTS) and stent-induced pain. Treatment
options include alpha-1 receptor blockers and antimuscarinic agents
such as solifenacin or a combination of solifenacin and tamsulosin
(He et al., 2016). To alleviate the pain caused by ureteral smooth
muscle contractions resulting from stent implantation, spasmolytic
drugs such as papaverine hydrochloride (PAP) are used. This helps
to reduce patient discomfort.

Antonowicz et al. (2021) conducted a study on polyurethane
ureteral stents coated with poly (lactic-co-glycolic acid) (PLGA) 85/
15 containing papaverine hydrochloride (PAP). The research shows
that stents coated with PLGA+PAP have better strength properties
and a lower dynamic frictional force compared to polyurethane
stents, without compromising fluoroscopic visibility (Refer to
Figure 6 for further details).

Soon afterwards, they investigated the impact of artificial urine
on the physical and chemical properties of PLGA+PAP-coated stent
tubes, building upon the foundation of previous studies on the stent
tubes (Antonowicz et al., 2022). The study showed that applying
PAP coating increased surface hydrophilicity, which could make
stent implantation easier. The amount of PAP in the coating

FIGURE 5
(A) Fragments of ureteral stents submerged in artificial urine on the 6th day. (B) Illustration of BraidStent-SF-MMC. (C) Evaluation of SF coating using
SRB fluorescent dye. (D) Evaluation of the reduction in weight (in grams) from the initiation of the study (T0) to the commencement of stent degradation
(T1). (E) Degradation rate assessment (days) (F) Assessment of pH throughout the study until complete stent degradation. (G) Initial (T0) stent thickness in
the experimental groups (in millimeters). Reproduced with permission from ref (Soria et al., 2022). CC BY 4.0. Copyright © 2022 by the authors.
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decreased to 77% on the 10th day and further to 36% after 20 days.
The early release of PAP was advantageous as it caused ureteral
dilation, reducing patient discomfort. However, stents coated with
PLGA+PAP exhibited increased surface roughness, which made
them susceptible to the deposition of artificial urine components.
Therefore, further refinement is necessary for the developed stents,
with a focus on achieving uniform drug distribution, appropriate
polymer degradation time, and a smooth, even drug-loaded layer.
Additionally, in vivo studies are necessary to confirm the
effectiveness of the incorporated drug, as the experiments were
limited to in vitro validation.

In the same year, Soria et al. introduced the BraidStent®-H.
Unlike traditional ureteral stents, the distal end of BraidStent®-H is
positioned 2 cm above the ureteral orifice, avoiding bladder
irritation and the consequent lower urinary tract symptoms
(LUTS). The schematic representation of the stent design is
illustrated in Figure 7 (Soria et al., 2021b). Existing literature
supports the idea that the highest nerve density in the human

ureter is located in the distal region (Vernez et al., 2017).
Therefore, BraidStent®-H, by expanding along the ureter, can
reduce ureteral spasms, consequently minimizing the onset of
acute pain. In their study, during the 6-week implantation
period, the BraidStent®-H significantly mitigated the side effects
associated with conventional stents, as it did not exhibit VUR or
induce bladder irritation.

4.5 Prevention and treatment of
ureteral stricture

Ureteral strictures are frequently caused by inflammation,
stones, trauma, surgical scars, and iatrogenic injuries. Iatrogenic
factors account for approximately 75% of cases (Delvecchio et al.,
2003). Urothelial cells, like vascular endothelial cells, respond to
injuries by inducing excessive proliferation of fibroblasts and
smooth muscle cells. This leads to progressive scarring and

FIGURE 6
(A) Polyurethane Double-J ureteral stents. (B) Apparatus for evaluating the retention strength of the distal and proximal ends of ureteral stents. (C)
Ureteral stents post static tensile testing. (D) Experimental setup for conducting dynamic frictional force tests. (E) X-ray diffraction (XRD) patterns for the
polyurethane stent (S) and the coated stent (SP). (F) XRD patterns of the barium sulphate (BaSO4) standard for the ureteral stents. Reproduced with
permission from ref (Antonowicz et al., 2021). CC BY 4.0. Copyright © 2021 by the authors.
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eventual ureteral stricture. Severe strictures can cause obstruction by
compressing and deforming ureteral stents. Therefore, the idea of
drug-eluting stents with anti-fibrotic properties has been suggested.

The use of biocompatible stents loaded with anti-proliferative
drugs, such as paclitaxel, rapamycin, or sunitinib, allows for
sustained and controlled drug release to prevent cell proliferation.
Research has extensively focused on drug-eluting stents for
cardiovascular applications, with studies indicating improved
vascular healing with such coatings (Steigerwald et al., 2012). In
comparison to cardiovascular stents, drug-loaded biodegradable
ureteral stents offer the advantage of partial excretion of drug
and polymer fragments through urine after drug release and
stent degradation. In 2011, Will et al. (2011) assessed the
influence of paclitaxel on the proliferation of ureteral smooth
muscle cells and collagen production. The study showed that
paclitaxel effectively inhibits smooth muscle cell proliferation and
reduces collagen production. Additionally, it was found to be non-
toxic to smooth muscle cells.

Kram et al. (2020) investigated the effectiveness of paclitaxel-
coated stents in inhibiting tissue proliferation in a rat model. The
study involved performing ureteral anastomosis in rats and inserting
either coated or uncoated stents. After 28 days, the rats were
euthanized, and the ureters were examined histologically and
immunohistochemically. The results showed a significant
reduction in the proliferation of urothelial cells in animals with
paclitaxel-coated stents. However, there were no significant

differences in stent patency, migration, or biofilm formation
between coated and uncoated stents. The drug released from the
stent was limited to the ureter, maintaining its concentration within
a non-toxic range. Therefore, their experiments support the idea that
coated stents can effectively reduce tissue proliferation in ureteral
anastomosis and prevent postoperative stricture formation.

Afterwards, Ho et al. investigated the impact of a drug-eluting
biodegradable stent (DE stent) loaded with an mTOR inhibitor
(mTORi) on ureteral stricture associated with thermal injury in
rabbits (Ho et al., 2021). The DE stent is a recognized device for
inhibiting coronary artery restenosis. Their study demonstrated that
treatment with a biodegradable stent releasing rapamycin
significantly alleviated thermal injury-induced urinary obstruction
and reduced the levels of fibrotic proteins.

It is not a mere coincidence that Hu et al. developed a dual-layer
drug-eluting ureteral stent with rapamycin loaded onto an
optimized 75/25 poly (lactic-co-glycolic acid) (PLGA) and
polycaprolactone (PCL) dual-layer polyurethane ureteral stent
(Hu et al., 2023). This dual-layer stent prevents the sudden loss
of drugs and maintains a sustained delivery time. Their results
indicate a significant effect of the drug-eluting stent in inhibiting
ureteral scar proliferation compared to the bare stent. Moreover, the
dual-layer stent with PCL as the outer layer exhibits a slower release
rate of rapamycin than a single-layer PLGA stent. The drug release
rate of PLGA/drug/PCL gradually increases over 21 days, providing
a consistent inhibitory effect on ureteral stenosis.

The anti-proliferative drug-coated stents, upon future
commercialization, are poised to not only prevent postoperative
strictures caused by scar formation after reconstructive surgery but
also to preclude urothelial proliferation reactions in patients with
non-anastomotic ureteral openings. This development not only
addresses the risk of postoperative complications in
reconstructive surgery but also mitigates urothelial proliferation
concerns in patients with yet-to-be-anastomosed ureteral openings.

5 Limitations/shortcomings and
strategies for improvement

After years of dedicated research, significant progress has been
made in the field of biodegradable ureteral stents (BUS). Many BUS
have demonstrated improved performance through continuous
efforts for refinement. However, BUS currently still has three
major limitations. In the fabrication of scaffolds, it is necessary
for researchers to select materials with high biosafety to make BUS.
Meanwhile, it is worth exploring how to use processing technology
suitable for standardized mass production to produce scaffolds with
excellent performance. BUS degradation should be controlled, and
degradation debris should not be too large to avoid urinary
obstruction. The balance between the ideal degradation time for
scaffolds and adequate mechanical properties when degraded
remains a challenge. Drug release safety cannot be ignored when
developing stents. In vitro experiments, the standardization of
in vitro degradation results may be hampered by the lack of a
uniform standard for simulating in vitro hydrodynamic conditions
and simulating artificial urine to test BUS. Thus, it becomes
imperative to develop appropriate standard detection methods to
obtain reliable and comparable results, thus contributing to new and

FIGURE 7
Illustration of the upper urinary tract BraidStent

®
-H. (A) proximal

pig tail. (B) Central portion with a four-line braid. (C) Distal anchoring
system with a rounded four-line braid. (D) Degradation fragments. (E)
Clinically common non-degradable ureteral stent.
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better advances in this area. In terms of in vivo experiments, most of
the current in vivo experiments are mainly based on animal
experiments. Clinical experiments are different from animal
experiments, and human subjects cannot achieve the same
control variables as experimental animals. Human subjects have
differences in diet, physique, etc. Therefore, the safety, degradability
and functional efficacy of BUS scaffolds still need to be confirmed by
clinical trials with a large sample size. Here, we present innovative
solutions to address the challenges posed by the development of
BUS, which may inspire future BUS development.

5.1 Material innovation

Currently, the predominant scaffolds consist primarily of
materials such as PLGA and PLCL. These polymers are mainly
bulk degradation modes. An ideal characteristic of this mode is that,
under optimal conditions, the mass of the sample remains constant
during the initial stages of degradation while the molecular weight
continues to decrease. The structure of the sample collapsed,
resulting in small fragments. Conversely, the alternative form of
degradation is surface corrosion, which initiates from the material’s
surface and is characterized as “layer-by-layer degradation.” The
identification of materials possessing surface corrosion properties
for constructing BUS could address the issue of sudden support
cracking. At the same time, materials whose degradation mode is
dominated by surface dissolution during the degradation process are
more suitable to be used as drug carriers in the constant rate release
drug delivery system (Zhang et al., 2008).

Poly (trimethylene carbonate) (PTMC) has recently gained
widespread attention. TMC exhibits unique degradation
behaviors, including the production of non-acidic degradation
products, resistance to non-enzymatic hydrolysis, and a surface
erosion mechanism induced by enzymatic degradation
(Fukushima, 2016). Yang et al. synthesized a biodegradable
network based on PTMC through the ring-opening
polymerization of TMC and CL. The network’s glass transition
temperature was found to be below physiological temperature
(37°C), suggesting its rubbery nature for in vivo applications
(Yang et al., 2013). It is anticipated that in future development,
there will be intensive studies on ureteral stents that are based on the
unique degradation properties of PTMC and in vivo rubber
properties.

The degradation rate of BUS is primarily governed by the choice
of the stent’s material, allowing for future customization of
degradation times based on the selected combination of
biodegradable biomaterials and their inherent properties. Yang
et al.’s in vitro degradation experiments revealed that crosslinking
significantly influences degradation behavior. The crosslinked
PTMC network is less sensitive and more resistant to lipase
degradation, but it exhibits superior shape stability compared to
the non-crosslinked PTMC network. Additionally, the degradation
of the crosslinked PTMC network is faster in enzymatic degradation
than hydrolytic degradation. In in vivo degradation experiments,
crosslinking can be adjusted by modulating crosslink density and
incorporating CL content to regulate the PTMC degradation rate
(Yang et al., 2016). Urine contains amylase and uricase (Stump et al.,

1986; Zheng et al., 1991). Therefore, the enzymatic properties of
PTMC may have future applications in urology.

Liu et al. prepared a biodegradable elastic PTMC/PLC (80/20)
networked ureteral stent (Liu et al., 2021). The in vitro degradation
experiment of the scaffold demonstrated that the scaffold underwent
relatively rapid erosion, facilitated by porcine pancreatic lipase.
Surface erosion was observable under SEM, and the scaffold
retained adequate tensile strength throughout the degradation
process. At the same time, the network is biocompatible. This
experiment was lacking in in vivo degradation experiments and
clinical trials of this scaffold.

PTMCmay become one of the materials for future development
in biodegradable ureteral stent (BUS) research, and we are currently
conducting research on materials for ureteral stent tubes. Perhaps in
the future, copolymers with distinct properties in enzymatic and
hydrolytic degradation can be utilized to craft stents with ideal
degradation times.

Scaffold surface crusting is a significant issue in clinical stent
implantation due to the formation of biofilms composed of bacteria
that can cause catheter and scaffold scaling. Current research is
primarily focused on slow-release antibiotic coatings, but resistance
remains a concern. Biocompatible antifouling coatings, such as
novel biomaterials with properties like antimicrobial peptide
coatings and brush materials, may be crucial for future BUS
development. Yao et al. demonstrated that scaffolds containing
antimicrobial peptides exhibit good biocompatibility and inhibit
bacterial growth and biofilm formation in situ. This ultimately
reduces the deposition of struvite and hydroxyapatite crystals,
both in vitro and in vivo (Yao et al., 2022).

Polyvinylpyrrolidone iodine (PVP-I) is a hydrophilic polymer
material that can help prevent urinary tract infections. This
antibacterial material is not an antibiotic and may significantly
reduce the production of drug-resistant bacteria. Khandwekar
et al. found that the deposition of struvite and hydroxyapatite,
the main components of urinary tract calculus, was significantly
reduced on PVP-I modified polyurethanes, especially the reduction
of hydroxyapatite calculus (Khandwekar and Doble, 2011). The
support exhibits excellent anti-adhesion and anti-scaling properties,
as well as remarkable durability. However, the stent has not been
extensively studied in vivo. Therefore, it is imperative to investigate
its effects on animal models and its application to BUS.

The clinical functionality of the stent is primarily manifested by
the drug delivery system incorporated into the stent. Nanoparticles
made from biodegradable polyester have gained significant attention
as a drug delivery system (Cheng and Pun, 2015). Nanoparticles
have the advantages of actively targeting and protecting normal cells
from damage and improving the therapeutic effect of loaded drugs
(Park, 2014).

Owing to the existence of blood vessel barriers, the penetration
of nanomaterials into tissues occurs at a slower rate compared to
small molecule drugs (Poste et al., 1982). In order to reduce the
clearance of the reticuloendothelial system (RES), the development
of the cloaking function of the nanocarriers has become a research
hotspot. Wen et al. (2023) reviewed the cloaking nanocarriers in
detail and proposed the concept of the “pseudo-stealth effect.” In
future developments, the antifouling or invisibility properties and
biocompatibility of the polymer coating of the scaffolds should be
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key to future BUS functional development and translational clinical
applications.

5.2 Manufacturing process innovation

The innovation in the BUS manufacturing process has the
potential to enhance both the physical and chemical properties of
the scaffold. 3D-printed stents have the capability to design
geometric shapes that are specific to individual patients and
possess complexity, thereby achieving optimal mechanical
properties. Moreover, it is feasible to 3D-print smart materials
endowed with shape memory.

At present, 3D printing has been successfully applied to the
manufacture of trachea stents and cardiovascular stents (Zopf et al.,
2013; Sousa et al., 2022). Although this technology has been used in
the development of non-degradable ureteral stents (Lee et al., 2022),
However, there are still few researches on the application of 3D
printing technology to BUS production.

Chang et al. (2020) applied 3D printing technology to the
production of BUS, and they confirmed that the scaffolds
produced by 3D printing technology had suitable mechanical
properties and degradation rate.

Through the advancement of 3D printing technology, the
biodegradable BUS survival approach emerges as a means to
personalize and facilitate the mass production of ureteral stents.
The successful integration of this technology with BUS is
anticipated to contribute significantly to alleviating patient
discomfort.

5.3 Tracking and follow-up capability
innovation

In clinical practice, X-rays and computed tomography (CT) are
considered the most common and least invasive tools for observing
the condition of medical implants in the body (Samuel et al., 2015).
Given the challenges of stent breakage and displacement in BUS, the
tracking and follow-up capabilities of the stent hold paramount
significance. Consequently, the development of BUS with suitable
radio-impermeability warrants our attention.

Chang et al. introduced three radiopaque agents into
polyglyceryl sebacate acrylate (PGSA), including barium sulfate,
bismuth basic carbonate (BiO)2CO3), and bismuth oxychloride
(BiOCl) (Chang et al., 2020). Experimental findings indicate that
the mechanical properties of bismuth oxychloride-embedded PGSA
(PGSA-BIOCL) at an embedding concentration of 25 wt% surpass
those of PGSA-Baso4 and PGSA-(BiO)2CO3. Furthermore, it
demonstrates high linearity in non-transmittance. However, a
linear correlation between the transmission linearity and the
embedded content cannot be established. In vitro experiments
reveal that PGSA-BiOCl25wt% exhibits commendable
biocompatibility and degradability.

The advancement of materials and technologies amenable to
tracking through rapid and non-invasive imaging techniques is
poised to play a pivotal role in the initial development and
clinical application of BUS. Moreover, the follow-up of various
diseases is expected to be facilitated.

6 Future prospects

Since non-degradable stents are still widely used in clinical
practice, the complication rate of stents is an issue that clinicians
need to weigh, so BUS research is urgently needed for clinical
application. The ideal BUS in the future should have: (1) good
biocompatibility; (2) moderate mechanical properties to ensure
ureteral drainage comfort; (3) complete biodegradation with no
obstruction or biological damage caused by degradation products;
(4) good ability to prevent migration; (5) diversity of stent functions;
(6) good tracking ability. The “ideal” BUS has not yet been produced.
The production of stents requires in-depth communication between
various disciplines, including but not limited to medicine, materials
science, pharmacy, molecular biology, etc.

The controlled degradation time of BUS can be adapted to
physicians’ different clinical decisions. For example, in cases of
malignant tumors, clinicians currently require long-term
placement of ureteral stents with periodic replacement, which is
inconvenient for both healthcare professionals and patients. In
1 day, BUSs with extended degradation times may address this
clinical treatment challenge. Conversely, short-degradation BUS
may be more suitable for post-operative patients requiring short-
term stent placement.

In addition to the versatile clinical applications for treating
diseases with drugs, the surface coatings and drug-eluting
capabilities of BUS can also facilitate localized drug delivery. In
comparison to systemic administration, local drug delivery offers
several advantages, such as reducing drug dosage and minimizing
side effects. This may contribute to enhancing treatment efficiency
and reducing the harm caused to patients by medications.

The fragments resulting from BUS degradation need to be
small enough for easy expulsion from the ureter, avoiding the risk
of ureteral obstruction. Simultaneously, the degradation
products of BUS should not induce changes in the urinary
environment within the human body. In the BUS developed
by Jin et al. (2021), an increase in the artificial urine’s pH was
observed as a consequence of degradation. Hou et al. (2017)
demonstrated that cross-linked poly (trimethylene carbonate)
networks (PTMC-Ns) offer adjustable degradation rates,
enhanced shape stability, and the advantage of producing non-
acidic degradation by-products. Perhaps, in the future, the
favorable biocompatibility and non-acidic degradation
products of PTMC will be utilized in the development of BUS.

In the future, BUS will reduce stent infection, stent crusting,
hematuria, pain and other complications caused by stent
implantation. It will also reduce the time of stent implantation,
reduce the frequency of stent replacement, and prevent stent
forgetting. Further exchanges between medicine and other
disciplines can promote the progress of human society.

7 Conclusion

This review summarizes the functions, clinical transformation,
shortcomings and future prospects of BUS, and puts forward
innovative suggestions to solve the related deficiencies. Currently,
BUS scaffolds are unable to attain the ideal characteristics primarily
due to challenges in controlling degradation time, mechanical
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properties, and degradation fragments. Additionally, researchers
encounter challenges in achieving the requisite drug release
performance for the subsequent follow-up and functionalization
of scaffolds. In order to solve the above problems, we believe that
innovations need to be made in BUS manufacturing materials, BUS
manufacturing processes, selection of BUS coating and development
of tracking and follow-up functions, including PTMC as a scaffold
material, the application of 3D printing technology, nanoparticle
drug delivery and the use of developer. Additionally, the
development of functionalities related to stent coatings and drug
elution remains a current research focus. At the same time, the
interdisciplinary cooperation and learning of biomaterials and
medicine are inevitable in the development of BUS in the future,
and the in-depth exchanges and communication between clinicians
and material science experts will accelerate the development of BUS.
In conclusion, BUS holds promising applications in the field of
urological surgery.
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Preventing the occurrence of secondary caries serves as one of the significant
issues in dental clinic, thus make it indispensable to improving the properties of
conventional composite resin (CR) by developing a novel CR. In present study,
two groups of experimental CRs loadedwith different contents of fluoride-doped
nano-zirconia fillers (25 wt% and 50 wt%) were fabricated. The surface
topography, mechanical performance, fluoride release, antibacterial effect,
aging property and cytotoxicity of the experimental CRs were evaluated
subsequently. A uniform distribution of the F-zirconia fillers over the whole
surface of resin matrix could be observed. The experimental CRs showed
continuous fluoride release within 28 days, which was positively correlated
with the content of F-zirconia fillers. Moreover, the amount of fluoride release
increased in the acidic buffer. Addition of F-zirconia fillers could improve the
color stability, wear resistance and microhardness of the experimental CRs,
without reducing the flexure strength. Furtherly, the fluoride ions released
continuously from the experimental CRs resulted in effective contact and
antibacterial properties, while they showed no cytotoxicity. As a consequence,
considerations can be made to employ this new kind of composite resin loaded
with fluoride-doped nano-zirconia fillers to meet clinical requirements when the
antimicrobial benefits are desired.

KEYWORDS

composite resin, nano-zirconia fillers, fluoride-releasing, antibacterial property, aging
test, mechanical performance

1 Introduction

With the enhancement of aesthetic requirements and the development of novel dental
materials, tooth-colored materials like composite resins (CRs) have been widely used in
dentistry. Due to their strong mechanical properties and good aesthetic characteristics, CRs
have gradually become the most commonly used filling and adhesive materials in clinic,
surpassing the use of traditional silver amalgam and the glass ionomer cement (GIC)
(Pizzolotto and Moraes, 2022; Aldowsari et al., 2023; Maletin et al., 2023). However, the
occurrence of secondary caries at the edge of the CR restorations has become the main cause
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of secondary filling treatments (Chladek et al., 2023). Furthermore,
the secondary filling operations often produce more damage to the
hard tissues of teeth, as well as more thermal or chemical stimulus to
the dental pulps, which may also lead to the filling failures (Bakhsh
et al., 2023). It was reported that the possibility of secondary caries
occurring around the CRs was even greater than that using other
filling materials such as the GIC or the amalgam (Opdam et al., 2010;
Eltahlah et al., 2018). Thus, secondary caries has become an urgent
problem in dental clinic. The replacement of CRs has undoubtedly
become a heavy burden on the expenditure on health.

Moreover, the polymerization shrinkage occurring in the curing
procedure also makes the application of CRs in posterior teeth more
stressful, especially in repairing the extensive dental defects (Loguercio
et al., 2023). In order to improve the defects of CRs, studies have been
conducted to reduce the polymerization shrinkage by improving the
filling technique, using the bonding agents in combination (Kaur et al.,
2015; Kim et al., 2022; Hosaka et al., 2023). However, the complexity of
filling procedure may not only increase the operating time but also
improve the technical sensitivity (Shibasaki et al., 2017; Van Ende et al.,
2017). Hitherto, there are still no newmaterials or new technologies that
can avoid themicroleakage occurring at the edge of the CRs completely.
On the other hand, as far as we know that bacterial infection is
considered the main cause of secondary caries after restoration, yet
the specific cariogenic bacteria and the pathological process are not
clear. Thus, adjusting the compositions to develop novel CRs with
antibacterial properties has also become one of the research hotspots
currently (Stewart and Biostable, 2019).

Back to the early 20th century, the application of fluoride agents
had become an important way to maintain oral health (Pollick, 2018).
The anti-caries property of fluoride agents is mainly achieved by
maintaining a certain concentration of fluoride ions in saliva locally,
which forms a mineralization system with calcium ions and
phosphate ions together. Calcium fluoride and fluorapatite
generated can inhibit the demineralization and promote
remineralization process. Furthermore, fluoride can also act on the
acid-producing bacteria such as mutans streptococci (S. mutans)
directly. While blocking the functions of enzymes related to
glycolysis and cellular oxidation, fluoride also inhibits the intake of
glucose by the bacteria. Fluoride has been proved to play an excellent
anti-caries property in the traditional GIC, and has also been tried to
be used in the development of novel antibacterial CRs nowadays
(Francois et al., 2020). Since the 1980s, fluoride-containing CRs have
been used in the orthodontic adhesives and the fissure sealants, while
there were few studies on them as direct filling materials (Ei et al.,
2018). But it is worth noting that the release of fluoride ionsmay result
in the porous structure of the material, which will weaken the
mechanical properties and wear resistance (Van der Laan et al., 2019).

In recent years, nano-zirconia powders have been applied as
inorganic fillers to enhance the mechanical properties of CRs. On
the one hand, as one of the commonly used reinforcing materials in
biomedicine, zirconia presents excellent strength and biocompatibility.
On the other hand, addition of nanoparticles is conducive to increase
the aesthetic performance and wear resistance of materials.
Furthermore, it was suggested that nanoparticles possess stronger
prevention in bacterial adhesion and biofilm formation due to their
large surface-volume ratio (Melo et al., 2013). Some commercial CRs
products contained nano-zirconia fillers have been used in clinic so far,
yet few studies focused on their antibacterial property. Thus, we

proposed a hypothesis that combination fluoride with nano-zirconia
through a certain way in the fillers of a novel CR would do help to
maintain the clinical performance while exerting good fluoride-
releasing property. In the early stage of our research, ammonium
zirconium hexafluoride was added into zirconium salt as the source
of fluoride ions. A kind of high-purity fluoride-doped nano-zirconia
particles were synthesized through chemical precipitation and the
calcination procedure. A series of experiments were carried out to
prove that both the nanoparticles and the novel CR loaded with
fluoride-doped nano-zirconia fillers possessed definite release of
fluoride ions, and the released ions could inhibit the growth of S.
mutans effectively (Zheng et al., 2021).

In the present work, the composition of fillers was optimized
furtherly according to the preliminary results. Fluoride release from
the experimental CR into media with different pH values were
measured to simulate the caries processes. The action mode of
antibacterial effect was explored here. Furthermore, thermocycling
test were used to simulate the intraoral aging process of the
experimental CR. The mechanical performance and cytotoxicity
were also evaluated to verify its clinical application prospects.

2 Materials and methods

2.1 Synthesis of the CRs loaded fluoride-
doped nano-zirconia fillers

Fluoride-doped nano-zirconia particles were coated with the
silane coupling agent KH-570 to improve the interfacial
combination between the fillers and resin matrix. The resin
matrix consisted of a 70:30 (w/w) bisphenol-A glycidyl
dimethacrylate (Bis-GMA) and tri-ethylene glycol dimethacrylate
(TEGDMA). The initiator system consisted of 0.5 wt%
camphorquinone (CQ) and 1 wt% ethoxylated bisphenol A
dimethacrylate (DMAEMA). The experimental CRs were
formulated with the resin matrix and varying concentrations of
the silaned fillers (25, 50 wt%) through in situ dispersion method.
The mixtures were filled to Teflon molds and light cured for 40 s on
both sides (1200mW/cm2, Elipar S10, 3M Espe, Seefeld, Germany).
For comparison, specimens of the pure resin matrix without fillers
were also prepared in the same way.

2.2 Field emission scanning electron
microscopy

One specimen of each group of the experimental CRs selected
and coated with electrically-conductive material. The surface
morphology and the dispersion of nanoparticles in CRs were
investigated by Field emission scanning electron microscopy
(FESEM, MERLIN, ZEISS, Germany).

2.3 Mechanical properties

2.3.1 Flexure strength
Specimens of size 25 mm × 2 mm× 2 mmwere prepared in each

group (N = 5). Before the test, every specimen was polished
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sequentially using #800, #1000, #2000, and #3000 abrasive papers
and then stored in the saline solution at 37 °C for 24 h. After drying
thoroughly, the specimens were placed on the universal mechanical
testingmachine (Instron 5566, Instron, United Kingdom) for flexure
strength test at a span length of 20 mm and a speed of 0.5 mm/min.
At the same time, the fragmentation load was recorded and the
flexure strength was calculated according to the formula: FS = 3Fl/
2bh2 [Where FS means the flexure strength (unit: MPa), F means the
fragmentation load (unit: N), l means the span length, b and h mean
the width and height of specimen (unit: mm)].

2.3.2 Wear resistance
Cylindrical specimens with a diameter of 10 mm and a height of

5 mmwere prepared (N= 3) and polished sequentially. After stored in
the saline solution at 37 °C for 24 h and dried, each specimenwas fixed
on the mechanical reciprocating friction and wear device (MWF-02,
sdbaohang machinery manufacturing co., ltd., China). A Co-Cr
stainless steel ball with a diameter of 5 mm was used as the
grinding part, and the abradant was prepared by mixing 4:1 (w/w)
fluorite powder and water. A 30 N loading force was applied to the
specimens during 6000 friction cycles, and the speed of the
reciprocating friction movement was 300 rpm/min. The digital
micrometer was used to measure the height of specimens before
and after the test. Moreover, one specimen was selected randomly to
observe the microscopic morphology of the wear surface under SEM.

2.4 Fluoride release

Fluoride release of the experimental CRs into various storage
media with different pH values during 28 days was determined
using a pH meter (a-AB41PH ZH, OHAUS, China) with fluoride
ion selective electrode (F, STISE22, OHAUS, China). Three
specimens of each group were eluted in either 2 mL distilled
water, 2 mL acidic buffer (20 mM KCl, 154 mM NaCl, 3.6 mM
NaH2PO4·H2O, pH 4.2) or 2 mL neutral buffer (1.9 mM CaCl2,
30mM KCl, HEPES, pH 7.0). All samples were stored in a shaker at
37 °C. The extraction media were collected in the 1st, 3rd, 7th, 14th
and 28th days and exchanged by fresh storage media at the time of
each measurement. The fluoride ions concentration in the
extraction media was measured. Before determination of the
samples, the selective electrode was fully activated and
calibrated with a series of fluoride standards ranging from
0.001 ppm to 100 ppm.

2.5 Antibacterial property

Streptococcus mutans (S.mutans UA159, Guangdong Microbial
Culture Collection Center, China), which was considered as the
primary cariogenic bacteria, was used as the experimental strain.
The frozen strain was revived and incubated in sterile Brain Heart
Infusion broth-agar (BHI-agar, BD, United States) media under
anaerobic condition at 37 °C. A single bacteria colony was selected
and transferred into fresh BHI media before the experiment. The
microplate reader (Elx800, BioTek, United States) was used to
regulate and control the absorbance of S. mutans strain at the
wavelength of 600 nm.

2.5.1 Colony-forming units (CFUs) counting
Specimens with 8 mm in diameter and 2 mm thick of each group

were prepared (N = 3) and sterilized by ultraviolet light for 2 h
before the antibacterial test. The specimens of Resin without the
experimental fillers were prepared and taken as control group. All
specimens were placed in a sterile 48-well plate with 500 uL fresh
BHI media and 50 uL of bacterial suspension (1 × 106 CFU/mL).
After incubated for 24 h at 37 °C, the bacteria grow and form
biofilms on the surface of specimens. Then, the specimens were
transferred to another 48-well plate and washed gently with PBS to
get rid of the planktonic bacteria. The biofilm formed on the surface
of each specimen was collected by shaking and washing with 500 uL
fresh BHI media. And the planktonic bacteria in the original 48-well
plate were also collected and mixed well. All experimental bacteria
suspensions were diluted to 10-5 times and inoculated on BHI-agar
plates to count the bacteria colonies. The antibacterial rate (AR) was
determined via the following formula: AR (%) = (C0-C)/C0 × 100%
(Where C0 means the number of colonies in average of the control
group, C means the number of colonies in average of the
experimental group.)

2.5.2 Metabolic activity test
The metabolic activities of both planktonic bacteria and biofilm

were estimated by the Cell Counting Kit-8 assay (CCK-8, Dojindo,
Japan). After co-culturing with the experimental CRs for 24 h, the
planktonic bacteria and biofilm were collected and transferred to a
new 48-well plate by the method as above-mentioned in 2.5.1. 50 uL
of CCK-8 liquid was added into each well and incubated for another
2 h in the incubator at 37 °C. Finally, the absorbance at 450 nm was
determined by the microplate reader (Elx800, BioTek,
United States).

2.6 Aging test

2.6.1 Thermal aging procedure
Specimens with 8 mm in diameter and 2 mm thick of each group

were prepared (N = 3) for thermal aging test. No thermal aging
status was denoted as time T0. Then the specimens were subjected to
10,000 cycles of thermocycling between 5 °C and 55 °C with a
transfer time of 30 s, which was applied to simulate the thermal
aging in 1 year. The time at which the 10,000 cycles ended was
denoted as T1.

2.6.2 Color change
Color values of the specimens were measured at T0 and T1,

respectively, using a tooth color comparator (VITA Easyshade V,
VITA Zahnfabrik H. Rauter GmbH and Co. KG, Germany) in 3-
point measurement mode. The color comparator was recalibrated
before each measurement. After all measurements, average of the
CIELab values (L*a*b*) was calculated for each specimen. And the
ΔE00 value was calculated with the online color calculator
(CIEDE2000 color system, www.colormine.org) to show the color
change from before to after the thermo aging procedure.

2.6.3 Microhardness test
The microhardness values of all specimens were measured using

a microhardness (Vickers) testing device (Micro Hardness Tester
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HMV-G-FA, SHIMADZU, Japan) at T0 and T1. A load of HV0.1
(980.7 mN) was applied to the surface of each specimen in 3 points
selected randomly for 10 s. And averages of the microhardness
values before and after thermal aging procedure were calculated.

2.7 Cytotoxicity

Specimens with 8 mm in diameter and 2 mm thick of each group
were prepared (N = 5) and sterilized with 75% ethanol for three
times. Each specimen was immersed into Dulbecco’s modified
Eagle’s medium (DMEM) high glucose medium (HyClone,
United States), which contained 10% fetal bovine serum (Gibco,
United States) and 1% pecicillin-streptomycin (EveryGreen, China).
Then, the eluates were collected after the incubation at 37 °C for
3 days. A total of human dental pulp cells (HDPs) was seeded per
well in a 96-well plate and cultured with DMEM media. After
incubated at 37 °C for 24 h, the media was replaced with the
eluates of each group. Cells incubated in the pure media without
eluates were used as the negative control. The alamar blue kit
(Invitrogen, United States) was used for cytotoxicity test
according to the manufacturer’s instruction. Fluorescence
intensities of HDPs at 1, 3, 5 and 7 days in response to the
eluates of experimental CRs were measured using the
microplate reader.

2.8 Statistical analysis

The data obtained were analyzed with SPSS Statistical software
(version 25.0, IBM, Armonk, United States). One-way analysis of
variance (ANOVA) and Post hoc analysis for multiple comparisons
were performed. p < 0.05 was considered as statistically significant.

3 Results

3.1 Field emission scanning electron
microscopy

Figure 1 showed the SEM micrographs of the experimental CRs
with fluoride-doped nano-zirconia fillers. Themicrograph of control

group (pure resin matrix) was uniformly dark (Figure 1A), while
inorganic fillers presented as gray or white particles distributed
uniformly in the resin matrix in the micrographs of experimental
CRs (Figures 1B,C). Generally, all the experimental fillers were
evenly dispersed in the monomer matrixes and there was only a
small minority of agglomeration of fillers.

3.2 Mechanical properties

The result of flexure strength (FS) test was shown in Table 1.
It could be seen that the FS of control group was the highest,
reaching 88 MPa in average. With the addition of inorganic
fillers, the FS of specimens showed no significant decline.
Statistical analysis of the result showed that there was no
significant difference among the three groups (p ≥ 0.05). In
addition, height loss of the experimental composite resins with
fluoride-doped nano-zirconia fillers after the wear resistance test
were also presented in Table 1. After the wear resistance test,
specimens of the control groups showed a significant height loss
of 161 um in average. The height loss decreased to 115 um in
average with the addition of 25 wt% F-zirconia fillers, and it
furtherly decreased to 60 um in average with the addition of 50 wt
% F-zirconia fillers. Statistical results showed that the difference
between the group of 50 wt% F-zirconia fillers and the control
group was statistically significance (p < 0.05).

The morphologies of worn surfaces after the wear resistance test
were analyzed via SEM and presented in Figure 2. It could be seen
that there were obvious longitudinal wear traces and exfoliative pits
on the wear surface of the control group at low magnification
(Figure 2A). At high magnification, irregular pits could be found
after the outermost layers of resin falling off (Figure 2B). For the
group of 25 wt% F-zirconia fillers, horizontal wear traces were
observed on the surface, and scattered agglomerated particles
were exposed at low magnification (Figure 2C). Further, cracks
and small pits appeared after the fillers falling off at high
magnification (Figure 2D). Similarly, the wear surface of 50 wt%
F-zirconia fillers after wear resistance test was relatively flat and the
wear traces were horizontal under low magnification (Figure 2E).
Friction striations could be seen at high magnification, a small
number of fillers were exposed and scattered, while there were
no obvious stripping pits (Figure 2F).

FIGURE 1
SEMmicrographs of the experimental composite resins with fluoride-doped nano-zirconia fillers. (A)Control group; (B) 25 wt% F-zirconia fillers; (C)
50 wt% F-zirconia fillers.
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TABLE 1 Flexure strength and height loss after wear resistance test of the experimental composite resin with fluoride-doped nano-zirconia fillers.

Group Flexure strength (mean ± SD, MPa) Height loss after wear resistance test (mean ± SD, um)

Control group 88 ± 5.21 161 ± 38.84

25 wt% F-zirconia fillers 82 ± 5.75 115 ± 24.25

50 wt% F-zirconia fillers 85 ± 4.84 60 ± 26.23*

Note: The superscript symbol * means statistical difference compared to the control group (p < 0.05).

FIGURE 2
SEM micrographs of worn surfaces of the specimens. (A,B) Control group; (C,D) 25 wt% F-zirconia fillers; (E,F) 50 wt% F-zirconia fillers.
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TABLE 2 Daily fluoride release (ppm) from the experimental composite resin with fluoride-doped nano-zirconia fillers in different buffers during 28 days.

Time Groups Distilled water mean (SD) Neutral buffer mean (SD) Acidic buffer mean (SD)

Day 1 25 wt% F-zirconia fillers 1.51 (0.09) 1.51 (0.07) 1.52 (0.20)

50 wt% F-zirconia fillers 1.77 (0.03) 1.72 (0.06) 1.83 (0.21)

Day 3 25 wt% F-zirconia fillers 1.25 (0.01) 1.25 (0.03) 1.36 (0.13)

50 wt% F-zirconia fillers 1.53 (0.02) 1.44 (0.04) 1.57 (0.28)

Day 7 25 wt% F-zirconia fillers 1.31 (0.10) 1.25 (0.01) 1.38 (0.12)

50 wt% F-zirconia fillers 1.43 (0.03) 1.42 (0.02) 1.60 (0.20)

Day 14 25 wt% F-zirconia fillers 0.36 (0.00) 0.36 (0.01) 0.40 (0.05)

50 wt% F-zirconia fillers 0.47 (0.01) 0.45 (0.02) 0.52 (0.72)

Day 28 25 wt% F-zirconia fillers 0.13 (0.01) 0.10 (0.00)* 0.12 (0.00)*#

50 wt% F-zirconia fillers 0.15 (0.00) 0.12 (0.01)* 0.16 (0.02)*

Note: The superscript symbol * means statistical difference compared to that in distilled water, # means statistical difference compared to that in the neutral buffer (p < 0.05).

TABLE 3 Cumulative fluoride release (ppm) from the experimental composite resin with fluoride-doped nano-zirconia fillers in different buffers at each
detection point during 28 days.

Time Groups Distilled water mean (SD) Neutral buffer mean (SD) Acidic buffer mean (SD)

Day 1 25 wt% F-zirconia fillers 1.51 (0.09) 1.51 (0.07) 1.52 (0.20)

50 wt% F-zirconia fillers 1.77 (0.03) 1.72 (0.01) 1.83 (0.21)

Day 3 25 wt% F-zirconia fillers 4.01 (0.07) 4.00 (0.09) 4.23 (0.07)*

50 wt% F-zirconia fillers 4.83 (0.06) 4.60 (0.08) 4.97 (0.49)

Day 7 25 wt% F-zirconia fillers 9.23 (0.34) 8.95 (0.15) 9.75 (0.53)*

50 wt% F-zirconia fillers 10.55 (0.11) 10.28 (0.08) 11.36 (0.81)*

Day 14 25 wt% F-zirconia fillers 11.75 (0.34) 11.49 (0.18) 12.57 (0.87)

50 wt% F-zirconia fillers 13.84 (0.15) 13.40 (0.15) 14.98 (1.27)*

Day 28 25 wt% F-zirconia fillers 13.60 (0.44) 12.94 (0.19) 14.18 (0.87)*

50 wt% F-zirconia fillers 15.90 (0.16) 15.04 (0.05) 17.24 (1.48)*

Note: The superscript symbol * means statistical difference compared to that in distilled water (p < 0.05).

FIGURE 3
Cumulative fluoride release of the experimental composite resin with fluoride-doped nano-zirconia fillers in different buffers within 28 days [(A)
25 wt% F-zirconia fillers; (B) 50 wt% F-zirconia fillers].
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3.3 Fluoride release

Table 2 and Table 3 showed the daily and cumulative amount of
fluoride release from the experimental CRs within 28 days,
respectively One-way ANOVA test revealed that both the
quantity of fillers and time had a statistically significant effect
on the amount of fluoride release. In general, the cumulative
amount of fluoride released from 50 wt% F-zirconia fillers was
significantly higher than that from the group of 25 wt% F-zirconia
fillers (p < 0.05). Regarding detection of the daily amount, the
fluoride release decreased obviously with time. The difference was
statistically significant in neutral buffer in every detection point
(p < 0.05). And the difference between the two groups became
more obvious in day 14 and day 28 (p < 0.05). However, the pH of
media had a little effect on fluoride release. The amount of fluoride
release increased in the acidic buffer than that in another two
media, but the difference was not statistically different (p ≥ 0.05).
The change trends of cumulative fluoride release could be observed
in Figure 3. For both two groups of the experimental CRs, a

significant upward trend could be seen in the beginning 7 days,
while the upward trend had slowed over the remaining
observation period.

3.4 Antibacterial property

Table 4 and Figure 4 showed the antibacterial effects of the
experimental CRs against biofilms of S. mutans and the planktonic
bacteria. In terms of the contact antibacterial effect against biofilms, the
group of 50 wt% F-zirconia fillers showed better antibacterial activity
with the antibacterial rate of 53%, followed by the group of 25 wt%
F-zirconia fillers (40%), while the difference was not statistically
significant (p ≥ 0.05). In terms of releasing antibacterial effect
against the planktonic bacteria, the antibacterial rate improved from
27% to 58%with the increase of F-zirconia fillers, and the difference was
statistically significant (p < 0.05).

The metabolic activities of S. mutans after culturing with the
experimental CRs in the CCK-8 test were also presented in Figures

TABLE 4 The antibacterial activities for the biofilm of S.mutans and planktonic bacteria evaluation.

Groups Biofilm of S.mutans evaluation
Log (CFU/mL)

Planktonic bacteria evaluation
Log (CFU/mL)

Control group 9.08 ± 0.07 9.05 ± 0.02

25 wt% F-zirconia fillers 8.86 ± 0.05* 8.91 ± 0.01*

50 wt% F-zirconia fillers 8.75 ± 0.04* 8.66 ± 0.03*#

Note: The superscript symbol * means statistically different compared to the control group, # means statistically different compared to the 25 wt% F-zirconia fillers group (p < 0.05).

FIGURE 4
The result of antibacterial effect against S. mutans of the experimental composite resin with fluoride-doped nano-zirconia fillers [(A,C,D)
Antibacterial effect against biofilms of S. mutans; (B,E,F) Antibacterial properties against planktonic bacteria; (A,B) Images of bacterial colonies; a,d,
Control group; b,e, 25 wt% F-zirconia fillers; c,f, 50 wt% F-zirconia fillers; (C,E) Number of bacterial colonies (CFUs) and the antibacterial rates (AR); (D,F)
The CCK-8 test; The symbol * means p < 0.05.).
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4D, F. In general, with the amount of fluoride-doped nano-zirconia
fillers increased, the absorbance of bacterial suspension was
significantly lower than that of the control group (p < 0.05).
Furthermore, the differences between two experimental groups
observed in antibacterial effects against both biofilms and
planktonic bacteria showed statistical significance (p < 0.05).

3.5 Aging test

3.5.1 ΔE00 results
The CIELab values of the experimental CRs, which contained

the L* (lightness), a* (red-to-green axis) and b* (yellow-to-blue axis)
values, were summarized in Table 5. According to the result of one-
way ANOVA and multiple comparisons, the control group showed
significant differences in CIELab values as compared with another
two groups both before and after the thermal aging procedure (p <
0.05). The difference of CIELab values between the experimental
groups had no statistical significance (p ≥ 0.05). In addition,
comparison of ΔE00 values during the thermal aging progress
among three groups was also exhibited in Table 5. The control
group had the highest ΔE00 value. ΔE00 values of the experimental
groups were significantly lower than that of the control group (p <
0.05). And ΔE00 value of the group of 50 wt% F-zirconia fillers was
lower than that of the group of 25 wt% F-zirconia fillers, but the
difference had no statistical significance (p ≥ 0.05).

3.5.2 Microhardness
Microhardness values of the experimental CRs before and after

the thermal aging process were presented in Table 6. The
microhardness of the control group in T0 was 18.30 ±
1.25 HV0.1, while those of the groups of 25 wt% F-zirconia fillers
and 50 wt% F-zirconia fillers were 48.50 ± 10.49 HV0.1 and 73.72 ±
5.64 HV0.1, respectively. The microhardness values of all three
groups decreased after the thermal aging test (in T1). However, there
were no statistically significant differences between the
microhardness values of the same group before and after the
thermal aging process (p ≥ 0.05). The statistical results revealed
significant differences between the control and experimental groups
in both T0 and T1 (p < 0.05). In addition, the variation of
microhardness values (T0-T1) of each group was also analyzed
here. And the difference of the variations among three groups was
not statistically significant (p ≥ 0.05).

3.6 Cytotoxicity

The alamar blue assay was applied in this study to verify the
cytotoxicity of the experimental CRs to human dental pulp cells
(HDPs). Fluorescence intensities produced by healthy HDPs at 1, 3,
5 and 7 days in response to eluates of the control group or
experimental groups were presented in Figure 5. Statistical results
with one-way ANOVA analysis revealed that the viabilities of HDPs

TABLE 5 ΔE00 during the thermal aging progress of the experimental composite resin with fluoride-doped nano-zirconia fillers.

Group CIELab value (mean ± SD) ΔE00 value (mean ± SD)

T0 T1

Control group L* 38.28 ± 3.19 39.67 ± 3.00 1.69 ± 0.35

a* −1.04 ± 0.12 −1.24 ± 0.07

b* 7.03 ± 0.97 6.04 ± 0.64

25 wt% F-zirconia fillers L* 42.30 ± 2.03 43.20 ± 3.18 1.20 ± 0.17γ

a* 1.52 ± 1.53 1.84 ± 1.98

b* 11.83 ± 6.08 12.38 ± 6.79

50 wt% F-zirconia fillers L* 45.28 ± 5.23 45.63 ± 5.19 0.78 ± 0.44γ

a* 1.77 ± 1.18 1.74 ± 1.17

b* 11.91 ± 4.58 11.44 ± 4.50

Note: The superscript symbol γ means statistical difference compared to the control group (p < 0.05).

TABLE 6 Microhardness values of the experimental composite resin with fluoride-doped nano-zirconia fillers in different times during the thermal aging
test.

Group Microhardness value (mean ± SD, HV0.1)

T0 T1 T0-T1

Control group 18.30 ± 1.25 14.61 ± 0.97 3.69 ± 0.58

25 wt% F-zirconia fillers 48.50 ± 10.49* 44.38 ± 9.31* 4.36 ± 1.83

50 wt% F-zirconia fillers 73.72 ± 5.64*# 71.02 ± 3.56*# 2.69 ± 2.93

Note: The superscript symbol * means statistically different compared to the control group, # means statistically different compared to the 25 wt% F-zirconia fillers group (p < 0.05).
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exposed to eluates of each group were not significantly different
from that of the negative group (p ≥ 0.05). But fluorescence
intensities of cells exposed to elutes at day 3 were slightly lower
than that of the negative group (p < 0.05).

4 Discussion

Dental composite resins (CRs) are the most widely used direct
restorative materials in clinic because of their high mechanical
strength and aesthetic superiority. However, as the traditional CRs
has little resistance to bacterial infection, which was considered as the
major cause of dental caries, secondary caries might occur adjacent to
the CRs restoration margins and shorten their lifespans ultimately.
Thus, the development of antibacterial CRs is one of the most
important investigations regarding novel dental materials.

The antibacterial action of fluoride agents against cariogenic
bacteria has been widely appreciated by previous studies. Fluoride
ions in saliva can diffuse into bacterial cells in the form of HF,
where they decompose into both hydrogen ions and fluoride ions.
This process can not only inhibit the action of enzymes directly but also
stimulate more HF to diffuse into the cells (Hamilton, 1977). In
addition, the increase of hydrogen ions within the cells can reduce
bacterial acid production (Hamilton and Ellwood, 1978). Given the
definite antibacterial effect of fluoride agents, various fluoride-releasing
restorative materials have emerged and were considered as fluoride
reservoirs, which might increase the fluoride level locally (Wiegand
et al., 2007;Wei Su et al., 2019). To date, addition of fluoride-containing
inorganic fillers was considered as the major method to develop novel
fluoride-releasing CRs. Both the soluble salts such as calcium fluoride
(CaF2) and the slightly soluble salts like ytterbium fluoride (YbF2) and
fluoro-alimino-silicate glasses (FAG) had been applied in previous
studies. However, it was reported that most of them showed a
“burst release” of fluoride ions and the dissolution of fluoride agents
had an adverse effect on the mechanical properties (Van der Laan et al.,
2019). It is not hard to spot that those inorganic fluoride agents were
added by mixing with other fillers and there were only physical
compatibilities among all particles, without chemical combination.

Thus, the dissolution of fluoride agents resulted in porous structure
of the CRs, which might damage the dense structure of the materials
and furtherly declined the strength. It is necessary to improve the
chemical structure of inorganic fillers to replace the way of adding
fluoride agents directly. Cheng et al. produced a kind of core-shell
nanofibers containing sodium fluoride (NaF) and used as fillers of CRs
(Cheng et al., 2014). Results showed that fluoride releasing with minor
burst release could be achieved, which was quite superior to the case of
adding NaF nanocrystals directly. Similarly, a novel LiAl-F layered
double hydroxide (LDH) was also developed by Su et al. and was
supposed to be a fluoride reservoir filler for CRs (Wei Su et al., 2019).
However, this kind of researches were still in the early stage of
exploration and were expected to be carried on furtherly.

Although the best way of developing fluoride-releasing CRs has
not yet been concluded, the previous studies suggested that it was of
necessity to develop a novel CRs with efficient fluoride-releasing
effect and proper mechanical properties. Recently, nano-zirconia
particles have been used as the reinforcing fillers in dental CRs
(Hong et al., 2020). Zirconium salts, which were a kind of raw
compositions for the synthesis of zirconia particles, have been
proven to exhibit strong chelate formation characteristics. It
could form coordination bonds with multiple fluoride ions,
forming a highly efficient “fluoride ions receptors” (David et al.,
2002). For this reason, zirconium salts were frequently used for
fluoride removal in drinking water (Velazquez-Jimenez et al., 2014).
Burgess et al. introduced a novel monomer with zirconium fluoride
chelate and confirmed it could also be applied to dental resin-based
materials (Xu et al., 2006). In our preliminary study, a kind of novel
CR loaded with fluoride-doped nano-zirconia (F-zirconia) particles
was prepared. The result showed that the major X-ray diffraction
(XRD) pattern of fluoride-doped nano-zirconia particles changed
from the tetragonal phase to the monoclinic phase with the increase
of fluorine content (Zheng et al., 2021). Similarly, in the process of
plasma fluorination of yttrium stabilized zirconia, Wolter et al.
(2011) observed that the content of oxygen atoms gradually
decreased with the increase of fluorine atoms in X-ray
photoelectron spectroscopy, which indicated that fluorine atoms
might replace oxygen atoms to occupy the spatial position in

FIGURE 5
Fluorescence intensities of HDPs at 1, 3, 5 and 7 days in response to eluates of the experimental composite resin with fluoride-doped nano-zirconia
fillers in the alamar blue assay (The symbol * means p < 0.05).
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zirconium dioxide crystal cells. Hence, based on the uniform
distribution of fluorine in the EDS elemental maps, we inferred
that the change of XRD pattern was also caused by the substitution
of oxygen atoms by fluorine atoms. Fluoride ions could release from
the nanoparticles in ddH2O and showed proper antibacterial effect.

Furtherly, the effect of pH values on fluoride release and the
action mode of antibacterial activities were explored in the study. In
addition, the mechanical performance and aging properties, as well
as the cytotoxicity of the experimental CR were also evaluated here.

Previous studies revealed that addition of nano-zirconia fillers
could improve the mechanical strength of CRs, but might also
reduce the transparency. When the content of nano-zirconia fillers
reached 55 wt%, the CRs could not be cured completely through light-
curing (Hong et al., 2020). Thus, we prepared two groups of
experimental CRs loaded with 25 wt% or 50 wt% F-zirconia fillers,
respectively. Figure 1 showed the SEMmicrographs of the experimental
CRs, and it could be seen that nano-fillers distributed well over the
whole surface of resin matrix. Good dispersibility of fillers was
attributed to the mechanical strength of CRs (Hata et al., 2022). As
presented in Table 1, the three-point bending test showed that the
addition of F-zirconia fillers could maintain the flexure strength of
experimental CRs. The flexure strengths of all three groups of CRs
were >80MPa, which could meet to the ISO 4049 standard (Goracci
et al., 2014). Furtherly, compared to the control group, addition of
F-zirconia fillers could significantly improve the wear resistance of
experimental CRs. With the increase of F-zirconia fillers, height loss in
the surface wear zones decreased significantly and the wear zones were
relatively flat (Table 1; Figure 2).

The daily and cumulative amounts of fluoride release from the
experimental CRs were presented in Table 2 and Table 3. In general, the
two groups of experimental CRs showed continuous fluoride release
within 28 days, and the fluoride release was positively correlated with
the content of F-zirconia fillers. The significantly higher amounts of
fluoride release were observed during the first 7 days. And the daily
amounts of fluoride release decreased in day 14 and 28. It was
considered that the fluoride ions were dissolved from the surface of
specimens in the early stage. Subsequently, a longer time was required
for the fluoride ions to diffuse from the inner part of specimens. The
trend of fluoride release here was consistent with that in other similar
studies (Naoum et al., 2013; Paul et al., 2020). Compared with the
traditional GICs, which contained a large amount of fluoro-alimino-
silicate glasses fillers, the experimental CRs showed lower fluoride
release, relatively. As we all know that GICs had been widely used
as dental restorativematerial in the past because of its excellent fluoride-
releasing and anti-cariogenic properties. But studies have reported that
GICs exhibited poor mechanical strength and undesirable wear
resistance, which was closely related to the dissolution of soluble
fillers (Moshaverinia et al., 2024). In fact, the principle of fluoride
release from GICs was acid-base reaction in saliva. The reaction was
rapid and uncontrolled, which often showed a “burst release” effect and
furtherly led to obvious cracks of materials (Thongsri et al., 2024). In
contract, the release of fluoride ions in cured CRs was achieved through
diffusing outward when water penetration into the gap between the
resin matrix and inorganic fillers. We compared the SEM images of the
experimental CRs before and after fluoride release examination in the
preliminary study (Zheng et al., 2021). And there were no holes or
cracks appeared on the surface of the CRs after fluoride release
examination. Thus, the release process of fluoride ions did not affect

the structure of nano-zirconia particles, so that it did not damage the
mechanical properties of the experimental CRs. Moreover, it was
reported that only 0.03 ppm–0.07 ppm fluoride ions could be
contributed to transform teeth demineralization to the
remineralization phase (Ahmed et al., 2015). Moreover, Marquis
R.E. suggested that fluoride ions could inhibit oral bacteria when the
concentration reached 0.1 mM (Marquis, 1995). Thus, all observations
during 28 days were within the expected range.

Meanwhile, the influence of various pH values on the release of
fluoride ions from the experimental CRs was also investigated here. It
was discussed that fluoride might interfere with the dynamics of dental
caries process in vivo, so in vitromodels that could simulated the caries
process were recommended to test the effects of fluoride-releasing
materials (Serra and Cury, 1992; Cury et al., 2016). One of the most
important causes of dental caries is the dissolution of acids produced by
cariogenic bacteria (Zhou et al., 2012). And it was reported that the
incidence of caries increased significantly when pH value dropped to
4.0–5.5 (Di Lauro et al., 2023). Thus, it is of necessity to verify the
fluoride release property of the experimental CRs in acidic media. As
shown in Table 3 and Figure 3, it was interesting to find that the amount
of fluoride release in the deionized water (ddH2O) was higher than that
in the neutral buffer (pH 7.0). Like in previous studies, ddH2Owas used
as an accurate model of fluoride release from dental materials, and a
reduced amount of fluoride release could be found when using neutral
buffer or artificial saliva (Behrend and Geurtsen, 2001; Harhash et al.,
2017). The reason for this was likely to be the multi-ionic environment
accelerated the equilibration of fluoride ions. It could also be found that
the amount of fluoride release increased in the acidic buffer (pH 4.2) in
this study, but the change was not significant. Therefore, the result
revealed that intraoral fluoride release from the experimental CRsmight
be enhanced on restorations or caries surfaces that were eroded by
plaque-associated acids.

Among various of bacterial species in the oral environment, S.
mutans was proven to play a major role in the formation of plaque
biofilms and the development of caries (Sungurtekin-Ekci et al.,
2015). Therefore, antibacterial effects of the experimental CRs were
investigated against S. mutans biofilms on the surfaces, as well as the
planktonic bacteria. The results of antibacterial effect were shown in
Table 4 and Figure 4. Compared with the control group, two
experimental groups showed obvious decrease of S. mutans
colonies in the CFUs counting. Furtherly, the result of CCK-8
assay confirmed that the experimental CRs effectively inhibited
the metabolic activities of S. mutans, and the antibacterial effect
was enhanced with the increase of fluoride-doped nano-zirconia
fillers content. In fact, a previous research suggested that the
antibacterial effect of fluoride agents occurred by the diffusion of
fluoride ions (Whitford et al., 1977). Nonetheless, the result here
indicated that the experimental CRs could inhibit the growth of S.
mutans not only by releasing of the fluoride ions in the media but
also through direct contact with the biofilms on the surfaces. The
large surface-to-volume ratio of nanoparticles on the surfaces of
specimens could help to inhibit the bacterial adhesion and biofilm
formation (Chladek et al., 2023). Hence, the antibacterial effect of
the experimental CRs might be result from the synergistic effect of
fluoride ions and the influence of nanoparticles. Moreover, as the
CRs wearing out slowly during the chewing movement, more
fluoride-doped nano-zirconia fillers shall be exposed to the oral
environment and show antibacterial effect continuously.
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To date, although CRs exhibit excellent aesthetic effects
compared to other restorative materials, the aging of CRs is still
inevitable. The aging process can not only lead to discoloration and
poor esthetic result, but also affects clinical longevity and is an
important cause of restoration failure with CRs (Chen et al., 2024).
Thermal changes were thought to exacerbate the aging process, as
the intraoral temperature changes constantly in line with breathing
and eating. Thermal cycling was the most common approach that
applied to simulate the aging of dental materials during temperature
fluctuations that occur in the mouth in previous studies (Gale and
Darvell, 1999; Tavas et al., 2023). It was carried out at temperatures
equivalent to the intraoral temperature, ranging from 5 °C to 55 °C,
and 10,000 cycles might be equivalent to 1 year (Gonder and Fidan,
2022). Color change (ΔE00 value) and microhardness of the
experimental CRs affected by aging were presented in Table 5
and Table 6. The color stability of restoration materials was
important to meet the esthetic demands in dentistry. It was
reported that ΔE00 values between 0.8 and 1.8 were considered
acceptable for color changes in clinic that could be detected by the
human eyes (Paravina et al., 2015). Based on the results in this study,
the control group and the experimental groups had the average
ΔE00 values of 1.69, 1.20 and 0.78, respectively, which were all
within the acceptable range. The control group showed the highest
ΔE00 value. The resin matrix, especially the TEGDMA monomer,
might be the major reason for color change of the experimental CRs.
It was indicated that TEGDMA exhibited high hydrophilicity and
interfere with the color stability by allowing more water diffusion
(Fidan and Yağci, 2023). Previous research found that the amount
and size of inorganic fillers affected the color stability of CRs
obviously. On the one hand, CRs loaded with high amounts of
fillers showed higher color stability than that loaded with less fillers.
On the other hand, addition of nanoparticles could be advantageous
to reduce the polymerization shrinkage of CRs by lowering the resin-
to-filler ratio significantly (Hamdy, 2021). As a result, addition of the
fluoride-doped nano-zirconia fillers with small sizes could reduce
the color change of experimental CRs. However, given that the
surface roughness is also vital for the esthetic effect of CRs,
additional trials are necessary to observe and analysis the changes
of microstructure with aging furtherly.

Moreover, it was observed that the microhardness values of all
specimens decreased slightly after the thermal aging progress. This
might be the result of cracks in the cross-linking of resin structure
and the weak bonding between the matrix and fillers. But the
variation of microhardness values among three groups was not
statistically different.

As we all know, the restorative procedure was usually
associated with loss of significant amounts of hard tissues due
to caries attack. Application of composite resin following caries
removal would contribute to potential adverse effects on the pulp
tissue. Jiang et al. (2017) studied the impact of various dentin
thicknesses on the cytotoxicity of three commercial restorative
materials in vitro and showed that one of the materials reached
cytotoxic levels when the thickness was at 1 mm. It is of
significance to evaluate the cytotoxicity with cells in pulp
tissue. As such we chose human dental pulp cells (HDPs) in
cell culture here like previous studies (Schneider et al., 2019;
Hadjichristou et al., 2020). Statistical results as showed in
Figure 5 revealed that the viabilities of HDPs exposed to

eluates of the experimental CRs were not significantly
different from that of the negative group. Therefore, the
experimental CRs developed here showed no significant
cytotoxicity and was qualified for application in clinic.

There are still some limitations in this study. Given the anti-caries
effects of fluoride ions include both inhibition of the cariogenic
bacteria and remineralization of dentin or enamel, additional
investigations are indeed required to clarify the remineralization of
the novel CRs. In addition, the experimental conditions can not fully
simulate the oral environments, which are also affected by the washing
process of saliva and the effect of enzymes. Thus, further in vivo tests
are needed before clinic application.

5 Conclusion

In summary, a novel composite resin loaded with fluoride-doped
nano-zirconia fillers was developed successfully. The fluoride ions
released continuously from the experimental CRs resulted in effective
contact and releasing antibacterial properties. Addition of fluoride-
doped nano-zirconia fillers could improve the color stability, wear
resistance and microhardness of the experimental CRs, without
reducing the flexure strength. Moreover, the novel CRs showed no
cytotoxicity to HDPs. Thus, considerations can be made to use this
kind of fluoride-releasing composite resin loaded with fluoride-doped
nano-zirconia fillers to improve clinical treatment when the
antimicrobial benefits are desired.
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A noval noninvasive targeted
therapy for osteosarcoma: the
combination of LIFU and
ultrasound-magnetic-mediated
SPIO/TP53/PLGA nanobubble
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1Department of Orthopedic Surgery, The First Affiliated Hospital of Chongqing Medical University,
Chongqing, China, 2Department of Orthopedic Surgery, ChongQing Red Cross Hospital (People’s
Hospital of JiangBei District), Chongqing, China, 3Department of Orthopedics, Shanghai Pudong
Hospital, Fudan University Pudong Medical Center, Shanghai, China, 4Department of Orthopedic
Surgery, The First Affiliated Hospital of Henan University, Kaifeng, China, 5Department of
Orthopedic Surgery, The University-Town Hospital of Chongqing Medical University, Chongqing,
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Purpose: Osteosarcoma (OS) is the most common type of primary malignant
bone tumor. Transducing a functional TP53 gene can effectively inhibit OS
cell activity. Poly lactic acid-glycolic acid (PLGA) nanobubbles (NBs)
mediated by focused ultrasound (US) can introduce exogenous genes into
target cells in animal models, but this technique relies on the passive free
diffusion of agents across the body. The inclusion of superparamagnetic iron
oxide (SPIO) in microbubbles allows for magnetic-based tissue localization. A
low-intensity-focused ultrasound (LIFU) instrument was developed at our
institute, and different intensities of LIFU can either disrupt the NBs (RLI-LIFU)
or exert cytocidal effects on the target tissues (RHI-LIFU). Based on these
data, we performed US-magnetic-mediated TP53-NB destruction and
investigated its ability to inhibit OS growth when combined with LIFU both
in vitro and in vivo.

Methods: Several SPIO/TP53/PLGA (STP) NB variants were prepared and
characterized. For the in vitro experiments, HOS and MG63 cells were
randomly assigned into five treatment groups. Cell proliferation and the
expression of TP53 were detected by CCK8, qRT-PCR and Western blotting,
respectively. In vivo, tumor-bearing nude mice were randomly assigned into
seven treatment groups. The iron distribution of Perls’ Prussian blue-stained
tissue sections was determined by optical microscopy. TUNEL-DAPI was
performed to examine apoptosis. TP53 expression was detected by qRT-PCR
and immunohistochemistry.

Results: SPIO/TP53/PLGA NBs with a particle size of approximately 200 nm
were prepared successfully. For in vitro experiments, ultrasound-targeted
transfection of TP53 overexpression in OS cells and efficient inhibition of
OS proliferation have been demonstrated. Furthermore, in a tumor-bearing
nude mouse model, RLI-LIFU-magnetic-mediated SPIO/TP53/PLGA NBs
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increased the transfection efficiency of the TP53 plasmid, resulting in apoptosis.
Adding RHI-LIFU to the treatment regimen significantly increased the apoptosis
of OS cells in vivo.

Conclusion: Combining LIFU and US-magnetic-mediated SPIO/TP53/PLGA NB
destruction is potentially a novel noninvasive and targeted therapy for OS.

KEYWORDS

osteosarcoma, low-intensity-focused ultrasound, nanobubbles, superparamagnetic iron
oxide, PLGA

Introduction

Osteosarcoma (OS) is the most common type of primary
malignant bone tumor and is characterized by local invasion and
distant metastasis. The current clinical treatment modalities for OS
include surgical resection of primary tumors and systemic
chemotherapy. Research has shown that the application of
neoadjuvant chemotherapy increases the tumor-free survival of
OS from 1% to 50%–65%. However, resistance of OS cells to
chemotherapeutic drugs remains a major limiting factor for
current treatment modalities for this disease. Additionally,
surgical treatment for OS may cause significant physical trauma.
Therefore, a new, less traumatic therapy would be of great
significance.

In recent years, gene therapy for OS has emerged as an exciting
novel research field. TP53 was found to be the most frequently
mutated gene among the tumor suppressor genes, with
approximately 60% of human tumors presenting TP53 mutations.
Current literature shows that OS exhibits a wide range of gene
mutations and molecular alterations. However, apart from
mutations in the TP53 and/or retinoblastoma (RB) genes, no
novel gene mutations have been identified. Several studies have
demonstrated that transfection of a functional copy of the TP53 gene
could inhibit the growth of OS cells (Bekeredjian et al., 2007; Chen
et al., 2012; Chen et al., 2010).

The introduction of exogenous genes relies on gene vectors, and
the stability of the gene will be relatively poor without an optimal
gene vector. In recent years, great progress has been made in vector
research, and high transfection efficiencies have been shown for viral
vectors. However, due to the high immunogenicity of viruses, their
application is limited. Nonviral vectors such as liposomes are safe
and less toxic compared with viral vectors, but instability and
inefficiency remain constraints that cannot be ignored (Chertok
et al., 2007; Du et al., 2011; Elzeny et al., 2017; Hida et al., 2011).
Therefore, finding a safe, efficient, and targeted gene therapy
transfection system has become the focus of researchers.

Poly (lactic-co-glycolic acid) (PLGA) nanobubbles (NBs) are
nonviral vectors that offer significant advantages, including slow
release, penetration, and ‘targeting’. These characteristics make
PLGA NBs an ideal choice for drug or gene carriers (Huang
et al., 2012; Hynynen et al., 2006; Jiang and Dalby, 2023).
However, the “targeting” of this delivery system is still passive
and depends on the free diffusion of the medium across the
body. Superparamagnetic iron oxide (SPIO, diameter <10 nm)
nanoparticles are a type of magnetic nanoparticle that are
physically sensitive to external magnetic fields, and magnetic
targeting (MT) can be applied to actively enhance the

concentration in the target area (Lu et al., 2003; Sirsi et al., 2012).
Hence, we hypothesized that the incorporation of SPIO andMT into
TP53/PLGANBs could serve as an effective strategy to augment gene
transfection in the targeted area.

Recently, ultrasound (US)-mediated microbubble destruction
(UTMD) has undergone rapid development. UTMD has been
demonstrated to be a safe and effective method for gene
transfection by numerous studies (Sun et al., 2023; Tang et al.,
2012; Wells, 2010; Wu et al., 2020). UTMD has been successfully
used for gene transfection of the kidney, testis, heart, pancreas, lung,
skin, uterus, brain, retina diseases, and spinal cord (Sitta and
Howard, 2021; Steiniger et al., 2004; Xenariou et al., 2007). Low-
intensity-focused ultrasound (LIFU) can disrupt target nanobubbles
at low intensity (referred to as relatively low-intensity mode, RLI
mode), whereas at higher intensities (referred to as relatively high-
intensity mode, RHI mode), LIFU induces range-controllable
cytocidal effects on tissues (Yamaguchi et al., 2011; Yin et al.,
2014; Zhong et al., 2012). To the best of our knowledge, few
studies have investigated gene therapy for OS through US-
magnetic-mediated NB destruction, and direct OS treatment
using RHI-mode LIFU has not been reported. Thus, it remains
unclear whether US-magnetic-mediated gene transfection in
combination with LIFU represents an effective therapeutic
strategy for OS.

In this study, we performed US-magnetic-mediated TP53-NB
destruction and evaluated its potential to inhibit OS growth when
combined with LIFU in both in vitro and in vivo experiments.

Material and methods

Preparations of SPIO/PLGA-NBs (SP-NBs),
TP53/PLGA-NBs (TP-NBs) and SPIO/TP53/
PLGA-NBs (STP-NBs)

NBs were freshly prepared prior to use. SPIO nanoparticles
(mean diameter = 5 nm, concentration = 25mg/mL) were purchased
from Ocean Nanotech Co., Ltd. The TP53 plasmid was purchased
from OriGene Technologies, Inc. and extracted using an endotoxin-
free plasmid extract kit (enhanced) (DP120; TIANGEN BIOTECH
(BEIJING) Co., Ltd.). PLGA (50:50, molecular weight [MW] =
12,000) was purchased from Polyscitech Co., Ltd. Polyvinyl
alcohol (PVA, MW = 30,000-70,000) was purchased from
Sigma Co., Ltd.

As reported previously, STP-NBs were prepared by the double-
emulsion method. (Kiwada et al., 1986). First, 50 mg PLGA was
completely dissolved in 2 mL dichloromethane, 600 µg
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TP53 plasmids and 20 µL SPIO were added to the solution. The
mixture was emulsified in an ice bath using an ultrasonic processor
for 5 min at a power of 175 W. Then, 5 mL cold PVA solution (4%
W/V) was added to the initial emulsion, and an ultrasonic processor
was used to further emulsify the product in the ice bath with a power
of 125 W for 3 min. Then, 10 mL of 1% isopropanol solution was
added to the second emulsion. The final solution was stirred with a
magnetic agitator for 3 h. The volatilized solution was centrifuged at
a low temperature centrifuge at 4°C for 10 min at 10000×g. The
precipitate was washed with deionized water, and the supernatant
was collected for further detection. The centrifugal washing step was
repeated 3 times. Finally, the precipitate after washing was
temporarily stored at 4°C for further use. SP-NBs and TP-NBs
were similarly prepared without the addition of either TP53 or SPIO.

Characterizations of TP-NBs and STP-NBS

A laser particle size analyzer system (Zeta SIZER, Malvern) was
used to analyze themean diameter, zeta potential, and polydispersity
index (PDI) of the samples. Transmission electron microscopy
(TEM; Hitachi H-7600) was used to evaluate the shape of the
NBs, whereas scanning electron microscopy (SEM; JEOL JSM-
7800F) was used to assess the morphological characteristics of
the nanoparticles. (Zhao et al., 2015). The iron content of the
STP-NBs was determined by the o-phenanthroline method. The
encapsulation efficiency of SPIO is calculated as follows:
encapsulation efficiency = W1/W2×100%, where W1 is the
amount of SPIO in STP-NBs and W2 is the total amount of
SPIO used to prepare STP-NBs. (Kiwada et al., 1986; Ting et al.,
2012). We compared SPIO encapsulation efficiencies at five SPIO
total inputs (0.1, 0.3, 0.5, 0.7 and 0.9 mg). The SPIO encapsulation
efficiency test was repeated three times. The gene encapsulation
efficiency was determined by an ultraviolet spectrophotometer
(Thermo NanoDrop 2000; Thermo Fisher Scientific). The
encapsulation efficiency of TP53 is calculated as follows:
encapsulation efficiency = (W2-W1/W2 ×100)%, where W1 is

the number of genes in the supernatant after centrifugation and
W2 is the total amount of TP53 used to prepare STP-NBs. (Zhang
et al., 2014; Wang et al., 2019). We compared TP53 encapsulation
efficiencies at five TP53 plasmid total inputs (0.1, 0.2, 0.4, 0.8, and
1 mg). The TP53 encapsulation efficiency test was repeated three
times. To assess gene release behavior, in vitro sonication was
performed using an RLI-mode LIFU. The frequency was
0.95 MHz, the power was modulated at a pulse modulation of
300 Hz, and the depth of focus of the probe was 15 mm. The
ultrasonic power is 1.5 W and lasts 60 s. STP-NBs (TP-NBs) from
10 mL phosphate buffered saline (PBS) were transferred to dialysis
bags (molecular weight cut-off: 10,000 Da) and placed in a 100 mL
PBS reservoir after ultrasound. After the appropriate time interval,
1 mL dialysate was taken, and the gene concentration was
determined by ultraviolet spectrophotometry. One milliliter of
fresh PBS was added to the reservoir to keep the liquid volume
constant. The cumulative release ratio of TP53 released was
calculated. To investigate the magnetization capacity, STP-NBs
were placed under a magnetic field, and the adsorption time
was recorded.

In vitro studies on MG63 and HOS
osteosarcoma cells

In vitro focused ultrasound (FUS) sonication setup
The MG63 and HOS cell lines used in this study were acquired

from Professor Tong-Chuan He (Chongqing Medical University,
Chongqing, China). To assess gene release behavior, in vitro
sonication was performed by using RLI-mode LIFU. The
sonication parameters of RLI-mode were set at 1.5 W for
5 min (Figure 1A).

HOS and MG63 cells were randomly assigned into five
treatment groups:

1. Control group: 50 µL PBS was added to 24-well plates, and
10 µL PBS was added to 96-well plates.

FIGURE 1
(A) Schematic of the in vitro experimental setup, (B) Schematic of the in vivo experimental setup.
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2. TP53 + SP-NBs group: 25 µL TP53 plasmid (1 µg) and 25 µL
SP-NB solution were added to 24-well plates; 5 µL
TP53 plasmid (0.2 µg) and 5 µL SP-NB solution were added
to 96-well plates.

3. TP53 + US group: 25 µL TP53 plasmid (1 µg) and 25 µL PBS
solution were added to 24-well plates, which were then
subjected to RLI-mode LIFU irradiation; 5 µL TP53 plasmid
(0.2 µg) and 5 µL PBS solution were added to 96-well plates,
which were then subjected to RLI-mode LIFU
irradiation (Figure 1A).

4. TP-NBs + US group: 50 µL TP-NB (TP53, 1 µg) solution was
added to 24-well plates, which were then subjected to RLI-
mode LIFU irradiation; 10 µL TP-NB (TP53, 0.2 µg) solution
was added to 96-well plates, which were then subjected to RLI-
mode LIFU irradiation (Figure 1A).

5. STP-NBs + US group: 50 µL STP-NB (TP53, 1 µg) solution was
added to 24-well plates, which were then subjected to RLI-
mode LIFU irradiation; 10 µL STP-NB (TP53, 0.2 µg) solution
was added to 96-well plates, which were then subjected to RLI-
mode LIFU irradiation (Figure 1A).

Cell proliferation assay

The proliferative capacity of cells was detected using a cell counting
kit-8 assay (CCK8, MedChemExpress, United States). MG63 and HOS
cells were seeded in 96-well plates at a density of 2000 cells/well and
cultured for 36 h. Then, the cells were grouped, treated as specified
above and cultured for 2 h. After that, the cells were washed three times
with PBS and cultured for another 36 h in fresh cell culture medium.
Finally, 10 µL CCK8 reagent was added to the wells. After the plates
were incubated for 0.5–4 h, cell proliferation was detected bymeasuring
the absorbance at 450 nm with a microplate reader. Cell viability (%)
relative to that of the control cells was calculated according to the
instructions of the CCK-8 assay. (Livak and Schmittgen, 2001).

Real-time PCR

MG63 and HOS cells were seeded in 24-well plates at a density of
1*105 cells/well and cultured for 36 h. Then, the cells were grouped,
treated as specified above and cultured for 2 h. After that, the cells were
washed three times with PBS and cultured for another 36 h in fresh cell
culture medium. Finally, total RNA was isolated by using TRIzol
reagent (TAKARA BIO INC) following the manufacturer’s
protocols. The PrimeScript™ RT reagent kit was used to reverse
transcribe RNA to complementary DNA (cDNA). SYBR Green
Super Mixture (TAKARA BIO INC) was used to amplify the
resulting cDNA. The P53 primer sequences were as follows: 5′-
GCCATCTACAAGCAGTCACAGC-3′ (sense) and 5′- CATCCA
AATACTCCACACGCAA-3′ (antisense). The GAPDH primer
sequences were as follows: 5′-TCAAGAAGGTGGTGAAGCAGG-3′
(sense) and 5′-AGCGTCAAAGGTGGAGGAGTG-3′ (antisense). The
CFX-Connect real-time PCR system (Bio-Rad) was used to conduct
qRT-PCR in 96-well plates. The amplification conditions were as
follows: 95°C for 3 min, followed by 45 cycles of 95°C for 10 s and
58°C for 30 s. Each qRT-PCR analysis was carried out in triplicate, and
the 2−ΔΔCT method was used to analyze the data.

Western blotting analysis

MG63 andHOS cells were seeded in 24-well plates at a density of
1*105 cells/well and cultured for 36 h. Then, the cells were grouped,
treated as specified above and cultured for another 2 h. After that,
the cells were washed three times with PBS and cultured for an
additional 36 h in fresh cell culture medium. Finally, proteins were
homogenized in lysis buffer and phenylmethanesulfonyl fluoride
(Beyotime, China). The bicinchoninic acid assay (Beyotime Institute
of Biotechnology, China) was used to determine the protein
concentrations. The lysates were centrifuged at a low temperature
centrifuge at 4°C for 10 min at 10000×g, and the supernatants were
collected and transferred into separate enzyme-free tubes. The same
amounts of protein were separated by SDS-PAGE and transferred to
a polyvinylidene fluoride (PVDF) membrane. The membranes were
blocked in 5% skim milk for 1 h at room temperature and incubated
with specific primary antibodies at 4°C overnight. The membranes
were sealed in 5% skim milk at room temperature for 1 h and
incubated with specific primary antibody (anti-P53, Anffinity,
United States; 1:1,000; anti-GAPDH, Anffinity, United States; 1:
10000) overnight at 4°C. After washing with TBST three times,
membranes were incubated with the secondary antibodies at room
temperature for 1 h. An ImmobilonWestern Chemiluminescent Kit
(NCM Biotech, China) was used to visualize the labeled protein
bands. The band density of P53 protein was normalized to GAPDH,
and all western blots were quantified using ImageJ software.

In vivo studies on osteosarcoma

In vivo experimental setup
This study was conducted according to the guidelines for the

care and use of experimental animals from the National Institutes of
Health, and the experimental schemes were approved by the Animal
Ethics Committee of Chongqing Medical University (Figure 1B).

HOS cells were digested and collected at 90% density and
resuspended in serum-free 1,064 medium to 5 × 107 cells/mL. Each
athymic nude mouse (4 weeks old, Beijing HFK Bioscience
Corporation, China) was subcutaneously injected with 100 μL cell
suspension (approximately 5 × 106 cells). (Lin et al., 2019). To assess
gene release behavior, in vitro sonication was performed by using LIFU.
The sonication parameters of the RLI-mode were 1.5 W for 5 min, and
the parameters of the RHI-mode were set as follows: power, 12 W;
sound intensity, 19.2 w/cm2 at focus; depth of focus of 1.5 cm. Two
weeks after subcutaneous implantation, the tumor-bearing nude mice
were randomly assigned into seven treatment groups:

1. Control group: 1 mL NS was injected via the tail vein.
2. TP53 + SP-NBs +MT group: 0.5 mL TP53 plasmid (50 µg) and

0.5 mL SP-NB solution were injected via the tail vein. For
animals undergoing the MT procedure, a permanent magnet
was placed tightly to the surface skin of the tumor nodules
for 30 min.

3. TP53 + US group: 0.5 mL TP53 plasmid (50 µg) solution and
0.5 mL NS were injected via the tail vein and subjected to RLI-
mode LIFU irradiation.

4. TP-NBs +MT+US group: 1 mL TP-NB (TP53, 50 µg) solution
was injected via the tail vein, and a RuFe boron magnet was
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applied tightly to the surface skin of the tumor nodules for
30 min before the mice were subjected to RLI-mode LIFU
irradiation (Figure 1B).

5. STP-NBs + US group: A 1 mL STP-NB (TP53, 50 µg) solution
was injected via the tail vein, and then the mice were subjected
to RLI-mode LIFU irradiation.

6. STP-NBs + US + MT group: A 1 mL STP-NB (TP53, 50 µg)
solution was injected via the tail vein, and then a permanent
magnet was placed tightly to the surface skin overlaying the
tumor nodules for 30 min before the mice were subjected to
RLI-mode LIFU irradiation (Figure 1B).

7. STP-NBs + US + MT + LIFU group: A 1 mL STP-NB (TP53,
50 µg) solution was injected via the tail vein, and then a RuFe
boron magnet was applied tightly to the surface skin of the
tumor nodules for 30 min. Next, the mice were subjected to
RLI-mode LIFU irradiation followed by RHI-mode LIFU
irradiation for 10 min (Figure 1B).

All mice received their respective drug injections every 24 h,
which was continued for 5 days, and tumor nodules were collected
7 days after the last transfection. The retrieved tumor tissues were
fixed in 4% paraformaldehyde for 24 h and embedded in paraffin.
During the treatment, all nude mice were intraperitoneally injected
with pentobarbital for deep anesthesia.

Perls’ Prussian blue assay

The iron distribution was determined by examining tissue sections
stained with Perls’ Prussian blue by light microscopy. (Asano et al.,
2006). Briefly, the tissue sections were dewaxed with xylene, rehydrated
with reduced ethanol concentration, rinsed with distilled water, and
incubated with the staining solution for 20 min. Then, the tissue
sections were rinsed with distilled water for 5 min and
counterstained with nuclear fast red for 5 min. Prussian blue-
positive cells were stained blue. Sections were imaged under a
microscope, and the number of positive cells was counted.

TUNEL assay

A terminal deoxynucleotidyl transferase-mediated dUTP-biotin
nick end labeling (TUNEL) staining kit was used to analyze OS
apoptosis. Briefly, tissue sections were dewaxed in xylene,
rehydrated by reducing the concentration of ethanol, washed in
distilled water, protease treated, and incubated with TUNEL reactive
mixture. Nuclear reverse staining with 4′,6-diamidino-2-
phenylindole (DAPI). The nuclei of TUNEL-positive cells were
dense and showed green fluorescence, suggesting apoptosis. The
sections were imaged by fluorescence microscopy.

Total TP53 expression in vivo after
transfection

Quantification of gene expression was determined by qRT-PCR
as previously described. TP53 protein expression was measured
using immunohistochemistry. (Mungarndee et al., 2008). Briefly,

tumor tissue sections were incubated at 4°C overnight with a
primary antibody and then incubated at room temperature for
1 h with a secondary antibody. The expression of target proteins
was observed by using chromogenic DAB substrate. Sections were
imaged under a microscope.

Statistical analysis

SPSS 21 software (IBM, Armonk, NY, United States) was used
for statistical analysis. All data are presented as the mean ± standard
error of the mean of at least three independent samples. The
differences among multiple groups were determined by using
one-way ANOVA (p < 0.05). The differences between two
groups at the same time point were analyzed by using Student’s
t-test. A p-value of less than 0.05 indicated statistical significance.

Results

TP-NBs and STP-NBs were well prepared
and with excellent functional characteristics

The TP-NB zeta potential was −6.75 ± 3.06mV, themean diameter
was 174.7 ± 70.24 nm, and the PDI was 0.195 (Figures 2A, B). The STP-
NB zeta potential was −5.92 ± 3.37 mV, the mean diameter was 243.6 ±
46.51 nm, and the PDI was 0.284 (Figures 2C, D). SEM and TEM
analysis revealed that TP-NBs and STP-NBs were highly dispersed and
had a well-defined spherical morphology, and SPIOwas observed in the
core of STP-NBs (Figures 2E–H). The o-phenanthroline method was
used to measure the SPIO encapsulation efficiency of STP-NBs, and the
SPIO encapsulation efficiency decreased with increasing total amount
of SPIO. The results revealed that the SPIO content was highest when
0.5 mg of SPIO was used for encapsulation (Figure 2I). The ultraviolet
spectrophotometry method was used to measure the TP53 plasmid
encapsulation efficiency of TP-NBs and STP-NBs, and when 0.6 mg of
TP53 plasmid was used, the TP53 plasmid encapsulation efficiency was
highest (Figure 2J). The ultraviolet spectrophotometrymethodwas used
to measure the release efficiency of TP53 from TP-NBs and STP-NBs
after ultrasonic irradiation. A total of 57.1% of TP53 was released from
STP-NBs within 12 h after ultrasonic irradiation; 65.1% of TP53 was
released at 48 h after ultrasonic irradiation. Regarding STP-NBs, 52.9%
of the loaded TP53 was released from STP-NBs at 12 h after ultrasonic
irradiation, and 62.4% was released at 48 h (Figure 2K). In addition, the
suspended STP-NBs were attracted by permanent magnet when placed
under a magnetic field for 4 min, indicating that STP-NBs have a high
magnetization ability (Figure 2L).

Ultrasound-targeted transfection of TP53 in
two kinds of OS cell lines and the
overexpression of P53, resulting in efficient
inhibition of OS cells proliferation
in vitro studies

The 2 -ΔΔCT method was used to analyze the qRT-PCR data. ()
TP53 mRNA expression in MG63 cells was significantly higher in
the TP-NBs + US and STP-NBs + US groups than in the other
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FIGURE 2
Characterization of PP-NBs and SPP-NBS NBs. (A) The mean diameter of TP-NBs, (B) The zeta potential of TP-NBs, (C) The mean diameter of STP-
NBs, (D) The zeta potential of STP-NBs, (E) SEM of TP-NBs, (F) TEM of TP-NBs, (G) SEM of STP-NBs, (H) TEM of STP-NBs, (I) SPIO encapsulation efficiency
of STP-NBs, (J) TP53 plasmid encapsulation efficiency of TP-NBs and STP-NBs, (K)Cumulative gene release of TP-NBs and STP-NBs, (L) Suspended STP-
NBs were attracted to the permanent magnet.
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groups at 36 h after transfection (p < 0.05) (Figure 3A).
Furthermore, the expression patterns were not significantly
different between the TP-NBs + US and STP-NBs + US groups.

and were also not significantly different between the control group,
TP53 + SP-NBs group and TP53 + US group (p > 0.05) (Figure 3A).
Western blotting (WB) was used to detect TP53 protein expression.

FIGURE 3
(A) qRT-PCR of MG63 cells, (B) qRT-PCR of HOS cells, (C) WB of MG63 cells, (D) WB of HOS cells, (E) Proliferation potential of MG63 cells, (F)
proliferation potential of HOS cells. *, p < 0.05, compared with the Control group; NS = no significance; #, p < 0.05, compared with the TP53 + US group.
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A double band was observed for each group. TP53 protein
expression in MG63 cells 36 h after treatment was highest in the
TP-NBs + US and STP-NBs + US groups (Figure 3C). There was no
significant difference between the TP-NBs + US and STP-NBs + US
groups (p > 0.05) and was also not significantly different among the

control group, TP53 + SP-NBs group and TP53 + US group (p >
0.05) (Figure 3C). Similar results were shown for HOS cells
(Figures 3B, D).

The proliferation potential of MG63 cells was detected 36 h
after treatment. MG63 cell activity in the TP-NBs + US group and

FIGURE 4
(A) Statistical chart of TUNEL-DAPI staining, (B) Statistical chart of immunohistochemistry, (C) Statistical chart of qRT-PCR. (D) Section staining of
osteosarcoma tissue for Perls’ Prussian blue and the TUNEL assay, (E) Statistical chart of Perls’ Prussian blue assay, (F) Statistical chart of the TUNEL assay.
*, p < 0.05, compared with the Control group; NS = no significance; #, p < 0.05, compared with the STP-NBs group; δ, p < 0.05, compared with the STP-
NBs + US + MT group.
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STP-NBs + US group decreased 36 h compared with the other
groups (p < 0.05). There was no significant difference in
proliferation rates between the TP-NBs + US group and the
STP-NBs + US group (p > 0.05), and there was also no significant
difference among the control group, TP53 + STP-NBs group and
TP53 + US group (p > 0.05) (Figure 3E). Similar results were
shown for HOS cells (Figure 3F). So the proliferation of OS cells
was efficiently inhibited by the overexpression of TP53 in vitro.

Ultrasound-targeted transfection in
magnetic field enhanced the transfection
efficiency of the TP53 plasmid in local area,
resulting in apoptosis on the osteosarcoma
model in vivo

TP53 protein expression was detected by immunohistochemistry in
vivo and showed increases in groups 4, 5, 6 and 7 compared with the
other three groups (Figures 4A, B). Groups 6 and 7 showed the highest
TP53 protein expression, but there was no significant difference (p >
0.05) between the two groups. In addition, there was also no significant
difference in TP53 expression between groups 4 and 5(p > 0.05).
Groups 1, 2 and 3 showed the least TP53 protein expression, the
values of which were not significantly different among them (p > 0.05)
(Figures 4A, B). The 2 -ΔΔCT method was used to analyze the qRT-
PCR data. TP53 mRNA expression was increased in groups 4, 5, 6 and
7 compared with that in the other three groups (Figure 4C). Groups
6 and 7 showed the highest TP53 mRNA expression, but there was no
significant difference (p > 0.05) between the two groups, and there was
also no significant difference between groups 4 and 5 (p > 0.05). Groups
1, 2 and 3 showed the lowest TP53 mRNA expression, which was not
significantly different among them (p > 0.05) (Figure 4C).

The iron distribution was detected using Perls’ Prussian blue
assay 7 days after transfection, and the results showed that the iron
content was significantly higher in groups 2, 6 and 7 than in the
other groups (p < 0.05); furthermore, these three groups exhibited
no significant differences (p > 0.05) (Figures 4D, E). In addition,
group 5 showed the highest iron content among all the treatment
groups. There was also no significant difference among groups 1, 3,
and 4(p > 0.05) (Figures 4D, E).

The TUNEL assay was used to measure OS apoptosis. The
TUNEL-DAPI assay showed significantly increased apoptosis in
groups 4, 5, 6 and 7 and significantly higher apoptosis than the other
three groups (p < 0.05) (Figures 4D, F). Group 7 showed the highest
number of TUNEL-negative cells, followed by group 6 (p < 0.05).
The degree of apoptosis in groups 4 and 5 was not significantly
different (p > 0.05) (Figures 4D, F). A few TUNEL-negative cells
were found in groups 1/2/3 and showed no significance (p > 0.05)
(Figures 4D, F). So these results demonstrated that ultrasound-
targeted transfection in magnetic field enhanced the transfection
efficiency of the TP53 plasmid and the overexpression of TP53 in
local area, resulting in apoptosis on the osteosarcoma model in vivo.

Discussion

Current clinical treatment modalities for OS include surgical
resection of primary tumors and systemic chemotherapy. (Panez-

Toro et al., 2023). In recent years, the therapeutic use of exogenous
genes for treating OS has gained much interest. TP53 is one of the most
well-studied tumor suppressor genes. Previous studies have shown that
gene transduction of functional TP53 can effectively inhibit OS cell
activity. The purpose of gene therapy is to correct abnormal protein
expression at the gene level, and the introduction of exogenous TP53 to
correct the reduction of TP53 level is a promising OS therapy method.
(Tsuchiya et al., 2000; Ganjavi et al., 2006). The mechanism of TP53 is
well understood in OS. (Song et al., 2015).

Magnetic nanoparticles could become magnetized and exhibit
physical sensitivity to external magnetic fields. Thus, it has been
considered to lead to an increase in the local drug concentration at
the target site. It was initially used merely for enhancing magnetic
resonance imaging in most of the current studies. (Kiwada et al.,
1986; Liu et al., 2009; Ting et al., 2012). However, these
characteristics signify that magnetic nanoparticles are one kind of
most suitable material for gene therapies.

Ultrasound irradiation is an ideal physical gene transfection
method to promote extracellular molecules to enter cells. (Feril,
2009). The LIFU device used in this study was developed and
patented by our institute. Current studies have indicated that
RLI-mode LIFU can destroy target nanobubbles, which not only
does not destroy exogenous genes but also improves transfection
efficiency; meanwhile, increasing the intensity (RHI-mode) of the
LIFU device would exert range-controllable cytocidal effects on
tissues. (Xu et al., 2009; Song et al., 2017). To date, limited
research on the gene therapy of OS by ultrasound-magnetic-
mediated NB destruction has been conducted, and OS treatment
using RHI-mode LIFU directly has not been reported.

In an in vitro study, the results provide evidence of the successful
preparation of STP-NBs. They had a mean diameter of 243.6 ±
46.51 nm, a PDI of 0.284, and a zeta potential of −5.92 ± 3.37 mV.
The optimal total input of SPIO and TP53 plasmids was 0.5 mg and
0.6 mg, respectively. The STP-NBs showed good sustained release of
genes. In addition, the physical sensitivity of STP-NBs to external
magnetic fields has been proven in vitro.

In the cell experiments, we loaded STP-NBs with TP53 and
administered RLI-mode LIFU to treat MG63 and HOS cells.
TP53 protein and mRNA expression in cells were not
significantly different between the TP-NBs + US and STP-NBs +
US groups. The CCK8 results showed that cell activity was decreased
in the TP-NBs + US and STP-NBs + US groups, but there was no
significant difference between them. The TP53 + SP-NBs group was
not significantly different from the control group for the TP53 + US
group. Furthermore, it was also shown that STP-NBs have no
cytotoxicity. These results suggest that STP-NBs were able to
transfect MG63 cells and HOS cells. The TP53 plasmid was well
expressed and inhibited cell proliferation.

In the animal experiments, we used both STP-NBs loaded with
TP53 and RHL-mode LIFU to treat tumor-bearing nude mice. The
Perls’ Prussian blue assay showed that the iron content was
significantly higher in groups 2, 6 and 7 than in the other
groups, but no significant difference was observed among these
three groups. This suggests that STP-NBs can be concentrated in the
targeting area in response to external magnetic fields in vivo.

The protein and mRNA expression levels of TP53 were
increased in groups 4, 5, 6 and 7 compared with the other three
groups. Groups 6 and 7 showed the highest TP53 expression, but
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there was no significant difference between these two groups; in
addition, there was also no significant difference between groups
4 and 5. Groups 1, two and three showed the least TP53 expression,
and there was no significant difference between them. These data
indicate that STP-NBs were able to mediate TP53 transfection and
expression, and the external magnetic field improved the
transfection efficiency of STP-NBs in vivo.

The TUNEL assay showed significantly increased apoptosis in
groups 4, 5, 6 and 7 compared with that of the other three groups.
Group 7 showed the highest number of giant, disorganized, TUNEL-
negative structures with large clusters of nuclei; group 6 had the next
highest map. The degree of apoptosis in groups 4 and 5 was not
significantly different. A few TUNEL-negative cells were found in
groups 1, 2 and 3, and there was no observed statistical significance.
The results demonstrated that following transfection and expression of
the TP53 gene, the rate of apoptosis in OS tissue was increased in vivo.
Meanwhile, this effect further progressed the addition of external
magnetic fields and RHI-mode LIFU in vivo to our testing ro.

When interpreting these findings, several limitations must be
considered. The best guidance method is an external focusing
magnetic field located in the center of the tumor body. However, this
study was limited by the available equipment, and all magnetic field
guidance was generated by the RuFe boron magnet on the surface of the
tumor. The strength of the magnetic field in different parts of the tumor
was varied. A convergent magnetic field device that can accurately locate
the focuswill improve future studies of gene therapy. SPIO could enhance
magnetic resonance imaging, which could potentially better demonstrate
the concentration of nanoparticles in animals. (Fan et al., 2016). Due to
equipment limitations, that study could not proceed. Furthermore, the
LIFUwaves used in this studymay have released TP53 into other organs,
causing additional biological effects. Previous studies only demonstrated
the feasibility of the combination of LIFU and ultrasound-magnetic-
mediated Spio-P53-nanobubble destruction at the cell and organism
levels. (Elumalai et al., 2024). As a kind of high capacity of reflection
biological tissues, less ultrasound energy is able to penetrate the inner
portion of the bony tissue. Although high-intensity focused ultrasound
(HIFU) experiments have proven that sound attenuation decreases and
the sound beam easily passes through because of OS bone destruction,
(Wu et al., 2001), the ossifying tumor of the human body needs further
study. However, despite these limitations, this does not prevent us from
trying some new research methods to treat OS more effectively or to
exlpore new method to prepare for surgery.

Conclusion

We used LIFU combined with US-magnetic-mediated SPIO-
TP53-NB destruction for OS treatment. Our findings indicate that
the destruction of US-magnetic-mediated SPIO/P53/PLGA/NBs
facilitates gene transfection and that LIFU combined with the
destruction of these NBs may represent a novel, noninvasive and
targeted therapy for OS.
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Glossary

CCK8 cell counting kit-8 assay

DAB diaminobenzidine

DAPI 4′,6-diamidino-2-phenylindole

DMEM Dulbecco’s modified Eagle medium

FBS fetal bovine serum

FUS focused ultrasound

HIFU high-intensity-focused ultrasound

LIFU low-intensity-focused ultrasound

MT magnetic targeting

MW molecular weight

NBs nanobubbles

NS normal saline

OS osteosarcoma

PBS phosphate-buffered saline

PDI polydispersity index

PLGA poly lactic-coglycolic acid

PVA polyvinyl alcohol

PVDF polyvinylidene fluoride

qRT-PCR quantitative reverse transcription polymerase chain reaction

RB retinoblastoma

RLI-mode relatively low-intensity mode

RHI-mode relatively high-intensity mode

SEM scanning electron microscope

SPIO superparamagnetic iron oxide

SP-NBs superparamagnetic iron oxide/poly lactic-co-glycolic acid nanobubbles

STP-NBs superparamagnetic iron oxide/TP53/poly lactic-co-glycolic acid
nanobubbles

TEM transmission electron microscopy

TP-NBs TP53/poly lactic-co-glycolic acid nanobubbles

US ultrasound

UTMD ultrasound-mediated microbubble destruction

WB Western blotting
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Preparation of microspheres with
sustained ketoprofen release by
electrospray for the treatment of
aseptic inflammation
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The treatment of aseptic inflammation has always been a clinical challenge. At
present, non-steroidal drug-loaded microspheres have been widely used in the
treatment of aseptic inflammation due to their excellent injectable and sustained
release capabilities. In this study, ketoprofen-loaded shellac microspheres (Keto-
SLAC) were prepared by electrospray. Alterations of Keto-SLAC morphology was
observed in response to changed shellac concentration in ethanol solution
through electrospray. Further examination revealed that ketoprofen presented
as amorphous solid dispersion in the shellac microspheres. Most importantly, it
was also shown that ketoprofen can be slowly released from the shellacmatrix for
up to 3 weeks. In vitro cell experiments verified that the microspheres had
favorable cell compatibility. We therefore proposed that the prepared
microspheres, being readily available in use in a variety of clinical settings
through topical application, have promising therapeutic potential for the
treatment of aseptic inflammation.

KEYWORDS

electrospray, ketoprofen, shellac microsphere, aseptic inflammation, drug release

1 Introduction

The treatment of aseptic inflammation is a thorny issue clinically (Tanaka and
Kishimoto, 2012; Tarantino et al., 2016). Nonsteroidal Anti-inflammatory Drugs
(NSAIDs) are considered to be an ideal drug for the treatment of aseptic inflammation
(Zhou et al., 2014). By inhibiting the production of prostaglandin and the activity of
cyclooxygenase, it can effectively reduce the symptoms like fever, swelling and pain caused
by aseptic inflammation (Shamsudin et al., 2018). Due to its low toxicity and high efficiency,
ketoprofen has become a commonly used non-steroidal drug in the treatment of aseptic
inflammation caused by arthritis and gout (Yu et al., 2018; Shohin et al., 2012). However, the
systemic administration of ketoprofen is associated with some unpredictable toxicity to the
liver and heart (Carbone et al., 2013). In situ drug delivery has therefore become a preferred
route for ketoprofen administration (Stigliani et al., 2013; Basar et al., 2017).

The development of effective methods in materials science for preparing drug-loaded
microspheres helps to address these shortcomings. Drug-loaded microspheres are micron
or nano-sized spherical particles with drug dispersing in it. Due to the large specific surface
area and high drug loading capacity of microsphere, it has been widely used for drug
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delivery (Andhariya and Burgess, 2016). As a matter of fact, the
injectability of microspheres also allows them to be conveniently
delivered to the target site (Targeted drug delivery), which only
increases the concentration of the drug in the injection area but
avoids unnecessary drug accumulation in other organ, thereby
prevents potentially toxic effects of the drug. The common
methods for preparing drug-loaded microspheres include
emulsification crosslink, emulsification-heating and curing,
emulsification-solvent evaporation, spray drying (Mo et al.,
2016), emulsification-solvent evaporation method (Baena-
Aristizábal et al., 2016) and spray drying method (Fernández-Paz
et al., 2020). Although the first two methods may prepare
microspheres with relatively ideal particle size distribution, the
preparation flow turn out to be more complicated, in which a
precise control of parameters (such as temperature, stirring
speed, pH value, etc.) is required. Moreover, the use of
crosslinking agents with cytotoxicity also reduces the biosafety of
microspheres (Cheng et al., 2013). On the contrary, Spray-drying
method is commonly adopted to prepare drug-loaded sustained-
release microspheres in manufacturing industry. However, the
traditional spray drying method often requires very complicated
equipment, meanwhile, it also contains high temperature processing
step, which will easily destroy chemical structure of bioactive
molecules and polymers as drugs (Wei et al., 2020). Therefore, it
is necessary to develop a simpler and safer method for the
preparation of drug-loaded microspheres.

As a new method of preparing microspheres, electrospray has
attracted widespread attention in recent years, as microspheres
prepared by this method has wide applications such as drug
delivery (Tanhaei et al., 2021), tissue engineering (Xue et al.,
2020), composite materials (Xi et al., 2019) chemical sensing
(Cho et al., 2020). As a relatively simple method, the main
equipment needed for electrostatic spraying are injection pump,
high voltage DC power supply and collector. Briefly, The polymer
solution is expelled from the pump, and under a high-voltage
electric field, it splits into many small droplets. The solvent in the
droplet is evaporated and dried at room temperature and at last,
microspheres was fall on the receiver. Compared with traditional
spray drying technique, electrospray is cost-effective and suitable
for most polymers (Zhang et al., 2021). Currently, a variety of
polymers have been used for the preparation of electrosprayed
microspheres. For example, Richard et al. combined electrostatic
spray and thermally induced phase separation technique to
prepare porous poly (lactic-co-glycolic) acid (PLGA) (Malik
et al., 2016). Also, Tatsuo et al. reported their approach to
prepare chitosan/calcium phosphate composite microspheres by
electrostatic spray (Yunoki et al., 2014). However, some
shortcomings of fabricated microspheres using some of the
polymers are obvious: polyester microspheres are prone to
produce acidic degradation products that induce inflammatory
response of the host (Zhu et al., 2015). The molecular interaction of
chitosan is relatively large, and toxic solvents are needed in the
electrostatic spraying process (Bilican et al., 2020). Shellac, as a
natural polyester with a small molecular weight, has been widely
used as matrix material for drug delivery. Particularly, as it is easily
soluble in ethanol, shellac turns out to be an ideal material for the
preparation of microspheres by mean of electrostatic spray (Wang
et al., 2018).

In view of the above, ketoprofen-loaded shellac microspheres
(Keto-SLAC) was prepared by electrospray for the treatment of
aseptic inflammation. The morphology as well as the physical and
chemical properties of the microspheres under different spray
parameters was investigated. In addition, the drug release profile
and in vitro cell compatibility of ketoprofen-loaded microspheres
have also been studied to assess its possible application against
aseptic inflammation.

2 Materials and methods

2.1 Materials

All chemicals used in the experiment were purchased from
Sigma-Aldrich unless stated otherwise. The experimental water
was ultrapure water filtered by Mill-pore (the resistivity was
18 MΩ/cm).

2.2 Characterization

The surface morphology of the microspheres was observed by
scanning electron microscope (SEM) (JSM 5800, Jeol Ltd., Tokyo,
Japan). The thermal analysis of the microspheres is performed by
DSC scanning (TA MDSC 2910, TA Instruments 10, United States
°C/min, temperature range 20°C–200°C). The structure of the
microspheres was further studied by XRD (Riga D/Max-BR,
Tokyo, Japan, diffraction angle 4°–50°, 40 mV, and 300 mA).

2.3 Preparation of Keto-SLAC

In order to study the influence of different polymer
concentrations on the morphology of microspheres, shellac/
ketoprofen solutions of different concentrations were prepared.
The ratio of ketoprofen to shellac is maintained at 1:10. Taking
2.5% shellac/ketoprofen as an example, 2.5 g of shellac was dissolved
in 10 mL of ethanol. Then 0.25 g of ketoprofen was added. A
transparent solution was obtained after 1 h stir (300 rpm) in a water
bath at 45°C. The prepared solution was poured into a 5 mL syringe.
The 18G flat needle is used as a jet capillary to connect to the positive
terminal of the power supply. The aluminum foil connected to the
negative electrode used as a receiving plate. The process parameters
of electrospray are: the flow rate is 3 mL/h. The distance between the
receiving plate and the spinneret is 15 cm and 30 cm respectively.
The voltage is 10 kV, the ambient temperature is 25°C, and the
ambient humidity is 40% ± 5%. The composition of different
concentrations of spray liquid is listed in Table 1.

2.4 In Vitro drug release studies

Ketoprofen release test refers to the method published
previously (Park et al., 2012). Briefly, 500 mg of Keto-SLAC
microspheres were added to the dialysis bag (cut-off molecular
weight is 1,000 Mw). The dialysis bag was then immersed in
100 mL of PBS solution and placed on a shaker at 37°C with
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speed at 300 rpm. 1 mL of sustained-release solution was drawn at
different time points, and the concentration of ketoprofen was
quantified by liquid chromatography (Park et al., 2012). 100 μL
of fresh PBS were added to the sustained-release system after each
extraction in order to balance the volume of the release
solution system.

2.5 Cell culture

NIH 3T3 cells were purchased from ATCC (CRL1658).
According to the supplier’s instructions, DMEM high glucose
medium containing 10% fetal bovine serum (FBS) was used to
culture 3T3 cells. Incubation was conducted at 37°C in 5% carbon
dioxide. The cells are changed every 2 days during the culture. When
80% confluence is reached, the cells are passaged.

2.6 In vitro biocompatibility

The toxicity of microspheres on fibroblasts and cell viability
were determined by CCK-8 and LDH tests. In short, NIH 3T3 was
seeded in 96-well plates at a density of 4,000 cells/well. After
incubating for 12 h, the medium was aspirated and replaced it
with fresh medium with various concentrations of Keto-SLAC. The
Keto-SLAC solution concentrations at 10, 20, 40, 60, 80, 160, and
320 μg/mL were co-cultured with the cells for 24 and 48 h,
respectively. Then CCK-8 and LDH kits were used to detect the
cell viability. All tests were performed according to the supplier’s
instructions, and the cells in the untreated group were expressed as a
normalized percentage.

2.7 In vivo experiment

All animal experiments were performed according to the
protocols approved by the Institutional Animal Care and Use
Committee at Shanghai Jiao Tong University (202401131).
Wistar rats (male, 125~150 g, 3 weeks old, n = 18) were
purchased from Sino-British Sippr/BK Laboratory. Shanghai
Animal Co., Ltd., China. All rats were housed under standard
laboratory conditions at 25°C. During the experiment, distilled
water and commercially available food (Sino-British Sippr/BK
Experimental Animal Co., Ltd.) were given freely, and the

animals were housed in groups in plastic bottom cages covered
with sawdust. The lighting time of the breeding room is 12 h (7:
00 a.m. to 7:00 p.m.). All experiments were approved by the Animal
Experimentation Ethical Review Committee of Shanghai Jiao Tong
University. Experimental arthritis was induced in rats as follows:
each rat was injected into the joint with 0.1 mL of CFA containing a
mineral oil suspension of Mycobacterium butyricum (Sigma
Chemical Co.). After 2 weeks of CFA treatment, each rat in the
drug test group (6 rats in each group) was given a single dose of
prepared ketoprofen suspension,lac-ketoprofen microspheres, and
naked lac at the joints according to body weight. Microspheres, dose
20 mg/kg. The control group (n = 6) was injected with the same
volume of PBS. After the experiment, the rats were sacrificed, and
the joints of the fore and hind limbs were removed for pathological
section analysis.

2.8 Statistical analysis

Origin 9.0 (OriginLab, United States) was used for statistical
analysis. Statistical significance was assessed by using one-way or
two-way analysis of variance (ANOVA) and Tukey’s multiple
comparison test. When p < 0.05, the data is considered
significant. It is represented by *. When p < 0.01, it is
represented by **. All data are shown as mean ± standard deviation.

3 Results and discussion

3.1 Preparation of Keto-SLAC by
electrospray

As was shown in Figure 1, Keto-SLAC microspheres were
prepared by electrospray of shellac/ketoprofen solutions of
different concentrations with a spray distance of 15 cm. When

TABLE 1 Composition of spinning solution.

Shellac/
ketoprofen
solution

The mass ratio of
ketoprofen to
shellac (wt/wt)

Shellac
concentration in

ethanol
solution (%)

G1 1:10 25

G2 1:10 35

G3 1:10 45

G4 1:10 55

G6 1:10 65

FIGURE 1
Schematic illustration of the electrospray process for Keto-SLAC
fabrication.
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the concentration of shellac is 25%–55%, the prepared microspheres
have a smooth surface without agglomeration of drug particles and
polymers. At the highest shellac concentration (65%), a spindle-like
fiber was observed. A zoom-in picture shows the particle size
distribution of the microspheres more clearly. The microspheres
of all groups displayed a bimodal distribution. Small microspheres
are often gathered on or around the surface of larger
microspheres (Figure 2).

On the other hand, particle sizes distributions of Keto-SLAC
microspheres prepared under the spray distance of 30 cm was also
investigated. As was shown in Figure 3, higher concentration of

SLAC (65%) also results in spindle-like fiber structure. This
suggested that the concentration of shellac is of critical
importance for the formation of microspheres. Meanwhile, as the
spraying distance increases, the particle size distribution of the
microspheres becomes more uniform. It is worth noting that in
the 25% drug-loaded shellac microsphere group, the particle size of
the microspheres is the most uniform. These results indicated that
the optimal parameter to obtain microspheres with uniform size
distribution is a receiving distance at 30 cm and a shellac
concentration of 25%, which brings about a resultant particle size
of 27 μm in average. Therefore, Keto-SLAC microspheres prepared

FIGURE 2
Statistical particle sizes distributions (right) of different shellac concentration derived Keto-SLAC based on SEM images (left) with the spray distance
in 15 cm. (A) 25%, (B) 35%, (C) 45%, (D) 55%, (E) 65%.

FIGURE 3
Statistical particle sizes distributions (right) of different shellac concentration derived Keto-SLAC based on SEM images (left) with the spray distance
in 30 cm. (A2) 25%, (B2) 35%, (C2) 45%, (D2) 55%, (E2) 65%.
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under such parameter are used in the follow experiments. The
electrospray technique used in this study can be adapted for
other drugs by adjusting parameters such as solvent type,
polymer concentration, and flow rate to optimize drug
encapsulation and release profiles. This method’s versatility also
allows for the encapsulation of multiple drugs, making it suitable for
combination therapies targeting various diseases.

3.2 Characterization of Keto-SLAC

The XRD analysis, shown in Figure 4A, indicated that there was
no sharp peak in shellac spectrum, which provided evidence that
there was disordered molecule arrangement with in shellac.
However, several sharp diffraction peaks was seen in XRD
pattern of ketoprofen, which was in consistent with the result
from DSC analysis for ketoprofen, indicating an ordered crystal
arrangement of ketoprofen molecule. However, crystal peak of
ketoprofen disappeared in the diffraction pattern of Keto-SLAC,
verifying that ketoprofen had lost its crystal structure and existed in
an amorphous state in shellac microspheres. Results from both XRD
and DSC provided evidence that ketoprofen had changed its
physical state from crystal to amorphous solid dispersion in shellac.

Differential scanning calorimetry (DSC) analysis of the
microspheres was shown in Figure 4B. It can be seen that
ketoprofen has a very sharp absorption peak at 98.2°C, indicating
that ketoprofen exists as an ordered crystal. There is a gentle
endothermic peak around 48.3°C of shellac sample, which is the
glass transition temperature of shellac. Keto-SLAC has a gentle
endothermic peak at 52.6°C, which is slightly deviated from the
peak of shellac. This may possibly due to the interaction of shellac
and ketoprofen in the composite material. Most importantly, the
endothermic peak of ketoprofen at 98.2°C disappeared in the Keto-
SLAC sample, indicating that ketoprofen has lost its original crystal
form and exists in the microspheres in an amorphous state.

We further examined the release profile of Keto-SLAC in vitro,
shown in Figure 4C, in which Keto-SLAC exhibited an obvious
sustained-release, which is consistent with previous reports on
microspheres (DeJulius et al., 2021). From the release curve, the
entire drug release lasted about:20 days, in which a relatively fast
release was seen in the first 2 days, and then gradually slow down.
Probably, the initial rapid release occurred as a result of ketoprofen
on the surface of the microspheres. When ketoprofen on the surface

of the microspheres has completely unleashed, those in the
microsphere is responsible for the slow-down of drug release that
gradually reached equilibrium.

3.3 In vitro cytocompatibility assay

Cell compatibility of drug-loaded microspheres was examined and
shown in Figure 5, where themetabolic activity of cells subjected to Keto-
SLAC of different concentrations at different time point (24 and 48 h)
was measured. As compared to the untreated cells, no significant
difference in cell viability was seen in cells treated with different
concentrations of Keto-SLAC (Figures 5A, B). Similarly, after being
treated with different concentrations of Keto-SLAC, no significant
increase of LDH release was found as compared to those untreated
cells, suggesting that Keto-SLAC has favorable cell compatibility and low
cytotoxicity (Figures 5C, D). Previous studies have demonstrated the low
cytotoxicity and favorable biocompatibility of shellac when used as a
matrix material for drug delivery systems. In our study, the cell viability
assay (CCK-8) and LDH release assay showed that the Keto-SLAC
microspheres had no significant cytotoxic effects on NIH 3T3 cells, even
at high concentrations, corroborating these previous findings. This
suggests that shellac, as a natural and biodegradable polymer, is a
biocompatible and safe material for drug delivery applications.

3.4 Treatment effect of Keto-SLAC in vivo

In order to evaluate the pathological changes of the joint, H&E
staining was performed after the treatment. Histological results showed
that the single-injection ketoprofen treatment group still had obvious
inflammatory cell infiltration, pannus formation, cartilage destruction,
and synovial hyperplasia (Figure 6). In the ketoprofen microsphere
treatment group, intra-articular pannus formation and inflammatory
cell infiltration were significantly reduced, but visible cartilage
destruction and synovial hyperplasia still existed. AA rats treated
with ketoprofen microspheres had significant beneficial effects in
inhibiting inflammatory cell infiltration, synovial hyperplasia,
cartilage destruction, and pannus formation compared with the
ketoprofen group alone. Our results indicate that ketoprofen
sustained release from shellac microspheres can reduce pannus
formation and significant inflammatory cell infiltration in joints,
although it does not prevent cartilage destruction.

FIGURE 4
Characterization of Keto-SLAC. (A) XRD pattern, (B) Differential scanning calorimeter, (C) Drug release profiles.
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4 Conclusion

Ketoprofen-loaded shellacmicrospheres were successfully prepared
by electrospray. Keto-SLAC with more uniform size is obtained by
spraying 45% shellac solution at a distance of 30 cm. The DSC analysis
revealed that the sharp absorption peak of ketoprofen disappeared in
the microspheres. Results from XRD spectroscopy also indicated that

the crystal structure of ketoprofen was disrupted as the microspheres
formed. The consistent results from DSC and XRD justified the
existence of solid dispersion of ketoprofen in shellac. Moreover,
in vitro release experiments demonstrated that Keto-SLAC can be
persistently released for around 20 days. Cell experiments provided
evidence that the prepared microspheres had favorable compatibility
in vitro. In addition to its favorable biological properties, shellac is a

FIGURE 5
CCK-8 analysis of 3T3 cell after treatment of increasing concentration of shellac, ketoprofen and keto-SLAC for 24 h (A) and 48 h (B). LDH test of the
3T3 cell with the same treatment as CCK-8 for 24 h (C) and 48 h (D). No significant LDH release was found in each group.

FIGURE 6
Treatment effect of Keto-SLAC on aseptic inflammation induced in a rat model.
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natural and biodegradable polymer, making it an environmentally
sustainable choice for pharmaceutical applications. Its use in drug
delivery systems aligns with the growing emphasis on reducing
environmental impact and promoting sustainability in the
pharmaceutical industry. In short, the application of Keto-SLAC
microspheres prepared by electrospray may be a promising
approach for the treatment of aseptic inflammation. Compared to
current commercial drug delivery systems, the electrospray-prepared
Keto-SLAC microspheres offer improved control over particle size and
drug release profiles. This method also avoids high temperatures and
toxic solvents, enhancing drug stability and biocompatibility.
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Antibacterial and antioxidant
phlorizin-loaded nanofiber film
effectively promotes the healing
of burn wounds
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Chuanbo Ding1,3, Xiaofei Sun3, Li Yan3, Min Yang1,3* and
Ting Zhao1*
1College of Traditional Chinese Medicine, Jilin Agricultural Science and Technology University, Jilin,
China, 2College of Traditional Chinese Medicine, Jilin Agricultural University, Changchun, China, 3Jilin
Aodong Yanbian Pharmaceutical Co, Ltd., Dunhua, China

Burns usually result in damage and loss of skin forming irregular wound wounds.
The lack of skin tissue protection makes the wound site highly vulnerable to
bacterial infections, hindering the healing process. However, commonly used
wound dressings do not readily provide complete coverage of irregular wounds
compared to regular wounds. Therefore, there is an urgent need to prepare a
wound dressing with high antimicrobial efficacy for the administration of drugs to
irregular wounds. In this study, a chitosan (CS)/polyvinylpyrrolidone (PVP)
composite nanofiber membrane (CS/PVP/Phlorizin) loaded with root bark
glycosides (Phlorizin) was developed using an electrostatic spinning technique.
The incorporation of phlorizin, a natural antioxidant, into the fiber membranes
notably boosted their antimicrobial and antioxidant capabilities, along with
demonstrating excellent hydrophilic characteristics. In vitro cellular
experiments showed that CS/PVP/Phlorizin increased Hacat cell viability with
the presence of better cytocompatibility. In scald wound healing experiments,
Phlorizin-loaded nanofibrous membranes significantly promoted re-
epithelialization and angiogenesis at the wound site, and reduced the
inflammatory response at the wound site. Therefore, the above results
indicate that this nanofiber membrane is expected to be an ideal dressing for
burn wounds.

KEYWORDS

chitosan, phlorizin, nanofiber membrane, scalding wound repair, wound dressing

1 Introduction

Skin, as one of the most important organs of a human being (Yan et al., 2020), is not
only resistant to damage from external factors, but also a thermoregulator of the human
body, and intact skin tissues can maintain the stability of the internal environment of the
human body (Ursell et al., 2012; Liao et al., 2015).Whereas, scald injuries, as one of the most
serious skin injuries, are showing an increasing trend in incidence globally (Xu et al., 2020).
Burns can be classified based on the depth and extent of skin damage: superficial burns
affect only the epidermal layer, partial-thickness burns extend into the dermis, and full-
thickness burns penetrate both the epidermal and dermal layers (Wang et al., 2018), and
full-layer skin injuries completely rupture the epidermal and dermal layers of the skin.
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Infection by microorganisms at the burn site contributes to slow
recovery of the wound site, increasing the risk of scar formation at
the wound site as the healing time increases (Lee et al., 2017). At the
same time, scald injuries often result in extremely complicated acute
trauma, deformity, disability, or even death, and therefore often
cause physical and emotional stress to the scalded patient (Xi et al.,
2023). In today’s clinical treatment, topical administration at the
wound site is usually used. As well as the use of a variety of
traditional dressings to cover the scald wound to avoid infection
of the wound site (Guo et al., 2022), such as sponges, bandages, and
foam, but due to the adhesive effect of the tissue at the wound site,
when changing the dressings often bring secondary damage to the
patient (Boateng et al., 2008; Ouyang et al., 2024). Therefore, it is
urgent to find a method that is more beneficial for the repair of burn
wounds. Compared with traditional excipients, nanofiber membranes
are not only simple to prepare, versatile, and easy to replace (Khan et al.,
2020), but can also absorb wound site exudate, which is beneficial to the
exchange of gases at the wound site and prevents bacterial andmicrobial
infections (Lan et al., 2021; Dong et al., 2023). Due to these beneficial
qualities, nanofiber membranes are expected to be a valuable dressing
for burn wounds.

Chitosan, a natural polymer derived from chitin (Rinaudo, 2006;
Song et al., 2018) has garnered significant attention for its use in the
preparation of wound dressings due to its exceptional
biocompatibility and various beneficial effects such as
antibacterial properties, hemostatic abilities, and promotion of
cell proliferation (Archana et al., 2013; Zhou et al., 2016). In
addition, chitosan has a broader and more efficient antimicrobial
activity than other antimicrobial agents, which enhances its
biomedical applications. In recent years, chitosan is often used to
prepare nanofiber membrane materials, Wei et al. prepared a CS
tetragonal composite with effective control of drug release and
antibacterial promotion of infected wound repair (Wei et al.,
2024). Yin et al. prepared a CS/PLA nanofiber membrane loaded
with aloe-emodin, which exhibited high porosity as well as suitable
swelling and hydrophobic properties (Yin et al., 2022). Tang et al.
prepared a chitosan/sodium cellulose sulfate composite nanofibrous
membrane containing silver nanoparticles, which not only existed
excellent antimicrobial properties but also significantly shortened
the wound repair time (Tang et al. 2022). Referring to the results of
existing studies, it was hypothesized that CS-based nanofiber
membrane materials have the potential to be excellent wound
dressings. However, due to the rapid degradation of CS materials
in acidic environments, their use alone does not meet the needs of
ideal wound dressings (Wei et al., 2024), so they are often blended
with other polymers such as poly (vinyl alcohol) (PVA), poly
(vinylpyrrolidone) (PVP), and so on, to improve the performance
of nanomaterials and better meet the needs of wound dressings.

Polyvinylpyrrolidone (PVP) is a spinning polymer with
excellent fiber membrane formation properties and is often used
as a feedstock for making nanofiber membranes (Poonguzhali et al.,
2017). Contardi et al. showed that PVP electrostatically spun
hydrogels loaded with hydroxycinnamic acid derivatives
significantly reduced the inflammatory response at the wound
site, thereby promoting wound site healing (Contardi et al. 2021).
Phlorizin, a widely available flavonoid, is an important plant-derived
dihydrochalcone (Stompor et al., 2019). Dihydrochalcone as a
natural antioxidant has received a lot of attention from scientists

in recent years (Li et al., 2018). It has been shown that root bark
glycosides can regulate the NF-KB signaling pathway to play an
antioxidant role, it also has anti-inflammatory, antiviral,
antidiabetic, and other functions (Wang et al., 2019; Un et al.,
2021). Sun (Sun et al., 2022)et al. demonstrated that SF/PVP
nanofiber membranes containing root bark glycosides reduced
inflammation at wound sites by decreasing the expression of
TNF-α and IL-1β proteins, thus accelerating wound healing.
Additionally, Liu et al. (Liu et al., 2021) found that phlorizin
increased levels of superoxide dismutase (SOD) and total
antioxidant capacity. However, the use of Phlorizin in scald
wound repair has not been reported. Therefore, in this paper,
root bark glycosides were loaded into CS/PVP nanofiber
membranes to investigate their effects on scald wound repair.

As shown in Scheme 1, in this study, chitosan (CS) and
polyvinylpyrrolidone (PVP) were used to synthesize blank fiber
membranes by electrostatic spinning technique, in addition to
loading phlorizin with antioxidant activity into the blank nanofiber
membranes (CS/PVP/Phlorizin). The chemical structure and properties
of CS/PVP/Phlorizin were also evaluated by various characterization
methods, in addition to their antioxidant and antibacterial activities by
in vitro antioxidant and antibacterial assays. The biosafety of CS/PVP/
Phlorizin was evaluated through MTT cytotoxicity and
hemocompatibility tests. And finally, the effect of CS/PVP/Phlorizin
nanofiber membrane on scald wound repair was investigated. It is
expected that CS/PVP/Phlorizin nanofiber membrane with antioxidant
and antibacterial properties will provide a new idea for the treatment of
burn wound dressing.

2 Experimental section

2.1 Experimental materials

Chitosan (CS) was purchased from Sinopharm Chemical
Reagent Co, Ltd. Polyvinylpyrrolidone (PVP, Mn = 1.3 MDa).
Phlorizin was purchased from Lemaitan Pharmaceuticals Dexter
Biotechnology Company Limited (purity ≥80%). Meibao Scald
Cream was purchased from Shantou Meibao Pharmaceutical Co.
2,2-Biazobis (3-ethyl-benzothiazole-6-sulfonic acid) diammonium
salt (ABTS) was purchased from McLean Biochemicals Ltd. Protein
Antibodies (See Support Information Table 1 for details).

2.2 Preparation of CS/PVP, CS/PVP/
Phlorizin, nanofiber membranes

CS/PVP/Phlorizin nanofiber membranes were prepared by
first adjusting the concentration of the materials in the
preliminary stage. CS, PVP, and Phlorizin powder were
dissolved in 90% glacial acetic acid solution at concentrations
of 4.4%, 2.1%and 2% to prepare 10 mL of spinning solution,
which was stirred continuously for 12 h at 50°C on a magnetic
stirrer to achieve complete dissolution and to obtain a
homogeneous spinning solution. Finally, through the
electrostatic spinning device, spinning is carried out. The
distance from the needle to the drum collector was adjusted to
15 cm, the drum speed was 200 r/min, and the voltage was set to
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15 KV to obtain the nanofiber membrane, which was vacuum
dried overnight (Zhang et al., 2022; Liu et al., 2024). The CS/PVP
nanofiber membrane was prepared in the same way as CS/PVP/
Phlorizin but without the addition of phlorizin.

2.3 Scanning electron microscopy

The microscopic morphology of CS/PVP, CS/PVP/Phlorizin
nanofiber membranes was observed by scanning electron
microscopy (ZEISS, EVO/18, Germany). Fixed sample,
sprayed with gold, and obtained at an accelerating voltage of
15 kV (Liu et al., 2023). The diameters of 100 fibers were
randomly screened in the SEM images, and the calculation of
the average diameter of the fiber membrane was performed by
ImageJ software.

2.4 Fourier infrared spectroscopy

The infrared spectrograms of the nanofiber membranes were
determined in the range of 4,000–500 cm−1 using a Fourier infrared
spectrometer (FITR, SpectrumTwo, Perkinekmer, United States). To
determine the loading of Phlorizin in nanofiber membranes.

2.5 Water contact angle

To assess the hydrophilic and hydrophobic characteristics of CS/
PVP and CS/PVP/Phlorizin nanofiber membranes, the two types of
nanofiber membranes were prepared as 2-cm-diameter discs, and then
the water contact angle of the nanofiber membranes was determined
using water contact angle meter (Dataphysics OCA50, Germany). The
average contact angle was determined using ImageJ software.

2.6 Water vapor transmission rate

The ideal wound dressing should have an appropriate water
vapor transmission rate to control the evaporation of water from the
wound site (Xia et al., 2020). Referring to the Li method with slight
modification (Li et al., 2024), firstly, 5 mL of distilled water was
added to a vial with a mouth area of S. Immediately, the circular
nanofiber membrane was placed in the mouth of the vial and
weighed and recorded as Wi. They were placed in an incubator
at 37°C for 24 h and weighed and recorded as Wt, three times in
parallel for each group. The water vapor transmission rate was
calculated according to the following equation:

SCHEME 1
Loaded phlorizin nanofiber membrane to promote scald wound healing

TABLE 1 Experimental antibody sources and dilution ratios.

Antibodies Factory
owners

TGF-β1 (DILUTION:1:1000–1:5000) Proteintech group

IL-1β (DILUTION:1:2000–1:10000) Proteintech group

TNF-α (DILUTION:1:500–1:2000) Proteintech group

β-actin (DILUTION:1:5000–1:50000) Proteintech group

HRP coupled secondary antibodies (SA00001−1 1:2000–1:
10000/SA00001-21:2000–1:10000)

Proteintech group
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WVTR gm−2d−1( ) � Wi −Wt( )/S (1)

2.7 Antioxidant effect

A slight modification was made with reference to the existing
method. To determine the scavenging effect of CS/PVP and CS/
PVP/Phlorizin nanofiber membranes on ABTS free radicals.
Configure 7.5 mM of ABTS solution and 2.45 mM of potassium
persulfate solution. The reaction was carried out in a 1:1 ratio for
12 h at room temperature. The working solution was diluted at room
temperature until its absorbance at 745 nm was 0.7 ± 0.2. Weighing
5 mg of nanofiber membrane was co-incubated with 2 mL of ABTS
solution for half an hour, and the group without fiber membrane was
used as a blank control group. The ABTS free clearance was
calculated according to the following equation (Ma et al., 2024).

Removal rate %( ) � 1 − As/Ac( ) × 100% (2)

As is the absorbance of the fiber membrane plus reaction
solution, and Ac is the absorbance of the control without the
addition of the nanofiber membrane.

2.8 Hemolytic effect

In vitro, the blood safety properties of nanofiber membranes were
evaluated using hemolysis of mouse erythrocytes. Mouse erythrocytes
werefirst obtained by centrifugation of freshmouse blood, and salinewas
chosen to dilute the erythrocyte suspension to 2%. The CS/PVP and CS/
PVP/Phlorizin nanofiber membranes were then cut into equal volume
(1 cm× 1 cm) discs. An equal volume of nanofibermembrane was taken
and co-incubated with 1 mL of 2% erythrocyte suspension at 37°C for
1 h. The 1% Trion X-100 and PBS groups were selected as positive and
negative controls. At the end of the incubation, the supernatant was
obtained and its absorbance at 545 nm was determined and calculated
according to the following formulae (Lian et al., 2021).

Hemolysis rate %( ) � AS − AP( )/ Ay − Ap( ) × 100% (3)

Among them, As is the sample group, Ap is the negative control
group, and Ay is the positive control group.

2.9 Cytotoxicity

Cytotoxicity of CS/PVP and CS/PVP/Phlorizin membranes was
determined using Hacat skin keratinocytes. The CS/PVP, CS/PVP/
Phlorizin nanofiber membranes were first sterilized by UV
irradiation for 2 h. The sterilized nanofiber membrane was then
dissolved in the medium to obtain a drug-loaded medium. Hacat
cells in logarithmic growth phase were taken and inoculated at a
density of 2 × 104/well in 96-well plates in an incubator at 37°C, 5%
CO2 for 24 h, and then replaced with drug-loaded medium. In the
control group, the complete medium was replaced and the culture
was continued for 24 h, then 20 μL of MTT solution was added to
each well and reacted for 4 h, 150 μL of DMSO was added to each
well sequentially, and the absorbance was measured at 490 nm to
calculate the cell viability of each group.

2.10 Bacteriostatic effect

Staphylococcus aureus and Escherichia coli were selected as model
bacteria to evaluate the in vitro antimicrobial activity of nanofiber
membranes (CS/PVP, CS/PVP/Phlorizin) by colony counting
method. Firstly, the nanofiber membrane with a diameter of
1 cm was cut and sterilized by irradiation under UV lamp for
2 h, and the fiber membrane was co-cultivated with the bacterial
solution (37°C, 2 h). Absorb 30 μL of the above bacterial solution
evenly on solid medium agar plate, without soaking fiber membrane
bacterial solution as a control group, and incubate at 37°C for
12–24 h. The bacterial inhibition rate of the nanofiber membrane
was calculated according to the following equation (Li et al., 2022).

Bacterial inhibition rate %( ) � Nc −Ns

Nc
× 100% (4)

Nc is the control group and Ns is the number of colonies in the
sample group.

2.11 In vivo scald wound repair

To evaluate the effect of CS/PVP/Phlorizin nanofiber membranes
on scald wounds, this paper first creates a scald wound model, which
complies with the National Research Council Guide for the Care and
Use of LaboratoryAnimals. In this paper, ICRmalemice (25 ± 5 g)were
purchased from Changchun Yisi Laboratory Animal Technology Co,
mice were first acclimatized for 1 week after rearing. Mice were
anesthetized using 4% chloral hydrate and depilatory cream was
applied for hair removal. Using the YLS-5Q scalding instrument, a
2.5-cm2 metal punch was selected, and the temperature was set to 85°C
with a pressure of 500 KPa pressed tightly to the hair removal site of the
mice for 10 s, to construct a scalding wound (Jieqiong, 2020). Cage
hygiene was strictly controlled after molding was completed and an
adequate diet was provided. The scalded mice were randomly divided
into four groups of 10 mice each, namely, the scald model group, the
positive control group, the CS/PVP, and the CS/PVP/Phlorizin groups,
with no treatment in the model group, and the other three groups were
given daily treatment. Photographs were taken on days 3, 7, 14, and
21 after treatment to observe changes in the wound site, i.e., changes in
the color of the wound site, whether it was infected or not, scabbing, and
changes in the size of the wound. The wound area was calculated using
ImageJ software. The healing rate of the wound area was calculated
according to the following formula (Asiri et al., 2021).

Wound healing rate %( ) � So − St
So

× 100% (5)

So is the initial wound area and St is the fixed-time wound area.

2.12 H&E and Masson staining

For further observation of tissue changes and collagen deposition at
the wound site. Skin tissues from each group of mice were taken at the
fixation time, and after fixation with 4% paraformaldehyde, the residual
fixative was removed from the skin tissues using water. Then it was
gradient dehydrated with ethanol, cleared with xylene, paraffin
embedded, and then cut into 6umsections forH&EandMasson staining.
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2.13 Immunohistochemical staining

On day 21 of constructing the scald wounds, skin tissues from
the wound site were taken for paraffin embedding, sectioned, and
then subjected to immunohistochemical analysis. Firstly, the
paraffin sections were deparaffinized and washed with PBS, and
3% BSA was chosen to be closed for half an hour. Then α-SMA,
CD31, and VEGF primary antibody were diluted according to the
proportion, and incubation was carried out. After incubation for
50 min at room temperature with 2 antibodies corresponding to the
primary antibody, the sections were finally stained and observed by
microscope.

2.14 Western blot

Skin tissues from the wound site of scalded mice in each group
were taken and weighed, and proteins in the skin tissues of each
group were extracted by adding RIPA lysate containing PMSF. The
protein content in each group of samples was first determined by the
BCA method. Sample proteins were electrophoresed through
sodium dodecyl sulfate polyacrylamide gel (10%). After waiting
for the end of electrophoresis, the membrane was rotated at low
temperature for 90 min under the condition of constant voltage
100 V. The PVDFmembrane was selected to be closed with 5% skim
milk powder for 2 h. The membrane was incubated with the specific
primary antibody for 1.5 h. At the end of the incubation, the
membrane was washed with TBST 3 times for 10 min each time.
Then the membrane was incubated with HPR-labeled secondary
antibody for 1 h. Themembrane was washed three times in TBST for
10 min each finally, the protein expression level was detected by gel
imaging analysis system.

2.15 Statistical analysis

All experimental data were repeated at least three times and
expressed as mean ± standard deviation (SD). One-way analysis of
variance (ANOVA) was performed using SPSS 22.0 software, and a
value of *p < 0.05 indicates a significant difference.

3 Results

3.1 Scanning electron microscopy

The microscopic morphology and diameter of CS/PVP and CS/
PVP/Phlorizin nanofiber membranes are shown in Figure 1. As
shown in Figure 1A, B it can be observed that the nanofibers in the
two types of fibrous membranes exist crosswise and twisted with
each other, thus forming a porous three-dimensional structure. Due
to this structure, nanofiber membranes are beneficial for the
exchange of gases at the wound site as well as the transport of
nutrients and the growth and migration of cells at the wound site
(Hasani-Sadrabadi et al., 2019). The average diameters of CS/PVP
and CS/PVP/Phlorizin were 137.6 ± 35.8 nm and 167.8 ± 45.9 nm,
respectively. It was also found that the diameter of the nanofibers
increased with the loading of Phlorizin, and at the same time, no

non-homogeneous structure was observed on the surface of the
nanofibers, indicating that the Phlorizin was fully dissolved in the
spinning solution.

3.2 Fourier infrared spectroscopy

The infrared scanning results are shown in Figure 2A. The
characteristic peak at 3,374 cm−1 corresponds to the O-H tensile
vibration. Both CS/PVP and CS/PVP/Phlorizin nanofiber
membranes display a characteristic peak of the amide I bond at
1,662 cm−1, associated with C=O stretching vibration. The waveform
of the CS/PVP/Phlorizin scaffold amide I bond broadened upon
loading of Phlorizin. The CS/PVP/Phlorizin nanofibers exhibited a
characteristic C-O peak at 1,035 cm−1, which is the characteristic
absorption peak of Phlorizin.

3.3 Water contact angle

Nanofiber membrane materials can quickly absorb excess
exudate from the wound site, thus reducing the wound infection
rate, while providing a moist microenvironment for the wound site,
effectively promoting the proliferation and migration of cells in the
wound site thus accelerating the repair of the wound site (Dong and
Guo, 2021). In this paper, the hydrophilicity of the surface of the
nanofiber membrane was evaluated by determining its water contact
angle (He et al., 2016). When the water contact angle of the fiber
membrane is less than 90° indicates the existence of good
hydrophilicity of the fiber membrane. The results are shown in
Figure 2B, and the water contact angles of CS/PVP and CS/PVP/
Phlorizin are 78.55° and 61.09°, respectively, indicating the existence
of better hydrophilicity of the two materials. Also from the results, it
can be seen that the hydrophilicity of the fiber membrane was
enhanced after loading phlorizin.

3.4 Water vapor transmission rate

Water vapor transmission rate, as one of the most important
evaluation indexes of wound dressings, can reflect the gas
transmission rate when nanomaterials are applied to the wound
site. Compared with the blank fiber membrane, the transmittance of
the nanofiber membrane loaded with phlorizin increased, reaching
2334.28 ± 32.16 gm−2d−1. The water vapor transmission rate of the
nanofiber membrane was in the range of 2000–2,500 gm−2d−1, which
meets the water vapor transmission rate requirement for wound
healing, and the results are shown in Figure 2C.

3.5 Antioxidant activity

Excess free radicals may lead to cell destruction and DNA
damage, which can lead to a number of diseases. Therefore, in
this paper, the scavenging effects of CS/PVP, and CS/PVP/Phlorizin
on ABTS radicals were determined. The results, as shown in
Figure 2D, showed that the clearance of CS/PVP, and CS/PVP/
Phlorizin for ABTS was 9.6% ± 2.58% and 90.68% ± 0.05%,
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respectively. The antioxidant activity of the fiber membranes loaded
with phlorizin was significantly higher (*p < 0.05) compared with
that of the blank membranes, which may be attributed to the good
antioxidant activity of phlorizin itself.

3.6 Blood compatibility

As shown in Figure 3A, the hemolysis rates of CS/PVP and CS/
PVP/Phlorizin nanofiber membranes were 0.056% ± 0.026% and
0.016% ± 0.01%, respectively, and the hemolysis rates of both
materials were less than 5%. At the same time, it can be observed
that the supernatant of two groups of nanofiber membrane groups is
clear and transparent, and there is a significant difference from the
red colour of the positive control (*p < 0.05). It shows that there is
better blood compatibility between the two materials and no
hemolysis phenomenon. They meet the basic requirements of
safe wound dressing.

3.7 Cytotoxicity analysis

Having good biosafety is a fundamental condition for the
application of wound dressings. In this paper, the biosafety
properties of the two materials were verified by MTT experiments.
Skin keratinocytes (Hacat) were incubated with nanofiber membrane
extracts for 24 h and all cell viability was greater than 100%. The
results of the statistical analysis are shown in Figure 3B, and there was
no significant difference between the two groups. It indicates that the
two nanofiber membranes exist better cytocompatibility and can
promote the proliferation of Hacat cells.

3.8 Bacteriostatic activity analysis

During the wound healing process, it is highly susceptible to E. coli
and S. aureus, which can cause tissue infection and inflammation to
occur at the wound site, resulting in slow healing of the wound site.

FIGURE 1
SEM image of nanofiber membrane and its nanofiber diameter size. (A, B) SEM images of CS/PVP, CS/PVP/Phlorizin nanofiber membranes; (C, D)
Diameter distribution of CS/PVP, CS/PVP/Phlorizin nanofiber membranes, results were used as mean ± standard deviation.
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Therefore, good bacteriostatic activity is necessary for an ideal wound
dressing. The results are shown in Figure 3C, CS/PVP and CS/PVP/
Phlorizin can significantly reduce the colony count of E. coli and S.
aureus. The results of the quantitative analysis are shown in Figure 3D,
E, the inhibition rates of CS/PVP/Phlorizin were 99.5% ± 0.12% and
98.46% ± 0.47% for S. aureus and E. coli, respectively. The bacterial
inhibition rate of nanofiber membranes loaded with Phlorizin was
significantly higher (p* <0.05) compared with that of CS/PVP
nanofiber membranes.

3.9 In vivo mouse scald wound repair

To investigate the role of nanofiber membrane for the repair of
scald wounds. We first successfully constructed deep second-degree
scald wounds. Macroscopic observation showed that the skin at the
scalded site was wrinkled and yellowish-white, and the skin at the
scalded site was hardened when lightly touched, and the pain
sensation of the mice was significantly increased. Indicates
successful modeling of deep second-degree burns.

The state of the skin at the site of the wound was also observed,
and the degree of wound closure was evaluated to assess the healing
of the scald wounds in each group, and the results are shown in

Figure 4A. On the third day of constructing the scald wounds, the
relative enlargement of the wounds in each group may be attributed
to the inflammatory response at the wound site that enlarged the
wound area, which is consistent with what has been reported. At day
7 of scald wound repair, a thick scab was present on the wound
surface in all groups, but partial shedding of the crust was visible in
the CS/PVP and CS/PVP/Phlorizin nanofibrous membrane groups.
On the 14 days after treatment, the scabs were completely removed
from the wound site in the remaining three groups compared to the
model group. A smaller wound area existed in the rhizoposide-
loaded nanofiber membrane group compared to the CS/PVP
nanofiber membrane group. On the last day of wound healing,
the wounds of the phlorizin loaded nanofiber membrane group were
completely closed, which was significantly different from the
wounds of the model group. It indicates that the nanofiber
membrane loaded with phlorizin can significantly promote the
wound repair of scalded wounds.

3.10 Histopathologic analysis

The efficacy of nanofibrous membranes for scald wound
healing was evaluated by hematoxylin eosin staining for

FIGURE 2
(A) Fourier infrared spectra; (B) water contact angle; (C) water vapor transmission rate; (D) ABTS radical scavenging rate.
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pathological observation of scald wound site tissues in each
group. As shown in Figure 5A the epidermal defects and their
subdermal blood vessels and tissues were damaged and necrotic
tissues were present in all groups of mice as seen on day 3 of wound
creation. Indicates successful creation of a deep second-degree
burn wound model. At day 21 of wound healing, the positive
control and CS/PVP/Phlorizin groups had been completely re-
epithelialized compared to the model group. The CS/PVP/
Phlorizin group exhibited thicker granulation tissue and
angiogenesis. Suggesting that nanofiber membranes loaded with
phlorizin can effectively promote scald wound healing. This may
be attributed to the excellent antibacterial and antioxidant effects
of the nanofiber membrane, which reduces the rate of infection at

the wound site and provides a healing-friendly environment for
the wound site (Guo et al., 2020).

The collagen expression (blue color) of each group after
21 days of treating the wounds was observed by Masson
staining, and the results are shown in Figure 5B. Protein
expression of collagen was significantly higher in the other
three groups compared to the model group. Compared to the
CS/PVP group, CS/PVP/Phlorizin collagen content was
increased and collagen fibers were more compactly arranged
in bands (Johnson, 2003). In addition, collagen fibers with a
tight structure have been reported to be beneficial for ECM
formation, thereby accelerating wound healing (Li
et al., 2020).

FIGURE 3
(A) Hemocompatibility; (B) Cytotoxicity; (C) Colony counts of CS/PVP, CS/PVP/Phlorizin nanofiber membranes for Staphylococcus aureus and
Escherichia coli; (D) Quantitative graph of the inhibition rate of the nanofiber membranes for Staphylococcus aureus; (E) Quantitative graph of the
inhibition rate of the nanofiber membranes for Escherichia coli.
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3.11 Immunohistochemical analysis

To further investigate the possible mechanism of CS/PVP/
Phlorizin nanofiber membrane to promote the healing of scald

wounds, the expression of α-smooth muscle actin (α-SMA),
CD31 (early vascular growth factor), and VEGF (vascular
endothelial generating factor) was measured at the wound sites of
each group. The expression of α-SMA is associated with

FIGURE 4
(A)Wound status and its size change on days 0, 3, 7, 4, and 21 for Model, Positive control, CS/PVP, and CS/PVP/Phlorizin groups; (B)Quantitative plot
of wound close rate.

Frontiers in Bioengineering and Biotechnology frontiersin.org09

Yang et al. 10.3389/fbioe.2024.1428988

94

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1428988


myofibroblasts, which have a critical role in rapid wound healing,
however, rapid contraction at the wound site can lead to scar
formation at the wound site (Zonari et al., 2015). The expression
of α-SMA was significantly reduced in the CS/PVP/Phlorizin group
after 21 days of treatment compared with the model and positive
control groups. This result suggests that the nanofiber membrane

loaded with phlorizin reduces scar formation at the scald wound site.
CD31 and VEGF as vascular growth factors its can respond to the
vascular expression at the wound site. Compared to the scald model
group, the other three groups showed significantly higher vascular
expression (Figure 6A). Higher vascular expression existed in the
CS/PVP/Phlorizin group compared to the CS/PVP group, and the

FIGURE 5
(A)H&E staining of Model, Positive control, CS/PVP, and CS/PVP/Phlorizin groups on days 3 and 21; (B)Masson staining of each group on day 21; (C)
collagen deposition statistics of each group.

FIGURE 6
(A) Immunohistochemical pictures of α-SMA, CD31, and VEGF in each group; (B) Quantitative analysis pictures of α-SMA; (C) Quantitative analysis
pictures of CD31; (D) Quantitative analysis pictures of VEGF.

Frontiers in Bioengineering and Biotechnology frontiersin.org10

Yang et al. 10.3389/fbioe.2024.1428988

95

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1428988


results suggest that CS/PVP/Phlorizin nanofibrous membranes
promote angiogenesis at the wound site and thus promote
wound repair.

3.12 Western blot analysis

Following the onset of a burn, a good deal of leachate is present
at the site of the burn, which is highly susceptible to infiltration by
inflammatory cells, thus causing the onset of an inflammatory
response (Liu, 2020). TNF-α and IL-1β, as the most important
inflammatory factors in early inflammation, have a great influence
on wound healing. There are different effects of different

concentrations of TNF-α. Low concentrations of TNF-α activate
T and B cells to release antibodies while also promoting phagocytosis
by macrophages. However, at high concentrations, it enhances the
inflammatory response causing the body to release more
inflammatory factors, while causing damage to endothelial cells,
contributing to increased vascular permeability and increased
wound osmotic fluid thereby impeding wound healing (Peng and
Huang, 2004). The results of the expression of TNF-α and IL-1β
proteins in each group are shown in Figure 7 BC. TNF-α and IL-1β
inflammatory proteins were significantly reduced in the group
treated with Phlorizin fiber membrane compared with the
scalded model group. The CS/PVP/Phlorizin group exhibited
lower expression of inflammatory factors compared to the

FIGURE 7
(A) Pictures of TGF-β1, TNF-α, and IL-1β protein bands; (B) Pictures of quantified gray values of IL-1β protein; (C) Pictures of quantified gray values of
TNF-α protein; (D) Pictures of quantified gray values of TGF-β1 protein.
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positive control group. In addition, we measured the expression of
the growth factor TGF-β1 at the wound site in each group, and the
results are shown in Figure 7D. CS/PVP and CS/PVP/Phlorizin
significantly elevated the expression of TGF-β1 at the wound site
compared with the model group.

4 Discussion

Scald wounds often cause large irregular skin defects and
injuries, leading to disturbances in the patient’s internal
environment, imbalance of the immune system, and infections,
resulting in slow healing of the scald wounds and even further
deepening of the wounds (Sahu et al., 2016). It is crucial to reduce
scald wound infections and expedite the healing process for these
patients. Research has indicated that incorporating natural actives
into wound dressings can enhance wound healing (Li et al., 2022). In
this study, we investigated the healing effects of phlorizin loaded into
CS/PVP nanofiber membranes on burn wound injuries.

Nanofibrous membranes offer significant advantages in tissue
repair due to their unique microstructure, which not only provides a
suitable microenvironment for the wound site but also seals the active
substances in the membrane to control their release for local delivery
(Sun et al., 2022). Hydrophilicity is a necessary condition for the
preparation of ideal nanofiber membranes, and it has been reported
that nanofiber membranes with good hydrophilicity can rapidly absorb
exudate from wound sites to promote wound repair. In this study,
loading phlorizin into CS/PVP nanofiber membranes led to a decrease
in the water contact angle and an enhancement of the hydrophilicity of
the nanofiber membranes, which could be attributed to the increase in
the diameter of the sparse nanofibers in the structure of the fiber
membranes after loading phlorizin, which is more conducive to the
absorption and permeation of water (Ding et al., 2024). At the same
time, the CS/PVP/Phlorizin nanofiber membrane showed excellent
antioxidant as well as antimicrobial activity, which could effectively
inhibit the infection of the wound site and promote the wound healing
process (Kumar et al., 2010). In addition, the nanofiber membrane has
good blood compatibility and no cytotoxicity to meet the requirements
of an ideal wound dressing (Shefa et al., 2017).

The process of scald wound repair involves various factors such
as angiogenesis, cell proliferation, migration, and collagen formation
at the wound site, all playing crucial roles in the healing process
(Pelizzo et al., 2018; Zhang et al., 2019). Collagen, as an extracellular
fibrous protein, promotes the formation of intracellular matrix and
the repair of damaged cellular structures (Zhan et al., 2019). In the
present study Masson staining results showed that CS/PVP/Plorizin
nanofibrous membrane significantly promoted the formation of
collagen at the wound site, which may be one of the reasons for
its accelerated healing of scald wounds.

Growth factors are integral to the wound healing process.
CD31 and VEGF, as vascular growth factors, can be evaluated for
angiogenesis at the wound site (Torres et al., 2017). It was observed by
immunohistochemical staining that the nanofibrous membrane group
loaded with root bark glycosides significantly promoted the expression
of CD31 and VEGF. Meanwhile, western blot results revealed that the
nanofiber membrane not only decreased the expression of
inflammatory factors at the wound site but also enhanced the
expression of growth factor TGF-β1 and facilitated the accumulation

of extracellular matrix, ultimately expediting the healing process of
scalded wounds (Zhang et al., 2016; Zubair and Ahmad, 2019).

5 Conclusion

This study successfully loaded the natural antioxidant, phlorizin,
into CS/PVP nanofiber membranes, demonstrating remarkable
antioxidant, antimicrobial, and biocompatible properties. In vivo
wound repair experiments revealed that the CS/PVP/Phlorizin
nanofiber membrane effectively suppressed inflammatory reactions
at the wound site by reducing the expression of inflammatory
factors TNF-α and IL-1β. Furthermore, it facilitated blood vessel and
collagen formation at the wound site, expediting the healing process of
scalded wounds. The porous 3-dimensional mesh structure and
hydrophilicity of the nanofiber membrane not only enhance air
permeability but also address the challenge of administering drugs
to irregular burn wounds. Overall, this innovative nanofiber membrane
offers insights for developing new dressing for scald wound treatment.
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Pharmacologic treatment of orthopedic diseases is a common challenge for
clinical orthopedic surgeons, and as an important step in the stepwise treatment
of orthopedic diseases, it is often difficult to achieve satisfactory results with
existing pharmacologic treatments. Therefore, it is increasingly important to find
new ways to effectively improve the treatment pattern of orthopedic diseases as
well as to enhance the therapeutic efficacy. It has been found that metal-organic
frameworks (MOFs) possess the advantages of high specific surface area, high
porosity, chemical stability, tunability of structure and biocompatibility.
Therefore, MOFs are expected to improve the conventional traditional
treatment modality for bone diseases. This manuscript reviewed the
applications of MOFs in the treatment of common clinical bone diseases and
look forward to its future development.

KEYWORDS

metal-organic frameworks, MOFs, tumor, osteoporosis, osteoarthritis

1 Introduction

As the foundation of the human body structure, bones have important functions such as
supporting the body, protecting organs, supporting movement and blood production.
Orthopedic diseases usually accompany people throughout their lives, can occur at different
ages. With the aging of the global population and the increase in the popularity of sports,
there has been a significant increase in the proportion of orthopedic disorders in the clinical
setting. These diseases are often caused by trauma, infection, inflammation, degenerative
changes, and oxidative stress, resulting in bone-related diseases such as bone fractures,
osteoarthritis, bone tumors, and osteoporosis, which pose a serious threat to human health.
However, in the face of the increasing number and complexity of orthopedic diseases,
conventional drug therapy has considerable limitations in clinical application, such as the
lack of controlled-release properties of drugs, weak targeting ability, and easy degradation of
many drugs during the delivery process, resulting in unsatisfactory therapeutic effects, so
the conventional drugs in the treatment of orthopedic diseases have entered a bottleneck.
Therefore, there is an urgent need to find more efficient and safer drug treatments.
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With the development and advancement of nanomedicine, the
mechanical, biological and electrochemical properties of
nanomaterials have brought many nanomaterials into the field of
researchers’ vision and achieved good results. Nanomaterials are
characterized by ultra-thin thickness and layers of precise chemical
functional groups and the thickness of 2D nanomaterials is even as
small as 0.34 nm, which is equivalent to the distance between
adjacent bases of DNA (Li et al., 2001). Common clinical
nanomaterials such as polycaprolactone (PCL), polylactic-co-
glycolic acid (PLGA), nanohydroxyapatite (nHA), zirconium
oxide nanoparticles (nZr), silicon dioxide nanoparticles (nSi),
silver nanoparticles (AgNPs), graphene oxide (GO), MOFs, etc
(Bharadwaz and Jayasuriya, 2020). Nanomaterials can be
categorized by shape and size. For example, inorganic
nanoparticles, organic polymer based nanoparticles and
extracellular vesicles belong to zero-dimensional nanomaterials,
which can be used for drug delivery (Wang et al., 2021), imaging
(Kim et al., 2018) and therapy (Kim et al., 2020; Kwon et al., 2016;
Bjorge et al., 2017). GO has been sought after by many researchers in
recent years, it always been used as a molecular carrier and an
enhancer of cell attachment (Liu et al., 2013; Lee et al., 2011). Its
decorated polymer scaffolds can be used for tissue regeneration
(Yadid et al., 2019). Among numerous nanomaterials, MOFs stands
out in recent years and attracts the attention of doctors and
researchers.

In 1995, Yaghi et al. (1995) reported in the journal Nature a
coordination compound with a two-dimensional structure
synthesized from a rigid organic ligand trimesic acid and
transition metal Co., referred to it as MOF. In 2004, Ferey et al.
(2004); Ferey et al. (2005) reported two sieve type MOFs with ultra
large pore characteristics, MIL-100 and MIL-101. They all have two
types of mesoporous cages, with sizes of 25 Å, 29 Å and 29 Å, 34 Å.
The specific surface area is as high as 3100 m2/g and 5900 m2/g. It
can be said that the emergence of these two materials is a milestone
in the development history of MOFs. In 2006, Yaghi et al. (Park
et al., 2006) synthesized 12 imidazole framework materials with
7 typical topological structures of silica aluminum molecular sieves
ZIF-1 to ZIF-12. These materials exhibited superior thermal and
chemical stability, among which ZIF-8 and ZIF-11 not only
stabilized up to 550°C, but also remained stable in boiling
alkaline aqueous solutions and organic solvents. Up to now,
MOFs stands out from many other nanomaterials due to its
special physicochemical properties and has emerged as one of the
most promising nanomaterials for biomedicine. The most common
MOFs consist of an infinite lattice formed by metal ions or clusters
connected to an organic ligand by strong coordination bonds, and
usually exhibit a two or three-dimensional structure (Cao et al.,
2021). Due to their unique structures, MOFs have excellent
properties for biomedical applications, such as high specific
surface area metal (specific surface area in the range of
1,000–10,000 m2/g), high porosity, chemical stability, structural
tunability, and biocompatibility (Furukawa et al., 2013). MOFs
release biologically active metal ions and provide inducers to
promote osteogenesis and angiogenesis, deliver immune
regulatory signal, and eliminate Reactive oxygen species (ROS) to
alleviate inflammation. It can also act as drug carriers,
photosensitizers and nano enzymes for antimicrobial and
antitumor effects, etc. In this paper, we will review MOFs and by

discussing the application of various MOFs composites in common
orthopedic diseases, aim to guide and inspire for the treatment of
bone diseases as well as the creation of efficient nano
materials (Figure 1).

Therefore, this article reviews the recent research of MOFs in
bone tumors, osteoporosis and osteoarthritis. In addition to
summarizing the previous studies of MOFs in orthopedic
diseases, the application potential of MOFs in orthopedic diseases
was also discussed.

1.1 MOFs in bone tumors

Bone tumors are rare and heterogeneous group of tumors that
occur in the skeleton, including many types of malignant and benign
tumors, they are one of the major diseases affecting bone health.
Among them, osteosarcoma is the most common primary bone
tumor and the third most common cancer in the world, it tends to
occur more frequently in children and adolescents with rapid bone
growth and development. Currently, the treatment of osteosarcoma
remains a combination of preoperative neoadjuvant chemotherapy,
extensive surgical resection, and postoperative adjuvant
chemotherapy. However, even with this treatment modality,
tumors recur in 30%–40% of patients and the prognosis for
recurrence is poor, with only 23%–29% of patients surviving
more than 5 years after second diagnosis (Luetke et al., 2014).
Although anticancer drugs can inhibit tumor growth and metastasis
throughout the treatment process, chemotherapeutic drugs have the
disadvantages of low efficacy, high side effects, and the need for
high-dose shock, which leads to huge limitations in the treatment of
bone tumor drugs. Therefore, the development of biomaterials with
precise and improved anti-tumor capabilities is crucial for bone
tumor treatment. MOFs can play a great role by acting as carriers,
anti-tumor agents, and drug synergistic systems.

1.1.1 MOFs-mediated chemotherapeutic
drug delivery

A novel adriamycin drug delivery system (folic acid/metal
organic framework/adriamycin) was developed by taking
advantage of the high expression of folate receptors on the
surface of tumor cells, this system integrate folic acid and MOFs,
which significantly improved the specificity and efficiency of
adriamycin delivery (Xu et al., 2020). Ma et al. (2021) utilized
the MOFs loading of apelalis to form Apelalis@Au@MOFs, and
the mesoporous silica structure was used for the successful loading
of the photosensitizer indocyanine green and chemotherapeutic
drug cisplatin to form apelalis&cisplatin@Au@ metal-organic
framework@mesoporous silica-indocyanine green double-shell
nanoparticles (Figure 2). The nanoparticles were able to cluster at
the spinal tumor under the effect of targeted peptide and high
permeability and long retention effect, which resulted in the precise
release of Aperis and cisplatin, achieving effective killing of tumor
cells and reducing bone destruction caused by tumor metastasis.
Wuttke et al. (Luzuriaga et al., 2019) assemble His-tag-
functionalized biomolecules with abundant binding sites on the
MOFs, the MOFs-based “self-assembled multifunctional ligand
particles” that successfully delivered pro-apoptotic peptides and
proteins into cancer cells for therapeutic effects. When MOFs are
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used to load drugs, the content and specific gravity between different
substances can be easily adjusted to optimize synergistic effects and
substantially improve therapeutic efficacy. For example, Engelke and
Wuttke report differentiated experimental results with different
ratios of irinotecan/fluorouracil loaded with liposome-
encapsulated MIL-88A (LipMIL-88A) (Zhang et al., 2018). From
the above article, it can be found that MOFs have shown great
potential in the field of drug delivery. By integrating with different
targeting molecules, drugs, and functional components, precise
targeting of tumor cells can be achieved, improving therapeutic
efficacy and reducing side effects.

1.1.2 MOFs as antitumor agents
MOFs can also be prepared from many functional linkers with

antitumor effects and metal ions, and these pairings represent the
generation of novel antitumor agents called bioMOFs. Binding
between phosphate aptamers and Zr-based nanoscale metal-
organic backbones (Zr-NMOFs) and the embedding of the
photosensitizer TMPyP4 in the structure of G-quadruplex DNA,
the preparation of TMPyP4-G4-Aptamer-NMOFs. This nano
system induced 90% target cell death and maintained more than
76% inhibition throughout the entire experimental period of this
nano system in the treated group (Wang et al., 2019; Meng et al.,
2018). Therefore, by designing functional linkers and MOFs
reasonably, the treatment system can have better targeting,
reduce damage to normal cells, and improve treatment efficacy.

1.1.3 MOFs in tumor photothermal therapy
MOFs with active lymph nodes can be used for chemo dynamic

therapy (CDT), radiotherapy (RT), and catalytic modulation of the
tumor microenvironment. In addition, MOFs using
photosensitizers, chemotherapeutic agents and peptides as active
linkers can be used in photo dynamic therapy (PDT), photothermal
therapy (PTT) and chemotherapy (Lu et al., 2018). Therefore, it is
important to discover MOFs with intrinsic anti-tumor activity and
smart connectivity synergistic system to build anti-tumor platforms
(Figure 3) (Gong et al., 2020; Morris et al., 2017). PDT has attracted
much attention in recent years as an up-and-coming tool for tumor
therapy. Using laser and photosensitizers, MOFs attached with
active antitumor agents can produce ROS, which can inhibit the
development of cancer cells. Organic photosensitizers are mainly
involved in type II PDT, it is a process of converting oxygen into
toxic singlet oxygen. The photosensitized portion of MOFs is highly
ordered and separated, the molecules are prone to diffusion within
the porous structure of MOFs, so MOFs-based photosensitizers can
generate a large amount of ROS, which can dramatically increase the
therapeutic efficacy of PDT (He et al., 2019). Li, et al. (Liu et al.,
2020) have constructed a triphenylphosphine (TPP) functionalized
up conversion nanoparticle/pyrrole MOF Janus structure (UCMTs)
for near-infrared mediated mitochondria-targeted PDT. Under
808 nm near-infrared irradiation, the mitochondria ROS eruption
induced by UCMTs can further trigger the intrinsic apoptotic
pathway, enhancing the effect of tumor elimination. This nano

FIGURE 1
Schematic illustration of application of MOF in different orthopaedic diseases in this review.
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system enhances the penetration depth of MOFs and the therapeutic
effect of photodynamic therapy. Loading the metal organic
framework composed of cobalt porphyrin into calcium phosphate
bone cement can give it certain photothermal conversion
performance, which can target and kill residual tumor cells after
osteosarcoma surgery, avoiding tumor recurrence (Deng et al.,
2023). DENG et al. (Qu et al., 2021a) developed a core-shell
MAZG nanocomposite (mesoporous dopamine/
azodiimidazoliumpropane hydrochloride@ZIF-8/Gambogic acid),
which was loaded with mesoporous dopamine of
azodiimidazoliumpropane hydrochloride in the core. Mesoporous
dopamine, and the outer shell consists of ZIF-8 loaded with
Gambogic acid, which is encapsulated into the ZIF-8 as an
inhibitor specifically targeting heat shock protein 90. The
combination of arabinosylcytosine (Ara) and IR820 forms
AraIR820, in which the sulfonic acid group of IR820 has a strong
interaction with ZIF-8, significantly improving the drug loading
efficiency of Ara. After further modification with hyaluronic acid
(HA), the final HA/Ara-IR820@ZIF-8 is used for tumor-targeted
chemo-photothermal combination therapy, resulting in a tumor
inhibition rate of 89%. Therefore, MOFs, as a multifunctional
therapeutic platform, combined with various treatment methods

such as PTT, CDT and PDT, demonstrate multifaceted intervention
capabilities for tumors. This comprehensive treatment strategy can
improve treatment effectiveness, reduce side effects, and is expected
to become an important direction for future cancer treatment.

1.1.4 MOFs induce ROS production
PDTDEN et al. (Yuan and Zhang, 2017) design porphyrin-zinc-

based MOF (ferrocenylbenzoic acid-ZnTCPP) was constructed
using the acoustic sensitizer TCPP, which is capable of releasing
ROS upon ultrasonic stimulation, and at the same time
ferrocenylbenzoic acid can catalytically convert hydrogen
peroxide into oxygen, thus avoiding the problem of oxygen
deprivation in the tumor microenvironment that may weaken the
effect of acoustic power therapy. Li et al. (2024) modified ZIF-90
with zoledronic acid to enable bone targeting. Then the
photosensitizer dihydroporphyrin Ce6 was loaded on it to
construct Ce6@ZIF-PEG-ZOL (Ce6@ZPZ), which releases ROS
under the irradiation of near-infrared light to kill tumor cells
through photodynamics, meanwhile synergistically inhibits tumor
growth through the Wahlberg effect with the glycolytic agent 2-
deoxy-D-glucose to strengthen the effect of photodynamic therapy.
Chemodynamic therapy is an emerging method of tumor treatment,

FIGURE 2
Synthesis process scheme of BYL719 cisplatin bilayer nanoparticles (BYL719&Cisplatin@Au@MOF@MS-ICG, BCAMM) modified dYNH targeting
peptide and its antitumor mechanism in tumor cells (Ma et al., 2021). Reproduced under the terms of the Copyright Clearance Center (CCC) license.
Copyright © 2021 Elsevier.
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and its working principle is mainly based on the Fenton reaction or
Fenton-like reaction, in which transition metal ions (Fe2+) convert
hydrogen peroxide in the body into ROS to kill cancer cells or inhibit
tumor growth. Based on this principle, Wang et al. (2023)
constructed a polydopamine-coated iron-based MOF and
modified it by a polydopamine coating, combined folic acid
bovine serum albumin to achieve the targeting of the tumor site
and at the same time function as a contrast agent for magnetic
resonance imaging. By loading D-arginine, which can be converted
into nitric oxide, glucose oxidase, and block the energy supply of
tumor cells, as well as the chemotherapeutic drug tirazamine, a
synergistic effect of multiple therapeutic means was achieved
(Figure 4). Overall, the understanding and utilization of ROS
play a crucial role in tumor therapy. By designing different
MOFs systems to regulate changes in ROS, precise killing of
tumor cells can be achieved, providing new possibilities for
personalized therapy and the implementation of multiple

treatment strategies. Future research should further explore the
mechanism of ROS in tumor treatment and optimize the design
of MOFs to achieve more effective therapeutic effects.

1.1.5 MOFs enhance radiotherapy effects
Radiotherapy is a common method of treating tumors by using

ionizing radiation to induce DNA damage, which not only directly
damages cancer cells, but also induces the production of reactive
oxygen species and the release of tumor-associated antigens to
stimulate an immune response, and then induces immunogenic
cell death. Osteosarcoma is not sensitive to radiotherapy, and high
doses of radiation (up to 80Gy) are often required, which may cause
serious adverse effects. MOFs have ultra-small 3D array structure of
metal-organic nano framework with loose pores, which is conducive
to the scattering of secondary photons and electrons, they can
greatly enhance the sensitization effect of high-energy rays.
Secondly, the ordered structure of MOFs show large mass

FIGURE 3
Scanning transmission electron microscopy (STEM) images of UiO-66 synthesized using different acid modulators and concentrations are
presented as follows. When synthesized with acetic acid, UiO-66 appears as follows: (A) at a concentration of 2.6 M, (B) at 4.8 M, (C) at 5.8 M, and (D) at
6.7 M. When synthesized with formic acid, UiO-66 is as follows (E) at 2.4 M, (F) at 3.9 M, (G) at 5.3 M, and (H) at 6.9 M. For UiO-66 synthesized with
dichloroacetic acid: (I) at 0.58 M and (J) at 1.1 M. When synthesized with trifluoroacetic acid, UiO-66 is shown as: (K) at 0.62 M and (L) at 1.18 M. The
scale bars are as follows: A = 100 nm, B = 200 nm, C= 500 nm, D= 500 nm, E = 100 nm, F = 100 nm, G= 1,000 nm, H= 1,000 nm, I = 100 nm, J = 500 nm,
K = 100 nm, and L = 500 nm (Morris et al., 2017). Reproduced under the terms of the Copyright Clearance Center (CCC) license. Copyright © 2017,
American Chemical Society.
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attenuation coefficient and a strong dose-enhancing effect, while the
pore structure of the nanometallic organic framework can be used to
encapsulate drugs or contrast agents for multimodal imaging-guided
synergistic oncology therapy. Du et al. (2021) loaded D-arginine into
MIL-100(Fe) nanocarriers, under low-dose X-ray irradiation, nitric
oxide released from arginine can downregulate hypoxia-inducible
factor 1α to alleviate tumor hypoxia, Fe3+ catalyzes the reaction of
reactive oxygen species produced by hydrogen peroxide with nitric
oxide to generate peroxynitrite anion and other reactive nitrogen
species. Therefore, hydroxyapatite@metal-organic framework/
D-arginine can effectively inhibit tumor growth and prevent
recurrence and lung metastasis of osteosarcoma. Li et al. (2023)
developed a TZM radiation sensitizer using tantalum (Ta) and
zirconium (Zr) as metal nodes and TCPP as photosensitive
ligands. Ta-Zr co doping helps to transfer energy to TCPP,
thereby generating singlet oxygen and achieving radiodynamic
therapy. TZM induces immunogenic cell death and promotes
dendritic cell maturation, also upregulates the expression of
programmed cell death protein 1 through the cGAS-STING
pathway, thereby triggering a powerful anti-tumor immune
response. The impact of radiotherapy on patients has always
been a difficult problem for doctors to solve. The advantages of
MOF systems, such as enhancing radiation therapy efficacy and
inducing immune responses, make radiation therapy safer and more

efficient during the treatment process, and provide new ideas and
possibilities for radiation therapy.

1.2 MOFs in osteoporosis

Osteoporosis is a serious disease characterized by a persistent
decrease in bone mass and destruction of bone structure, leading to
fragile bones and an increased risk of fractures. Osteoporosis affects
200 million people worldwide, with a higher prevalence in the
elderly and postmenopausal women (Strom et al., 2011). The
burden on the population of complications associated with
osteoporosis such as fractures, bone defects, and lack of bone
growth after defects is enormous, including significant morbidity,
reduced quality of life, increased mortality, and substantial
healthcare expenditures (Brown et al., 2021; Marrinan et al.,
2015; Bliuc et al., 2009). The adult skeleton undergoes bone
remodeling to maintain mineral homeostasis and bone quality
(Armas and Recker, 2012; Farlay et al., 2019). Bone remodeling
consists of resorption by multi-nucleated, myeloid-derived
osteoclasts (OCs) followed by formation by mesenchymal-derived
osteoblasts (OBs). This coordination of bone remodeling activities is
commonly referred to as the coupling of bone resorption to bone
formation. With aging and other conditions, such as gonadal

FIGURE 4
The in vivo anti-tumor experiment results for 143b tumor-bearing mice are as follows. (A) Fluorescence imaging of NO after X-ray irradiation. (B)
Fluorescence imaging of ROS after X-ray irradiation. (C) The average body weight of mice in the 3 weeks following NP treatments and X-ray irradiation is
presented (mean ± SD, n = 5). (D) Changes in tumor volume in the 3 weeks following NP treatment and X-ray irradiation are shown (mean ± SD, n = 5).
MOF (Fe) loaded with D-Arg (I), MOF (Fe) loaded with D-Arg, GOX (II), MOF (Fe) loaded with D-Arg, GOX and TPZ (III), MOF (Fe) loaded with D-Arg,
GOX and TPZ, and cloaked with PDA (IV), MOF (Fe) loaded with D-Arg, GOX and TPZ, cloaked with PDA, and grafted with Fe3+(V),MOF (Fe) loaded with
D-Arg, GOX and TPZ,cloaked with PDA, and grafted with Fe3+and FA-BSA (VI) (Wang et al., 2023). Reproduced under the terms of the Copyright
Clearance Center (CCC) license. Copyright © 2023 Elsevier.
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hormone loss, the rate of resorption exceeds formation resulting in
reduced bone mass (Sims and Martin, 2020). In other pathological
conditions, resorption occurs independently from subsequent bone
formation leading to destructive bone loss (Feng and Mcdonald,
2011). This can result in a reduction in bone mass, deterioration of
the microstructure, and an elevated risk of fragility MOFs are able to
stimulate the activity of bone mesenchymal stem cells and promote
the process of new bone formation and mineralization. Studies have
shown that MOFs play a key role in promoting osteoblast growth,
inhibiting osteoclasts, and facilitating angiogenesis and bone
mineralization, providing novel strategies and ideas for the
effective treatment of osteoporosis (Matlinska et al., 2019; Zheng
et al., 2020; Dang et al., 2020; Qu et al., 2021b; Dong et al., 2023; Pan
et al., 2023; Lin et al., 2024) (Figure 5) (Toprak et al., 2021).

1.2.1 MOFs promote osteogenic gene expression
Proliferation and differentiation of osteoblasts play a key

determinant role in the bone repair process. During the early
stages of osteogenesis, MOFs promote the osteogenic process by

regulating the transcriptional activity of Runx2, a gene central to the
osteoblast phenotype (Wang et al., 2024). It was demonstrated that
Sr2+ loaded on copper 1,3,5- phenylenetricarboxylic acid
significantly increased the transcriptional activity and
phosphorylation of Runx2, and that a variety of MOFs were
effective in promoting the expression of the Runx2 gene (Farasati
et al., 2023). Ma et al. (2024) designed alendronate (ALN)-mediated
defective MOF sonosensitizer, which can effectively clear
Methicillin-resistant Staphylococcus aureus (MRSA) infections
and promote osteogenic differentiation under differential
ultrasonic irradiation. In the presence of zirconium–phosphate
coordination, the ALN-mediated porphyrin-based MOF (HN25)
with a proper defect has great sonodynamic antibacterial efficiency
(98.97%, 15 min) and bone targeting ability. Ren et al. (2022)
encapsulation of the SCM in ZIF-8 nanoparticles, which
enhances osteogenic fractionation of MSCs and accelerates bone
regeneration in vivo. The targeting of MOFs nanoparticles
represented by SCM/ZIF-8 was demonstrated and their
regulatory role on MSCs was confirmed. Many genes associated

FIGURE 5
After 8weeks of implantation, H&E staining (A) andMasson’s trichrome staining (B)were carried out on the repaired bone defects (Toprak et al., 2021).
Reproduced under the terms of the Copyright Clearance Center (CCC) license. Copyright © 2021 Elsevier.
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with osteogenic in vivo differentiation were observed to be
upregulated in MSC cultures treated with SCM/ZIF-8, with
involvement in the cAMP signal pathway. The efficacy of SCM/
ZIF-8 nanoparticles in enhancing bone regeneration was
demonstrated in a bone defect model through a series of rigorous
experimental procedures. Some researchers found that by utilizing
type I collagen, which has its own mechanical support ability and
promoting cell attachment, a multifunctional and biodegradable
scaffold system was constructed by combining collagen scaffolds
with interleukin 4-metal-organic framework @CaP, which provided
multiple osteogenic nucleation sites for the bone regeneration
multicellular unit and realized functional bone regeneration in
vivo (Zheng et al., 2020). In the later stages of osteogenesis, bone
bridging eggs function by interfering with cell adhesion and
migration, while osteocalcin can bind to Ca2+, regulate calcium
ion homeostasis, and participate in the bone mineralization
process. On the other hand, MOFs increase the expression levels
of these proteins through transcription and translation processes,
thus promoting osteogenesis (Wang et al., 2023). Chen et al. (2024)
successfully prepared bimetallic Mg/Cu-MOF coatings on pure Zn,
with the intention of promoting osteogenesis, angiogenesis and
antimicrobial activity of Zn substrates. The findings
demonstrated that the degradation rate and water stability of the
Mg/Cu-MOF coatings could be controlled by adjusting the
proportion of Cu. This significantly enhanced modulated the
inflammatory response and promoted the vascularization of
endothelial cells, while exhibiting excellent antimicrobial activity.
Therefore, the high surface area and pore structure of MOFs can be
used for effective loading of drugs or growth factors, which can help
promote bone cell proliferation and differentiation. They can also be
used for anti-inflammatory, antibacterial and other functions, which
can help maintain the healthy state of bone tissue.

1.2.2 Osteoclast inhibition by MOFs
A decrease in osteoblasts or an increase in osteoclasts disrupts

the structure of bone tissue, greatly increasing the risk of
osteoporosis as well as disorders such as osteogenesis imperfecta.
Osteoprotegerins are proteins that play a key role in bone
metabolism by binding to the ligand of the nuclear transcription
factor κB receptor (RANKL) activator, thereby inhibiting osteoclast
formation and activity. Antitartrate acid phosphatase is a signature
indicator representing osteoclast activity. Therefore, the process of
bone resorption can be effectively inhibited by increasing the
secretion of osteoprotegerin and decreasing the secretion of anti-
tartaric acid phosphatase. The synthesis of a bimetallic metal-
organic skeleton (Pt@ZIF-8@La) was achieved by encapsulating
metallic platinum (Pt), which exhibits excellent physicochemical
and biological properties, in ZIF-8. This was followed by the
introduction of lanthanum (La), an osteogenic active element,
through ion exchange. This nanoplatform exhibits the functions
of efficient ROS scavenging, immunomodulation and promotion of
osteogenic differentiation. In addition, Pt@ZIF-8@La has been
demonstrated to promote osteogenic mineralization by up-
regulating the ratio of osteoprotegerin (OPG)/receptor activator
of NF-κB ligand (RANKL). This leads to a synergistic therapeutic
effect of immunomodulation, osteogenesis, and alleviates aseptic
osteolysis (Pan et al., 2023). Zoledronic acid-functionalized MOFs
can be used to combat rheumatoid osteoclasts in rheumatoid

arthritis. Osteoclast hyperactivation in arthritis. The ability to
block osteoclast binding to bone matrix, thereby interfering with
the nuclear transcription factor κB receptor activator ligand/nuclear
transcription factor κ receptor activator signaling pathway, inhibits
osteoclast differentiation and induces apoptosis of osteoclasts in
order to counteract osteoclast-mediated bone resorption (Tao et al.,
2023). Pang et al. (2020) design surface modification with the anti-
osteoclastic bisphosphonate, zoledronic acid (ZOL), to enable bone-
targeted immunostimulatory capabilities cytosine-
phosphoguanosine (CpG)-loaded MOF. Functionalized bone-
targeted immunostimulatory MOF (BT-isMOF) nanoparticles
exhibited strong binding to calcium phosphate and demonstrated
specific accumulation in bone tissue in vivo. BT-isMOF
nanoparticles effectively inhibited osteoclast formation and
induced macrophage polarization towards an M1 pro-
inflammatory phenotype. Tao et al. (2023) developed ZIF-8@
CRIg-CD59@HA@ZA, its achieved bone-targeted delivery and
pH-responsive slow release of the complement inhibitor CRIg-
CD59. Its surface-mineralized zoledronic acid (ZA) targets the
acidic microenvironment of bone in RA, and sustained release of
CRIg-CD59 recognizes and prevents the formation of complement
membrane attack complexes (MACs) on the surface of healthy cells
and significantly inhibits osteoclast-mediated bone resorption. Bone
malignancies often cause severe osteoclastic conditions in patients,
which are difficult to control or even reverse with conventional
treatments. Zou et al. (2022) constructed ICG@Cu2-XSe-ZIF-
8 utilized an acidic microenvironment, which allowed ZIF-8 to
be cleaved and released large amounts of Cu2-XSe, which could
subsequently be degraded to Cu+ and Cu2+, triggering a Fenton
reaction that induced CDT.What’s more, selenium in Cu 2-X Se can
regulate selenoproteins and inhibit the production of tumor cells
and osteoclasts to reduce the erosion of bone tissue. Moreover, PTT-
induced hyperthermia can further enhance the CDT effect in tumors
to achieve the synergistic effect of PTT/CDT. Lin et al. (2024)
developed an acid-responsive neutralization system with in vivo
gene editing capability by loading sodium bicarbonate (NaHCO3)
and RANKL-CRISPR/Cas9 (RC) plasmid into MOF. It was
demonstrated that ZIF8-NaHCO3@Cas9 (ZNC) effectively
neutralized the acidic microenvironment and inhibited ROS
production. The results demonstrated that nanoparticles loaded
with NaHCO3 exhibited a higher transfection efficiency in an
acidic environment compared to nanoparticles without this
loading. Protection by bi-directionally promoting osteogenesis
and inhibiting osteolysis. It takes 3 months for osteoblasts to
form new bone, while osteoclasts only take 3 weeks to break a
bone fracture. Therefore, in correcting the dynamic balance between
osteogenesis and osteoclastogenesis in osteoporosis, inhibition of
osteoclastogenesis is particularly crucial. From the above content, it
can be concluded that MOFs can effectively inhibit bone resorption,
thereby promoting bone tissue regeneration and repair. Therefore,
when facing osteoporosis, more attention should be paid to
this aspect.

1.2.3 MOFs for angiogenesis
Kusumbe et al. (2014) discovered that capillaries can be

classified into H-type and L-type. The number of H-type vessels
can be used as a diagnostic indicator of the state of vascular
growth and osteogenic capacity, influencing bone metabolism in
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many ways, including angiogenesis and abundance. Mi et al.
(Leroux et al., 2020) demonstrated that electrical stimulation of
the dorsal root ganglion (DRG) at L3 and L4 in rats resulted in the
activation of the Ca/CaMKII/CREB signal pathway and action
potentials, which directly promoted CGRP synthesis and release
and induced osteoporotic fracture healing and H-vessel formation.
This breaks the traditional “triadic theory” of bone metabolism and
updates it to a new quadratic theory of “peripheral
neuroangiogenesis - Osteoclasts - osteogenesis”. Kang et al.
(2022) utilized human adipose-derived stem cells (hADSCs-exos),
Mg and GaMII/CREB signal pathway and action potentials, which
directly promoted CGRP synthesis and release and induced
osteoporotic fracture healing and H-vessel formation. Using
hADSCs-exos, Mg and GA, a unique exosome-functionalized free
cell scaffold (PLGA/Exo-Mg-GA MOF) was designed and
synthesized. This nano scaffold has the functions of stabilizing
bone grafting environment, promoting osteogenic differentiation,
angiogenesis and anti-inflammatory ability, and accelerating bone
reconstruction. Dang et al. (2020) successfully prepared a
nanosheet-structured β-tricalcium phosphate (TCP) (Cu-TCPP-
TCP) scaffold by using 3D printing technology in combination
with an insitu growth method in a solvothermal system. The
excellent photothermal effect of Cu-TCPP nanosheets allows for
the modulation of photothermal performance through changes in
nanosheet content, ambient humidity, and near-infrared light power
density. The nano scaffold was found to be capable of supporting the
attachment of human bone marrow stromal cells (HBMSCs) and
human umbilical vein endothelial cells (HUVECs). This resulted in
the promotion of bone generation in all aspects. The angiogenesis-
related genes VE-cadherin and endothelial-type nitric oxide
synthase are key vascularization. Qu et al. (2021b) prepared a
cobalt-based organometallic framework (Co-TCPP)-modified
calcium phosphate bone cement using Co and (4-carboxyphenyl)
porphyrin (TCPP), and verified the great potential of Co-TCPP-
calcium phosphate bone cement in the treatment of tumor-borne
bone defects by up-regulating the content of angiogenesis-related
genes, VE-cadherin and endothelial nitric oxide synthase, and by
promoting the blood vessel regeneration. In addition, Cu2+ also
possesses pro-angiogenic activity, while Mg2+ has been shown to
activate hypoxia-inducible factor 1a after influx into the cell via
magnesium transporter protein 1, which stimulates the transcription
of vascular endothelial growth factor and induce angiogenesis
(Xiang et al., 2023; Xu et al., 2023; Xiao et al., 2021). In addition
to the three metal-centered MOFs mentioned above, others can also
be used as carriers for loading pro-angiogenic small molecule drugs
to promote angiogenesis (Gutowska et al., 2005). These studies
reveal the potential of MOFs in promoting angiogenesis and
bone tissue regeneration. By regulating the generation of blood
vessels and activating signaling pathways, MOFs can affect bone
metabolism and promote fracture healing and bone
reconstruction processes.

1.2.4 MOFs induced bone mineralization
Bone mineralization is the process by which bone minerals, such

as hydroxyapatite, precipitate on an organic collagen scaffold to
eventually form a bone matrix. Bone mineralization provides the
necessary support and stability for newborn bone tissue and is a
critical step in bone repair. Metal ions in MOFs, such as Mg2+, Zn2+,

Mn2+, Sr2+, etc., can affect the composition of hydroxyapatite by ion
exchange, at the same time, changes in bond lengths induced by ion
exchange can lead to deformation of the crystal structure of
hydroxyapatite, which in turn affects the process of bone
mineralization. In addition, Sr2+ has a high affinity for bone
tissue, and the Sr-hydroxyapatite-metal-organic framework
composite coatings constructed by Zhang et al. (2019). The
significantly enhance the early osteogenesis and the integration of
bone implants. Meanwhile it projected a good result in alkaline
phosphatase activity and bone mineralization. In addition, some
MOFs have metal ions with ionic radii close to those of Ca2+, which
can also promote phosphate deposition through ion exchange, such
as La3+, and it has been demonstrated that the interfacial bonding
strength of La-hydroxyapatite coatings is significantly enhanced
after doping with La (Lou et al., 2015). From the above content,
it can be concluded that metal ions in MOFs play an important role
in the process of bone mineralization. It can affect the formation and
stability of new bone tissue by regulating ion exchange and crystal
structure. This provides new ideas and possibilities for designing and
developing new bone repair materials, which are expected to play an
important role in fields such as fracture healing and bone
defect repair.

1.3 MOFs in osteoarthritis

Osteoarthritis (OA) is estimated to affect 300 million or more
people worldwide and is now the leading cause of disability in the
elderly. It is often associated with chronic pain, progressive loss of
function and a significant reduction in quality of life (James et al.,
2018; Cisternas et al., 2016; Nguyen et al., 2014; Hunter et al., 2014;
Centers for Disease Control and Prevention, 1995). OA was thought
to be a simple degenerative disease characterized by chronic
overload and biomechanical impairment of the joints, leading to
destruction of articular cartilage and resulting inflammation,
followed by stiffness, swelling and loss of function. However,
with the deepening of research, scholars have concluded that OA
is an extremely complex pathological process composed of
inflammatory and metabolic factors. Factors such as trauma,
infection, obesity, genetics, metabolic syndrome, atherosclerosis,
endocrine system and estrogen abnormalities, and aging
(chondrocyte senescence, DNA damage, cartilage matrix aging,
oxidative stress, mitochondrial dysfunction, and autophagy) can
influence the development of OA (Berenbaum, 2013; Loeser, 2011;
Yusuf et al., 2010). Due to the complexity and serious impact of OA,
exploring new treatment methods and materials has become an
urgent task. MOFs has shown remarkable potential in the treatment
of osteoarthritis due to its unique structure and properties.

1.3.1 MOFs for immunomodulation
Macrophages, as key regulators of the inflammatory response

and important components of the innate immune system, can be
divided into two M1 and M2 subtypes, depending on their function.
In the early stages of the inflammatory response, M1 macrophages
destroy pathogens by enhancing immune activity, but this pro-
inflammatory response inhibits tissue regeneration if it persists for
too long. As inflammation progresses, M1-type macrophages
convert to M2-type and secrete anti-inflammatory cytokines such
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as interleukin 4, interleukin 10, and arginase 1 to alleviate excessive
inflammation. Qian et al. (2024) devised a core-shell structure
(SrCO3@ZIF-8) that generates ZIF-8 in-situ on the surface of
SrCO3, and utilized an organic ligand for ZIF-8 with poly
(L-lactide) to form a structurally robust composite scaffold
(Figure 6). The scaffold not only exhibited excellent mechanical
properties, but also promoted the conversion of M0-type
macrophages to M2-type macrophages by releasing Sr2+ and
Zn2⁺, decreased the expression of tumor necrosis factor, and
increased the expression levels of interleukin 10 and arginase1,
thereby optimizing the repair microenvironment and significantly
promoting the osteogenic differentiation of mouseMSCs. Chen et al.
(2022) utilized the immunomodulatory effect of AHT-Ce/Sr metal-
organic framework to achieve a decrease in the expression of
interleukin 1β and tumor necrosis factor α and an increase in the
M2 macrophage-associated marker CD206 in macrophages. Yan
et al. (2022) constructed fluorine-doped multifunctional zirconium-
based metal-organic skeleton thin films on titanium-based implants.
The fluorine-doped zirconium-based metal-organic skeleton
stimulated the release of fumaric acid and induced the
polarization of macrophages to M2 type. Rheumatoid arthritis
(RA), an important component of OA, often exhibits more
severe clinical symptoms and rate of progression. Inflammatory

infiltration and bone destruction are important pathological features
of RA originating from a disturbed ecological niche of macrophages.
RA is mediated by the disruption of the barrier function of
VSIg4 lined macrophages due to hyperactivation of complement
mediating the inflammatory infiltration within the joint. Tao et al.
(2023) designed the ZIF8@CRIg-CD59@HA@ZA nanoplatform to
address this issue. This recognized and blocked complement
membrane attack complex (MAC) on the healthy cell surfaces,
reducing the deposition of complement markers and osteoclast
inhibition. Moreover, this nanoplatform facilitated the
regeneration of VSIg4 synovial macrophages. The successful
application of this dual-targeted therapeutic vector indicates that
the restoration of the synovial macrophage ecological niche
represents an effective therapeutic strategy for RA. So, it can be
inferred that MOFs have ability to regulate macrophage activity,
inhibit inflammatory factors, promote the release of anti-
inflammatory factors, and optimize the repair of the
inflammatory microenvironment.

1.3.2 Targeted delivery of anti-inflammatory drugs
by MOFs

In terms of arthritis drug therapy, clinical choices are mostly
non-steroidal anti-inflammatory drugs (NSAIDs), glucocorticoid,

FIGURE 6
After 8 weeks of implanting PLLA, SrCO₃/PLLA, and SrCO₃@ZIF-8/PLLA scaffolds, the three-dimensional reconstruction images (A), H&E staining (B),
and Masson trichrome staining (C) of femoral defects are shown (Qian et al., 2024). Reproduced under the terms of the Copyright Clearance Center
(CCC) license. Copyright © 2024 Elsevier.
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anti-rheumatic drugs (DMARDs), and biologics that control pain
and inflammation (Feng and Chen, 2018). However, defects such as
poor water solubility, uncontrolled drug release, low cell
permeability and early degradation before reaching the target site,
and undesirable side effects significantly limit the bioavailability of
drugs (Majumder and Minko, 2021). MOFs, as highly efficient drug
carriers, have the advantage of being able to accurately control the
release of drugs, thanks to the fact that MOFs, in response to signals
from an external stimulus, change their own topology. This is mainly
because of when the MOFs receives the external stimulus response
signal, its topology, size and pore diameter will change, thus realizing

the precise control of drug release rate. The large specific surface area
of MOFs and the activation and protection of drugs can not only
significantly improve the therapeutic efficiency, but also significantly
reduce the systemic adverse reactions. For example, loading
ketoprofen into Mg metal organic framework significantly
reduced the expression of various pain related genes such
as cyclooxygenase, significantly upregulated osteoblasts, and
downregulated the secretion of pro-inflammatory factors
(Ge et al., 2021). Jiang et al. (2023) use ZIF-8 to deliver
Neobavaisoflavone (NBIFs), NBIF@ZIF-8 complexes with anti-
inflammatory effects were constructed. In addition, MOFs can

FIGURE 7
The MOF-TCP scaffolds exhibit in vitro antioxidative and anti-inflammatory activities. (A) The ROS fluorescence staining images are presented for
rBMSCs, chondrocytes, and RAW 264.7 cells cultured with scaffolds under H₂O₂ stimulation. (B) The expression of proinflammatory genes in
chondrocytes is shown (n = 3). (C) The expression of anti-inflammatory genes and proinflammatory genes in RAW 264.7 cells. *p < 0.05, **p < 0.01, ***p <
0.001 (Shu et al., 2023). Reproduced under the terms of the Copyright Clearance Center (CCC) license. Copyright © 2023 The Authors. Advanced
Science published by Wiley-VCH GmbH. Open access article.
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not only be used as carriers to carry anti-inflammatory drugs, but
also improve the therapeutic efficacy of drugs through on-demand
design. Xue et al. (2021) developed a dual drug delivery
nanoplatform based on MOFs loaded with rapamycin and
bilirubin-mesoporous dobutamine, and at the same time, this
system was affixed with a collagen II-targeting peptide on its
surface, which resulted in a significant enhancement of the
targeting to the cartilage. We can see the potential of MOFs as
efficient drug carriers in the treatment of arthritis. MOFs can
precisely control drug release, improve therapeutic efficacy and
reduce adverse reactions. These nano delivery systems are
expected to greatly improve the limitations of existing arthritis
drug treatments.

1.3.3 Scavenging of pro-inflammatory cytokines
and ROS by MOFs

The main pathological feature of osteoarthritis is the
accumulation of excessive pro-inflammatory cytokines and
reactive oxygen species at the joints, which can exacerbate bone
defects and hinder the regeneration of bone and cartilage tissues.
Therefore, the removal of pro-inflammatory factors is a direct and
effective therapeutic strategy for osteoarthritis. Shu et al. (2023) has
successfully developed a multi-functional scaffold, MOF-TCP, with
good biocompatibility and modulation of inflammation by
functionalizing βTCP scaffolds with Zn/Co-MOF. This nano
scaffold can simultaneously enhance the differentiation of
rBMSCs and the maturation of chondrocytes by eliminating
ROS-mediated inflammatory microenvironment and protect
them from oxidative stress, resulting in good regenerative
capacity and regenerative environment for osteochondral bone
(Figure 7). The exosome functionalized polylactic acid
hydroxyacetic acid copolymer/Mg gallic acid metal organic
framework scaffold prepared by Kang et al. (2022). This system
significantly reduced the levels of pro-inflammatory cytokine
induced nitric oxide synthase, cyclooxygenase-2, and reactive
oxygen species by releasing exosomes and gallic acid, effectively
suppressing harmful immune responses during osteogenesis. HIF-
2α plays a catabolic role in OA, and an increase in HIF-2α
exacerbated the chondrocyte response to hypoxia and the
expression of catabolic factors, cytokines, chemokines, and
MMPs in the synovium (Zhang et al., 2015; Pi et al., 2015; Yang
et al., 2010). Since HIF-2α has been shown to be a key pathogenic
target during OA progression, downregulation of HIF-2 α
expression in locally inflamed joints is important for the
treatment of OA cartilage (Pasupneti et al., 2020; Yang et al.,
2019). Zhang et al. (2023) constructed an injectable drug co-
delivery system by loading MIL-101-NH with Curcumin (CCM)
and anti-HIF-2α siRNA (siHIF-2α). In an acidic microenvironment,
the release of CCM and siHIF-2α from this scaffold has the potential
to alleviate the progression of HIF-2α gene silencing in
chondrocytes. This is achieved by a synergistic downregulation of
OA-associated catabolic markers and an upregulation of cartilage-
specific markers in chondrocytes, resulting in a merit therapeutic
effect. The above research demonstrates a novel treatment strategy
for osteoarthritis. By using MOFs systems to regulate inflammation,
promote cell differentiation and suppress harmful immune
responses, these novel scaffolds provide new possibilities for
improving treatment outcomes in patients with osteoarthritis.

The clearance of pro-inflammatory factors and reactive oxygen
species, as well as treatment strategies targeting HIF-2 α, are
expected to become important means of treating osteoarthritis in
the future.

2 Conclusion and prospect

MOFs exhibit a number of unique advantages compared to
other nanomaterials, such as their high specific surface area and
drug loading efficiency. This means that MOFs can accommodate
more drug molecules in their structure, which improves therapeutic
effectiveness. In addition, MOFs exhibit excellent chemical stability,
meaning that they are able to maintain their structural and
functional integrity in different chemical environments. MOFs
also perform well in terms of biosafety, as they do not cause
adverse reactions in living organisms, which is essential for
clinical applications. Another notable feature is the
pH responsiveness of MOFs, which are able to change their
structure or release drugs under different pH conditions,
enabling precision therapy. In addition to the above advantages,
MOFs can also be combined with a variety of other substances to
participate in the diagnostic or therapeutic process. For example,
they can be combined with specific gases such as hydrogen and nitric
oxide to treat the corresponding diseases. These gases can play an
important role in the treatment process, such as anti-inflammatory,
antioxidant, etc. In addition, MOFs can be combined with gene
therapy techniques to serve as high-capacity vectors for the delivery
of specific gene segments. This combination opens up new
possibilities for gene therapy, allowing gene fragments to be
delivered more efficiently into target cells.

Although much has been summarized in the manuscript about
the application of MOFs to orthopedic diseases, in reality, the
application of MOFs extend far beyond orthopedic diseases. In
the medical field, the application prospects of MOFs are very broad,
including but not limited to drug delivery, biological imaging, cancer
treatment, antibacterial applications, etc. However, MOFs face some
challenges before they can be used in the clinic. Researchers need to
establish standardized biosafety evaluation criteria to ensure the
safety and effectiveness of MOFs in vivo. In addition, safety
evaluation in animals is needed to further verify the feasibility of
its clinical application. In order for MOFs to be widely used in the
clinic, researchers also need to develop newmethods for making and
storing MOFs. These methods should not only reduce production
costs, but also ensure the stability and effectiveness of MOFs in
clinical applications. In addition, broadening the application
scenarios of MOF is also the part we need to focus on. In the
future, we should continue to optimize and improve the physical
structure and chemical properties of MOFs to achieve its
comprehensive application in more fields. Through these efforts,
MOFs are expected to become an important nanomaterial in the
future, bringing revolutionary changes to the field of medicine.
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Dual-phase SilMA hydrogel: a
dynamic scaffold for sequential
drug release and enhanced spinal
cord repair via neural
differentiation and
immunomodulation
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Introduction: Spinal cord injury (SCI) is a severe central nervous system disorder
that results in significant sensory, motor, and autonomic dysfunctions. Current
surgical techniques and high-dose hormone therapies have not achieved
satisfactory clinical outcomes, highlighting the need for innovative therapeutic
strategies.

Methods: In this study, we developed a Dual-Phase Silk Fibroin Methacryloyl
(SilMA) hydrogel scaffold (DPSH) that incorporates PLGA microspheres
encapsulating neurotrophin-3 (NT-3) and angiotensin (1-7) (Ang-(1–7)). The
DPSH is designed for temporally controlled release of therapeutic agents to
reduce inflammation during the acute phase of SCI and to promote neuronal
differentiation and axonal regeneration in later stages.

Results: Comprehensive characterization of the DPSH revealed a highly porous
architecture, suitable mechanical properties for spinal cord tissue, and stability
unaffected by the incorporation of microspheres and drugs. In vitro studies
demonstrated that Ang-(1–7) significantly induced M2 microglia polarization
by 1.8-fold (p < 0.0001), effectively reducing inflammation. Additionally, NT-3
enhanced neural stem cell differentiation into neurons by 3.6-fold (p < 0.0001). In
vivo experiments showed that the DPSH group exhibited significantly higher
BassoMouse Scale (BMS) scores (p < 0.0001), enhancedmotor function, reduced
astrocyte scarring by 54% (p < 0.05), and improved neuronal survival and
regeneration.

Discussion: These findings underscore the therapeutic potential of the DPSH
scaffold for SCI repair, presenting a novel strategy to enhance neural recovery
through a combination of immunomodulation and neuroprotection.

KEYWORDS

spinal cord injury, SilMA hydrogel, neurotrophin-3, angiotensin-(1–7),
immunomodulation, neural differentiation
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1 Introduction

Spinal cord injury (SCI) is a severe central nervous system
disorder with a poor prognosis, often resulting from traumatic
incidents such as traffic accidents or falls from heights. It can also be
caused by inflammation or tumors. SCI can lead to significant sensory,
motor, or autonomic dysfunctions, drastically reducing patients’ quality
of life and imposing a heavy economic burden on families and society. In
mammals, SCI triggers numerous pathological changes, including
blood-brain barrier dysfunction, thrombosis, and neuronal death
(Silva et al., 2021; Silva et al., 2014). Currently, clinical treatments for
SCI include surgical and pharmacological approaches, but their
effectiveness is limited. Surgical treatment cannot fully restore the
anatomical structure of the damaged spinal cord and only addresses
part of the primary injury, while oral or intravenous medications face
challenges crossing the blood-spinal cord barrier to produce significant
effects (Sanchez-Dengra et al., 2023; Shultz and Zhong, 2021).

Cell transplantation and in situ drug delivery are more effective
strategies, providing cellular and nutritional support to the injured
area (Lai et al., 2019; Ma et al., 2018). However, due to the lack of
connectivity in the damaged region, transplanted cells or drugs
struggle to establish cycles, preventing them from exerting their full
potential (Sensharma et al., 2017).

SCI progresses through primary and secondary phases. The primary
injury results from the initial trauma, causing mechanical disruption of
the spinal cord’s anatomical continuity, blood-spinal barrier damage,
local edema, hemorrhage, ischemia, inflammatory cell infiltration, and
axonal demyelination. The secondary injury, triggered by the primary
injury, involves continued edema, ischemia, inflammatory cell
infiltration, further cell death, and the release of toxic substances (Jin
et al., 2021; Zhou et al., 2023). These processes promote the formation of
cystic cavities and glial scars, which hinder axonal regeneration and
functional recovery (McDonald and Sadowsky, 2002; Ahuja et al., 2017;
O’Shea et al., 2017; Sofroniew, 2018).

Microglia, the central nervous system’s macrophages, activate in
response to SCI, re-leasing chemokines that attract immune cells to
the injury site and exacerbate local dam-age. Activated microglia can
polarize into M1 (pro-inflammatory) and M2 (anti-inflammatory)
phenotypes. M1 microglia secrete TNF-α and IL-6, inducing
inflammatory cascades, while M2 microglia secrete IL-10 and IL-4,
alleviating inflammation and promoting repair (Orihuela et al., 2016).
Currently, it is believed that cell death and scar formation due to an
excessive local inflammatory response after spinal cord injury are
significant barriers to nerve repair. Therefore, reducing
M1 polarization of microglial cells and promoting M2 polarization
after the injury to inhibit the local inflammatory response is a crucial
research direction in spinal cord injury repair (Okada et al., 2022).

Studies show that anti-inflammatory factors such as IL-4, IL-10,
and Ang-(1–7) can reduce inflammatory cell activation and acute
inflammatory responses early in SCI, creating a favorable
environment for repair (Saraiva and O’Garra, 2010; He et al.,
2020; Pan et al., 2021; Gu et al., 2023). Neurotrophic factors like
paclitaxel, NT-3, and NT-4 promote neuronal differentiation
and axonal regeneration (NGF, 2014; Bao et al., 2022; Yan et al.,
2023; Fukuyama et al., 2024). However, endogenous repair
mechanisms often fall short due to insufficient recruitment of
endogenous neural stem cells and excessive differentiation into
astrocytes, forming glial scars that impede repair (Murk et al.,

2013; Blanco-Suarez et al., 2017; Zhou et al., 2019; Endo et al.,
2022; Hellenbrand et al., 2021).

Hydrogels are a polymer material with a three-dimensional
network structure, using water as the dispersion medium, which
is both biocompatible and degradable (Yuan et al., 2021). Hydrogel
itself can mimic the natural extracellular matrix to fill the damaged
area and improve the microenvironment of the damaged area. It can
also act as a carrier for seed cells and active factors, helping seed cells
to colonize and proliferate, promoting the reconnection of damaged
spinal cord tissues, helping to bridge the gap at the injury site and re-
establishing nerve conduction, and achieving sustained drug release.
In current tissue engineering research for spinal cord injury
treatment, hydrogel primarily serves the following roles: First, it
provides three-dimensional spatial support for neuronal
regeneration and axonal extension, facilitating cell growth,
proliferation, and migration, and promoting neural
reconstruction (Chedly et al., 2017; Silva et al., 2023); Second,
hydrogel acts as a carrier, delivering stem cells to the injury site,
thereby reducing cell loss (Peng et al., 2023). Third, hydrogel slowly
releases bioactive factors or chemical drugs, ensuring continuous
and stable release for improved therapeutic effects (Luo et al., 2021).
Additionally, proteins or extracellular matrix components such as
hyaluronic acid and filipin proteins, known for their
biocompatibility and tissue affinity, and suitability for chemical
and structural modifications (Gao et al., 2022), have also been
used to synthesize hydrogel scaffolds. Currently, synthetic
hydrogel raw materials commonly used in tissue engineering
include polyacrylic acid and its derivatives, polyvinyl alcohol, and
polyester (Anderson et al., 2018; Ranganathan et al., 2018; Han et al.,
2022; Cai et al., 2023; Xiao et al., 2023).

Silk fibroin (SF) derived fromprocessed silkworm silk is a promising
biomaterial with excellent degradability, biocompatibility, and high
tensile strength (Wen et al., 2016; Hoque et al., 2019). However, its
water-insolubility and limited processability can restrict its applications.
Methacrylated silk fibroin (SilMA), a modified form of SF, addresses
these limitations by offering improved water solubility and the ability to
be crosslinked into a gel under UV light. UV crosslinking allows for
precise control over the gelation process, enabling tunable mechanical
properties and rapid fabrication, making it particularly advantageous for
biomedical applications. This approach also facilitates the incorporation
of bioactive molecules and cells during gel formation, preserving their
functionality. SilMA hydrogels combine the structural benefits of silk
fibroin with the functional properties of hydrogel materials, such as
controlled degradation and mechanical adaptability, making them a
highly versatile and promising option for tissue engineering and
regenerative medicine.

This study constructs a Dual-Phase SilMA hydrogel scaffold
(DPSH), incorporating PLGA microspheres encapsulating
neurotrophin-3 (NT-3) and angiotensin (Silva et al., 2021; Silva
et al., 2014; Sanchez-Dengra et al., 2023; Shultz and Zhong, 2021; Lai
et al., 2019; Ma et al., 2018; Sensharma et al., 2017) (Ang-(1–7), and
neural stem cells. The hydrogel’s degradation, in conjunction with
PLGA microspheres, enables sequential drug release. Ang-(1–7) is
released early to reduce inflammation and protect neurons, followed
by the release of neurotrophic factors to promote neuronal
differentiation and axonal regeneration. This precise regulation
aims to neural function recovery post-SCI, offering a novel
therapeutic approach.
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2 Materials and methods

2.1 Experimental animals

Experimental animals were purchased from Beijing Viton Lihua
Company, 6–8 weeks old C57BL/6J female mice, weighing 18–25 g.
All animal procedures were approved by the Ethics Committee of
Shandong University (Approval No. ecsbmssdu24019). During the
experiment, the mice were housed in the SPF-grade animal room of
Shandong University Experimental Animal Center with sufficient
feed and water. The mice could freely eat, the temperature was set at
20°C–25°C, and the relative humidity was set at 40%–60%. The
feeding and experimental handling process of the mice complied
with the “Regulations on the Administration of Laboratory
Animals” by the National Science and Technology Com-mission
and fully followed the regulations of the Ethics Committee of
Shandong University. All operators were trained according to
relevant guidelines and regulations.

2.2 Experimental materials

The batch names, brands, and catalog numbers of all materials
and reagents used in this study are detailed in Table 1.

2.3 Preparation of SilMA hydrogel and PLGA
microspheres

All SilMA hydrogels used in this study were purchased from
Engineering For Life and were prepared for both in vitro and in vivo
experiments through dissolution, filtration for sterilization, and UV
cross-linking.

2.3.1 Preparation of SilMA hydrogel
A 0.25% (w/v) initiator solution was prepared by dissolving

0.05 g LAP in 20 mL PBS, heating in a 40°C–50°C water bath for
15 min, and shaking occasionally. An 8% SilMA hydrogel solution
was created by weighing the required amount of SilMA, placing it in
a centrifuge tube, and adding the initiator solution. The solution was
dissolved at room temperature for 30 min, with occasional stirring.
The SilMA solution was sterilized using a 0.22 μm sterile needle filter
in a clean bench. The SilMA solution was injected into well plates
(50 μL/well for 96-well plates, 100 μL/well for 48-well plates, and
300 μL/well for 24-well plates) and was irradiated with a 405 nm
light source for 30 s to gel. Culture medium was added to cover the
gel, incubated at 37°C for 5 min, then washed and the medium was
removed. A cell suspension was added for culturing. For in vivo
hydrogel scaffolds, the filtered solution was cross-linked with light
and trimmed to the appropriate size. To ensure that all hydrogels
experienced the same amount of UV energy during crosslinking, a
standardized UV exposure protocol was used. Specifically, a uniform
UV intensity was applied using a calibrated light source positioned
at a fixed distance from the samples, ensuring consistent energy
delivery. Additionally, the exposure time was precisely controlled for
all samples to maintain consistent crosslinking. This method
minimized variability in gelation and mechanical properties,
ensuring reproducibility across experiments.

2.3.2 Preparation of PLGA microspheres
5 mg of NT-3 was dissolved in 1 mL deionized water (aqueous

phase) and 100 mg of polylactic acid was dissolved in 4 mL
dichloromethane and 1 mL acetone (organic phase). The aqueous
and organic phases were mixed, then ultrasonicated in an ice bath at
100 W for 1 min to form a uniform dispersion. The mixture was
slowly injected into 25 mL of 1% polyvinyl alcohol solution, and
sonicated in an ice bath at 200W for 3 min to form an emulsion. The
emulsion was stirred at low speed (400 rpm) for 3–5 h to allow
complete dispersion of dichloromethane and acetone. It was frozen
and centrifuged at high speed (12000 rpm, 20 min) to separate the
PLGA microspheres, which were washed three times with deionized
water. The microspheres were freeze-dried, sterilized at 60°C, and
stored at 4°C.

2.4 Preparation of DPSH scaffold

Using the same method as for SilMA hydrogel, an 8% hydrogel
solution was prepared, dissolved thoroughly, and filtered for
sterilization. Then, 10 μg/ml PLGA microspheres containing NT-
3 and 5 μg/ml Ang-(1–7) were added to the neural stem cell pellet.
The mixture was mixed well and injected into well plates, irradiated
with a 405 nm light source for 30 s to gel. The same steps were
followed for further processing.

TABLE 1 Materials used in the experiment.

Materials Catalog
number

Company
name

DMEM Cat#10566016 Gibco

B-27 Cat#17504044 Gibco

Penicillin-streptomycin Cat#15140163 Gibco

Stem Pro Accutase Cat#1110501 Gibco

papain Cat#G8430 Solarbio

DNAse Cat#D8071 Solarbio

PBS Cat#P1022 Solarbio

FBS Cat#SA101.02 CellMax

DAPI Cat#C0065 Solarbio

Triton X-100 Cat#T8200 Solarbio

TWEEN-20 Cat#T8220 Solarbio

BSA Cat#ST023 Beyotime

CCK-8 Cat#C0042 Beyotime

Calcein/Pl Cat#C2015M Beyotime

Anti-beta lIl Tubulin
antibody

Cat#ab215037 Abcam

GFAP (GAS) Mouse mAb Cat#3670 CST

SilMA Cat# EFL-SilMA-001 Engineering For Life

Ang- (1–7) Cat#12403 Sigma

LPS Cat#L3024 Sigma

NT-3 Cat#N1905 Sigma
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2.5 Characterization of SilMA hydrogel and
PLGA microspheres

2.5.1 SilMA hydrogel characterization
The mechanical properties of the hydrogel were measured at

25°C using a HAAKE MARS rheometer, calculating the elastic
modulus (G′) and viscous modulus (G″). Mechanical properties
were analyzed with a GT TCS-2000 single-column tester. Samples
(n = 3) were formed into cylinders of 10 mm diameter and 3 mm
height and tested at a 1 mm/min compression speed to determine
the Young’s modulus from the strain-stress curve slope. For the
rheological characterization of the SilMA hydrogel, dynamic
rheology experiments were conducted using a HAAKE MARS III
photorheometer equipped with a parallel-plate geometry (P20 TiL,
20-mm diameter). Time-sweep oscillatory tests were performed
under a 10% strain (in CD mode) with a frequency of 1 Hz and
a 0.5 mm gap over 180 s.

2.5.2 PLGA microspheres characterization
The size and morphology of PLGA microspheres were observed

under a scanning electron microscope (SEM, Philips XL-30) at a
10 kV acceleration voltage.

2.5.3 In vitro drug release
20 mg of each drug-loaded material was weighed, dissolved in

20 mL PBS (Wu et al., 2022), and incubated at 37°C on a constant
temperature shaker. At specified intervals (1, 3, 7, 14, 21, 28, 35, 42,
49, and 56 days), the samples were centrifuged at 2000 rpm for
10 min, 1 mL of supernatant was removed, replaced with fresh PBS,
and incubation continued. All supernatants were collected and drug
content was measured using ELISA kits, plotting the drug release
curve over time. This process has the potential to alter the drug
concentration and the driving force for release. To ensure accuracy,
we factored in both the amount of drug present in the removed PBS
and the concentration remaining in the hydrogel. By doing so, we
adjusted for any dilution effect caused by the PBS replenishment.
This approach allowed us to accurately track the cumulative drug
release over time, even as PBS was refreshed. The resulting release
profile reflects the actual total drug release, maintaining the integrity
of the study despite the replenishment process.

2.6 Cell culture

The water bath was preheated to 37°C. Frozen cells were
retrieved from −80°C storage and thawed quickly in the water
bath, shaking gently until ice crystals dissolved. The vial was
disinfected with 75% alcohol, placed in a sterile workbench, and
the cell suspension was transferred to a 10 mL centrifuge tube with
4 mL complete medium. The tube was centrifuged at 1000 rpm for
3 min, the supernatant was removed, and the cells were
resuspended in 1 mL complete medium and plated in a 6 cm
culture dish with 3 mL complete medium. When cells reached
70%–80% confluence, sterile PBS, trypsin, and complete medium
were warmed in a 37°C water bath. The medium was removed, the
cells were washed with 1 mL PBS twice, and 1 mL trypsin was
added. The cells were incubated until they began to detach.
Digestion was stopped with 2 mL complete medium, the cells

were collected in a 10 mL centrifuge tube, and centrifuged at
1000 rpm for 3 min. The cells were resuspended in complete
medium, replated, and incubated at 37°C, 5% CO2. When cells
were in good condition, sterile PBS, trypsin, and complete medium
were prepared as described. Cells were detached with trypsin,
digestion was stopped, the cells were centrifuged, and
resuspended in 900 µL fetal bovine serum and 100 µL DMSO.
The suspension was transferred to cryovials, placed in a freezing
container, and stored at −80°C.

2.7 Isolation and culture of mouse neural
stem cells

Instruments and materials were sterilized, plates were prepared
with poly-L-lysine, and all required solutions were readied in a
sterile environment. Pregnant mice were euthanized, disinfected in
75% alcohol, and transferred to a sterile workbench. Embryos were
extracted, and their heads were placed in pre-cooled high-glucose
medium. The cerebral cortex was isolated, removing meninges and
other tissues, and transferred to new dishes for mincing. The
samples were centrifuged at 1200 rpm for 5 min, resuspended in
papain and DNAse, digested at 37°C, and then centrifuged again.
The solution was filtered through a 40μm mesh, and the cells were
counted. Cells were plated in T75 flasks with proliferation medium,
incubated at 37°C, 5% CO2, and the medium was changed as needed.
Cells were passaged when neurospheres grew large and opaque.
Finally, cells were plated in differentiation medium with hydrogel
scaffolds in Transwell inserts.

2.8 CCK8 assay

Neural stem cells were plated in 96-well plates with varying
concentrations of SilMA hydrogel solution. The cells were incubated
for 3 days, after which the medium was replaced with medium
containing 10% CCK8 reagent. The plates were incubated for 2 h,
and absorbance was measured at 450 nm.

2.9 Microglia inflammation induction
and staining

BV2 microglial cells were plated on poly-L-lysine-coated 24-
well plates, and inflammation was induced using
lipopolysaccharide (LPS) to activate the cells. Simultaneously, a
Transwell system was used, with a drug-loaded hydrogel placed in
the upper chamber and BV2 cells in the lower chamber, to assess
the hydrogel’s impact on inflammation over 24 h. After 24 h of co-
culture with the hydrogel, the BV2 cells were fixed, permeabilized,
and blocked. The cells were incubated with primary antibodies
(anti-iNOS for M1 macrophages, anti-ARG-1 for
M2 macrophages) and then with fluorescently labeled secondary
antibodies (488 anti-mouse, 555 anti-rabbit). Finally, the nuclei
were stained with DAPI, and the cells were observed under a
fluorescence microscope to evaluate the expression of
inflammatory markers and the effect of the hydrogel on
inflammation.
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2.10 Live/dead cell staining

After culturing the cells with 1% SilMA hydrogel for 3 days, the
cells were stained with Calcein AM/PI, incubated, and observed
under a fluorescence microscope.

2.11 Neural stem cell differentiation
and staining

To differentiate neural stem cells with hydrogel scaffolds, a
Transwell system was used for a 7-day co-culture. The
hydrogel scaffold was placed in the upper chamber, and
neural stem cells were placed in the lower chamber,
allowing for sustained release of therapeutic agents from the
hydrogel while maintaining proximity to the cells. After
7 days of co-culture, the cells were fixed, permeabilized, and
blocked. Next, the cells were incubated with primary antibodies
(anti-Tuj-1 to identify neurons, anti-GFAP to identify
astrocytes) to assess differentiation. Following primary
antibody incubation, the cells were treated with appropriate
secondary antibodies, their nuclei were stained with DAPI,
and they were observed under a fluorescence microscope to
evaluate the extent of neural differentiation and
astrocyte formation.

2.12 In vivo degradation of hydrogel

Mice were acclimated, instruments were sterilized,
and subcutaneous implantation of 100 μg hydrogel was
performed. Post-surgery, antibiotics were administered, and
hydrogel degradation was measured at set intervals.

2.13 Establishment of mouse SCI model

After a 1-week acclimatization period, mice were anesthetized
with isoflurane (RWD, R510-22, Guangdong, China) to establish a
spinal cord injury model. A longitudinal incision was made over the
T10 vertebra, the muscles were gently separated, and the T9-T11
spinal segments were exposed. A complete laminectomy at T10 was
performed, followed by a 2 mm complete transection of the spinal
cord. Successful model establishment was confirmed, and the
incision was sutured in layers.

2.14 Behavioral testing

BMS scores were evaluated using the BMS mouse scale
guidelines at pre-SCI, day 1, day 7, and weekly up to 8 weeks
post-SCI by three blinded observers. Prior to testing, mice were
acclimatized to the testing environment. The open field was
surrounded by a trans-parent glass plane, enabling observers to
assess hind limb joint movement, weight sup-port, plantar stepping,
and coordination. BMS scores ranged from 0 (no ankle movement)
to 9 (full recovery) and were recorded to measure hind limb
motor function.

2.15 Preparation of frozen sections

Mice were transcardially perfused with pre-cooled PBS until
the effluent from the right atrium was clear and the liver appeared
pale. Subsequently, pre-cooled 4% para-formaldehyde was
perfused, and the spinal cord was harvested. Spinal cord
tissues were fixed overnight at 4°C in 4% paraformaldehyde,
dehydrated in sucrose solution, embedded in OCT, and
sectioned at 10 μm thickness using a cryostat (Leica,
CM3050S, Germany). Sections were cut at a thickness of
10 μm to balance tissue detail and structural integrity. The
cryostat temperature was set at −20°C to prevent ice crystal
formation and tissue damage.

2.16 Immunohistochemical staining

The frozen sections were rinsed with distilled water for
10 min to remove excess embedding medium. A histochemical
pen was used to outline the areas for staining. The sections were
placed in a humid chamber, and a blocking and permeabilization
solution containing 5% BSA and 0.5% Triton X-100 was added.
The sections were incubated at room temperature for 1 h to block
non-specific antigen sites and permeabilize the cells. After
blocking, primary antibodies, including anti-Tuj-1 antibody
(1:200), anti-GFAP antibody (1:200), anti-iNOS antibody (1:
200), and anti-Arg-1 antibody (1:200), were applied to the
sections. The sections were covered with a coverslip and were
incubated overnight at 4°C. The next day, the sections were
washed three times with TBST solution for 5 min each.
Fluorescent secondary antibodies, including 488 anti-mouse
antibody (1:400) and 555 anti-rabbit antibody (1:400), were
applied to the sections, followed by a 1-h incubation at room
temperature in the dark. The sections were washed three times
with TBST solution for 5 min each to remove residual secondary
antibodies. An appropriate amount of DAPI-containing antifade
mounting medium was added to the spinal cord sections. A
coverslip was carefully placed on top, ensuring no air bubbles
were trapped. The edges of the coverslip were sealed with nail
polish. Immunofluorescence staining was observed under a
fluorescence microscope, and images were captured for
further analysis.

2.17 Hematoxylin and eosin staining

Frozen sections were rinsed with distilled water three times
for 5 min each to remove excess embedding medium. The
sections were placed in hematoxylin stain for 2 min, then
were rinsed under running water until the tissue turned blue.
The sections were dipped in 1% hydrochloric acid alcohol for
approximately 3 s, then were rinsed under running water for
1 min. The sections were stained with eosin for 3 min, followed
by a 1-min rinse under running water. Sequentially, the sections
were placed in 80% ethanol, 95% ethanol, and absolute ethanol
for 5 min each. The sections were transferred into xylene I and
xylene II, each for 5 min. The sections were mounted with
neutral resin and observed under a microscope.

Frontiers in Bioengineering and Biotechnology frontiersin.org05

Zhang et al. 10.3389/fbioe.2024.1501488

119

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1501488


2.18 Protein extraction

The lysis buffer, containing RIPA and PMSF in a 1000:
1 ratio, was prepared and kept on ice. The culture medium
was discarded, and the cells were rinsed with PBS. Lysis buffer
was added to the cells, and they were incubated on ice for
10 min. The cells were scraped into 1.5 mL centrifuge tubes
and were sonicated for 1 min. Fresh spinal cord tissue was
collected from the injury site and adjacent segments (each
0.5 mm), placed in 1.5 mL centrifuge tubes on ice, lysis
buffer was added, and the tissue was homogenized until no
visible fragments remained. The lysates were incubated on ice
for 10 min. The centrifuge was pre-cooled to 4°C, and the lysates
were centrifuged at 12000 rpm for 30 min. The supernatant was
transferred to a new tube, and the protein concentration was
determined. Loading buffer was added, the solution was heated
at 95°C for 10 min to denature the proteins, and the samples
were stored at −20°C.

2.19 BCA protein assay

A series of BSA standards with an initial concentration of
5 mg/ml and final concentrations ranging from 0.078125 mg/ml
were prepared. Reagent A and reagent B were mixed in a 50:
1 ratio to prepare the BCA working reagent. 20 μL of each
standard and protein sample were added to a 96-well plate,
followed by 200 μL of BCA working reagent in each well. The
mixture was incubated at 37°C for 30–40 min, avoiding light.
Absorbance was measured at 562 nm using a microplate reader,
and protein concentrations were calculated from the
standard curve.

2.20 Western blot analysis

The gel apparatus and glass plates were assembled, filled with
water, and checked for leaks. Once confirmed leak-free, the gel
preparation was started. SDS-PAGE gels, appropriate for the target
protein’s molecular weight, were prepared. The separating gel was
poured between the glass plates and overlaid with water, then
allowed to polymerize for 30–60 min. After removing the water,
the stacking gel was added, and the comb was inserted. The gel was
allowed to polymerize completely. Frozen protein samples were
thawed on ice and loaded into the gel wells along with the protein
ladder as a molecular weight marker. The gel was run at 80 V until
the samples entered the separating gel, then the voltage was
increased to 120 V until the dye front reached the bottom. The
gel apparatus was disassembled, and the gel was trimmed. The
PVDF membrane was activated in methanol. The transfer sandwich
was assembled, and proteins were transferred at 100 V constant
voltage. The membrane was blocked with 5% BSA in TBST for 1 h at
room temperature to prevent non-specific binding. The membrane
was incubated overnight at 4°C with primary antibodies (e.g., anti-β-
actin, anti-iNOS, anti-Arg-1, anti-GFAP, anti-Tuj-1, all at 1:
1000 dilution). The membrane was washed three times with
TBST and incubated with HRP-conjugated secondary antibodies
(goat anti-rabbit IgG or goat anti-mouse IgG, 1:10,000) for 1 h at

room temperature. The ECL detection reagent was prepared
according to the manufacturer’s instructions, applied to the
membrane, and the protein bands were visualized using a
chemiluminescence imaging system.

2.21 Statistical analysis

All data were analyzed with GraphPad Prism 8.0 (GraphPad
Software, USA), and the values are presented as the mean ± standard
error of the mean (SEM); each value represents the average of three
independent experiments. Statistical significance was deter-mined
by the independent sample t-test when two groups were being
compared, by one-way analysis of variance (ANOVA) followed
by Bonferroni post hoc analysis for multiple comparisons when
three or more groups were being compared. Statistical significance is
defined as P < 0.05, with * indicating P < 0.05, ** indicating P < 0.01,
*** indicating P < 0.001, **** indicating P < 0.0001. Non-significant
differences are marked as ns.

3 Results and discussion

3.1 Material characterization

The images showing appearance changes before and after
hydrogel formation are presented in Figure 1B. To assess
whether the structure of SilMA hydrogel is suitable for carrying
drugs and cells for spinal cord injury repair, its microstructure was
examined using scanning electron microscopy (SEM). The results
showed that the SilMA hydrogel exhibits a porous network structure
with high porosity (Figure 1C). This structure is capable of carrying
drugs, cells, and microspheres, serving as a channel for material
exchange within the body and providing the necessary space for
injury repair.

Due to the excellent biocompatibility and biodegradability of
poly (lactic-co-glycolic acid) (PLGA), PLGA microspheres were
used in this study to encapsulate NT-3. This approach prevents
the rapid release of NT-3 in vivo, ensuring its prolonged presence at
the injury site, particularly maintaining high concentrations during
the later stages of repair. SEM observations revealed that the
microspheres were well-dispersed without aggregation
(Figure 1D). Analysis of SEM images using ImageJ software
determined that the size and particle size distribution were
approximately 200 μm (Figure 1E). This indicates that the
microspheres can be evenly distributed within the hydrogel and
released gradually as the hydrogel degrades, thereby achieving
sustained drug release. These results demonstrate that well-
formed NT-3-loaded PLGA microspheres were successfully
fabricated for this study.

We also tested the Energy, Intensity, Absorbance, and Swelling
rate of the hydrogels, both with and without drug loading. The
results showed no significant differences be-tween the drug-loaded
hydrogels and the standard SilMA hydrogels (Figures 1F–I). X-ray
diffraction (XRD) patterns further confirmed that the diffraction
peak positions and intensities remained unchanged across the three
hydrogel groups, indicating that the in-corporation of drugs and
PLGA microspheres did not alter the protein structure of the SilMA
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FIGURE 1
Preparation and Characterization of SilMA Hydrogel. (A) Schematic diagram of 4-Dimensional SilMA Hydrogel synthesis steps (B) Images of SilMA
hydrogel before and after formation. (C) SEM images of SilMA hydrogel, scale bar = 20 μm. (D) SEM images of NT-3 encapsulated PLGA microspheres,
scale bars = 500 μm (left) and 200 μm (right). (E) Particle size distribution of PLGA microspheres. (F) Energy profiles of SilMA hydrogels with different
components. (G) X-ray diffraction patterns of SilMA hydrogels with different components. (H) Absorbance spectra of SilMA hydrogels with different
components. (I) Swelling rates of SilMA hydrogels with different components. (J) Maximum compressive strength of SilMA hydrogels with different
components. (K) Young’s modulus of SilMA hydrogels with different components.
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hydrogels (Figure 1G). Additionally, the Young’s modulus and
maximum com-pressive strength of the SilMA, SilMA/Ang-(1–7),
and SilMA/Ang-(1–7)/NT-3 hydrogels showed no significant
differences (Figures 1J,K). This suggests that the addition of
drugs and PLGA microspheres does not adversely affect the
mechanical properties of the hydrogels. In summary, the 8%
concentration of SilMA hydrogel demonstrated the best
structural integrity during handling and exhibited optimal
mechanical properties suitable for further experimental
applications. This concentration was robust enough to support
subsequent cellular interactions and drug release studies while
also ensuring adequate diffusion of therapeutic agents. Based on
these visual observations and practical evaluations, the 8%
concentration was chosen for all subsequent experiments, as it
provided the right balance between handling ease and
experimental consistency, making it ideal for both in vitro and in
vivo settings.

3.2 Biocompatibility and cytotoxicity of
SilMA hydrogel

The biocompatibility of a material is a crucial factor influencing
its potential applica-tions. The CCK8 assay is a commonly used
method for analyzing cell proliferation. To determine whether
SilMA affects the proliferation of neural stem cells, the cells were
cultured in media containing different concentrations of SilMA
under in vitro conditions. After 3 days of culture, the
CCK8 reagent was added to assess cell proliferation. The results

showed that only in the group with a SilMA concentration higher
than 16% was the proliferation of neural stem cells inhibited. No
statistically significant differences were observed between the lower
concentration experimental groups and the control group
(Figure 2A). This indicates that SilMA has good
biocompatibility and confirms that using an 8% concentration
in this study is safe.

Besides the effect on proliferation, it is crucial to assess whether
the material causes cytotoxicity, leading to cell death, as this is a
critical factor for the success of transplantation. Live/Dead staining
is a method used to assess cell viability based on esterase activity and
membrane integrity. Commercial kits facilitate this analysis using
the dual fluorescence staining method of Calcein-AM (Calcein) and
Propidium Iodide (PI). Calcein-AM stains live cells green, while PI
stains dead cells red. Similar to the previous method, after 3 and
7 days of culture, no significant cell death was detected, indicating
that SilMA has excellent biosafety and does not cause tissue cell
death when implanted in vivo (Figure 2C).

3.3 Degradation of SilMA hydrogel

During the acute and subacute phases of spinal cord injury, the
local environment undergoes significant changes, including severe
bleeding, ischemia, and cell necrosis. Hydrogels implanted at the
injury site can fill the damaged area and help stop bleeding, thereby
reducing secondary damage. However, the degradation rate of the
hydrogel is crucial for spinal cord repair. If it degrades too quickly, it
will lose its function as a filler; if it degrades too slowly, it can

FIGURE 2
Degradation Rate, Sustained Release Capability, and Biocompatibility of SilMA Hydrogels. (A) CCK8 assay results of neural stem cells cultured with
SilMA hydrogels at different concentrations. (B) Degradation images of SilMA hydrogels in mice over the first 4 weeks. (C) Live/dead staining results of
neural stem cells co-cultured with SilMA hydrogels, scale bar = 100 μm. (D)Degradation curve of SilMA hydrogels in mice over the first 4 weeks. (E) Drug
release curves of SilMA hydrogels loaded with Ang-(1–7) and NT-3 encapsulated in PLGA microspheres.
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interfere with normal tissue regeneration and impede repair. To
assess the in vivo degradation of SilMA hydrogel, it was implanted
subcutaneously in mice (n = 3 per group) and observed for 4 weeks.
The results showed that the hydrogel gradually degraded over this
period, reaching 62% of its original size by the fourth week (Figures
2B, D). This indicates that the SilMA hydrogel can provide long-
term support during the spinal cord injury repair process. We
initially chose subcutaneous injection for degradation studies due
to its simplicity and standardization. However, recognizing that in-
situ injection at the spinal cord injury site would more accurately
represent real conditions, we will adapt this approach in future
studies. Furthermore, While the 28-day results clearly showed that
the hydrogel underwent significant degradation, leading to the
effective release of Ang-(1–7) and achieving our early anti-
inflammatory objectives, we recognize the importance of
monitoring the hydrogel’s performance over a more extended
period. Future studies will include longer-term degradation
assessments, such as up to 8 weeks, to provide a more
comprehensive understanding of the hydrogel’s stability and its
sustained release profile, especially concerning the prolonged effects
of NT-3 on neural regeneration. In general, PLGA degradation can
take several weeks to months, providing a sustained release profile
for encapsulated agents like NT-3. In our study, although we did not
directly measure PLGA degradation rates, similar experiments (Jusu
et al., 2020) suggests that PLGA with similar properties to what was
used in our system undergoes gradual hydrolysis, which would
release NT-3 over an extended period. This slow degradation is
essential for ensuring the availability of NT-3 during the later stages
of SCI repair, when neuronal differentiation and axonal
regeneration are critical for functional recovery. By delivering
NT-3 in a controlled and sustained manner, PLGA microspheres
help maintain a neurotrophic environment, supporting long-term
tissue regeneration.

3.4 Drug release of Ang-(1–7) and NT-3

The local accumulation of endogenous neurotrophic and anti-
inflammatory factors is insufficient to mitigate the adverse effects of
spinal cord injury, making drug delivery and release a critical aspect of
the repair process. The release profiles of the two drugs incorporated
into the SilMA hydrogel were assessed using ELISA kits. As shown in
Figure 2E, the hydrogel released over 40% of Ang-(1–7) within the first
3 days and nearly all of it within 7 days. This indicates that the SilMA
hydrogel has excellent substance ex-change capabilities, enabling a
substantial early release of Ang-(1–7) to inhibit local inflammatory
responses and improve the inflammatory microenvironment at the
injury site. This helps reduce inflammation, protect nerve cells, and
create a favorable environment for subsequent neural repair. Due to
the encapsulation by PLGA, NT-3 was released slowly and
continuously, with approximately 14% still being released between
days 28 and 56. This sustained release of neurotrophic factors during
the later stages of injury can promote the differentiation of neural stem
cells into neurons and axonal regeneration, thereby facilitating the
recovery of neural function. We chose PBS for the initial drug release
study to maintain reproducibility and control over experimental
variables. PBS provides a stable, physiologically relevant
environment without introducing external biological factors such as

enzymes or proteins, which could complicate the analysis. This allowed
us to focus on understanding the fundamental release mechanisms of
the drugs within the hydrogel.We acknowledge the limitations of using
PBS as the release medium. While PBS is commonly used in in vitro
studies for its simplicity and reproducibility, we recognize that it does
not fully replicate the complex in vivo environment, particularly the
oxidative stress and elevated levels of reactive oxygen species (ROS),
such as H2O2, present in injury sites like the spinal cord. In future
studies, we aim to address this by incorporating conditions that mimic
the inflammatory and oxidative stress environments, such as using PBS
supplemented with elevated H2O2 levels. Moving forward, we will
integrate more physiologically relevant conditions into our
experimental setup to enhance the applicability of our findings to
clinical settings.

3.5 Ang-(1–7) promotes microglia
polarization towards M2 phenotype in vitro

Local inflammatory responses after spinal cord injury are a
major cause of cell death during the acute phase. The accumulation
of inflammatory cytokines and infiltration of inflammatory cells not
only lead to cell death but also contribute to the formation of spinal
cord cysts from macrophage death during the subacute and chronic
phases, severely hindering injury repair. Additionally, studies have
shown that reducing the inflammatory response after spinal cord
injury can decrease glial scar formation, promoting axonal re-
generation and functional recovery of the spinal cord.

To investigate this, an in vitro model was established using
lipopolysaccharide (LPS) to induce acute inflammation in mouse
microglia (BV2 cells), simulating the acute in-flammatory process.
LPS can polarize BV2 cells towards the M1 phenotype. The
experimental group consisted of SilMA hydrogel loaded with
Ang-(1–7), co-cultured with BV2 cells using Transwell inserts.
Immunofluorescence staining and Western blot (WB) analysis
were then performed to observe the effect of Ang-(1–7) on
microglial polarization.

Immunofluorescence staining results indicated that in an
inflammatory environment, the presence of Ang-(1–7) led to fewer
M1-polarized microglia and more M2-polarized microglia (Figures
3A–D). In addition, this study examined the expression levels of
iNOS and Arg-1 proteins in BV2 cells from different treatment
groups. The Western blot (WB) results showed a trend consistent
with the immunofluorescence findings. Compared to the LPS group,
the Ang-(1–7) group exhibited reduced expression of iNOS, amarker of
M1 cells, and increased expression of Arg-1, a marker of M2 cells
(Figures 3E–G). This indicates that Ang-(1–7) promotes the
polarization of microglia towards the M2 phenotype, which
suppresses inflammatory responses and improves the local
microenvironment at the injury site.

3.6 NT-3 promotes neural stem cell
differentiation into neurons in vitro

The differentiation direction of neural stem cells is a critical
factor in spinal cord in-jury repair. The survival and differentiation
of neural stem cells determine the extent of neural repair. Neural
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stem cells have the potential to differentiate into three lineages:
astrocytes, neurons, and oligodendrocytes. Among these, astrocytes
and neurons are the most important cell types affecting spinal cord
injury repair. I In most cases, exogenous neural stem cells

predominantly differentiate into astrocytes rather than neurons,
both in vivo and in vitro, which hinders neural function repair. In
this study, neural stem cells were co-cultured with NT-3-loaded
SilMA hydrogel using Transwell inserts. Neural stem cells cultured

FIGURE 3
Validation of the Effect of Ang-(1–7) on BV2 Cell Polarization In Vitro. (A) Immunofluorescence images of iNOS (green) in cells from different
treatment groups, scale bar = 100 μm. (B) Quantification of relative fluorescence intensity of iNOS. (C) Immunofluorescence images of Arg1 (green) in
cells from different treatment groups, scale bar = 100 μm. (D) Quantification of relative fluorescence intensity of Arg1. (E) Western blot images of iNOS
and Arg1 protein expression in different treatment groups. (F) Quantification of iNOS expression levels in different treatment groups. (G)
Quantification of Arg1 expression levels in different treatment groups.
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without hydrogel were used as the control
group. Immunofluorescence staining was performed using the
neuron-specific marker β-III tubulin (Tuj-1) and astrocyte-
specific marker glial fibrillary acidic protein (GFAP). The results
showed a higher proportion of Tuj-1-positive cells and a lower

proportion of GFAP-positive cells in the experimental group
compared to the control group (Figures 4A–D). This indicates
that the NT-3-loaded SilMA hydrogel promotes a higher
differentiation rate of neural stem cells into neurons while
reducing their differentiation into astrocytes. This suggests that

FIGURE 4
Effect of NT-3 on Neural Stem Cell Differentiation. (A) Immunofluorescence im-ages of Tuj-1 (green) in cells from different treatment groups, scale
bar = 100 μm. (B)Quantification of relative fluorescence intensity of Tuj-1. (C) Immunofluorescence images of GFAP (red) in cells fromdifferent treatment
groups, scale bar = 100 μm. (D)Quantification of relative fluorescence intensity of GFAP. (E)Western blot images of Tuj-1 and GFAP protein expression in
different treatment groups. (F)Quantification of Tuj-1 expression levels in different treatment groups. (G)Quantification of GFAP expression levels in
different treatment groups.
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NT-3 plays a significant role in directing neural stem cell
differentiation towards neurons, which is beneficial for spinal
cord injury repair. Furthermore, Western blot analysis was
performed to verify the expression of Tuj-1 and GFAP proteins
in the cells. The results showed that the expression of Tuj-1 in the
NT-3-loaded SilMA hydrogel group was significantly higher than in
the control group and the SilMA hydrogel group, while the
expression of GFAP was lower (Figures 4E–G). This confirms
that NT-3 at the experimental concentration can regulate the
differentiation of neural stem cells towards neurons and reduce

their differentiation into astrocytes. These findings validate the
results obtained from the immunofluorescence experiments.

3.7 Enhanced microglia polarization and
neural regeneration with DPSH in vivo

The local inflammatory response after spinal cord injury is a
critical factor influencing the repair process. In vivo experiments have
shown that SilMA hydrogel loaded with Ang-(1–7) promotes the

FIGURE 5
Immunofluorescence Staining andQuantitative Analysis of Spinal Cord in Mice 8Weeks Post-SCI. (A) Immunofluorescence staining of Arg-1 (green)
and iNOS (red) in the spinal cord of mice from different treatment groups 8 weeks post-SCI, scale bar = 500 μm. (B)Quantification of Arg-1 fluorescence
intensity in the spinal cord of mice from different treatment groups. (C) Quantification of iNOS fluorescence intensity in the spinal cord of mice from
different treatment groups. (D) Immunofluorescence staining of Tuj-1 (green) and GFAP (red) in the spinal cord of mice from different treatment
groups 8 weeks post-SCI, scale bar = 500 μm. (E) Quantification of Tuj-1 fluorescence intensity in the spinal cord of mice from different treatment
groups. (F) Quantification of GFAP fluorescence intensity in the spinal cord of mice from different treatment groups.

Frontiers in Bioengineering and Biotechnology frontiersin.org12

Zhang et al. 10.3389/fbioe.2024.1501488

126

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1501488


differentiation of microglia into the M2 phenotype, thereby reducing
the inflammatory response and creating a favorable
microenvironment for spinal cord injury repair. I
Immunofluorescence staining of spinal cord tissue cryosections

revealed that the proportion of Arg-1-positive cells in the group
treated with DPSH loaded with Ang-(1–7) and NT-3 was significantly
higher than in the injury group and the SilMA hydrogel group, while
the proportion of iNOS-positive cells was significantly lower (Figures

FIGURE 6
Validation of Motor Function and WB Quantitative Analysis in Mice 8 Weeks Post-SCI. (A) BMS scores of mice from different groups 8 weeks post-
SCI. (B)HE staining results of spinal cord inmice from different groups 8weeks post-SCI. (C)Western blot images of Arg-1 and iNOS protein expression in
the spinal cord ofmice from different treatment groups. (D)Quantification of Arg-1 expression in the spinal cord ofmice from different treatment groups.
(E)Quantification of iNOS expression in the spinal cord of mice from different treatment groups. (F)Western blot images of Tuj-1 and GFAP protein
expression in the spinal cord of mice from different treatment groups. (G) Quantification of Tuj-1 expression in the spinal cord of mice from different
treatment groups. (H) Quantification of GFAP expression in the spinal cord of mice from different treatment groups. (I) Schematic diagram of 4-
Dimensional SilMA Hydrogel in vivo repair of spinal cord injury.
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5A–C). This indicates that the DPSH promotes the polarization of
microglia to the anti-inflammatory M2 phenotype and reduces
M1 polarization at the in-jury site in vivo, thereby mitigating the
inflammatory response and creating a conducive microenvironment
for spinal cord injury repair. These findings suggest that the DPSHnot
only supports the structural integrity of the spinal cord but also
actively modulates the immune environment, promoting better
outcomes in spinal cord injury re-pair.

Neurons and synapses are fundamental structures for neural
function. The differentiation of neural stem cells into neurons and
the regeneration of axons are essential for neural function repair.
However, changes in the local microenvironment of spinal cord
injury, as well as the differentiation of astrocytes and the formation
of glial scars, impede neural regeneration. Reducing scar formation
is crucial for spinal cord injury repair and functional recovery. To
observe the differentiation of endogenous stem cells and the
ultimate outcome of spinal cord injury repair, spinal cord tissue
was collected 8 weeks post-injury for protein extraction.
Immunofluorescence staining was also performed on spinal
cord tissue cryosections, with Tuj-1 staining marking early
neurons and GFAP staining marking astrocytes. The results
indicate that in the central injury area, the pro-portion of Tuj-
1-positive cells in the group treated with DPSH loaded with Ang-
(1–7) and NT-3 was higher than in the SCI group and the SilMA
hydrogel group, while the proportion of GFAP-positive cells was
lower (Figures 5D–F). This suggests that more neurons were
regenerated in the DPSH group, demonstrating that NT-3
loaded in the DPSH promotes the differentiation of neural stem
cells into neurons rather than astrocytes. This reduction in
astrocyte differentiation and subsequent glial scar formation is
beneficial for axon regeneration and the establishment of neural
networks, leading to the restoration of spinal cord function.

3.8 SilMA hydrogel loaded with Ang-(1–7)
andNT-3 PLGAmicrospheres promotesMo-
tor function recovery in mice

To investigate the effects of hydrogel scaffolds on spinal cord
injury repair in mice, the study included a sham surgery control group
(sham), a spinal cord transection model group (SCI), a group treated
with SilMA hydrogel alone (SilMA), and a group treated with DPSH
loadedwith Ang-(1–7) andNT-3 in PLGAmicrospheres (4D-SilMA),
with six mice in each group. After establishing the complete spinal
cord transection injury model, the mice exhibited complete loss of
hindlimbmotor function. Over time, varying degrees of recovery were
observed across the groups. The BassoMouse Scale (BMS)was used to
assess the recovery of hindlimbmotor function on days 1, 7, 14, 21, 28,
35, 42, 49, and 56 post-surgery.

The results showed that on the first day after surgery, all groups
of mice exhibited no autonomous hindlimb movement, with a BMS
score of 0, indicating successful and stable modeling of the spinal
cord transection. By the eighth week post-surgery, the BMS score of
the DPSH group loaded with Ang-(1–7) and NT-3 reached 6,
significantly higher than the scores of the SCI group and the
SilMA hydrogel group (Figure 6A). This suggests that the DPSH
scaffold significantly promotes the recovery of motor function
following spinal cord injury.

3.9 DPSH promotes spinal cord tissue
structure recovery

To investigate the recovery of spinal cord tissue in different groups
following injury, hematoxylin and eosin (H&E) staining was performed
on spinal cord sections from the mice. The staining results are shown in
Figure 6. ShamGroup: The spinal cord structure was intact without any
defects, with clear boundaries between gray and white matter, abundant
neurons, and complete structure. SCI Group: H&E staining revealed
that the normal structure of the spinal cord was disrupted, with either
incomplete or no connection at the injury site. There were numerous
cavities within the spinal cord tissue and a disorganized structure, along
with significant scar tissue at the injury site. SilMA Hydro-gel Group:
The spinal cord continuity was partially restoredwith smaller scar tissue
compared to the SCI group, but the structure remained disorganized,
and many cavities were still present (Figure 6B). DPSH Group: The
spinal cord morphology showed significant improvement compared to
both the SCI group and the SilMA hydrogel group. The tissue had fewer
cavities and inflammatory cells, and the cell arrangement was more
orderly. These results indicate that the DPSH loaded with Ang-(1–7)
and NT-3 significantly enhances the structural recovery of spinal cord
tissue after injury, reducing tissue cavities and inflammation while
promoting a more organized cellular structure.

3.10 DPSHmodulates immune response and
promotes neural differentiation in vivo

To validate the effects of DPSH on spinal cord injury repair,
protein ex-traction from the injury site was performed for Western
blot analysis. Results showed that the expression level of Arg-1
protein in mice treated with DPSH loaded with Ang-(1–7) and NT-3
was significantly higher than in the SCI and SilMA hydrogel groups.
Conversely, the expression level of iNOS was significantly lower
(Figures 6C–E). This indicates that the DPSH reduces M1 microglia
and increases anti-inflammatory M2 microglia at the injury site,
supporting the conclusion that it effectively modulates the immune
response to promote a favorable environment for spinal cord repair.

Further validation of DPSH’s effects on neural stem cell
differentiation and spinal cord injury repair was conducted
through Western blot analysis. The expression level of Tuj-1
protein in mice treated with DPSH loaded with Ang-(1–7) and
NT-3 was significantly higher than in the SCI and SilMA hydrogel
groups, while the expression level of GFAP was significantly lower
(Figures 6F–H). This trend aligns with immunofluorescence results,
confirming thatmore cells at the injury site differentiated into neurons
rather than astrocytes. These findings further support that DPSH
promotes neuronal differentiation, reduces astrocyte formation, and
aids in spinal cord injury repair and functional recovery.

4 Conclusion

The DPSH scaffold, with sustained-release Ang-(1–7) and NT-
3-loaded PLGA microspheres, meets the requirements of a tissue
engineering material for SCI treatment. It matches the mechanical
properties and microstructure of the spinal cord and exhibits good
biocompatibility. The study results indicate that the DPSH can
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release Ang-(1–7) to promote microglial M2 polarization, reduce
inflammation, aid cell survival and regeneration, and sustain NT-3
release to promote NSC neuronal differentiation, reduce astrocyte
differentiation, decrease glial scar formation, and reconstruct neural
connections. This facilitates spinal cord function recovery and
ultimately restores motor function in SCI mice.
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Humerus greater tuberosity (HGT) avulsion fracture is one of the most common
types of proximal humerus fractures. The presence of motion and gap lead to the
failure of implants, due to the force pulling from the supraspinatus. In this work,
electrospinning technology was applied to fabricate PCL-PEG/CS/AST nanofiber
with superior biocompatibility and mechanical property. Furthermore, PCL-PEG/
CS/AST nanofiber could promote proliferation and osteogenic differentiation of
bone mesenchymal stem cells (BMSCs) in vitro. We believe that this work
indicates a promising way to promote the union of HGT avulsion fractures by
using PCL-PEG/CS/AST nanofiber.

KEYWORDS

electrospinning, nanofiber, humerus, bone, tuberosity

1 Introduction

Bone repair and bone regeneration are crucial task in clinical treatment. The healing of
the humerus greater tubercle (HGT) is highly important. As the main attachment point of
the rotator cuff, humerus greater tubercle (HGT) plays an important role in maintaining the
function of shoulder joint abduction and rotation (Lacheta et al., 2023; Bekmezci et al.,
2024). HGT avulsion fractures are among the most common types of proximal humerus
fractures, especially in the osteoporosis population, accounting for approximately 20% of
proximal humeral fractures (Handoll et al., 2022; Kim et al., 2024b). Arthroscopic suture
anchor and locking plate fixation are common methods in the clinical treatment of HGT
avulsion fractures, however, surgical treatments still have high failure rates, and adverse
events, such as internal fixation failure and fracture displacement often occur (Makaram
et al., 2023; Kim et al., 2024b; Tao et al., 2024). Previous studies reported that the suture
anchor technique requires adequate bone mineral density to hold the anchor and that the
anchors are easily pulled out in patients with severe osteoporosis around the proximal
humerus (Lee S. et al., 2021; Kim et al., 2023). In addition, many studies founded that the
presence of motion and gaps due to pulling from the supraspinatus, which is known to delay
the union of fractures, eventually leaded to failure of internal fixation (Zeng et al., 2021;
Handoll et al., 2022). Thus, better approaches for promoting HGT avulsion fracture healing,
which are essential for the recovery of shoulder function, are needed for elderly and
osteoporotic population.

In recent years, many types of material have been developed and utilized in bone repair
and bone regeneration. Among them, nanofiber is an ideal scaffold for therapeutic
medicines, with the features of huge aspect ratio, specific surface area, flexibility, and
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mechanical strength (Zhu et al., 2021; Cheng et al., 2021; Cheng
et al., 2022b; Cheng et al., 2022a). Many polymer nanofibers with
excellent biocompatibility have shown outstanding results for
prosthetics, including polylactic acid (PLA), polycaprolactone
(PCL), polyethylene glycol (PEG) and numerous biomolecules.
For example, Kim et al. (2024a) utilized the oxygen plasm to
treat PCL nanofibrous scaffold, aiming to improve the
hydrophilicity and protein adsorption properties. As the results
illustrated the treated PCL nanofiber showed dramatically
improved new bone formation behavior (Kim et al., 2024a). As a
one of the natural polysaccharides, chitosan owns an unique
chemical structure, which attracted enormous interest in
controlled drug delivery, gene delivery, cell culture, and tissue
engineering. After assisting by bioactivated magnesium-doped
hydroxyapatite, electrospun chitosan nanofiber scaffolds
simultaneously displayed the great bone mineralization ability
(Sedghi et al., 2020). To further improve the effects of bone
repair and regeneration, various bioactivated materials are added
into the scaffold, including drugs, ceramics, metal-organic
frameworks, semiconductor materials (Wang et al., 2019; Liu
et al., 2022; Sun et al., 2022; Fan et al., 2024; Makurat-
Kasprolewicz et al., 2024). Alendronate sodium ([(4-amino-1-
hydroxybutylidene)-bisphosphonate] trihydrate) have the
capability inhibit the bone remodeling activity and resorption by
interacting with bone matrix to treat osteoporosis and other
osteolytic bone diseases (Akyol et al., 2015; Doca et al., 2016). He
et al. (2018) chosen Alendronate Sodium modified the collagen type
I for bone regeneration, because the Phosphorylated materials could
provide the beneficial environment of extracellular matrix.
Compared with the treatment of 4 weeks, the new bone
formation is apparent after treatment of 8 weeks (He et al., 2018).

In this work, PCL-PEG/CS/AST nanofiber was prepared via
electrospinning technology. The fibrous morphology of PCL-PEG/
CS/AST nanofiber is beneficial for cell adhesion and proliferation,
exhibiting superior biocompatibility. Furthermore, an adhesive-
nanofiber membrane based approach was proposed to promote
HGT avulsion fracture healing.We hypothesized that PCL-PEG/CS/
AST nanofiber membrane could enhance HGT avulsion fracture
healing by promoting osteogenesis and reducing the failure rate after
surgery. We believe this work provides an universal and simple
approach for bone repair and bone regeneration with
potential insight.

2 Materials and methods

2.1 Materials and reagent

Polycaprolactone-polyethylene glycol copolymer (PCL-PEG)
was synthesized from Ruijiu Technology Co., Ltd. Chitosan (CS,
deacetylation degree ≥95%, viscosity: 100–200 Mpa/s), sodium
alendronate (AST), hexafluoroisopropyl alcohol (HFIP) were
purchased from Shanghai Macklin Biochemical Technology Co.,
Ltd. Alpha-modified minimal essential medium (α-MEM),
penicillin–streptomycin (P/S) and fetal bovine serum (FBS) were
purchased from Thermo Fisher Scientific (Scoresby, Vic., Australia).
The Cell Counting Kit-8 (CCK-8) was purchased from Bioscience
(Shanghai, China). Alkaline Phosphatase (ALP) Assay Kit was

purchased from Beyotime (Shanghai, China). Live and Dead™
Viability Assay Kit and rhodamine-conjugated phalloidin were
purchased from US Everbright Inc (Suzhou, China). The
universal RNA extraction kits and Evo M-MLV RT kits were
purchased from Accurate Biotechnology Co., Ltd. (Hunan,
China). The primers that used in this study were purchased from
Sangon (Shanghai, China). All reagents were used directly without
pretreatment.

2.2 Characterizations

The morphologies of PCL-PEG/CS/AST nanofiber membrane
was achieved by field emission scanning electron microscope (FE-
SEM, Regulus 8100). The chemical structure of PCL-PEG/CS/AST
nanofiber membrane was analyzed by Fourier Transform infrared
spectroscopy (FTIR, Nicolet IS350). The valence information and
surface composition of PCL-PEG/CS/AST nanofiber membranes
were analyzed by X-ray photoelectron spectroscopy (XPS,
ESCALAB QXi).

2.3 Preparation of PCL-PEG/CS/AST
nanofiber membrane

0.2 g of PCL-PEG was added into 4.2 g of HFIP and kept stirring
to forming a homogeneous solution. Then, 0.04 g of CS and 0.012 g
AST were injected to the above-mentioned solution. Subsquently,
the precursor solution was loaded into a syringe with a single
stainless steel nozzle for electrospinning. The voltage supply was
maintained at 15 kV. Then, the PCL-PEG/CS/AST nanofiber
membrane were prepared.

2.4 BMSCs cultivation, BMSCs viability assay
and live-dead cell staining

BMSCs were purchased from Shanghai Zhong Qiao Xin Zhou
Biotechnology Co., Ltd. BMSCs were cultured in α-MEM complete
culture medium for 72 h and the culture medium was changed every
48 h until BMSCs reached 80% confluence. BMSCs were seeded on
the surfaces of PCL/PEG, PCL-PEG/ALN, PCL-PEG/CTS and PCL-
PEG/ALN/CTS with the density of 5 × 104/well in a 12-well plate,
respectively (3 duplicate wells for each sample). The viability of the
BMSCs on the surfaces of the four samples was detected on the third
and seventh days, respectively, which is according to a related
published article. (Zhang et al., 2022). Meanwhile, BMSCs on the
samples were fixed and stained according to the live-dead cell
staining kit manufacturer’s protocol at day third and seventh,
respectively. Image J software was used to count the living and
dead cells on the surface of nanofiber membranes, respectively.

2.5 Osteogenic differentiation in vitro

For quantitative real-time polymerase chain reaction (qRT-
PCR) and ALP activity, BMSCs were seeded on each sample as
described above and α-MEM complete culture mediumwas changed
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to the osteoblast inducing conditional medium when BMSCs
reached 100% confluence. ALP activity of BMSCs was detected
according to the manufacturer’s protocol after 14 days of osteogenic
induction. The absorbance was detected at 405 nmwith a microplate
reader. The total RNA of BMSCs on the surface of bionanofiber
membranes was extracted after 14 days of osteogenic induction via a
Universal RNA Extraction Kit, respectively. Then, the total RNAwas
reverse transcribed into cDNA with an Evo M-MLV RT kit and the
data were analyzed by the 2-△△CT method. The sequences of the
primers of osteogenic genes were shown in Table 1.

2.6 Statistical analysis

In this study, all experiments were repeated at least 3 times. The
results were presented as mean ± standard deviation (SD) if the data
obeyed normal distribution. GraphPad Prism (version 7, GraphPad
Software, San Diego, United States) was used for statistical analysis
and statistical graphs. One-way ANOVA with Tukey’s post hoc test
was used to determine the significant differences among several

groups. P values <0.05 were considered to indicate statistically
significant differences.

3 Results and discussion

The typical synthesis process of PCL-PEG/CS/AST nanofiber is
shown in Figure 1A. The PCL-PEG/CS/AS nanofiber membrane was
prepared by electrospinning technology. As shown in Figure 1B1,
PCL-PEG nanofiber exhibit smooth surface and fibrous
morphology, which is suitable for substrate (Figure 1B1).
Figure 1B2 displays the SEM images of PCL-PEG/CS nanofiber,
flattening and overlap of nanofiber can be observed, which could be
assigned to the presence of chitosan. The SEM images of is PCL-
PEG/AST nanofiber reveals the smooth fibrous morphology
(Figure 1B3). As illustrated in Figure 1B4, the morphology of the
PCL-PEG/CS/AST nanofiber fiber does not change, indicating that
the addition of CS and AST displayed no effect on the morphology
of the nanofiber.

The chemical structure and different types of chemical bonds of
composites were investigated by FTIR spectroscopy. As shown in
Figure 2A, the characteristic peaks at 2,941 cm−1 and 2,864 cm−1

correspond to the C-H asymmetric and symmetric stretching of the
carbonyl group, the characteristic peak at 1726 cm−1 is attributed to
the stretching movement of C=O, and the characteristic peaks near
1,242 cm−1 and 1,178 cm−1 prove the formation of COC asymmetric
and symmetric stretching, respectively (Deng et al., 2021). Hydrogen
bond interactions may occur in PCL-PEG copolymers (Yu et al.,
2014), and the peak at 3,370 cm−1 confirmed the presence of O-H in
the mixture. After the introduction of CS and AST, it is found that
the spectrum changes little. However, in the nanofibers containing
CS and AST, the peak strength near 1726 cm−1 is reduced,
illustrating the difference in the amount of C=O in the mixture
(Deng et al., 2021), which also indicates that CS and AST are
successfully imported. No differences among PCL-PEG (d) and
PCL-PEG/CS/AST (a), PCL-PEG/AST (b), and PCL-PEG/CS (c)
blends were detected in Figure 2A, which may be due to the low
contents of CS and AST in polymer matrix. All FTIR test results
prove the successful preparation of PCL-PEG/CS/AST
nanofiber membrane.

XPS was applied to further characterize the surface elemental
states of PCL-PEG/CS/AST nanofiber (Figures 2B–F). The presence
of C, N, and O elements can be clearly calrified in the full spectrum
of PCL-PEG/CS/AST. In the fine spectrum of C 1s, it is located at
284.0, 285.4, 288.0 eV, which is corresponded to C-C/C=C, C-C/
C-H, hydrocarbons and C=O (Al-Ani et al., 2018; Manakhov et al.,
2019; Liu et al., 2020; Yingjun et al., 2023). The fine spectrum d of N
1s can be deconvolved into 398.6 and 399.2 eV, which could be
assigned to the presence of N-C and NH2 (Wang and Liu, 2013;

TABLE 1 The sequences of the primers of osteogenic genes.

Gene Forward primer Reverse primer

ALP CCACTATGTCTGGAACCGCA GGAGAGCGAAGGGTCAGTC

Osteocalcin GACCATCTTTCTGCTCACTCTGC ACCTTATTGCCCTCCTGCTTG

GAPDH AGGAGAGTTTCCTCGTCC TGAGGTCAATGAAAGGGGTCG

FIGURE 1
(A) Preparation process diagram of PCL-PEG/CS/AST nanofiber;
(B1) SEM image of the prepared PCL-PEG nanofiber membrane; (B2)
SEM image of the prepared PCL-PEG/CS nanofiber membrane; (B3)
SEM image of the prepared PCL-PEG/AST nanofiber membrane;
(B4) SEM image of the prepared PCL-PEG/CS/AST
nanofiber membrane.
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Petrović et al., 2022). In the fine spectrum of O 1s, the peaks
displayed at 531.2 and 532.6 eV, which is related to C=O and
N-C=O in the N-acetylated-glucosamine units (Wang and Liu, 2013;
Yingjun et al., 2023). In the full spectrum of PCL-PEG/CS/AST
nanofiber and the fine spectrum of P 2p, there are no obvious
characteristic peaks related to P was found, which also confirm the
trace content of AST in PCL-PEG/CS/AST nanofiber. All XPS test
results indicate the successful preparation of PCL-PEG/CS/AST
nanofiber membrane.

The mechanical property of PCL-PEG/CS/AST nanofiber
membrane was also clarified. As shown in Figure 3, the stress,
elongation at break, elastic modulus, and toughness of PCL-PEG/
CS/AST nanofiber membrane reach 2.50MPa, 2,242.33%, 0.92MPa,
and 3.33 kJ/m3, respectively, proving its favorable mechanical
performance. Furthermore, the long-term stability of PCL-PEG/

CS/AST nanofiber membrane can be predicted. According to the
previous work, Polymer dispersity index (PDI), Zeta potential was
applied to verify the long-term stability with satisfactory result in
25°C for 14 days (Wang et al., 2021). Chitosan exhibited the superior
stability in varied conditions (high-temperature, high-salt, and long-
term storage at 4°C) (Li et al., 2024). Thus, we believe PCL-PEG/CS/
AST nanofibers also present the favorable long-term stability.

3.1 Cell viability

In Figure 4A, the proliferation rate of BMSCs on the
surface of PCL-PEG/CS nanofiber membrance (0.46 ± 0.01)
and PCL-PEG/CS/AST nanofiber membrane (0.55 ± 0.03)
was significantly promoted compared with that of the former

FIGURE 2
(A) FTIR spectra of (A) PCL-PEG/CS/AST nanofibers, (B) PCL-PEG/AST nanofibers, (C) PCL-PEG/CS nanofibers and (D) PCL-PEG nanofibers. (B). Full
XPS survey of prepared PCL-PEG/CS/AST nanofibers. The fine XPS spectra of the PCL-PEG/CS/AST nanofibers, (C) C1s, (D) N1s, (E) O 1s, and (F) P
2p regions.

FIGURE 3
(A) Stress–strain curves, histograms of (B) stress, strain, (C)modulus and toughness of PCL-PEG/CS/AST, PCL-PEG/CS, PCL-PEG/AST and PCL-PEG
nanofiber membrance.
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2 groups (0.35 ± 0.01, 0.41 ± 0.01, respectively) after inoculation
for 3 days (P < 0.05). The result of cell viability test after inoculation
for 7 days revealed a similar trend that the proliferation rate of BMSCs
on the surface of PCL-PEG/CS nanofiber membrance (0.81 ± 0.01)
and PCL-PEG/CS/AST nanofiber membrance (0.92 ± 0.01) was
significantly promoted compared with that of the former 2 groups
(0.68 ± 0.02, 0.73 ± 0.01, respectively).

In Figures 4B–D, Live BMSCs were dyed green with calcein-AM,
dead BMSCs were dyed red with propidium iodide, and few dead
BMSCs were observed under the fluorescence microscope in all four
groups, the result of live-dead cell staining showed the same trend,
the number of living cells (1,589.00 ± 83.50) was the highest on the
surface of PCL-PEG/CS/AST nanofiber membrance. The number of

living cells on the surface of PCL-PEG/CS nanofiber membrance
(1,297.33 ± 78.40) was significantly greater than the former 2 groups
(597.33 ± 30.37, 1,098.00 ± 86.09, respectively) (P < 0.05).

Similarly, Cai et al. has constructed a kind of chitosan derivative
scaffold, which could promote proliferation and osteogenic
differentiation of MSCs via reducing intracellular reactive oxygen
species (ROS) (Wang et al., 2020). Another related article has found
that chitosan could promote proliferation of tonsil-derived
mesenchymal stem cells (TMSCs) via up-regulating cyclin D1 in
the G1 phase of the cell cycle (Lee K. E. et al., 2021). In addition,
Martín-López et al. reported that different concentration of chitosan
could affect the polymer surface topography, which has a direct
effect on the growth of cell behavior (Martín-López et al., 2013).

FIGURE 4
(A) The proliferation rate of BMSCs on the surface of each biofilm after inoculation for 3 and 7 days. (B) The counts of Living BMSCs on the surface of
each biofilm after inoculation for 3 and 7 days. (C) The images of living BMSCs and dead BMSCs on the surface of each biofilm after inoculation for 3 days.
(D) The images of living BMSCs and dead BMSCs on the surface of each biofilm after inoculation for 7 days. (E) ALP activity of BMSCs on each biofilm after
14 days of osteogenic induction. (F) ALP expression of BMSCs on each biofilm after osteogenic induction for 14 days. (G)OCN expression of BMSCs
on each biofilm after osteogenic induction for 14 days. *P < 0.05; **P < 0.01; ***P < 0.005; ns, no significant.
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3.2 Osteogenic differentiation of
BMSCs in vitro

Alkaline phosphatase (ALP) is a kind of exoenzyme of
osteoblast, and its expression activity is a very obvious
characteristic of osteoblast differentiation and maturation. As
shown in Figure 4E, BMSCs on the surface of PCL-PEG/CS/
AST nanofiber membrane had a significantly higher level of
ALP activity (139.95 ± 1.27) than other 3 groups (94.11 ± 0.48,
129.20 ± 0.33 and 119.47 ± 1.57, respectively) after 14 days of
osteogenic induction (P < 0.05). As shown in Figures 3F, G, the
expression level of osteogenic genes in BMSCs on four kinds of
nanofiber membrane, including ALP and Osteocalcin (OCN) were
detected via qRT‒PCR analysis. Generally, Osteocalcin (OCN) is
specifically expressed in osteoblasts and is the most abundant non-
collagenous protein in bone, which possess the function of
regulating hormone of bone metabolism. The result of ALP
gene expression in BMSCs on the surface of PCL-PEG/CS/AST
nanofiber membrane (4.13 ± 0.50) had the highest level when
compared to the former 3 groups (1.01 ± 0.15, 2.21 ± 0.08 and
1.98 ± 0.09 respectively) (P < 0.05), which showed a similar trend
as the result of ALP activity. In addition, the expression level of
OCN gene in BMSCs on the surface of PCL-PEG/AST (1.58 ± 0.13)
and PCL-PEG/CS/AST nanofiber membrane (2.12 ± 0.15) was
significantly higher than those on the surface of PCL-PEG and
PCL-PEG/CS nanofiber membrane (1.02 ± 0.24, 1.35 ±
0.02 respectively) (P < 0.05). Chen et al. obtained similar
results; they constructed a kind of ALN-loaded hydrogel
scaffold and found that the sustained AST release could indeed
promote the expression levels of osteogenic-related genes in
BMSCs (Tang et al., 2022). Shi et al. had verified that AST
served as an optimal osteo-inductive factor to promote
osteogenesis within a certain concentration range in vitro (Shi
et al., 2009; Chang et al., 2022). In addition, Yoon Shin Park et al.
reported that chitosan could enhanced the ability of TMSCs to
osteoblasts via enhancing its metabolic rate (Lee K. E. et al., 2021),
however, significant upregulation of osteogenic genes may cause
several side-effects. One notable consequence is the potential for
abnormal hyperplasia of HGT, which is one of the common
pathogenies of shoulder impingement syndrome in clinic.
What’s more, altered bone metabolism, due to osteogenic gene
overexpression, may disrupt the delicate balance between bone
resorption and formation, which may cause ossification in
surrounding soft tissue, such as supraspinatus, infraspinatus
and so on.

4 Conclusion

In this work, PCL-PEG/CS/AST nanofiber was fabricated via
electrospinning technology, exhibiting fibrousmorphology, superior
biocompatibility and mechanical performance. Furthermore, PCL-
PEG/CS/AST nanofiber could promote proliferation and osteogenic
differentiation of bone mesenchymal stem cells (BMSCs) in vitro.
This work provided an innovative way for promoting the union of
HGT avulsion fracture with a promising vision of protecting
public health.
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Cerebrovascular imaging is essential for the diagnosis, treatment, and prognosis
of cerebrovascular disease, including stroke, aneurysms, and vascular
malformations. Conventional imaging techniques such as MRI, CT, DSA and
ultrasound have their own strengths and limitations, particularly in terms of
resolution, contrast and safety. Recent advances in nanotechnology offer new
opportunities for improved cerebrovascular imaging. Nanomaterials, including
metallic nanoparticles, magnetic nanoparticles, quantum dots, carbon-based
nanomaterials, and polymer nanoparticles, show great potential due to their
unique physical, chemical, and biological properties. This review summarizes
recent advances in advanced nanomaterials for cerebrovascular imaging and
their applications in various imaging techniques, and discusses challenges and
future research directions. The aim is to provide valuable insights for researchers
to facilitate the development and clinical application of these innovative
nanomaterials in cerebrovascular imaging.

KEYWORDS

nanomaterials, cerebrovascular imaging, metal nanoparticles, magnetic nanoparticles,
quantum dots, carbon-based nanomaterials, polymer nanoparticles

1 Introduction

Cerebrovascular imaging is crucial for diagnosing, treating, and predicting the course of
cerebrovascular diseases (Haller et al., 2018; Hage et al., 2016). Conditions like stroke,
aneurysms, and vascular malformations often result in significant morbidity and disability,
impacting both patients and society. High-resolution, high-contrast imaging is essential for
accurate diagnosis and effective treatment. Current techniques include Magnetic Resonance
Imaging (MRI) (Sleight et al., 2021), Computed Tomography (CT) (Abbas and Kumar,
2018), Digital Subtraction Angiography (DSA) (Shaban et al., 2022), and ultrasound (Yan
et al., 2019). Each has its advantages and disadvantages. CT is fast and offers high resolution,
but it has poor soft tissue contrast and carries radiation risks (Ghekiere et al., 2017). MRI
provides excellent soft tissue contrast, but scans take longer and it is sensitive to metal
implants (Sammet, 2016). DSA is often considered the gold standard, providing detailed
images, but it is invasive, complex, and involves radiation exposure (Orru’ et al., 2020). The
limitations of these techniques, particularly in resolution, contrast, and safety, motivate
researchers to explore and develop more advanced imaging methods for improved
diagnosis and treatment of cerebrovascular diseases.

Nanomaterials are materials with at least one dimension in the nanoscale range,
approximately 1–100 nm. Due to their minuscule size, they exhibit unique and
enhanced properties compared to their bulk counterparts, including increased surface
area, quantum effects, and size-dependent optical, electrical, and magnetic behaviors. These
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characteristics make nanomaterials highly versatile and applicable
across various fields. Nanotechnology’s rapid advancement has
created new possibilities in biomedicine (Fakruddin et al., 2012;
Campos et al., 2020; Sindhwani and Chan, 2021). Nanomaterials,
with their unique physical, chemical, and biological properties, show
great promise for bioimaging (Liang et al., 2020; Li et al., 2023; Shen
et al., 2022). Their small size, large surface area, diverse surface
modification options, and excellent biocompatibility offer
advantages over traditional materials. In cerebrovascular imaging,
nanomaterials have introduced exciting innovations. For example,
metallic nanoparticles, with their strong optical and electrical
properties, are ideal contrast agents for optical and electronic
imaging (Anderson et al., 2019; Padmanabhan et al., 2016; Srinoi
et al., 2018). Magnetic nanoparticles, due to their magnetic behavior,
enhance MRI contrast (Jeon et al., 2021; Lin et al., 2020; Zhao Z.
et al., 2022). Quantum dots, with tunable spectra and high
brightness, are promising for fluorescence imaging (Zhao B.
et al., 2022; Wang et al., 2022; Chung et al., 2021). Carbon-based
nanomaterials like graphene and carbon nanotubes offer excellent
electrical conductivity and mechanical strength, making them
suitable for multimodal imaging (Srivastava et al., 2021; Gollavelli
et al., 2022). Polymer nanoparticles, with their biocompatibility and
degradability, are valuable for molecular imaging and targeted
therapy (Ong et al., 2021; Haupt et al., 2020; Yang et al., 2020).
These nanomaterials enhance imaging resolution, contrast, and
specificity through various mechanisms.

This review systematically analyzes recent advances in
nanomaterials for cerebrovascular imaging. It explores their
applications across different imaging techniques, evaluating their
advantages and disadvantages. It also proposes future research
directions. The review focuses on several key nanomaterials
(Table 1): metallic nanoparticles, magnetic nanoparticles,

quantum dots, carbon-based nanomaterials, and polymer
nanoparticles. Their applications in MRI, CT, fluorescence
imaging, and multimodal imaging are discussed in detail.
Challenges such as biocompatibility, targeting, preparation
processes, and ethical considerations are also addressed. This
review aims to provide valuable insights for researchers and
promote further development and application of advanced
nanomaterials in cerebrovascular imaging.

2 Classification and characteristics of
advanced nanomaterials

2.1 Metal nanoparticles

Metal nanoparticles, particularly gold and silver
nanoparticles, have attracted significant attention for
biomedical imaging (Yoon et al., 2015; Dąbrowska-Bouta
et al., 2018). Gold nanoparticles, due to their unique optical
and electronic properties, are widely used in bioimaging (Si et al.,
2021) and techniques like enhanced light scattering (Figure 1).
These nanoparticles significantly improve imaging contrast and
resolution through surface plasmon resonance (Kim et al., 2019).
Their size and shape can be precisely controlled during synthesis
to fine-tune their optical properties (Piella et al., 2016). For
example, gold nanorods, because of their anisotropic shape,
exhibit distinct longitudinal and transverse surface plasmon
resonance peaks, enabling signal enhancement across different
wavelengths (Zheng et al., 2021; Huang et al., 2009).
Furthermore, the gold nanoparticle surface can be chemically
modified with various functional groups for targeted delivery and
specific molecular recognition.

TABLE 1 Representative nanomaterials.

Nanomaterials Characteristics Applications Advantages Limitations

Metal nanoparticles Surface Plasmon resonance and
optical properties (Kumar et al., 2018)

Cancer treatment, biological
imaging, chemical sensing, and
drug delivery (Altammar, 2023)

Strong plasma absorption,
Biological system imaging,
Determine chemical information
on metallic nanoscale substrate
(Li et al., 2007)

Difficulty in synthesis
Particles instability
Impurity (Granqvist and
Buhrman, 1976)

Magnetic nanoparticles Superparamagnetic, high magnetic
susceptibility, high coercivity, non-
toxicity, biocompatibility, low Curie
temperature (Yadollahpour and
Rashidi, 2015)

Targeted drug delivery, magnetic
hyperthermia, contrast agent for
magnetic resonance imaging
(Yadollahpour and Rashidi, 2015)

Non-toxicity, Biocompatibility,
high-level aggregation in the
desired tissue, high effective
surface areas and lower
sedimentation rates

Tendency to aggregate or the
poor magnetization, Certain
Degree of toxicity (Cardoso
et al., 2018)

Quantum dots Exceptional photochemical and
photophysical properties (Reshma
and Mohanan, 2019)

Medical diagnostics, drug delivery
(Reshma and Mohanan, 2019)

Desirable photon emission
properties, advantageous
absorption properties (Reshma
and Mohanan, 2019)

Unproductive due to antibody
binding, Heavy metals present
in the core may be toxic to host
(Reshma and Mohanan, 2019)

Carbon-based
nanoparticles

Electrical conductivity, high strength,
structure, electron affinity, and
adaptability (Altammar, 2023)

Tissue engineering, drug delivery,
imaging, and biosensors
(Multifunctional Carbon)

Unique structural dimensions and
excellent mechanical, electrical,
thermal, optical and chemical
properties (Patel et al., 2019)

The toxicity remains a debated
issue (Zhang et al., 2014)

Polymer nanoparticles Biocompatibility, biodegradability
(Zielińska et al., 2020)

Molecular imaging, drug delivery,
and targeting cancer research (Lu
et al., 2011)

Structures can be modified, with
intricate definition over their
compositions, structures and
properties (Elsabahy and Wooley,
2012)

Stability Issues
Toxicity Concerns
Complex Manufacturing
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Silver nanoparticles, known for their antibacterial properties and
excellent optical characteristics (Fahmy et al., 2019; Singh et al.,
2015; Balachandran et al., 2013), also hold great promise for
biomedical imaging. Like gold nanoparticles, their size and shape
can be precisely controlled during synthesis to adjust their optical
properties (Shenashen et al., 2014; Pryshchepa et al., 2020; Fahmy
et al., 2019). Silver nanoparticles significantly enhance sensitivity
and resolution through surface-enhanced Raman scattering (SERS)
(Seney et al., 2009; Zhang et al., 2011). SERS not only improves
resolution but also provides detailed molecular information,
potentially enabling earlier diagnosis of vascular diseases (Joseph
et al., 2018).

2.2 Magnetic nanoparticles

Magnetic nanoparticles are widely used in MRI (Du et al., 2019;
Yang et al., 2010). These nanoparticles significantly enhance MRI
imaging contrast and spatial resolution due to their strong magnetic
properties (Figure 2). The core of magnetic nanoparticles is typically
composed of magnetic materials, while the outer layer is coated with

polymers or other materials to improve their biocompatibility and
stability. In addition to enhancing MRI contrast, magnetic
nanoparticles can be combined with other imaging techniques to
develop multimodal imaging technologies. Such multimodal
imaging technologies not only improve imaging sensitivity and
specificity but also enable a comprehensive diagnosis of lesions
through complementary imaging modes. Moreover, magnetic
nanoparticles exhibit excellent magnetic thermal effects,
generating local high temperatures under an external alternating
magnetic field, thereby being used for hyperthermia of lesions
(Prieto and Linares, 2018; Skandalakis et al., 2020). This
multifunctional characteristic of magnetic nanoparticles shows
great potential in cerebrovascular imaging and treatment.

2.3 Quantum dots

Quantum dots are nanocrystals made of semiconductor
materials with unique optical and electronic properties, such as
wide excitation spectra, narrow and symmetrical emission spectra,
and high optical stability (Agarwal et al., 2023). These properties

FIGURE 1
Different shapes and sizes of Au nanoparticles in bioimaging: (A) AuNS; (B) AuNR; (C) Au nanorice; (D) AuNSh; (E) AuNC; (F) tipless AuNPy; (G)
AuNRg; (H) AuNSt; (I) AuNPr; (J) AuNBP; (K) AuND; and (L) AuNCr. Reproduction with the permission from reference (Si et al., 2021). Copyright ©

2021 The Author(s).
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give quantum dots great potential in fluorescence imaging.
Compared to traditional organic dyes, quantum dots offer higher
brightness and longer fluorescence lifetime, enabling higher
resolution and sensitivity imaging (Resch-Genger et al., 2008).
Quantum dots can also be used for fluorescence imaging (Pandey
and Bodas, 2020), where multiple quantum dots are simultaneously
excited by different wavelengths of excitation light, displaying the
distribution and dynamic changes of multiple biomolecules in the

same image. This fluorescence imaging technology can provide rich
spatial and temporal information at the molecular level, helping to
reveal the complex biological mechanisms of cerebrovascular lesions
(Niu et al., 2020) (Figure 3). Additionally, the spectral properties of
quantum dots can be adjusted by changing their size and
composition (Moreels et al., 2009), achieving fluorescence
emission in different wavelength ranges. This flexibility broadens
the application of quantum dots in cerebrovascular imaging (Ren

FIGURE 2
CREKA Modified Iron Oxide (IO) NPs for Precision Cancer Imaging and magnetic hyperthermia therapy. Reproduction with the permission from
reference (Du et al., 2019). Copyright © 2019 American Chemical Society.

FIGURE 3
Urokinase-type plasminogen activator (uPA)-carbon dot (CD) Nanohybrids for fluorescence (FL) Imaging of Early blood−brain barrier (BBB) injury.
Reproduction with the permission of reference (Niu et al., 2020). 2020. Copyright © 2020 American Chemical Society.
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et al., 2021), allowing for the design and optimization of imaging
schemes based on specific needs.

2.4 Carbon-based nanomaterials

Carbon-based nanomaterials, such as graphene, carbon
nanotubes, and fullerenes, show great potential in bioimaging
due to their unique physical and chemical properties (Zhang
et al., 2018). Graphene is a two-dimensional material composed
of a single layer of carbon atoms with excellent electrical
conductivity, mechanical strength, and thermal stability. In
biomedical imaging, graphene and its derivatives (such as
graphene oxide) can be used for multimodal imaging and
photoacoustic imaging (Yang et al., 2012; Toumia et al., 2016)
due to their unique optical and electrical properties.
Photoacoustic imaging is a method that combines optical and
ultrasonic technology, achieving high-resolution deep tissue
imaging through the photoacoustic effect generated by laser
excitation of graphene. The high thermal conductivity and
absorption rate of graphene exhibit excellent signal enhancement
effects in photoacoustic imaging, significantly improving the
sensitivity and resolution of cerebrovascular imaging.

Carbon nanotubes are nanomaterials with a concentric
cylindrical structure made of carbon atoms, exhibiting excellent
mechanical properties and electrical conductivity (Manikandan
et al., 2021). In cerebrovascular imaging, carbon nanotubes can
be used as contrast agents or carriers to enhance imaging signals and
target drug delivery (Loh et al., 2018). Additionally, the surface of
carbon nanotubes can be functionalized with antibodies, peptides, or
drug molecules to achieve targeted imaging and treatment of specific
cerebrovascular regions or lesions. This multifunctional
characteristic of carbon nanotubes provides a new approach for
the diagnosis and treatment of cerebrovascular diseases.

Fullerenes are spherical nanomaterials composed of carbon atoms,
possessing unique electronic and optical properties. In biomedical
imaging, fullerenes can be used as photosensitizers or contrast
agents to enhance imaging signals (Luo et al., 2021). Additionally,
fullerenes exhibit excellent photodynamic effects, generating reactive
oxygen species to induce cell apoptosis under light irradiation, thus
being used for the cancer treatment (Li et al., 2024). This photodynamic
therapy combined with imaging technology provides a new treatment
approach for cerebrovascular diseases.

2.5 Polymer nanoparticles

Polymer nanoparticles are nanoparticles composed of
biodegradable polymers, possessing good biocompatibility and
flexibility. Polymer nanoparticles can be loaded with various imaging
agents, such as fluorescent dyes, radioactive isotopes, or magnetic
nanoparticles, to achieve multimodal imaging (Ong et al., 2021; Yu
et al., 2022). Additionally, the surface of polymer nanoparticles can be
functionalized with antibodies, peptides, or small molecule drugs to
achieve targeted imaging and treatment of specific cerebrovascular
regions or lesions (Gao et al., 2022). In addition to their application
in imaging, polymer nanoparticles can also be used for drug delivery
and gene therapy. For instance, polymer nanoparticles loaded with

therapeutic drugs or gene vectors can achieve targeted delivery to
cerebrovascular lesion sites (Luo et al., 2020; Zhang et al., 2022),
improving treatment efficiency and reducing side effects. This
multifunctional characteristic of polymer nanoparticles provides a
new approach for the integrated diagnosis and treatment of
cerebrovascular diseases.

3 Applications of nanomaterials in
different imaging techniques

3.1 Magnetic resonance imaging (MRI)

Magnetic Resonance Imaging (MRI) holds a significant position
in cerebrovascular imaging because it provides high-resolution soft
tissue contrast without the use of ionizing radiation. Traditional
MRI contrast agents are typically gadolinium-based compounds, but
their potential nephrotoxicity limits their long-term and high-dose
use. Iron oxide-based contrast agents have been investigated as more
specific MR imaging agents for central nervous system (CNS)
inflammation. Ferumoxtran-10 is a virus-sized nanoparticle,
taken up by reactive cells, that allows visualization of the
phagocytic components of CNS lesions. Manninger et al.
compared Ferumoxtran-10 with standard gadolinium-enhanced
MR images in an exploratory trial to assess its potential in the
evaluation of CNS lesions with inflammatory aspects (Manninger
et al., 2005). In this study, twenty-three patients with different types
of intracranial “inflammatory” lesions underwent standard brain
MR with and without gadolinium, followed an average of 10 days
later by a ferumoxtran-10 scan. Patients were imaged 24 h after
infusion of 2.6 mg/kg ferumoxtran-10. All MR images were
evaluated subjectively by 4 investigators for a difference in
enhancement patterns. The results showed that the ferumoxtran-
10 scan showed higher signal intensity, larger area of enhancement,
or new enhancing areas compared with gadolinium, indicating that
Ferumoxtran-10 showed different enhancement patterns in a variety
of CNS lesions with inflammatory components in comparison to
gadolinium (Figures 4–6).

Advanced nanomaterials, especially magnetic nanoparticles like
USPIO, offer an attractive alternative. USPIO exhibits excellent
T2 relaxation effects, which can significantly enhance the contrast
of T2-weighted MRI images (Figure 7). These nanoparticles enter
the bloodstream through intravenous injection and can target and
accumulate at cerebrovascular lesion sites, such as atherosclerotic
plaques and tumor vasculature, thereby providing high-resolution
cerebrovascular imaging (Buch et al., 2020).

The surface of magnetic nanoparticles can be functionalized to
introduce various targeting molecules (such as antibodies, peptides, or
small molecule drugs) to enhance their targeting specificity. For
example, USPIO modified with anti-angiogenic factor antibodies can
specifically bind to the neovasculature of brain tumors (Soliman et al.,
2020; Abousalman-Rezvani et al., 2024), enabling precise imaging of
lesion sites. In addition to enhancing MRI contrast, magnetic
nanoparticles can also be combined with other imaging techniques
to develop multimodal imaging probes (Antonelli and Magnani, 2022).
By conjugating USPIO with fluorescent dyes or radioactive isotopes,
simultaneous imaging with MRI and fluorescence imaging or positron
emission tomography (PET) can be achieved, thereby providing more
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comprehensive information on cerebrovascular lesions (Zhang et al.,
2023; Yu et al., 2018).

3.2 Computed tomography (CT)

Computed Tomography (CT) is widely used in cerebrovascular
imaging, especially in the diagnosis of acute stroke (Mangesius et al.,
2021). However, traditional iodine-based contrast agents have
limited effectiveness in CT imaging and pose potential
nephrotoxicity risks (Zhang P. et al., 2021). Advanced
nanomaterials, particularly gold nanoparticles, offer new
possibilities for enhancing CT imaging. Gold nanoparticles have
a high atomic number and density, which significantly increases
X-ray absorption, thereby enhancing CT imaging contrast (Aslan
et al., 2020; Asadinezhad et al., 2021). Compared to traditional
contrast agents, gold nanoparticles have a longer circulation time in
the bloodstream, providing more sustained imaging effects (Owens
et al., 2023).

The size and shape of gold nanoparticles can be adjusted during
the synthesis process to optimize their performance in CT imaging
(Piella et al., 2016). For instance, spherical and rod-shaped gold
nanoparticles have different optical and physical properties, making
them suitable for various imaging applications (Alam et al., 2022;
Bansal et al., 2020). Surface-functionalized gold nanoparticles can
achieve targeted imaging of specific cerebrovascular lesion sites
through targeting molecules (such as antibodies or peptides). For

example, gold nanoparticles modified with anti-platelet-derived
growth factor (PDGF) antibodies can target the vasculature of
brain tumors, providing high-resolution CT images (Meola
et al., 2018).

Besides enhancing CT imaging, gold nanoparticles can also be
combined with other imaging modalities to develop multifunctional
imaging probes. For example, conjugating gold nanoparticles with
fluorescent dyes or magnetic nanoparticles allows for simultaneous
CT and fluorescence imaging or MRI (Cheng et al., 2014). This
multimodal imaging technology can provide more comprehensive
information on lesions, aiding in the improved diagnosis and
treatment of cerebrovascular diseases. For instance, the
combination of gold nanoparticles and magnetic nanoparticles
enables both CT and MRI imaging (Cheng et al., 2014; Sun
et al., 2016), offering detailed images of cerebrovascular
structures and functions.

Despite the promising prospects of gold nanoparticles in CT
imaging, their biosafety and long-term in vivo metabolism require
further research. Studies have shown that the surface modification of
gold nanoparticles can significantly affect their distribution and
metabolic pathways in the body. For example, polyethylene glycol
(PEG) modification can increase the blood circulation time of gold
nanoparticles and reduce their accumulation in the liver and spleen
(Kozics et al., 2021), thereby enhancing biosafety. Future research
should focus on optimizing the surface modification and
functionalization of gold nanoparticles to improve their feasibility
and safety in clinical applications.

FIGURE 4
Patient with ADEM. Axial T1-weighted images without (A) and with (B) gadolinium (inset coronal) reveal faint and subtle enhancement in multiple
brain stem lesions. Six days later (C), the same site exhibits significant, more pronounced, and larger enhancement with ferumoxtran-10 (inset, coronal).
Three months later (D), the lesions no longer show enhancement on T1-weighted images with gadolinium.
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3.3 Fluorescence imaging

Fluorescence imaging technology has significant applications in
biomedical research and clinical diagnostics, particularly in
cerebrovascular imaging (Ren et al., 2021), where it provides high

sensitivity and high-resolution real-time imaging (Figure 8).
Quantum dots, as an advanced fluorescent probe material, have
become a research hotspot in fluorescence imaging due to their
unique optical properties and high brightness. Quantum dots have
broad excitation and narrow emission spectra, enabling the
simultaneous excitation of multiple colors for multicolor imaging
(Wang et al., 2020). In cerebrovascular imaging, quantum dots can
achieve highly specific imaging of cerebrovascular lesion sites
through surface modification with specific targeting molecules.
For example, quantum dots conjugated with vascular endothelial
growth factor (VEGF) antibodies can target and image areas of
neovascularization in the brain (Li et al., 2015), providing strong
support for the early diagnosis of brain tumors and strokes. The high
optical stability of quantum dots allows them to maintain brightness
without fading during prolonged imaging, providing continuous,
clear images (Montalti et al., 2015). This is important for
dynamically monitoring the progression of cerebrovascular
lesions and the effectiveness of treatments. Additionally, the
emission spectra of quantum dots can be tuned by adjusting
their size and composition (Hu et al., 2015), allowing
fluorescence emission over different wavelength ranges and
enabling multicolor imaging and multiparameter analysis.

The application of quantum dots in cerebrovascular imaging
also includes multimodal imaging (Jing et al., 2014; Swierczewska
et al., 2011). By combining quantum dots with magnetic
nanoparticles or metal nanoparticles, it is possible to achieve
multimodal imaging with fluorescence imaging, magnetic
resonance imaging (MRI), and computed tomography (CT). This
multimodal imaging technology can provide comprehensive
information about lesions, including structural, functional, and
molecular-level data, thereby improving diagnostic accuracy and
treatment effectiveness. For example, composite probes combining
quantum dots and magnetic nanoparticles can switch between
fluorescence imaging and MRI (Koole et al., 2009), achieving
high-sensitivity, multidimensional imaging of
cerebrovascular lesions.

Despite the significant advantages of quantum dots in
fluorescence imaging, their biosafety remains a concern.
Quantum dots often contain heavy metal elements, such as
cadmium and lead, which can cause toxic effects when
accumulated in the body. Therefore, developing low-toxicity or
non-toxic quantum dot materials, such as carbon quantum dots
or silicon quantum dots, is a current research focus. By optimizing
the surface modification and functionalization of quantum dots,
their biocompatibility and in vivo stability can be further enhanced,
promoting their development in clinical applications. For instance,
coating quantum dots with biocompatible polymer materials can
significantly reduce their toxicity and improve their stability and
distribution specificity in vivo.

3.4 Multimodal imaging

Multimodal imaging technology holds significant importance in
cerebrovascular imaging as it combines the advantages of various
imaging modalities, providing more comprehensive and detailed
information about lesions. Advanced nanomaterials open up new
possibilities for the development of multimodal imaging probes. For

FIGURE 5
Patient with cavernous venous vascular malformation. Sagittal
T1-weighted images without gadolinium (A) and coronal T1-weighted
images with gadolinium (B) show no significant enhancement in the
left pons lesion. However, 4 days later, T1 MR images (C) reveal
prominent enhancement of the same lesion with ferumoxtran-10.
Reproduction with the permission of reference (Manninger et al.,
2005). Copyright ©2005 American Society of Neuroradiology.
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instance, combining metal nanoparticles with fluorescent dyes,
magnetic nanoparticles, or radioactive isotopes can enable the
simultaneous application of multiple imaging modes, such as
fluorescence imaging, magnetic resonance imaging (MRI),
computed tomography (CT), and positron emission tomography
(PET) (Huang and Davis, 2011; Burke et al., 2017).

Metal nanoparticles, such as gold and silver nanoparticles, are
widely used in multimodal imaging. Gold nanoparticles, with their
unique surface plasmon resonance (SPR) properties, can
significantly enhance optical imaging contrast. Additionally, their
high atomic number makes them excellent at X-ray absorption, thus
providing high-contrast CT images. Combining gold nanoparticles
with fluorescent dyes allows for simultaneous fluorescence and CT
imaging. For example, gold nanoparticles modified with vascular
endothelial growth factor (VEGF) antibodies can be used for both
fluorescence and CT imaging, providing detailed information about
neovascularization in brain tumors (Hariharan et al., 2022).

Magnetic nanoparticles, such as USPIO, also have significant
advantages in multimodal imaging. USPIO exhibits excellent
T2 relaxation effects, significantly enhancing the contrast of T2-
weighted MRI images. By combining USPIO with fluorescent dyes
or radioactive isotopes, it is possible to achieve simultaneous MRI
and fluorescence imaging or PET imaging (Chen et al., 2016). For
instance, composite probes combining USPIO and fluorescent dyes
can switch between MRI and fluorescence imaging, providing high-
sensitivity, multidimensional imaging of cerebrovascular lesions
(Deddens et al., 2012). Moreover, the magnetic hyperthermia
effect of USPIO can be used for brain tumor hyperthermia
treatment (Israel et al., 2020), offering a non-invasive localized
therapy option in addition to imaging.

Carbon-based nanomaterials, such as graphene and carbon
nanotubes, also show great potential in multimodal imaging
(Yang et al., 2012). Graphene, with its excellent optical, electrical,
and mechanical properties, is particularly suitable for photoacoustic

FIGURE 6
Patient with PCNSL. Axial T1-weighted images without gadolinium (A) and with gadolinium (B) reveal intense ring-enhancing lesions in the head of
both caudate nuclei. Fifteen days later, T1-weighted images with ferumoxtran-10 (C) demonstrate that the lesions in the caudate head have enlarged and
exhibit more intense enhancement. Additionally, another lesion in the splenium of the corpus callosum is visible, showing larger and more intense
enhancement compared to the baseline gadolinium image (not shown). T2-weighted images following ferumoxtran-10 administration (D, E) display
low-intensity changes in both lesions. Reproduction with the permission of reference (Manninger et al., 2005). Copyright ©2005 American Society of
Neuroradiology Reproduction with the permission of reference (Manninger et al., 2005). Copyright © 2005 American Society of Neuroradiology.
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imaging (Toumia et al., 2016). Combining graphene with fluorescent
dyes or magnetic nanoparticles can achieve multimodal imaging
with photoacoustic imaging, fluorescence imaging, and MRI. For
example, composite probes combining graphene and magnetic
nanoparticles can switch between photoacoustic imaging and
MRI, providing high-resolution structural and functional images
of cerebrovascular structures (Zhao et al., 2021). Carbon nanotubes,
with their unique structure and optical properties, can be utilized to
develop multifunctional imaging probes capable of simultaneous
fluorescence, photoacoustic, and CT imaging (Thangam et al.,
2021). Phillips et al. conducted a human clinical trial involving
ultrasmall inorganic hybrid nanoparticles, specifically
124I-cRGDY–PEG–C dot particles, in patients (Phillips et al.,
2014). In patient who received an intravenous injection of
124I-cRGDY–PEG–C dots, a well-defined cystic lesion
approximately 5 mm in size was observed in the right anterior
lobe of the pituitary gland, an area lacking a blood-brain barrier, on
axial and sagittal magnetic resonance (MR) images (Figure 9A).
Precise co-registration of this tracer-avid focus with multiplanar
MRI (Figure 9B) and CT (Figure 9C) images confirmed its location
within the interior of the pituitary gland. PET imaging revealed a
progressive net accumulation of 124I-cRGDY–PEG–C dot activity at
the lesion site (Figure 9D).

Polymer nanoparticles also deserve attention in multimodal
imaging applications (Joshi and Joshi, 2022). Polymer
nanoparticles have good biocompatibility and degradability,
allowing them to carry various imaging probes or drugs for
efficient targeted delivery and imaging. For example, polylactic-
co-glycolic acid (PLGA) nanoparticles can carry fluorescent dyes,

magnetic nanoparticles, or drug molecules for multimodal imaging
and targeted therapy (Hashemi et al., 2020; Zhang et al., 2020). By
combining PLGA nanoparticles with metal or magnetic
nanoparticles, it is possible to develop multimodal imaging
probes with fluorescence, MRI, and photoacoustic imaging
capabilities (Joshi and Joshi, 2022). This multimodal imaging
technology can provide more comprehensive and detailed
information about cerebrovascular lesions, thus improving
diagnostic accuracy and treatment effectiveness.

The main advantage of multimodal imaging lies in its ability to
integrate the benefits of different imaging modalities, providing
comprehensive information at structural, functional, and
molecular levels. For example, MRI can offer high-resolution soft
tissue contrast, CT can provide high-contrast images of bones and
blood vessels, fluorescence imaging can deliver highly sensitive
molecular information, and PET can offer metabolic and
functional data. By combining these imaging modalities, it is
possible to obtain more comprehensive information about
lesions, thereby improving diagnostic accuracy and treatment
outcomes. In brain tumor diagnosis, for instance, multimodal
imaging can provide multidimensional information about tumor
anatomy, angiogenesis, molecular marker expression, and metabolic
activity, offering more comprehensive diagnostic support for
clinicians (Overcast et al., 2021).

In summary, the application of advanced nanomaterials in
cerebrovascular imaging has broad prospects. By continuously
optimizing and improving the synthesis processes and surface
modification techniques of nanomaterials, their imaging
performance and biosafety can be further enhanced, promoting

FIGURE 7
Validating the size of the small vessels that were visible after administration of USPIO agent Ferumoxytol (A) The ratio of posterior cerebral artery
(PCA) to a peduncular artery (PedA) and collicular artery (ColA) was estimated using the histology work by obtaining the vessel diameters at five different
locations. (B) The true diameter of PCA was obtained from Fe0 short TE magnitude data for all subjects. (C) SWIPGAC data (with a zoomed inset of the
medullary veins as shown by thewhite box), focusing on the cerebral whitematter vessels. VA = Ventricular angle. Reproduction with the permission
of reference (Buch et al., 2020). Copyright © 2020 Elsevier Inc.
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their translation and application in clinical settings. The use of
multimodal imaging technology, particularly in combination with
different types of nanomaterials, offers new approaches and
methods for the diagnosis and treatment of cerebrovascular
diseases. In the future, as nanomaterials and imaging
technologies continue to advance, multimodal imaging will play
an increasingly important role in cerebrovascular imaging,
providing strong support for the early diagnosis and personalized
treatment of cerebrovascular diseases.

4 Challenges and future prospects

Despite the significant advantages of nanomaterials in
cerebrovascular imaging, there are still many challenges and
issues in practical applications. For example, the biosafety, long-
term stability, targeting, specificity, large-scale preparation, and
clinical translation of nanomaterials require further research and
solutions. Therefore, future research should focus on the
following aspects.

FIGURE 8
(A)Color photograph of a hair-shaved-off C57BL/6mouse for NIR-IIb fluorescence imaging. (B–D) Time-course NIR-IIb brain fluorescence images
present the perfusion of rare-earth NPs into various cerebral vessels. (E, F)Cerebral vascular image and the corresponding PCA overlaid image F showing
arterial (red) and venous (blue) vessels. (G) SBR analysis of NIR-IIb cerebrovascular image. (H) Small area and 3D reconstruction of vascular confocal
images of a mouse brain. Reproduction with the permission of reference (Ren et al., 2021). Copyright © 2021 The Authors.
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4.1 Biosafety and long-term stability

A primary challenge for using advanced nanomaterials in
cerebrovascular imaging is ensuring their safety. This involves
both biocompatibility and minimizing potential toxicity.
Nanomaterials have unique properties ideal for imaging, but
these same properties can raise safety concerns. Some
nanomaterials, like quantum dots and certain metallic
nanoparticles, contain potentially toxic elements (e.g., cadmium,

lead) (Sengul and Asmatulu, 2020; Sobhanan et al., 2023). These
elements can accumulate in the body, harming tissues and organs.
Therefore, biocompatibility is crucial for clinical translation.
Nanomaterial toxicity is linked to several factors: size, shape,
surface chemistry, and functional modifications (Sukhanova et al.,
2018; Albanese et al., 2012; Kim et al., 2013). Smaller nanoparticles
can more easily cross biological barriers, potentially increasing their
biological impact and toxicity (Pandey and Prajapati, 2018; Sani
et al., 2021). Functional modifications, such as coating with

FIGURE 9
Multimodal Imaging of Particle Uptake in a Pituitary Lesion. (A) Multiplanar contrast-enhanced MR axial and sagittal images of patient, taken 72 h
post-injection, demonstrate a subcentimeter cystic focus (arrows) within the right aspect of the anterior pituitary gland. (B) Co-registered axial and
sagittal MRI-PET images show increased focal activity (red, 124I-cRGDY–PEG–C dots) localized to the lesion site. (C) Axial and sagittal PET-CT images
further localize this activity to the right aspect of the sella. Reproduction with the permission of reference (Phillips et al., 2014). Copyright
©2014 American Association for the Advancement of Science.
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polyethylene glycol (PEG), can improve biocompatibility. PEGylation
can extend blood circulation time and reduce accumulation in the
liver and spleen, minimizing toxic reactions (Fan et al., 2020).
Metabolism and excretion pathways are also critical for biosafety.
Ideally, nanomaterials should be biodegradable and quickly cleared
from the body to prevent long-term accumulation and toxicity. Some
polymer-based nanoparticles (e.g., PLGA) show promise in this
regard, breaking down into harmless molecules. However, further
research is needed to optimize their degradation and metabolic
profiles. Researchers are developing strategies to enhance
biocompatibility. Surface coating with biocompatible materials (e.g.,
liposomes, proteins, polysaccharides) can improve stability and
reduce toxicity. Liposome-coated gold nanoparticles, for example,
show improved blood stability and reduced accumulation in organs
(Liang et al., 2017).

In conclusion, while biocompatibility and toxicity are key
challenges, ongoing research into surface modifications and other
strategies offers promising solutions. Rigorous testing and clinical
trials are essential to validate the safety and efficacy of these
nanomaterials before widespread use in cerebrovascular imaging.

4.2 Targeting and specificity

Targeting and specificity are crucial for effective cerebrovascular
imaging using nanomaterials. These materials must accurately reach
and accumulate at the lesion site to generate clear imaging signals.
However, the blood-brain barrier (BBB) hinders most nanomaterials
from entering brain tissue, limiting their application. Therefore,
developing nanomaterials capable of crossing the BBB and targeting
cerebrovascular lesions is a key research area (Furtado et al., 2018;
Tan et al., 2023; Zhang W. et al., 2021; Gao et al., 2022; Wu et al.,
2023). Several strategies enhance targeting. Surface functionalization
with ligands (e.g., antibodies, peptides, small molecules) allows
nanoparticles to bind specifically to target sites, such as the
neovasculature of brain tumors (Winer et al., 2011).
Multifunctional molecules can simultaneously provide targeting
and imaging capabilities, improving specificity and sensitivity
(Rizvi et al., 2021). Leveraging the physicochemical properties of
nanomaterials is another approach. Magnetic nanoparticles (e.g.,
USPIO) can be guided to specific locations using an external
magnetic field, improving targeting efficiency and reducing non-
specific distribution in healthy tissues, which also lowers potential
toxicity (Liu et al., 2021). Nanomaterial size and shape also influence
targeting. Non-spherical shapes (e.g., rods, sheets) interact
differently with blood vessels compared to spheres, potentially
improving accumulation at lesion sites. Precise control over size
and shape can optimize in vivo distribution and targeting (Annu
et al., 2022; Luo et al., 2020).

Despite these advances, challenges remain. The BBB’s
complexity and individual variability hinder penetration and
targeting. The body’s complex metabolism and clearance
mechanisms can also reduce effectiveness. Future research should
explore new targeting strategies and optimize existing technologies
to enhance nanomaterial performance in cerebrovascular imaging.
This includes further investigation into overcoming the BBB and
improving the precision of targeting to specific lesion types within
the cerebrovascular system.

4.3 Large-scale preparation and clinical
translation

Using nanomaterials for cerebrovascular imaging depends on
high-quality materials and scalable production. Optimized
preparation processes are essential for consistent material
performance. Traditional methods (e.g., chemical precipitation,
sol-gel, hydrothermal synthesis, sputtering) (Rafique et al., 2020)
can produce high-quality nanomaterials at small scales, but scaling
up often presents challenges like low yield, high cost, and complex
processes. Newer techniques aim to improve production efficiency
and quality. Microfluidic technology (Zhao et al., 2020; Illath et al.,
2022), using microscale reactors, allows for precise control over
reaction conditions. This leads to greater material uniformity and
stability, shorter preparation times, and reduced costs. It also
facilitates continuous synthesis of multi-component
nanomaterials, enabling the development of multifunctional
imaging probes. Self-assembly is another promising technique (Li
et al., 2022). By controlling intermolecular forces (e.g., electrostatic,
hydrogen bonds, van der Waals), nanomaterials can spontaneously
assemble into complex structures. This method is efficient,
environmentally friendly, and potentially scalable. It allows for
the creation of multilayer nanomaterials capable of carrying
multiple imaging probes or drugs for multimodal imaging and
targeted therapy (Li et al., 2021).

Despite these advances, large-scale production still faces
challenges. Maintaining consistent product quality and
reproducibility requires stable process parameters and stringent
quality control. Surface modification and functionalization also
add complexity. Addressing these challenges requires optimizing
process parameters, developing automated equipment, and
implementing robust quality control systems. Researchers are
exploring new processes and equipment to improve large-scale
production. High-pressure homogenizers and ultrasonic
dispersers enhance homogenization and dispersion, preventing
agglomeration and ensuring product stability. Continuous flow
reactors and automated control systems can further increase
efficiency and production capacity. Cost-effectiveness and
environmental impact are also important considerations.
Traditional methods often use large amounts of solvents and
energy, creating waste. Developing green, sustainable processes,
such as aqueous phase synthesis (using water as a solvent), is
crucial for reducing costs and environmental impact.

In summary, efficient preparation and scalable production are
critical for translating nanomaterials to clinical cerebrovascular
imaging. Optimizing existing methods, developing new
technologies and equipment, and prioritizing green chemistry are
key areas for future research. These efforts will improve the
availability and cost-effectiveness of nanomaterials for clinical use.

4.4 Regulatory and ethical issues

Nanomaterials in cerebrovascular imaging face not only
scientific and technical hurdles but also regulatory and ethical
challenges. As nanotechnology rapidly advances, governments
and international organizations are developing regulations and
guidelines to ensure safety, efficacy, and responsible use.
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Nanomaterials must meet stringent requirements for clinical trials
and commercialization. Regulatory processes for nanomaterials are
similar to those for traditional drugs and medical devices, but with
added complexities. The unique properties of nanomaterials may
require new evaluation standards and approval procedures.
Regulatory agencies typically require comprehensive safety and
toxicity data to assess potential human health and environmental
impacts. Clear standards and guidelines are also needed for material
preparation, quality control, and clinical use.

Ethical considerations are equally important. While
nanomaterials offer great potential for improved diagnostics and
treatment, their long-term effects remain uncertain. Potential risks,
such as organ damage or immune responses from long-term
accumulation, require careful monitoring and evaluation.
Balancing scientific progress with individual rights is also crucial.
This includes ensuring informed consent for patients in clinical
trials, protecting patient rights, and promoting equitable access to
nanomaterial-based technologies. Open discussions among
scientists, medical institutions, governments, and the public are
essential for developing appropriate guidelines and policies.

In conclusion, addressing regulatory and ethical issues is
essential for the successful translation of nanomaterials to
cerebrovascular imaging. Establishing robust regulatory
frameworks, unified safety standards, and clear ethical guidelines
will ensure responsible development and application of these
promising technologies. Continued dialogue and collaboration are
crucial for maximizing the benefits of nanomaterials while
minimizing potential risks.

5 Conclusion

The rapid development of nanotechnology has brought new
opportunities to cerebrovascular imaging. Advanced nanomaterials,
such as metal nanoparticles, magnetic nanoparticles, quantum dots,
carbon-based nanomaterials, and polymer nanoparticles, have
shown great potential in improving imaging resolution, contrast,
and specificity. These nanomaterials improve imaging sensitivity
and specificity through various physical and chemical mechanisms,
providing new approaches for the diagnosis and treatment of
cerebrovascular diseases. Despite the significant advantages of
nanomaterials, there are still many challenges and issues in
practical applications, such as biosafety, long-term stability,

targeting, specificity, large-scale preparation, and clinical
translation. Therefore, future research should focus on addressing
these issues to promote the further development and application of
advanced nanomaterials in cerebrovascular imaging. Through in-
depth discussion of these issues, this review hopes to provide
valuable references for researchers in related fields and promote
the further development and application of advanced nanomaterials
in cerebrovascular imaging.
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Tumors, as a disease that seriously threatens human health, have always been a
major challenge in the field of medicine. Currently, the main methods of tumor
treatment include surgery, radiotherapy, chemotherapy, etc., but these traditional
treatment methods often have certain limitations. In addition, tumor recurrence
and metastasis are also difficult problems faced in clinical treatment. In this
context, the importance of metal-based nanomaterials in tumor therapy is
increasingly highlighted. Metal-based nanomaterials possess unique physical,
chemical, and biological properties, providing new ideas and methods for
tumor treatment. Metal-based nanomaterials can achieve targeted therapy for
tumors through various mechanisms, reducing damage to normal tissues; they
can also serve as drug carriers, improving the stability and bioavailability of drugs;
at the same time, some metal-based nanomaterials also have photothermal,
photodynamic, and other characteristics, which can be used for phototherapy of
tumors. This review examines the latest advances in the application of metal-
based nanomaterials in tumor therapy within past 5 years, and presents
prospective insights into the future applications.

KEYWORDS

metal-based nanomaterials, tumor therapy, ferroptosis, calcium overload, cuproptosis,
immunotherapy

1 Introduction

There are various essential metal ions in the human body that participate in many
important life activities, such as signal pathway activation, enzyme catalysis, and protein
composition (Lv et al., 2023). In normal cells, theprecise regulation of ion homeostasis is
crucial for cell survival, metabolism, and immunity (Liu et al., 2024). The abnormal
distribution or accumulation of certain metal ions can activate cell toxicity-related
biochemical reactions and induce cell death. Based on this principle, a new treatment
strategy has emerged, namely, metal ion-mediated tumor treatment, which inhibits tumor
growth by directly or indirectly regulating the concentration of metal ions within cells (Feng
et al., 2023; Sun et al., 2024). In addition, metal ions also play a key role in tumor immune
regulation, and the concept of “cancer metal immunotherapy” has been proposed (Wang
et al., 2023c). Therefore, an increasing number of compounds with the ability to regulate
metal ions (such as curcumin, deferoxamine, disulfiram) have been developed for tumor
treatment research (Wu et al., 2020). However, their clinical transformation is hindered by
limited specific recognition ability and inadequate ion concentration changes. In recent
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years, nanomaterials have made significant progress and
development in drug delivery, diagnosis and imaging, treatment,
vaccines, and other fields (Wang G. et al., 2023). Various metal ion-
regulated nanomaterials have also made great progress in tumor
treatment research. They not only optimize the metal ion-based
antitumor treatment system but also provide the possibility for the
combination of metal ion treatment with other treatment strategies.
These characteristics make metal-based nanomaterials show great
potential for tumar treatment.

This article will comprehensively summarize the diverse types,
intricate mechanisms, and the latest research advancements in the
field of metal-based antitumor nanomaterials and offer insights into
the anticipated directions of development.

2 Metal ions and tumors

2.1 The role of iron in antitumor therapy

2.1.1 Physicochemical properties, physiological
functions of iron and ferroptosis

Iron (symbol: Fe) is the 26th metal element in the periodic table,
with valences of Fe2+, Fe3+, and Fe6+, among which Fe2+ and Fe3+ are
the most common and can convert into each other in the human
body. Iron is an important essential trace element in the human
body, mainly existing in two forms: heme iron and non-heme iron.
Heme iron is an important component of hemoglobin in red blood
cells and myoglobin in muscle, responsible for oxygen transport in
the blood and oxygen storage in the muscle, respectively (Sawicki
et al., 2023). Non-heme iron combines with iron-binding proteins,
such as ferritin and hemosiderin. In addition to participating in
hemoglobin synthesis and oxygen transport, iron also acts as a
cofactor for various enzymes involved in many important cellular
processes, such as DNA synthesis and repair, electron transfer, and
respiration (Powell et al., 2023). The maintenance of iron
homeostasis is crucial for the normal life activities of the body.

Inside cells, iron homeostasis is precisely regulated at the
transcriptional and translational levels by iron regulatory proteins
(IRPs) and iron response elements (IREs) to control iron uptake,
storage, and efflux, as well as the management and distribution of
iron within cells (Billesbolle et al., 2020). Fe2+ is the main active form
of iron, participating as a structural or catalytic cofactor in redox
reactions. When iron levels surge beyond normal, an abundance of
Fe2+ can trigger oxidative stress and disrupt the equilibrium of the
antioxidant defense system. Excess free radicals, generated through
redox reactions, attack the polyunsaturated fatty acids within the cell
membrane, thereby triggering a chain reaction of lipid peroxidation,
which in turn leads to cell death, a phenomenon designated as
ferroptosis. Ferroptosis is a programmed iron ion-dependent cell
death mechanism that plays a role in various physiological and
pathological processes (Mou et al., 2019; Nguyen et al., 2023).
Ferroptosis is mainly caused by the excessive accumulation of
intracellular iron ion-dependent reactive oxygen species (ROS)
and the weakened elimination of glutathione peroxidase 4
(GPX4), which causes the homeostatic imbalance of ROS
generation and degradation. When the cell’s own antioxidant
capacity is insufficient to remove excessively accumulated lipid
ROS, it causes ferroptosis. Iron accumulation and subsequent

lipid peroxidation play an important role in mediating the
occurrence of ferroptosis. Thus, the various molecules and signals
involved in ironmetabolism and lipid peroxidation are all critical for
regulating iron death. The changes in cell metabolic pathways
caused by ferroptosis mainly include inhibited GSH synthesis and
LPO accumulates, iron metabolism and ROS metabolic pathway (as
shown in Figure 1).

2.1.2 Antitumor mechanisms based on ferroptosis
Iron metabolism disorders are closely related to the occurrence

and development of tumors. Since iron is an essential element for
cell proliferation and metabolism, the rapid proliferation of tumor
cells shows an abnormal demand for iron, so tumor cells promote
the accumulation of iron in cells through iron metabolism
reprogramming (Yang et al., 2023). Therefore, the iron content
in tumor cells is higher than in normal cells. Due to the influence of
the tumor microenvironment, tumor cells are more susceptible to
ferroptosis inducers than normal cells, creating a fundamental
prerequisite to undergo anti-tumor treatment utilizing ferroptosis
(Lei et al., 2022). However, the vast majority of iron within tumor
cells predominantly exists in the form of non-cytotoxic ferritin.
Therefore, targeting ferritin to facilitate the liberation of iron ions or
directly modulating the intracellular iron ion concentration are two
feasible ferroptosis-based anti-tumor treatment strategies.

In addition, since the concentration of hydrogen peroxide
(H2O2) in tumor cells is relatively higher than in normal cells,
excessive iron ions will undergo the Fenton reaction with H2O2

(Huang L. et al., 2023). In the process of this reaction, the interaction
between Fe2+ and H2O2 leads to the production of hydroxyl radicals
(·OH), a highly biologically toxic ingredient capable of damaging
lipids, proteins, DNA, and other vital cellular components,
ultimately leading to the death of tumor cells. Therefore,
increasing the concentration of free Fe2+ and H2O2 within tumor
cells at the same time can mediate cell death through the Fenton
reaction, which may become one effective anti-tumor strategy based
on iron ion.

2.1.3 Iron ion-based anti-tumor nanomedicines
With the in-depth study of ferroptosis and the development of

nanotechnology, nanomaterials have been proven to induce
ferroptosis more effectively than biological drugs. First, it can
break the iron homeostasis both through ex vivo delivery
mechanisms and endogenous iron utilization pathways,
enhancing the elevation of intracellular free iron levels.
Currently, various nanodrugs containing Fe2+/Fe3+ or capable
of delivering Fe2+/Fe3+ have been developed for anti-tumor
treatment, such as polydopamine (PDA) and amorphous
CaCO3 nanoparticles, etc (Han et al., 2022). Iron-bearing
nanoparticles can not only release Fe2+ in acidic lysosomes but
also deliver antitumor medications, such as a chemotherapeutic
drug cisplatin, achieving a synergistic antitumor effect (Cheng
et al., 2021). Biocompatible iron nanoparticles, Fe3O4-NPs, not
only promote the production of reactive oxygen species (ROS) but
also participate in iron metabolism, leading disruption of
intracellular iron balance and induction of ferroptosis. In
addition, Fe3O4-NPs combined with other technologies, such as
photodynamic therapy (PDT), thermal stress, and sonodynamic
therapy (SDT), can further induce cellular ferroptosis, thereby
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enhancing the antitumor effects (Wang et al., 2023d; Yao
et al., 2021).

Another method to increase the level of free Fe2+ within cells is to
target iron-related proteins, among which ferritin degradation is
considered an effective approach. A ferritin-hijacking nanoparticle
(Ce6-PEG-HKN15) is fabricated, by conjugating the ferritin-homing
peptide HKN15 with the photosensitizer chlorin e6 (Ce6) for
endogenous ferroptosis without introducing Fenton-reactive
metals (Zhu et al., 2022). Since the HKN15 peptide can target
ferritin, the photosensitizer chlorin e6 (Ce6) can specifically
aggregate around ferritin. Under laser irradiation, the activated
Ce6 in these nanoparticles synergizes with the generated ROS to
effectively destroy ferritin and release Fe2+. In turn, the released iron
partially interacts with intracellular excess H2O2 to produce O2,
thereby enhancing photodynamic therapy and further amplifying
oxidative stress. Xiong et al. prepared a nano-activator (DAR) which
was assembled by doxorubicin (DOX), tannic-acid (TA) and
IR820 as a photosensitizer to make full use of endogenous iron
stored in endo-lysosome, realizing ferroptosis and its related
oxidative stress through artificially intracellular positive feedback
loop, providing an innovative solution for the development of
antitumor treatment based on ferroptosis-immunotherapy (Xiong
et al., 2021).

2.2 The role of calcium in antitumor therapy

2.2.1 Physicochemical properties and physiological
functions of calcium

Calcium (symbol: Ca) is a chemical element with an atomic
number of 20, and its ionic form is Ca2+. Calcium is the most
abundant metal element in the human body and is crucial for the
formation of bones and teeth. In the body, calcium exists in three
main forms: free calcium, complex calcium, and protein-bound
calcium, which can convert into each other. Among them, free
calcium is the only physiologically active form. As an indispensable
second messenger in cells, calcium ions (Ca2+) participate in the
regulation of almost all physiological processes by activating specific
target proteins. Due to the importance of Ca2+, its concentration is
strictly controlled (Berridge et al., 2000; Carafoli, 2002; Liu et al.,
2020; Marchi et al., 2020; Monteith et al., 2017). The concentration
of free calcium within cells is only 100 nM, much lower than the
extracellular calcium concentration (Bagur and Hajnoczky, 2017).
Fluctuations in Ca2+ concentration will affect normal calcium signal
transmission and thus affect cellular physiological functions. The
homeostasis of intracellular Ca2+ mainly relies on the orderly
cooperation of various Ca2+ channels in the cell membrane and
organelles (such as the endoplasmic reticulum, mitochondria, and

FIGURE 1
(A)Major metabolic pathways of ferroptosis; (B) Effect of Fe3O4-NPs on cell ferroptosis; (C)Mechanism of Fe3O4-NP-induced ferroptosis through
upregulation of p53. Reproduced with permission from ref (Wang et al., 2023d); CC BY 4.0. Copyright © 2023 by the authors.

Frontiers in Bioengineering and Biotechnology frontiersin.org03

Xu et al. 10.3389/fbioe.2025.1550089

156

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1550089


lysosomes) (Berridge, 2016; Clapham, 2007; Huang et al., 2022).
When this homeostatic mechanism is disrupted, excessive
intracellular calcium ion concentration may lead to calcium
overload, resulting in cell death (Hof et al., 2019).

2.2.2 Antitumor mechanism based on
calcium overload

Ca2+ is the most abundant metal element and the second
messenger in the human body, regulating specific biological
functions that involve all aspects of cell life, and closely
participate in the formation, proliferation, and migration of
tumor cells (Bagur and Hajnoczky, 2017; Wu Y. et al., 2024).
The expression of Ca2+ signal pathway-related proteins in tumor
cells is different from that in normal cells, and the Ca2+ signal
pathways are related to the pathogenesis of specific tumors such as
breast cancer, colon cancer, lung cancer, liver cancer, etc (Jing et al.,
2016; Wang et al., 2019; Zhang et al., 2015). Compared to normal
cells, tumor cells such as breast cancer, prostate cancer, and
melanoma exhibit reduced Ca2+ influx mediated by stromal
interaction molecules to avoid cell death caused by intracellular
Ca2+ overload. This mechanism promotes the proliferation of tumor
cells (Dubois et al., 2014; Faouzi et al., 2013; Sun et al., 2014).
Therefore, tumor cell death caused by calcium overload can be
achieved by correcting the abnormal Ca2+ signaling pathway or
introducing exogenous Ca2+ into the cytoplasm via calcium ion
carriers (Cao et al., 2024). When a large amount of Ca2+ enters the
mitochondria, it can inhibit the synthesis and biological activity of
drug-resistant proteins, promote the uptake and retention of cells for
anticancer drugs. In addition, mitochondrial Ca2+ overload can also

increase the level of intracellular ROS, causing the release of
cytochrome C (Cyt C), thereby activating cysteine protease 3
(caspase-3) and GSDME protein, jointly promoting the
occurrence of cell pyroptosis (as shown in Figure 2) (Bao et al.,
2021; Xu et al., 2024; Yu et al., 2021). In summary, nanodrugs that
can directly introduce Ca2+ into cells or organelles can provide new
ideas for tumor treatment.

2.2.3 Calcium-based antitumor nanodrugs
With the continuous development of nanotechnology, the

functions of nanomaterials are constantly being engineered. The
emergence of calcium-based nanocomposites has well solved the
problem of low efficiency in directly delivering Ca2+ to tumor tissues,
greatly expanding the application of Ca2+ in the field of tumor
treatment (Bai et al., 2022). Calcium-based nanocomposites used in
tumor treatment include calcium phosphate (CaP), calcium
carbonate (CaCO3), calcium peroxide (CaO2), etc. (Li et al., 2021;
Xu et al., 2018; Zhao et al., 2021; Zheng et al., 2021), which have
excellent pH response capabilities and are often used in the design of
pH-dependent nanodrug delivery platforms (An et al., 2020). In
addition, calcium-based nanocomposites can also target tumor
tissues or cells. After internalization, they can degraded under the
action of acidic organelles (such as lysosomes), and release a large
amount of free Ca2+. This process, when combined with Ca2+ influx
promoters or Ca2+ efflux inhibitors, can further elevate the
intracellular Ca2+ concentration that consequently induce cell
apoptosis due to Ca2+ overload (Gao S. et al., 2019). Therefore,
calcium-based nanodrugsits are very promising material for
antitumor treatment.

FIGURE 2
(A) Schematic diagram of antitumor mechanisms of Ca2+ overload-based nanomedicines. Reproduced with permission from ref (Xu et al., 2024). (B)
Schematic Illustration of the construction of FMUP nanoagent and the underlying anticancer mechanism. (a) Core-shell type FMUP nanoagents with
UCNP as the core and photoacid (pHP) encapsulated in the cavity of FA-doped MOFs shell were constructed by one-pot self-assembly. The FMUP
nanoagent was synthesized by coordination of carboxyl groups on BTC and FA with Fe3+. The UCNP as the core was located in the shell and
simultaneously the pHPwas loaded in the pore of the nanoagent. (b)Corresponding anticancer mechanism of FMUP nanoagent.① Active internalization
of FMUP in tumor cells helped by FA functionalization. ② Lysosome escape of FMUP induced by the increase of osmotic pressure after NIR light
irradiation. ③ Fe2+ and H+ release from FMUP upon NIR light irradiation. ④ Photoacidification of intracellular microenvironment induced calcium influx
and therefore calcium overload in themitochondria and simultaneously generated a key acidic environment for efficient Fenton reactions. The release of
Fe2+ and photoacidification synergistically reinforced Fenton reactions and therefore produced a large number of ·OH within the close proximity of
mitochondria.⑤ As a result, the calcium overloaded and plentiful ·OH enabled dual damage tomitochondria and further induced cell death. Reproduced
with permission from ref (Bao et al., 2021); CC BY 4.0. Copyright © 2023 by the authors.
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2.3 The role of manganese in
antitumor therapy

2.3.1 Physicochemical properties and physiological
functions of manganese

Manganese (element symbol: Mn) is a transition element with
an atomic number of 25, having various valence states, including
Mn2+, Mn3+, Mn4+, Mn6+, and Mn7+. The most common form of
manganese found in living tissues is Mn2+ and Mn3+. Manganese
plays an important role in various physiological processes, including
development, energy metabolism, antioxidant defense, and immune
function. Manganese acts as a cofactor for various enzymes in the
body, such as arginase, manganese superoxide dismutase (MnSOD),
and cyclic guanosine monophosphate-adenosine monophosphate
synthase (cGAS), etc. (Liu et al., 2022; Zhu et al., 2019). Among
them, the cGAS protein is an important DNA sensor that activates
the host immune response, and the cGAS-STING signaling pathway
plays a crucial role in innate immune responses (Wang et al., 2018).
Therefore, manganese is an important immune activator and the
level of manganese in cells also needs precise regulation. Manganese
efflux pumps and metal transporters ZIP8, ZIP14, and ZnT10 play a
key role in this process (Xin et al., 2017). Due to the chemical
properties of strong redox capabilities that similarity to iron,
manganese can also produce ·OH through a Fenton-like reaction,
increasing oxidative stress and producing cytotoxic effects (Ju
et al., 2022).

2.3.2 Antitumor mechanism of manganese
Numerous epidemiological investigations have found a

significant positive correlation between low manganese and
tumor occurrence (Kim, 2010; Tu et al., 2010). The purpose of
antitumor manganese nanodrugs is to increase the concentration of
intracellular free Mn2+. After nanoparticles are internalized by cells,
the release of Mn2+ depletes intracellular glutathione (GSH), enabe
the sufficient generation of reactive oxygen species (ROS) and

effectively kill tumor cells. In addition, Mn2+ can also catalyze
conversion of cellular H2O2 to ·OH through a Fenton-like
reaction. It also promotes the decomposition of H2O2 to O2 and
continuously catalyzes the conversion of O2 to cytotoxic ·O2- via
oxidase-like activity that enhance the therapeutic effects of
radiotherapy and starvation therapy (Zhu et al., 2021).

Manganese possesses strong immune activation capabilities. The
cGAS-STING signaling pathway plays a crucial role in innate
immune responses, where cGAS, as a DNA sensor, can detect
double-stranded DNA released into the cytoplasm or
extracellularly from damaged tumor cells, triggering an immune
response (Wang et al., 2018). As a cofactor for cGAS, Mn2+ is a
strong activator of the cGAS-STING signaling pathway, which can
promote the production of type I interferon (IFN), enhance antigen
presentation efficiency, and enhance the differentiation and
activation of CD8+ T cells (as shown in Figures 3, 4) (Lv et al.,
2020; Sun et al., 2021; Wang et al., 2018). After radiotherapy or
chemotherapy, the accumulation of Mn2+ and the leakage of nuclear
DNA can effectively promote the activation of the cGAS-STING
signaling pathway, thereby enhancing the antitumor immunity
induced by radiotherapy or chemotherapy (Zhang et al., 2023).
Mn2+ combined with anti-TGF-β/PD-L1 bispecific antibodies
reduces drug resistance by enhancing both innate and adaptive
immune pathways. Manganese ion-based “Metalloimmunotherapy”
plays a very important role in antitumor treatment.

2.3.3 Manganese ion-based antitumor nanodrugs
As a simple and effective immune stimulant, manganese and its

derived nanomaterials have shown significant effects in tumor
treatment. Various manganese-based nanomaterials have been
widely used as nanocarriers to deliver immunotherapeutic agents,
or as immunomodulators to reshape the immunosuppressive tumor
microenvironment, or as immune activators to activate the body’s
immune system directly or indirectly for clinical tumor
immunotherapy. Compared with commonly used tumor

FIGURE 3
Schematic diagram of the antitumor immune responses of Mn2+. Reproduced with permission from ref (Lv et al., 2020); CC BY 4.0. Copyright ©

2020 by the authors.
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immunotherapies such as tumor vaccines, immune checkpoint
blockade therapy, adoptive cell therapy, manganese-based tumor
immunotherapy has significant advantages in terms of stability,
applicability, convenience, price, etc. In 2020, a research from
Peking University showed that manganese ions could effectively
synergistically enhance the effects of immune checkpoint
inhibitors in various tumor models and significantly reduce the
dosage of PD-1 antibodies (Lv et al., 2020). Translating NK cell
therapies to treat solid tumors has proven challenging due to the
tumor microenvironment (TME). Hypoxia in the TME induces
immunosuppression that inhibits the cytotoxic function of NK
cells. Thus, reversing hypoxia-induced immunosuppression is
critical for effective adoptive NK cell immunotherapy. The
particles (PLGA-MnO2 NPs) were developed by encapsulating
MnO2 NPs into poly (lactic-co-glycolicacid) (PLGA), which can
catalyze the degradation of endogenous H2O2 to produce oxygen

to alleviate tumor hypoxia, resulting in significantly enhanced
cytotoxicity of NK cells. This manganese ion-based NPs are
promising new tools to improve adoptive NK cell therapy
(Murphy et al., 2021). Manganese-based nanomaterials combined
with immune activators can synergistically activate the cGAS-STING
pathway to enhance antitumor immune effects while reducing the
side effects caused by excessive manganese. Chen et al. reported a
thio-cGAMP-Mn2+ nanovaccine, which enhanced the antitumor
immune response through direct cytosolic co-delivery of cGAMP
and Mn2+. The fixation of cGAMP with Mn2+ ions not only improve
its stability, but also potentiate the activation of STING pathway. The
nanovaccine increased the production of cytokines, and activated
CD8+ T cell immunity, and in turn suppressed the primary and distal
tumors growth through long-term immune memory and led to long-
term survival of poorly immunogenic B16F10melanomamice (Chen
et al., 2021).

FIGURE 4
Amplifying STING activation with CDN-Manganese particles (CMP) for cancer metalloimmunotherapy. (A) CMP is composed of cyclic di-
nucleotides (CDNs), Mn2+, DOPE-H11, and a PEG-lipid layer. Mn2+ potentiates type-I IFN activities of STING agonists. Mn2+ and CDNs self-assemble into
coordination polymer. CDN-Mn2+ coordination polymerwas coatedwith DOPE-H11 viaMn-histidine coordination to formCDN-Mn@DOPE, followed by
PEGylation with PEG-lipid layer, resulting in the formation of CMP. (B) CMP boosts STING activation: 1) CMP promotes cellular uptake of CDNs and
Mn2+; 2) Mn2+ augments CDN induced STING activation via STING-independent TBK1 and p65 phosphorylation, STING dependent IRF3 phosphorylation,
and assembly of the IFN-β transcriptional enhanceosome. (C) CMP exerts potent anti-tumor efficacy after intratumoral (I.T.) or intravenous (I.V.)
administration. CMP reverses immunosuppressive tumor microenvironment while activating T-cells, natural killer (NK) cells, and dendritic cells (DCs).
Reproduced with permission from ref (Sun et al., 2021); PDM 1.0. Copyright © 2021 by the authors.
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2.4 The role of copper in antitumor therapy

2.4.1 Physicochemical properties, physiological
functions of copper and cuproptosis

Copper (chemical symbol: Cu) is a transition metal element with
redox activity, with an atomic number of 29, and its main valences
are Cu+ and Cu2+. Copper is a very important trace element in the
human body, serving as a structural and catalytic cofactor for
various enzymes, and is involved in regulating important life
processes such as energy metabolism, antioxidation,
neurotransmitter synthesis, and iron metabolism (Reznik et al.,
2022; Schwarz et al., 2023). When Cu+ accumulates excessively in
cells, it is oxidized by H2O2 to produce ·OH, which damages
proteins, nucleic acids, and lipids within the cells, and interferes
with the synthesis of iron-sulfur cluster proteins. Since iron-sulfur
cluster proteins are essential for the activity of many important
cellular enzymes, so excessive accumulation of copper in cells can be
toxic. Therefore, maintaining copper homeostasis within cells is
importantThe body’s homeostasis of copper must be precisely
regulated by membrane transport systems (Campos et al., 2021).
The concentration of copper within cells is strictly controlled by
copper transport proteins and copper chaperones. Since only
monovalent copper ions Cu+ are transportable, extracellular Cu2+

is often reduced to Cu+ before entering the cell. Copper transport
proteins are responsible for the influx of Cu+ across the cell
membrane, and copper transport enzymes α (ATP7A) and
β (ATP7B) are necessary for expelling excess copper from the
cell (Ash et al., 2021).

Cuproptosis is a unique type of cell death published in Science
recently. The mechanism of cuproptosis is different from other
known forms of programmed cell death such as apoptosis,
pyroptosis, necrosis, and ferroptosis. By binding to the
tricarboxylic acid (TCA) cycle, intracellular copper accumulation
triggers the aggregation of mitochondrial lipoylated proteins and the
destabilization of Fe-S cluster proteins, which in turn causes a
protein toxicity reaction leading to cell death (Tsvetkov et al.,

2022) (as shown in Figure 5). Studies have shown that necessary
factors for cuproptosis include the presence of glutathione,
mitochondrial metabolism of galactose and pyruvate, and
glutamine metabolism. Endogenous intracellular glutathione, as a
thiol-containing copper chelator, can inhibit cuproptosis (Saporito-
Magriñá et al., 2018).

2.4.2 Antitumor mechanisms based on copper
homeostasis imbalance

Studies have found that the content of copper in the serum and
tissues of patients with various types of tumors is significantly higher
than that in normal populations, and is related to tumor staging or
progression (Ge et al., 2022). Appropriate high concentrations of
copper ions promote tumor cell proliferation, angiogenesis, and
metastasis. Both excessively high and excessively low concentrations
of copper ions can promote cell death. Therefore, regulating the
concentration of intracellular copper ions (copper deficiency and
copper overload) has become an attractive new target for tumor
treatment. Copper ions participate in the regulation of the structure
and activity of copper-related proteins or enzymes, which are crucial
for the survival and development of tumors. Copper deficiency can
lead to impaired function of copper-binding enzymes and a lack of
copper-related proteins, and all processes that lead to cellular copper
depletion result in cellular dysfunction (Nyvltova et al., 2022). In
addition, copper depletion can lead to energy and nutrient
deficiency in cells, as well as increased oxidative stress and
mitochondrial membrane rupture, all of which lead to tumor cell
apoptosis. Given this, reducing the level of intracellular copper is a
promising strategy for tumor treatment.

Furthermore, copper overload is another effective method for
killing tumor cells. Copper overload can induce a Fenton-like
reaction, mediating cell death. The Cu+-mediated Fenton-like
reaction can proceed at a higher reaction rate over a wider
pH range, with a reaction rate about 160 times faster than that
of Fe2+ (Qiao et al., 2024). Copper overload can also mediate tumor
cell death through the cuproptosis pathway. Cells dependent on
glycolytic respiration are more sensitive to cuproptosis. With the
consumption of glucose and glutathione, Cu+ binds to the
dihydrolipoamide S-acetyltransferase (DLAT) protein more
effectively, causing the formation of DLAT oligomers. The
aggregation of DLAT oligomers can downregulate Fe-S cluster
proteins, thereby leading to cuproptosis of tumor cells (Tsvetkov
et al., 2022). Studies have shown that exogenous copper can disrupt
redox homeostasis through changes in copper-dependent
glutathione, enhancing ferroptosis (Du et al., 2022). In addition,
copper ions can also regulate antitumor immune responses. The
increase in Cu2+ not only promotes dendritic cell maturation but
also enhances the antitumor effect mediated by cytotoxic CD8+

T cells (Zhao F. et al., 2023). This new mode of cell death,
cuproptosis, also suggests that using copper ion metal carriers to
inhibit mitochondrial respiration and kill tumor cells may become a
new treatment method.

2.4.3 Copper ion-based antitumor nanodrugs
Copper-based compounds and nanomaterials possess excellent

biocompatibility, can selectively target malignant tissues, and have
strong permeability and high local retention rates. During the
preparation process, their structure, composition, morphology,

FIGURE 5
Schematic of mechanisms promoting cuproptosis. Reproduced
with permission from ref (Tsvetkov et al., 2022), PDM 1.0. Copyright ©

2022 by the authors.
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and size can easier to be controled and adjusted. These advantages
make them widely used in tumor imaging and combined tumor
therapy (Zhong et al., 2022). Zhang et al. utilized hollow
mesoporous organosilica nanoparticles to integrate ultrasmall
photothermal CuS particles onto the surface of the organosilica
and the molecular drug Disulfiram (DSF) inside the mesopores and
hollow interiors. The ultrasmall CuS acted as both photothermal
agent under near-infrared (NIR) irradiation for photonic tumor
hyperthermia and Cu2+ self-supplier in an acidic tumor
microenvironment to activate the nontoxic DSF drug into a
highly toxic diethyldithiocarbamate (DTC)-copper complex for
enhanced DSF chemotherapy (as shown in Figure 6), which
effectively achieved a remarkable synergistic in-situ anticancer
outcome with minimal side effects (Zhang et al., 2021).

Chen et al. constructed CuS-pgh NMs by encapsulating copper
sulfide nanoparticles using polylysine/glucose oxidase/hyaluronic acid
shells (Chen et al., 2020), Liu et al. constructed a hybrid nanosystem
composed of DNAzyme andCu2+ (Liu et al., 2021), in which copper can
mediate Fenton-like reactions to generate highly toxic hydroxyl radicals,
enhancing thestarvation and chemodynamic tumor suppression effects.
Cui et al. developed a safe, mitochondria-targeted copper-depleting
nanoparticles. These nanoparticles can reduce the oxygen consumption
and oxidative phosphorylation of triple-negative breast cancer (TNBC),
promote glycolysis metabolism, reduce ATP production, cause
mitochondrial membrane potential damage and increased oxidative
stress, thereby induce the apoptosis of TNBC (Cui et al., 2021). A kind
of nanochelator, Imi-OSi, were reported that can inhibit tumor
angiogenesis through copper consumption, and form secondary
particles through the phosphate/Cu2+ reaction polymerization to

block blood vessels (Yang et al., 2019). For starvation-augmented
cuproptosis and photodynamic synergistic therapy, a glucose oxidase
(GOx)-engineered nonporous copper coordination nanomaterial
GOx@[Cu(tz)] was developed. It inhibited 92.4% of tumor growth
in athymic mice with bladder tumors, and the systemic toxicity
produced was extremely low (Xu WJ. et al., 2022). Chang et al.
designed a Ce6@AT-PEG-MSN-Pt (CAPMP) nanomotor, consisting
of a janus platinum-mesoporous silica core, with acyl thiourea groups
(copper chelators) conjugated with polyethylene glycol on the surface,
and chlorin e6 (photosensitizer) in the pores, which can spontaneously
move in tumor tissues, while performing the enhanced manipulation of
the copper level, oxygen level, local temperature, and reactive oxygen
species (ROS) level in the tumormicroenvironment, to achieve effective
tumor treatment (Chang et al., 2022). Nevertheless, copper-based
nanomaterials also have their own limitations, and their instability
and characteristics of easily oxidized under physiological conditions
need to be solved, and the biosafetyneed to be improved (Tsymbal
et al., 2022).

2.5 The role of zinc in antitumor therapy

2.5.1 Physicochemical properties and physiological
functions of zinc

Zinc (element symbol: Zn) is considered the second most
abundant transition metal element in the body, after iron, with
an atomic number of 30. Under physiological conditions, zinc exists
in the form of divalent cations (Zn2+). Zinc is one of the essential
trace elements required by the human body and is a core component

FIGURE 6
(A) Schematic illustration of the stepwise construction of DSF@HCu nanomedicine, and (B)NIR photothermal-augmented and in-situCu2+ release-
activated DSF chemotherapy for the efficient killing of cancer cells and suppression of tumor growth with minimized side effects. Reproduced with
permission from ref (Zhang et al., 2021), CC BY 4.0 Copyright © 2021 by the authors.
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of many proteins, playing the role of a “life gear” in the process of
transporting substances and exchanging energy (Kambe et al., 2015).
In mammalian cells, there are two forms of zinc: protein-bound zinc
and free zinc. The former is used to maintain the catalytic activity
and structural stability of metalloenzymes and transcription factors,
while the latter acts as a signaling ion to regulate signal transduction
(Maret, 2013). Therefore, zinc plays a significant role in many
biological processes, including cell division, metabolic regulation,
and immune responses. To maintain normal physiological
functions, cellular zinc homeostasis is subtly coordinated by a set
of zinc homeostasis regulatory proteins, including the Zrt-, Irt-like
protein (ZIP) family for zinc influx, the zinc transporter (ZnT)
family for zinc efflux, metallothioneins (MTs) for zinc intracellular
storage, and metal-response-element-binding transcription factor
(MTF)-1 for zinc cytosolic sensing (Colvin et al., 2010).

2.5.2 Antitumor mechanism of zinc ion
It has been confirmed that the imbalance of zinc homeostasis is

related to the development, invasion, and metastasis of various
tumors (Bendellaa et al., 2024; Wang et al., 2020). Increasing
evidence suggests that the elevation of intracellular zinc levels is
mainly due to the overexpression of zinc transporters (ZIPs), which
may promote the progression of certain specific cancers such as
breast and pancreatic cancer. For example, ZIP6, ZIP7, and
ZIP10 are highly expressed in breast cancer. Additionally,
although zinc itself does not have redox activity, it can indirectly
participate in the regulation of redox metabolism by acting as a
catalytic or structural cofactor for proteins such as metallothioneins
(MTs), copper/zinc superoxide dismutase (Cu/Zn-SOD), and the
tumor suppressor protein p53. The balance of zinc homeostasis
successfully activates antioxidant defenses, while zinc deficiency can
disrupt protein structures and impair protein function, ultimately
leading to oxidative stress and causing cell death. Accordingly, zinc
chelation therapy mediated by zinc chelators can be used to treat
certain types of cancer. Similar to zinc deficiency, zinc overload also
has pro-oxidant properties. Excessive intracellular zinc can enter the
mitochondria through the mitochondrial Ca2+ uniporter (MCU)
(Medvedeva and Weiss, 2014), then irreversibly inhibit components
of the electron transport chain (ETC.), which may stimulate the
production of mitochondrial superoxide anions (·O2

−) and damage
mitochondrial function, leading to cell death. Furthermore, zinc
overload can promote lysosomal dysfunction caused by increased
lysosomal membrane permeability (LMP), which triggers cell death
(Yu et al., 2009). Therefore, increasing intracellular zinc
concentration is a viable therapeutic strategy to combat cancer.

2.5.3 Zinc ion-based antitumor nanodrugs
Zinc ion-based nanodrugs for cancer treatment can deliver

exogenous Zn2+ to tumor cells and induce cell death (Yao et al.,
2023). PH-responsive zeolitic imidazolate framework-8 (ZIF-8),
composed of 2-methylimidazole and Zn2+, can serve as a source
of exogenous Zn2+ due to its excellent degradation ability (Gao L.
et al., 2019). However, the hydrophobicity and relatively large size of
ZIF-8 limit its antitumor application. Therefore, Lv et al. designed a
multifunctional zinc-based nanoplatform, BSArGO@ZIF-8 NS,
which can synergize ion interference and photothermal cancer
treatment (Lv et al., 2022). BSArGO@ZIF-8 NSs can induce
tumor cell apoptosis through intracellular Zn2+ overload, and at

the same time, induce photothermal effects on cancer cells under
(NIR) irradiation, showing higher lethality. In addition, Ding et al.
synthesized F127ZIF-8CCCP nanoparticles for efficient cancer
immunotherapy (Ding B. et al., 2023). F127ZIF-8CCCP
nanoparticles achieve pH-sensitive Zn2+ release in tumor cells,
leading to increased intracellular osmotic pressure and
production of reactive oxygen species (ROS), which synergize
with CCCP to strongly trigger caspase-1/GSDMD-dependent
pyroptosis, thereby activating antitumor immunity and inhibiting
tumor growth.

In addition to introducing Zn2+ exogenously into tumor cells,
zinc overload caused by disrupting endogenous zinc homeostasis is
another antitumor treatment strategy. Su et al. synthesized a series
of platinum (IV) -terthiophene complexes for cancer
chemotherapeutic immunotherapy (Su et al., 2023). Among these
complexes, the cyclometalated platinum (IV) -terthiophene
complex (Pt3) showed the best antiproliferative effect on triple-
negative breast cancer (MDA-MB-231) cells. Mechanistically,
Pt3 can induce DNA damage, disrupt intracellular zinc
homeostasis, and disrupt intracellular redox homeostasis,
ultimately activating tumor cell pyroptosis through the caspase-1/
GSDMD pathway, and can activate antitumor immunity in mice
(Riley and Tait, 2020).

In addition to inducing tumor cell death, zinc ions can also
activate the cyclic GMP-AMP synthase (cGAS)-stimulator of
interferon genes (STING) signaling pathway to enhance the effect
of cancer immunotherapy. Therefore, various zinc-containing
nanomaterials have been developed for zinc-based tumor
immunotherapy. For example, Cen et al. prepared a pH-
responsive nanocluster (ZnS@BSA) to enhance the
immunotherapeutic effect against hepatocellular carcinoma (Cen
et al., 2021). Zhang et al. reported a Zn2+-doped layered double metal
hydroxide (Zn-LDH) to trigger a strong metal immunotherapy
against solid tumors (Zhang et al., 2022). Ding et al. constructed
a zinc-based metal-organic framework vaccine (ZPM@OVA-CpG)
that controllably releases Zn2+, providing a promising strategy to
improve the effect of immunotherapy (Ding B. et al., 2023). Zhao
et al. prepared a pH-responsive and photoactive nanoparticle
(ALA&Dz@ZIF-PEG) to enhance the effect of photodynamic
immunotherapy (Zhao X. et al., 2023).

3 Metal-based antitumor
nanoplatforms and multiionic
combined interference therapy

Metal ion therapy, as an emerging tumor treatment method, has
shown the potential to overcome the resistance of traditional
chemotherapy drugs (Urbano-Gamez et al., 2024), In recent
years, research on metal-ion-based nanomaterials and platforms
has been emerging continuously (Table 1).

Metal nanomaterials are forming a drug-free nanoplatform, in
which metal ions are gradually replacing traditional drugs as part of
the construction of nanomaterials (Chuang et al., 2023; Lei et al.,
2023; Li et al., 2024; Naletova et al., 2023). These nanoparticles can
specifically deliver metal ions to tumor cells, thereby reducing
damage to normal tissues, improving treatment effects, and
reducing side effects. In addition, nanoparticles can also enhance
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TABLE 1 Typical metal ions-based nanomaterial for tumor therapy in recent years.

Therapy
strategy

Delivered
metal ions

Nanomaterials Size
(nm)

Surface
modification

Response Applications of
the metal ions

References

Ferroptosis Fe3+ SPFeN 28 ± 4 PEG 808-nm NIR
light

Generating ·OH by
Fenton reaction, and
achieving LPO

He et al. (2020a)

Fe2+ PGFCaCO3-PEG ~500 PEG pH The same as above Han et al. (2022)

Fe-ZnO2@HA (FZOH) ~220 - pH Generating highly ·OH,
inducing both ferroptosis
and pyroptosis

Lu et al. (2024b)

Fe3+ and Fe2+ Fe2+/Fe2+ loaded
liposome (LPOgener)

94.6 ± 0.8 - - Generating ·OH by
Fenton reaction, and
achieving LPO

He et al. (2020b)

Fe3O4-SAS@PLT 268.9 ± 8.9 Platelet membranes - The same as above Jiang et al.
(2020)

Pt-FMO ~90 - pH The same as above Cheng et al.
(2021)

Ce6-PEG-HKN ~410 PEG laser irradiation Synergistic effect of PDT
and ferroptosis

Zhu et al. (2022)

nano-activator (DAR)
assembled by
doxorubicin (DOX),
tannic-acid (TA) and
IR820

73.33 ±
4.95

- laser irradiation Promote ferroptosis and
immunogenic cell
death (ICD)

Xiong et al.
(2021)

USPBNPs@
MCSNs (UPM)

~200 - pH Generating ·OH by
Fenton reaction, and
achieving LPO

Zhao et al.
(2024)

Calcium overload Ca2+ CaO2@DOX@ZIF-67 mean
diameter
of 200

- pH Suppling O2 and H2O2,
producing highly toxic
·OH through a Fenton-
like reaction, resulting in
improved chemodynamic
therapy

Gao et al.
(2019b)

PEGCaCUR + US ~140 PEG pH, ultrasound Binding to FDX1,
inducing oligomerization
of lipoylated
DLAT, and mediating
ROS-induced cell
apoptosis as well

Zheng et al.
(2021)

M@CaCO3@KAE ~100 Cancer cell
membrane

- Inducing mitochondrial
damage, causing
cytoskeleton collapse and
oxidative stress, leading to
apoptosis

Li et al. (2021)

BSO-TCPP-Fe@CaCO3-
PEG
NPs

125.2 ± 7.7 PEG pH, ultrasound The same as above Dong et al.
(2020a)

CaO2@ZIF-Fe/
Ce6@PEG

~110 PEG H+, 660 nm
light

The same as above Shen et al.
(2021)

ZnPP@PAA-CaS
NPs

122 ± 11 - pH Signaling transduction
cascades to amplify the
regulatory activity of
chemical messengers and
mediate antitumor
immunotherapy

Zhao et al.
(2021)

CaO2@Cu-LA 80–100 CaO2 pH Increasing ·OH radicals
and NO molecules,
disrupting the DNA
structure and energy
supply within tumor cells

Wang et al.
(2024)

(Continued on following page)
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TABLE 1 (Continued) Typical metal ions-based nanomaterial for tumor therapy in recent years.

Therapy
strategy

Delivered
metal ions

Nanomaterials Size
(nm)

Surface
modification

Response Applications of
the metal ions

References

Immunotherapy Mn2+ MnO@mSiO-iRGD NPS 132 ± 7 iRGD pH Mn2+-induced cGAS-
STING pathway-activated
immunotherapy

(Sun et al., 2022)

amorphous porous
Mn2P (APMP) NPs

~180 Lipid layer pH The same as above Hou et al. (2020)

Mn-cGAMP
nanovaccine

168 ± 20 - - The same as above Chen et al.
(2021)

PLGA-MnO2NPs 116 PLGA - Reducing hypoxia and
abundance of
immunosuppressive
metabolites, increasing
NK cell activity

Murphy et al.
(2021)

Cuproptosis Cu2+ Perflourocarbon-/Ce6-
loaded Cu@ZIF-8
(SonoCu)

~100 Macrophage
membrane

pH, ultrasound Binding to FDX1,
inducing oligomerization
of lipoylated
DLAT

Chen et al.
(2023)

Elesclomol/Cu
coencapsulated polymer
nanoparticles

62.8 An amphiphilic
biodegradable
polymer (PHPM)

ROS The same as above Guo et al. (2023)

H-ferritin-Cu-
regorafenib
Nanoplatform

15.5 H-ferritin pH Inducing cuproptosis,
resulting in a synergistical
effect with regorafenib-
mediated lethal autophagy

Jia et al. (2023)

CuET-CuO@BSA 40.38 ±
0.17

BSA ROS Triggering ROS
generation through
Fenton-like reaction,
inducing cuproptosis,
enhancing the therapeutic
effect of CuET

Wu et al.
(2024a)

ES@Cu(II)-MOF NPs 152.7 PEG pH Generating toxic ·OH and
consuming endogenous
GSH, triggering
cuproptosis, triggering
robust ICD, combing with
an anti-PD-L1, achieving
excellent antitumor effects

Lu et al. (2024a)

Cu+ GOx@[Cu(tz)] 234 - - Binding to FDX1,
inducing oligomerization
of lipoylated
DLAT

Xu et al. (2022a)

Zinc overload Zn2+ BSArGO@ZIF-8 NSs ~800 BSA 808-nm NIR
light

increase of reactive oxygen
species (ROS), initiating
mitochondrial apoptotic,
mediated ion-interference
and photothermal
combined therapy

Lv et al. (2022)

F127ZIF-8CCCP 180 Pluronic F127 NIR irradiation leading to increased
intracellular osmotic
pressure and production
of reactive oxygen
species (ROS)

Ding et al.
(2023a)

ZnS@BSA ≈100 BSA - activating cGAS/STING
signals, leading to an
improved
immunotherapy efficacy

Cen et al. (2021)

Zn-LDH 10 - - triggering a strong metal
immunotherapy against
solid tumors

Zhang et al.
(2022)

(Continued on following page)
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the solubility, stability, and biocompatibility of metal ions through
their surface modification and functionalization, further optimizing
the application of metal ion therapy. Additionally, the nanoplatform
is capable of delivering multiple components simultaneously,
achieving synergistic effects of different therapeutic mechanisms.
Metal ions in combination with other treatment strategies can be
used to design new synergistic anti-tumor regimens, improving
tumor treatment outcomes, and reducing the potential toxicity of
drugs to normal tissues. Additionally, strategies that modulate the
homeostasis of multiple metals have shown promising anti-tumor
effects. Recently, there has been considerable research on regulating
the homeostasis of various metals for cancer treatment. For instance,
Shen et al. reported a pH-responsive nanoplatform (CaO2@ZIF-Fe/
Ce6@PEG) that simultaneously causes overload of iron and calcium
within tumor cells, providing a robust self-supplied ROS pathway to
further enhance the efficacy of CDT/PDT (Shen et al., 2021). Xu
et al. constructed a novel copper/iron mixed hollow nanoplatform
(DOX@Fe/CuTHHaMOF) to disrupt intracellular copper/iron
metabolism and amplify intracellular oxidative stress, which

effectively suppresses tumor growth through synergistic copper
apoptosis/iron apoptosis/apoptosis (Xu Y. et al., 2022). Zheng
et al. developed a Ca2+/Mn2+ ion reservoir (PEGCaMnUA) to
increase intracellular oxidative stress, enhancing the effect of ion
interference therapy (IIT) (Zheng et al., 2023). Deng et al. prepared a
Ca&Mn dual-ion mixed nanostimulator (CMS) to simultaneously
activate iron apoptosis and innate immunity, providing a new
strategy for effective immunotherapy against triple-negative
breast cancer (TNBC) (Deng et al., 2024). Huang et al.
constructed a Mn/Zn dual-metal nanoplatform (PMZH) to
activate the cGAS-STING signaling pathway and ROS-mediated
tumor cell death, achieving enhanced tumor immunotherapy
(Huang Y. et al., 2023). Wang et al. prepared a carrier-free
nanodrug (Mn-ZnO2 nanoparticles) for delivering zinc-
manganese dual ions for the treatment of p53-mutated tumors
(Wang J. et al., 2023). In summary, these strategies based on
disrupting the homeostasis of multiple metals within cells will
provide innovation for cancer treatment. These strategies are
expected to address the issue of multiple drug resistance in

TABLE 1 (Continued) Typical metal ions-based nanomaterial for tumor therapy in recent years.

Therapy
strategy

Delivered
metal ions

Nanomaterials Size
(nm)

Surface
modification

Response Applications of
the metal ions

References

ZPM@OVA-CpG 148 - pH stimulating cGAS-STING,
improving the effect of
immunotherapy

Ding et al.
(2023b)

ALA&Dz@ZIF-PEG ~60 - - leading to the damage,
releasing of mtDNA and
activating the innate
immune response

Zhao et al.
(2023b)

Chemodynamic
therapy

Fe2+ DOX/GA-Fe@
CaCO3-PEG

~109.2 PEG pH Achieving CDT and
subsequently reducing
DOX efflux by retarding
ATP production

Dong et al.
(2020b)

Cu2+ MoS2-CuO@BSA
heteronanocomposites

~130 BSA 808-nm NIR
light

Generating ·OH by
Fenton reaction

Jiang et al.
(2021)

Cu+ Cu2O@CaCO3NCs ~100 HA pH, H2S, 1,064-
nm NIR-II light

The same as above Chang et al.
(2020)

Mn2+ mPEG-b-PHEP@
ZnxMn1-xS
(PPIR780-ZMS)

~150 mPEG-b-PHEP 808-nm light The same as above Li et al. (2022)

Cu2+ Hollow mesoporous
organosilica NPs
DSF@HCu

98.4 Organosilica near-infrared
(NIR)
irradiation

Combination of photonic
tumor hyperthermia with
in-situ Cu2+-activated
highly toxic
diethyldithiocarbamate
(DTC)

Zhang et al.
(2021)

Fe3+ and Fe2+ Semiconducting polymer
nanocomposites
(SPFeNOC)

42.1 Surface camouflaging
of Hybrid cell
membranes of cancer
cells and osteoclasts

Ultrasound
Irradiation

Mediating CDT by
producing ·OH in tumor
microenvironment and
Enabling SDT by
generating 1O2

Zhang et al.
(2024)

Pyroptosis Fe3+ DOPC-coated MIL-
100(Fe)

~250 - pH Inducing cell pyroptosis,
Potential immunotherapy

Ploetz et al.
(2020)

synergistic PDT/
CT/CDT therapy

Ca2+ CaO2@DOX@ZIF@ASQ 625 CaO2 pH Generating both ROS and
O2,attenuating the
hypoxic condition and
potentiates PDT/CT/CDT
synergistic cancer therapy

Yu et al. (2024)
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tumors. In conclusion, combining the advantages of
nanotechnology, metal ions have emerged as a new strategy for
anticancer therapy.

4 Advantages of metal-based
nanomaterials

Metal-based nanomaterials have been proven to have
tremendous potential as targeted drug delivery systems, imaging
agents, and therapeutics. Due to their unique advantages, metal
nanomaterials have broad application prospects and significant
research value in numerous fields. Compared to other types of
nanomaterials, metal-based antitumor nanomaterials have the
following advantages. First and foremost, metal-based
nanomaterials can release a large amount of specific metal ions
in the tumor microenvironment, thereby disrupting the metal ion
balance required for cellular function. Therefore, metal-based
nanomaterials hold great promise for enhancing the imbalance of
metal homeostasis in cancer cells. Currently, metal-based
nanomaterials under study either through metal chelation or
metal overload lead to the disruption of metal homeostasis in
cancer cells, ultimately resulting in cell death through various
means such as apoptosis, pyroptosis, ferroptosis, cuproptosis,
et al. Secondly, due to their small size and high surface area-to-
volume ratio, metal nanomaterials exhibit unique physical,
chemical, and optical properties, such as strong near-infrared
absorption, magnetothermal effects, and the ability to easily
accumulate, separate, or undergo targeted movement and
localization. These properties enable metal nanomaterials to play
a unique role in tumor diagnosis and treatment. For example, gold
nanomaterials can rapidly heat up under laser irradiation through
the photothermal conversion effect, thereby killing tumor cells and
achieving photothermal therapy (Khoobchandani et al., 2020).
Magnetic nanomaterials, on the other hand, can indirectly kill
tumor cells through the magnetothermal effect, showing good
antitumor effects. Furthermore, metal nanomaterials have a high
surface area and abundant active sites, which can serve as carriers for
anticancer drugs, enhancing the uptake of drugs by cancer cells and
improving the efficacy of cancer treatment while reducing the
dosage of antitumor drugs. Surface modification of metal
nanomaterials can also further enhance their biocompatibility
and safety, reducing their potential systemic side effects.
Additionally, metal nanomaterials have shown great potential in
tumor immunotherapy. For instance, by preparing ultra-small
metal-organic nanomaterials, it is possible to achieve sufficient
accumulation at the tumor site and rapid renal clearance,
enhancing treatment efficacy and greatly reducing long-term
toxicity caused by body retention. At the same time, by
concentrating multiple functional drug molecules on a single
metal nanoplatform, the preparation of multifunctional integrated
nanohybrid materials is expected to achieve multimodal synergistic
tumor treatment, improving cancer treatment efficiency and
imaging resolution. In summary, metal-based antitumor
nanomaterials, due to their unique physicochemical properties,
high surface area-to-volume ratio, and abundant active sites, as
well as their multifunctionality, tunability, and ability to interact
with cellular processes, make them attractive candidates for targeted

cancer therapy. They have a unique role in tumor diagnosis and
treatment and show a broad application prospect.

5 Clinical trials of metal nanomaterials
for tumor treatment

Magnetic iron oxide nanoparticles are the earliest metal
nanoscale agents applied clinically. They were initially used to
treat clinical iron deficiency anemia, with a clinical history dating
back to 1930, accumulating valuable data on safety and side effects.
In the early 21st century, there was evidence that systemic exposure
to iron oxide nanoparticles could induce anti-cancer immune
effects. By directly injecting biocompatible iron oxide
nanoparticles into tumors and then stimulating them with
alternating magnetic fields to generate heat, i.e., using magnetic
nanoparticles (Nano-Cancer® therapy) for intratumoral
hyperthermia, tumor growth could be suppressed. Given this
mechanism, this method was used clinically in the treatment of
glioblastoma and prostate cancer about 20 years ago (Johannsen
et al., 2007a; Johannsen et al., 2007b; Maier-Hauff et al., 2007).
Subsequently, researches on magnetic iron oxide nanoparticles in
tumor treatment has become more in-depth, with new formulations
continuously emerging and complex mechanisms of action being
revealed (Savitsky and Yu, 2019; Soetaert et al., 2020). For example,
Nanotherm™ (EU) is used for the clinical treatment of recurrent
neuroblastoma (Maier-Hauff et al., 2011). Zanganeh et al. revealed
the hidden intrinsic therapeutic effects of iron oxide nanoparticle
compounds ferumoxytol (an FDA-approved drug) on tumors
(Zanganeh et al., 2016). After mixing ferumoxytol with tumor
cells and co-injecting them into mice, compared to tumor cells
not injected with ferumoxytol, the growth rate of the tumor was
significantly slowed down. Furthermore, they demonstrated that
systemic exposure to ferumoxytol in T cell-deficient mice, followed
by intravenous injection of small cell lung cancer (SCLC) cells, could
prevent liver metastasis. They concluded that the intrinsic
therapeutic effect of ferumoxytol on cancer growth comes from
the polarization of macrophages to a pro-inflammatory
M1 phenotype. In other words, they showed that the innate
immune cells in the experimental model tumor
microenvironment respond to iron oxide nanoparticles,
responsible for the anti-tumor immune effect, rather than T cells.
In summary, iron oxide nanoparticles are truly effective agents for
hyperthermia and immunotherapy for cancer.

Additionally, there are reports of clinical trials using gold
nanoparticles as precious metals for breast cancer patients. The
Nano Swarna Bhasma (NSB) Nano-Ayurvedic medicine-gold
nanoparticles-based drug was developed using proprietary
combinations of gold nanoparticles and phytochemicals through
innovative green nanotechnology for human metastatic breast
cancer patients. Patients treated with the NSB drug capsules
along with the “standard of care treatment” (group B) exhibited
100% clinical benefits when compared to patients in the treatment
group A, thus indicating the tremendous clinical benefits of NSB
drug in adjuvant therapy (Khoobchandani et al., 2020). The results
also indicate that Nano Swarna Bhasma can be safely used as a
valuable adjuvant therapeutic agent to reduce the adverse effects of
routine chemotherapeutic agents while providing measurable
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therapeutic efficacy in treating breast and other forms of
human cancers.

6 Limitations and challenges in clinical
translation of metal nanomaterials for
tumor treatment

Although metal nanomaterials show great potential for tumor
treatment at present, they still have many limitations. Firstly,
although many anti-tumor mechanisms of metal ion based
nanodrugs have been reported, but most of them have only been
validated in cell lines. Therefore, further research on these mechanisms
inmore organoid and animalmodels is necessary to deeply elucidate the
anti-tumor mechanisms and effects of metal ion-based nanodrugs.
However, the lack of animalmodels that can accurately simulate human
tumor conditions is one of the recognized deficiencies in the field,
leading to a weak correlation between preclinical studies and clinical
trial results. For this reason, researchers are trying to establish organoids
from patients, which are innovative screening devices as close as
possible to the in vivo environment. The established platform takes
into account tumor angiogenesis and the 3D microenvironment, so as
to select the best anti-tumor therapy for patients through the screening
device, and collect lymphocytes from the patient’s blood to test the
effectiveness of immunotherapy. Secondly, there are a series of
biological barriers in the body, and if nanocarriers cannot efficiently
pass through them, they will also limit the therapeutic effect;
interactions between nanomaterials and biological entities in the
blood can alter the physicochemical characteristics and stability of
nanodrugs, hindering the specific binding of targeting molecules to
receptors; most nanoparticles are taken up and cleared by macrophages
in the liver or spleen after entering the body, preventing their further
delivery to tumor tissues. Therefore, this also poses higher requirements
for the design and development of clinical drugs. Lastly, the biological
safety of nanomedicines in vivo remains the greatest challenge for their
clinical application. Currently, most excellent studies have only
examined the short-term toxicity of nanomedicines and the
corresponding structural damage to major organs, lacking
experiments on the long-term toxicity of metal nanomedicines.
Therefore, it is necessary to conduct comprehensive studies on their
absorption, biodistribution, metabolism, excretion, clearance, long-term
tissue accumulation, chronic toxicity, and dose-dependent toxicity
before clinical translation. In fact, metal nanomaterials for
multimodal combination therapy have shown advantages of
synergistic enhanced therapeutic effects and low cytotoxicity. By
selecting metal ions with high biocompatibility (e.g., Ca2+, Fe2+/3+,
Zn2+, etc.) and endogenous bioactive molecules as ligands, toxicity
can be effectively prevented (Lai et al., 2021; Simon-Yarza et al., 2018).
The additional cargo that may be loaded also needs to be considered, as
they may pose a threat to the organism. In addition, there is an
increasing need for extensive and in-depth research into the
degradation mechanisms and pathways of metal nanomaterials in vivo.

Additionally, the synergistic and antagonistic effects among
carriers used in cancer treatment, the metal nanoparticles
embedded within them, and the complexes containing these
metal ions remain unknown. Knowledge of the chemical
interactions between metal nanoparticles and these metal ion
complexes is still limited. There is currently no answer to the

question of whether it is possible to precisely control the release
of metal ions from the nanoparticle surface while increasing the
biocompatibility of the materials and maximizing their anticancer
activity. The properties of organic-inorganic systems, ligand
substitution on the surface of metal nanoparticles, and the
behavior of maintaining complex stability in the presence of
biofluids also remain unexplored.

The clinical translation of metal ion-based nanodrugs for tumor
treatment still faces some challenges. Although the valuable
experience of intravenous injection of iron oxide nanoparticles
for the treatment of anemia is a guide, clinical product iterations
have also been carried out in subsequent studies to gain relevant
knowledge and sufficient experience. However, nearly a century and
the rich clinical experience gained from “three generations” of
successful iron oxide nanoparticle formulations have not led to
substantial progress in the field of metal nanoparticle anti-tumor
drugs as expected. Even with such a long clinical history, new
discoveries of complex biological interactions with iron oxide
nanoparticles still indicate that our understanding of the
complexity of cancer is insufficient. The interactions between
nanoparticles and biological systems remain unknown, and
incorporating these interactions into the design and function of
cancer nanomedicine has greater potential than focusing solely on
their engineering design. Cancer is a family of complex diseases,
with considerable heterogeneity between subsets, within subsets of
the same disease, and within individual patients (Tomasetti and
Vogelstein, 2015). The tumor microenvironment is heterogeneous,
dynamic, and complex, so each nanoparticle formulation must be
evaluated in the context of a wide range of biological scenarios. In
addition, preclinical data is not a universally reliable indicator of
clinical benefit. Data suggest that more caution is needed when
selecting preclinical animal models and that preclinical results need
to be carefully assessed.

The historical reality of cancer treatment research and
development is that most product concepts fail to translate into
clinical applications. The development of small molecule cancer
therapeutics has not yet overcome the challenges posed by tumor
metastasis, which increases the need for rigorous clinical validation
of preclinical data. Metal nanoparticles have great potential for anti-
tumor effects, but they must also be modified and designed under
the premise of a clear understanding of the specific disease context
and interaction with host immune biology, and require the adoption
of different research perspectives and multidisciplinary
collaboration to achieve efficient therapeutic outcomes.

7 Conclusion and perspectives

In this review, we summarize the mechanisms of metal ions
(Fe2+/3+, Ca2+, Mn2+, Cu2+ and Zn2+) in anti-tumor therapy, and the
nanodrugs developed based on these ions over the past 5 years. We
analyze the challenges faced by the clinical translation of current
metal-based anti-tumor nanomaterials and their future application
prospects, and propose suggestions to address related defects. With
the proposal and elucidation of concepts such as ferroptosis and
cuproptosis, research on metal ion-based anti-tumor nanomaterials
has emerged, becoming a new research hotspot. Metal-based anti-
tumor drugs can not only cause cell death individually by inducing
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intracellular ion imbalances but can also enhance the effects of other
anti-tumor therapies such as chemotherapy, radiotherapy,
photothermal therapy, and photodynamic therapy. They play a
role in comprehensive tumor treatment and achieve synergistic
effects of different treatment mechanisms, and demonstrate
significant potential. However, many obstacles need to be
addressed in various aspects such as the selection of model
drugs, the development of preclinical research models, drug
safety in vivo, and patient screening in clinical research et al. The
continuous development of new nanomaterial manufacturing
processes and standardized procedures, as well as new
experimental technologies such as organoid culture systems, will
further promote the development of metal nanodrugs in the field of
anti-tumor therapy.

With in-depth research on the mechanisms of cancer
pathogenesis and the action of metal-based drugs, the design of
metal nanodrugs will become more precise and efficient. The
application of new strategies and technologies will further
promote the development of metal nanodrugs in the field of anti-
tumor therapy, and the application of metal nanodrugs in the field of
anti-tumor therapy will become more extensive and profound.
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Advanced biomaterials in
pressure ulcer prevention and
care: from basic research to
clinical practice

Shaoqiang Tian1 and Wei Bian2*
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Pressure ulcers are a common and serious medical condition. Conventional
treatment methods often fall short in addressing the complexities of prevention
and care. This paper provides a comprehensive review of recent advancements in
advanced biomaterials for pressure ulcer management, emphasizing their
potential to overcome these limitations. The study highlights the roles of
biomaterials in enhancing wound healing, preventing infections, and
accelerating recovery. Specific focus is placed on the innovation and
application of multi-functional composite materials, intelligent systems, and
personalized solutions. Future research should prioritize interdisciplinary
collaboration to facilitate the clinical translation of these materials, providing
more effective and tailored treatment approaches. These advancements aim to
improve the quality of life and health outcomes for patients by offering more
reliable, efficient, and patient-specific therapeutic options.

KEYWORDS

pressure ulcers, hydrogels, alginate, chitosan, PLGA, polyurethane

Highlights

• This review summarizes recent progress in advanced biomaterials for pressure ulcer
prevention and treatment, from research to clinical use.

• Multi-functional and intelligent biomaterials hold great promise for improving
wound healing and infection prevention.

• Future research highlights the need for interdisciplinary collaboration and
personalized strategies to advance clinical applications.

1 Introduction

Pressure ulcers (PUs), also known as pressure sores or bedsores, are areas of tissue
damage caused by prolonged pressure on bony parts of the body like the sacrum, hips, heels,
and elbows (Mervis and Phillips, 2019). This pressure restricts blood flow, leading to tissue
oxygen loss, ischemia, and eventually, necrosis. While constant pressure is the main cause,
other factors like shear forces and friction also play significant roles in PU development
(Blackburn et al., 2020). PUs are a major healthcare issue, especially among the elderly (Wei
et al., 2021), people with limited mobility (Sprigle et al., 2020), and those confined to bed for
long periods (Deng et al., 2024). In China, a meta-analysis found the incidence of PUs
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among the elderly to be 12.77% (Hu et al., 2020). This highlights the
widespread nature of the problem and the differences in prevention
and treatment practices across care settings. Globally, the incidence
of PUs is increasing due to aging populations and the growing
prevalence of chronic illnesses. This trend significantly impacts both
patients’ quality of life and healthcare systems. PUs cause intense
pain and discomfort, severely affecting patients’ daily lives and
mental health (Qian et al., 2024). The long healing process often
leads to frustration, helplessness, and at times, depression. Infections
are another serious risk (Malone and Schultz, 2022), which can
threaten patients’ lives (Hajhosseini et al., 2020). For bedridden
individuals, PUs further reduce mobility and independence,
worsening their overall quality of life. The economic impact of
PUs on healthcare is considerable. Treatment often requires
specialized care, advanced wound dressings, and equipment like
negative pressure wound therapy. Severe cases involving infection or
significant tissue damage may need surgery, increasing costs even
more. In the United States, annual PU-related expenses run into
billions of dollars. PUs also lengthen hospital stays and raise
readmission rates, adding further strain to healthcare systems.

Conventional treatments for pressure ulcers (PUs) include
pressure relief (e.g., repositioning and specialized support
surfaces), wound dressings, and pharmacological interventions
(BoykoTatiana et al., 2018). While these methods can reduce
pain and help prevent infection, they often involve long
treatment durations, limited effectiveness, and low cure rates.
Pressure relief is essential but difficult to fully implement for
patients with prolonged immobility, which limits its overall
success. Traditional moist dressings, though helpful, carry a risk
of infection and may not effectively promote tissue regeneration.
Pharmacological treatments canmanage symptoms and relieve pain,
but their impact on wound healing is often slow, with the added
concern of potential drug resistance. These limitations highlight the
challenges of current PU management strategies in clinical practice,
making it difficult to achieve complete wound resolution. The need
for more advanced and effective materials and methods for PU
prevention and treatment is clear. Recent research points to the
potential of biomedical materials as a promising solution for
improving PU outcomes. Innovations in biomaterials have
introduced new approaches for managing these challenging
wounds. For example, biomaterials can accelerate wound healing,
prevent infections, and enhance both the speed and quality of tissue
regeneration (Deng et al., 2022; Nguyen et al., 2023). Using
biocompatible and pro-regenerative biomaterials is emerging as a
highly effective strategy for improving PU treatment outcomes.
Studies show that incorporating biomaterials into PU treatment
protocols significantly enhances efficacy compared to conventional
methods. These materials not only promote faster short-term
healing but also provide long-term benefits, reducing treatment
costs and improving patients’ quality of life (Pan et al., 2023).

This review will explore the role and potential of biomaterials in
PU treatment. We will examine the efficacy and advantages of
various biomaterials based on recent research and discuss future
directions for their development and application in PU prevention
and treatment. Our goal is to provide clinicians with evidence-based,
effective treatment options and offer valuable insights for future
research and clinical practice in this critical area of wound care.

2 Classification of advanced
biomaterials for pressure ulcer
prevention and care

2.1 Hydrogels

Hydrogels are a class of biomaterials widely used in biomedicine
due to their high water content, softness, and breathability (Cascone
and Lamberti, 2020). These unique properties make hydrogels
particularly effective for applications such as pressure ulcer (PU)
management, wound healing, and drug delivery (Li et al., 2022).

The most defining feature of hydrogels is their high water
content, which results from their three-dimensional network
structure. This structure allows hydrogels to absorb and retain
large amounts of water, creating a moist environment that is
essential for cell growth and tissue regeneration during wound
healing. Their hydrophilic nature helps accelerate the repair
process by maintaining optimal conditions for cell migration and
proliferation. The softness and elasticity of hydrogels further
enhance their benefits, allowing them to conform closely to the
wound bed. This adaptability ensures personalized care for wounds
of different shapes and sizes while providing a more comfortable
healing experience. Their soft texture also minimizes irritation and
friction on healthy surrounding tissues, reducing pain and
improving patient comfort. Another key advantage of hydrogels
is their excellent breathability, which allows air and water vapor to
pass through. This feature prevents bacterial growth, ensures proper
oxygen supply, and manages moisture levels, helping to avoid
complications caused by excess fluid or temperature fluctuations.
Improved breathability not only supports faster wound healing but
also increases comfort and wearability for patients. In addition to
these physical and functional properties, hydrogels exhibit strong
biocompatibility, meaning they rarely cause allergic reactions or skin
irritation (Cascone and Lamberti, 2020). This makes them a safe
choice for various clinical applications, including wound healing,
burn care, and skincare. Their compatibility with biological tissues
further underscores their effectiveness in promoting tissue repair
and regeneration. By combining these advantageous properties,
hydrogels represent a significant advancement in PU

FIGURE 1
Hydrogel for Prophylaxis and Early Treatment of Pressure
Injuries/Pressure Ulcers. Reproduced with permission from Li et al.
(2022). Copyright © 2022 The Authors.
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management and other biomedical fields, offering a versatile and
patient-friendly solution.

The use of hydrogels as pressure ulcer (PU) dressings offers
several key benefits, including wound hydration, pressure relief, and
enhanced healing (Figures 1, 2). Studies have shown that hydrogel
dressings significantly improve PU management by maintaining a
moist wound environment, which prevents desiccation and supports
cell growth and tissue regeneration. This moist environment not
only reduces healing time but also creates optimal conditions for
wound repair. Hydrogel dressings also help alleviate pressure on the
affected area. Their softness and elasticity allow them to conform to
the wound’s contours, effectively distributing pressure and
minimizing further tissue damage. By reducing friction and shear
forces, they help prevent additional breakdown of surrounding
tissues. In addition, the biocompatibility of hydrogels ensures
close adherence to the wound surface, creating an ideal
environment for healing. Their hydrating properties stimulate
tissue regeneration and repair, accelerating the healing process
and improving overall treatment outcomes. These combined
advantages make hydrogel dressings a valuable tool in PU
management.

In conclusion, hydrogel dressings are a highly effective and
versatile option for managing pressure ulcers. Their ability to
maintain a moist wound environment, relieve pressure, and
support tissue regeneration has made them a valuable tool in
clinical practice. By creating optimal conditions for healing,
hydrogel dressings can accelerate recovery, improve treatment
outcomes, and enhance the quality of life for patients with
pressure ulcers.

2.2 Nanomaterials

Nanomaterials are increasingly being used in medicine, with
nano-silver and nano-zinc oxide standing out for their strong
antibacterial properties (Du, 2024). These materials exhibit

broad-spectrum activity against bacteria, viruses, and fungi,
making them valuable components in medical devices, wound
dressings, antimicrobial coatings, and similar products.

Nano-silver’s high surface area-to-volume ratio enhances its
reactivity, allowing it to release silver ions that disrupt bacterial cell
walls and membranes, ultimately causing bacterial death (Du, 2024).
This mechanism provides effective antimicrobial activity, including
against drug-resistant strains. Nano-silver also targets viral outer
membranes and genetic material, preventing replication and spread.
These properties make it essential for infection control in medical
devices, personal protective equipment, and other healthcare tools.
Additionally, nano-silver’s antifungal activity helps combat mold
and fungal infections, broadening its utility in clinical and
environmental applications. Nano-zinc oxide, known for its
photocatalytic properties (Chopra, 2022), produces reactive
oxygen species when exposed to ultraviolet (UV) light. These
reactive molecules effectively eliminate bacteria and viruses,
making nano-zinc oxide valuable for applications such as
environmental remediation and water purification. In sunscreen
products, it provides physical UV protection while also delivering
antibacterial benefits, reducing the risk of skin infections caused by
sun exposure. Furthermore, nano-zinc oxide’s anti-inflammatory
properties help soothe skin irritation and promote wound healing,
making it an ideal component in wound dressings and
topical ointments.

Studies have shown that pressure ulcer (PU) dressings
containing nano-silver or nano-zinc oxide can accelerate wound
healing, reduce infection risk (Figure 3), and improve overall
treatment outcomes (Pollini et al., 2024; Rybka et al., 2022). The
antibacterial and anti-inflammatory properties of these
nanomaterials play a key role in promoting tissue repair and
regeneration. Additionally, dressings incorporating nanomaterials
offer favorable features such as conformability, absorbency, and
breathability, which help maintain optimal wound moisture and
create an ideal healing environment. These dressings are also easy to
apply and comfortable for patients, further enhancing their
practicality in clinical use.

While the benefits of nanomaterials in PU dressings are well-
documented, ongoing research is focused on evaluating potential
side effects and long-term safety. Current evidence indicates that,
when used at appropriate concentrations, these nanomaterials do
not pose significant risks. Overall, the integration of nanomaterials
into PU dressings provides substantial advantages, including faster
healing, reduced infection rates, and improved treatment outcomes.
As rigorous studies continue to validate their efficacy and safety,
nanomaterial-based PU dressings are becoming increasingly
accepted in clinical practice, offering more effective treatment
options for patients.

2.3 Extracellular matrix (ECM)

The extracellular matrix (ECM) is a complex and dynamic
network that surrounds cells, consisting of structural proteins,
polysaccharides, and bioactive molecules (Karamanos et al.,
2021). Its key components include collagen, fibronectin, and
elastin, which provide structural and mechanical support;
polysaccharides such as sulfated glycosaminoglycans and

FIGURE 2
Hydrogel Activates Autophagy to Promote Extracellular Matrix
Remodeling for Improved Pressure Ulcer Healing. Reproduced with
permission from Li et al. (2021). Copyright © 2021 The Authors.

Frontiers in Bioengineering and Biotechnology frontiersin.org03

Tian and Bian 10.3389/fbioe.2025.1535588

174

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1535588


hyaluronic acid, which contribute to hydration and matrix
organization; and bioactive molecules like growth factors and cell
adhesion molecules, which regulate cell behavior and tissue
function. Together, these elements create a supportive framework
and transmit essential biochemical and mechanical signals critical
for maintaining tissue integrity and cellular activities.

The extracellular matrix (ECM) performs a wide array of
functions essential for tissue health and stability. It provides
structural support to tissues, facilitates cell adhesion and
migration, regulates cell signaling pathways, influences cell
morphology and polarization, and maintains tissue homeostasis.
By mediating interactions between cells and their
microenvironment, the ECM supports cell survival and function,
playing a critical role in tissue repair, regeneration, and stability.
Understanding ECM composition and function is fundamental for
advancing tissue engineering, disease treatment, and related fields.
In tissue engineering, the ECM is particularly important for the
development of skin substitutes, offering innovative solutions for
pressure ulcer (PU) prevention and treatment (Sheikholeslam et al.,
2018). ECM-based biomaterials mimic the structure and biological
functions of native skin, creating an ideal environment for wound
repair. Studies demonstrate that ECM-based skin substitutes can
significantly accelerate PU healing by serving as a structural scaffold
for cells and delivering a rich array of growth factors and signaling
molecules. These elements stimulate cell migration and
proliferation, promoting tissue reconstruction (Diller and Tabor,
2022). Additionally, the ECM enhances the wound
microenvironment by maintaining a moist environment that
prevents desiccation and infection. Antimicrobial components
such as sulfated glycosaminoglycans inhibit bacterial growth,
while the ECM’s ability to regulate wound pH creates conditions
conducive to healing. Moreover, angiogenic factors like vascular
endothelial growth factor (VEGF) and fibroblast growth factor
(FGF) promote angiogenesis, improving blood supply to the
wound and ensuring the delivery of nutrients and oxygen critical

for tissue repair. ECM-based skin substitutes also play a preventative
role in high-risk populations. By acting as a protective barrier, they
reduce friction and shear forces over vulnerable areas, effectively
lowering the risk of PU development. The combination of these
properties makes ECM-based biomaterials highly versatile and
effective in wound care.

In summary, ECM-based skin substitutes show immense
potential for transforming PU prevention and treatment. Their
ability to replicate native skin functions and enhance wound
healing offers promising opportunities for clinical practice.
Continued research and optimization are crucial to fully harness
their benefits and further improve outcomes in PU management.

2.4 Smart biomaterials

Recent advances in smart materials, particularly temperature-
sensitive and pH-sensitive types, have unlocked new possibilities for
pressure ulcer (PU)monitoring and treatment (Tang et al., 2024; Mu
et al., 2024). Temperature-sensitive materials can reversibly alter
their physical and chemical properties, such as volume, shape, and
wettability, in response to temperature fluctuations. This behavior is
driven by their phase transition near a critical temperature, known
as the lower critical solution temperature (LCST), which is triggered
by the interaction of their hydrophilic and hydrophobic groups
(Kotsuchibashi, 2020; Khutoryanskiy and Georgiou, 2018).
Similarly, pH-sensitive materials respond to changes in proton
concentration, modulating properties like solubility and
ionization state. These characteristics make pH-sensitive
materials highly adaptable to varying microenvironments,
particularly in wounds where pH levels can fluctuate significantly
(Ofridam et al., 2021). The intelligent and dynamic behavior of both
temperature-sensitive and pH-sensitive materials makes them
highly promising for biomedical applications, including advanced
wound care and PU management.

FIGURE 3
Nanotechnological Antibacterial WoundDressings for Pressure Ulcer Prevention. Reproducedwith permission from Pollini et al. (2024). Copyright ©

2024 The Authors.
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Research has shown that skin temperature at pressure ulcer (PU)
sites is significantly elevated, making temperature-sensitive materials
valuable tools for monitoring PU development and progression in real
time. Flexible sensor pads integrating multiple sensors can
continuously and non-invasively track PU-related vital signs,
providing critical data for early prevention (Kaewjamnong and
Hongwitayakorn, 2021). For instance, Gillard et al. explored the
relationship between temperature and blood flow in PU detection,
demonstrating how temperature sensors can improve early diagnosis
by continuously monitoring changes in pressure and temperature
(Gillard et al., 2023). Similarly, pH-sensitive materials offer significant
potential for assessing PU status. PU wounds often exhibit
pH variations, and pH-sensitive materials can act as colorimetric
indicators, providing visual feedback on wound conditions. Advanced
pH-sensing fabric sensors, based on flexible wearable technology, can
continuously monitor wound pH fluctuations, offering clinicians
valuable real-time data for wound assessment (Du and Ciou,
2019). Additionally, pH-sensitive hydrogels can respond to these
changes by modulating the release of antimicrobials or growth
factors, creating a favorable wound environment and accelerating
PU healing (Haidari et al., 2021).

The evidence highlights the transformative potential of smart
materials, such as temperature- and pH-sensitive technologies, in
advancing PU monitoring and treatment. These materials enable
real-time tracking of PU development, support early prevention
strategies, and enhance clinical assessment. Furthermore, by
tailoring their properties, they can actively promote wound
healing and improve patient outcomes. Future research aimed at
optimizing the performance of these materials, alongside
advancements in flexible electronics and wearable sensing
technologies, holds great promise for addressing the complex
challenges of PU management.

3 Innovative applications of
biomaterials in pressure ulcer
prevention and care

PUs are a common issue in patients with prolonged immobility.
To address this, researchers and medical device manufacturers have
developed smart mattresses and seat cushions that utilize advanced
biomaterials and sensor technologies. These intelligent products
monitor pressure distribution and adjust cushioning properties in
real time to achieve balanced pressure dispersion, providing relief and
effectively preventing PUs. Smart mattresses incorporate pressure-
sensitive sensors, adjustable hardness materials, and breathable
materials to optimize patient care. Pressure-sensitive sensors
accurately measure tissue pressure and transmit data to a control
system for analysis (Silva et al., 2021; Yang et al., 2021). This data
enables the dynamic adjustment of mattress firmness using adjustable
hardnessmaterials, which provide targeted support and pressure relief
where needed (Kumagai et al., 2019). Additionally, breathable
materials enhance the skin microenvironment by promoting air
circulation and reducing moisture buildup, key factors in PU
prevention (Das and Baker, 2016). By continuously monitoring
pressure fluctuations and responding in real time, smart mattresses
and seat cushions not only prevent the formation of PUs but also
mitigate their progression. The integration of biomaterials and sensor

technologies in these devices represents a significant advancement in
PU management, offering innovative solutions for improving patient
outcomes (Memari et al., 2021; Yang et al., 2024; Ghosh et al., 2024).

Similarly, smart seat cushions are designed for patients who sit for
extended periods, focusing on reducing pressure on the sacral area to
prevent nerve damage and pressure ulcers (Hepburn et al., 2017). Key
biomaterials used in these cushions include shape memory foam,
pressure-relief contour designs, and position-sensing sensors. Shape
memory foam conforms to the patient’s body contours, evenly
distributing pressure and providing optimal support (Kumar et al.,
2019). Contour designs help minimize sacral pressure and reduce skin
friction, while position-sensing sensors continuously monitor sitting
posture and pressure distribution. These sensors enable real-time
structural adjustments, enhancing support and adaptability. Together,
these features make smart seat cushions highly effective in preventing
sacral pressure ulcers and improving patient comfort and quality of life.
In conclusion, the integration of biomaterials into smart mattresses and
seat cushions represents an innovative approach to pressure ulcer
prevention and treatment. These intelligent devices provide real-time
monitoring and pressure redistribution, significantly reducing the risk of
pressure injuries caused by prolonged immobility. As biomaterial
technology continues to advance, smart mattresses and cushions are
becoming indispensable clinical tools. Additionally, specialized garments
and wearable devices incorporating biomaterials further enhance PU
prevention by providing targeted pressure relief and skin protection for
patients confined to prolonged bed rest or sitting (Salgueiro-Oliveira
et al., 2023; Barboza et al., 2022).

The integration of sensor technology with biomaterials marks a
significant advancement in the development of intelligent medical
devices for pressure ulcer (PU) prevention and treatment. These
devices continuously monitor pressure distribution, movement, and
skin health to assess and mitigate the risks of PU formation. Sensors
track pressure levels, posture changes, and activity, while also collecting
data on skin health indicators such as temperature, humidity, and
pressure. This comprehensivemonitoring enables dynamic adjustments
in material hardness and shape based on real-time feedback, ensuring
optimal pressure relief and support. By tracking patient movement,
these devices can quickly detect periods of prolonged immobility and
prompt necessary positional adjustments. Skin health monitoring
provides immediate feedback on critical factors like temperature and
humidity, enabling early interventions to prevent tissue damage.
Additionally, continuous data recording and analysis support the
creation of personalized PU prevention plans tailored to individual
patient needs. This innovative approach allows for more precise and
proactive care, significantly reducing the risk of pressure ulcers and
enhancing patient quality of life. As sensor and biomaterial technologies
continue to advance, these intelligent medical devices have the potential
to transform healthcare by improving outcomes for patients at risk of
PUs. Such innovations represent a crucial step toward more effective,
personalized, and technology-driven medical care.

4 Advanced biomaterials as wound
dressings for pressure ulcer prevention
and care

The preceding section provided a general classification of
advanced biomaterials for pressure ulcer prevention, highlighting
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categories such as hydrogels, nanomaterials, ECMs, and smart
biomaterials. Building on this framework, this section will
explore specific biomaterials, focusing on their applications in
wound dressings. Key examples include alginate and chitosan,
which demonstrate significant potential in PU prevention and
care. This transition from a broad overview to specific case
studies aims to illustrate the practical implementation of these
biomaterials in enhancing wound management strategies.

4.1 Alginate

Alginate wound dressings have proven to be highly effective
and widely used in the clinical management of pressure ulcers (Hill
et al., 2022; Dong et al., 2024; Ausili et al., 2013). As a
biodegradable material, alginate offers excellent
biocompatibility, minimizing secondary damage and pain for
patients with chronic wounds (Hurtado et al., 2022; Sahoo and
Biswal, 2021). Its superior absorptive capacity efficiently manages
wound exudate, creating a dry and clean environment that reduces
infection risk and supports healing (Zhang and Zhao, 2020; Barros
et al., 2021). These qualities make alginate dressings particularly
well-suited for pressure ulcer treatment. In addition to their
absorptive properties, alginate dressings exhibit antimicrobial
and anti-inflammatory effects, combating infection, reducing
inflammation, and promoting faster wound healing (Varaprasad
et al., 2020; Huang et al., 2022). Their conformable nature allows
them to be tailored to the wound’s specific shape and size, ensuring
optimal coverage and protection while preventing bacterial ingress
(Op’t Veld et al., 2020). The ease of application and removal
simplifies dressing changes, reducing discomfort for patients and
lightening the workload for healthcare providers. Clinically,
alginate wound dressings not only alleviate pressure on
vulnerable areas but also promote healing, making them an
indispensable tool for both the prevention and treatment of
pressure ulcers. Their combination of effectiveness, patient
comfort, and convenience has made them a preferred choice
among healthcare providers and patients alike.

Several commercially available products utilize alginate for
effective pressure ulcer management. Purilon® (Coloplast) is a gel
containing sodium carboxymethyl cellulose and calcium alginate,
specifically designed for necrotic and sloughy wounds. It promotes
debridement and hydration, creating an optimal wound
environment for healing (Wang et al., 2023; Dong et al., 2020).
Askina Calgitrol Ag (B Braun Hospicare Ltd.) is an advanced
alginate silver dressing with a bi-layer design. It combines an
exudate-absorbing polyurethane foam layer with a contact layer
made of an alginate matrix embedded with silver ions. In a moist
environment, the silver ions are gradually released, leveraging their
antimicrobial properties. This dressing also benefits from the high
absorptive capacity of calcium alginate and polyurethane foam,
making it suitable for treating pressure ulcers ranging from grade
I to IV, with demonstrated clinical efficacy (Ricci et al., 2008;
Addison et al., 2005). Another example, Urgosorb™, combines
calcium alginate fibers with hydrocolloid technology to address
sloughy and granulating wounds with moderate to high exudate
levels. This unique composition helps effectively manage exudate
while supporting wound healing (Stevens and Chaloner, 2005).

The clinical effectiveness of alginate dressings in pressure ulcer
management has been well-documented. Belmin et al. (2002)
conducted a study comparing a sequential strategy using calcium
alginate followed by hydrocolloid dressings to hydrocolloid
dressings alone in treating grade III or IV pressure ulcers. In this
study, 110 elderly patients were randomized to either the sequential
approach (calcium alginate dressing [UrgoSorb] for 4 weeks
followed by a hydrocolloid dressing [Algoplaque] for another
4 weeks) or the control group (hydrocolloid dressing [Duoderm
E] for the full 8 weeks). Pressure ulcer surface area was measured
weekly, with primary endpoints including the mean absolute surface
area reduction (SAR) over 8 weeks and the proportion of patients
achieving at least a 40% reduction (SAR40). Patients in the
sequential group showed significantly better outcomes, with
68.4% versus 22.6% (p < 0.0001) achieving SAR40 at 4 weeks,
and 75.4% versus 58.5% (p < 0.0001) by 8 weeks, compared to
the control group. These results suggest that the sequential use of
calcium alginate and hydrocolloid dressings promotes faster healing
in grade III or IV pressure ulcers compared to hydrocolloid
monotherapy. A similar study on spina bifida patients evaluated
the sequential use of calcium alginate and foam dressings. Significant
improvements in wound healing were observed, with the mean ulcer
surface area reducing from 12.5 ± 7.5 cm2 at baseline to 3.7 ± 5.2 cm2

at 12 weeks (p < 0.001). Additionally, 75% of patients achieved a 50%
reduction in surface area by the end of the study (Ausili et al., 2013).
Together, these findings highlight the potential of sequential
strategies incorporating calcium alginate dressings to enhance
pressure ulcer treatment outcomes across different patient groups.

However, a review by Dumville et al. (2015) concluded that
current evidence does not definitively support the superiority of
alginate dressings over other dressings, topical treatments, or
interventions for healing pressure ulcers. Importantly, the trials
included in this review were often small, short-term, and
susceptible to bias, resulting in low or very low quality evidence.
Therefore, larger, more robust studies with longer follow-up periods
are needed to definitively establish the efficacy of alginate dressings
in pressure ulcer management.

4.2 Collagen

Collagen-based wound dressings have shown great potential and
are widely used inmanaging pressure ulcers (Graumlich et al., 2003).
These dressings offer a comprehensive approach to wound care by
combining biocompatibility, healing promotion, antimicrobial
activity, and flexibility.

Collagen’s natural biocompatibility (Liao et al., 2023a) makes
these dressings suitable for a wide range of patients, especially those
who are bedridden and require long-term care. As a biological
material that closely resembles human tissue components (Nimni
and Harkness, 2018), collagen supports cell growth and
regeneration, which are essential for effective wound healing.
Collagen dressings promote healing at all stages (Sharma et al.,
2022), from blood clotting and cell migration to tissue regeneration.
By maintaining a moist wound environment, they encourage skin
cell growth, accelerate healing, and reduce recovery time. This also
helps minimize the risk of complications. The antimicrobial
properties of collagen dressings (Liao et al., 2023b; Neacsu et al.,
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2021) play a key role in keeping the wound bed clean and reducing
the risk of infection. This is particularly important for patients who
are immunocompromised or at high risk of infection. Finally,
collagen dressings are highly conformable (Zhao et al., 2020),
meaning they can easily adapt to the size and shape of the
wound. This ensures optimal coverage and protection, further
reducing the risk of infection and promoting efficient healing.
Their customized fit also helps prevent the development of new
pressure ulcers and minimizes surface infections that could
delay recovery.

Collagen dressings are widely available for treating pressure
ulcers, as shown in Table 1. Clinical studies suggest that these
dressings accelerate wound healing, reduce infection risks, and
improve the quality of life for patients with pressure ulcers.

In a randomized controlled trial, Graumlich et al. compared
collagen injections (Type I collagen, Medifil, Kollagen, BioCore,
Topeka, KS) with hydrocolloid therapy (DuoDerm, ConvaTec,
Princeton, NJ) in 65 patients with stage II or III pressure ulcers
(Graumlich et al., 2003). Thirty-five patients received daily collagen
injections, while 30 received hydrocolloid dressings twice weekly.
The primary outcome was the rate of complete healing within
8 weeks, while secondary outcomes included time to healing and
the daily healed ulcer area. Results showed similar healing rates in
both groups after 8 weeks, with mean healing times of 5 weeks for
collagen and 6 weeks for hydrocolloids. Both groups also had
comparable daily healed areas (6 mm2/day). The study concluded
that collagen and hydrocolloid therapies are equally effective for
treating pressure ulcers.

Another randomized, controlled pilot study conducted at
RWTH University Hospital in Aachen compared collagen and
foam dressings for stagnating pressure ulcers (Piatkowski et al.,
2012). Ten patients were enrolled, with five receiving a foam
dressing (Suprasorb P; Lohmann and Rauscher) (Group A) and
five receiving a collagen dressing (Suprasorb C; Lohmann and
Rauscher) covered by the same foam dressing (Group B). The
study found that wound fluid from Group B (collagen + foam)
significantly improved angiogenesis (p < 0.05) compared to Group
A (foam only). Group B also showed faster and greater increases in
TIMP-1 and TIMP-2 levels, along with a quicker and more
pronounced decline in MMP-2, MMP-9 (p < 0.04), and elastase
levels. These findings indicate a more rapid reduction in
inflammation. While both groups experienced healing, Group B

demonstrated faster progress, highlighting the therapeutic benefits
of collagen dressings for pressure ulcers.

4.3 Chitosan

Chitosan is highly biodegradable, leaving no residue in the body
and minimizing the risk of secondary damage or patient discomfort
(Wang et al., 2020). Its natural origin ensures excellent
biocompatibility with human tissues, making it suitable for a
wide range of patients (Tang et al., 2023). Chitosan wound
dressings also have strong antimicrobial properties. They inhibit
the growth of pathogens, reduce the risk of infection, and accelerate

TABLE 1 Commercially available collagen dressings for the treatment of pressure ulcers.

Brand Company Composition

Catrix® Lescarden Inc Fine white powder (bovine cartilage)

Collieva™ CollMed Laboratories Bovine collagen (Type I)

DermaCol™ DermaRite Industries, LLC Type I bovine collagen powder/sheet

Fibracol® Systagenix 90% collagen and 10% alginate

Promogran™ Systagenix 55% collagen (bovine), 45% oxidized regenerated cellulose (ORC)

Promogran Prisma® Systagenix 44% oxidized regenerated cellulose, 55% collagen and 1% silver-ORC

Primatrix® Integra life sciences Fetal bovine dermis

Biostep™ Ag Smith and Nephew, Inc A silver collagen matrix dressing with calcium alginate and
ethylenediaminetetraacetic acid

FIGURE 4
The images illustrate the condition of pressure ulcers prior to
treatment (A1, B1, C1) and following a 30-day course of chitosan gel
therapy (A2, B2, C2). Reproduced with permission fromCampani et al.
(2018). Copyright © 2018 The Authors.
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the healing process (Matica et al., 2019; Moeini et al., 2020). This
antimicrobial effect is especially valuable for pressure ulcer patients,
as it helps prevent secondary infections and improves overall
outcomes. In addition, chitosan dressings maintain a moist
environment that supports tissue regeneration (Liu et al., 2018).
By stimulating cell growth and repair around the wound, they speed
up healing, shorten recovery time, improve outcomes, and reduce
complications.

The clinical benefits of chitosan dressings for pressure ulcers are
well-documented (Campani et al., 2018). In a pilot study, Campani
et al. used chitosan gel to treat pressure ulcers and reported
significant reductions in lesion size. Healing was observed in 90%
of participants (Campani et al., 2018) (Figure 4). The study also
emphasized the cost-effectiveness of the gel, which was prepared at
minimal expense in the hospital pharmacy’s sterile area, significantly
lowering patient care costs.

A multicenter, prospective, randomized, open-label clinical
study at three Chinese medical centers compared the safety and
efficacy of Next-Generation KA01 chitosan wound dressings with
standard gauze (T.V. Gauze) for non-healing chronic wounds,
including pressure ulcers, vascular ulcers, diabetic foot ulcers,
and minimally infected or at-risk wounds (Mo et al., 2015).
Ninety patients participated (45 per group). After 4 weeks, the
chitosan group showed significantly greater wound size reduction
(65.97% ± 4.48%) compared to the control group (39.95% ± 4.48%).
Pain levels were also significantly lower in the chitosan group (1.12 ±
0.23) versus the control group (2.30 ± 0.23). These results suggest
that next-generation chitosan dressings enhance wound healing by
promoting re-epithelialization and reducing pain.

Another study assessed the efficacy of chitosan-based
hydrocolloid dressings in 80 patients with chronic refractory
wounds, including pressure ulcers (Liu and Shen, 2022). Patients
were randomized into two groups: one treated with chitosan-based
hydrocolloid dressings (40 patients) and the other with inert saline
gauze (40 patients). After 3 weeks, the chitosan group showed
significantly better wound healing, reduced pain levels, and fewer
symptoms of itching compared to the control group (P < 0.05).
Wound area reductions and overall healing efficiency were also
significantly higher in the chitosan group. Additionally, dressing
changes were less frequent, and total treatment costs were lower in
the chitosan group (P < 0.05), further supporting its potential as an
effective and economical option for pressure ulcer care. These
findings are consistent with a separate randomized controlled
trial conducted in Iran, which also confirmed the efficacy of
chitosan dressings in treating pressure ulcers (Kordestani
et al., 2008).

4.4 Poly (lactic-co-glycolic acid)

Poly (lactic-co-glycolic acid) (PLGA) is a biodegradable polymer
that serves as a safe and effective dressing for pressure ulcers, thanks
to its excellent biocompatibility, controlled release properties, and
biodegradability (Chereddy et al., 2016). The composition and
molecular weight of PLGA can be tailored to regulate drug
release, ensuring consistent and effective therapy for pressure
ulcer patients and improving treatment outcomes (Jiang et al.,
2021; Choipang et al., 2018; Liu et al., 2020). By incorporating

antimicrobial agents and growth factors, PLGA dressings can
effectively prevent infections and promote wound healing,
offering innovative solutions for pressure ulcer management
(Choipang et al., 2018; Liu et al., 2020; Catanzano et al., 2021;
Park et al., 2017). Its biodegradability allows PLGA to break down
gradually into lactic acid and glycine, which are naturally
metabolized by the body. This prevents secondary injuries,
reduces adverse effects, and enhances patient comfort and safety.
Moreover, PLGA dressings provide excellent mechanical properties
and adaptability. They can be customized to fit various wound sizes
and shapes, offering superior protection, reducing infection risk, and
promoting faster healing.

4.5 Polyurethane

Polyurethane wound dressings have shown significant
advantages and progress in pressure ulcer care. As a novel
material, polyurethane offers excellent biocompatibility, high
absorbency, superior elasticity, and adjustable physicochemical
properties (Cui et al., 2023), making it an effective solution for
treating pressure ulcers. The biocompatibility of polyurethane
ensures its safety for a wide range of patients, including those
with allergies to other dressing materials, addressing the need for
personalized care. Its exceptional absorbency manages wound
exudate efficiently, maintaining optimal moisture levels for cell
growth and healing (Samatya Yılmaz and Aytac, 2023). By
retaining moisture without peeling or drying out, polyurethane
dressings protect wounds and reduce discomfort caused by
frequent dressing changes, a critical factor in managing pressure
ulcers. Polyurethane’s elasticity allows the dressings to conform to
changing wound shapes, minimizing mechanical irritation and
reducing the risk of further ulcer development (Wang et al.,
2024; Abdullah et al., 2023; Pongmuksuwan and
Harnnarongchai, 2022). This feature benefits both active and
bedridden patients by improving comfort and reducing the
likelihood of complications. Additionally, the adaptable
physicochemical properties of polyurethane can be tailored to
specific needs. Modifying its composition and structure enables
adjustments in breathability, hydrophilicity, and degradability,
addressing various pressure ulcer scenarios (Sikdar et al., 2022).
These features position polyurethane as a promising material for
future advancements in pressure ulcer treatment.

Clinical trials strongly support the efficacy of polyurethane
wound dressings for managing and preventing pressure ulcers.
Dutra et al. investigated the performance of transparent
polyurethane film (PF) compared to hydrocolloid dressings (HD)
in preventing pressure ulcers (Dutra et al., 2015). In a study with
160 patients, the PF group required significantly fewer dressing
changes, especially in the sacral region, suggesting superior
performance of polyurethane films. Further research highlighted
the lower per-change cost of polyurethane films compared to
hydrocolloid dressings (Dutra et al., 2016), enhancing their cost-
effectiveness. Additionally, transparent polyurethane films have been
shown to effectively prevent heel pressure ulcers (Souza et al., 2013).
Polyurethane foam dressings are also widely used for treating pressure
ulcers. A randomized controlled trial compared a novel polyurethane
foam to standard foam in negative pressure wound therapy. The novel
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foam was equally effective but easier to remove, with less
fragmentation and residue left in wounds (Wagstaff et al., 2014). It
also prevented inward margin growth, reducing trauma during
dressing changes and minimizing bleeding from granulation tissue.
These findings confirm the safety and biocompatibility of the novel
polyurethane foam, supported by earlier animal studies (Greenwood
et al., 2010; Greenwood and Dearman, 2012). Furthermore, trials have
demonstrated the efficacy of polyurethane foam dressings in
preventing sacral pressure ulcers in elderly hip fracture patients
(Forni et al., 2018; Forni et al., 2022).

In conclusion, polyurethane wound dressings offer significant
advantages in pressure ulcer care. Their biocompatibility,
absorbency, elasticity, and adjustable physicochemical properties
provide effective and comfortable solutions for patients. Clinical
validation demonstrates the progress made in pressure ulcer
treatment using polyurethane dressings, contributing to improved
patient quality of life. Continued advancements in medical
technology promise an even greater role for polyurethane wound
dressings in pressure ulcer care.

5 Challenges and prospects

Advanced biomaterials hold great promise for preventing and
treating pressure ulcers, but several challenges must still be addressed.
First, biocompatibility is crucial. Patient responses can vary,
sometimes leading to immune or toxic reactions. To ensure safety,
thorough biocompatibility testing—both in vitro and in vivo—is
essential. Using natural biomaterials, modifying surfaces, and
adopting other biocompatible strategies can help reduce these
risks. Another challenge is optimizing mechanical properties.
Biomaterials need to be strong yet flexible enough to provide
proper support and protect wounds. Achieving this balance
requires fine-tuning material composition, structure, and fiber
alignment, or using composite materials designed for these
purposes. Controlling degradation rates is also critical. If a material
breaks down too quickly, the wound may lose protection. If it
degrades too slowly, healing may be delayed. Adjustments to
material composition, microstructure, and degradation mechanisms
can help ensure materials degrade at the right pace and integrate
seamlessly with surrounding tissues. Cost-effective production is
another major factor. To make these materials more accessible,
manufacturing must be efficient and affordable. Advances in
automation, mass production, and novel synthesis methods will be
key to lowering costs without compromising quality. Finally, clinical
translation and regulatory approval remain significant hurdles.
Moving from lab research to real-world applications requires
rigorous clinical trials and navigating complex regulatory processes.
Success in this area depends on careful trial design, interdisciplinary
collaboration, and close cooperation with regulatory agencies. By
overcoming these challenges, advanced biomaterials can see wider
use in pressure ulcer care. This will lead to more effective treatments
and better outcomes for patients. With ongoing innovation and
experience, these materials will continue to evolve, playing an even
greater role in improving medical care.

Future research in this field will focus on multifunctional
composites, smart materials, and personalized treatments to address
current challenges and improve effectiveness. Multifunctional

composites are designed to combine multiple properties into a
single material. These properties include antimicrobial activity,
healing promotion, and monitoring capabilities. Such materials can
prevent infections, speed up healing, and track progress in real time,
offering a comprehensive solution for pressure ulcer care. Smart
materials will focus on responsiveness and controlled drug delivery.
These materials can change their properties in response to
environmental factors or specific stimuli. Controlled release systems
will allow precise delivery of drugs or therapeutic substances, paving
the way for more targeted and effective treatments. Personalized
treatments will adapt care to the unique needs of each patient. By
tailoring biomaterial selection and treatment plans to individual
characteristics, these strategies will ensure more precise and effective
outcomes. By combining these approaches, future research aims to
create comprehensive and personalized solutions for pressure ulcer
prevention and treatment. Continued innovation and collaboration
across disciplines will further enhance the role of advanced
biomaterials, improving patient outcomes and quality of life.

6 Conclusion

Advancements in biomaterials for pressure ulcer prevention and
treatment bring new hope and opportunities for patients. Ongoing
research and innovation hold the potential to transform pressure
ulcer care, enabling more effective treatment strategies, better
patient outcomes, and an enhanced quality of life. To achieve
these breakthroughs, prioritizing the development of novel
biomaterials and fostering interdisciplinary collaboration will be
essential. This focus will accelerate the clinical translation of these
technologies, ultimately improving medical care and treatment
experiences for individuals affected by pressure ulcers.
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Applications and prospects of
biomaterials in diabetes
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Diabetes is a widespread metabolic disorder that presents considerable
challenges in its management. Recent advancements in biomaterial research
have shed light on innovative approaches for the treatment of diabetes. This
review examines the role of biomaterials in diabetes diagnosis and treatment, as
well as their application in managing diabetic wounds. By evaluating recent
research developments alongside future obstacles, the review highlights the
promising potential of biomaterials in diabetes care, underscoring their
importance in enhancing patient outcomes and refining treatment
methodologies.
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1 Introduction

Diabetes mellitus is a chronic disease marked by prolonged hyperglycemia, which arises
from defects in insulin secretion, insulin action, or a combination of both (American
Diabetes Association, 2014; Chaudhury et al., 2017; Defronzo, 2009). The primary types of
diabetes include Type 1 diabetes mellitus (T1DM) and Type 2 diabetes mellitus (T2DM).
T1DM is mainly an autoimmune condition leading to the destruction of insulin-producing
beta cells in the pancreas (Khaiz et al., 2025; Nyaga et al., 2018a; Nyaga et al., 2018b). In
contrast, T2DM is often linked to insulin resistance, influenced by lifestyle factors and
genetic predispositions (Dariya et al., 2019; Ghasemi and Norouzirad, 2019; Memon et al.,
2022). The incidence of diabetes worldwide has been on a steady rise, resulting in significant
public health implications, particularly as demographic trends lean towards aging
populations and lifestyle changes, including increased obesity rates (Cano-Ibanez and
Bueno-Cavanillas, 2024). The International Diabetes Federation reported that
approximately 537 million adults were diagnosed with diabetes in 2021, with
projections indicating a rise to 783 million individuals by 2045 (Klangjareonchai
et al., 2021).

Conventional diabetes management approaches include pharmacological treatments
such as insulin and oral hypoglycemic agents, as well as lifestyle changes encompassing diet
and exercise (Deng et al., 2018). Nonetheless, achieving optimal glycemic control remains a
challenge for numerous patients, often due to factors like medication adherence, the
complexity of treatment protocols, and the psychosocial burdens associated with the
disease (Al-Qerem et al., 2022; Summers-Gibson, 2021). These challenges highlight the
urgent need for innovative strategies in diabetes management (Kalra et al., 2022).

In recent times, the application of biomaterials has surfaced as a promising pathway for
the enhancement of diabetes treatment and management (Aldahish et al., 2024; Emad et al.,
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2024; Nemati et al., 2023). This review seeks to investigate the
diverse applications of biomaterials within the realm of diabetes
management, addressing their potential to mitigate the limitations
of existing treatment methodologies while improving the quality of
life for individuals with diabetes. The evolving role of biomaterials in
diabetes management marks a significant advancement in
addressing the complexities inherent to this chronic condition
(Iqbal et al., 2023).

2 Diagnosis of diabetes using
biomaterial-mediated strategies

Biosensors have become essential instruments across various
domains, particularly in healthcare. Within this sector, they provide
rapid and precise monitoring of biological parameters (Kim et al.,
2019; Li et al., 2023; Yoon et al., 2020). These sensors possess the
capability to detect specific biological markers molecules, delivering
crucial real-time information essential for the diagnosis,
management, and prevention of diseases (Kong et al., 2024; Xing
et al., 2024).

Conventional diagnostic approaches for diabetes, which largely
rely on fasting plasma glucose (FPG), oral glucose tolerance tests
(OGTT), and hemoglobin A1c (HbA1c) assessments, exhibit several
shortcomings. These techniques are susceptible to various
influences, such as stress, illness, and inconsistencies in
laboratory procedures, which may result in misdiagnosis or
delays in diagnosis (Young et al., 2023). For instance, HbA1c
levels may not provide an accurate representation of glycemic
control in specific populations, including those with
hemoglobinopathies or individuals who have recently received
blood transfusions (Bhatti et al., 2024). Traditional glucose
testing methods, primarily based on blood glucose meters,
encounter numerous challenges that hinder patient adherence
and effective diabetes management. Ahmadian et al. conducted a
comprehensive review of current technologies, comparing the
benefits and drawbacks of both invasive and non-invasive glucose
monitoring techniques (Ahmadian et al., 2023). Many of these
methods necessitate finger-pricking, which can be painful and
inconvenient, resulting in many patients opting to forgo regular
testing (Burge, 2001). Furthermore, the precision of blood glucose
meters can be influenced by several factors, including user error,
calibration discrepancies, and environmental conditions, leading to
variable readings (Tankasala and Linnes, 2019). Additionally,
conventional testing methods typically offer only a snapshot of
glucose levels at a single moment, failing to account for fluctuations
that occur throughout the day. The psychological strain associated
with diabetes management, including the stress from frequent
monitoring and apprehension regarding complications, highlights
the demand for reliable and minimally invasive glucose testing
methods (Xie et al., 2023).

The significance of glucose monitoring sensors in diabetes
management cannot be overstated. Recent advancements in
biosensor technology have facilitated the development of non-
invasive and continuous glucose monitoring systems that
enhance patient adherence and improve health outcomes (Dua
et al., 2024; Hina and Saadeh, 2020; Teymourian et al., 2020).
The integration of biosensors with mobile technology and data

analytics platforms has further increased their utility, allowing for
continuous monitoring and remote health management (Arun et al.,
2024; Bent et al., 2020).

2.1 Detection by sensors composed of
nanomaterials in conjunction with Raman
spectroscopy

Biomedical nanomaterials, particularly those engineered for
glucose sensing, have demonstrated promising advancements in
improving the sensitivity and specificity of diabetes diagnostics. For
example, electrospun nanofibers have emerged as a novel category of
functional nanocomposites exhibiting remarkable biosensing
capabilities (Du et al., 2022). The incorporation of nanomaterials,
such as gold nanoparticles and carbon nanotubes, has further
enhanced the efficacy of biosensors, enabled the simultaneous
detection of multiple analytes and accelerated response times
(Nisar et al., 2024; Otero and Magner, 2020; Putzbach and
Ronkainen, 2013). Moreover, when combined with
organometallic compounds, these nanomaterials can significantly
augment the performance of Raman spectroscopy, allowing for the
detection of subtle spectral variations related to diabetes biomarkers.
This synergistic approach not only improves detection sensitivity
but also extends the range of potential applications in clinical
diagnostics (Jagannathan et al., 2023).

The high surface area of these nanomaterials promotes increased
loading of recognition elements, leading to enhanced detection
capabilities. Enhanced performance of biosensors has been
documented (Mousavi et al., 2022). Furthermore, nanomaterials
can be tailored to respond to specific stimuli, facilitating the creation
of intelligent biosensors capable of real-time monitoring of
physiological variations (Scandurra et al., 2023). Recent
innovations utilizing DNA nanostructures have demonstrated
significant potential in biosensing applications, where they can be
engineered for the selective binding of target molecules, thus
improving detection specificity (Mohammad, 2024). Ongoing
investigations in this field continue to reveal novel opportunities
for the application of nanomaterials in biosensing, which may lead
to the development of groundbreaking diagnostic tools for
clinical use.

Raman spectroscopy operates on the principle of inelastic
scattering of monochromatic light, typically emitted by a laser.
When light interacts with the vibrations of molecules, it can
scatter with a shift in energy that corresponds to the vibrational
modes of those molecules. This characteristic renders Raman
spectroscopy a versatile instrument for both qualitative and
quantitative analyses across various applications, including the
identification of biomarkers for diseases such as diabetes (Xie
et al., 2023). A prominent example of this technique’s efficacy is
its application in measuring urinary albumin levels, a critical
biomarker for diabetic kidney disease. Research has illustrated
that Raman spectroscopy can effectively identify specific spectral
peaks linked to albumin concentrations in urine samples from
individuals diagnosed with type 2 diabetes, indicating its
potential for non-invasive monitoring of renal complications
related to diabetes (Flores-Guerrero et al., 2020). Moreover,
Raman spectroscopy has been employed to investigate retinal
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tissue for early indicators of diabetic retinopathy, offering insights
into the biochemical alterations occurring in the retina due to
prolonged hyperglycemia. The capacity of this technique to
distinguish between healthy and diseased tissues through
spectral analysis renders it an invaluable tool for early diagnosis
and timely intervention in diabetic patients (Chen et al., 2021).
Furthermore, advancements in machine learning algorithms
applied to Raman spectral data have bolstered the precision of
diabetes detection, highlighting the technology’s potential to
transform diabetes management and enhance patient outcomes
(Chen et al., 2024e).

The amalgamation of biomedical nanomaterials with Raman
spectroscopy presents numerous advantages while also posing
significant challenges (Oliveira et al., 2022). A primary advantage
of this integration lies in the enhancement of diagnostic accuracy
and sensitivity. For instance, a core-shell structure of Au nanorods@
Raman tags@SiO2@Ag nanocomposite has been synthesized and

employed for the surface-enhanced Raman scattering (SERS)
detection of insulin and C-peptide in trace serum (Zhang et al.,
2024b). This is illustrated in Figure 1.

2.2 Detection via gas sensors composed of
biomedical metal oxides

Exhalation detection technology has attracted notable
interest due to its non-invasive and convenient nature,
particularly in the regulation of glucose levels, which is
essential for managing conditions such as diabetes. In breath
analysis, glucose is often detected indirectly through its metabolic
byproducts, including acetone, which is produced during the
metabolism of fatty acids when glucose levels are diminished
(Galassetti et al., 2005; Hwang et al., 2021; Li et al., 2015). The
well-established relationship between breath acetone and blood

FIGURE 1
Depicts the schematic representation of (A) the synthesis of the SERS probe and (B) the SERS-based immunoassay utilized for the detection of insulin
antibodies and C-peptide antibodies. Reproduced with permission from Zhang et al. (2024b).
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glucose levels provides a foundation for the development of
sensors capable of measuring glucose levels via breath analysis
(Kalidoss and Umapathy, 2019; Righettoni et al., 2013; Tanda
et al., 2014). The accurate and prompt identification of acetone is
vital for maintaining safety in industrial production and for the
clinical assessment of diabetes. Consequently, the advancement
of high-performance acetone sensors has become increasingly
significant (Guan et al., 2025) (Table 1). Analyzing breath can
facilitate real-time observation of metabolic alterations, enabling

timely interventions to avert conditions such as hyperglycemia or
hypoglycemia (Xie et al., 2023). Moreover, breath testing is
characterized by its convenience and discretion, which
enhances patient adherence and promotes ongoing monitoring
during daily activities (Vajhadin et al., 2021).

However, environmental factors substantially influence the
detection of glucose and its metabolites in exhaled breath,
impacting both the collection and analytical processes. Elements
such as humidity and the presence of competing volatile compounds

TABLE 1 Overview of gas sensors utilizing biomedical metal-oxides for acetone detection in 2024.

Composition of biomaterials Advantage Application References

α-Fe2O3-multiwalled carbon nanotube (MWCNT)
nanocomposite

detect acetone in exhaled breath under high
humidity

diabetes detection Ansari et al.
(2024)

a K/Sn-Co3O4 porous microsphere without the removing water vapor from exhaled
breath

diabetes detection Na et al. (2024)

porous 2D WO3 nanosheets 1. The rapid diffusion and adsorption of acetone
molecules
2. Higher charge activity and adsorption capacity

diabetes detection Guan et al. (2025)

biofluorometric acetone gas sensor (bio-sniffer)
using secondary alcohol dehydrogenase

Sub-ppbv Level Sensitivity (quantitative
characteristics in the concentration range of
0.5–1,000 ppbv)

continuous measurement of acetone gas released
through the skin

Iitani et al. (2024)

16 wt% N-CQDs/WO3 sensor 1. Real-time acetone detection
2. Portable human-exhaled gas sensors

diabetes detection Ni et al. (2024)

Al/CuO:Ni nanostructured thin films enhances the sensitivity and selectivity of acetone
sensors for practical applications as breath
detectors in biomedical diagnostics

1. Diabetes detection
2. Ensuring industrial safety by preventing
adverse health and environmental impacts of
acetone exposure

Litra et al. (2024)

bimetallic PtAu-decorated SnO2 nanospheres
(PtAu/SnO2)

1. Superior sensitivity to acetone of
0.166–100 ppm at 300°C
2. Remarkable gas response, rapid response and
recovery times, strong linear correlation,
excellent repeatability, long-term stability, and
satisfactory selectivity at 300°C

the early diagnosis and screening of diabetes Zhu et al. (2024)

ZIF-67-derived oxide cage/nanofiber Co3O4/
In2O3 heterostructure

1. Abundant reversible active adsorption/
reaction sites alongside a type-I heterojunction
2.ultrasensitive response to acetone
concentrations ranging from 954 to 50 ppm at
300°C
3. A low detection limit of 18.8 ppb, a swift
response time of just 4 s, commendable
selectivity and repeatability, acceptable resistance
to humidity interference, and sustained long-
term stability

environmental monitoring and the early
diagnosis of diabetes

Wu et al. (2024)

bimetallic Au@Pt core-shell nanospheres (BNSs)
functionalized-electrospun ZnFe2O4 nanofibers
(ZFO NFs)

Compared to pure NFs-650 analogue, the ZFO
NFs/BNSs-2 sensor exhibits a stronger mean
response (3.32 vs. 1.84), quicker response/
recovery speeds (33 s/28 s vs. 54 s/42 s), and
lower operating temperature (188°C vs. 273°C)
toward 0.5 ppm acetone

potential for diabetes diagnosis in individual
healthcare settings

Zhao et al.
(2024a)

Gd2Zr2O7 solid electrolyte and CoSb2O6 sensing
electrode

1. A low detection limit of 10 ppb, enabling linear
detection for acetone in an extremely wide range
of 10 ppb–100 ppm
2. Excellent selectivity, repeatability, and stability

diagnosis and monitoring of diabetic ketosis Jiang et al. (2024)

Porous Co(3)O(4) nanofoam 1. A low detection limit of 0.05 ppm and a high
sensitivity of −56 mV/decade in the acetone
concentration range of 1–20 ppm
2. Outstanding repeatability, acceptable
selectivity, effective resistance to O2 and
humidity, and long-term stability during
continuous measurements over a duration
exceeding 30 days

distinguish between healthy individuals and
patients with diabetic ketosis

Hao et al. (2024b)
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can hinder gas sensor performance (Esteves et al., 2022; Xie et al.,
2018). Therefore, it is essential to optimize the operating
conditions of sensors to mitigate these environmental effects.
Zhou et al. developed a self-designed condensation device for
exhaled breath, which allowed for the condensation and
collection of human exhaled breath, enabling the analysis of
glucose in the collected condensate via ion chromatography
using a pulsed amperometric instrument (Zhou et al., 2022).
For instance, custom-built exhaled breath collection devices that
regulate temperature and humidity have demonstrated potential
for enhancing the reproducibility of glucose measurements in
breath samples (Desai et al., 2025). A noninvasive blood glucose
detection apparatus that utilizes acetone sensing in exhaled breath

employs an α-Fe2O3-multiwalled carbon nanotube (MWCNT)
nanocomposite to accurately measure acetone levels, even in high
humidity conditions (Ansari et al., 2024). Furthermore, the
incorporation of nanostructured materials and composite
sensors has been shown to improve sensitivity and selectivity,
enabling more precise glucose detection in the presence of
interfering substances found in exhaled breath (K et al., 2025).
Notably, an ultrasensitive acetone gas sensor based on a K/Sn-
Co3O4 porous microsphere can accurately differentiate between
diabetic patients and healthy individuals based on variations in
acetone concentrations without the need to eliminate water vapor
from exhaled breath, highlighting its substantial potential for
diabetes diagnosis (Na et al., 2024).

FIGURE 2
Illustrates the continuous glucose monitoring (CGM) sensors employed for the assessment of various biological fluids and the nanomaterials
developed for tear glucose analysis in recent years, reproduced with permission from Zhou et al. (2024b).
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2.3 Detected by wearable sensors made of
biomaterials

Wearable sensors made from biomaterials designed for sweat
glucose detection have garnered significant interest due to their
capacity for continuous monitoring without the discomfort of
finger-prick tests. Zhou et al. conducted a thorough review of the
principles and advancements in electrochemical glucose sensors,
compiling findings on various innovative nanomaterials suitable for
continuous glucose monitoring (CGM) (Zhou et al., 2024b). The
work illustrated the applications and construction strategies of
diverse nanomaterials, including precious metals, nanometals,
their compounds, and nonmetallic nanomaterials. Figure 2 in
their study encapsulates these insights on CGM technology, while
Figure 3 traces the evolution of biosensor development for wearables
up to 2021.

These sensors utilize cutting-edge materials and designs to
enhance sensitivity and selectivity, thereby enabling precise real-
time glucose detection (Dervisevic et al., 2022; Zafar et al., 2022;
Zhou et al., 2023). The hyaluronate (HA)-modified Au@Pt
bimetallic electrodes have been validated through animal trials
for their capacity to provide long-term, accurate, and robust
CGMs in smart contact lenses, paving the way for continuous
blood glucose monitoring (Han et al., 2023). In 2023, Zhang
et al. summarized the metallic nanomaterials employed in
wearable non-invasive glucose sensors, encompassing zero-
dimensional (0D), one-dimensional (1D), and two-dimensional
(2D) monometallic nanomaterials, as well as bimetallic
configurations (Zhang et al., 2023b). In addition, Govindaraj
et al. provided a thorough summary of various categories of non-
enzymatic glucose sensor materials, which encompass composites,

non-precious transition metals along with their respective metal
oxides and hydroxides, precious metals and their alloys, carbon-
based materials, conducting polymers, metal-organic framework
(MOF)-based electrocatalysts, as well as glucose sensors designed
for wearable devices (Govindaraj et al., 2023). Furthermore, enzyme-
free nanoparticle-based glucose sensors signify a noteworthy
advancement, presenting a more straightforward and cost-
efficient alternative for glucose monitoring (Boucheta et al.,
2024). Additionally, microfluidic devices have been engineered to
assess the performance of these sensors, thereby ensuring their
reliability in clinical environments (Yunos et al., 2021). Zhang
et al. introduced a handheld biosensor capable of detecting
acetone through fluorescence, utilizing the enzymatic reaction of
secondary alcohol dehydrogenase (S-ADH) in conjunction with β-
nicotinamide adenine dinucleotide (NADH, λex = 340 nm, λem =
490 nm). This device, characterized by its portability and high
sensitivity and selectivity, is anticipated to see extensive
application in clinical diagnostics as well as in the realm of
wearable biochemical sensors in the forthcoming years (Zhang G.
et al., 2025). As advancements in these technologies continue, they
hold the potential to revolutionize diabetes management, enabling
patients to achieve optimal glucose levels with enhanced
convenience.

3 Treatment of diabetes through
biomaterial-mediated strategies

Insulin plays a pivotal role in the management of diabetes,
necessitating effective delivery mechanisms. The utilization of
biomaterials, known for their exceptional biocompatibility,

FIGURE 3
Depicts the historical progression of biosensor development for wearable technology up to 2021, reproduced with permission from Zafar
et al. (2022).
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TABLE 2 The advantages of various insulin drug delivery vectors.

Vector Preparation
method

Advantage Treatment
object

Treatment
stage

References

Microneedle 3D printing and mold-based
methods

penetrates the outer
layer of the skin without
reaching the nerve
endings, facilitating
sustained insulin release

T1DM, T2DM, and in
some cases, used when
traditional injection
methods cause excessive
pain or skin damage in
diabetic patients

Initial treatment stage
to establish stable
insulin delivery, or
when patients have
difficulties with
traditional injection
methods

Jin et al. (2018), Xu
et al. (2024), Zhao
et al. (2024b)
Razzaghi et al. (2024)
Chen et al. (2019),
Lin et al. (2025a), Lin
et al. (2025b), Wang
et al. (2020)

ASMNs@PVP-INS antimicrobial sponge MNs
(ASMNs@PVP-INS)
modified with
polyvinylpyrrolidone (PVP)

excellent mechanical
strength, effectively
maintaining glucose
control without inducing
hypoglycemia, no
significant toxicity to
mice

T1DM, T2DM Not mentioned Zhang et al. (2025b)

insulin transmitter ultrasound, microjet method encapsulation
rate >80%, good
stability, strong
deformation and good
transdermal
performance

T1DM, T2DM,
especially suitable for
patients who are
reluctant to use
injection methods and
have relatively good
skin conditions

Any stage of diabetes
treatment where non-
invasive insulin delivery
is preferred

Jarosinski et al.
(2021)

biodegradable
polymer
material

Chitosan and its
derivatives

emulsification-chemical
crosslinking method, spray
drying, solvent volatilization
method, etc

good biocompatibility,
degradability, film-
forming or spheroidal
properties

T1DM, T2DM, and can
be used in diabetic
wound healing
scenarios

Drug delivery stage in
diabetes treatment, and
applied in wound care
for diabetic patients

Abozaid et al. (2023),
Lupascu et al. (2024),
Mohamed et al.
(2021), Morcol et al.
(2004)
Ali and Lehmussaari
(2006)
Baek et al. (2012)
Blagden et al. (2007)
Aldahish et al.
(2024), Ali et al.
(2009)

silk fibroin T1DM, T2DM, may
have potential in long-
term insulin storage and
delivery due to its
unique properties

Potentially used in the
stage of developing long
- acting insulin
formulations

polylactose T1DM, T2DM, might
be suitable for patients
with specific metabolic
requirements

May be involved in the
formulation of certain
sustained - release
insulin products

Hydroxyapatite T1DM, T2DM, can be
used in combination
with insulin for bone -
related diabetes
complications

Treatment stage for
diabetic patients with
bone - related problems

INS-NPs ionotropic pre-gelation
followed by polyelectrolyte
complexation technique

Strengthen drug stability
and improve
bioavailability; achieve
targeted drug release to
reduce the toxic and side
effects of drugs on the
body; control the
amount of drug release
to make the effect of
drugs in the body more
obvious

T1DM, T2DM,
especially useful when
precise control of
insulin release is needed

Advanced treatment
stage where more
refined insulin delivery
is required

Kassem et al. (2017)

Chitosan/cyclodextrin
nanoparticles

Ionic gel technology Stable for at least 4 h at
simulated intestinal fluid
pH 6.8 and 37° C

T1DM, T2DM,
beneficial for oral
insulin delivery
attempts

Exploratory stage of
developing oral insulin
delivery systems

Krauland and
Alonso (2007)

Methocel-lipid hybrid nanocarriers Methocel was added to solid
lipid nanoparticles (SLN) to
form

Good biocompatibility,
low cytotoxicity, good
drug protection, and good
interaction with cells,
while overcoming its key
limitations in effectively
encapsulating peptides

T1DM, T2DM,
applicable when
enhancing the
interaction between
insulin and cells is
necessary

Treatment stage focused
on improving the
efficacy of insulin at the
cellular level

Boushra et al. (2016)

(Continued on following page)
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TABLE 2 (Continued) The advantages of various insulin drug delivery vectors.

Vector Preparation
method

Advantage Treatment
object

Treatment
stage

References

6-O-vinyl sebacic acid-D-
galactopyranosyl ester block 3-
acrylamide phenylboric acid p
(OVNG-b-AAPBA)

block copolymer With optimal molecular
weight and thermal
stability, the prepared
nanoparticles can be
used in drug delivery
systems. The prepared
nanoparticles have good
morphology and their
safety has been verified
by MTT and chronic
animal toxicology tests.
The drug loading rate
and encapsulation
efficiency increase with
the increase of AAPBA
content in the polymer,
which can effectively
maintain blood sugar in
diabetic mice for 96 h

T1DM, T2DM, effective
in maintaining stable
blood sugar levels over
an extended period

Treatment stage aiming
for long - term blood
sugar control

Zhong et al. (2020)

chitosan nanoparticle/poly (vinyl
alcohol) (PVA) hybrid HGs
(CPHGs)

PVA and chitosan
nanoparticles (CNPs) are
cross-linked with a glucose-
responsive
formylphenylboronic acid
(FPBA)-based cross-linker in
situ

in vitro drug release
assay reveals size-
dependent glucose-
responsive drug release
from the CPHGs under
physiological conditions

T1DM T1DM rat model and
in vitro

Ali et al. (2023)

FIGURE 4
Demonstrates the various advantages of employing nanotechnology in diabetes management compared to traditional treatment methodologies.
Reproduced with permission from Sarkhel et al. (2024).
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degradability, and distinctive functional properties, is essential in
this context. Such materials significantly enhance insulin stability,
modulate its release kinetics, and facilitate targeted delivery, thereby
offering a safer and more efficient therapeutic option for individuals
with diabetes. Novel biomaterial carriers can transport antidiabetic
drugs to address different types of diabetes (Table 2).

3.1 Delivery via nanoparticles

Insulin is indispensable for managing T1DM and is often
required in numerous instances of T2DM. The engineered
characteristics of nanoparticles, such as toxicity control, stability,
and drug release mechanisms, allow for the delivery of higher drug
concentrations to targeted sites (Zaric et al., 2019). The capacity of
nanoparticle systems to improve insulin delivery through targeted
and controlled release mechanisms has attracted significant
attention (Cheng et al., 2021; Karimi et al., 2016; Zhang et al.,
2022). Nanocarriers present an innovative strategy by offering
advantages such as enhanced drug stability and absorption,
targeted delivery to specific tissues or cells, controlled or stimuli-
responsive drug release, increased bioavailability, minimized side
effects, and improved patient compliance (Figure 4). Sarkhel et al.
have encapsulated the diverse applications of nanomaterials in
diabetes management, emphasizing the distinctive attributes of
nano-based drug delivery systems and intelligent drug delivery
techniques (Sarkhel et al., 2024). These nanoparticles can be
customized to react to physiological conditions, such as
fluctuating glucose levels, thereby permitting a more personalized
approach to insulin administration (Karimi et al., 2016; Sharmah
et al., 2024). MSN-based nanocomposites have been used to deliver
therapeutic molecules like insulin, GLP-1, exenatide, DPP-4
inhibitor and plasmid-containing GLP-1 genes for managing
diabetes mellitus for the last decade (Sarkar et al., 2023). For
instance, innovative systems have emerged that leverage glucose-
responsive nanoparticles to release insulin during hyperglycemic
episodes, thereby effectively imitating the pancreas’s physiological
insulin secretion mechanism (Jeong et al., 2022; Volpatti
et al., 2021).

Moreover, the inclusion of biocompatible materials in the
formulation of nanoparticles ensures safety and efficacy in
clinical applications (Tutty et al., 2022). Research has illustrated
that nanoparticles can successfully encapsulate insulin, providing
protection against degradation within the gastrointestinal tract
during oral administration (Ren et al., 2023). This pioneering
strategy not only enhances the stability of insulin but also
promotes its absorption, yielding improved glycemic control in
diabetic individuals. The integration of nanoparticles into insulin
delivery systems indicates substantial potential for the development
of more effective and patient-friendly diabetes treatments.

3.2 Delivery via transplantation of tissue-
engineered islets

Tissue engineering has emerged as a groundbreaking
technique in diabetes management, particularly in addressing
the complications associated with the disease (Kaviani and

Azarpira, 2016; Woo et al., 2023). This interdisciplinary domain
merges biological, mechanical, and engineering principles to
restore or enhance the functionality of damaged tissues and
organs. Considering the increasing prevalence of diabetes and
its complications, innovative strategies such as tissue
engineering provide promising avenues for regeneration and
repair, particularly in pancreatic and cellular contexts.
Advancements within this field possess the potential to
significantly enhance patient outcomes and offer alternatives to
traditional therapies like insulin administration and organ
transplantation.

3.2.1 Pancreatic tissue engineering
The domain of pancreatic tissue engineering is primarily

focused on the creation of functional pancreatic tissues or
bioartificial organs designed to restore insulin secretion in
diabetic patients (Figure 5). Recent investigations have
underscored the encouraging role of decellularized pancreatic
scaffolds, which maintain the extracellular matrix (ECM)
architecture and critical biochemical signals necessary for cell
attachment and functionality. The application of decellularized
pig pancreas has shown promise in establishing an optimal
environment for insulin-producing cells, thereby addressing the
impairment of beta-cell function in T1DM (Hao L. et al., 2024; Lim
et al., 2023). Research indicates that these bioengineered tissues
can effectively replicate the intrinsic architecture of the pancreas,
which may enhance both the survival rates and functionality of
transplanted islet cells (Lim et al., 2023). Furthermore,
advancements in 3D bioprinting technology have enabled the
fabrication of complex pancreatic structures, thereby improved
vascularization and facilitating the delivery of essential nutrients
required for maintaining cell viability (Soetedjo et al., 2021).
Additionally, the incorporation of bioactive materials, such as
silver nanoparticles, has demonstrated improved
biocompatibility of these scaffolds, further supporting their
clinical application (Qiu et al., 2022). In summary, pancreatic
tissue engineering holds significant promise in the advancement of
regenerative therapies for diabetes.

Cell transplantation, particularly the transplantation of islet
cells, remains a fundamental aspect of T1DM management, with
the primary objective of reinstating endogenous insulin production
(Loretelli et al., 2020; Ramesh et al., 2013). However, barriers such as
a limited supply of donors and the risk of immune rejection have
hindered broader implementation. Recent advancements in tissue
engineering have introduced innovative strategies aimed at
enhancing the success rates of cell transplantation. For example,
the application of interconnected toroidal hydrogels for islet
encapsulation has proven effective in protecting transplanted cells
from immune attacks. While still facilitating nutrient exchange
(Ernst et al., 2019).

Additionally, the engineering of pluripotent stem cells into
insulin-producing cells stands as a groundbreaking approach to
generate a continual supply of functional cells for transplantation
(Carvalho et al., 2022; Kasputis et al., 2018; Pagliuca et al., 2014).
Further research has examined the potential of regulatory T cells
that have been modified with insulin-specific chimeric antigen
receptors to promote tolerance and reduce the risk of rejection
during islet transplantation (Azad et al., 2024). These advancements
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in cell transplantation methodologies, when integrated with the
principles of tissue engineering, hold the promise of significantly
enhancing both the effectiveness and accessibility of diabetes
treatments.

3.2.2 Development of biomaterial scaffolds
The fabrication of biomaterial scaffolds constitutes a crucial

aspect of tissue engineering within the framework of diabetes
therapy, as they provide vital structural support for cellular
growth and tissue regeneration. These scaffolds emulate the
ECM and promote a three-dimensional structure that is
conducive to cell proliferation, differentiation, and development.
They may also be employed in the management of diabetic
wounds, a common complication associated with diabetes
(Tallapaneni et al., 2021). Scaffolds can be categorized into two
main types based on their origin: natural and synthetic polymer-
based scaffolds.

3.2.2.1 Natural biomaterial scaffolds
Natural biomaterials have garnered substantial interest in the

field of tissue engineering because of their intrinsic biocompatibility
and their capacity to facilitate cellular activities that are crucial for
tissue regeneration (Bagheri et al., 2020; Mei et al., 2023). These
materials, sourced from biological origins, include collagen, gelatine,
chitosan, and alginate, which replicate the ECM of native tissues,
thus fostering cellular interactions and enhancing healing processes
(Naranda et al., 2021; Sonmezer et al., 2023). This is illustrated in
Figure 6. For instance, collagen scaffolds are particularly recognized
for their excellent properties regarding cell adhesion and
biodegradability, rendering them suitable for applications in
wound healing and regenerative medicine (Chu et al., 2018;
Larijani et al., 2024). Chitosan, a natural polysaccharide, exhibits
remarkable biocompatibility, biodegradability, and antimicrobial
capabilities, positioning it as a promising candidate for wound
healing and tissue engineering applications (Wang J. et al., 2024).

FIGURE 5
Illustrates a diagrammatic representation highlighting the application of materials in human islet organoids. (A) Applications of materials for
production of human islet organoids, including strategies such as biomaterial coating, embedding, and encapsulation, plays a critical role in the
advancement of diabetes treatments. (B) Biomaterials serve as three-dimensional scaffolds that replicate the native interactions with the extracellular
matrix (ECM) essential for the generation of islet organoids. These scaffolds provide key factors such as mechanical forces, topographical features,
stiffness, and signaling from ECM components and soluble factors. (C) Themanufacturing process of decellularized ECM (dECM)materials is highlighted.
This content is reproduced with permission from Jiang et al. (2022).
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Moreover, the incorporation of bioactive molecules, such as
growth factors and peptides, into natural materials can
significantly enhance their regenerative capacity, leading to
improved results in tissue repair and regeneration (Ravoor
et al., 2021). Additionally, natural scaffolds can undergo
modifications to improve their mechanical strength and
degradation rates, thus allowing for customization tailored to
specific applications. The inherent bioactive characteristics of
natural biomaterials are further validated by their capacity to
promote angiogenesis and facilitate tissue integration, both of
which are essential for achieving favourable outcomes in tissue
engineering (Goonoo, 2022).

The degradation behavior of these natural materials serves as a
pivotal aspect concerning their application in biomedical contexts,
significantly affecting their longevity, biocompatibility, and overall
efficacy in tissue regeneration (Hu T. et al., 2024). Generally, natural
materials are preferred due to their ability to undergo in vivo
degradation, which permits a gradual replacement by newly
synthesized tissue. Specifically, chitosan-based hydrogels have
demonstrated a degradation process primarily governed by
hydrolytic mechanisms, with degradation rates that can be
modulated by varying the degree of crosslinking and the
molecular weight (Lv et al., 2023). This characteristic proves
particularly beneficial in scenarios such as drug delivery, where

FIGURE 6
Illustrative schematic of naturally derived polymers:origin, structures, fabrications, and applications. Reproduced with permission from Hu
et al. (2024a).
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the establishment of controlled release profiles is vital for achieving
therapeutic effectiveness.

The degradation byproducts of natural materials are frequently
non-toxic and can be metabolically processed by the body, thereby
minimizing the likelihood of adverse reactions (Xu et al., 2022). The
capacity to engineer natural materials with specific degradation
kinetics enhances their applicability across a range of uses,
including bone regeneration, where it is optimal for scaffolds to
degrade in synchrony with the formation of new bone (Koh et al.,
2022). In summary, the degradation characteristics of natural
materials not only contribute to their biocompatibility but also
are integral to their functionality and efficacy in the field of
regenerative medicine.

3.2.2.2 Synthetic biomaterial scaffolds
Synthetic biomaterials, such as polycaprolactone (PCL),

polylactic acid (PLA), and polyvinyl alcohol (PVA), have been
engineered to address certain limitations associated with their
natural counterparts (Deng et al., 2022). Research indicates that
PCL scaffolds can effectively support the proliferation of
mesenchymal stem cells and promote wound healing in models
of diabetes (Abdollahi et al., 2024b). These synthetic materials
provide customizable mechanical properties, controllable
degradation rates, and can be fabricated into various forms,
including fibers, films, and hydrogels (Lim et al., 2023; Li et al.,
2020). This flexibility enables the optimization of material
properties to better align with the mechanical characteristics of
natural tissues, which is critical for applications involving implants
and wound dressings. Investigations have shown that by adjusting
the cross-linking density and the composition of the polymer
network, researchers can develop hydrogels with tailored
mechanical properties that are conducive to enhancing cell
adhesion and proliferation in tissue engineering (Huang
et al., 2023).

The adaptability of synthetic biomaterials facilitates the
integration of bioactive agents, including growth factors or
therapeutic drugs, allowing for their controlled release to foster
healing and tissue regeneration (Guo et al., 2022b). Furthermore,
the incorporation of nanomaterials into synthetic polymers has
significantly improved their mechanical attributes, yielding
materials that not only exhibit enhanced strength and durability
but also demonstrate bioactivity that supports healing and
integration with surrounding tissues (Abdollahi et al., 2024b).
The integration of conductive materials within scaffolds has
been explored to enhance the functional capacity of engineered
tissues through improved electrical signalling, which is particularly
important for insulin secretion in pancreatic cells (Wang and Jin,
2024). Moreover, advancements in three-dimensional printing
technologies have facilitated the creation of intricate scaffold
architectures that accurately replicate the structure of native
tissues, thereby further augmenting the effectiveness of these
biomaterials. The enhancement of integration and functionality
in biomaterials has been highlighted by (Metwally et al., 2023). The
adaptability of these mechanical properties is crucial for the
effective incorporation of synthetic materials in clinical
applications, as it enables the design of substances capable of
enduring physiological stresses while supporting biological
activities.

By amalgamating various functionalities within a single
biomaterial, researchers are equipped to tackle diverse therapeutic
challenges simultaneously. Such biomaterials can facilitate the
controlled release of therapeutic agents, thereby promoting
localized healing and reducing systemic side effects (Heidari
et al., 2023). Additionally, these multifunctional materials can
embed antibacterial characteristics to mitigate infections, which
commonly arise in chronic wounds (Renuka et al., 2022).

Despite the considerable benefits offered by synthetic materials,
significant concerns regarding their degradation and
biocompatibility persist as critical hurdles in their utilization. For
instance, materials engineered for temporary implants must degrade
in synchronization with tissue healing to prevent complications
linked to either premature breakdown or prolonged presence in the
organism (Li et al., 2022). Moreover, ensuring the biocompatibility
of synthetic materials is vital, as those that provoke adverse immune
responses can incite chronic inflammation and result in implant
failure (Ciatti et al., 2024; Kzhyshkowska et al., 2015). Recent
progress has concentrated on the creation of biodegradable
polymers that preserve their mechanical strength while
systematically decomposing into non-toxic byproducts (Guo
et al., 2022b). Addressing these concerns surrounding
degradation and biocompatibility is essential for the successful
transition of synthetic materials from laboratory settings to
clinical implementations, guaranteeing that they offer safe and
effective solutions for patients.

3.3 Delivery by transdermal delivery

Microneedle technology has emerged as a groundbreaking
approach for insulin delivery, providing a minimally invasive
alternative to conventional injection techniques (Bigham et al.,
2025; Hong et al., 2022; Zong et al., 2022). The mechanism of
insulin release from microneedles is depicted in Figure 7. These
micro-scaled needles, which typically range in length from 25 to
1,000 μm (Figure 8), can penetrate the outer layer of the skin
while circumventing nerve endings, thus minimizing discomfort
and pain for patients (Chen et al., 2019; Luo et al., 2023; Wang
et al., 2020). Recent advancements in the manufacturing
technologies for microneedles, including 3D printing and
mold-based methods, have enabled the creation of arrays
capable of delivering precise dosages of insulin (Razzaghi
et al., 2024). Evidence suggests that these microneedle arrays
achieve bioavailability levels that are comparable to those
obtained from traditional subcutaneous injections while
significantly enhancing patient adherence due to their ease of
use and reduced pain perception (Li et al., 2022; Queiroz et al.,
2020). Furthermore, the incorporation of biodegradable
materials in microneedle design has allowed for sustained
insulin release, presenting a viable solution for long-term
diabetes management (Chakraborty et al., 2023; Rajput et al.,
2021). A nanoparticle-loaded microneedle (MN) patch, designed
for transdermal drug delivery, aims to achieve blood glucose
control and reactive oxygen species (ROS) scavenging for the
synergistic treatment of diabetic nephropathy, thereby enhancing
the efficiency of transdermal drug delivery while extending the
duration of insulin action (Zheng et al., 2025). In summary,
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microneedle technology stands as a promising strategy for
advancing insulin delivery systems and subsequently
enhancing the quality of life for individuals with diabetes.

3.4 Smart delivery systems for diabetes
management and treatment

The Smart delivery systems represent the cutting edge of insulin
administration technology, merging innovative biomaterials with
responsive mechanisms to develop dynamic delivery platforms.
These systems are engineered to release insulin in a controlled
manner, guided by real-time blood glucose monitoring, thereby
providing a customized approach to managing T1DM (Condren
et al., 2019; Latham, 2019; Moser et al., 2025; Renard, 2023). For
example, hydrogels that expand or contract in response to changes
in glucose concentrations have been developed, enabling on-
demand insulin release as required (Ali et al., 2022;
Annicchiarico et al., 2024). Furthermore, the incorporation of
wearable technology within these smart delivery systems
facilitates continuous glucose monitoring, which allows for
automatic insulin administration in reaction to fluctuations in
glucose levels (Renzu et al., 2024). This heightened level of
responsiveness not only improves glycemic control but also
reduces the risk of hypoglycemia, a prevalent issue in diabetes
management. As research progresses, the potential for intelligent
delivery systems to transform insulin therapy becomes increasingly
evident, paving the way for more effective and user-friendly diabetes
care solutions.

4 The role of biomaterials in diabetic
wound healing

Current practices in managing diabetic wounds are based on
four essential principles: (1) debridement, (2) infection control, (3)
offloading, and (4) revascularization (Hu et al., 2022). In the context
of diabetic wounds, particularly foot ulcers, the primary factor
contributing to delayed healing is the diminished synthesis of
collagen. This reduction adversely affects the solubility of the
extracellular matrix (ECM) and provokes an exaggerated
inflammatory response (Nirenjen et al., 2023). The inflammatory
phase is marked by the secretion of pro-inflammatory cytokines
such as IL-1, IL-6, and TNF-α. The subsequent proliferative phase is
characterized by impaired angiogenesis and vasculogenesis, whereas
in the remodeling phase, an increase in matrix metalloproteinases
(MMPs) results in further degradation of the ECM, thereby
exacerbating the challenges associated with wound healing
(Figure 9). These factors present considerable hurdles for clinical
management. Although traditional dressings have historically been
essential in wound care, their effectiveness in treating diabetic
wounds is significantly limited (Saco et al., 2016; Wang et al., 2024).

4.1 Limitations of traditional dressings for
diabetic wound treatment

Diabetic wounds exhibit a complex pathophysiological profile
that includes impaired angiogenesis, a weakened immune response,
and an increased vulnerability to infections (Rodriguez-Rodriguez

FIGURE 7
Mechanism of insulin release from the microneedles. (A) shows a soluble insulin microneedle that releases insulin through polymer dissolution. (B)
shows a microneedle loaded with insulin nanoparticles, and insulin is released through the biodegradation of the shell or matrix. (C) shows a
biodegradable insulinmicroneedle, and insulin is released after enzymatic hydrolysis. (D) shows a hydrogel insulinmicroneedle that continuously releases
insulin after entering the dermis. Reproduced with permission from Starlin et al. (2024).
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et al., 2022). A significant limitation of conventional dressings,
including gauze and hydrogels, is their singular functionality,
which fails to adequately address the diverse challenges
associated with diabetic wounds (Venkatesan and Rangasamy,
2023; Zhang et al., 2023a). These traditional dressings often lack
the incorporation of bioactive agents that could facilitate healing,
and their capacity to prevent bacterial proliferation is insufficient,
leading to a heightened risk of infection (Zhou et al., 2024a).
Furthermore, issues with adherence and retention of these
dressings can necessitate frequent changes, which may disrupt
the healing process and inflict additional pain and discomfort on
patients (Jiang et al., 2023).

Moreover, the healing duration associated with conventional
dressings can be extended, raising concerns for diabetic individuals
who are predisposed to complications such as foot ulcers and
potential amputations (Andrews et al., 2015; Sahu et al., 2018).
The absence of advanced features in these dressings means they do
not support critical physiological processes, such as angiogenesis
and collagen deposition, which are essential for effective wound
repair (Zhang et al., 2024). Consequently, there exists a pressing
need for the formulation of more effective wound care solutions that
integrate bioactive materials along with multifunctional attributes to
enhance the healing of diabetic wounds (Cai F. et al., 2023). Various
types of dressings, including conventional, bioactive, and interactive
dressings, as well as skin substitutes, are being employed to treat
wounds (Alven et al., 2020) (Figure 10).

In conclusion, while traditional dressings have played a crucial
role in wound management, their inadequacies in addressing
diabetic wounds underscore the necessity for a transition towards
more innovative treatment strategies that can effectively tackle the
distinct challenges they present. The diabetes patients can benefit
significantly from the incorporation of sophisticated biomaterials
and innovative technologies, which may prove instrumental in
addressing existing challenges and enhancing patient outcomes in
the management of diabetic wounds (refer to Table 3).

4.2 The utilization of innovative wound
dressings in diabetic wound healing

Recent innovations in wound dressing technologies have
culminated in the creation of multifunctional dressings that
incorporate biocompatible materials along with bioactive agents
(Figure 11). According to a systematic review conducted by Vargas
et al., bioactive glass (BG)-based materials show promise in
expediting all phases of diabetic wound healing and improving
the overall quality of wound recovery (Vargas et al., 2024). For
example, electrospun nanofibers and hydrogels are employed to
fabricate dressings that not only provide a protective barrier but also
deliver therapeutic agents directly to the wound site (Fahimirad and
Ajalloueian, 2019; Hong et al., 2023; Yang and Xu, 2023).
Furthermore, the integration of electrical stimulation within

FIGURE 8
Hollowmicroneedles created from silicon and polymers. (A, B)Hollowmicroneedles with a tapered shape. Mukerjee et al. (2015), Wilke et al. (2005)
(C) Hollow silicon microneedles with sharp tips Ma et al. (2006). (D) cylindrical microneedles with a side-opening orifice Zhang et al. (2009) (E) Hollow
silicon microneedles with sharp tips Baron et al. (2008) (F) Hollow microneedles by exposing X-ray through a mask onto PolyMethylMetaAcrylic. Moon
et al. (2005) (G) A micro-gear pump Amirouche et al. (2009) (H) Microneedles with on-board fluid pumps Lin and Pisano (1999) (I) Flow of liquid
through glass hollow microneedles controlled by CO2 gas pressure Martanto et al. (2006) (J) An electrical microneedle applicator Verbaan et al. (2008)
(K) Flow of liquid through hollow microneedles controlled by a syringe pump Gupta et al. (2009). Reproduced with permission from Kim et al. (2012).
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wound dressings has revealed potential for enhancing healing rates
by fostering cellular activities and optimizing blood circulation to
the affected regions (Asadi and Torkaman, 2014; Fan et al., 2024; Hu
Y. W. et al., 2024). Additionally, the incorporation of antimicrobial

additives into wound dressings is increasingly gaining traction,
providing an additional layer of defense against infections, which
are a common complication in diabetic wounds (Chen et al., 2024d;
Firoozbahr et al., 2023; Li et al., 2024; Rozman et al., 2020). In

FIGURE 9
Schematic diagram of diabetic wound repair. Reproduced with permission from Aldahish et al. (2024).
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summary, advancements in wound dressing technologies signify a
considerable leap forward in the effective management of diabetic
wounds, offering tailored solutions.

4.2.1 Biocompatible materials
The biocompatibility of materials is a crucial factor in the

development of biomaterials for biomedical applications,
particularly in the context of diabetic wound healing
(Nandhakumar et al., 2022; Ren et al., 2022; Xu et al., 2023).
These materials are specifically designed to interact positively
with biological systems, thereby reducing adverse reactions while
facilitating healing processes (Chan et al., 2023; Naahidi et al., 2017).
Recent studies have underscored the promising potential of various
biocompatible materials, such as chitosan, alginate, and hyaluronic
acid, which have shown encouraging outcomes in promoting the
healing of diabetic wounds (Peng et al., 2022). Although clinical
trials remain limited, chitosan has emerged as a highly effective
alternative for modulating local inflammatory responses and
promoting wound healing, especially in patients with comorbid
conditions that hinder typical skin healing processes, such as
diabetes and vascular insufficiency (Maita et al., 2022). Chitosan-

based biomaterials have gained recognition for their efficacy in
wound healing, characterized by their antibacterial properties and
ability to enhance cellular proliferation, rendering them suitable
candidates for applications in wound care (Cai and Li, 2020;
Rajinikanth et al., 2024). Systematic reviews and meta-analyses
have established that, relative to the standard of care (SOC),
patients receiving placenta-derived biomaterial treatments
demonstrate a superior rate of complete wound healing in cases
of diabetic foot ulcers (DFUs) (Ruiz-Munoz et al., 2024). Chen et al.
corroborated that placenta-based tissue products exhibited the
highest likelihood of wound healing (p-score = 0.90), followed by
living cell skin substitutes (p-score = 0.70), acellular skin substitutes
(p-score = 0.56), and advanced topical dressings (p-score = 0.34)
when measured against standard DFU care (Chen L. et al., 2024).

Angiogenesis and cellular migration are fundamental processes
in wound healing, which are frequently disrupted in diabetic wounds
(Yang et al., 2024). Consequently, an optimal biomaterial should
facilitate the development of new blood vessels to enhance blood
flow and oxygen supply at the wound site. Achieving these
characteristics necessitates the engineering of physico-chemical
properties at both chemical and molecular levels, ensuring

FIGURE 10
Classification of wound dressings. Reproduced with permission from Alven et al. (2020).

Frontiers in Bioengineering and Biotechnology frontiersin.org16

Guan and Zhang 10.3389/fbioe.2025.1547343

199

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1547343


alignment with the required bioactivity for wound healing in
diabetic conditions (Sharma and Kishen, 2024) (Figure 12). This
necessity highlights the importance of comprehending the
structure–function relationship within biopolymers.

Moreover, integrating natural compounds into these materials
can enhance their biocompatibility and therapeutic efficacy, as
demonstrated by the incorporation of honey and plant extracts
in wound dressings (Prasathkumar and Sadhasivam, 2021; Yasin

et al., 2023). The advancement of nanomaterials also presents novel
opportunities for improving biocompatibility and functionality
(Barhoum et al., 2022). Research has shown that these materials
can enhance cellular responses and tissue integration (Bai et al.,
2020). Overall, the creation of biocompatible materials is crucial for
developing effective treatments for diabetic wounds, ensuring that
they not only promote healing but also seamlessly integrate with the
body’s biological systems.

TABLE 3 A selection of biomaterial products for clinical management of diabetic wounds.

Product name Main features Clinical application
status

Treatment
Stage

References

Codfish Skin (After
Decellularization and
Freeze-drying Treatment)

1.Excellent biocompatibility
2.Abundant in collagen and growth
factors
3.Natural antibacterial properties
4.Economical and readily available

In the Odinn Phase III clinical trial Diabetic foot ulcer complication
stage, especially suitable for deep
diabetic foot ulcers (UT grade 2 or
3), that is, ulcers penetrating to the
tendon or joint capsule (UT grade
2) or deep into the bone or joint
(UT grade 3)

Esmaeili et al. (2023), Pei
et al. (2023)

“Subiyi®” Xianglei Diabetic
Foot Ointment

1.Modulates macrophage activity
2.Enhances inflammation resolution
and promotes tissue repair
3.Reconfigures the wound
microenvironment

Utilized in Taiwan (China),
Singapore, Malaysia, etc.,; has
received Fast Track Certification
from the US FDA

Diabetic foot ulcer complication
stage, applicable to patients with
Wagner grade 1 diabetic foot
ulcers and wound cross-sectional
area less than 25 cm2

(Chinese Society of
Endocrinology, 2024)

Chitosan Pressure Ulcer and
Diabetic Foot Dressing

1.Forms an artificial skin for
protection and enhancement of
wound healing
2.Free from antibiotics, analgesics,
or anesthetics
3.No delayed hypersensitivity
reactions or irritation to skin and
mucous membranes

Aids in alleviating edema, pain,
ulceration, and other complications
associated with Stage I, II, and III
pressure ulcers and diabetic foot
ulcers

Diabetic foot ulcer complication
stage, can be used to relieve
complications such as stage I, II,
and III pressure ulcers and
diabetic foot ulcers

(Huang et al., 2023;
Mirbagheri et al., 2023; Ren
et al., 2022)

Mandabang Diabetic Foot
Wound Cleaning Liquid
Dressing

1.Highly efficient sterilization with a
safety profile
2.Broad antibacterial spectrum
3.Acts within 15–30 s, achieving a
99.9999% kill rate
4.Exhibits antibacterial properties
even at minimal concentrations

Applicable for wound care and
debridement across various
departments

Diabetic foot ulcer complication
stage

From the internet (http://
www.chinamsr.com/2021/
0108/116520.shtml)

Recombinant Lysozyme-
Antibacterial Peptide Fusion
Protein

1.Secrete growth factors to achieve
self-repair
2.Accelerate the formation of micro
vessels
3.Exhibits low toxicity and minimal
irritation
4.no inflammatory exudation

Under research Diabetic complication stage Chen et al. (2018)

Hairun Biology Anti-
Infection Dressings

1.Exhibits anti-infection capabilities
2.Reduces dressing change
frequency

Widely implemented in the clinical
management of diabetic foot ulcers
and other wound surfaces

Diabetic foot ulcer complication
stage

From the internet (https://
ylqx.qgyyzs.net/user/
web7105/)

Recombinant Growth
Factor Gel

1.Promotes wound healing
2.Aids in expediting the repair of
diabetic foot ulcers

Extensively employed in the
adjunctive treatment of wound
surface repairs, including diabetic
foot ulcers

Diabetic foot ulcer complication
stage

Das et al. (2023)

PDA@Ag/SerMA
microneedles

1.safe, effective, painless and
minimally invasive medication
administration through the skin
2.promote cell mitosis
3.accelerate wound healing
4. The wound healing rate of mice
reached 95% within 12 days
5.approximately 100% antimicrobial
efficacy against Staphylococcus
aureus and Escherichia coli under
808 nm near-infrared irradiation

Only in mice Diabetic foot ulcer complication
stage

Chen et al. (2024d)
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4.2.2 Bioactive molecules
Bioactive molecules play a critical role in the wound healing

process, especially for individuals with diabetes, where natural
healing mechanisms are often hindered (Moses et al., 2023;
Oprita et al., 2023; Sultana et al., 2024). These molecules can be
integrated into biomaterials to bolster their therapeutic effects. For
instance, growth factors, cytokines, and antimicrobial peptides are
currently being studied for their capacity to stimulate essential
cellular activities, including migration, proliferation, and
angiogenesis (Takahashi et al., 2021; Umehara et al., 2022; Yue
et al., 2022). Recent research indicates that the incorporation of
bioactive molecules into hydrogels and scaffolds can markedly
improve healing outcomes for chronic wounds (Chen et al.,
2024b; Rathna and Kulandhaivel, 2024; Yusuf and Adeleke,
2023). Figure 13 provides a schematic representation of various
biomaterial dressings. Additionally, studies have highlighted the
potential of metal nanoparticles as bioactive agents in diabetic
wound therapy, offering antimicrobial properties while facilitating
tissue regeneration (Zheng et al., 2024). The development of
intelligent biomaterials capable of controlling the release of these
bioactive molecules represents a promising research area, enabling
targeted delivery and enhanced therapeutic effectiveness (Huang
et al., 2023). Therefore, the strategic incorporation of bioactive
molecules alongside biomaterials marks a significant
advancement in diabetic wound treatment, fostering a more
effective healing process.

5 Challenges and future directions

The utilization of biomaterials in diabetes management
represents a promising Frontier with significant potential,
particularly in the domains of diabetes treatment and wound
healing. Nonetheless, the deployment of biomaterials for diabetes
management, especially in the context of wound healing, embodies a
dual-edged sword characterized by both benefits and drawbacks.

From a positive perspective, biomaterials such as hydrogels,
nanoparticles, and scaffolds present enhanced characteristics that
can markedly improve outcomes in wound healing (Fadilah et al.,
2022; Leng et al., 2022; Zhang Z. et al., 2024). These biomaterials can
be meticulously engineered to facilitate controlled drug release,
encourage angiogenesis, and amplify cellular responses, effectively
addressing the complex, multifactorial nature of diabetic wounds.
The integration of bioactive agents, including growth factors and
exosomes derived from stem cells, into these materials has the
potential to further stimulate tissue regeneration and enhance
healing rates (Jing et al., 2023). Furthermore, biomaterials can be
customized to exhibit antibacterial properties, thereby diminishing
the risk of infection, a frequent complication associated with diabetic
wounds (Zheng et al., 2024).

Conversely, the application of biomaterials is not devoid of
challenges. A notable concern is the risk of immune rejection or
adverse reactions, particularly in relation to synthetic materials
(Tripathi et al., 2023). The biocompatibility of these materials is

FIGURE 11
Presents a diagrammatic representation illustrating the various classifications and therapeutic mechanisms associated with biomaterials utilized in
the management of diabetic wounds. This illustration is reproduced with permission from Qin et al. (2022).
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a critical aspect that necessitates thorough evaluation to prevent
complications that could impede rather than promote healing
(Zhao et al., 2023). Additionally, the intricate environment of
diabetic wounds may hinder the effective performance of
biomaterials. Elevated levels of reactive oxygen species (ROS)
within diabetic wounds can undermine the efficacy of specific
biomaterials, highlighting the need for the development of
advanced formulations capable of alleviating oxidative stress
(Cai et al., 2023a; He et al., 2023; Yao et al., 2019). Moreover,
the cost and accessibility of sophisticated biomaterials may present
an obstacle to their wide-scale adoption in clinical settings (Ansari
and Darvishi, 2024; Chen and Liu, 2016). While these materials
exhibit considerable promise, their incorporation into standard

diabetes management requires a meticulous assessment of their
long-term effects, potential complications, and overall cost-
effectiveness.

In summary, although biomaterials present exciting prospects
for improving diabetes management and wound healing, it
remains imperative to weigh their benefits against potential
drawbacks. Critical factors regarding biocompatibility, safety
profiles, and long-term efficacy of biomaterials necessitate
further exploration to guarantee their safe integration into
clinical practice. Ongoing research and clinical trials will play a
vital role in identifying the most effective and safe applications of
biomaterials in this context, ultimately striving to enhance patient
outcomes in diabetes care.

FIGURE 12
Illustrates the structure–function paradigm as represented in Equation concerning biopolymers such as alginate, chitosan, hyaluronic acid, and
collagen, which target the critical features of chronic wounds. Reproduced with permission from Sharma and Kishen (2024).
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5.1 Safety and efficacy of biomaterials

The safety and efficacy of biomaterials are of paramount concern
as their use in clinical applications continues to expand (Kantak and
Bharate, 2022). These materials must engage positively with
biological systems, facilitating healing while minimizing adverse
reactions (Knopf-Marques et al., 2016). The challenge lies in
ensuring that these biomaterials do not provoke toxic responses
or incite chronic inflammation, which could compromise their
intended function. Advances in the understanding of the
interaction between biomaterials and the immune system have
paved the way for the design of materials capable of favorably
modulating immune responses, thereby enhancing their therapeutic
potential (Salthouse et al., 2023). Furthermore, the advancement of
nanotoxicity evaluations is essential, as nanoparticles employed in
biomaterials may pose risks distinct from their bulk forms (Akcan
et al., 2020). As this discipline progresses, it is imperative for
researchers to prioritize the creation of standardized protocols for
assessing the safety of biomaterials to streamline regulatory approval
processes and enhance clinical translation (Josyula et al., 2021).

In the last decade, a significant concentration of clinical research
on biomaterials has emerged, closely linked to advances in
fundamental research. Nonetheless, the findings derived from
basic research may not necessarily translate directly to human
applications (Socci et al., 2023). As previously noted in this
manuscript, the biocompatibility and efficacy of certain
established biodegradable biomaterials have been validated
through clinical trials (Arrizabalaga and Nollert, 2018). The
academic community broadly recognizes the potential for

biomaterials to be integrated with agents such as stem cells and
bioactive factors (Wilems et al., 2019). However, challenges such as
ethical considerations and the variability in source materials hinder
seamless clinical translation. Moreover, most animal models utilized
in fundamental research are rodents, which, while advantageous due
to their availability and established modeling techniques, present a
significant limitation: their wound-healing mechanisms differ from
those in humans (Nuutila et al., 2016). Several clinical trials have yet
to achieve the anticipated outcomes in human subjects, causing
stagnation in clinical translation efforts (Shamshad et al., 2023).

Consequently, it is crucial for basic research teams to foster close
collaboration with clinical departments. By aligning with genuine
clinical needs, they should conduct focused basic research aimed at
facilitating clinical translation, thereby identifying safer and more
effective biomaterials for application in clinical settings.

5.2 Possibility of personalized treatments

The capacity for real-time monitoring and data analysis marks a
significant evolution in the domain of biosensors. With the
progression of data analytics and machine learning, the
interpretation of biosensor data has become increasingly
sophisticated, enabling predictive insights and tailored healthcare
solutions (Childs et al., 2024; Zhang et al., 2021; Schackart and Yoon,
2021). Real-time health monitoring systems can amalgamate data
from various biosensors, offering a holistic view of a patient’s health
status (Paganelli et al., 2022; Wu et al., 2023; Li et al., 2021). This
integration allows for timely interventions and enhanced

FIGURE 13
A visual representation illustrating antibacterial dressings, nanodressings, and hydrogel dressings. Reproduced with permission from Jiang
et al. (2023).
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TABLE 4 Summarized some diabetes management systems that have obtained clinical approval.

Official title Conditions Intervention/Treatment ClinicalTrials.gov
ID

Study
completion

A Randomized Cross-over Trial Evaluating
Automated Insulin Delivery Technologies on
Hypoglycemia and Quality of Life in Elderly
Adults With Type 1 Diabetes

T1DM • Device: Tandemt: slim X2 with HCL or PLGS NCT04016662 2024–01

Use of the Guardian™ Connect System With
Smart Connected Devices

T1DM • Device: Guardian™ Connect system, InPen™
Basal smart cap, smart insulin pens, and
InPen™ Diabetes Management app

NCT04809285 2023–09

Individualized Planned Eating Patterns to
Improve Glycemic Management in
Adolescents With Type 1 Diabetes: A Pilot
Clinical Trial

T1DM • Behavioral: “MyPlan” -Individualized Planned
Eating Pattern

NCT05147324 2023–04

Randomized Controlled Trial To Assess the
Benefits of Dexcom Continuous Glucose
Monitoring With Glucose Telemetry System
for the Management of Diabetes in Long-term
Care Setting: The CGM-GTS in Long-term
Care

T2DM • Device: Dexcom G6 CGM with GTS
• Diagnostic Test: POC Blood Glucose Test +

Blinded CGM

NCT04818242 2022–10

ABC [Afrezza With Basal Combination]: A
Phase 4 Study of Mealtime Control With
Afrezza in Adult Subjects With Type
1 Diabetes Mellitus in Combination With an
Automated Insulin Pump or Insulin Degludec

T1DM • Biological: Afrezza (insulin human)
Inhalation Powder

• Biological: insulin degludec
• Device: Continuous Subcutaneous Insulin
Infusion (CSII) pump with Automatic Insulin
Delivery (AID)

NCT05243628 2022–10

Hybrid Closed Loop Therapy and Verapamil
for Beta Cell Preservation in New Onset Type
1 Diabetes (CLVer)

T1DM • Device: HCL
• Drug: verapamil 120 mg tablet
• Device: non-HCL
• Drug: placebo

NCT04233034 2022–09

Automated Insulin Delivery for INpatients
With DysGlycemia (AIDING) Feasibility
Study

DM • Device: The Omnipod 5/Horizon HCL system NCT04714216 2022–08

Feasibility of Outpatient Automated Blood
Glucose Control With the iLet Bionic
Pancreas for Treatment of Cystic Fibrosis
Related Diabetes

Cystic Fibrosis-
related Diabetes

• Device: Bionic Pancreas
• Other: Usual Care

NCT03258853 2022–06

Demonstration Study of the Interest of the
MEDTRUM A7+ TouchCare Insulin Patch
Pump Versus INSULET Omnipod® Patch
Pump

DM • Device: Medtrum A7+ insulin Pump
• Biological: Lab A1C

NCT04223973 2021–06

QBSAfe: A Novel Approach to Diabetes
Management Focused on Quality of Life,
Burden of Treatment, Social Integration and
Avoidance of Future Events

DM • Other: QBSAfe Toolkit NCT04514523 2020–09

Assessment of a Novel Sensing Catheter
During Automated Insulin Delivery in
Patients with Type 1 Diabetes

T1DM • Device: Artificial Pancreas Control system
(APC)

• Device: Pacific Diabetes Technologies CGM
Insulin Infusion system

NCT03528174 2018–07

ACCU-CHEK Connect Personal Diabetes
Management Study (PDM)

T1DM • Device: ACCU-CHEK NCT02600845 2017–02

AMulticenter Study of Outpatient Automated
Blood Glucose Control With a Bihormonal
Bionic Pancreas

T1DM • Device: Bionic Pancreas
• Device: Insulin pump with or without CGM

NCT02092220 2016–12

The Mobile Insulin Titration Intervention
(MITI) Study: Innovative Chronic Disease
Management of Diabetes

DM • Other: Mobile Insulin Titration Intervention NCT01879579 2015–06

Diabetes Remote Care Management System DM • Device: DRMS NCT01354015 2014–09

Sensor and Software Use for Improved
Glucose Control in MDI Managed Diabetes

DM • Device: FreeStyle Navigator
• Device: Standard SMBG

NCT01713348 2013–07
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management of chronic ailments, including diabetes and
cardiovascular conditions. Additionally, the emergence of mobile
applications that connect with biosensors empowers patients to
conveniently monitor their health metrics, thus promoting
greater involvement in their own care (Gecili et al., 2020). The
future of biosensors is poised to enhance patient outcomes and
healthcare efficiency through the provision of actionable insights
derived from real-time data analysis.

The shift towards personalized medicine signifies a
groundbreaking approach within healthcare, particularly
regarding biomaterials. Individual patients exhibit variability
in their financial resources and a range of personal factors. A
systematic analysis conducted by Maria et al. revealed no
statistically significant differences in HbA1c values among
patients with type 1, type 2, or gestational diabetes when
utilizing different diabetes monitoring systems (DMS). Future
endeavors in personalized medicine will necessitate more
extensive research to assess the effectiveness, cost-
effectiveness, and comparative efficacy of DMS, allowing for

stratification into the most suitable subgroups of diabetic
patients (Kamusheva et al., 2021). Table 4 lists some diabetes
management systems that have obtained clinical approval. By
customizing treatments to individual patient profiles, which
include genetic, environmental, and lifestyle factors, healthcare
providers can enhance therapeutic outcomes and reduce adverse
effects (Kalra et al., 2022). This concept is illustrated in Figure 14.
The incorporation of artificial intelligence and machine learning
into the analysis of patient data can substantially improve the
accuracy of personalized treatment strategies (Clinton and
Cross, 2023).

Nevertheless, challenges still exist in terms of the accessibility of
personalized therapies and the need for solid clinical evidence to
support their efficacy across diverse populations (Varela-Moreno
et al., 2021). Future research must concentrate on developing
scalable models for personalized interventions that can be
effectively implemented in clinical practice, ensuring that all
patients can benefit from these advancements (Chen et al., 2024c;
Huckvale et al., 2019; Lydiard and Nemeroff, 2019).

FIGURE 14
Depicts the Cycle of Integrated Personalized Diabetes Management, which comprises six iterative steps and forms a continuous revolving circle,
applicable to each patient over differing timeframes. Reproduced with permission from Kalra et al. (2022).
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5.3 Importance of multidisciplinary
collaboration

Multidisciplinary collaboration is essential for tackling the
intricate challenges associated with the development and
execution of biomaterials and personalized treatments. By uniting
expertise from various fields, including engineering, biology,
medicine, and data science, researchers can foster innovation and
accelerate the application of scientific breakthroughs in clinical
settings. Effective collaboration not only enhances research
quality but also addresses the complex dimensions of health
issues, leading to more holistic solutions (Errecaborde et al.,
2019). For instance, collaborative initiatives in bioimage analysis
have demonstrated the potential to enhance diagnostic precision
and treatment planning (Schlaeppi et al., 2022). Furthermore,
establishing standards for interprofessional collaboration can
improve communication and cooperation among healthcare
providers, ultimately leading to better patient outcomes (Bowman
et al., 2021). As the healthcare landscape evolves, nurturing a culture
of collaboration will be critical in overcoming obstacles and
advancing the disciplines of biomaterials and personalized medicine.

6 Conclusion

The prevalence of diabetes, a prevalent metabolic disorder, is
escalating globally. Conventional treatment modalities, such as
pharmacological interventions and lifestyle modifications, often
fall short of achieving optimal glycemic control due to issues like
poor patient adherence and complex treatment protocols. There is
an urgent need for innovative approaches.

The integration of multidisciplinary strategies will be vital for
advancing biomedical research in the future. By merging
perspectives from materials science, biomedical engineering,
and clinical medicine, researchers can devise innovative
solutions to tackle the multifaceted challenges posed by
diabetes. Biomaterials encounter hurdles such as immune
rejection, biocompatibility, and high costs in diabetes
management applications. It is imperative to synthesize these
findings through systematic reviews and meta-analyses, which
can elucidate which materials and delivery systems are most
likely to yield favorable outcomes for patients. This
collaborative effort can facilitate the design of biomaterials that

not only enhance insulin delivery and foster tissue regeneration
but also prioritize patient safety and comfort.

In the future, it is necessary to strengthen research on the safety and
effectiveness of biomaterials and establish standardized evaluation
protocols; promote personalized treatment and formulate precise
treatment plans according to individual differences of patients;
strengthen multidisciplinary cooperation and promote the
transformation of biomaterials from laboratory to clinic to improve
the treatment effect and quality of life of diabetic patients.
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Preparation of La2(WO4)3/CuWO4

composite nanomaterials with
enhanced sonodynamic
anti-glioma activity
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2Shenyang Key Laboratory for Causes and Drug Discovery of Chronic Diesases, Liaoning University,
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Introduction: Sonodynamic therapy (SDT) is an innovative way to treat tumors by
activating sonosensitizers via ultrasound (US). The development of
sonosensitizers with high sonodynamic activity is the key to promote the
clinical application of SDT.

Methods: In this study, a novel sonosensitizer, La2(WO4)3/CuWO4 composite LC-
10, was prepared by two-step hydrothermal method and characterized. In
addition, the sonodynamic antitumor activity of La2(WO4)3/CuWO4 composite
LC-10 was investigated using u251 glioma cells as a model.

Results and Discussion: The results showed that compared with La2(WO4)3 and
CuWO4, La2(WO4)3/CuWO4 composite had better sonodynamic antitumor
activity, and LC-10 had good biosafety at concentrations below 50 μg/mL.
After La2(WO4)3 and CuWO4 formed La2(WO4)3/CuWO4 composite, the
recombination of electron-hole (e−–h+) pairs were effectively inhibited, and
more strongly oxidizing ROS was produced, inducing apoptosis of
u251 glioma cells. In which, singlet oxygen (1O2) and hydroxyl radical (·OH),
especially the production of ·OH, played an important role in the La2(WO4)3/
CuWO4 composite mediated SDT antitumor process. The results of this study
would offer a foundation for the design of CuWO4 base nano-sonosensitizers and
its further clinical application in SDT antitumor. In addition, it also provided a new
strategy for the design and development of novel nano-sonosensitizers with
excellent sonodynamic activity.

KEYWORDS

La2(WO4)3/CuWO4 composite, nano-sonosensitizer, sonodynamic therapy (SDT),
sonodynamic antitumor activity, reactive oxygen species (ROS)

1 Introduction

Sonodynamic therapy (SDT) is an emerging non-invasive cancer treatment derived
from photodynamic therapy (PDT) (Canavese et al., 2018). SDT uses the focusing of
ultrasound (US) and strong penetration of biological tissues to enrich tumor sites of
sonosensitizers with certain frequency and intensity of US, and activates the sonosensitizers
to produce cytotoxicity, thus producing antitumor effects (Rosenthal et al., 2004). In 1993,
Umemura et al. (Umemura et al., 1993) named this method of combining sonosensitizer
with US for tumor treatment as SDT according to the name of PDT. This method not only
gets rid of the disadvantage of PDT’s poor tissue permeability (Hachimine et al., 2007a), but
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also shows unique advantages in the non-invasive treatment of deep
tumors due to its local cytotoxic effect, which can minimize the
damage of normal tissues around the tumor site (Yang et al., 2021).
Therefore, SDT has attracted wide attention since it was proposed
(Han et al., 2018; Wu et al., 2022).

According to the action mechanisms of SDT, the performance of
sonosensitizers plays a crucial role in the SDT process. The
traditional organic sonosensitizers used in early studies mainly
include hematoporphyrin (Hp) (Umemura et al., 1989) and its
derivatives such as ATX-70 (Sasaki et al., 1998), DCPH-P-Na(I)
(Hachimine et al., 2007b), haematoporphyrin monomethyl ether
(HMME) (Li et al., 2008) and protoporphyrin IX (PPIX) (Liu et al.,
2006). In addition, some antitumor drugs and small molecule drugs
such as curcumin (Jiang et al., 2020), acridine orange (Xing et al.,
2021), methylene blue (He et al., 2015a), promethazine
hydrochloride (He et al., 2011a), dioxypromethazine
hydrochloride (He et al., 2011b), eosin B (He et al., 2015b),
brilliant cresyl blue (Wang et al., 2018), toluidine blue and azure
A (Qian et al., 2024) have also been proved to have good
sonodynamic activity. The advantages of these organic
sonosensitizers are that they all have clear chemical structures
and excellent biodegradation rates. However, most of them have
disadvantages such as greater hydrophobicity and phototoxicity, as
well as lower tissue selectivity and stability when applied in vivo (Wu
et al., 2022; Xing et al., 2021).

In recent decades, the research of inorganic nanoparticle based
sonosensitizers such as titanium dioxide (TiO2) has made great
progress (Yang et al., 2021). Compared with organic small molecule
drugs, inorganic nanomaterials have the advantages of excellent
physical and chemical properties, easy manufacturing, low
phototoxicity, good biocompatibility and stability (Yang et al.,
2021; Li et al., 2023). At the same time, various inorganic
nanomaterials such as TiH1.924 (Gong et al., 2020), BaTiO3 (Zhu
et al., 2020) and Bi2MoO6 (Dong et al., 2021) were proved to have
good sonodynamic activity. These inorganic nano-sonosensitizers
absorb the energy generated by the US cavitation effect (thermal and
sonoluminescence) and excite the sonosensitizers to produce
electron-hole (e−–h+) separation. The separated e− and h+ migrate
to the surface of the sonosensitizer to produce corresponding
reduction and oxidation reactions, resulting in a large number of
reactive oxygen species (ROS) generation and antitumor effects (Li
et al., 2023). However, due to the rapid recombination of e− and h+ in
the band structure, the efficiency of ROS generation of single-
component sonosensitizer is relatively low, which affects the
effect of SDT (Li et al., 2023; Ping et al., 2023). Therefore, the
researchers overcome the recombination of carriers by forming
oxygen defect layers on the surface of sonosensitizer (Zhou et al.,
2022; Wang Y. et al., 2023), deposition of precious metals (Zhang
et al., 2021), ion doping (Cheng et al., 2024), construction of
heterojunction (Chen et al., 2022; Kang et al., 2022) and a
combination of these strategies (Zhang et al., 2023a; Song et al.,
2022), thus further improving the efficiency of SDT.

Because of the effective conversion of light energy into thermal
and chemical energy, tungstate nanomaterials are often used as
photoresponsive materials in the field of photocatalytic degradation
of organic pollutants (Kumar et al., 2022), photothermal therapy
(Xiao et al., 2016), PDT and radiotherapy (Zhang et al., 2018).
CuWO4 is an important semiconductor material with a band gap of

about 2.60 eV (Liu et al., 2023). Compared with other tungstate
structures, CuWO4 exhibits stronger absorption in the near infrared
region, indicating that CuWO4 is a good candidate for PDT. For
example, Cui et al. (2021) prepared a single original nanostructured
CuWO4 nanodots, and introduced the nanodots into tumor tissue to
generate ROS to generate PDT under 808 nm light irradiation, and
released copper ions into the acidic tumor microenvironment to
promote Fenton-like reaction and generate chemodynamic therapy,
which can effectively inhibit tumor tissue growth. Since most
sonosensitizers are derived from photosensitizers, CuWO4

nanomaterials may be a candidate sonosensitizer for SDT
applications.

The construction of heterojunction can effectively inhibit the
e−–h+ pairs recombination, promote the generation of ROS, and
significantly improve the effect of SDT (Ping et al., 2023; Chen et al.,
2022; Kang et al., 2022). Therefore, in this paper, La2(WO4)3/
CuWO4 composites were prepared by two-step hydrothermal
method, and the microstructure, morphology and elemental
composition of La2(WO4)3/CuWO4 composites were analyzed by
X-ray diffraction (XRD), scanning electron microscope (SEM),
energy dispersive X-ray spectroscopy (EDX) and X-ray
photoelectron spectroscopy (XPS). Using u251 glioma cells as
model, the sonodynamic anti-glioma activity of La2(WO4)3/
CuWO4 composites was investigated by MTT method. Finally,
the sonodynamic antitumor mechanism of La2(WO4)3/CuWO4

composites was discussed based on the optical properties and
electrochemical characteristics of La2(WO4)3/CuWO4 composites
and ROS probe experimental results. It is expected that the results of
this study will provide the research basis for the further development
and application of CuWO4 based sonosensitizers in SDT antitumor.

2 Experimental sections

2.1 Materials and reagents

NaWO4·2H2O (AR), 1, 3-diphenylisobenzofuran (DPBF, AR)
and terephthalic acid (TA, AR) were purchased from Tianjin
Hengxing Chemical reagent manufacturing Co., LTD., (China).
NaOH (AR) was purchased from Tianjin Yongda Chemical
reagent Co., LTD., (China). Anhydrous ethanol (AR),
Cu(NO3)2·3H2O and La(NO3)3·6H2O were purchased from
Tianjin Damao chemical reagent factory (China). Phosphate
buffer (PBS, BR), thiazole blue (AR), RPMI Medium 1640 (BR),
superior fetal bovine serum (BR), 0.25% trypsin/EDTA digestion
solution (BR), serum-free cryopreservation (BR), dimethyl sulfoxide
(DMSO, BR), 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl-tetrazolium
bromide (MTT, BR) and AO/EB Kit (LR) were purchased from
Beijing Solarbio Technology Co., LTD., (China). Human glioma
u251 cells were purchased from Cell Resource Center, Institute of
Basic Medicine, Chinese Academy of Medical Sciences.

2.2 Preparation of La2(WO4)3/
CuWO4 composite

1.0872 g Cu(NO3)2·3H2O and 0.2165 g La(NO3)3·6H2O were
dissolved together in 40 mL deionized water. 2.3090 g
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Na2WO4·2H2O was weight and dissolved in 20 mL deionized water.
Then, under the condition of magnetic stirring, the Na2WO4

solution was added to the mixed solution of Cu(NO3)2 and
La(NO3)3 drop by drop, and continued to stir for 30 min. Then
the mixed solution was transferred to the polytetrafluoroethylene
inner tank of 100 mL stainless steel reactor and reacted in a constant
temperature drying oven at 180°C for 24 h. The reaction products
were washed with deionized water and anhydrous ethanol three
times respectively, and dried at 60°C for 8 h to obtain La2(WO4)3/
CuWO4 composite (LC-10) sample. According to the above
experimental methods, CuWO4 sample was prepared without
adding La(NO3)3·6H2O in the process of synthesis. Similarly,
La2(WO4)3 sample was prepared under the above experimental
conditions without adding Cu(NO3)2·3H2O in the process of
synthesis. Detailed information on the various instruments used
in the paper could be found in Supplementary Material.

2.3 Cytotoxicity assay

The cytotoxicity of nano-sonosensitizers and nano-
sonosensitizers-mediated sonodynamic action on u251 glioma
cells was tested by the typical MTT assay. The u251 glioma cells
were plated in 96-well microplates (6 × 103 cells per well) and
incubated at 37°C for 24 h. After removing the culture medium,
50 μL of base medium containing various concentrations of
La2(WO4)3, CuWO4 and LC-10 samples (10, 20, 50, 100 and
200 μg/mL) were added. After incubation at 37°C for 24 h, 20 μL
of medium containing MTT (0.5 mg/mL diluted with medium) was
added to each well and continued incubation at 37°C for 4 h. Then,
the supernatant in the well was discarded, 150 μL of DMSO was
added to each well, and the optical density (OD) was measured at
490 nm using a microplate reader instrument. The cell viability was
calculated by Graphpad Pism software. In the experiment on
sonodynamic damage to u251 glioma cells, various
concentrations of La2(WO4)3, CuWO4 and LC-10 samples (0, 10,
20, 30, 40 and 50 μg/mL) were added. After incubation at 37°C for
24 h, the cells were irradiated with a 1.0 MHz US probe for 1 min,
and incubated at 37°C for 24 h. MTT assay was used to detect
cell viability.

2.4 Detection of ROS

In order to detect the formation of singlet oxygen (1O2) in the
SDT process, DPBF was used as a probe, which could react with 1O2

to decompose DPBF into 1, 2-diphenyl-benzene, resulting in a
decrease in the absorption intensity of its characteristic
absorption peak at 410 nm (Zhou et al., 2024; Zhang et al.,
2023b). The specific experimental method was as follows: 8 mL
of 75% ethanol solution containing DPBF (8 mg/L) and
sonosensitizer (20 μg/mL) were taken and placed in the US
device for 5 min. Then centrifuged at 15,000 rpm for 10 min to
remove the sonosensitizer. The absorption spectra of the solution
near 410 nm were measured with an ultraviolet-visible (UV-Vis)
spectrophotometer.

In order to detect the formation of hydroxyl radical (·OH) in the
SDT process, TA was used as a probe, which could react with ·OH to

produce 2-hydroxyterephthalic acid, resulting in a characteristic
fluorescence emission peak generated around 430 nm (Pan et al.,
2018). Typically, 8 mL 0.5 mmol/L TA solution containing 20 μg/mL
of sonosensitizer was taken, then the solution was placed in US bath
for US irradiation for 5 min, and centrifugated at 15,000 rpm for
10 min to remove the sonosensitizer. The emission spectrum of the
supernatant near 425 nm was measured by a fluorescence
spectrophotometer with excitation wavelength of 315 nm.

2.5 Statistical analysis

All data were expressed as mean ± SD, and one-way ANOVA
was performed by Graphpad Pism software. When P was less than
0.05, it was statistically significant.

3 Results and discussions

3.1 Characterization of La2(WO4)3/
CuWO4 composite

The XRD patterns of the prepared La2(WO4)3, CuWO4 and LC-
10 composite were shown in Figure 1. As shown in Figure 1, the
XRD patterns of CuWO4 showed that the diffraction peaks were at
13.96°, 22.73°, 28.17°, 35.46°, 36.43° and 40.52°, which belonged to the
(010), (110), (−1–11), (0–21), (021) and (−102) planes of CuWO4,
respectively. For La2(WO4)3, the diffraction peaks at 18.20°, 28.08°,
30.64°, 33.44°, 38.34°, 45.98°, 47.98°, 52.92°, 56.52°, 58.02° and 74.20°

were related to the planes (−112), (−132), (040), (−204), (−134),
(060), (−116), (063), (−354), (−264) and (191) of La2(WO4)3. For
LC-10 composite, a series of characteristic peaks of CuWO4 and
La2(WO4)3 appeared. The XRD diffraction peaks at 22.52°, 35.40°,
36.32° and 40.50° were attributed to the (110), (0-21), (021) and
(−102) crystal planes of CuWO4. The XRD diffraction peaks at
18.22°, 28.10°, 30.68°, 33.44°, 38.32°, 45.98°, 47.98°, 52.90°, 56.54°,
58.02° and 74.20° were attributed to the (−112), (−132), (040),

FIGURE 1
XRD patterns of the prepared La2(WO4)3, CuWO4 and LC-
10 composite.
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(−204), (−134), (060), (−116), (063), (−354), (−264) and (191)
crystal planes of La2(WO4)3. The above results confirmed the
successful preparation of La2(WO4)3/CuWO4 composite.

The morphologies of the prepared La2(WO4)3, CuWO4 and LC-
10 samples were analyzed by SEM, and the results were shown in
Figure 2. It could be seen that the prepared La2(WO4)3 sample had
an irregular lamellar structure (Figure 2A), and the prepared
CuWO4 sample had a nanoparticle shape (Figure 2B). It could be
seen from the SEM image of the prepared LC-10 sample (Figure 2C)
that CuWO4 nanoparticles were evenly distributed on the lamellar

structure of La2(WO4)3, which proved the successful composite of
La2(WO4)3 and CuWO4. The EDX diagrams of Cu, La, W and O
elements in the synthesized LC-10 sample were shown in Figure 3. It
could be seen that Cu, La, W and O elements were evenly distributed
on the surface of the synthesized LC-10 sample.

The elemental compositions and chemical valence states of
synthesized La2(WO4)3, CuWO4 and LC-10 samples were
analyzed by XPS measurement. As shown in Figure 4A, the three
peaks of La2(WO4)3 sample at 832.2, 32.6 and 527.7 eV were
attributed to La 3d, W 4f and O 1s, respectively. As shown in

FIGURE 2
SEM images of synthesized La2(WO4)3 (A), CuWO4 (B) and LC-10 (C) samples.

FIGURE 3
EDX diagrams of (A) Cu, (B) La, (C) W and (D) O elements in the synthesized LC-10 sample.
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Figure 4B, the three peaks of the CuWO4 sample at 932.2, 31.1 and
528.1 eV were attributed to Cu 2p, W 4f and O 1s, respectively. As
shown in Figure 4C, the four peaks of LC-10 composite at 833.3,
932.5, 33.7 and 528.1 eV were attributed to La 3d, Cu 2p, W 4f and O
1s, respectively.

The high-resolution XPS spectra of Cu 2p, W 4f, O 1s and La 3d
in the synthesized CuWO4, La2(WO4)3 and LC-10 samples were
shown in Figure 5. The two peaks with binding energies of

933.12 and 952.90 eV in the spectrum of Cu 2p of CuWO4

(Figure 5A) belonged to Cu 2p3/2 and Cu 2p2/1, respectively,
which suggested that the presence of Cu2+ and the capture of
photogenerated electrons by Cu2+ may cause the valence state
change from Cu(II) to Cu(I) (Wang X. et al., 2023; Wan et al.,
2013). Compared with CuWO4, the two fitted peaks of Cu 2p of LC-
10 composite sample shifted slightly to the higher energy, located at
933.57 and 953.36 eV, respectively. In the high resolution XPS
spectrum of W 4f of CuWO4 (Figure 5B), the two peaks at the
binding energies of 33.83 and 35.97 eV belonged to W 4f7/2 and W
4f5/2, respectively, suggesting the existence of W

6+ in the synthesized
sample (Wang et al., 2021; Xu et al., 2023). The two fitted peaks ofW
4f of La2(WO4)3 were located at 33.73 and 35.89 eV, respectively.
Compared with CuWO4 and La2(WO4)3, the two fitted peaks of W
4f of LC-10 composite sample shifted slightly to the higher energy,
located at 34.07 and 36.18 eV, respectively. The high-resolution XPS
spectra of O 1s of CuWO4 shown in Figure 5C displayed two fitted
peaks at 528.73 and 529.83 eV, respectively, indicating the presence
of the lattice oxygen and O-H bonds absorbed on surface of the
synthesized sample (He et al., 2024; Wei et al., 2023). The two fitted
peaks of O 1s of La2(WO4)3 were located at 528.85 and 531.16 eV,
respectively. Compared with CuWO4 and La2(WO4)3, the two fitted
peaks of O 1s of LC-10 composite sample shifted slightly to the
higher energy or lower energy, located at 529.01 and 530.29 eV,
respectively. The high-resolution XPS spectrum of La 3d of
La2(WO4)3 shown in Figure 5D displayed the spin–orbit
splitting: La 3d5/2 (833.51 and 836.97 eV) and La 3d3/2
(850.28 and 854.00 eV), which were in accordance with the
standard XPS peaks of La3+ (Baby et al., 2024). Compared with
La2(WO4)3, the fitted peaks of La 3d of LC-10 composite sample also
shifted slightly. The above results indicated that the two substances,
CuWO4 and La2(WO4)3 interacted with each other, and the
heterojunction of La2(WO4)3/CuWO4 formed.

The UV-Vis diffuse reflectance spectra (DRS) of CuWO4,
La2(WO4)3 and LC-10 were measured using a UV-Vis
spectrophotometer in the wavelength range of 200–800 nm, and
the results were shown in Figure 6. It could be seen that CuWO4 had
a strong light absorption capacity in the entire 200–800 nm range,
indicating that CuWO4 had a good light response ability to both UV
and Vis light. La2(WO4)3 had an obvious absorption boundary near
340 nm, which indicated that La2(WO4)3 had a strong absorption
capacity for UV light. It could be seen from the DRS of LC-10 that
La2(WO4)3/CuWO4 composite had a good light response to both
UV and Vis light. Based on the above DRS results, the band gap
energy (Eg) of CuWO4 and La2(WO4)3 could be obtained by the
Kubelka-Munk formula (Wang et al., 2021). The correlation curves
of (Ah])2 vs. h] of CuWO4 and La2(WO4)3 were shown in Figures
7A, B, the Eg of CuWO4 and La2(WO4)3 were obtained as 2.99 and
2.54 eV, respectively.

3.2 Sonodynamic anti-glioma activity of
La2(WO4)3/CuWO4 composite

First, the cytotoxicity of prepared CuWO4, La2(WO4)3 and LC-
10 samples to u251 cells was investigated. In the presence of different
concentrations (10, 20, 50, 100 and 200 μg/mL) prepared CuWO4,
La2(WO4)3 and LC-10 samples, the cell viability of u251 cells during

FIGURE 4
XPS spectra of synthesized La2(WO4)3 (A), CuWO4 (B) and LC-10
(C) samples.

Frontiers in Bioengineering and Biotechnology frontiersin.org05

Liu et al. 10.3389/fbioe.2025.1566946

217

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1566946


logarithmic growth was measured by MTT method. Figure 8A
displayed the cytotoxicity test results of CuWO4. When CuWO4

concentration was 10, 20, 50, 100 and 200 μg/mL, the cell viability
was 105.45% ± 5.05%, 103.01% ± 2.57%, 96.31% ± 3.71%, 93.50% ±
6.46% and 86.65% ± 8.08%, respectively. Figure 8B showed the
cytotoxicity test results of La2(WO4)3. When the concentration of
La2(WO4)3 was 10, 20, 50, 100 and 200 μg/mL, the cell viability was
97.72% ± 4.54%, 93.66% ± 4.80%, 90.84% ± 2.78%, 89.88% ± 4.15%
and 85.65% ± 6.49%, respectively. The results showed that CuWO4

and La2(WO4)3 did not cause obvious cytotoxicity to u251 cells
when the concentrations of CuWO4 and La2(WO4)3 were below
200 μg/mL. Figure 8C showed the cytotoxicity test results of LC-10
sample. When the concentration of LC-10 was 10, 20, 50, 100 and
200 μg/mL, the cell viability was 95.17% ± 4.35%, 94.40% ± 6.70%,
84.11% ± 5.31%, 79.26% ± 4.38% and 71.05% ± 6.12%, respectively.
These results showed that with the increase of LC-10 concentration,
the cell survival rate decreased gradually. When the concentration of
LC-10 was higher than 50 μg/mL, it had a certain toxic effect on cells.

Next, u251 cells were treated differently to evaluate the
sonodynamic therapeutic effect of La2(WO4)3/CuWO4 composite
on tumor cells. It could be seen from Figure 9A that the cell viability

FIGURE 5
High-resolution XPS spectra of Cu 2p (A), W 4f (B), O 1s (C) and La 3d (D) in synthesized CuWO4, La2(WO4)3 and LC-10 samples.

FIGURE 6
DRS spectra of CuWO4, La2(WO4)3 and LC-10 samples.
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decreased slightly under US irradiation alone. This was because the
energy generated by the cavitation effect of US could lead to the
cracking of water molecules, resulting in a strong oxidizing ·OH. The
effects of different concentrations of LC-10 on the cell viability of
u251 cells under US irradiation were shown in Supplementary
Figures S1–S5. It could be clearly observed that the cell viability
of u251 cells treated with SDT in the presence of LC-10 was
significantly lower than that treated with LC-10 alone and US
alone at any concentration of LC-10. These results suggested that
La2(WO4)3/CuWO4 composite had excellent sonodynamic
antitumor performance. The cell inhibition rate of u251 cells
after SDT in the presence of different concentrations of CuWO4,
La2(WO4)3 and LC-10 were shown in Figure 9B. It could be seen that
the cell inhibition rate of u251 cells after SDT in the presence of LC-
10 at any concentration was significantly higher than that in the

presence of CuWO4 and La2(WO4)3 at same concentration. These
results indicated that La2(WO4)3/CuWO4 composite had higher
sonodynamic antitumor performance. In addition, it was also shown
that the construction of heterojunction was an effective means to
improve the sonodynamic antitumor performance of nano-
sonosensitizers.

Subsequently, sonodynamic-induced cancer cell apoptosis was
further evaluated using AO/EB staining. As shown in Figure 10,
under the same experimental conditions, cells were divided into
control group (A), US group (B), LC-10 group (C), and LC-10+US
group (D). In the control group (Figure 10A), the quantity and
intensity of green fluorescence were high, while the orange
fluorescence was negligible, indicating good growth of cells. As
shown in Figures 10B, C, the US group and the LC-10 group
showed weak orange fluorescence, and most of the cells showed

FIGURE 7
Correlation curves of (Ah])2 vs. h] of CuWO4 (A) and La2(WO4)3 (B).

FIGURE 8
Cytotoxicity of CuWO4 (A), La2(WO4)3 (B) and LC-10 (C) to u251 cells (*p < 0.05,**p < 0.01,***p < 0.001,****p < 0.0001).
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green fluorescence, indicating that most of the cells had good
viability. Figure 10D showed a large amount of orange
fluorescence in the LC-10+US group, indicating that LC-10
produced a large number of ROS inducing apoptosis under US
irradiation, and the experimental results were consistent with the
above MTT results.

3.3 Sonodynamic antitumor mechanism of
La2(WO4)3/CuWO4 composite

It could be clearly seen from the above results that the combined
use of US and sonosensiizer LC-10 had a much higher inhibitory
effect on the growth of u251 glioma cells than that of US alone and
LC-10 alone. The combined use of US and sonosensiizer LC-10 also
significantly inhibited the growth of u251 glioma cells compared
with the combined effect of US and La2(WO4)3 and the combined
effect of US and CuWO4, indicating that LC-10 had better
sonodynamic antitumor activity. The essence of the good
sonodynamic activity of the nano-sonosensitizer was that it could

become a ROS generator under US irradiation (Duan et al., 2023). In
order to study the ability of La2(WO4)3/CuWO4 composite as a
sonosensitizer to produce ROS and the corresponding sonodynamic
mechanism, specific ROS probes were used to verify the types of
ROS produced during SDT process. The 1O2 yields of La2(WO4)3/
CuWO4 composite produced under US irradiation were evaluated
using DPBF as a probe. It could be seen from Figure 11A, under US
irradiation, the absorption peak of DPBF at 410 nm decreased in the
presence of LC-10 compared with the control group of water,
suggesting the generation of 1O2 in the system. Similarly, the
capture of ·OH was tracked by TA. It could be seen from
Figure 11B, the combined use of US and LC-10 remarkably
increased the fluorescence intensity of the solution around
430 nm. The results showed that La2(WO4)3/CuWO4 composite
had good ·OH production ability under US irradiation.

The photoluminescence spectra of CuWO4 and La2(WO4)3/
CuWO4 composite LC-10 were measured with a fluorescence
spectrophotometer in the wavelength range of 200–600 nm, and
the results were shown in Figure 12. It could be seen that under the
excitation condition of 269 nm wavelength, CuWO4 had an obvious

FIGURE 9
Cell viability of u251 cells under US irradiation (A) and cell inhibition rate of u251 cells after SDT in the presence of different concentrations of CuWO4,
La2(WO4)3 and LC-10 (B) (*p < 0.05).

FIGURE 10
Confocal laser scanning microscopy images of u251 cells stained with AO/EB after various treatments. (A) control group, (B) US group, (C) LC-10
group, and (D) LC-10+US group.
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emission peak near 520 nm. Similarly, the maximum emission
wavelength of the emission peak of LC-10 was also around
520 nm, but its fluorescence intensity was significantly lower
than that of CuWO4, indicating that after La2(WO4)3 and
CuWO4 formed a composite, carrier separation could be
effectively realized in the catalyst, and the recombination rate of
e−-h+ pairs was significantly reduced (Liu et al., 2024). The
production of ROS of the catalyst under US irradiation was
improved significantly, thus displayed excellent sonodynamic
antitumor performance.

The type of semiconductor material could be determined by
whether the slope of the tangent in the Mott-Schottky curves was
positive or negative. A positive slope indicated an n-type
semiconductor and a negative slope indicated a p-type
semiconductor (Chang et al., 2023; Chang et al., 2024). As seen
in Figure 13, The slopes of tangent lines of the Mott-Schottky curves
of La2(WO4)3 and CuWO4 were both positive. The results showed
that all the prepared La2(WO4)3 and CuWO4 samples had n-type

semiconductor characteristics. Additionally, the flat band potential
(Ef) values of the prepared La2(WO4)3 and CuWO4 samples could be
obtained from the intercept of the tangent with the X-axis (Huang
et al., 2024a; Chang et al., 2025). Therefore, the Ef values of
La2(WO4)3 and CuWO4 samples were determined to be −0.55 V
and −0.30 V vs saturated calomel electrode (SCE), respectively.
Accordingly, the Ef values of La2(WO4)3 and CuWO4 samples could
be calculated as −0.31 V and −0.06 V vs standard hydrogen electrode
(NHE), considering the correction value between SCE and NHE was
0.24 V (Lu et al., 2025; Huang et al., 2024b). It was known that for
most n-type semiconductors, the minimum potential of the
conduction band (ECB) was about 0.1–0.3 V lower than the Ef
value, and the middle value of 0.2 V was used here (Huang et al.,
2024c; Chen et al., 2024). Therefore, the ECB values of La2(WO4)3
and CuWO4 samples were calculated as −0.51 V and −0.26 V vs.
NHE, respectively. According to the Eg values of La2(WO4)3 and
CuWO4 samples were 2.54 and 2.99 eV, respectively, and the
relationship between the maximum potential of valence band
(EVB), ECB and Eg (EVB = ECB + Eg) (Han et al., 2025), EVB
values of La2(WO4)3 and CuWO4 samples relative to NHE could
be calculated as 2.03 V and 2.73 V, respectively. Based on the above
calculation, the schematic diagram of the band structure
corresponding to La2(WO4)3/CuWO4 composite was shown in
Figure 14. It could be seen that there are obvious differences in
the band and energy level structure between La2(WO4)3 and
CuWO4 in La2(WO4)3/CuWO4 composite, and a hypothesis that
La2(WO4)3/CuWO4 n–n heterojunction formed was proposed.

Combined with the results of the above study and related
literature reports, the main mechanism of LC-10-mediated SDT
antitumor was proposed (as shown in Figure 14). Firstly, in the
process of US irradiation, the tiny bubbles in the liquid were
activated by US, resulting in a series of dynamic processes such
as expansion, contraction, expansion and collapse, that was, the
cavitation effect (Rosenthal et al., 2004; Teng et al., 2024). The
cavitation effect (transient cavitation) generated by US could form
local hot spots of high temperature and pressure, and its energy
could cause water molecules to crack and produced ·OH (Rosenthal
et al., 2004), which would cause damage to tumor cells. Secondly, the
addition of La2(WO4)3/CuWO4 composite nanoparticles could

FIGURE 11
Detection of 1O2 (A) and ·OH (B) in the combined use of US and LC-10 system.

FIGURE 12
Photoluminescence spectra of CuWO4 and LC-10.
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provide more active sites for the nucleation process and the
formation of cavitation microbubbles (Qiu et al., 2018), which
could generate more active free radicals, and then caused more
serious damage to tumor cells. Thirdly, in the process of US
irradiation, the cavitation effect of US would lead to
sonoluminescence (Xu et al., 2025). The light energy generated
by sonoluminescence and the heat energy from local hot spots
could activate the sonosensitizer molecule to transition from the
ground state to the excited state (Qian et al., 2024). In the process of
the sonosensitizer molecule returning from the excited state to the
ground state, the released energy was transferred to the water and

oxygen molecules in the medium. ROS with strong oxidizing
properties such as 1O2 and ·OH were produced (Qian et al.,
2024), thus causing damage to tumor cells. Finally, the
La2(WO4)3/CuWO4 composite formed by La2(WO4)3 and
CuWO4 was stimulated by the light generated by
sonoluminescence and heat from local hot spots. When the light
energy and the heat energy were equal to or exceeded the Eg of
La2(WO4)3 and CuWO4 semiconductor, the photothermal
generated e− would produce on the VB of La2(WO4)3 and
CuWO4, and then transferred to the CB, forming h+ on the VB
of La2(WO4)3 and CuWO4, respectively (Xu et al., 2025). Due to

FIGURE 13
Mott-Schottky plots of La2(WO4)3 (A) and CuWO4 (B).

FIGURE 14
La2(WO4)3/CuWO4 composite mediated SDT antitumor mechanism diagram.
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obvious differences in the band and energy level structure between
La2(WO4)3 and CuWO4 in La2(WO4)3/CuWO4 composite, the
photothermal generated e− on the CB of La2(WO4)3 would
transfer to the CB of CuWO4, and photothermal generated h+ on
the VB of CuWO4 would transfer to the VB of La2(WO4)3. This
could effectively inhibit the photothermal-generated e−–h+ pairs
recombination in La2(WO4)3/CuWO4 composite. Because the
EVB oxidation potential (2.03 V) of La2(WO4)3 was higher than
that of ·OH/OH− (1.99 V) (He et al., 2025; Sun et al., 2025), h+ on VB
could oxidize OH− to ·OH, leading to oxidative damage of tumor
cells. In addition, the CB reduction potential (−0.26 V) of CuWO4

was not negative than that of O2/·O2
− (−0.33 V) (Wang et al., 2024;

Sun et al., 2024), which suggested that the e− on the CB of CuWO4

could not reduce O2 to superoxide anion radical (·O2
−). In summary,

the production of ROS such as 1O2 and ·OH, especially the
production of ·OH, played an important role in the La2(WO4)3/
CuWO4 composite mediated SDT antitumor process, which was
consistent with the results of previous ROS probe experiments.

4 Conclusion

In summary, La2(WO4)3/CuWO4 composites were prepared by
two-step hydrothermal method and characterized by XRD, SEM,
XPS, EDX and DRS. On this basis, using u251 glioma cells as model,
the sonodynamic antitumor activity of La2(WO4)3/CuWO4

composite LC-10 was investigated by MTT method and AO/EB
staining. The results showed that compared with La2(WO4)3 and
CuWO4, La2(WO4)3/CuWO4 composite had better sonodynamic
antitumor activity, and LC-10 had good biosafety at concentrations
below 50 μg·mL−1. After La2(WO4)3 and CuWO4 formed
La2(WO4)3/CuWO4 composite, the photo-thermal generated e−

on the CB of La2(WO4)3 would be transferred to the CB of
CuWO4, and the generated h+ on the VB of CuWO4 would be
transferred to the VB of La2(WO4)3 during SDT. The recombination
of e−–h+ pairs was effectively inhibited, and more strongly oxidizing
ROS was produced, inducing apoptosis of u251 glioma cells. In
which, 1O2 and ·OH, especially the production of ·OH, played an
important role in the La2(WO4)3/CuWO4 composite mediated SDT
antitumor process. In general, the results of this study would lay a
foundation for the design of CuWO4 base nano-sonosensitizer and
its further clinical application in the study of sonodynamic
antitumor. At the same time, it also provided a new strategy for
the design and development of novel nano-sonosensitizers with
excellent sonodynamic activity.
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Introduction: Glioblastoma (GBM) represents the most aggressive and prevalent
form of primary malignant brain tumor in adults, with surgical intervention being
the primary treatment modality. To enhance surgical outcomes and extend
patient survival, we have engineered a dual-modality MRI/FI contrast agent
known as PL002 to aid in the surgical management of GBM.

Methods: In this study, an orthotopic glioma model was established in mice via
intracranial injection of U-87 MG cells. Subsequently, the model animals were
intravenously injected with PL002 and placed in a 7.0T magnetic resonance
imaging (MRI) device to evaluate the imaging effects. After the MRI scan,
fluorescence imaging techniques were employed to observe the distribution
of PL002 at both the brain tissue and cellular levels. Moreover, healthy rat models
were utilized to investigate the pharmacokinetic characteristics, tissue
distribution, and safety profile of PL002.

Results: The molecular structure of PL002 contains both gadolinium (Gd3+) and
indocyanine green (ICG), demonstrating optimal imaging effects within the
dosage range of 10-50 mg/kg, with a half-life of 2.51 to 4.87 hours. Even at
relatively low concentrations in the brain, PL002 can provide stable and sustained
support for MRI and fluorescence imaging for up to 72 hours. No abnormalities
were observed in rats at a dosage of 100 mg/kg.

Discussion: Compared to Gadavist® and ICG, PL002 provided sustained support
for MRI and FI of GBM for 72 h, with a broad therapeutic window. This dual-
modality contrast agent holds significant potential and promise for applications in
preoperative assessment of resectionmargins, real-time intraoperative guidance,
and postoperative verification of the extent of resection.

KEYWORDS

gadolinium contrast agent, ICG, magnetic resonance imaging, fluorescence imaging,
glioblastoma, intraoperative navigation

1 Introduction

Glioblastoma (GBM) is the most aggressive malignant brain tumor in adults,
constituting approximately 50.9% of all malignant brain tumors according to the
2016–2020 CBTRUS Statistical Report (Wirtz et al., 2000; Qi et al., 2024). Compared to
other malignancies, GBM is characterized by a poor prognosis and a short median survival
time (Ostrom et al., 2023). Until to now, surgery remains the standard approach for GBM
management. The extent of tumor resection is positively correlated with progression-free
survival and quality of life. To achieve the maximum safe resection, neurosurgeons often
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utilize additional tools such as neuronavigation, intraoperative
magnetic resonance imaging (iMRI), and intraoperative
fluorescence navigation (Wirtz et al., 2000; Staartjes et al., 2021;
Schupper et al., 2021).

Neuronavigation relies on preoperative MRI to accurately
pinpoint the lesion, select the optimal surgical approach, and
reduce postoperative complications. However, it lacks the
capability to offer real-time evaluation of tumor margins
throughout the surgical procedure, with the exception of iMRI
(Krivosheya et al., 2021; Li et al., 2017). But iMRI is time-
consuming, costly, and does not significantly impact prognosis
(Bonosi et al., 2023; Mosteiro et al., 2022). Intraoperative
fluorescence navigation enhances the visualization of brain
tumor tissue through selective fluorescence in tumor cells
(Schupper et al., 2022), such as with 5-aminolevulinic acid (5-
ALA) fluorescence-guided surgery, which has been shown to
improve 6-month progression-free survival rates in randomized
trials. However, the cost of 5-ALA and the need for specialized
equipment limit its widespread use. Indocyanine green (ICG) is
another compound used in intraoperative fluorescence navigation
and can also be used for direct glioblastoma imaging, potentially
improving the extent of resection (Acerbi et al., 2018). Clinically,
each intraoperative imaging technology has its advantages and
disadvantages, and no single imaging technology can address all
pre- and post-surgical detection and diagnostic needs. The
combination of multiple imaging modalities for intraoperative
tumor recognition is gaining attention among neurosurgeons
due to the limitations of single imaging modes. Studies
(Eyüpoglu et al., 2012; Tsugu et al., 2011) have shown that the
combination of intraoperative MRI and fluorescence guidance has
a synergistic effect in glioma surgery, with the combination
approach significantly improving the extent of tumor resection
compared to fluorescence-guided surgery alone.

Given the clinical benefits of multimodal imaging, there is a need
for contrast agents capable of both MRI and fluorescence
enhancement. Our group has developed a compound that
incorporates Gd3+ and ICG molecules, aiming to provide dual
MRI and fluorescence imaging capabilities. This dual-modality
agent is expected to offer complementary bioimaging information
for GBM surgery, improving surgical outcomes and extending
postoperative patient survival.

2 Materials and methods

2.1 Material

tert-butyl (10-aminodecy)carbamate (Nanjing Weichuangyuan
Medical Technology Co., LTD.), Indocyanine green (Dandong
medical innovation Pharmaceutical Co., LTD., 21081512),
Gadavist®(Bayer, KT04KPK), PL002 (Zhejiang Poly
Pharmaceutical Co., LTD., 00-003958-25-01), Cell Counting Kit-
8(Beyotime Biotechnology). Other chemical reagents all came from
Sahn Chemical Technology (Shanghai) Co., LTD.

L-O2(BOHUI Biotechnology (GUANGZHOU) Co., LTD., BH-
C073), HEK293(National Collection of Authenticated Cell Culture,
SCSP-5209), U-87 MG (Zhejiang Meisen Cell Technology Co.,
LTD., CTCC-001-0023), Culture medium and fetal bovine serum

were purchased from Gibco Laboratories (Grand Island, NY),
BALB/c nude mice (Zhejiang Weitong Lihua Experimental
Animal Technology Co., LTD.), Sprague-Dawley rat (Beijing
Vitonglihua Experimental Animal Technology Co., LTD.). All
animal experiments were conducted with the approval of the
Experimental Animal Welfare and Ethics Committee of Zhejiang
Longchuan Biomedical Technology Co., LTD.

2.2 Synthesis

2.2.1 PL002-SMA
N, N-dimethylformamide, cyclotenine, and sodium acetate

were mixed in a reaction flask, then tert-butyl bromoacetate
and more N, N-dimethylformamide were added. The reaction
was maintained at 25°C for 17 h with pH between 7 and 8,
yielding SMA-1 as a white solid after filtration. In a new vessel,
potassium carbonate, acetonitrile, methyl bromoacetate, and
SMA-1 were stirred at 25°C for 6 h, resulting in SMA-2 as a
yellow oil after filtration and concentration. Tetrahydrofuran,
SMA-2, sodium hydroxide, and water were mixed and stirred at
30°C for 4 h, then the pH was adjusted to 6 with hydrochloric acid.
After partitioning and drying, PL002-SMA was obtained as a
white solid.

2.2.2 PL002-SMC
1,1,2-trimethyl-1H-benzo [e]indole, 1,4-butanolide, and

toluene were mixed and refluxed at 110°C for 20–21 h to yield
SMC-1 as a light blue solid after cooling and drying. In a new
vessel, N, N-dimethylformamide was mixed with phosphorus
oxychloride at 0°C–5°C, then cyclohexanone was added at
15°C–20°C, resulting in SMC-2 as an orange solid after filtration
and drying. Toluene, SMC-1, SMC-2, and sulfolane were mixed,
refluxed at 116°C–118°C for 5–6 h, and SMC-3 was obtained as a
reddish-brown solid. Acetonitrile and p-hydroxyphenylpropionic
acid were mixed with sodium hydroxide solution at 0°C–5°C,
reacted at 25°C–30°C for 1 h, and SMC-4 was obtained as a
gray solid. In another flask, DMSO and SMC-3 were mixed at
22°C, then SMC-4 was added, and after stirring, PL002-SMC was
obtained as a dark green solid.

2.2.3 PL002
N, N-dimethylformamide, N, N-diisopropylethylamine, PL002-

SMA, and PL002-SMB were combined in a reaction flask. PyBOP
and more N, N-dimethylformamide were added and the mixture
reacted for 4–6 h, then filtered to get PL001-01 filtrate.
Hydrobromoacetic acid and triethylsilane were added to the
filtrate at 0°C, mixed, and reacted at 20°C for 5 h to yield PL002-
02 solid. PL002-02 was dissolved in water, gadolinium oxide was
added, and the mixture was reacted at 100°C for 1 h. The pH was
adjusted with sodium hydroxide solution, and the salt was removed
by nanofiltration. PL002-03 was obtained by freeze-drying. In a new
vessel, dimethyl sulfoxide, N, N-dimethylformamide, and N,N-
diisopropylethylamine were added, followed by PL002-SMC, 1H-
benzotriazole-1-hydroxy-tripyrroalkyl hexafluorphosphate, and
PL002-03 at 15°C, and reacted for 2 h. After filtration and
drying, PL002-05 was obtained. The liquid was purified using a
DAC400 system, and PL002 was obtained by lyophilization. It was

Frontiers in Bioengineering and Biotechnology frontiersin.org02

Zhou et al. 10.3389/fbioe.2025.1557772

227

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1557772


then packaged in double-layer pharmaceutical low-density
polyethylene bags and aluminum foil. The synthesis was
completed using ChemDraw 21.

2.3 In vitro relaxivity

PL002 was prepared in six different concentrations (0.2, 0.5,
1.0, 1.5, 2.0, and 2.5 μg/mL) using ultrapure water and sequentially
tested in the MZsoMR23-60H-I nuclear magnetic resonance
(NMR) analyzer. The T1 acquisition was performed using an
inversion recovery (IR) sequence with the following intrinsic
parameters: SF = 12 MHz, O1 = 557,454.41 Hz, P1 = 5.8 μs,
P2 = 9.6 μs. The adjustable parameters were set as follows: SW =
100 kHz, TW = 32,000 ms, RFD = 0.08 ms, RG1 = 20, NS = 4, DR =
1, PRG = 0, TE = 1 ms.

2.4 Cell proliferation assay

L-O2, HEK293, and U-87 MG cells were seeded in a 96-well
plate at 2 × 105 cells/well and incubated overnight before being
treated with various concentrations of PL002. After 24 h, cell
proliferation was assessed using the CCK-8 assay. The culture
medium was replaced with 100 μL of CCK-8 solution (10%
reagent, 90% medium) per well, and the plate was incubated for
45 min at 37°C. Absorbance at 450 nm was measured using a
SpectraMax_iD5 ELISA reader.

2.5 Animal modal

Human glioblastoma U87-MG cells were cultured in flasks
with a 75 cm2 base area, using standard methods and DMEM
medium with 10% FBS and 1% P/S, under 37°C and 5% CO2.
Anesthetized animals were placed on a stereotaxic frame, and a
scalp incision was made. A burr hole was drilled in the skull
without penetrating the dura mater. A 10 μL cell suspension with
1 × 106 cells was injected to a depth of 3 mm, then slowly infused
over 5 min. The needle was left for 5 more minutes before
withdrawal, and the hole was sealed with bone wax. The
incision was closed and animals were monitored daily for
health, including behavior, appetite, activity, and weight, after
recovery on a heating pad.

2.6 MR imaging and fluorescent imaging
in vivo

For in vivo MR and fluorescent imaging, 24 male BALB/c
nude mice weighing about 20 g were divided into five groups:
PL002 groups with doses of 5, 10, 50 mg/kg, a Gadavist® group
with 18.14 mg/kg, and an ICG group with 5 mg/kg. Except for the
high-dose PL002 and Gadavist® groups with 3 mice each, other
groups had 6 mice. Mice were anesthetized and positioned for
pre-injection MR imaging and at various post-injection time
points using the BRUKER 7.0T MRI Biospoin GmbH nuclear
magnetic resonance imaging system. T1-weighted imaging was

conducted at several time points, excluding the high-dose groups
from the 24-h scan. Scan parameters included: slice thickness
(SL) = 0.700 mm, repetition time (TR) = 1,100.00 ms, echo time
(TE) = 0.00 ms, filed of view (FOV) = 20 × 20 cm2, image size =
192 × 192, bandwidth (BW) = 372.02 Hz, flip angle (FA) = 180.00.
Mice from the 6 and 24-h MR Imaging groups were euthanized,
and 2 from each group were selected for ex vivo fluorescence
imaging at 745 nm excitation and 800 nm emission. The
remaining mice’s brains were fixed, embedded, sectioned, and
stained with Hematoxylin and Eosin for histological
examination. The same procedure was applied to the ICG
group post-administration at 6 and 24 h.

All the animals were housed in a specific pathogen-free (SPF)
animal facility and were removed from the facility on the day of
imaging for the experiments.

2.7 Image analysis

After acquiring the MRI imaging data, manually trace the
regions of interest (ROIs) for the tumor and normal tissues using
ParaVision 360 software, and measure the signal intensity within
these ROIs. Calculate the contrast-to-noise ratio (CNR) with the
following formulas:

CNR � S1 − S2( )
SD

where S1 is the signal intensity of the lesion, and S2 is the signal
intensity of the normal tissue. Signal acquisition in the tumor
region involves first manually identifying the tumor contour based
on the image, followed by delineating the signal measurement area
using software and recording the average signal intensity within
this region. Signal acquisition in the normal tissue region is
performed by selecting an area outside the tumor contour,
delineating the measurement area using software, and recording
the average signal intensity within this region. Signal acquisition in
the background region involves selecting an area outside the brain
tissue, delineating the measurement area using software, and
recording the average signal intensity within this region.

Following the completion of fluorescence imaging, manually
delineate the tumor region of interest (ROI) using the IVIS Spectrum
software on the captured images, and measure the signal intensity.
Calculate the mean fluorescence intensity contrast (CAR) with the
following formula:

CAR � F1

F2

where F1 is the mean fluorescence intensity of the tumor, and F2 is
the mean fluorescence intensity of the normal tissue. For
fluorescence acquisition in the tumor region, the tumor contour
was first manually identified by integrating the fluorescence image
with the original photograph. Subsequently, the signal
measurement area was delineated using software, and the
average signal intensity within this region was recorded. For
signal acquisition in the normal tissue region, an area outside
the tumor contour was selected. The measurement area was then
delineated using software, and the average signal intensity within
this region was recorded.
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2.8 HE staining

After fixation in a 4% paraformaldehyde solution, mouse brains
are embedded in paraffin with a HistoStar machine (Thermo) and
sectioned to about 3 μm thickness using an HM 340E slicer
(Thermo). The sections are deparaffinized with xylene and
stained with hematoxylin and eosin. Post-staining, they are
dehydrated through ethanol solutions, cleared with xylene, and
mounted with neutral balsam. Light microscopy is used to
observe tumor cell necrosis, number, density, and
morphological changes.

2.9 In vivo pharmacokinetics, tissue
distribution and safety tests

In the pharmacokinetic study, Sprague-Dawley rats (n = 18, 3/
sex/group) were administered the test article PL002 via intravenous
infusion at doses of 3, 10, and 30mg/kg, with an infusion duration of
approximately 4 min. Blood samples were collected from all animals
at various time points: pre-dose, 4 min (immediately after infusion),
10, 15, 30, and 45 min, and 1, 2, 4, 6, 10, 24, and 48 h post-
administration. Heparin sodium was utilized as an anticoagulant in
this study. After blood sample collection, the samples were
transferred to centrifuge tubes and manually mixed.
Centrifugation was completed within 2 h. The centrifugation
conditions were as follows: 3,000 g, at 2°C–8°C, for 10 min. After
centrifugation, the plasma was collected into new centrifuge tubes
and stored at below −60°C until analysis. LC-MS/MS (Applied
Biosystems, 6500QTRAP) condition: The liquid chromatography
(LC) system consists of a binary pump, an online degassing unit, an
autosampler, and a column oven. The mass spectrometry (MS)
system includes an electrospray ionization (ESI) source and a triple-
quadrupole mass spectrometer, which are used for LC and MS data
acquisition as well as for chromatographic analysis.
Chromatographic separation was performed at an injection
temperature of 4°C using an ACE3 C4 analytical column
(50 mm × 2.1 mm, 3 μm, ACE). The retention times for
PL002 and glimepiride (internal standard) were 2.6 min and
2.5 min, respectively. The mobile phase consisted of A (0.1%
formic acid in water) and B (0.1% formic acid in acetonitrile).
Sample preparation: Take 50 μL of plasma sample, then add 150 μL
of internal standard solution (20 ng/mL) and vortex mix. Centrifuge
for 15 min at 4°C and 3,200 g. Take 100 μL of the supernatant, add
100 μL of acetonitrile, vortex mix, and then inject for analysis.

In the tissue distribution study, Sprague-Dawley rats (n = 24, 3/
sex/group) were given PL002 at a dose of 10 mg/kg via intravenous
infusion for about 4 min. Blood and tissue samples were harvested
from the animals at 2, 6, 24, and 72 h after dosing. The tissues
sampled included the heart, liver, spleen, lung, kidney, stomach,
small intestine, large intestine (colon), gonads (epididymis/testis/
ovary), brain, fat, muscle, and skin. Heparin sodium was used as an
anticoagulant for blood samples. Blood samples were processed in
the same manner as in the pharmacokinetic study after collection.
Tissue samples were weighed, homogenized, and the homogenates
were stored at −60°C or below. The analytical method for PL002 in
blood is the same as that in the pharmacokinetic study. The
analytical method for PL002 in tissues has been adjusted as

follows: Chromatographic separation is performed with retention
times of 2.4 min for PL002 and 2.5 min for glimepiride (internal
standard). The mobile phase consists of A (0.2% formic acid in
water) and B (0.2% formic acid in acetonitrile). Preprocessing of
tissue homogenate samples: Take 50 μL of tissue homogenate
sample, then add 150 μL of internal standard working solution
(20 ng/mL, glimepiride), and vortex mix. Centrifuge for 15 min at
2°C–8°C and 3,200 g. Take 20 μL of the supernatant, add 180 μL of
diluent (acetonitrile:water = 90:10, v/v), vortex mix, and then
analyze by LC-MS/MS. The gadolinium content of plasma and
tissue was measured by ICP-MS (Agilent, 7900 ICP-MS). The
ICP-MS was operated in the standard instrument mode.
Instrument control, data acquisition, and analysis were
performed using Plasma Lab software. The instrument and
operating conditions were optimized using a tuning solution.
During the detection process, rhodium (Rh) was used as an
internal standard for monitoring. Plasma Preprocessing Method:
Take 50 μL of plasma sample, then add 10 μL of internal standard
working solution (2 μg/mL, rhodium element) and vortex mix. Add
1 mL of diluent (65% nitric acid and Triton X-100, both with a
volume fraction of 0.1%) to the above sample and vortex mix. Take
0.25 mL of the solution, add 4.0 mL of diluent, vortex mix, and then
analyze by ICP-MS. Tissue Homogenate Preprocessing Method:**
Take 100 μL of tissue homogenate sample, then add 10 μL of internal
standard working solution (200 ng/mL, rhodium element) and
vortex mix. Add 500 μL of digestion solution (65% nitric acid) to
the above sample and vortex mix. Digest in a water bath (75°C) for
2 h. Take 400 μL of the digested solution, add 2.0 mL of diluent (65%
nitric acid and Triton X-100, both with a volume fraction of 0.1%),
vortex mix, and then analyze by ICP-MS.

In the toxicity study, Sprague-Dawley rats (n = 40, 5/sex/group)
were treated with either vehicle control (5% Glucose Injection) or
PL002 at doses of 100, 300, and 1,000 mg/kg via intravenous infusion,
with a volume of 20 mL/kg and an infusion rate of 5 mL/kg/min.
Throughout the study, mortality and morbidity, clinical signs, body
weights, and food consumption were monitored. Gross observations
were conducted on deceased animals and those euthanized onDay 15.
The brains, hearts, livers, spleens, lungs, and kidneys of deceased
animals, as well as tissues with gross lesions from all animals, were
processed using standard histological techniques: paraffin embedding,
sectioning, mounting on glass slides, and staining with hematoxylin
and eosin (H&E). All slides were examined microscopically. The non-
compartmental analysis (NCA) method withWinNonlin 8.0 software
was employed to calculate the pharmacokinetic parameters of the
administered group.

All the animals were housed in a specific pathogen-free (SPF)
animal facility.

2.10 Data analysis and image processing

Statistical data are showed as mean ± standard deviation (SD).
The CNR data from in vivo MRI at 6 h and the safety experiment
data (analyzed separately for males and females) were analyzed
using SPSS 22.0. Levene’s test was employed to assess the
homogeneity of variance among groups. If the result of Levene’s
test showed no significant difference (p ≥ 0.01), one-way analysis of
variance (ANOVA) was used for variance (mean square error)
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analysis, and Dunnett’s test was applied for comparisons between
the treatment groups and the control group. If Levene’s test showed
a significant difference (p < 0.01), Welch’s test followed by
Bonferroni correction was used for comparisons between the
treatment groups and the control group. A two-tailed test was
used with a confidence interval of 95%. P > 0.05 (NS) denotes
there is no statistically significant. P < 0.05, p < 0.01, p < 0.001, were
defined as statistically significant.

All data were processed and presented as images using
GraphPad Prism 7 and Inkscape 1.4.

3 Results

3.1 Synthesis and characterization of PL002

PL002 was synthesized utilizing PL002-SMA and PL002-SMB as
the initial reactants, which underwent a condensation reaction (①),
an elimination reaction, a coordination reaction, and a subsequent
condensation reaction (②) with the starting material PL002-SMC to

yield the final PL002 product. The synthetic route of PL002 is shown
in Figure 1.

The UV spectrum indicates that the absorption band attributed
to the benzene ring appears at the maximum wavelength λmax =
216.5 nm, while the absorption band due to Gd3+ is observed at the
maximum wavelength λmax = 805.0 nm. These characteristics are
in alignment with the structural formula of PL002. In the IR
spectrum, the C-H stretching vibration absorption peak is
detected at 2,922.86 cm−1, the C=O stretching vibration
absorption peak for amide and carboxylic acid is found at
1,620.75 cm−1, and the peaks at 1,357.47 cm−1 and 1,115.75 cm−1

correspond to the SO2 stretching vibration absorption of the
sulfonic acid group. The absorption peak at 1,039.05 cm−1 is
associated with the C-N stretching vibration, all of which are
consistent with the structural formula of PL002. High-resolution
mass spectrometry (HRMS) captured the excimer ion peaks at m/z
1,652.6564 [M + H]+ and 826.8281 [M+2H]2+. The exact molecular
weight measured was in close agreement with the theoretical
calculation of 1,652.6460 for the predicted molecular formula
C81H106N8O15S2Gd [M + H]+, with a difference (Diff) of

FIGURE 1
Synthetic route to PL002.
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6.3 PPM, confirming the structural formula of PL002. Additionally,
the relaxation rate test curve indicates that within the concentration
range of 0–2.5ug/mL (0–1.5 μM in aqueous solution), as the
concentration increases, the T1 relaxation time shortens and the
relaxation rate enhances, suggesting that PL002 can serve as a T1-
enhancing contrast agent for MRI (Figure 2).

3.2 MR imaging and fluorescent imaging
in vivo

Before conducting in vivo imaging, the potential toxicity of
PL002 on U-87 MG, L-O2, and HEK293 cell lines was assessed
using the CCK-8 assay. They are used to assess the compound’s
potential toxicity in vitro, serving as a reference for its use in
glioblastoma multiforme (GBM) surgery. The cells were treated
with PL002 at various concentrations (ranging from 0 to 1250 μM)
for a period of 24 h, followed by a 45-min incubation with a 10%
CCK-8 solution to assess the compound’s impact on cell growth.
Figure 3 illustrates that PL002 does not exhibit cytotoxicity to U-
87MG, L-O2, and HEK293 cells at the tested concentrations (up to
1250 μM). These findings suggest that PL002 is biocompatible and
has a low level of toxicity.

In comparative imaging experiments using a glioblastoma
model, Gadavist® was used as a positive control against PL002.
As illustrated in Figure 3, T1-weighted turbo spin echo (TSE)
enhanced scans revealed that tumors in the models appeared as
circular or quasi-circular masses. In larger tumors, signs of necrosis
and bleeding could be observed. The mass effect was evident as a
shift of midline structures to the opposite side and compression,
expansion, and displacement of the ipsilateral ventricle. After
intravenous administration via the tail vein, clear images of brain
tumor tissue were obtained. On T1-weighted MRI (T1WI), the
lesion site appeared as a high-signal mass, with brain
parenchymal signals lower than those in the tumor region. The
tumor imaging effect was determined by comparing the CNR of the
different treatment groups.

Post-administration, the CNR in the PL002 group increased,
with the signal remaining relatively stable at 0.5 h. After 0.5 h, the
CNR in the PL002 group showed a trend of increasing with higher
doses. At 6 h, the high-dose PL002 group demonstrated superior
imaging performance compared to other groups. Meanwhile, the
low and medium dose groups of PL002 maintained a steady signal
over 24 h. Additionally, the CNR of the Gadavist® group increased
rapidly post-administration, achieving optimal imaging effects at
5 min, and then gradually decreased. At 6 h, the signal of the
Gadavist® group was significantly lower than that of the
PL002 groups (p-values for comparison with high-, medium-,
and low-dose PL002 groups were 0.317, 0.009, and 0.033,
respectively).

After completion of MRI imaging, brain tissues were extracted
from the PL002 and ICG groups at 6 h and 24 h post-administration,
respectively. Fluorescence measurements were subsequently
performed, with the results depicted in Figures 4, 5. ICG, serving
as a fluorescent surgical marker, is capable of penetrating the blood-
brain barrier and concentrating at tumor sites to facilitate targeted
tumor imaging. However, fluorescence imaging revealed negligible
fluorescence signals in the ICG group at both 6 and 24 h. In contrast,
the PL002 group exhibited intense fluorescence within the tumor sites,
with well-defined tumor margins and significantly higher mean
fluorescence intensity compared to the ICG group. Moreover,
comparison of tissue fluorescence and fluorescence intensity across
different time points showed that, at 6 h, both normal tissues and
blood vessels exhibited higher background fluorescence. In contrast, at
24 h, background fluorescence in normal tissues and blood vessels was
reduced, resulting in more distinct tumor fluorescence margins and
slightly higher mean fluorescence intensity compared to that at 6 h.
Additionally, fluorescence microscopic sections revealed that only red
fluorescence penetrated into the interior of the tumor without
overlapping with the blue fluorescence of cell nuclei, with more
red fluorescence aggregating at the tumor margins and in
microvessels. These findings indicate that PL002 retains the passive
targeting properties of ICG to pathological tissues, effectively crossing
the blood-brain barrier, distributing around the tumor, and
penetrating into the tumor interior along tumor vessels, thereby
accumulating at the tumor site for an extended period.

3.3 Pharmacokinetics studies

Sprague-Dawley (SD) rats were used to evaluate the
pharmacokinetic profile and tissue distribution of PL002. After a
single intravenous injection of PL002 at dosages of 3 mg/kg,
10 mg/kg, and 30 mg/kg, the plasma concentration of
PL002 peaked immediately following the infusion (at 4 min).
Subsequently, it rapidly transitioned into the elimination phase,
with an average terminal half-life of elimination ranging from
2.51 to 4.87 h (Figure 6).

Following the intravenous administration of PL002 at a dose of
10 mg/kg to SD rats, the compound demonstrated a degree of
exposure across all tissues, indicating a widespread distribution.
The findings revealed that PL002 was predominantly accumulated
in tissues with abundant blood supply, such as the liver, kidneys,
spleen, and lungs, as well as in the ovaries, small intestine, and testes.
The distribution pattern of gadolinium within PL002 mirrored that of

FIGURE 2
In vitro relaxation test curve (T1 sampling sequence: Intrinsic
parameters SF = 12MHz, O1 = 557454.41Hz, P1 = 5.8us; Adjusted
parameters SW = 1000KHz, TW = 32000 ms, RFD = 0.08 ms, RG1 =
20, DRG1 = 3, NS = 4, DR = 1, PRG = 0, TE = 1 ms.).
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the compound itself, with a significant concentration observed in the
liver, kidneys, spleen, lungs, ovaries, large intestine, and small intestine
(Figure 6). This suggests that, post intravenous infusion, the dual-
modality contrast agent predominantly exists in tissues and plasma in
the form of the parent drug.

3.4 Safety study in vivo

Drawing from the pharmacokinetic studies mentioned,
PL002 is characterized by a slower metabolic rate and
prolonged retention in the body, which could potentially

FIGURE 3
MR Imaging in vivo. (a)MR Imaging of PL002 and Gadavist

®
groups (PL002:① 50mg/kg, 30 uMGd3+&ICG/kg;② 10mg/kg, 6 uMGd3+&ICG/kg;③

5 mg/kg, 3 uM Gd3+&ICG/kg; GadavistR: ④ 18.14 mg/kg, 30 uM Gd3+/kg). (b) Contrast result of MR Imaging. (c–e) represent the proliferation activity
results of PL002 evaluated by the CCK-8 method in U-87 MG, L-O2, and HEK293 cells, respectively.
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impose a significant physiological burden on subjects. To assess the
safety of PL002, acute toxicity studies were conducted using SD
rats following a single intravenous dose. The control group was
administered a 5% glucose solution, whereas the experimental
groups received PL002 at dosages of 100, 300, and 1,000 mg/kg. No
adverse reactions were observed in the low-dose group rats; in the
medium-dose group, 3 rats died within 30 min to 1 day after
administration, and in the high-dose group, 10 rats died, suspected
to be due to acute renal failure caused by PL002. Except for the
low-dose group, animals exhibited reduced spontaneous activity,
weight loss, and decreased appetite after administration, with more
severe symptoms in the high-dose group. However, these
conditions were reversible, and by the end of the 2-week
observation period, the surviving rats had returned to normal,
with body weight and food intake comparable to the control
group. Gross anatomical observations revealed that the skin,
adrenal glands, kidneys, testes, epididymis, ovaries and fallopian
tubes, uterus, pancreas, lymph nodes (mesenteric and
mandibular), and lungs appeared green in color.
Histopathological examination showed varying degrees of
cortical tubular necrosis in the kidneys, and minor injuries were
also detected in the liver, heart, spleen, and lungs; the remaining
discolored organs showed no abnormal findings under the
microscope.

In summary, the acute toxicity of the test product led to
significant mortality and adverse effects in the high-dose

group. Conversely, the low-dose group did not show any unusual
reactions. This indicates that while PL002 carries potential safety
hazards at higher doses, it is deemed safe when administered at doses
below 100 mg/kg.

4 Discussion

According to the 2022 Brain Glioma Diagnosis and Treatment
Guidelines, the primary treatment for GBM involves surgical
resection, complemented by radiotherapy and chemotherapy. The
surgical objective is to safely remove the tumor to the greatest extent
possible, with magnetic resonance imaging (MRI) playing a pivotal
role throughout the procedure. Gadavist® is a novel and potent MRI
contrast agent approved for enhancing the visibility of various body
parts, including the brain, spinal cord, blood vessels, liver, and
kidneys (Szomolanyi et al., 2019; Knobloch et al., 2020; Accessdata,
2020). According to the guidelines, the optimal imaging results with
Gadavist® of MRI can be observed approximately 5 min post-
injection, with tissue enhancement typically lasting until 45 min
post-injection, which is suitable for preoperative imaging.
Considering that glioblastoma surgery often lasts 4–5 h, if the
surgeon needs to confirm the extent of resection during or after
surgery, the patient would require another injection, imposing a
significant physiological burden. Years of clinical research and post-
marketing surveillance data have shown that Gadavist® has a

FIGURE 4
Fluorescent Imaging in vivo. (a) The brains in Fluorescent Imaging. (b) Fluorescent imaging result of PL002 and ICG groups. (c)HE staining figure. (d)
Contrast result of Fluorescent Imaging (Due to the small sample size of only 2, no statistical analysis was performed.).
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relatively high safety profile (Forsting and Palkowitsch, 2010;
Endrikat et al., 2024), but there is still a low probability of mild
to moderate adverse reactions occurring after administration, such
as headache, nausea, injection site reactions, taste disturbances, and
a sensation of warmth. Severe adverse reactions include cardiac
arrest, respiratory arrest, and anaphylactic shock, which may be
related to the distribution of gadolinium ions or the stability of the
drug itself.

PL002 can immediately enhance MRI imaging after injection at a
relatively low dose, with the imaging effect gradually increasing within
6 h post-injection, and the tumor imaging boundaries remaining clear.
Combined with its pharmacokinetic profile, PL002 has a half-life
exceeding 2 h and prolonged in vivo circulation time, ensuring
stable brain levels for up to 72 h. This stability fully supports pre-,
intra-, and postoperative MRI needs for GBM surgery. In comparison,
Gadavist® shows a signal decline starting at 5 min post-injection, with
significantly lower MRI signals in tumor regions at 6 h post-injection
compared to PL002. The tumor boundaries become blurred, and a
single dose may not meet the imaging needs for the entire surgical
procedure. Moreover, glioblastoma originates from glial cells and is
characterized by rapidly proliferating tumor cells that infiltrate diffusely
along white matter fibers and perivascular spaces. This leads to ill-
defined tumor margins and incomplete resection. Glioblastoma is often
accompanied by cerebral edema, which not only increases intracranial
pressure but also obscures the actual tumor boundaries, complicating
diagnosis and treatment. Gadavist® may have limitations in
distinguishing tumor tissue from cerebral edema/infiltrative margins,

as its short imaging window and mild enhancement signals in both
cerebral edema and infiltrative margins reduce contrast and affect the
accuracy of clinical diagnosis. However, PL002s prolonged retention
and stable imaging within the tumor, coupled with the gradual decrease
in drug concentration in normal tissues and edematous regions outside
the tumor, enhance the sensitivity and specificity of PL002 in
MRI diagnosis.

In addition to MRI, PL002 contains an ICG fluorescent moiety
that provides fluorescence-guided technology. Fluorescence-guided
techniques are also recommended as an adjunct in glioblastoma
surgery. ICG is one of the commonly used clinical fluorophores, but
its application in low-grade gliomas is limited. The accumulation of
ICG in GBM and the delineation of brain boundaries are primarily
attributed to the disrupted blood-brain barrier (BBB) and
preferential accumulation in areas with enhanced vascular
permeability due to defective vascular architecture, impaired
lymphatic drainage, and increased permeability mediators (Ergin
et al., 2012; Maeda et al., 2000). Clinical research results show that
among four cases of brain gliomas assisted by ICG-guided surgery,
the fluorescence positivity rate was 50%. In the two failed cases, ICG
was administered 24 h before surgery (Bianconi et al., 2023). The
long time interval between drug administration and surgery may
have led to the clearance of the drug retained in the tumor.
Moreover, ICG itself has a rapid metabolism, and the relatively
less disrupted BBB in patients with low-grade gliomas results in
insufficient accumulation of ICG in brain tumors (Watson et al.,
2018). Coupled with the extracellular accumulation and uneven

FIGURE 5
Fluorescence imaging of tumor microsections of PL002 and ICG groups in 6h and 24 h (200X; The white arrow indicates the location of the
fluorescence).
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distribution of ICG within tumor tissues, it may not accurately
delineate tumor boundaries (Onda et al., 2016). This was also
demonstrated in the fluorescence imaging at 6 and 24 h post-
administration of ICG in this study. In contrast, PL002 crosses
the blood-brain barrier in a manner similar to ICG and retains the
advantage of passive accumulation in the tumor region. At 6 and
24 h post-injection, the fluorescent boundaries of the tumor region
in the PL002 group remained stable and clearly delineated the tumor
area. The slower metabolism of PL002 resulted in brighter and
clearer fluorescent boundaries in the tumor region at 24 h, with
higher average fluorescence intensity in the tumor area.

Finally, safety is an inevitable consideration in clinical applications.
In imaging and pharmacokinetic studies, PL002 has been found to be
highly stable, with its tissue distribution closely matching that of
gadolinium ions. This indicates that PL002 primarily exists in its
original form within the body after administration. Combined with
acute toxicity studies, intravenous administration of PL002 at doses up
to 100 mg/kg revealed no abnormalities, suggesting that there are likely
no safety concerns in the short term.Moreover, compared to Gadavist®,
PL002 has a longer half-life. According to tissue distribution data, after

the same half-life period, the residual amount of gadolinium in tissues
from PL002may be lower than that fromGadavist®. The drug clearance
from the bodymay bemore extensive for PL002, which is advantageous
for its long-term safety. Additionally, PL002 demonstrates good
magnetic resonance imaging (MRI) and excellent fluorescence
imaging at dosages of 10–50 mg/kg (0.006–0.03 mmol Gd/kg). The
content of gadolinium in PL002 is less than 10%, which means that
PL002 can be used at relatively lower doses in clinical applications, with
correspondingly lower doses of gadolinium. To some extent, this can
mitigate the safety concerns related to gadolinium deposition.

5 Conclusion

In summary, PL002 combines the advantages of MRI and
fluorescence imaging while retaining the passive tumor targeting and
strong imaging signal of ICG. Its extended half-life addresses the short
imaging window issues associated with GBCAs and ICG, offering high
tissue resolution, strong penetration, and high sensitivity. This ensures
effective imaging while also having a broad therapeutic dose range. All

FIGURE 6
The pharmacokinetic profile and tissue distribution of PL002 in vivo. (a) The average plasma concentration inmale animals of each dosage group; (b)
The average plasma concentration in female animals of each dosage group; (c)Concentration of PL002 in plasma andmajor tissues; (d)Concentration of
gadolinium in plasma andmajor tissues [In Figures (a, b), plasma sampling time points are: pre-dose, 4min, 10, 15, 30, and 45min, and 1, 2, 4, 6, 10, 24, and
48 h post-administration; in Figures (c, d), tissue sampling time points are: 2, 6, 24, and 72 h after dosing.].
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of these features suggest that PL002 has promising application values
and development prospects in the evaluation of resection margins
before surgery, real-time intraoperative navigation, and postoperative
confirmation of the extent of resection.
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