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Editorial on the Research Topic
Functional surfaces and biomaterials

Functional surfaces and biomaterials

At the beginning of 2022, Frontiers in Bioengineering and Biotechnology - Biomaterials
Section has published a Research Topic on “Functional Surfaces and Biomaterials.” The aim of
this Research Topic is to summarize the current state of research and development in the field of
functional surfaces and biomaterials with a particular focus on biotechnological and medical
applications.

The guest editorial team would like to thank all colleagues from around the world who
submitted their reviews and research articles for the Research Topic. By the end of August 2022,
we have successfully collected 20 articles by 138 participating authors following the peer review
process. We also tried to select manuscripts from different research areas to cover the most
relevant Research Topic of interest, from drug delivery systems to bone tissue engineering to
biosensors and general aspects in biomedicine. By the end of December, the 20 articles had been
viewed for more than 21000 times with downloads more than 4,000 times, and 11 articles have
reached more than 1,000 views.

Among the 20 articles, the interests mainly focus on tissue engineering, especially bone
tissue engineering, including the influence of divalent cations on osteogenic mechanism (L. Fan
et al.; X. Nie et al.), the modification of materials on cell response and osteogenesis promotion
(F. Guo et al., Z. Zheng et al.), and the antibacterial coating on the surface of intraosseous
implants (X. Bai et al.). For example, L. Fan et al. described the synergistic effects on
osteogenesis and angiogenesis by the controlled release of Ca2+, Mg2+, and Cu2+ ions. The
simple technique used in this article served to address the adverse effects of using biologics in
bone tissue engineering, the availability of which is quite limited due to regulatory issues. In
addition, the osseointegration of tianium dental implants also has been investigated by N.
López-Valverde et al., A. López-Valverde et al. and J. Aragoneses et al., which could be of
general interest as titanium oxide-basedmaterials are widely used in orthopedic treatments. The
article by L. Guo et al., reported a biomimetic hepatic lobule-like model that could be a robust
platform for various medical applications. The article by Y. Shan et al. reported modification of
ePTFE with heparin/collagen-REDV can promote the cytocompatibility and antiplatelet
property.
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Drug delivery system is another intensive field. Researchers
prepared carriers with different modes such as stimuli-responsive
nanocarriers with transformable size for multistage drug delivery (Z.
Liu et al.). The contribution from P. Wang et al. described CaCO3

nanorods for tumor therapy demonstrates a possible rethinking of the
use of fundamental and widely studied materials to address medical
challenges. Gas–involved chemosensitization strategy is also proposed
for cancer treatment. For example, L. Tian et al. prepared a tumor-
specific lipase-responsive nanomedicine based on aptamer-conjugated
DATS/Dox co-loaded PCL-b-PEO micelle for pancreatic cancer, F.
Wang et al. reported magnetic resonance imaging-guided low-
frequency focused ultrasound combined with GDNF microbubbles
was used to target BBB opening in the ventral tegmental area (VTA)
region. New materials such as Hagfish proteins (R. Sun et al.), and
phase-change materials (B. Chen et al.), as well as diatom biosilica
label-free biosensor (T. Chen et al.), and bionic neural interfaces (J.
Zhang et al.), are also reported in this Research Topic.

An interesting work is about cell expansion and microtissue
construction. S. Wu et al. developed a unique magnetic peptide-
grafted sorting microsphere to obtain relatively pure and high-yield
MSCs in an economical and effective way, which can also be used for
the expansion of MSCs. (R. Long et al.) introduced a novel tissue
construction strategy using 3D cell culture based on artificial cells and
hydrogel under microgravity for bottom-up microtissue constructs,
which is beneficial for cell distribution and of great significance for
tissue construction research in vitro.

In summary, given their importance, it is perhaps not surprising
that the functional surfaces and functionalization using biomaterials
are highly interesting areas in the biomedicine. The main reasons are
the cellular behavior and the reactions to differently structured and
chemically presented surfaces. To control these effects and to use them
for the improvement of clinical outcomes, research and development
in the fields of materials, process engineering and analytical strategies
are required. With the new trend of circular economy, resource
efficiency and value chain becoming a driving force for innovation,

active collaboration between researchers, clinicians and industry is
essential and increasingly important. The close collaboration was also
evident in the research articles, as various laboratories and hospitals
were engaged in the contributed papers. It is anticipated that the better
understanding of the functional surfaces and biomaterials will
promote the applications of biomaterials in the future.
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Regulation of Magnesium Matrix
Composites Materials on Bone
Immune Microenvironment and
Osteogenic Mechanism
Xiaojing Nie1*, Xueyan Zhang2,3, Baozhen Lei 2,3, Yonghua Shi1 and Jingxin Yang2,3*

1Department of Pathology, School of Basic Medical Sciences, Xinjiang Medical University, Urumqi, China, 2Beijing Engineering
Research Center of Smart Mechanical Innovation Design Service, Beijing Union University, Beijing, China, 3College of Robotics,
Beijing Union University, Beijing, China

Despite magnesium based metal materials are widely used in bone defect repair, there are
still various deficiencies, and their properties need to be optimized. Composites
synthesized with magnesium based metal as matrix are the research hotspot, and the
host immune response after biomaterial implantation is very important for bone binding. By
studying the immunoregulation of bone biomaterials, it can regulate the immune response
in the process of osteogenesis and create a good local immune microenvironment, which
is conducive to biomaterials to reduce inflammatory response and promote good bone
binding. This article introduces the osteogenic mechanism of magnesium based metal
materials and its regulation on bone immune microenvironment in detail.

Keywords: magnesium, functionalmaterials, coating, osteogenesis, osteogenic mechanism, bone immunity

INTRODUCTION

Applications of Magnesium(Mg) Matrix Composites
Mg is a light metal with low density, high strength/weight ratio, in additionMg and its alloys exhibit good
biocompatibility as a kind of degradable and absorbable biomaterials (Qi et al., 2019). Compared with
metallic materials that are now widely used in the clinic, the elastic modulus of Mg based metallic
materials is closer to the bone cortex, structurally and mechanically similar to trabecular bone, favoring
the growth of bone tissue toward its interior and obtaining early fixation effects, thus reducing the “stress
shielding effect”. However, Mg based metal is a double-edged sword as a biomaterial. Due to the poor
corrosion resistance, Mg alloys degrade too fast and do not match the time of bone tissue healing, making
it difficult to exert the osteogenic effect ofMg alloys, and the gas generated during the degradation process
may cause a local inflammatory response, which greatly limits the application of Mg alloys in the clinic.
There are many methods to reduce the degradation rate of Mg metal materials, such as Mg purity,
alloying components, surface modification and increasing coatings (Kato et al., 2019).

High Purity Mg
Since the purity of Mg metal reached higher (99.99% or 99.999%), it can have a degradation rate
suitable for the internal fixation material of bone repair. At the same time, high-pure Mg in vivo
degradation will not release other alloying elements, avoiding the disadvantages of other non
degradable elements aggregation in vivo, these advantages make the application of high-pure Mg in
bone repair gradually attract attention. In the related research process, it was found that pure Mg has
a series of problems, such as pitting corrosion, degradation rate faster so that hydrogen gas
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accumulation around the implant delays the healing of the tissue
(Mahapatro et al., 2015; Siddiqui et al., 2019).

Mg Alloys
Alloying is a general and effective method to improve the
corrosion resistance and mechanical properties of Mg, and
considerable work has focused on this method, such as the
addition of aluminum (Al), zinc (Zn), strontium (Sr), yttrium
(Y), and cerium (Ce) elements (Alvarez-Lopez et al., 2010; Seitz
et al., 2015; Wu et al., 2016). However, the use of some alloying
elements is still potentially hazardous to human body, such as the
high concentration of Ce, the hepatotoxicity of Y as well as the
neurotoxicity of Al (Zain et al., 2012). As a neurotoxicant, the
accumulation of Al is associated with various neurological
diseases, such as dementia, senile dementia and Alzheimer’s
disease (Wang et al., 2017a).

Calcium (Ca) is a major component of bone, and Ca ions are also
necessary for each cell they regulate various biochemical reactions in
vivo, such as in the absence of serum in culture medium, and the
addition of Ca ions can enhance the proliferation of stem cells and
induce osteogenic differentiation (MarmionCeline et al., 2014; Lei
et al., 2015). Multiple in vitro studies have also reported the
enhancing effects of Mg or Ca on osteoblast activity, such as
improving cell growth status and alkaline phosphatase (ALP)
expression (Streckova et al., 2018).

Both oral and in vitro studies confirm that Sr can
pharmacologically increase bone formation and decrease bone
resorption at the cellular level (Reginster et al., 2010; Reginster
et al., 2013) and Sr compounds can activate osteoblast and
osteoclast activity through different signaling pathways (Saidak
andMarie, 2012). Li studies proved that Sr can promote osteogenic
differentiation of stem cells, and up regulation of several osteogenic
genes as well as an increase inALP protein expressionwas observed
when rat mesenchymal stem cell (MSCs) were cultured in Sr
supplemented medium (Li et al., 2012). An increase in the gene
and protein expression of various osteogenic markers was detected
in osteogenic human stem cells (hMSCs) cultures treated with Sr by
Sila et al. (Munisso et al., 2012). In addition to this small amount of
strontium can promote the regeneration of grains and thus
improve the mechanical properties of pure Mg (Brar et al., 2012).

Surface Modification/Coating Treatment of Mg Alloy
PureMg orMg alloys can be treated physically or chemically to form
a “protective film” on their surface that can reduce the degradation
rate of the substrate, which can include micro arc oxidation coating
(MAO), chemical conversion coating, electroplating coating,
biomimetic deposition coating, polymer coating, etc. (Lin et al.,
2013). Among all these methods, MAO is a promising new surface
treatment method, and the MAO technique shows excellent
adhesion to the base metal. In addition, this technique has many
advantages, such as simple surface pretreatment, simple process, low
cost, and comprehensive properties, which can improve corrosion
resistance, wear resistanceand microhardness of Mg alloys (Zhu
et al., 2016). In immersion tests, the mechanical properties of MAO
coated samples remain unchanged and have good biocompatibility.
However, MAO coatings onMg alloys are composed of micro pores
and cracks, whichmay affect the protective properties of the coatings

and accelerate the corrosion rate (Dima et al., 2014; Golshirazi et al.,
2017). The coating process of the self-assembly technique resulted in
the formation of a double-layer PEI/KC: Mao coating on the surface
of AZ91 Mg alloy, which led to an increase in the thickness of the
coating and improved the coating and filling of pores, and the
bonding strength of the double-layer PEI/KC: MAO coating was
significantly higher (about 1.3-fold) than that of the MAO coating,
the double-layer PEI/KC:MAO coating improved the anti-corrosion
ability of AZ91 Mg alloy with the potential for application in
biomedicine by prohibiting the corrosive ion transport. In some
studies, zirconia (ZrO2) materials have been used in biomedicine to
obtain implants or various coatings. It is bioneutral, and its result is
equivalent to titanium, but it does not affect the growth rate of
osteoblasts. At the same time, ZrO2 nanoparticles have antibacterial
properties. ZrO2 is an important biomaterial, widely used in
applications such as dental implants, where osteointegration is of
minor importance compared to the requirements. The effects of
100 nm thick titanium dioxide (TiO2), ZrO2 and hafnium oxide
(HfO2) coatings on the corrosion behavior and cytotoxicity of
AZ31Mg alloy were evaluated. The results show that ZrO2 has
the higher corrosion resistance and cell viability (Peron et al., 2021).

Other Types of Composites
Recent studies have shown that customized poly lactic-co- glycolic
acid (PLGA)/MgO alendronate microspheres are used to study the
bone immune regulation of extracellular bioactive cations (Mg2+)
in the bone tissue microenvironment. The microspheres give a
controllable release ofMg2+. The results show that Mg2+ controlled
tissue microenvironment can enhance anti-inflammatory (IL-10)
and promote bone protein (BMP-2 and TGF-β1). The production
of cytokines effectively induced macrophages to polarize from M0
phenotype to M2. It can also produce a good bone immune
microenvironment. The newly formed bone tissues in the Mg
TME possess a superior microstructure, bone mineral density, and
mechanical property (Lin et al., 2021). In addition, injectable in-
situ formed hydrogels have been extensively studied in bone
regeneration applications. This hydrogel can not only be quickly
and locally formed in any geometric target, but also play an
important role in minimally invasive treatment, and it is also
used to enhance the damage of bone tissue as a carrier for delivery
of therapeutic drugs and cells. Gelatin, collagen, gelatin, hyaluronic
acid and alginate, injectable hydrogels, which are prepared from
natural polymers, have been widely used in bone tissue engineering
due to their physical and chemical properties, excellent
biocompatibility and structural similarity with extracellular
matrix. Studies have shown that Injectable in-situ formed
hydrogels as a carrier of Mg matrix composites helps to
promote osteoblast differentiation (Chen et al., 2021).

THE ROLE OF MG MATRIX COMPOSITES
IN MACROPHAGE-MEDIATED
INFLAMMATORY RESPONSE
Biomaterials trigger a foreign body response (FBR) upon
implantation, involving a series of inflammatory events and
repair processes including protein adsorption, immune cell
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infiltration, cytokine and chemokine release, cell recruitment, and
fiber encapsulation (Zhang et al., 2016). Therefore, the study of
“bone immune microenvironment” of bone repair materials is a
major issue to be faced. Timely and appropriate protection and
adequate immune response will promote the integration of implant
surface and host bone tissue, creating a microenvironment that
promotes osteogenesis, which is conducive to promoting bone repair
of implant materials (Ping et al., 2021). The development of bone
immunology has become one of the greatest achievements in the
field of bone biology, which reveals the important role of immune
cells in regulating bone dynamics (Cui et al., 2018). By studying the
immune regulation of bone biomaterials, it can regulate the immune
response in the process of osteogenesis, create a good local immune
microenvironment, and help biomaterials reduce inflammatory
response and promote good bone binding (Haggerty et al., 2018).
As shown in Figure 1, with the introduction of the concept of bone
immunity and its development in the field of bone regeneration,
researchers gradually found that immune cells play a central role in
the formation of local bone microenvironment. By regulating the
expression of growth factors, chemokines, inflammatory factors and
other factors, osteogenic differentiation, osteoclast differentiation,
fibrosis, vascularization and other processes closely related to bone
regeneration are regulated in bone regeneration. Moreover, immune
cells are the central regulators of bone immune microenvironment,
and affect the process of osteogenesis, osteofragmentation and
fibrosis in the process of bone regeneration by secreting various
cytokines into the bone regenerationmicroenvironment (Chen et al.,
2018).

Polarization of Macrophage Phenotype
Plays a Central Role in the Regulation of
Inflammatory Response
Macrophages, especially monocyte derived macrophages, are key
regulators. Traditionally, these cells have been known to remove
foreign bodies and cell debris—both pathogens and tiny matter.

Increasingly, they are found to play important roles in a wide
range of processes from host defense, inflammation, wound
healing, and tissue remodeling (Nenasheva et al., 2020). When
exposed to external stimuli, Macrophages are activated into
different phenotypes and secrete various chemokines,
inflammatory mediators, matrix metalloproteinases (MMPs),
and growth factors (Zhao et al., 2020; Sharma et al., 2020).
Among all cells in the immune system, macrophages are
innate immune cells and play an important role in the
immune response induced by substances. Macrophages
participate in bone physiological processes and secrete some

FIGURE 1 | (ALP: alkaline phosphatase; OPN: Bone bridge egg white, BMP-2: Bone morphogenetic protein-2, VEGF: vascular endothelial growth factor, OSM:
tumor suppressant M, TRAP: Tartrate-resistant acid phosphatase, OPG: osteoprotectin; Il-6: Interleukin-6, RANK: nuclear factor κβ receptor activation factor, TNF:
Tumor necrosis factor) (Chen et al., 2018).

FIGURE 2 | Macrophages have high plasticity and exhibit pro-
inflammatory M1 or anti-inflammatory M2 types (Italiani and Boraschi, 2014).
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important regulatory molecules to influence bone remodeling
(Jetten et al., 2013). Biomaterial implants induced polarization of
macrophages towards different phenotypes M1 and M2. M1 is a
pro-inflammatory macrophage that can be “classically activated”
and M2 is an anti-inflammatory macrophage that can be
“selectively activated” to its microenvironment (Murray et al.,
2014; Piccolo et al., 2017). Figure 2 shows macrophages are
usually (induced by TH1 cytokines such as IFN-G and LPS) or
selectively activated (induced by TH2 cytokines such as IL-4/IL-
13), called M1 or M2, respectively. M1 macrophages polarize to
perform their pro-inflammatory and pathogen-killing functions,
secreting high levels of TNF-α, IL-12, and IL-23. M2
macrophages resolve inflammation and organize tissue repair,
producing IL-10 and arginase. M2 are further subdivided into
M2a (IL-4 and IL-13 triggers), M2b (FcgR/TLR triggers), and
M2c (IL-10, TGF-β, glucocorticoid triggers). All of these subtypes
have anti-inflammatory properties. While M2a and M2b are
more immunomodulatory, M2c cells are considered as
inactivated macrophages and participate in tissue remodeling
(Italiani and Boraschi, 2014; Nahrendorf and Swirski, 2016). The
interaction between macrophage polarization and biomaterial
composition significantly affects bone regeneration. Thus,
macrophages can be used as a cellular model to evaluate the
osteogenic process of biomaterials implanted in vitro. Unlike
osteomas, inflammatory macrophages are established during fetal
development and are derived from monocyte precursors
circulating in the blood. Macrophages have high plasticity and
exhibit pro-inflammatory M1 or anti-inflammatory M2 type
depending on the polarization phenomenon according to
microenvironmental cues. M1 cells are involved in acute
inflammation and, therefore, they are more closely related to
the early stages of tissue repair. In contrast, M2 cells play a role in
the later stages of bone healing, leading to positive repair or
fibrous tissue production. Over time, the two types of
macrophages release different factors and cytokines that
interact with other coordinating factors of bone healing, such
as endothelial cells, mesenchymal cells, osteoclasts and
osteoblasts (Moeser et al., 2011; Wu et al., 2013). It is
noteworthy that both M1 and M2 are required to restore the
function of injured bone tissue, and timely switching between
these two phenotypes may determine the success of active bone
regeneration and implant.

Regulatory Role of Mg in
Macrophage-Mediated Inflammatory
Response
Studies have shown that Mg2+, a major degradation product of
Mg, is the most abundant divalent cation in cells, which can
regulate cell growth, metabolism, proliferation and other cellular
functions, and has the function of anti-inflammatory regulation
of bone immune microenvironment (Bockstaller et al., 2005; Lee
et al., 2016). For example, Mg2+ is used to improve the prevention
of obstetric epileptic seizures. Mg2+ promote the conversion of
macrophages to the M2 phenotype, and M2 macrophages also
produce growth factors, including transforming growth factor
(TGF-β) and VEGF, which support the migration and osteogenic

differentiation of MSC. In addition, the inflammatory NF-κβ
signaling pathway was down-regulated by inhibiting TLR
pathway, and the activated macrophages were promoted to
secrete anti-inflammatory cytokines IL-10 and IL-1, and the
expressions of osteogenic genes BMP2 and VEGF were up-
regulated. Suitable concentration of Mg2+ (100 mg/L) can
promote osteogenic differentiation of MSC. The mechanism
may be that Mg2+ promote the secretion of BMP2 by
macrophages, by activating the BMP2/Smad signaling pathway
of MSC to enhance its osteogenic differentiation ability. Mg2+

release concentration (about 100 mg/L) can overcome the
harmful bone immunomodulatory properties of Mg-based
biomaterials and make them more favorable for bone marrow.
Specifically, microscale Mg2+induces phenotypic switching in M2
macrophages, and most likely induces an anti-inflammatory
environment by inhibiting the TLR-NF-κβsignaling pathway.
Microscale Mg2+ stimulates macrophage BMP-2 expression
and activates BMP-2 signaling pathway in bone MSC,
promoting osteogenic differentiation. Therefore, manipulating
the concentration of in Mg-based bone scaffolds can make
biomaterials have good bone immunomodulatory properties.
In short, Mg matrix composites promote the transformation of
macrophages to M2 phenotype, and M2 macrophages can
produce TGF-β and VEGF, supporting the migration and
osteogenic differentiation of BMSC and down regulate
inflammatory NF by inhibiting TLR pathway-κB signaling
pathway promotes activated macrophages to secrete anti-
inflammatory factors IL-10 and IL-1ra, and up regulates the
expression of osteogenesis related genes BMP2 and VEGF to
promote osteogenesis (Mele et al., 2014).

MECHANISMS OF OSTEOGENESIS OF MG
MATRIX COMPOSITES

Promotion of ERK Signaling Pathway in
Osteoblasts by Degradation Products From
Mg-Ca-Sr Alloys
In osteoblasts, a critical member of mitogen-activated protein
kinase cascades (MAPK) plays an important role in cell
proliferation and differentiation. ERK1/2 is a positive regulator
for osteoblast differentiation and bone formation. Studies have
shown that C3G may act through ERK1/2 signaling pathways in
various cells (Hu et al., 2021; Ibarra et al., 2021). Li et al. (2016)
developed ternary Mg-1Ca-xwt% Sr (x = 0.2, 0.5, 1.0, 2.0) Alloys
as degradable implant materials in orthopedic field. Its results
showed that Mg-1Ca alloy with different amounts of Sr added
during the melting process could refine the alloy grains. The
extracts of the obtained cast alloys could stimulate cell viability
and osteogenic differentiation, and the degree of stimulation
varied according to the Sr content. The addition of 2.0 wt% Sr
in Mg-1Ca alloy could induce higher proteins adsorption, and
improve cell proliferation and ALP activity as a marker of
osteogenic differentiation, collagen secretion, etc. ECM
mineralization and osteogenesis related genes are expressed
through the ERK1/2 pathway. The MAPK family is involved
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in regulating many cellular physiological functions, such as
proliferation, differentiation, inflammation, and apoptosis, and
MAPKs are indispensable factors in the process of osteoblast
initiation, especially the ERK/MAPK pathway (Yang et al., 2018),
in which ERK1/2 mediated the phosphorylation and
transcriptional activity of Runx2 in bone (Wang et al., 2010;
Park et al., 2021). Without increasing the total ERK level, it was
found that Mg-1Ca-2Sr alloys induced ERK1/2 activation as well
as upregulation of Runx2 expression in osteoblasts significantly,
however there was no obvious difference in the amount of total
and phosphorylated JNK or P38 between the treatment and
control groups, and its further study found Ras/Raf/MEK of
MAPK signaling pathway, ERK plays an essential role in the
differentiation and maturation of osteoblasts cultured on Mg-
1Ca-2Sr alloys. Figure 3 shows these alloys release Mg2+, Ca2+,
and Sr2+. Mg2+ can bind to the subunits of integrins and activate
the MEK/ERK pathway. Ca2+and Sr2+bind to Ca2+receptors
(CaSR) Binding. Once the CaSR is activated by the increased
divalent cation, the intracellular signaling pathways start to
activate different G proteins. This leads to the activation of
tyrosine kinases, phospholipase C and adenylate cyclases,
which activates the ERK signaling pathway through the RAS/
Raf/MEK/ERK pathway (Li et al., 2016). The Mg2+ integrin
subunits bind, upregulate the expression of integrins in
osteoblasts, and in turn activate focal adhesion kinase (FAK).
FAK in integrin signal integration can directly activate ERK
signaling and promote osteogenic gene expression. Berglund
et al. (2017). Effects of novel Mg-Ca-Sr alloys on cellular

mechanisms during degradation ion concentrations of alloy
degradation products were found to be specific to hMSCs had
a dual effect, increasing cell proliferation and possibly inducing
osteogenesis, the effect on proliferation was attributed to the
presence of Sr, whereas the addition of Mg appeared to induce
osteogenesis. HMSCs differentiation was examined by changes in
ALP and Runx2 genes expression, and further concluded that
alloy degradation products affected the osteogenic process. ALP
gene expression in osteogenic induced cultures showed that the
alloy extracts had different effects on osteogenesis.

The Underlying Mechanism of Mg Ions
Promoting Osteogenesis May be Achieved
by Activating the MAPK/ERK Signaling
Pathway or Promoting Osteoblast
Proliferation and Differentiation via Wnt/β -
Catenin
MAPK/ERK is an important signaling pathway that regulates the
processes of bone development, bone remodeling, and bone
metabolism (Ishii et al., 2019). The main pathways of MAPK/
ERK signaling include β-Catenin and GSK-3β. β-Catenin is a
positive regulatory protein, which is able to promote proliferation
and differentiation of osteoblasts. GSK-3β acts as a signaling
protein and transcription factor to monitor cell growth (Liu et al.,
2011). β-Catenin is an important positive regulator of osteoblasts
and promotes osteoblast differentiation and bone formation, and
several studies have also suggested different observations on the

FIGURE 3 | Mg2+, Ca2+ and Sr2+could promote osteogenic gene
expression via binding to calcium-sensing receptor (CaSR) and activating ERK
signaling pathway through Ras/Raf/MEK/ERK pathway (Li et al., 2016).

FIGURE 4 | Mg ions promoting osteogenesis may be achieved by
activating the MAPK/ERK signaling pathway or promoting osteoblast
proliferation and differentiation via Wnt/β-Catenin (Iezaki et al., 2016).
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effects of Mg2+ on the β-Catenin pathway, which may be due to
different cells. The current study gives an explanation that Mg
exerts anabolic effects on bone, and in this study, Mg2+increased
ERK phosphorylation and then enhanced the level of c-fos may
help promote the proliferation of MC3T3 cells, in addition Mg2+

induced GSK3β phosphorylation, so the level of β-Catenin was
increased due to the Mg2+-induced phosphorylation of GSK3β
and Ca2+impedes GSK3β binding to β-Catenin in order to
increase the level of β-Catenin and stimulate β-Catenin to
form new bone. In vitro studies have shown that at least two
pathways are involved in Mg2+ stimulation of bone formation, as
shown in Figure 4 (Iezaki et al., 2016).

Mg Ions is Involved in the PI3K/Akt Signaling
Pathway Through the Ion Channel
Functional Protein Kinase TRPM7
Two cation channels of the transient receptor potential
hormone (TRPM) family have been characterized as Mg2+

transporters: TRPM6 and TRPM7. TRPM7 is both an ion
channel and a phosphokinase active transmembrane protein,
it has been implicated in cell proliferation and cell motility in
various normal tissues (Yang et al., 2013; Na et al., 2018). As a
divalent cation channel, TRPM7 participates in the process of
cellular uptake of Mg2+ in the external environment, TRPM7 is
also involved in Mg2+ absorption, and the absence of TRPM7
kinase activity can lead to the same phenotype as
hypomagnesemia, which indicates that Mg2+ can activate
TRPM7 kinase activity to mediate downstream signaling
pathways and regulate cell biological functions and activities
(Zhao et al., 2019). In many tissues, TRPM7 mediates the PI3K
signaling pathway to regulate the proliferative activity of cells
and increase the extracellular Mg2+ content, which relieves the
growth inhibition caused by TRPM7 gene deletion. Zhang et al.
(2017) human studies have confirmed that Mg2+promote bone
repair by recruiting osteoblasts and promoting osteogenesis in
osteoblasts. Inhibition of TRPM7 gene expression by siRNA
gene interference found that Mg2+ induced ossification,
mineralization migration, and chemotaxis were significantly
inhibited after TRPM7 knockdown, demonstrating that the
TRPM7 gene mediates the osteogenic induction by Mg2+ in
human osteoblasts. Its data suggest that Mg ions induce
osteogenesis byTRPM7/PI3K signaling upregulates the
expression of Runx2 and ALP, which are markers of
osteogenic differentiation, and can significantly improve the
osteogenic activity of human osteoblasts. Furthermore, TRPM7/
PI3K signaling increases MMP2, MMP9, and vascular
endothelial growth factor (VEGF). The expression level of
PI3K, a key signal transduction molecule downstream of
TRPM7, induces osteoblasts from a low to a high Mg2+

environment by inducing cell migration. It can activate Akt
protein and regulate cell proliferation, differentiation,
apoptosis, and glucose transport in many tissues (Guntur and
Rosen, 2011). The PI3K/Akt signaling pathway plays a crucial
role in osteogenesis, and Akt phosphorylation upregulates the
Runx2 gene, which induces genes associated with bone repair
and remodeling, such as osteocalcin, type I collagen,

osteopontin, and ALP. (Choi et al., 2014; Wang et al.
(2017b)) incubation of rat calvarial osteoblasts with three
different concentrations of Mg ions (6, 10, and 18 mM)
revealed that appropriate concentrations of Mg2+ (6–10 mM)
promoted osteoblast viability and differentiation, whereas
excessively high Mg concentrations (18 mM has an inhibitory
effect on osteoblast viability and differentiation. Blocking the
PI3K/Akt signaling pathway using wortmannin, a specific
inhibitor of the PI3K/Akt signaling pathway, wortmannin
significantly attenuated the enhancement of cell adhesion,
cell viability, ALP activity, ECM mineralization, and
osteogenesis related gene expression induced by
10 mMMg2+. Our study showed that 6 and 10 mMMg2+

exerts stimulatory effects on cell adhesion, cell viability, ALP
activity, ECM mineralization, and expression of osteogenesis
related genes, and this process has been attributed, at least in
part, to the activated PI3K/Akt signaling pathway.

Mg Ions Promote Osteogenic
Differentiation via the Notch Signaling
Pathway
As shown in Figure 5, these effects were not observed after
inhibition of the Mg2+ channel TRPM7 by 2-APB confirming the
crucial role of intracellular Mg2+ during MSCs osteogenesis, and
Mg supplementation enhances MSCs proliferation.
Mechanistically, Mg ions enter MSCs through TRPM7
channels and increase Notch intracellular domain (NICD)
nuclear translocation. Proliferation of MSCs contributes to
subsequent osteogenesis, and inhibition of 2-APB channels
decreases the osteogenic potential of Mg (Díaz-Tocados. et al.,
2017; Niapour et al., 2019).

FIGURE 5 |Mg ions enter into MSC through TRPM7 channel, increasing
Notch Intracellular Domain (NICD) nuclear translocation (Díaz-Tocados. et al.,
2017).
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Activation of CREB1 and SP7 by Mg
Mediated CGRP
Calcitonin peptide (CGRP) primarily located in small sensory
fibers, most usually found in nerves that are closely associated
with blood vessels. The periosteum contains sensory nerves and
releases neuropeptides, such as CGRP, which are known as
involving in bone healing (). It has been demonstrated that
magnesium ion release implantation enhances the synthesis of
CGRP in the dorsal root ganglion (DRG) and its release at the end
of the sensory nerve periosteum, and the CGRP mediated
pathway has been identified as a major mechanism of
potential magnesium to promote bone formation in fracture
healing. Some study also demonstrates that CGRP processes
an equal effect on migration and tube formation compared
with VEGF, accompanied by increased VEGF expression, and
activation of focal adhesion kinase (FAK), thereby acting as a
strong proangiogenic growth factor during bone healing (Sun
et al., 2020; Ye Li et al., 2021). Zhang et al. (2022) demonstrated
through in vitro and in vivo studies that the promotion of bone
formation by Mg is largely mediated by CGRP released from the
sensory neuron terminals of the periosteum of the long bone axis,
CGRP mediated periosteal nerves, and periosteal stem cells. The
crosstalk pathway between them was identified as the main
mechanism underlying Mg induced bone formation.
Mg2+enters neurons through the ion channels MAGT1 and
TRPM7 and promotes CGRP vesicle clustering and secretion
in spinal root ganglion phosphorylates cyclic adenosine
monophosphate (cAMP) by coupling with the CGRP receptor
on periosteal stem cells, which in turn activates CREB1 and SP7

(transcription factors essential for osteogenesis) to promote
osteogenesis. As shown in Figure 6, CGRP or Mg implants
only upregulate SP7 and not Runx2, another downstream
target of CREB1 important for bone formation, which suggests
that specific activation of CREB1 and SP7 leads to the
differentiation of osteoblasts in vitro and in vivo.

CONCLUSION

In conclusion, The synthesis of Mg matrix composites is a hot
research topic nowadays, and the host immune response is very
important for bone bonding after biomaterial implantation. By
studying the immune regulation of bone biomaterials, it can
regulate the immune response in the process of osteogenesis,
create a good local immune microenvironment, and help
biomaterials reduce inflammatory response and promote
good bone bonding. This study provides basic evidence for
the development or modification of advanced Mg-based bone
biomaterials and suggests new strategies. It has broad prospects
and application value in the field of bone repair. It will provide
experimental basis for exploring new bone tissue engineering
materials with good antibacterial activity, excellent bone
conductivity and suitable biodegradability, and further
improve the application effect and scope of guided bone
regeneration technology and bone tissue engineering
materials in the field of implantation, It lays a good
foundation for the final development of international
advanced domestic bone tissue engineering materials.
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Nano-hydroxyapatite (nHA) has been widely applied as a tissue-engineering biomaterial
and interacted with osteoblasts/stem cells to repair bone defects. In addition, T cells that
coexist with osteoblasts/stem cells in the bone modulate the regulation of
osteoimmunology by cytokine formation. However, the effects of nHA on T cells and
the following regulatory interplay on osteogenic differentiation have been rarely examined.
In this work, the physicochemical properties of needle-like nHA are characterized by field
emission scanning electron microscopy, zeta potential, Fourier transform-infrared and
X-ray diffraction. It is found that as the concentration of nHA increases, the proliferation of
T cells gradually increases, and the proportion of apoptotic T cells decreases. The
percentage of CD4+ T cells is higher than that of CD8+ T cells under the regulation of
needle-like nHA. Furthermore, the supernatant of T cells co-cultured with nHA significantly
inhibits the osteogenic differentiation of MC3T3-E1 by downregulating the formation of
alkaline phosphatase and calcium nodule compared with the supernatant of nHA. Thus,
our findings provide new insight into the nHA-mediated T cell and osteoblast interactions.

Keywords: nano-hydroxyapatite, T cell, osteogenesis, osteoimmunology, nanomaterials

1 INTRODUCTION

Hydroxyapatite (HA) is one of the most remarkable biomaterials and has been widely used in bone
tissue engineering and regenerative medicine owing to its good biocompatibility and osteoinductive
activity (Wei and Ma, 2004; Santos et al., 2012; Wang et al., 2012; Akram et al., 2014; Pepla, 2014; Yu
et al., 2022). Particularly, nano-HA (nHA) particles gained increasing attention from the viewpoint
of fundamental research and clinical applications due to their enhanced (bio)physicochemical
properties compared with HA, including solubility, surface energy and bioactivity (Wang et al., 2004,
2021a; Guo et al., 2007; Mokabber et al., 2019; Ji et al., 2021). In addition, nHA is more similar to
apatite of biological bone and dental tissues in terms of morphology, crystal structure and
crystallinity (Fathi et al., 2008; Barros et al., 2019). It has been demonstrated that nHA can
greatly promote osteoblast proliferation and osteogenesis, as well as accelerate osseointegration
(Wang et al., 2021a). In addition, T cells that coexist with osteoblasts in the bone modulate the
regulation of osteoimmunology by cytokine formation. Osteoimmunology is an emerging field for
investigating the interaction between the immune system and bone tissue (Kumar and Roger, 2019;
Yu et al., 2022). Osteoblasts have the capacity to communicate with the immune cells and vice versa
(Gruber, 2019; Tsukasaki and Takayanagi, 2019; Zhang et al., 2020). Therefore, as a key regulator in
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the process of bone regeneration, it is vital to elicit how nHA
mediates the interplay between osteoblasts and T cells.

The bone marrow is the major location of haematopoiesis,
harboring haematopoietic stem cells, myeloid and lymphoid
progenitors, and mature immune cells such as B cells,
neutrophils, macrophages, and T lymphocytes (Tsukasaki
and Takayanagi, 2019). Osteoblasts/stem cells and immune
cells share the same microenvironment and interact to
complete the function of the “bone immune system”
(Kumar and Roger, 2019). Osteoblast maturation is
triggered by T lymphocytes (Croes et al., 2016; Khassawna
et al., 2017). The formation and activity of osteoclasts are
affected by some cytokines and growth factors secreted by T
lymphocytes (Gillespie, 2007). Activated conventional CD4+

and CD8+ T lymphocytes control bone homeostasis via
surface-bound molecules that bind to cognate molecules
expressed in osteoblasts and their stromal cell precursors
and by producing osteoclastogenic cytokines such as
receptor activator of nuclear factor-κB ligand, tumor
necrosis factor α (TNF-α), interleukin 1 (IL-1), IL-6, and
IL-17 (Pacifici, 2016). In addition, T cell subsets and their
released factors may influence bone regeneration outcomes
differentially. CD4+ and CD8+ T lymphocytes affect
osteoprogenitor cell development in various ways (Kumar
and Roger, 2019; Shao et al., 2020). Nanoparticles are
known to be able to interact with and affect the immune
system (Liu et al., 2009). Nanoparticles could induce T cell
activation and differentiation (Items et al., 2018). The effect of
nHA with different aspect ratios on T cells has been
investigated and greatly affected CD3+ T cells as
percentages of total cells (Yu et al., 2022). However, the
effects of various nHA concentrations on T cells and the
following regulatory interplay on osteogenic differentiation
have been rarely examined.

Inspired by the introduction above, nHA was applied to
investigate their effects on T cell responses, differentiation, and
the following regulatory on osteoblasts (Figure 1). First, the
physicochemical properties of needle-like nHA are

characterized by field emission scanning electron microscopy
(FE-SEM), zeta potential, Fourier transform-infrared (FT-IR)
and X-ray diffraction (XRD). The viability, apoptosis and
differentiation of T cells were treated with different nHA
concentrations (i.e., 0, 10, 100, and 1,000 μg/ml), and cell
viability was determined. In addition, the supernatant after co-
culturing nHA and T cells was used to test its effect on the
osteogenic capacity of osteoblasts by measuring the formation of
alkaline phosphatase and calcium nodule. Thus, this work could
offer new insight into the nHA-mediated T cell and osteoblast
interactions.

2 MATERIALS AND METHODS

2.1 Materials
The nHA (purity >97%, CAS 1306-06-5) was purchased from
Aladdin Industrial Inc. (Shanghai, China). Cell Counting Kit-
8 (CCK-8), Annexin V-FITC/PI apoptosis detection kit,
bicinchoninic acid (BCA) protein assay kit, Dulbecco’s
modified Eagle’s medium (DMEM), trypsin, fetal bovine
serum (FBS), penicillin and streptomycin were supplied by
Meilunbio (Dalian, China). EasySep™ mouse T cell isolation
kit was obtained from StemCell Technologies (Vancouver,
CA, United States). Anti-mouse CD3 (Clone 17A2), anti-
mouse CD28 (Clone 37.51) were purchased from Peprotech
(Westlake Village, CA, United States). Anti-mouse CD4,
phycoerythrin (PE, Clone GK1.5), Anti-mouse CD8α,
phycoerythrin-cyanine 7 (PE-Cy7, Clone 53-6.7) and flow
cytometry staining buffer was purchased from Multi
Sciences Biotech, Co., Ltd. (Hangzhou, China). 5-(and-6)-
Carboxyfluorescein diacetate, succinimidyl ester (CFSE) was
obtained from Abbkine Bioadvisers. Alizarin red S (ARS)
staining kit for osteogenesis was purchased from Beyotime
(Shanghai, China). Dimethyl sulfoxide (DMSO) and RPMI
1640 culture medium were obtained from Solarbio (Beijing,
China). Deionized (DI) water was used in all experiments. All
chemicals were used without additional purification.

FIGURE 1 | Schematic diagram of the effects of nHA on T cell responses, differentiation, and the following regulatory on osteoblasts.
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2.2 Physicochemical Characterization
of nHA
2.2.1 FE-SEM
The size and morphology of nHA were evaluated using an FE-
SEM (Sigma500, Zeiss, Germany). The nanoparticles were diluted
in DI water and placed in an ultrasonic bath for 30 min to
disperse the particles. The entire observation procedure was
carried out in a vacuum atmosphere with a constant
accelerating voltage of 5 kV, at magnification of 50,000. The
average crystal size was determined by ImageJ software. The
size was determined statistically by averaging data from 100
unique particles from different images.

2.2.2 FT-IR Spectroscopy
To measure the FT-IR spectra of the nHA, a Nicolet iN10 FT-IR
spectrometer (Thermo Fisher Scientific, Waltham, MA,
United States) was utilized over the range of 500–4,000 cm−1

at a scanning resolution of 2 cm−1 during 32 scans.

2.2.3 XRD Spectroscopy
The crystal structures of nHA were measured using XRD
spectroscopy (Ultima IV Japan). The nHA was examined
between 20° and 60° (2θ) at a scanning rate of 0.02° (2θ) per
min operating with voltage 40 kV and current 40 mA equipped
with Cu Kα radiation (λ = 1.5418 Å).

2.2.4 Zeta Potential
Dynamic light scattering on a Zetasizer Nano ZSE
(United Kingdom) was used to assess the zeta potential of
nHA samples. At the same concentration, the nHA were
disseminated in DI water and 1640 RPMI complete medium.

2.3 Cell Assays
2.3.1 Isolation and Culture of Mouse T Cells
Spleens were dissected from C57BL/6 mice. Following
mechanical digestion, the tissue suspension was filtered to
produce a leukocyte single-cell suspension. T cells were
isolated from this suspension by a mouse T cell isolation kit
(19851; StemCell). These separated T lymphocytes were then
used in the following cellular assays.

T cells (105 cells/ml) were cultured in 1640 RPMI complete
medium (with FBS) in the presence of anti-mouse CD3 and
anti-mouse CD28 antibodies. T cells co-cultured in the
presence of 10, 100, and 1,000 µg/ml nHA. T cells were
cultivated under the same conditions without the addition
of nHA as the control.

The Cell Culture Centre of Shanghai Institutes for Biological
Science Chinese Academy of Sciences (Shanghai, China)
contributed a murine osteoblastic cell line (MC3T3-E1).
MC3T3-E1 cells were incubated at 37°C in 5% CO2 and the
medium was changed every 2 days. Cells were subcultured when
they achieved 80%–90% confluence by using Dulbecco’s
phosphate buffered saline and trypsin/
ethylenediaminetetraacetic acid. The studies listed below were
carried out in duplicate across three different experiments (n = 3).
This research was approved by the Ethics Committee of the

Affiliated Hospital of Qingdao University (approval number:
QYFYWZLL 26848).

2.3.2 T Cell Viability
The CCK-8 was used to assess cellular viability. Briefly, nHA
samples were added into T cells medium (105 cells/well in 96-well
plates) for 1, 2 and 3 days. Subsequently, 10 μl of CCK-8 solution
was added to each well. The option density (OD450) was measured
using a microplate reader (SynergyH1/H1M, Bio-Tek, China)
after 4 h of incubation.

2.3.3 Flow Cytometry
T cell apoptosis was examined by using the Annexin V-FITC/PI
Apoptosis Assay Kit according to the manufacturer’s instructions.
Briefly, T cells were incubated with or without nHA samples for 48 h.
T cells were collected, washed with phosphate buffer solution (PBS),
and resuspended at a concentration of 106 cells/ml in 1 × binding
buffer. Then 100 μl of the solution (105 cells) was moved to a 2.5 ml
Eppendorf tube, and 5 μl of annexin V-fluorescein-5-isothiocyanate
(FITC) and 5 μl of propidium iodide (PI) were added. T cells were
gently vortexed and incubated in the dark for 15min. All samples
were analyzed using FACScan flow cytometry (ACCURI C6, Becton
Dickinson, United States). 10,000 ungated events were collected for
each sample. The early apoptotic populations were represented by
Annexin V+ PI− cells. The late apoptotic or secondary necrotic
populations were represented by Annexin V+ PI+ cells.

T cells were stained with PE-conjugated anti-mouse CD4 and
PE-cy7 conjugated anti-mouse CD8 antibodies after 5 days of
incubation. T cells were washed and resuspended in flow
cytometry staining buffer. FACScan flow cytometry was used
to analyze the samples.

T lymphocytes were isolated, stimulated with anti-mouse CD3
and anti-mouse CD28 and labeled with 2.5 μM CFSE. These cells
were cultured in the presence of nHA in 96-well plates at an equal
ratio. After 72 h, the proliferation was assessed using flow
cytometry based on CFSE dilution in gated T cells. Flow
Cytometry samples were analyzed using FlowJo software.

2.3.4 MC3T3-E1 Cell Viability
DMEM (CON), the supernatant of nHA in 1640 RPMI complete
medium (nHA), the supernatant of T cells (T), T cells and 100 μg/ml
nHA co-culture supernatant (T + nHA) were respectively added into
MC3T3-E1 cells medium (5 × 103 cells/well in 96-well plates) for 1
and 3 days culture. Then 10 μl CCK-8 solution was added to each
well. The OD450 was measured using a microplate reader after 1 h of
incubation.

2.3.5 Alkaline Phosphatase Activity
ALP activity was used to estimate the osteogenic performance of
T cells and 100 μg/ml nHA co-culture supernatant, for evaluating the
early osteogenic differentiation of MC3T3-E1 cells. MC3T3-E1 cells
(2 × 104 cells/well in 24-well plates) were seeded on the samples and
incubated with the osteogenic induction medium. The osteogenic
induction medium (CON), the supernatant of nHA in 1640 RPMI
complete medium (nHA), the supernatant of T cells (T), T cells and
100 μg/ml nHA co-culture supernatant (T + nHA) were respectively
added into MC3T3-E1 cells medium. Following a 14 days culture

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org April 2022 | Volume 10 | Article 8842913

Guo et al. Nano-Hydroxyapatite Mediated Osteoimmunology

19

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


period, the ALP activity of MC3T3-E1 cells was determined using an
ALP test kit and themanufacturer’s instruction. A BCA protein assay
kit was used to standardize the total protein content of cells (king
unit/g prot), which was used to calculate ALP activity.

2.4 ARS Staining
To examine matrix mineralization qualitatively, at the
differentiation days of 14, MC3T3-E1 cells were washed with
PBS, and then fixed and stained with ARS Staining Kit for
Osteogenesis (C0148, Beyotime) as the manufacturer’s
instructions. The cells were examined by light microscopy
(VIYEE, China).

2.5 Statistical Analysis
All data were presented as mean ± standard deviation (SD).
GraphPad Prism 8.0 or Origin 9.0 software was used for statistical
analysis. To determine differences between groups, one-way
analysis of variance (ANOVA) with Tukey’s test was used. A
value of p < 0.05 was considered to be statistically significant.

3 RESULTS AND DISCUSSION

3.1 Physicochemical Characterization
of nHA
Accumulating evidence suggested that the morphology and size of
nanomaterials play a critical role in cell behaviors, including adhesion,
viability, proliferation, migration, functionalization or differentiation
(Nguyen et al., 2016; Zhou et al., 2018; Li et al., 2020; Liu M. et al.,

2021; Wang et al., 2021b; Yang et al., 2021; Yao et al., 2021).
Figure 2A shows that the nanosized HA particles possessed
uniform distribution and needle-shaped morphology. Figures
2B,C displays that the length of the needle-like HA nanoparticle
was 117.07 ± 37.73 nmand their widthwas 20.99 ± 2.68 nm. Previous
studies have demonstrated that the needle-shaped nHA were
biocompatible with bone marrow mesenchymal stem cells,
enhanced cell proliferation and facilitated osteogenic
differentiation (Paquin et al., 2015). Also, it was reported that the
size (20–40 nm) of apatite nanoparticles could promote
biomineralization in the bone tissue (Cai et al., 2007).

In addition, the surface charge and functional group in the
nanomaterials significantly affected their interplay with cells
(Thian et al., 2010). As shown in Figure 2D, it was found that
the zeta potential of nHA in the DI water is −9.78 ± 0.2 mV.
The nHA with negative charges was consistent with results
reported in other studies (Huang et al., 2014). When
nanoparticles were suspended in the cell culture medium,
additional proteins were attached to their surface, which could
affect their zeta potential (Thian et al., 2010; Sabuncu et al.,
2012; Patel et al., 2017). In the 1640 RPMI complete medium,
the zeta potential of the nHA was −10.43 ± 0.97 mV. The
result indicates that nHA in the 1640 RPMI complete medium
had no effect on their surface charge.

Moreover, FT-IR spectra were acquired to detect the
functional group of the nHA sample. As indicated in
Figure 2E, the spectroscopy of nHA displayed
characteristic bands, including PO4

3- (1,088, 1,026, 962,
601 and 562 cm−1) and OH- (3,566 cm−1). In addition, the

FIGURE 2 | (A) FE-SEM image of nHA. (B,C) Length and width size distribution of nHA. (D) Zeta potential of nHA in DI water and 1640 RPMI complete medium. (E)
FT-IR spectrum of nHA. The purple, green and blue arrows indicated OH-, CO32- and PO43- groups, respectively. (F) XRD pattern of nHA.
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ion stretching vibration at 1,451 and 1,423 cm−1 confirmed the
presence of the CO3

2- group. The functional groups of nHA
from FT-IR spectra analysis are compared with the results in
other studies (Cipreste et al., 2016). The XRD pattern of nHA
showed several sharp peaks, indicating good crystallinity
(Figure 2F). The characteristic XRD peaks (25.8°, 31.8°,
39.8°, 46.7°, 49.5°, and 53.2°) corresponded to the (002),
(211), (130), (222), (213) and (004) crystal planes of the
nHA structure, respectively. The peak positions are in good
agreement with the ICSD card no. 74-0566.

3.2 The Interactions Between nHA and T
Lymphocytes
T cells were co-cultured with various concentrations of nHA to
assess the effect of nHA on T cell viability. After 1, 2, and 3 days of
cell culture, CCK-8 viability assays were performed. After 1 day,
the cell viability in 1,000 μg/ml nHAwas greatly higher than those
in other groups, as shown in Figure 3A. There were no significant
differences among control, 10 and 100 µg/ml nHA. After 2 and 3
days, the cell viability in 10 μg/ml nHA was lower than that in the
control group. However, in the 100 μg/ml nHA group, the cell
viability was similar to the control group. The cell viability in the
1,000 μg/ml nHA group was higher than 10 and 100 µg/ml
groups. In addition, as the incubation time increased from 1
to 3 days, the cell viability in 10 μg/ml nHA significantly
decreased and the cell viability of the 100 μg/ml nHA group
remained unchanged. These results imply that the viability of
T cells was dependent on the concentrations of nHA.
Importantly, 1,000 μg/ml nHA greatly enhanced the viability
of T cells. We added different concentrations of nHA to the
cell culture medium to explore the influence of nHA content on
T cell proliferation after 3 days. As shown in Figure 3B, there was
only one CFSE signal peak in each group, which represented the
same number of generations of cell proliferation in each group.
However, the CFSE signal of the 1,000 μg/ml nHA group was the
strongest, indicating that the number of cells in the sample was
the most among other groups, which was consistent with the
result of T cell CCK-8. Furthermore, the effect of nHA on the
apoptosis of T cells with different concentrations of nHA was
shown in Figure 3C. It was found that the percentages of
apoptotic cells in control, 10 and 100 µg/ml groups were
36.1%, 37.9% and 33.5%, respectively. The percentage of
apoptosis cells in the 1,000 μg/ml nHA group (2.56%) was the
lowest than those in other groups. The percentages of viable cells
in control, 10, 100 and 1,000 µg/ml groups were 6.22%, 9.16%,
47.8% and 92.2%, respectively. Taken together, as the
concentration of nHA increased, the proportion of apoptotic
T cells gradually decreased after 48 h culture, and the proportion
of normal living cells gradually increased (Figure 3D).

To evaluate the effect of nHA on the differentiation of T cells to
CD4+ or CD8+ T cells, we used different concentrations of nHA to
co-culture with T cells for 5 days. As indicated in Figure 4, in the
presence of 100 μg/ml nHA, the proportion of differentiated T cells
was more than those of the other groups. In each group, the
proportion of CD4+ T cells was greater than that of CD8+ T cells.
Interestingly, the 1,000 μg/ml group had the most undifferentiated
and normal living cells than other groups. This may be due to the
effect of feedback-regulated balance of growth and differentiation
(Bocharov et al., 2011). We found that 100 μg/ml of nHA had a large
effect on T cell differentiation, with 50.9% CD4+ and 32.9% CD8+

T cells. This concentration of nHA has the greatest effect on T cell
differentiation compared with other groups. The differentiated T cells
may produce more various cytokines, which may offer interesting
information for the regulation on osteogenic differentiation.
Therefore, it is essential to further investigate the effect of this
condition on T cells on osteogenic differentiation. Therefore,
100 μg/ml of nHA was selected in subsequent experiments.

FIGURE 3 | (A) T cells viability on various samples for 1, 2 and 3 days. *
represents p < 0.05 and ** represents p < 0.01. (B) Effect of nHA on T cell
proliferation. (C) Flow cytometry analysis of the effect of nHA on T cell
apoptosis. (D) Quantitative analysis of apoptosis.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org April 2022 | Volume 10 | Article 8842915

Guo et al. Nano-Hydroxyapatite Mediated Osteoimmunology

21

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


3.2.1 MC3T3-E1 Cell Viability and Osteogenic
Differentiation
The impact of T cell supernatant co-cultured with nHA (T +
nHA) on the viability of MC3T3-E1 cells was investigated. After 1
and 3 days of cell growth, the CCK-8 viability test was conducted.
With the increase of culture time, the viability of MC3T3-E1 cells
was significantly increased. However, after 3 days culture, the
supernatant of T + nHA significantly affected the viability of
MC3T3-E1 cells, compared with the control and the supernatant
of T cells (Figure 5).

ALP is the most significant biological marker of osteogenic
differentiation and new bone production (Seo et al., 2010; Zhou
et al., 2020; Liu X.-W. et al., 2021). MC3T3-E1 cells were cultured
in the supernatant of T + nHA for 14 days and subsequently
stained for detecting alkaline phosphatase activity. As shown in
Figures 6A,B, it was found that in the group of nHA supernatant,
the number of stained cells and the staining area was larger than
other groups, and the staining in the group of nHA supernatant is
deeper. The other groups had similar staining. Further, the ALP

activity of MC3T3-E1 cells was analyzed by an ALP assay kit
(Ehara et al., 2003). As depicted in Figure 6C, the supernatant of

FIGURE 4 | Flow cytometry analysis of the effect of nHA on T cell differentiation.

FIGURE 5 | MC3T3-E1 cells viability on various samples for 1 and
3 days. ** represents p < 0.01.
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T + nHA significantly inhibited the ALP expression of MC3T3-
E1 cells compared with the supernatant nHA.

In addition,mineralized nodules formed by extracellularmatrix Ca
deposition were stained with ARS, a dye that binds to Ca ions. By the
ARS staining, bright red color of calcified nodules was found in all
groups (Figure 6D). However, in the group containing supernatants
of T + nHA, the ARS staining showed that the number of calcified
nodules was less, and the area of calcified nodules was smaller than in
the other groups. The above indicates that the supernatant of T+nHA
inhibited the stromal mineralization of MC3T3-E1 cells. Based on the
results of ALP and ARS, we found that the supernatant of 100 μg/ml
nHA co-cultured with T cells inhibited the osteogenic differentiation
of MC3T3-E1 cells. This concentration of needle-like nHA mediated
the most differentiation of T lymphocytes into CD4+ cells. It may be
due to cytokine secretion by total CD4+ T cells that inhibited
osteogenic differentiation (Shao et al., 2020). And the specific
cytokine secretion needs to be further explored in future studies.

4 CONCLUSION

In summary, compared with 0–100 μg/ml nHA, 1,000 μg/ml nHA
significantly promoted the growth of T cells and inhibited their
apoptosis. In addition, 100 μg/ml nHA was more favorable to cell
differentiation into CD4+ T cells.Moreover, the supernatant of T cells
co-cultured with nHA greatly suppressed the osteogenic
differentiation of MC3T3-E1 by reducing the production of ALP
and calcium nodule compared with the supernatant of nHA.
Therefore, this work offers new insight into the nHA-mediated
T cell and osteoblast interactions.
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Surface treatments of Ti in the dental implant industry are performed with the aim of in-
creasing its bioactivity and osseointegration capacity. Chitosan (Cht) is a polysaccharide
that has been proposed as a promising biomaterial in tissue engineering and bone
regeneration, due to its ability to stimulate the recruitment and adhesion of osteogenic
progenitor cells. The aim of our preliminary study was to evaluate, by micro-computed
tomography (micro-CT), the osseointegration and bone formation around Cht-coated
implants and to compare themwith conventional surface-etched implants (SLA type). Four
im-plants (8.5 mm length × 3.5 mm Ø) per hemiarch, were inserted into the jaws of five
dogs, divided into two groups: chitosan-coated implant group (ChtG) and control group
(CG). Twelve weeks after surgery, euthanasia was performed, and sectioned bone blocks
were obtained and scanned by micro-CT and two bone parameters were measured: bone
in contact with the implant surface (BCIS) and peri-implant bone area (PIBA). For BCIS and
PIBA statistically significant values were obtained for the ChtG group with respect to CG
(p = 0.005; p = 0.014 and p < 0.001 and p = 0.002, respectively). The results, despite the
limitations, demonstrated the usefulness of chitosan coatings. However, studies with
larger sample sizes and adequate experimental models would be necessary to confirm the
results.

Keywords: titanium dental implant, chitosan-coating, micro-computed tomography, caninemodel, osteointegration

INTRODUCTION

Dental implant treatments have now become indispensable in clinical dental practice. The survival
rate exceeds 90%, although studies on success rates are difficult to interpret, mainly due to a large
number of variables, such as the surgical techniques used and the follow-up periods, in addition to
the different criteria that have been proposed to define implant success (Simonis et al., 2010). Modern
oral im-plantology uses different devices, in terms of size, shape, length, thickness and composition,
from pure titanium (Ti) to titanium-aluminum-vanadium alloys (Ti-Al-V), due to their
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biocompatibility and high corrosion resistance (von Wilmowsky
et al., 2014). However, the biological response of tissues can be
improved by different surface treatments that provide both
bioactivity and osseointegration capacity (Jemat et al., 2015).
The first materials used in implantology provoked marked
inflammatory reactions that led to the formation of fibrous
tissue around the implant, with consequent failure; however,
the latest generation materials, in addition to awakening
metabolic activities, do not affect the normal biological
metabolism, being considered as bioinductive materials (Li
et al., 2019a; Hotchkiss et al., 2019), it is currently considered
that certain changes on the surface of Ti play an active role in the
control of the cellular response, resulting in reduced healing times
and improved healing of the peri-implant area (Le Guéhennec
et al., 2007a; Alfarsi et al., 2014). Current trends are directed not
only towards achieving optimal osseointegrative surfaces, but also
towards surfaces with antibacterial activity for prolonged periods
of time, either by blocking microbial adhesion or by preventing
late infections (Palla-Rubio et al., 2019).

Chitosan (Cht) is a polysaccharide derived from partially
deacetylated chitin, formed by copolymers of glucosamine and
N-acetylglucosamine. It possesses several amino groups attached
to the main chain of the polysaccharide, which are readily
available for chemical reaction and formation of salts with
acids (Singla and Chawla, 2001). In recent years, it has been
proposed as a promising biomaterial in certain dental and tissue
engineering applications, in addition to being used as a
cholesterol-lowering agent, hemostatic, drug carrier etc.
(Ylitalo et al., 2002; Rojo and Deb, 2015; Ahsan et al., 2018;
Hu et al., 2018; Ahn et al., 2021; Yu et al., 2022).

Some studies consider it as bactericidal and others as
bacteriostatic, although its mechanism of action in both situations
is not exactly known, since different factors have been proposed as
contributing to its antibacterial action, among them, the amino
groups of its structure and the origin of the chitin (Rabea et al., 2003;
Matica et al., 2019). Likewise, its high biocompatibility,
hydrophilicity and biodegradability, in addition to being non-
toxic (Tajdini et al., 2010), are noteworthy. For all these reasons,
its ability to increase cell adhesion and protein adsorption in Ti
coatings has been highlighted, which would be beneficial for
improving the osseointegration of dental implants (Bumgardner
et al., 20032003; Bumgardner et al., 2003; López-Valverde et al.,
2021). Muzzarelli et al. (Muzzarelli et al., 1994) demonstrated in a
clinical trial on 10 patients, bone neoformation andmineralization of
post-extraction sockets, due to the cationic nature and chelating
ability of Cht; these results would highlight the potential of Cht
coatings to support and facilitate osseointegration of orthopedic and
craniofacial implants. Cht-based implants have been found to elicit
minimal foreign body reaction, with little or no fibrous
encapsulation and promote a rapid healing response (Kim et al.,
2008).Most implant failures are due to poor early bone healing at the
bone-implant interface (Sakka et al., 2012) and in this aspect, Cht has
been proposed as a biomaterial with good bioactivity for osteogenesis
(Hu et al., 2009).

However, as implant surface modifications have changed,
investigations have become multifactorial in an attempt to
develop detailed information on design optimization, resulting

in difficulty in capturing the detailed bone response in a timely
manner and with sufficient resolution by current conventional
methods (Vandeweghe et al., 2013a).

The good film-forming ability of Cht allows its use in the
coating of dental implants and the coated surfaces show good cell
compatibility with osteoblastic and fibroblastic cells (Shukla et al.,
2013a). Numerous studies of Ti coatings with Cht have been
performed, with the attachment of Cht to the metal substrate
being considered a challenge, either by electrophoretic
deposition, layer-by-layer deposition, casting methods, spin
coating and dip coating methods (Bumgardner et al.,
20032003; Reddy Tiyyagura et al., 2016; Chen et al., 2017;
Höhlinger et al., 2017). Dip coating of a substrate, used in our
study, is a simple form of deposition, especially for small
substrates, forming thin layer deposits, which can be further
compacted, by heat treatment. Moreover, it is an economical way
to deposit thin layers from chemical solutions, with relatively fair
control over the layer thickness (Grosso, 2011). Dip coating is
based on a steady flow condition, and the coating thickness is
determined by the competition between viscous force, surface
tension, gravity and substrate withdrawal rate (Scriven, 1988).

On the other hand, some researchers have pointed out the
limitations of histomorphometry in providing quantitative and
qualitative bone information, due to the dependence on slice
position and possible interface damage during sample cutting and
grinding procedures, in addition to relying on a small number of
sections, which means a limited subset of the entire sample. All
this, together with the sample preparation time, the destructive
nature of the method and its cost, has led to the proposal of new
evaluation techniques, such as micro computed tomography
(micro-CT) analysis, which increase the performance of the
evaluation, providing the same resolution capacity as
conventional techniques and, above all, because they take
advantage of the non-destructive nature of the specimens
(Kampschulte et al., 2016; Becker et al., 2017; He et al., 2017).

In addition, micro-CT produces an improved resolution in the
range approximately 1,000,000 times smaller than normal CT
scanning, allowing a three-dimensional (3D) evaluation of the
specimen in high resolution and providing 3D reconstructed
images, to obtain a better understanding of the bone architecture,
generated within the area of interest (AoI) (Szmukler-Moncler
et al., 2004; Boyd et al., 2006; Peyrin et al., 2014).

Therefore, the aim of our study, was to evaluate the
osseointegration and bone formation at crestal, mid and apical
levels of Cht-coated Ti implants in the mandible of a canine
model and to compare them with conventional implants with an
etched surface (SLA type) without coating. The null hypothesis
was that uncoated implants, with a conventional SLA-type etched
surface, have the same osseointegration and bone formation
capacity as implants coated with Cht.

MATERIALS AND METHODS

Study Design
Forty implants (8.5 mm length x 3.5 mm Ø) were inserted in the
jaws of 5 Foxhound dogs, four per hemiarch. They were randomly
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divided into two groups: a group of im-plants re-coated with
chitosan (ChtG) and a group of control implants without coating
(CG). Two bone parameters were measured around the implant,
Bone in Contact to the Implant Surface (BCIS) and Peri-Implant
Bone Area (PIBA) at three levels: crestal, middle and apical of
each implant. The study protocol was approved on 24 July 2020
by the Ethics Committee of the Catholic University of Murcia
(Spain) with code CE072004.

Implant Surface Topography
Bioner® Ti implants, grade 5 (TiAl6V4) (Sant Just Desvern,
Barcelona, Spain) (CG), were etched by the proprietary
Bioetch® method, which provides a homogeneous macro- and
microtextured macropore surface in the 15–20 µm range
(Höhlinger et al., 2017) (Figures 1A,B)

Implant Surface Preparation
The chitosan coating (ChtG) was prepared according to the
procedure described by Vakili et al. with slight modifications
(Vakili and Asefnejad, 2020). 0.5% (w/v) chitosan was prepared
in 0.5% (v/v) acidic solution by stirring the solution for 12 h on a
magnetic stirrer. The film-forming solution was prepared
following the procedure described by Zhang et al. with slight
modifications (Zhang et al., 2019). Glycerol (0.4 g) was dispersed
in 80 ml of acetic acid (1%, w/v) by stirring for at least 12 h (4°C).
The prepared chitosan solution was added to the film-forming
solution using a syringe pump (Infusomat® Space, Braun,
Barcelona, Spain), at a rate of 50 ml/h, stirring by mechanical
shaker at 800 rpm. The implants were coated with Cht by
immersion in the prepared solution, coating the entire implant
surface. The coated implants were then dried in a drying oven
with rotary drum and air blowing at 25°C for the formation of a
uniform film, with a relative humidity of 50%, to avoid cracking
and deformation of the coating (Figure 1C). CG implants did not
receive any surface coating. Both CG and ChtG implants were
sterilized by gamma irradiation. This method of sterilization in
ChtG was preferred so as not to give rise to sterilization biases
with GC. Other methods, such as ethylene oxide, in addition to

leaving residues detrimental to health, could damage the
molecular structure of the coating and its susceptibility to
degradation, although the effects of sterilization on the
stability of the molecular structure and the mechanical
properties of the coating itself are unclear. Certain in vitro
studies have shown that the early stages of mineralization are
essentially independent of the sterilization method (Ueno et al.,
2012; Türker et al., 2014).

Surgical Protocol
The surgical procedures, supervised by a veterinary surgeon, were
performed under general anesthesia, infusing Propofol®
(Propovet, Abbott Laboratories Ltd., Queens-borough, Kent,
United Kingdom), through a catheter installed in the cephalic
vein. Anesthetic maintenance was performed by means of a
volatile anesthetic (Isoflurane, IsoVet 1000 mg/g®, Piramal
Critical Care B.V. Voorschoten, NL). In addition, a local
anesthetic was administered to the surgical sites (articaine
40 mg, with 1% epinephrine, Ultracain®, Normon, Madrid,
Spain). Three premolars and the first mandibular molar (P2,
P3, P4 and M1) of each animal were extracted by odontosection
(Figure 2). The placement of the implants in the empty sockets
(Figure 2) was determined by the randomization program
(http://www.randomization.com). The experimental animals
were assigned to the two different implant surfaces: 20
implants with Cht from the test group (ChtG) and 20
uncoated implants from the commercial company Bioner
(Bioetch®, Bioner Sistemas Implantológicos, Barcelona, Spain)
(CG), randomly distributed among five dogs. Each dog received
eight screw implants (8.5 mm length x 3.5 mm Ø in the premolar
and molar area), four per hemiarch. Cover screws were placed to
allow a submerged healing protocol (Figure 2). The implants
were placed in the post-extraction sockets without friction of the
implant with the alveolar walls (Figure 2), achieving primary
stability of the implants in the apical area, so as not to damage the
coating with the insertion forces, leaving the cylindrical part of
the implant in contact with the blood clot and only the conical
apical part in contact with the bone. Healing abutments were not

FIGURE 1 | Implant surface topography. CG surface (A,B). ChtG coated implant surface (C).
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placed to avoid bacterial contamination and contact with the
antagonist teeth during chewing and to avoid disturbing the rest
period of the implants. No grafting materials were used in the
spaces between the alveolar walls and the placed implants
(Figure 2). The flaps were closed with simple sutures (Silk 4-
0®, LorcaMarín, Lorca, Spain). The animals were maintained on a
soft diet from the time of surgery until the end of the study.
Sacrifice was performed after 12 weeks, using pentothal natrium
(Abbot Laboratories, Madrid, Spain) perfused through the
carotid artery, after anesthesia of the animal. Sectioned bone
blocks were obtained.

Micro-Computed Tomography Analysis
After euthanasia of animals (after 12 weeks of implants placement),
the sections of the block were preserved and fixed in 10% neutral
formalin. Image acquisitions were per-formed using a multimodal
SPECT/CTAlbira II ARS scanner (Bruker® Corporation, Karksruhe,
Germany). The acquisition parameters were 45 kV, 0.2 mA, and
0.05mm voxels. The acquisition slices were axial, 0.05mm thick,
and 800 to 1,000 images were obtained from each piece through aflat
panel digital detector with 2,400 × 2,400 pixels and a FOV (field of
view) of 70 mm × 70mm. The implants were grouped according to
the three axes (transverse, coronal, and sagittal). The sagital axis was
used for BCIS and PIBAmeasurements. In all images the same color
scale was used (0 min and 3 max) with the same parameters in FOV
(%): 90 and zoom 0.6, with a hardness of 1. The areas of interest
(AoIs) were manually fixed by three micro-CT cross-sections at

crestal, mid and apical levels; the apical section avoided the conical
area of the implant (Figure 3). The voxels in contact with the
implant surface were excluded in the measurements because they
were considered artifact zones, estimating a value of 0.5 mm higher
than the implant diameter for the calculation of the BCIS AoI (4mm
Ø) and 2mm for the calculation of the PIBA AoI (5.5 mm Ø)
(Figure 4).

The AMIDE tool allowed us to obtain the data in statistical
form (Hounsfield Units), with maximums, minimums and
deviations. AMIDE is a tool for visualizing, analyzing and
registering volumetric medical image data sets (AMIDE,
UCLA University, Los Angeles, CA, USA). It allows drawing
two-dimensional and three-dimensional AoIs directly on the
images and generating statistical data for these AoIs. 3D Slicer
program (http://www.slicer.org) provided the 3D images of the
bone-to-implant contact area (Figure 5).

Statistical Analysis
SPSS Statistics 26.0 (IBM,Chicago, IL, USA)was used as the statistical
analysis program. Statistical analysis of the BCIS and PIBA variables
in the crestal, mid and apical areas was performed for the
experimental and control groups. The normality of the data
generated by the microtomographic analyses was examined using
the Shapiro-Wilk test. The mean and standard deviation of each
group were proposed; the p-value and p for trend derived from the
differences and changes in each group were presented, with a
significance level of ≤0.05.

FIGURE 2 | Surgery. (A), Odontosection; (B), Implant insertion; (C), Implant placed in subcrestal position with cover screws for submerged curing; (D), Lack of
friction between the implant and the bone wall.
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RESULTS

All the implants used in the 5 dogs achieved osseointegration.
Two parameters, Bone in Contact to the Implant Surface (BCIS)
and Peri-Implant Bone Area (PIBA) were measured in crestal,
mid and apical, resulting in a total of 120 sites for each
measurement parameter, in the experimental group (ChtG)
and in the control group (CG).

The mean value and standard deviation of the trends for each
group are shown in Tables 1, 2. For BCIS the values in crestal,
mid and apical, in the experimental group (ChtG), were
3,770.11 ± 245.60, 3,245.25 ± 1,477.08 and 4,196.82 ± 453.03,
respectively and 3,829.29 ± 249.08, 3,958.75 ± 1,477.08 and
4,112.13 ± 112.6, respectively, in the control group (CG).
Trend analysis in the experimental group showed a higher

statistical significance (p = 0.005) with respect to the control
group (p = 0.014). For PIBA the values in crestal, mid and apical,
in the experimental group, were 3,613.00 ± 1,109.12, 3,905.75 ±
809.65 and 3,759.17 ± 944.73, respectively and 4,162.50 ± 618.02,
3,705.20 ± 1,045.86 and 3,832.71 ± 1,201.43, respectively, in the
control group. Trend analysis in the experimental group showed
considerable statistical significance (p < 0.001) versus the control
group (p = 0.02). Figures 6, 7 represents the boxplots of the
results.

DISCUSSION

Since Brånemark published his first study on the osseointegration
of Ti implants in 1969, there have been numerous variations of

FIGURE 3 | Areas of interest (AoI) delimited by three micro-CT slices at crestal, mid and apical level.

FIGURE 4 | Artifact area in white color; bone in contact with the implant surface (BCIS) in green color and peri-implant bone area (PIBA) in yellow color.
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their surfaces, all with the aim of achieving early and more
durable osseointegration. The topography and roughness of
the surfaces have been questioned in terms of osteoblastic cell
differentiation and it has been shown that the attachment of this
type of cells is greater on smooth surfaces, although rougher
surfaces have been associated with greater cell differentiation
(Bachle and Kohal, 2004; Esposito et al., 2005). Apart from
surface characteristics, it is also known that osseointegration is
affected by factors such as the biological compatibility of an
implant (Annunziata and Guida, 2015). Therefore, to improve
the bioactivity of implants, the surface can be modified by
incorporating organic and inorganic phases either within or
on the Ti oxide layer, using ions, inorganic molecules or
organic molecules (Jiang et al., 2014; Anitua et al., 2015).

The evaluation of bone-implant contact provides evidence of an
implant anchored in the bone and has traditionally been established
as the most commonmethod of evaluation, however, the concept of
osseointegration has undergone variations and is now considered as
“a reaction to a foreign body in which interfacial bone is formed as a

defensive reaction to protect the implant from the tissues”
(Albrektsson et al., 2017; Albrektsson and Wennerberg, 2019).
The amount of bone in contact with the implant, as well as the
frictional properties at the contact interface, are important
parameters influencing bone-implant mechanics. However, the
stability of implants in trabecular bone has been little studied and
considering the reduced contact surface between trabecular bone
and implant, it has been suggested that macroscopic phenomena
such as trabeculae-implant mechanical fixation would dominate
over the microscopic aspects such as friction (Huang et al., 2008;
Wirth et al., 2010).

In the present study, a model was designed in the canine
mandible, where 2 bone parameters were measured in the area
surrounding the implant, Bone in Contact with the Implant
Surface (BCIS) and Peri-implant Bone Area (PIBA), at crestal,
mid and apical levels, both in the Cht-coated implant group
(ChtG) and in the control group (CG), with conventional
etched surface, and the results were analyzed by means of
micro-CT.

FIGURE 5 | (A), Micro-CT image in sagittal plane and graph to represent the artifact area, bone in contact with the implant surface (BCIS) (4 mmØ) and peri-implant
bone area (PIBA) (5.5 mm Ø); (B), 3D image with the contact and non-contact surfaces of the bone with the implant.

TABLE 1 | Specific crestal, mid and apical trends in the experimental and control groups for BCIS (mean ± deviation).

BCIS Crestal Mid Apical p-values

ChtG 3,770.11 ± 245.60 3,245.25 ± 1,477.08 4,196.82 ± 453.03 0.005 *
CG 3,829.29 ± 249.08 3,958.75 ± 1,477.08 4,112.13 ± 112.6 0.014

BCIS, bone in contact to the implant surface; ChtG, chitosan group; CG, Control Group. General linear model (p ≤ 0.05). * Statistical significance.

TABLE 2 | Specific crestal, mid and apical trends in the experimental and control groups for PIBA (mean ± deviation).

PIBA Crestal Mid Apical p-values

ChtG 3,613.00 ± 1,109.12 3,905.75 ± 809.65 3,759.17 ± 944.73 <0.001 *
CG 4,162.50 ± 618.02 3,705.20 ± 1,045.86 3,832.71 ± 1,201.43 0.02

PIBA, Peri-Implant Bone Area; ChtG, chitosan group; CG, control group. General linear model (p ≤ 0.05). * Statistical significance.
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Although no single animal species meets all the requirements
of an ideal model, an understanding of the differences in bone
architecture and remodeling between different species of

experimental animals could help to select a suitable species.
Most studies resort to modified and inadequate experimental
models, both the experimental animal (rabbit rat...) and the

FIGURE 6 | Boxplot of peri-implant bone area (PIBA) values at crestal, mid and apical levels.

FIGURE 7 | Boxplot of bone in contact with the implant surface (BCIS) values at crestal, mid and apical levels.
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implantation site, with extraoral surgical approaches (tibia,
femur...), so that the results cannot be extrapolated to humans,
among other reasons, because of the lack of cortical remodeling
and the fact that the cessation of growth occurs much later in
these species than in other mammals (Ferguson et al., 2018). On
the other hand, in vitro cultures maintain tissues or organs
without vascularization, limiting the supply of nutrients,
oxygen and waste elimination and, therefore, the extrapolation
of the results to the in vivo situation limits the model. All this,
without taking into account the reduced lifespan of the cultured
cells (Pizzoferrato et al., 1994). Our preclinical study used the
mandible of a canine model, with greater similarity to the human
in terms of bone architecture and remodeling. The dog, along
with the pig, are considered valuable models for the study of
tissues adjacent to dental implants, and large-breed dogs can
support human dental implants (Pearce et al., 2007). To our
knowledge, this is the first time that this experimental model has
been used for the study of the effectiveness of Cht as a coating for
dental implants.

Cht is a macromolecule that has achieved great attention in the
biomedical industry, arousing great interest in bone regeneration
(De Jonge et al., 2008; Ebhodaghe, 2021). It has the ability to
stimulate the recruitment and adhesion of osteogenic progenitor
cells, facilitating bone formation. In addition, it has been shown
that no inflammatory or allergic reactions occur after topical
application (Kim et al., 2003; Waibel et al., 2011; Azuma et al.,
2015; Sukpaita et al., 2021).

Typically, toxic reagents, such as 3-
isocyanatopropyltriethoxysilane and glutaraldehyde, are used
to form Cht coatings for silanization and attachment to the Ti
substrate but these techniques involve complex processing that
hinders coating deposition and limits clinical applicability (Yuan
et al., 2008). However, although efforts have been made to
increase the bond strength of hydroxyapatite coatings on
implant alloys, as they are brittle materials, it is unclear
whether these high bond strengths would be necessary for the
polymeric Cht material (Bumgardner et al., 2007).

The dip coating used in our study (Vakili and Asefnejad,
2020), in addition to resisting the forces used during
implantation, because of the surgical technique employed, is
an inexpensive way of depositing thin layers from chemical
solutions, with relatively fair control over the thickness of the
layer and offers the possibility of fine-tuning the amount of
material that can be deposited and, therefore, the thickness of
the final film. For these reasons, it is becoming increasingly
popular not only in research and development laboratories,
but also in industrial production. Grosso have proposed the
immersion technique as a very suitable method to impregnate
porosities, make nanocomposites or perform nanofusion.
(Grosso, 2011); Brinker et al. (Brinker et al., 1992) pointed out
wet methods, as suitable, since they are homogeneously organized
in the final film, with adequate thickness control.

The amount of Cht can be adjusted by controlling the
concentration of the Cht solution and certain authors have
indicated that, as the amount of loaded Cht increases, its
antibacterial properties increase; therefore, controlling the
amount of loaded Cht would endow the Ti implant with

better biological and anti-bacterial properties. Cht loading in
0.5% acidic solution, was considered adequate (Vakili and
Asefnejad, 2020), although the optimization of the amount of
loaded Cht, degradation rate and antibacterial effect still need to
be further investigated (Li et al., 2019b). Most of the existing
studies on the efficacy of Cht as a Ti coating, as we have noted
above, are in vitro studies or in vivo studies on inadequate models,
or that resort to complicated coating methods, or toxic products,
which hinder or impair their clinical applicability (Bumgardner
et al., 2007; Kung et al., 2011; Takanche et al., 2018a; Zhang et al.,
2020).

Sukpaita et al. (Sukpaita et al., 2019) demonstrated the ability
of Cht scaffolds to self-promote bone tissue and repair calvarial
bone defects in mice. Tian et al. (Tian et al., 2014), in an in vitro
study, indicated that Cht film loaded on a Ti surface would
promote osteoblast proliferation and differentiation in a dose-
dependent manner, which could represent a new approach in the
treatment of Ti implants. Zhang et al. (Li et al., 2019b) showed
that porous Ti with a Cht/Hydroxyapatite coating could promote
osteoblast-like cell proliferation and differentiation and
osseointegration in vivo. Bumgardner et al. (Bumgardner et al.,
2007) evaluated the ability of Cht coatings on Ti to promote bone
formation and osseointegration compared to calcium phosphate
coatings and uncoated Ti, in a 12-weeks rabbit model,
maintaining the hypothesis that it may not be important that
the Cht coating persists long-term, once a good bone-implant
interface has been established, in the same way that some
investigators have speculated with calcium phosphate coatings
(Yang et al., 2005).

Even heterotopic (extraskeletal) bone formation induced by
Cht-collagen-coated Ti implants has been demonstrated in vivo
(Kung et al., 2011). Overall, researchers conclude that Cht
significantly accelerates the bone regeneration process and,
therefore, in terms of its biocompatibility and osteoinductivity,
it can be considered as a biomaterial of great relevance in human
bone healing (Ge et al., 2004; Pang et al., 2005; Guzmán-Morales
et al., 2009; Muzzarelli, 2009; Ezoddini-Ardakani et al., 2012;
Mututuvari et al., 2013), which is consistent with the results
obtained in our research.

The good film-forming ability of Cht allows its use in the
coating of dental or orthopedic implants, and the coated surfaces
have been shown to possess good cellular compatibility with
fibroblast cells. Klokkevold et al. (Klokkevold et al., 1996)
reported that chitosan films enhanced osteoprogenitor cell
differentiation, facilitated bone formation, and inhibited
fibroblast proliferation. Moreover, the activity of Cht against
bacteria such as Escherichia coli, Streptococcus mutans,
Staphylococcus aureus, Bacillus subtilis and Actinomyces
naeslundii (Renoud et al., 2012; Lin et al., 2021) and to
prevent oxidative damage caused by free radicals (Ngo et al.,
2011) has also been demonstrated. Takanche et al. in an in vivo
study on osteoporotic rat jaws demonstrated, by micro-CT, that
Cht-coated Ti implants increased the volume and density of
newly formed bone and implant osseointegration, as well as the
upregulation of bone morphogenetic protein, by inhibiting
osteoclastogenesis. All these and other demonstrated properties
make this biopolymer a good biocompatible and bioactive
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osteoconductor and a useful coating for orthopedic and
craniofacial implant devices.

However, in the future, it will be necessary to determine the
bond strength of the coatings and changes in bond strength over
time and to evaluate the degradation of the coating in lysozyme
solutions in the oral environment, as degradation rates may be
different in the presence of this enzyme and changes in
degradation would be important for the development of the
implant-tissue interface (Yuan et al., 2008). It will also be
necessary to determine whether changes in initial cell growth,
or differences in Cht degradation, result in less cell
mineralization. In addition, it will need to be determined
whether surface morphology, roughness, and coating
chemistry could be related to cell and tissue responses.

In our study, two bone parameters in the vicinity of the im-
plant (BCIS and PIBA) were measured by micro-CT. The best
statistical significance was obtained for PIBA, in the experimental
group (ChtG) (p < 0.001), despite the fact that all the inserted
implants obtained optimal osseointegration. The maximum value
was obtained for PIBA at the crestal level of M1 in ChG
(6,347.05 ± 413.2) and the minimum for BCIS at the mid-level
of P2 in CG (1765.03 ± 358.01).

Micro-CT currently allows observation of bone tissue in a three-
dimensional manner, as well as quantitative analysis in several
sections, which is not possible by histomorphometric analysis. It
detects only mineralized tissue and is therefore suitable for analyzing
the bony annulus and assessing bone formation around implants
during healing periods; moreover, histological studies could not be
performed in clinical trials (Vandeweghe et al., 2013b; Nakahara
et al., 2019). Rebaudi et al. (Rebaudi et al., 2004), have proposed it as
a suitable technique for the analysis of peri-implant bone tissues,
proposing it as a non-destructive evaluation, which allows the
analysis of the bone-implant interface. Lyu and Lee (Lyu and Lee,
2021), in a study on rabbit tibiae, reported that the measurement of
bone in contact with the implant by micro-CT is feasible to evaluate
implant osseointegration, obtaining results similar to
histomorphometric ones, although they recognize that the
method needs further optimization. Likewise, they recognize that,
in most cases, they can only use one or two histological sections per
implant for histomorphometric evaluation, which could lead to an
over- or underestimation of the peri-implant bone.

Nevertheless, we are aware of our limitations, in terms of small
sample size and difficulty in accurately detecting the bone in close
contact with the implant surface, due to the thin layer of noise in

the surrounding area and the microtomography settings. and the
difficulty of accurately detecting the bone in close contact with the
implant surface, due to the thin layer of noise in the surrounding
area and the microtomography settings. These drawbacks should
be taken into account when interpreting the results. In future
ongoing studies, the samples will be studied by
histomorphometric analysis to compare the results.

CONCLUSION

The results of this preliminary study demonstrated the usefulness
of Cht coatings on Ti surfaces to improve the osseointegration of
dental implants. In addition, within the limitations, the use of
nondestructive micro-CT analysis, seems to be useful to evaluate
bone healing in the surroundings of the implant surfaces.

Since the design of the present study allowed only a
preliminary analysis, the data obtained could serve as a basis
for the design of future studies.
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for Multistage Drug Delivery
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The majority of current nanocarriers in cancer treatment fail to deliver encapsulated cargos
to their final targets at therapeutic levels, which decreases the ultimate efficacy. In this
work, a novel core–shell nanocarrier with a biodegradable property was synthesized for
efficient drug release and subcellular organelle delivery. Initially, silver nanoparticles
(AgNPs) were grafted with terminal double bonds originating from N, N′-bisacrylamide
cystamine (BAC). Then, the outer coatings consisting of chitosan (CTS) and polyvinyl
alcohol (PVA) were deposited on the surface of modified AgNPs using an emulsion
method. To improve the stability, disulfide-containing BAC was simultaneously
reintroduced to cross-link CTS. The as-prepared nanoparticles (CAB) possessed the
desired colloidal stability and exhibited a high drug loading efficiency of cationic anticancer
agent doxorubicin (DOX). Furthermore, CAB was tailored to transform their size into
ultrasmall nanovehicles responding to weak acidity, high glutathione (GSH) levels, and
overexpressed enzymes. The process of transformation was accompanied by sufficient
DOX release fromCAB. Due to the triple sensitivity, CAB enabled DOX to accumulate in the
nucleus, leading to a great effect against malignant cells. In vivo assays demonstrated CAB
loading DOX held excellent biosafety and superior antitumor capacity. Incorporating all the
benefits, this proposed nanoplatform may provide valuable strategies for efficient drug
delivery.

Keywords: nanocarrier, transformable size, multistage drug delivery, triple sensitivity, antitumor

INTRODUCTION

The advances of nanotechnology provide significant promise to reconcile the difficulties of conventional
drug delivery (Mitchell et al., 2021). Until now, there have been several nanomaterials used for cancer
treatment, such as liposomal doxorubicin and albumin-bound paclitaxel (Penson et al., 2020; Hama et al.,
2021). However, a series of defects including poor stability, premature drug leakage, and intracellular
unsatisfactory trafficking limit their application (Tan et al., 2019; Chen et al., 2020; Liu et al., 2021).
Therefore, considerable therapeutic nanodevices of broad perspective are continually under development,
which are generally categorized as organic nanoparticles, inorganic nanoparticles, and inorganic/organic
hybrid nanosystems (Huang et al., 2020). Among these designs, the AgNP-based materials have appealed
increasing attention. The popularity of AgNPs is intensively related to their unique properties, especially
stable nanoscale structures, ease of synthesis, and facile surface chemistry (Rai et al., 2016; Xu et al., 2020;
Yang et al., 2021).
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Tomeet the stringent requirement for cellular delivery, AgNPs
are typically subjected to surface modifications with organic
polymers or biological macromolecules, allowing them for
obtaining hybrid nanoparticles of several types (Sharma et al.,
2014; Azizi et al., 2017; Austin et al., 2011; Schubert et al., 2018;
Pedziwiatr et al., 2020). In this composite structure, AgNPs as the
core take charge of size, shape, and traceability, while outer
coatings determine colloidal stability, drug encapsulation
efficiency, and particle elasticity. Due to the high surface
energy, bare AgNPs possess poor colloidal stability, which
readily aggregate or agglomerate in the blood circulation,
probably causing adverse cytotoxicity (Gutierrez et al., 2020).
Consequently, using coating agent for resisting the aggregation of
AgNPsmerits thorough consideration (Badawy et al., 2010; Hotze
et al., 2010). Screening all the materials, PVA, polyethylene glycol
(PEG), and poly(N-isopropylacrylamide) (PNIPAM) are
excellent candidates (Stolnik et al., 2012; Jiang et al., 2016;
Tzounis et al., 2019), and their appropriate compatibility,
flexibility, hydrophilicity, and surface charge are highly
responsible for the coating usage.

The larger size of such hybrid nanodevices, ranging from 50 to
200 nm in diameter, is beneficial for high drug loading, long
circulation, enhanced permeability, and retention (EPR) effect
(Duan et al., 2013). However, particles with the aforementioned
size preclude subcellular organelle drug delivery because of
several biological barriers (Pan et al., 2018). To overcome
these limitations, a favorable drug release system (DDS)
should be relatively larger in its initial size to achieve the
extended circulation half-life and selective accumulation in
tumor, but once entered into cells, the outer layer should
detach to smaller sized particles (about 30–50 nm) to facilitate
effective deep penetration, which is denoted as the “peeling
onions” strategy (Ruan et al., 2015; Li et al., 2016; Niu et al.,
2018). Such a requirement has promoted the recent advancement
of size-transformable nanodevices. While delivering drugs to
subcellular organelles, these nanodevices are capable of
realizing the degradation and release smaller nanoblocks
responding to the internal stimuli of cancerous cells (Tang
et al., 2016; Zhou et al., 2020).

Boosting the drug release efficiency is another challenging
task. Limited drug release efficiency might result in low drug
levels at sites of action and thus compromise the ultimate
therapeutic outcome. Therefore, more efforts should be
focused on sufficient drug release. In the past few years, a
multitude of individual stimulus-responsive DDSs have been
developed to control drug release (Qiu et al., 2017; Xiu et al.,
2020). However, single-responsive mechanisms undergo
incomplete drug release and poor drug bioavailability,
maximizing the administrated dosage and minimizing the
treatment efficacy. Fortunately, multi-responsive DDSs are
promising refinements that can promote sufficient and rapid
intracellular drug release, reduce resistance in cancer cells, and
garner robust therapeutic efficacy (Cheng et al., 2015; Karimi
et al., 2016). It has been demonstrated that the most spectacular
attributes of the intracellular milieu are hypoxia, acidic pH, high
GSH levels, and overexpressed tumor-associated enzymes, which
have been used as important responsive stimuli for on-demand

drug release (Mi et al., 2020). Dual or triple combination of these
stimuli into one nanoplatform is expected to achieve better
controlled drug delivery.

CTS is naturally a kind of polysaccharide consisting of
randomly distributed repeating units of both N-acetyl-D-
glucosamine and N-D-glucosamine, linked through β-(1-4)-
glycosidic bonds (Ravi Kumar et al., 2000). These structural
characteristics grant CTS degradability, pH sensitivity, and
enzyme sensitivity. Due to these extra properties, CTS is an
extraordinary alternative for intelligent and multistage drug
release (Ravi Kumar et al., 2000; Zhou et al., 2020).

In this work, novel nanocarriers based on CTS layers
surrounding AgNPs were developed (Figure 1). For
immobilizing CTS, a double-cross-linking approach was used
with functionalized AgNPs (forming a core–shell structure) and
disulfide-containing BAC (offering redox sensitivity). PVA
assembling with CTS layers during synthesis, referring to the
double emulsion route, provided the engineered nanoparticles
improved colloidal stability. Moreover, these nanocarriers were
employed to load DOX (CAB@DOX) for cancer therapy. In the
current study, CAB@DOX could respond to acidic pH, GSH, and
lysozyme, causing a satisfactory drug release. In parallel, the triple
responsive character also allowed CAB@DOX to shrink their size,
enabling DOX preferential accumulation in the nucleus.
Coupling the aforementioned properties, CAB@DOX
harvested superior anticancer performance compared with
free DOX.

MATERIALS AND METHODS

Materials
Chitosan (CTS) and silver nitrate (AgNO3) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Trisodium citrate (TSC), polyvinyl alcohol (PVA), bis(2-
ethylhexyl) sulfosuccinate sodium salt (AOT), and sodium
borohydride (NaBH4) were purchased from Aladdin Chemical
Reagent Co., Ltd., (Shanghai, China). N, N′-bisacrylamide
cystamine (BAC) was purchased from Alfa Aesar Chemical
Co., Ltd. (Shanghai, China). Doxorubicin (DOX) was
purchased from Dalian Meilun Biotechnology Co., Ltd.
(Dalian, China). CAL27 cells (human oral squamous cell
carcinoma cell line, OSCC) were derived from the First
Affiliated Hospital of Nanchang University (Nanchang,
China). Dulbecco-modified eagle medium (DMEM) and fetal
bovine serum (FBS) were obtained from GIBCO Co., Ltd.
(California, United States). Unless otherwise stated, the other
chemical reagents were purchased from the Chinese
Pharmaceutical Chemical Reagent Co., Ltd. (Shanghai, China),
and the biological reagents were bought from Sigma-Aldrich
(MO, United States). The abbreviations used in this article are
summarized as follows: Ag-BAC (bAG), CTS/Ag-BAC (CAB),
and CTS/Ag-BAC@DOX (CAB@DOX).

Preparation of Nanoparticles
AgNPs were prepared according to the approach reported in the
literature (Wang et al., 2020). In brief, TSC (29.41 mg) was mixed
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with NaBH4 (1 mg) in 40 ml of ultrapure water, and the reaction
solution was stirred for 30 min at 60°C. Then, after the
temperature was raised to 90°C, silver nitrate (10 mg) was
added dropwise into the mixture at a pH of 10.5 and stirred
for another 20min, followed by cooling at room temperature. The
spherical AgNPs were thus obtained by centrifugation at
12,000 rpm for 20 min and washed with distilled water. Next,
the AgNPs and BAC (n (Ag): n (BAC) = 1:2) were mixed in the
presence of sodium dodecyl sulfate (SDS) and stirred for 2 h to
obtain bAG. After dialysis for 3 days using a dialysis bag (MW:
8000-14000), the obtained nanoparticle solution was preserved
at 4°C.

CAB was synthesized using the emulsion method. Specifically,
CTS was dissolved in acetic acid solutions (1% v/v) under continuous
stirring to prepare a clear solution of chitosan (1mg/ml). The solution
is then mixed with an equal volume of bAG solution, followed by
dropwise addition into the 8ml of dioctyl sulfosuccinate sodium salt
(AOT) solution in dichloromethane (2.5 wt%) and kept on stirring for
10min. Subsequently, the mixture was added dropwise into PVA
(30ml, 2 wt%) with vigorous stirring for the second emulsification. To
further cross-link CTS, 1ml of BAC (5mg/ml) was added into the
mixture and stirred overnight. Last, the CAB solution was obtained by
centrifugation at 10,000 rpm and washed 3 times, followed by
preservation at 4°C. Additionally, 3 ml of the obtained nanoparticle
solutions were lyophilized, respectively, to settle the amounts of
nanoparticles for further experiments.

Characterization
The morphology of different samples was detected using a
transmission electron microscopy (TEM, JEM-210003040700,
Japan). The hydrodynamic diameter and surface charge of
different samples were tested using a particle analyzer (Nano
ZS 90, Malvern). A UV−Vis spectrophotometer (V-670, Japan)
was used to collect the absorbance spectra of different samples.
The chemical structure of analyzed samples was studied using a
Fourier Transform Infrared (FTIR) spectrometer (Bruker,
Germany).

Loading and Release of Doxorubicin
One milliliter of DOX aqueous solution at a concentration of
2 mg/ml was added to 5 ml of CAB nanoparticles solution and
allowed to stir for 24 h. Then, the mixture was dialyzed against
PBS with a dialysis bag (MW: 8000-14000), and the dialysate was
collected 9 times. The drug amount in the dialysate was calculated
based on the absorbance values. The encapsulation efficiency (EE
%) of DOX was calculated according to the following formula:

EE% � wT − wD

wT
× 100%

where WT is the total content of the used DOX during the
preparation and WD is the amount remaining in the dialysate.

To test the breakability of these nanocarriers, CAB@DOX was
suspended in a PBS solution (pH 5) of 5 mM of reduced GSH and

FIGURE 1 | Synthesis scheme of CTS/Ag-BAC@DOX (CAB@DOX) based on chitosan and PVA coating on the AgNP surface by the emulsion method and
schematic illustration of its enhanced anticancer mechanisms involving transformable size and multi-responsive drug release.
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lysozyme with a concentration of 5 μg/ml for 2 and 24 h. Next, the
solution was initially sonicated for 10 minutes and then allowed
for TEM analysis.

To evaluate the drug release, 1 ml of CAB loading DOX inside
a dialysis bag was placed into 30 ml of PBS solutions with
different pH (5.0, 6.5, and 7.4), respectively. At defined time
points, 3-ml aliquots were withdrawn from the outside solution to
measure its absorbance and replaced with 0.5 ml of fresh PBS
solution to keep the overall volume of the solution unchanged.
The percentage of DOX released from CAB@DOX (Cr %) was
evaluated according to the following formula:

Cr � wd

wT
× 100%

where Wd is the cumulative amount of DOX released at defined
time points andWT is denoted as total DOX amount contained in
CAB. For assessing the release kinetics of CAB@DOX in the
absence or presence of lysozyme (5 μg/ml) and GSH (5 mM,
10 mM), the same approach was performed.

In Vitro Cytotoxicity and Cellular Uptake
CAL27 cells and MTT assays were employed to evaluate the
biocompatibility and toxicity of the drug. Briefly, the cells were
seeded into a 96-well plate at a cell density of 5×105 per well for
24 h incubation. Then, culture medium in each well was removed
and replaced with 100 μL of fresh DMEM containing CAB, DOX,
and CAB@DOX. The concentration of DOX (2.0 μM) in the
DOX group and CAB@DOX group were adjusted to equalization
before being fed into the well. After incubation for another 24 h,
the cells were washed 3 times, and 10 μL of MTT (5 mg/ml) was
added to each well for further 4 h incubation. Finally, the cells
without any medium were incubated with 150 μL of DMSO for
10 min. The corresponding absorbance per well was detected
using a microplate reader at 490 nm. The relative viability (CV %)
was calculated by the following formula:

CV% � ODeg

ODcg
× 100%,

where ODeg is the OD value for the experimental group and ODcg

is the OD value for the untreated control group.
To evaluate the cell survival and death, CAL27 cells were

seeded into the 20-mm CLSM cell culture dish. After the cell
confluence reached approximately 70%, the initial medium was
replaced by fresh PBS solution containing DOX and CAB@DOX
for 24-h incubation, respectively, in which the concentration of
DOX was maintained at 2 μM. Then, these treated cells were
stained with AO/EB for 15 min and imaged under a confocal
microscope (CLSM, Nikon C2, Japan).

To demonstrate the superiority of CAB in aiding DOX to enter
cells, the efficiency of cellular uptake in the free group and CAB@
DOX group was evaluated. CAL27 cells were seeded into the 20-
mm CLSM cell culture dish at a density of 1×106 cells. After
incubation for 24 h, DOX and CAB@DOX solutions with an
equivalent DOX concentration (2 μM) were fed into the dish for
further incubation. Later, the solutions were removed at the time
points of 4 and 24 h, followed by washing 3 times, and fixing with

4% paraformaldehyde for 30 min. Next, the cells were washed
3 times again and fixed with DAPI for 5 min, followed by washing
3 times. Finally, the samples were subjected to observations
with CLSM.

In Vivo Antitumor Studies
Nude mice were brought from Charles River Experimental
Animal Co., Ltd. (Beijing, China). All animals were used and
handled in accordance with the Guidelines for the Care and Use
of Laboratory Animals of Nanchang University. The xenograft
OSCC model was established by injecting 100 μL of PBS
containing 1×107 CAL27 cells subcutaneously in the right side
of the oxter of the nude mice. After the tumor volume reached
150 mm3, the experimental nude mice were randomly allocated
into three groups. Each group was injected intraperitoneally with
1 ml of three kinds of solution (PBS, DOX, CAB@DOX). The
dosage of DOX was 4 mg kg−1 for each mouse. The tumor volume
and body weight were determined daily. After 21 days, the heart,
liver, spleen, lung, and kidney together with tumor were
harvested, followed by fixing with 4% paraformaldehyde
solution and sectioning. Next, the tissue slides were stained
with hematoxylin and eosin (H&E) in accordance with the
standard procedure (Liu et al., 2018). Furthermore, the tissue
slides were analyzed using terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick-end labeling (TUNEL) assays
(Sharma et al., 2021) to evaluate the antitumor efficacy.
Furthermore, blood samples of nude mice with different
treatment were collected for biochemical analyses on the 21st day.

Statistical Analysis
Data were presented as mean ± standard deviation. The
differences among the independent groups were evaluated by
using a two-tailed unpaired Student’s t-test, and the differences
between multiple groups were evaluated by the one-way analysis
of variance (ANOVA). *p < 0.05, **p < 0.01, and ***p < 0.001
were used to express the level of significance.

RESULTS AND DISCUSSION

Preparation and Characterization of
Nanoparticles
In contrast to gold nanoparticles, AgNP perhaps is a more
valuable nanomaterial on account of lower cost and higher
reactivity, which widens the accessibility of surface
functionalization (Desireddy et al., 2013). Recently, great
efforts were spent to utilize the AgNPs as vehicles for cancer
treatment (Zeng et al., 2018; Gomes et al., 2021). To optimize
colloidal stability and drug loading, AgNPs are commonly
subjected to surface modification with natural macromolecules
which embrace outstanding biocompatibility (Akter et al., 2018;
Gutierrez et al., 2020). As a representative material of natural
polysaccharides, CTS has been approved by the U.S. Food and
Drug Administration (FDA) employed in a variety of foods. Of
note, CTS possessing the properties of intelligence and
biodegradability makes them available for drug delivery,
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especially in the form of nanogel (Divya et al., 2017; Jafari et al.,
2021).

In this work, a type of hybrid AgNPs was prepared by
coating the CTS shell containing PVA. Bare AgNPs were
initially synthesized which exhibited homogeneous
dispersion and size distribution around 36 ± 3 nm
(Supplementary Figure S1). Subsequently, with the
cleavage of the disulfide linkage of BAC, the cystamine
units containing terminal carbon–carbon double bonds were
anchored onto the surface of AgNP through the Ag-S covalent
bond (Huang et al., 2021). The TEM image showed that the
size of bAG was slightly larger than AgNPs (Figure 2A),
supporting the successful modification. Then, the modified

AgNPs allowed for cross-linking CTS through the Michael
addition reaction between -C=C and -NH2 of CTS. To enhance
the structural stability, BAC was reintroduced to react with
CTS, resulting in the formulation of double-cross-linked
nanoparticles (CAB). Due to the existence of disulfide
bonds, CAB were sensitive to the reductive environment.
The TEM analysis of the CAB showed that AgNPs were
densely encapsulated by CTS (Figure 2B). Furthermore, the
preparation process followed a double emulsion method. The
emulsifier, PVA, used in this process was able to self-assemble
with chitosan through electrostatic interactions. Figure 2B
provides visual evidence of successful introduction of PVA as
contrast could be observed in the outmost layer.

FIGURE 2 | TEM images of (A) bAG and (B) CAB; (C) FT-IR spectra of various samples [bAG (A), CAB (B), and CTS (C)]; (D) UV–visible absorption spectra of
AgNPs, bAG, and CAB; (E) effect of bAG concentration on the CAB size; (F) effect of CAB concentration on the DOX encapsulation efficiency.
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The colloidal stability of metallic nanoparticles is a concerning
factor, which affects their application potential in the biomedical
field. In case of noble metals, AgNPs are the most likely to
aggregate. While used in organisms, the aggregates might not
only lead to accelerated elimination by the reticuloendothelial
system but also cause severe toxicity. Therefore, the colloidal
stability of CAB was investigated by using the dispersion test in
Ultra-water, DMEM, and PBS, respectively. During the 7-day
observation, there was no obvious precipitation for the three
groups (Supplementary Figure S2), demonstrating the coating
agent could well alter the surface attributes of AgNPs and help
remove a key obstacle of AgNPs for clinical translation.

FTIR measurements were used to manifest the successful
modification of AgNPs. In the spectrum of bAG, two
characteristic peaks appeared at 1,650 cm−1 and 1,620 cm−1,
which were attributed to -C=C- stretch vibration and -C
(=O)-NH2 stretch vibration, respectively. These results
suggested successful modification of AgNPs with cystamine
unit (Wang et al., 2020; Jafari et al., 2021). Moreover, the
FTIR spectrum of CTS exhibited peaks located at 3,490 cm−1

and 3,450 cm−1, while a new peak presented at 3,430 cm−1 in
CAB, indicating primary amines transformed into secondary
amines. Meanwhile, the peak at 1,420 cm−1 in the spectrum of
CAB was assigned to the formation of -C-N- bonds, which

FIGURE 3 | Degradation and release behaviors of CAB@DOX in a stimulation environment in vitro. The degradation TEM of CAB@DOX in pH 5, 5 mM GSH, and
5 μg/ml lysozyme of PBS solution for (A) 2 h and (B) 24 h. (C)Release profiles of DOX, CAB@DOX in PBS buffer (pH 7.4) at 37°C; (D) profiles of DOX release fromCAB at
pH values of 5.0, 6.5, and 7.4; (E) release profiles of DOX in the presence of different concentrations of GSH (0 mM, 5.0, and 10.0 mM); (F) release profiles of DOX in the
absence or presence of 5 μg/ml of lysozyme.
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implied the occurrence of Michael’s addition reaction
(Figure 2C). In UV/Vis absorption spectrum, the maximum
absorption wavelength in AgNPs and bAG were, respectively,
at 400 and 426 nm. The red shift of peak was related to the
increase in diameter and thus confirmed successful conjunction
of the cystamine unit (Figure 2D).

The circulation time determines the ultimate fates of
nanoscale drugs, in which particle size and surface charge play
a vital role (Patra et al., 2018). In the research setting, a suitable
diameter for extending the circulation and targeting tumor
accumulation should be less than 200 nm. Therefore, the
effects of CTS and bAG at different concentrations on
diameters were tested by DLS. It could be observed that the
higher was the concentration of CTS, the smaller was the particle
size (Supplementary Figure S3A). This result might be ascribed
to the higher concentration of CTS that made the nanoparticles
more compact. As shown in Figure 2E, the size of CAB
significantly increased in pace with the rise of bAG
concentration restricted to 1.0 ~ 3.0 mg/ml. Specifically,
adjusting the bAG concentration to 1.0 mg/ml resulted in a
diameter of 175 ± 3 nm. Furthermore, the surface charge of
nanoparticles affects the adsorption of opsonin and subsequent
elimination by macrophages. In pharmacokinetics, the negatively

charged nanoparticles reduce the likelihood of phagocytic uptake,
facilitating circulation time elongation. Although coated with
cationic CTS, CAB showed a negative surface charge. The
relationship between CAB potential and bAG concentration is
shown in Supplementary Figure S3B. At a high bAG
concentration, the value of potential was low, which might be
attributed to the additional introduction of negatively charged
bAG. More importantly, the shell layer accomplished a high
loading of cationic DOX at up to 80% encapsulation efficiency,
which is favorable for the therapeutic effect. As positively charged
CTS possesses poor cationic drug absorption, this nanoplatform
might broaden the range of loaded drugs for CTS (Figure 2F).

Drug Release and Degradation Assays In
Vitro
The initial size of AgNPs was 36 nm and increased to around
175 nm after being decorated with CTS. To evaluate the
shrinkable capacity, CAB@DOX was incubated in PBS (pH 5.0)
with GSH (5mM) along with lysozyme (5 μg/ml) analog to
cancerous cells. After being treated for 2 h, the particles showed
decreased size and inhomogeneous distribution (Figure 3A),
suggesting that nanoparticles could disassemble. This result was

FIGURE 4 | In vitro biocompatibility and growth inhibition in CAL27 cells. (A) Cell viability of CAL27 cells cultured with different concentration of DOX, CAB@DOX,
and CAB for 24 h; (B) IC50 value of DOX and CAB@DOX; (C) AO/EB staining fluorescence images of CAL27 cells treated with DOX and CAB@DOX for 24 h.
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presumably due to the cleavage of intramolecular β-(1-4)-glycosidic
bonds and disulfide bonds in CTS and BAC, while encountering
such a microenvironment. At a time interval of 24 h, the variation of
CAB@DOXwas extremelymarked, andmany smaller particles were
obtained ranging at 10–20 nm (Figure 3B). It has been reported that
smaller CTS nanoparticles (<39 nm) had a greater chance of
localizing in the nucleus (Tammam et al., 2015). CAB@DOX
with such size-variable characteristics was consequently beneficial
for targeting nucleic delivery of DOX.

The release behavior of DOX, which significantly affects its
therapeutic bioactivity, was investigated. Generally, ideal
nanodevices should recognize especially the tumor
microenvironment, speeding up drug release selectively. Also,
they should avoid premature drug leakage under physiological
conditions which may lead to off-target effects. Detected by the
dialysis approach, free DOX molecules could permeate through
the dialysis membrane easily and CAB could heavily suppress the
release of DOX as a diffusion barrier (Figure 3C). Considering
the breakability of CAB@DOX, the unique conditions of tumor
tissue could readily trigger the release of DOX. Compared with
neutral conditions (pH 7.4), DOX release tended to be much

faster during the first 12 h responding to a weakly acidic
environment, representing neoplastic interstitial
microenvironment (pH 6.5) and endo/lysosomes (pH 5.0)
(Figure 3D) (Bazban et al., 2017). This difference was
profoundly related to ionization of amino groups and the
swelling up of CTS (Ahmed et al., 2016). Furthermore, the
concentration of GSH in tumor cells (2–10 mM) is 10 times
more than that of normal tissue (2–20 μM) (Tu et al., 2017),
causing a high redox state. Clearly, upon facing the high level of
GSH, the drug release was boosted, reaching about 60% for 15 h
(Figure 3E). The introduction of disulfide bonds might
contribute to accelerated drug release in a reductive
environment. Additionally, the enzymes (e.g., lysozyme,
phospholipase, and glycosidase) are a fascinating element to
design smart DDSs as they are often overexpressed in tumor
tissues for cell growth, invasion, and metastasis (Li et al., 2017;
Zhou et al., 2020). The cumulative release ratio of DOX in the
presence of lysozyme was 80% after 12 h which was 2-fold as high
as that in the absence of lysozyme (Figure 3F). Nearly all the
loaded drug released might be a consequence of the degradation
of CAB. By lysozyme, CAB could vary to one hundred smaller

FIGURE 5 | Confocal images of CAL27 cells after incubation with free DOX and CAB@DOX for (A) 4 h and (B) 24 h.
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sized nanocarriers through the cleavage of β-(1-4)-glycosidic
bonds, accompanied with massive drug release. The
aforementioned experimental results fully demonstrated CAB@
DOX embraced good stability under physiological conditions,

lowering unwanted side effects. Furthermore, CAB@DOX
experienced sufficient drug release responding to stimulated
malignant cell conditions featuring weak acidity, high
glutathione (GSH) levels, and overexpressed lysozyme. It was

FIGURE 6 | In vivo antitumor activity of CAB@DOX in OSCC-bearing mice. (A) Relative tumor volume in tumor-bearing mice; (B) Relative body weight of the tumor-
bearing mice; (C) representative images of resected tumors after 21 days of various treatment; (D) tumor weight of nude mice.

FIGURE 7 | (A) H&E staining of tumors; (B) apoptotic cell detection by TUNEL immunofluorescence staining.
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expected the triple responsive nature would give rise to a high
intracellular drug level.

In VitroCytotoxicity and Growth Inhibition in
CAL27 Cells
The capability of CAB@DOX to induce cellular apoptosis was
evaluated. CAL27 cells were incubated with free DOX and CAB@
DOX at different DOX concentrations. In the assays, the
concentration of CAB@DOX was expressed based on the
DOX content. As shown in both groups, an apparent trend of
reduced cell viability was observed at an increasing DOX

concentration from 0.75 to 6 μM (Figure 4A). Furthermore, in
contrast, the proportion of non-viable cells treated with CAB@
DOX was larger in all studied concentrations. These results were
likely related to high drug loading efficiency and on-demand drug
release of CAB@DOX, which caused a corresponding increase in
the availability of DOX to targets of action. The grand challenge
in AgNP design for drug delivery lies in toxicity (Caballero et al.,
2013). For clinical adoption, it is critical to develop many safety
AgNP-based vectors. Since CTS and PVA are fascinating
biocompatible materials and could render AgNPs a
hydrophilic surface to resist aggregation, this nanohybrid
might have reduced toxicity. As anticipated, CAL27 cells

FIGURE 8 | Histological analysis of the vital organs (heart, liver, spleen, lung, and kidney) of mice treated with PBS, DOX, and CAB@DOX, respectively.
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showed no signs of loss in cell viability after incubation with
empty CAB even at a high concentration (Figure 4A), suggesting
that CAB alone was biocompatible and itself did not contribute to
the anticancer effect of this transporter–drug conjugate.
Furthermore, IC50 of CAB@DOX in the CAL27 cell line at
24 h was 1.9 μM, which was 2-fold less than that of free DOX
(~3.8 μM) (Figure 4B). Next, more intuitive cytotoxicity assays
were conducted by using an AO/EB double staining experiment.
Remarkably, most cancerous cells were killed (orange
fluorescence) in the CAB@DOX group, while large amounts of
cells remained alive (green fluorescence) treated with free DOX
(Figure 4C). The IC50 value and AO/EB assays further confirmed
the great potential of CAB aiding in DOX to implement potent
anticancer activity.

In Vitro Cellular Uptake
The potential mechanism of antitumor activity was further
elucidated by CLSM. As the nucleus is the main interaction
site of DOX, the capability of reaching the nucleus was
highlighted. In the first 4-h incubation, DOX alone entered
cells slowly as red fluorescence signals were drastically weak.
However, strong red fluorescence was observed and overlapped
extensively with nuclei in the CAB@DOX group (Figure 5A). The
rapid cellular uptake of CAB@DOX putatively resulted from
CAB@DOX passing through the cell membrane in a manner
of endocytosis, which was more efficient than passive diffusion of
free DOX (Wang et al., 2012). When increasing the incubation
time to 24 h, more DOX entered the cells and enriched the nuclei
in the CAB@DOX group, indicating the cellular uptake was in a
time-dependent pattern. In sharp contrast, few DOXs were seen
in the cytoplasm. Although intracellular DOX in the free DOX
group increased, it is mainly located at the peri-nucleus
(Figure 5B). DOX are internalized into nuclei as soon as they
enter the cells in the CAB@DOX group, which might be due to
the transformable capability of CAB. In nucleus-targeting
nanotherapeutics, creating a transformable vector is the most
prevalent resolution as the needs for long circulation time and
subcellular drug trafficking are contrary design elements.
Specifically, the large particle size avoids excretion by the
kidney, while the small size allows for intercellular deep drug
delivery. It has been demonstrated nanoparticles of 40 nm

diameter enable faster diffusion into the nucleus (Pan et al.,
2018). In light of degradation assay, in the cytoplasm, CAB@DOX
is capable of responding to the pathological environment, emits
smaller sized carriers (less than 40 nm), and consequently
concentrates DOX in the nucleus. Therefore, CAB@DOX can
exhibit a better inhibitory effect on tumor cells than most DOX-
loaded carriers (e.g., mesoporous silica (MSN), carbon nanotubes
(CNTs), and hydroxyapatite (HAp)) as the latter could not
transport DOX to the site of action (Dong et al., 2017; Llinas
et al., 2018; Ghosh et al., 2020).

In Vivo Antitumor Activity
The antitumor efficacy of CAB@DOX in vivo was evaluated during
the 21-day treatment process. These mice were allocated into three
groups randomly (n = 6): PBS, DOX, and CAB@DOX. As expected,
the tumor volume of the PBS-treated mice increased rapidly,
whereas the tumor growth of the nude mice in the free DOX
group and CAB@DOX group was markedly inhibited
(Figure 6A). In particular, the treatment efficacy in the CAB@
DOX group was much more apparent than that of the DOX group,
and the difference between the two groups could reach 3 times. On
day 21, all themice were killed for tumor collection. It was found that
CAB@DOX displayed much higher inhibition efficiency against
tumor growth than free DOX (Figures 6C,D). Based on the
results, it could be demonstrated the great potential of CAB@
DOX against OSCC which resulted from enhanced cellular
uptake, stimulus-responsive drug release, and higher drug
accumulation in nuclei. Furthermore, the fluctuation in body
weight is a direct indicator of drug toxicity. Compared with the
control, no meaningful difference of body weight change was
observed in the CAB@DOX-treated mice over the course of
treatment, which might be related to the fact that CAB@DOX
effectively reduced side effects caused by DOX (Figure 6B).

To further confirm the therapeutic outcome in vivo, H&E
staining and TUNEL assays were performed. As displayed in
Figure 7A, severe cancerous cell damage (pyknosis,
fragmentation, and lysis) was observed by H&E staining in the
CAB@DOX group, which was consistent with the results of the
relative tumor volume study. Similarly, TUNEL assays were carried
out on the resected tumors, which is a general method to assess
apoptotic cells in tumors. Figure 7B shows that CAB@DOX induced

FIGURE 9 | Blood biochemistry indicators including (A) ALT, AST, ALP, (B) BUN, and (C) CRE with or without CAB@DOX, respectively (n = 6).

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org April 2022 | Volume 10 | Article 88230811

Liu et al. Hybrid Nanoparticles With Biodegradable Property

48

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


significant apoptosis in the tumors, while DOX-treated tumors
showed an obvious low rate of apoptosis. Therefore, it could be
confirmed that DOX loaded in the CABwasmore likely to eliminate
cancerous cells than systemic direct administration.

The potential toxicity of DOX, also displayed by the change of
body weight, impedes its clinical use. Under the results of assays
in vitro, good parameters for colloidal stability, and selective drug
release, CAB@DOX might imply a low biotoxicity. Herein, the
biosafety of CAB@DOX was further investigated. All mice were
killed at day 21 posttreatment, followed by capturing photographs
(Supplementary Figure S4), and the H&E staining exhibited no off-
target damage to vital organs (liver, heart, lung, kidney, and spleen)
(Figure 8). Additionally, the blood of the killed mice was collected
for blood biochemistry analysis. Eventually, no significant
differences were found between CAB@DOX-treated groups and
the control group in the blood biochemistry indicators (i.e., alanine
transaminase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase (ALP), blood urea nitrogen (BUN), and creatinine
(CRE)) (Figure 9). These outcomes indicated CAB@DOX had
negligible side effects and could effectively lower the heart and
kidney damage induced by DOX. Although the current work
revealed the potential of CAB in improving drug safety, there
was still needed more assays to systematically study long-term
toxicity.

CONCLUSION

In summary, we rationally developed a core–shell nanocarrier.
AgNPs were used as the core, with a well-defined size of around
175 nm. The coatings consisting of CTS and PVA stabilized
particles against agglomerates, offering a novel way for
developing AgNP-based materials in biomedicine. Moreover,
the final nanoparticles, CAB, exhibited high DOX
encapsulation efficiency for 80%, which is favorable for
antitumor efficacy. While encountering the environment
analogous to a cancerous cell, CAB disassembled and emitted
smaller sized nanoblocks (10–20 nm). Meanwhile, shrunk
nanoparticles allowed for accelerated DOX release and thus
help achieve desired drug bioavailability. Due to these
properties, DOX loaded in CAB is easily enriched in the
nucleus, leading to an obvious inhibitory effect toward CAL27
cells. Using a human oral squamous cell carcinoma-bearing

mouse model, CAB@DOX exhibited an enhanced antitumor
efficacy than free DOX while showing a negligible influence
on normal cells and tissues. Taken together, the nanohybrid is
a promising vehicle for cancer therapy which can deliver other
types of drugs in the future.
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Mesenchymal stem cells (MSCs) have considerable value in regenerative medicine
because of their unique properties such as pluripotency, self-renewal ability, and low
immunogenicity. Isolation and purification are prerequisites for various biomedical
applications of MSCs, and traditional sorting methods are often expensive,
complicated, and difficult to apply on a large scale. In addition to purification, the
requirement for expansion of cells also limits the further application of MSCs. The
purpose of this study was to develop a unique magnetic sorting microsphere to obtain
relatively pure and high-yield MSCs in an economical and effective way, that can also be
used for the expansion of MSCs. Poly (ethylene glycol) (PEG)-based anti-adhesive
treatment of the prepared oleic acid grafted Fe3O4-poly (lactic-co-glycolic acid)
magnetic microspheres was performed, and then E7 peptide was covalently grafted
onto the treated microspheres. Upon a series of characterization, the magnetic
microspheres were of uniform size, and cells were unable to adhere to the PEG-
treated surface. E7 grafting significantly improved cell adhesion and proliferation. The
results obtained from separate culture of various cell types as well as static or dynamic co-
culture showed that selective adhesion of MSCs was observed on the magnetic sorting
microspheres. Furthermore, the cells expanded on the microspheres maintained their
phenotype and typical differentiation potentials. The magnetic properties of the
microspheres enabled sampling, distribution, and transfer of cells without the usage of
trypsin digestion. And it facilitated the separation of cells and microspheres for harvesting
of MSCs after digestion. These findings have promising prospects for MSC research and
clinical applications.

Keywords: surface modification, mesenchymal stem cells, peptide, cell sorting, magnetic microspheres

1 INTRODUCTION

Mesenchymal stem cells (MSCs) are fibroblast-like, multipotent, self-renewing adult cells that have
been found in various adult tissues, including adipose tissue (Zuk et al., 2001), bone marrow
(Pittenger et al., 1999), and umbilical cords (Wang et al., 2004). These cells possess
immunomodulatory effects (Yagi et al., 2010), regenerative potential (Zipori, 2004; Picinich
et al., 2007), tendency to migrate to site of injury (Sohni and Verfaillie, 2013), and low
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immunogenicity (Yagi et al., 2010). Because of these inherent
properties, MSCs are being researched globally in the context of
cell and tissue therapies (including in vitro and animal models) to
make them therapeutically available for various diseases such as
myocardial infarction (Blocki et al., 2015), diabetes (Urban et al.,
2008), rheumatoid arthritis (Papadopoulou et al., 2012), acute
graft-versus-host disease (Sanchez-Guijo et al., 2014),
osteogenesis imperfecta (Gotherstrom et al., 2021), Parkinson’s
disease (Meligy et al., 2019), and Alzheimer’s disease (Zhao et al.,
2021). Initially, Friedenstein and others developed cultures of
MSCs based on their intrinsic physical characteristics that
allowed them to attach to the surface of plastic flasks or dishes
(Friedenstein et al., 1970). Although this method is time-
consuming and only heterogeneous cell populations (Xu et al.,
1983; Alhadlaq and Mao, 2004) can be obtained, many
laboratories continue to use plastic adhesion methods to
isolate MSCs because of the lack of credible purification
protocols.

Many techniques have been developed, such as density
gradient centrifugation, fluorescent-activated cell sorter
(FACS) (Herzenberg et al., 2002), and magnetic-activated
cell sorter (MACS) (Schmitz et al., 1994). Although the
density gradient centrifugation method enables extraction of
cells with a high degree of purity, the first fusion of primary
cells takes a long time (Li et al., 2013). FACS and MACS, which
are affinity-based methods, also have some limitations such as
limited sample throughput and processing speed as well as
high operating pressure, which may lead to loss of cell function
or vitality; bulky instruments occupying a large number of
workbenches; and the requirement for technical expertise to
operate complex machinery (Nicodemou et al., 2017).
Antibodies, at present, are the mainstay of affinity-based
cell purification because of their high capture strength and
selectivity. However, antibodies are expensive and generally
have low biochemical stability (Ruigrok et al., 2011). In
addition, their strong binding ability often makes cell
elution challenging (Bacon et al., 2020), and only specific
MSCs can be obtained by this method (Nadri and
Soleimani, 2007). In recent years, peptides have become a
cost-effective and robust substitute for protein ligands
(Ruigrok et al., 2011). The E7 peptide (EPLQLKM) has
been discovered and used to specifically capture MSCs
in vitro and in vivo due to its strong and specific affinity
with MSCs. E7 can bind to human (Shao et al., 2012), rabbit
(Meng et al., 2017), and rat (Wu et al., 2019) bone marrow
MSCs without species-specificity. The use of poly (ethylene
glycol) (PEG) molecules to bind protein ligands and thereby
enhance the specificity of the target cells is also coming into
view (Yu et al., 2018). Because of its hydrophilic and bioinert
properties (Chien et al., 2012; Raos et al., 2018), PEG is
considered one of the most widely used and effective
antifouling polymers. It also works as an “interlayer” to
improve the pliability of the immobilized biomolecules, thus
increasing their biological activity (Yu et al., 2011).

The application of MSCs not only requires purity but also
raises the need for efficient cell production techniques.
Obtaining a sufficient number of cells from source cells

requires a large in vitro expansion scheme (Kabat et al.,
2020). For effective expansion of cells in vitro, the method
of cultivating cells under a three-dimensional (3D)
environment has received increasing attention (Antoni
et al., 2015). It can supply a proper spatial environment for
cell distribution and provide a natural extracellular matrix
(ECM)-simulation environment to enhance the biological
activity of cells (Flemming et al., 1999). As carriers for cell
multiplication on 3D surfaces, microspheres have proven ideal
for cell expansion (Gao et al., 2015; Leong and Wang, 2015),
with the following remarkable advantages: 1) simple
preparation process; and 2) high specific surface area for
maximizing space efficiency and promoting cell attachment
and proliferation (Leong and Wang, 2015). Compared with
planar culture, microsphere-based culture poses a challenge
for harvesting cells. After cell separation, it is necessary to
remove the microspheres to obtain a pure cell suspension.
Regardless of the method used, the harvesting process involves
several complicated steps, which must be carried out in time. A
protein-coated microcarrier GEM™ (Global Eukaryotic
Microcarrier™, Hamilton, Sweden) (Lin et al., 2014)
incorporated with internal magnetic particles has been
developed, allowing easy recovery of the beads using
magnets. This provides a new method for the preparation
and application of microcarriers.

In summary, the most critical challenges in the biological
application of MSCs are their isolation and culture. To solve
these problems, we doped superparamagnetic nanoparticles
(NPs) in polymeric matrix to prepare magnetic microspheres.
Moreover, by grafting E7 on the surface of the PEGylated
microspheres, selective adhesion of MSCs was achieved, and
the proliferation of MSCs on the surface of microspheres was
promoted. A range of properties such as specific adhesion
efficiency, proliferation, and retention of stemness of MSCs on
the magnetic sorting microspheres were also explored
(Scheme 1).

2 MATERIALS AND METHODS

2.1 Materials and Reagents
All reagents were fromAladdin (Aladdin, China), if not otherwise
noted. Poly (lactic-co-glycolic acid) (PLGA, LA:GA = 80:20, Mw
= 200,000) was prepared via ring-opening co-polymerization of
L-lactide (LA) and glycolide (GA) in our laboratory (Yan et al.,
2019).

2.2 Magnetic NP Synthesis
The synthesis of oleic acid grafted Fe3O4 (Fe3O4-OA) NPs was
slightly modified according to the method previously published
by our laboratory (Hao et al., 2019). In brief, iron (III) chloride
(10.8 g, 40 mM) and sodium oleate (36.5 g, 120 mM) were
blended in a mixture of 60 ml distilled water, 80 ml ethanol,
and 140 ml n-hexane, in a round bottom flask. Then, the reaction
solution was heated to 70°C for a 4 h reflux with violent magnetic
stirring. The brown hexane phase was separated from the solution
by cooling and washed three times with 30 ml distilled water.
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Then, the hexane phase was transferred to a clean round-
bottomed flask and dried in a rotary vacuum evaporator with
water bath heating. Subsequently, 6.4 ml oleic acid and 253 ml 1-
octadecene were added to the red-brown viscous product. The
mixing solution was then ultrasonicated for 30 min to complete
dissolution. Finally, a glass capillary was added, and slender
branch pipes were connected to the mouth of the flask. After
holding at 100°C for 1 h, the reaction mixture was heated to 320°C
and held again for 1 h. After cooling down to room temperature,
the black products were collected using a magnet, washed three
times with 100 ml of petroleum ether, and precipitated with
300 ml of ethanol. The obtained product was dried at room
temperature for standby application.

2.3 Fabrication of Fe3O4-OA-PLGA
Microspheres
Preparation of Fe3O4-OA-PLGA microspheres was
performed using the high-voltage electrostatic (HVE)
technique (Yan et al., 2021). Briefly, PLGA (1 g) and
Fe3O4-OA NPs (50 mg) were fully dissolved in
dichloromethane (DCM, 10 ml). The solution was loaded
into a 2 ml syringe with a 27 G needle. The needle tip and
the ethanol replacement solution were linked to the positive

and negative electrodes of the HVE droplet generator,
respectively. The syringe was advanced at a uniform speed.
Microspheres were collected through filtration via sieves and
washed successively with ethanol solution and distilled water
to remove the excess residual organic solvent.

2.4 Modification of Microspheres
To prepare pDA/Fe3O4-OA-PLGA microspheres, the obtained
Fe3O4-OA-PLGA microspheres were immersed in dopamine
solution (2 mg ml−1, 10 mM tris, pH = 8.5) for 2 h at room
temperature. Then, the pDA/Fe3O4-OA-PLGA microspheres
were incubated in di-amino-PEG (Mw = 2,000, ToYongbio,
China) solution (200 mg ml−1, 10 mM tris, pH = 8.5) at 40°C
for 4 h. The modified microspheres were washed with distilled
water and termed PEG/pDA/Fe3O4-OA-PLGA. In order to
enhance the selective adhesion of MSCs, the surface of the
microspheres was functionalized with the E7 peptide
(GLBiochem, China). The modification of peptide was
conducted in the following two ways. 1) The
heterobifunctional crosslinker 4-(N-Maleimidomethyl)
cyclohexane-1-carboxylic acid 3-sulpho-N-hydroxysuccinimide
ester sodium salt (sulfo-SMCC) was used to bind the peptide to
the di-amino-PEG molecule on the surface of the microspheres.
Sulfo-SMCC was dissolved in distilled water and diluted to

SCHEME 1 | (A) The composition of microspheres and the simple process of modification. (B) The microspheres can be used for sorting MSCs. (C) The
microspheres can be used for the expansion of MSCs.
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1 mg ml−1 with phosphate buffered saline-ethylene diamine
tetraacetic acid (PBS-EDTA) coupling buffer. The sulfo-SMCC
solution was pipetted into the PEG/pDA/Fe3O4-OA-PLGA
microspheres, followed by incubation for 1 h at room
temperature. The microspheres were then covered with E7
peptide solution (2 mg ml−1, coupling buffer) and incubated
overnight at 4°C to obtain E7/PEG/pDA/Fe3O4-OA-PLGA. 2)
For E7/pDA/Fe3O4-OA-PLGA microspheres, pDA/Fe3O4-OA-
PLGA microspheres were incubated with E7 peptide solution
(2 mg ml−1, 10 mM tris, pH = 8.5) overnight at 4°C. If used for cell
experiments, the above processes were completed under sterile
conditions after the alcohol disinfection of Fe3O4-OA-PLGA
microspheres. Partial microspheres were dried under vacuum
for further characterization.

2.5 Characterization
The chemical structure of Fe3O4-OA NPs and PEG-modified
microspheres was determined by a Perkin Elmer 2000 FTIR
instrument (Perkin Elmer, Germany). A Tecnai G2S-Twin
transmission electron microscope (FEI, United States) was
used to record the size and shape of the Fe3O4-OA NPs.
The magnetic properties were determined in a Quantum
Design-MPMS-XL7 vibrating sample magnetometer (VSM)
system (United States) at 300 K. A Philips XL30 ESEM-FEG
instrument (Philips, Japan) was used to observe the surface
morphology of microspheres. Elemental mapping was carried
out by an XL-30W/TMP scanning electron microscope
(Philips, Japan). Static water contact angles were measured
using a VCA 2000 contact angle system (AST, United States).
The percentage of grafting was measured using a TGA500
thermogravimetry analyzer (TA Instruments, United States).
Each sample was heated from room temperature to 600°C at
10°C min−1.

2.6 Cell Isolation and Culture
MSCs were isolated from bonemarrow of the tibias and femurs of
Sprague-Dawley (SD) rats (100 g, male), as reported previously
(Soleimani and Nadri, 2009). The experimental protocol was
approved by the Institutional Animal Care and Use Committee of
Jilin University School of Pharmaceutical Science. The extracted
cells were seeded in a 100-mm cell culture dish (Nest, China) and
placed in a humidified incubator at 37°C with 5% CO2. The
culture medium was changed every 3 days until the cells reached
80% confluency for subculture. All experiments were carried out
during passages 3–5. NIH3T3 and RAW 264.7 cell lines were
purchased from ATCC and cultured under standard conditions.

2.7 Proliferation and Morphology of MSCs
on Microspheres
MSCs were seeded at a density of 2 × 104 cells well−1 in 48-well
(containing 30 µl microspheres) for 1, 3, and 7 days. At each
predetermined time point, 500 μl of fresh medium containing
30 μl of CCK-8 (Solarbio, China) was used to replace the
medium, and the plate was incubated for 2 h at 37°C. After
incubation, the solution (100 μl) in each well was pipetted into a

new 96-well plate and measured the absorbance at 450 nm using an
InfiniteM200microplate reader (Tecan, Switzerland). For observing
themorphology of cells seeded on eachmicrosphere, double staining
of 1,1′-dioctadecyl-3,3,3′,3′tetramethylindocarbocyanine
perchlorate (DiI) (Meilun Biological, China) and 4′,6-diamidino-
2-phenylindole dihydrochloride (DAPI) (Invitrogen, United States)
was performed after 3 days. In order to assess the cell area fraction on
various microspheres, the image analysis software ImageJ was used.

2.8 Anti-Cell Adhesion Properties of
PEG-Modified Microspheres
In order to evaluate the cell-adhesion-resistant effect of PEG/
pDA/Fe3O4-OA-PLGA microspheres, NIH3T3 cells at a density
of 2 × 104 cells well−1 were seeded on microspheres in a 48-well
plate and cultured for 12 h. Cell adhesion was observed by
fluorescence microscopy with DAPI staining.

2.9 Selective Adhesion of Separately
Cultured Multiple Cells
MSCs, NIH3T3, and RAW 264.7 cells were seeded on the
different microspheres in 48-well plates at a density of 2 × 104

cells per well. After incubation for 6 h, the microspheres were
washed with PBS, respectively stained with DiI, Calcein-AM
(Sigma, Germany), and Hoechst 33342 (Beyotime, China), and
viewed under a fluorescent microscope.

2.10 Selective Adhesion of Co-Cultured
Multiple Cells
2.10.1 Static Culture
According to the manufacturer’s instructions, MSCs, NIH3T3,
and RAW 264.7 cells were stained with DiI, Calcein-AM and
Hoechst 33342, respectively, and co-incubated with a seeding
density of 2 × 104 in wells for 6 h. Non-adherent cells were
washed away with PBS, and the proportion of each cell type was
determined by fluorescence microscopy.

All other experimental conditions remained unchanged,
except that RAW 264.7 cells were subjected to Calcein-AM
staining, and the cells were co-cultured for 12 h to observe
their morphology on the microspheres.

2.10.2 Dynamic Culture
Then, 1.5 ml of the same mixed cell suspension was added to a
5 ml-EP (containing 250 µl microspheres) tube at the same
density as described above. The EP tube was placed in home-
made equipment (Supplementary Figure S1) by our laboratory.
After blending, the tube was allowed to stand for 40 min and
rotated for 10 min at 50 rpm with direction changing every
second for 4 h, at 37°C. The proportions of different cells were
observed and calculated.

2.11 Stemness of the Adherent MSCs
MSCs cultured on E7/PEG/pDA/Fe3O4-OA-PLGA microspheres
for 7 days were digested by trypsin digestion for subsequent
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experiments. An appropriate amount of cells was used to prepare
a single-cell suspension, and monoclonal antibodies CD29,
CD90, and CD34 (Invitrogen, United States) were added
separately to each tube. After incubation at room temperature
for 30 min in the dark, the cells were washed with PBS three times
to remove the unbound antibodies and detected by flow
cytometry. Osteogenic, adipogenic (Puhebio, China), and
chondrogenic (Cyagen, China) induction mediums were used
instead of basic medium for culture, respectively, to evaluate the
differentiation potential of the expanded MSCs. To confirm
osteogenesis, cells were stained with the alkaline phosphatase
(ALP) assay kit on day 3 of culture and alizarin red on day 14 of
culture. Adipogenic differentiation was detected by Oil Red O
staining on the 21st day. Alcian blue staining was used to detect
the formation of cartilage following 28 days.

2.12 Statistical Analysis
Statistical analysis was conducted using analysis of variance
(ANOVA, one-way, Origin 8.0, United States). The data were
presented as means ± standard deviations (SD). In each
experiment, triplicate samples were evaluated. Significant
differences were defined at p < 0.05.

3 RESULTS AND DISCUSSION

3.1 Characterization of Magnetic NPs
The dispersion stability of Fe3O4-OA NPs was first examined
in chloroform. After standing for 50 h, Fe3O4 NPs
(Supplementary Figure S2A) were precipitated, while
Fe3O4-OA NPs (Supplementary Figure S2B) remained well
dispersed: given that Fe3O4 NPs are poorly dispersed in
organic solvents, this was probably due to magnetostatic
(magnet dipole-dipole) interactions between magnetic
particles (Maity and Agrawal, 2007). However, the mutual
repulsion of OA groups on the surface of Fe3O4-OA NPs can
weaken this phenomenon. This facilitated the preparation of
homogeneous magnetic composites. When a magnet was
applied, Fe3O4-OA NPs were gathered to the side close to
the magnet (Supplementary Figure S2C), indicating that they
had good magnetic responsiveness. Based on these findings, it
could be preliminarily concluded that Fe3O4-OA NPs were
successfully synthesized. Fe3O4-OA NPs were characterized
using TEM. Figure 1A shows TEM images of Fe3O4-OA NPs,
where it can be seen that the NPs were polygonal and
homogeneous in size. TEM images were further analyzed
by ImageJ, in which at least 100 NPs were measured
(Figure 1B). The average size of the NPs was about 15.03 ±
2.47 nm. The size of the individual iron oxide NPs was typical
of single domain superparamagnetic iron oxides (Teja et al.,
2009), as verified in subsequent magnetic measurements. The
magnetization versus the applied field curves was shown in
Figure 1C. At T = 300 K, neither remanence nor coercivity
could be detected for the sample with saturation
magnetization of 51.4 emu g−1, indicating that
superparamagnetic behavior existed. Superparamagnetic
iron oxide nanoparticles are of increasing interest in the

biomedical field due to their unique small size, physical
properties, low toxicity, and biocompatibility (Neuberger
et al., 2005; Hao et al., 2021). As shown in Figure 1D,
stretching vibration of the Fe-O bonds located at about
578 cm−1 was observed in the spectra. In the spectrum of
Fe3O4-OA NPs, the peak at 2,849 cm−1 was due to the
symmetrical stretching vibration of methylene groups,
while the peak at 2,920 cm−1 was attributed to the
asymmetric stretching vibration of methylene groups. These
bands are a trait of unsaturated hydrocarbon chains of OA. It
was found that the two peaks of the sample were concentrated
at 1,512 cm−1 and 1,417 cm−1, which corresponded to the
vibration modes of asymmetric and symmetric carboxylate
groups. The stretching vibration of the carbon-carbon double
bond in sodium oleate was responsible for the peak at
1,656 cm−1. This indicated that the carboxyl group of oleic
acid was chemisorbed on the surface. The weight loss shown
by the TGA curve indicated that the grafting of OA on Fe3O4-
OA NPs was 21.247 wt.%. The peak of the DTA curve for oleic
acid in Figure 1E was at 270.66°C, while the peak of the DTA
curve for Fe3O4-OA was at 349.91°C. This weight loss was
related to the decomposition of OA covalently bonded to the
surface of the NPs (Mahdavi et al., 2013).

3.2 Characterization of Microspheres
Macroscopic observation showed that the Fe3O4-OA-PLGA
microspheres (right) were darker in color than the Fe3O4-
PLGA microspheres (left) (Supplementary Figure S3A). This
was caused by the presence of oleic acid on the surface of Fe3O4-
OA NPs. The alkane chains on the surface of Fe3O4-OA NPs
improved the interfacial compatibility with the hydrophobic
polymer matrix (Okassa et al., 2007; Hao et al., 2019).
Therefore, the dispersion of Fe3O4-OA NPs in PLGA solution
was more uniform than that of Fe3O4 NPs, and the NPs were not
easy to precipitate and clog the needle. As seen from the optical
microscope, these microspheres were round and regular
(Figure 2A), with a diameter of about 273.07 ± 19.09 μm
(Figure 2B). The surface morphology of different
microspheres was observed by SEM (Figure 2C). Because they
were formed by solvent extraction, the microspheres had well-
formed sphericity and a porous surface. After pDA modification,
the microspheres acquired a rough surface, although their
spherical shape was preserved. The saturation magnetization
was 2.5 emu g−1 for microspheres (Figure 2D). The magnetic
field had a significant effect on the distribution of microspheres:
in the absence of a magnet (Supplementary Figure S3B), the
microspheres in the water gradually sank because of gravity. After
applying the magnet (Supplementary Figure S3C), the
microspheres were quickly attracted to the vial wall near the
magnet.

3.3 Characterization of PEGylated
Microspheres
PEG is a versatile polymer that is non-toxic and FDA-approved
for use in biomedical research applications, including tissue
engineering and drug discovery (Raina et al., 2021). Because of
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the cell-repulsive and non-adhesive properties of PEG, di-amino-
PEG is used here as a microsphere surface modifier for facile
conjugation and subsequent activation of PEG molecules on the
microsphere surface. PEG can act as an anti-adhesive barrier or
binding to peptide to promote cell adhesion. Cells cannot adhere
to PEG, which helps facilitate contact between the cells and the
peptide.

Figure 3A shows the FTIR spectra of the microspheres
after dopamine coating and PEG grafting modification. The
strong signal at 1760 cm−1 that appeared in all spectra could
be attributed to the presence of carbonyl groups in the PLGA.
The N-H bending vibration peak at 1,613 cm−1 after
dopamine coating, which might be associated with the
amino group contained in polydopamine (pDA), could be
seen in the spectra. This indicated the polymerization
reaction of dopamine on the surface of the microspheres
to form the pDA coating layer. From the spectra, it could be

observed that the peak of 2,923 cm−1 appeared after grafting
PEG on the surface of pDA coated microspheres, suggesting
that the tensile vibration of C-H was enhanced. The signal at
1,340 cm−1 revealed the strengthening of the C-H bending
vibration. This implied that PEG had been grafted on the
surface of pDA-coated microspheres.

The NIH3T3 cells were inoculated on the surface of the Fe3O4-
OA-PLGA, pDA/Fe3O4-OA-PLGA, and PEG/pDA/Fe3O4-OA-
PLGA microspheres. After incubation for 12 h, the adherent cells
were fixed and stained with DAPI nuclear dye, then observed and
statistically analyzed. Fluorescence photographs (Figure 3B)
showed that NIH3T3 cells could adhere to the pDA/Fe3O4-
OA-PLGA and Fe3O4-OA-PLGA microspheres, but they could
not adhere well on the PEG/pDA/Fe3O4-OA-PLGA
microspheres. Statistical analysis (Figure 3C) showed that cell
adhesion on the PEG/pDA/Fe3O4-OA-PLGA microspheres was
significantly lower than that on the pDA-modified and control

FIGURE 1 | TEM images (A) of Fe3O4-OA NPs at different magnifications and particle size distribution (B) of Fe3O4-OA NPs. VSM curve (C) of Fe3O4-OA NPs. The
FTIR spectra (D) of Fe3O4-OA NPs. TGA and DTA curves (E) of Fe3O4-OA NPs (m) and oleic acid (n).
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FIGURE 2 | Micrographs (A) and size distribution (B) of Fe3O4-OA-PLGA microspheres. SEM images (C) of microspheres under low (above) and high (below)
magnification. VSM curve (D) of Fe3O4-OA-PLGA microspheres.
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surfaces. These results suggest that PEG molecules grafted on the
microspheres formed a surface that was more resistant to cell
adhesion than the untreated microspheres.

3.4 Characterization of Peptide-Modified
Microspheres
In this study, selective adhesion to MSCs was achieved by grafting E7
peptide on PEGylated magnetic microspheres. The activation of
grafted di-amino-PEG molecules on the microsphere surface
depended on their free terminal amine groups. First, we attached
sulfo-SMCC to the di-amino-PEG molecule on the surface of the
microspheres. Then, the E7 peptide was ligated to the sulfo-SMCC
molecule on the surface of the PEG/pDA/Fe3O4-OA-PLGA
microspheres via the Cys residue at the C-terminal end of the
peptide. The E7/pDA/Fe3O4-OA-PLGA microspheres were
modified with E7 by pDA coating. Since only the peptide
contained sulfur elements, the mapping of sulfur elements was
used to characterize the grafting of the peptide. As seen in

Figure 4A, the surfaces of E7/pDA/Fe3O4-OA-PLGA microspheres
and E7/PEG/pDA/Fe3O4-OA-PLGA microspheres were uniformly
coveredwith elemental sulfur. This result indicated that the E7 peptide
was successfully immobilized on the magnetic microspheres.

The water contact angle was 79.76 ± 1.52° for Fe3O4-OA-PLGA
microspheres, 57.46 ± 1.27° for pDA/Fe3O4-OA-PLGAmicrospheres,
and 45.79 ± 0.81° for E7/pDA/Fe3O4-OA-PLGA microspheres
(Figure 4B). Applying pDA and E7 to the microsphere surface
decreased the water contact angle, indicating that they improved
the hydrophilicity. This was also expected, because pDA and E7
comprise many hydrophilic functional groups, such as amino and
hydroxyl groups. The surface of PEG/pDA/Fe3O4-OA-PLGA and E7/
PEG/pDA/Fe3O4-OA-PLGAmicrospheres becamemore hydrophilic,
with a contact angle of only about 39.13 ± 0.74° and 39.26 ± 0.87°,
possibly due to the presence of PEG with excellent hydrophilicity on
the modified surface (Lee et al., 1995).

The organic coating content on the prepared microsphere surface
was calculated using the TGA method (Figure 4C). The mass loss
values for Fe3O4-OA-PLGA, pDA/Fe3O4-OA-PLGA, PEG/pDA/

FIGURE 3 | FTIR spectrum (A). Fluorescent images (B) of NIH3T3 cells cultured onmicrospheres for 12 h, and cell count data (C). The cells were stained with DAPI
(nucleus, blue). Scale bar = 100 μm. p < 0.05, n = 3.
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Fe3O4-OA-PLGA, E7/pDA/Fe3O4-OA-PLGA, and E7/PEG/pDA/
Fe3O4-OA-PLGA were at 91.038, 91.858, 97.021, 92.957, and
97.725 wt.%, respectively. E7 grafting of E7/pDA/Fe3O4-OA-PLGA
and E7/PEG/pDA/Fe3O4-OA-PLGA was calculated to be 1.099 wt.%
and 0.704 wt.%, respectively, which might be related to the coupling
efficiency of sulfo-SMCC.

3.5 Evaluation of the Cytocompatibility of
Microspheres
Because cells could not adhere to the PEG/pDA/Fe3O4-OA-
PLGA microspheres, the PEG/pDA/Fe3O4-OA-PLGA
microspheres were not evaluated in subsequent experiments.

3.5.1 Cytotoxicity
The toxicity of the microsphere extracts was assessed first
(Supplementary Figure S4). For the 100% extract, the cell
viability ranged from 87.64 ± 2.14% to 94.33 ± 2.96%. For the
50% extract, the cell viability ranged from 91.36 ± 2.033% to
97.32 ± 2.99%. Indirect cytotoxicity assays indicated that these
microspheres were safe for in vivo application. Although
nanoparticles were used, the effect on cell viability was
negligible. The binding ability between Fe3O4-OA NPs and
PLGA matrix might have been strengthened by the oleic acid
modification layer on the magnetic nanoparticles, thus reducing
their leaching from the microspheres (Hao et al., 2019). In
addition, after washing, reagents harmful to the cells were
reduced to a reasonable level.

3.5.2 Cell Proliferation
Microspheres should support cell attachment and
proliferation. To assess cell behavior, MSCs were seeded
and cultured on the microspheres. Cell proliferation was
detected on days 1, 3, and 7 with the CCK-8 kit
(Figure 5A). According to the results, the cell viability of
the three groups of microspheres was similar on the first day
except for the Fe3O4-OA-PLGA microspheres. After 3 and
7 days, E7/pDA/Fe3O4-OA-PLGA and E7/PEG/pDA/Fe3O4-
OA-PLGA exhibited higher cell viability. These results
corresponded to those for TGA. E7 grafting affected cell
adhesion and proliferation, thus showing better
biocompatibility of the microspheres, because E7 is an
MSC-specific affinity peptide with a superior affinity for MSCs.

3.5.3 Cell Morphology
Fluorescence microscopy was used after 3 days to assess the
distribution of MSCs on the microspheres (Figure 5B). In the
presence of E7 peptide, the number of cells adhering to the
surface of E7/pDA/Fe3O4-OA-PLGA and E7/PEG/pDA/Fe3O4-
OA-PLGA microspheres was increased, and the area fraction
(Figure 5C) was significantly higher compared with that of the
pDA/Fe3O4-OA-PLGA and Fe3O4-OA-PLGA groups. Cells were
uniformly and densely distributed on the E7/pDA/Fe3O4-OA-
PLGA and E7/PEG/pDA/Fe3O4-OA-PLGA microspheres,
showing excellent cell adhesion and spreading. These results
indicate that the functionalization of grafted di-amino-PEG

FIGURE 4 | Elemental mapping of sulfur (A). Scale bar = 100 μm. Water contact angle of various microspheres (B). TGA curves of different microspheres (C). p <
0.05, n = 3.
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molecules with E7 peptide not only restored cell adhesion to the
surface but also enhanced it relative to the Fe3O4-OA-PLGA and
pDA/Fe3O4-OA-PLGA.

3.6 Selective Adhesion of Separately
Cultured Multiple Cells
The E7 peptide, which was bound on the surface of the
microspheres, was initially shown to have a specific affinity
for MSCs relative to NIH3T3 (fibroblasts) and RAW 264.7
cells (macrophages). Cell adhesion was detected 6 h after

inoculation, as shown in Figure 6. The images revealed
that the number of cells adhering to the Fe3O4-OA-PLGA
surface was lower than that on the pDA/Fe3O4-OA-PLGA
surface, regardless of cell type. The addition of dopamine
coating on the microspheres increased non-specific cell
adhesion, but the cell proportions did not change
(Figure 6A). As previously reported (Madhurakkat
Perikamana et al., 2015), pDA imparts a positive charge to
the material surface, allowing the material to bind more
readily to integral protein receptors of the cell membrane,
thus improving cell adhesion. On the surface of E7/pDA/

FIGURE 5 | Proliferation of MSCs onmicrospheres at 1, 3, and 7 days post-seeding evaluated by CCK-8 assay (A). The cellular morphology (B) and statistical area
fraction (C) of MSCs cultured for 3 days on the different microspheres, which were stained by DiI (cytoplasm, red)/DAPI (nuclei, blue). Scale bar = 100 μm. p < 0.05, n = 3.
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Fe3O4-OA-PLGA, the adhesion of NIH3T3 and RAW 264.7
cells was not higher than that for pDA/Fe3O4-OA-PLGA,
whereas the number of adherent MSCs was increased. On E7/
PEG/pDA/Fe3O4-OA-PLGA microspheres, the cells of MSCs
were further increased, while that of NIH3T3 and RAW 264.7
cells were further reduced. Statistical analysis showed that at

6 h post-inoculation (Figure 6B), the proportion of adherent
MSCs on the surface of E7/PEG/pDA/Fe3O4-OA-PLGA was
more than two-fold higher than that of NIH3T3 and RAW
264.7 cells. These results indicated that the grafted PEG
molecules and E7 peptide effectively resisted the non-
specific adhesion of cells.

FIGURE 6 |Representative fluorescent images (A) of MSCs (DiI, red), NIH3T3 (Calcein-AM, green), and RAW264.7 cells (Hoechst 33342, blue) adhering to various
microspheres after 6 h of separate culture. The proportions (B) of adherent MSCs, NIH3T3, and RAW 264.7 cells on the same type of microsphere. Scale bar = 100 μm.
At least five fields of view were randomly taken for each group of microspheres. p < 0.05, n = 3.
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3.7 Selective Adhesion of Co-Cultured
Multiple Cells (Static Culture)
The selective adhesion of MSCs to the E7/PEG/pDA/Fe3O4-OA-
PLGA microspheres was further verified through co-culturing MSCs
with NIH3T3 and RAW 264.7 cells under static conditions
(Figure 7A). The results showed that the total number of cells on
the surface of Fe3O4-OA-PLGA microspheres was low, and the
proportions of the three types of cells were comparable. A large
number of adherent MSCs (red), NIH3T3 (green), and RAW 264.7
cells (blue) could be observed on pDA/Fe3O4-OA-PLGA
microspheres. With the addition of E7 peptide, more red cells
were observed on the E7/pDA/Fe3O4-OA-PLGA microspheres,
indicating enhanced selectivity for MSCs adhesion. However, E7/
PEG/pDA/Fe3O4-OA-PLGA microspheres exhibited more red cells
and fewer green and blue cells than unmodified Fe3O4-OA-PLGA
microspheres. This suggested that the PEG antifouling layer effectively
blocked the non-specific adhesion of cells. Accordingly, the
proportions of cells on the different microspheres were statistically
analyzed (Figure 7B). The percentages of MSCs, NIH3T3, and RAW
264.7 cells cultured on Fe3O4-OA-PLGA were 33.19 ± 5.32, 39.32 ±
3.11, and 27.49 ± 3.51%, respectively. Similar to separate culture, when
cells were co-cultured on the pDA/Fe3O4-OA-PLGA microspheres,
there was no significant change in the proportion of each cell type,
although there was an increase in the number of each cell type. With
respect to E7/pDA/Fe3O4-OA-PLGAmicrospheres, the percentage of

MSCs increased from 32.4 ± 3.58% to 49.9 ± 5.27%. Furthermore, on
E7/PEG/pDA/Fe3O4-OA-PLGA microspheres, the percentage of
MSCs was increased to 76.39 ± 5.67%. The above results led us to
conclude that the selective adhesion ofMSCs to E7/PEG/pDA/Fe3O4-
OA-PLGA microspheres was significantly enhanced under static
culture conditions. Compared with the situation when the 3 cells
were inoculated separately, on the surface of E7/pDA/Fe3O4-OA-
PLGA and E7/PEG/pDA/Fe3O4-OA-PLGA microspheres grafted
with E7 peptide, the proportions of NIH3T3 and RAW 264.7 cells
were decreased, which might be due to the increasing selective affinity
of microspheres for MSCs, which caused more adherence of MSCs,
and competitively reduced the adherence of NIH3T3 and RAW
264.7 cells.

Observing the morphology of the three types of cells on the
microspheres (Figure 7C), corresponding to Figure 7A, the E7-
grafted microspheres exhibited more adhered MSCs. This also
suggests that E7 might influence the subsequent proliferation of
MSCs by affecting their early adhesion (Figure 5A).

3.8 Selective Adhesion of Co-Cultured
Multiple Cells (Dynamic Culture)
Because microspheres are often cultured in a dynamic environment
as cell microcarriers, the selective capture of MSCs by the obtained
microspheres under dynamic conditions was further investigated

FIGURE 7 | Representative fluorescent images (A) of MSCs (DiI, red), NIH3T3 (Calcein-AM, green), and RAW 264.7 cells (Hoechst 33342, blue) co-cultured on
different microspheres for 6 h under static conditions. Statistical analysis of the proportions (B) of MSCs, NIH3T3, and RAW 264.7 cells per view. The morphology (C) of
the three types of cells on the microspheres. The red cells were MSCs, and the green cells were NIH3T3 or RAW 264.7 cells. Scale bar = 100 μm. At least five fields of
view were randomly taken for each group of microspheres. p < 0.05, n = 3.
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(Figure 8A). The total number of adherent cells on the surface of
each microsphere decreased compared with that in static culture.
Presumably, shear forces in the system may cause adhesion to take
longer to achieve (Ning et al., 2013). After modification with
dopamine, the number of cells on the pDA/Fe3O4-OA-PLGA

microspheres increased (versus the Fe3O4-OA-PLGA
microspheres group). Unsurprisingly, modification of the E7
peptide resulted in more MSC adhesion, as under static culture
conditions. On the E7/PEG/pDA/Fe3O4-OA-PLGA microspheres,
the adherent numbers of NIH3T3 and RAW 264.7 cells were also

FIGURE 8 | Representative fluorescent images (A) of MSCs (DiI, red), NIH3T3 (Calcein-AM, green), and RAW 264.7 cells (Hoechst 33342, blue) co-cultured on
different microspheres for 6 h under dynamic conditions. Scale bar = 100 μm. Statistical analysis of the proportions (B) of MSCs, NIH3T3, and RAW 264.7 cells per view.
At least five fields of view were randomly taken for each group of microspheres. p < 0.05, n = 3.

FIGURE 9 | Flow cytometric analysis (A) of MSCs cultured on the E7/PEG/pDA/Fe3O4-OA-PLGA microspheres for 7 days. ALP (B) and ARS staining (C) after
osteogenesis induction for 7 or 14 days in MSCs pre-seeded on the E7/PEG/pDA/Fe3O4-OA-PLGA microspheres. Oil red O staining (D) after lipogenesis induction for
21 days in MSCs that were pre-seeded on the E7/PEG/pDA/Fe3O4-OA-PLGA microspheres. Alcian blue staining (E) after chondrogenic induction for 28 days in MSCs
pre-seeded on the E7/PEG/pDA/Fe3O4-OA-PLGA microspheres. Scale bar = 100 μm.
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decreased. These results showed that the PEG antifouling layer could
also inhibit non-specific cell adhesion under dynamic conditions.
Accordingly, statistical analysis of cell proportions was performed
(Figure 8B). The percentages of MSCs, NIH3T3, and RAW 264.7
cells cultured on Fe3O4-OA-PLGA microspheres were 34.76 ± 3.77,
31.35 ± 2.94, and 33.893 ± 2.71%, respectively. On pDA/Fe3O4-OA-
PLGA microspheres, the proportions of cells were 37.37 ± 2.94,
29.36 ± 3.10, and 33.27 ± 1.29%. For E7/pDA/Fe3O4-OA-PLGA
microspheres, MSCs increased to 52.16 ± 4.22%, while NIH3T3 and
RAW 264.7 decreased to 19.75 ± 2.59% and 28.09 ± 1.58%. The
proportion of MSCs on E7/PEG/pDA/Fe3O4-OA-PLGA
microspheres further increased to 77.19 ± 3.05%. The results
showed that the E7/PEG/pDA/Fe3O4-OA-PLGA microspheres
were equally selective for MSCs under dynamic conditions
compared with that in static culture.

3.9 Stemness of the Adhered MSCs
MSCs can offer promising therapeutic potential for many diseases
(Patel et al., 2013). Because of the limited fraction of MSCs
collected from tissues, in vitro expansion of MSCs is required;
nevertheless, loss of stemness and undesired differentiation of
MSCs during in vitro culture can diminish their efficiency (Saei
Arezoumand et al., 2017). Therefore, their stemness qualities
must be preserved in vitro (McKee et al., 2017). To investigate the
stemness retention and differentiation potential of MSCs
expanded on the surface of E7/PEG/pDA/Fe3O4-OA-PLGA
microspheres, the cells were inoculated for an additional
7 days and harvested; then, flow cytometric analysis and
induced differentiation were carried out (Figure 9). The
positive expression indicators CD29 and CD90 and the
negative expression indicator CD34 by MSCs were taken as
identification reference indicators. Flow cytometry (Figure 9A)
showed that the cells did not express CD34, but did express CD29
and CD90. This was consistent with the surface marker
characteristics of MSCs (Harting et al., 2008). ALP activity
was a sign of early osteogenic differentiation in MSCs
(Weinreb et al., 1990). Figure 9B showed positive ALP
staining. Mineral deposition has been shown to be a late
marker of osteogenesis, and calcium deposition can be
measured using alizarin red staining (Liu et al., 2016).
Significant calcium deposition (Figure 9C) was found in
MSCs inoculated on E7/PEG/pDA/Fe3O4-OA-PLGA
microspheres. With regard to lipogenic differentiation, oil red
O staining (Figure 9D) showed the existence of lipid vacuoles.
Alcian blue staining (Figure 9E) confirmed chondrogenic
morphogenesis. The results demonstrated that cells growing
on the microspheres still retained the ability to differentiate.
Furthermore, we found that the number of MSCs captured on
E7/PEG/pDA/Fe3O4-OA-PLGA under dynamic conditions was
statistically significantly lower than the number of MSCs
captured under static conditions (Supplementary Table S1).
Consistent with the preceding results, it is possible that shear
forces affected early cell adhesion (Ning et al., 2013), and such
shear forces might, to some extent, also mimic the actual stress
environment in vivo (Zhang et al., 2010).

Additionally, microspheres can be used not only in vitro, but
also in vivo as supportingmaterial and carriers for cell growth and

delivery (Hiraoka et al., 2006; Kang et al., 2009; Kamali et al.,
2019). Nevertheless, the non-specific capture of fibrocytes and
inflammation-related cells may lead to fibrosis because of the
complexity and diversity of the cells participating in the tissue
repair procedure (Tabata, 2009). Hence, in order to achieve tissue
regeneration without fibrosis, selective capture of MSCs by the
E7-modified microspheres in the presence of fibrocytes and
inflammatory cells is crucial. MSCs can selectively adhere to
such microspheres, reducing the potential for fibrosis and
inflammation caused by fibroblasts and inflammatory cells.

4 CONCLUSION

In this study, E7 peptide was grafted onto the surface of PLGA
magnetic microspheres via PEG for MSC sorting by selective
adhesion. The superparamagnetism of Fe3O4-OA NPs was
verified by TGA/DTA, VSM, and TEM characterization.
Observations from light microscopy and electron microscopy
demonstrated that the microspheres had uniform size and
satisfied surface morphology requirements. Grafting of PEG
exhibited anti-cell adhesion ability, and the subsequent E7
peptide modification fulfilled cell adhesion requirements. The
separate culture and co-culture of multiple types of cells on the
peptide-modified microspheres, both in static and dynamic
conditions, revealed efficient cell sorting ability. Therefore, we
demonstrate here that the PLGA magnetic microspheres grafted
with E7 peptide via PEG represent a promising platform for MSC
sorting and expansion. The method of preparation of microspheres
in this study is simple, and the microspheres are easy to use at a low
cost. It is noteworthy that, at near 80%, the sorting efficiency of the
microspheres is not as high as that of classical sorting methods using
antibodies. This might be related to the grafting amount of the
peptide, which is also to be improved in our subsequent work.
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The shape of nanoparticles can determine their physical properties and then greatly impact
the physiological reactions on cells or tissues during treatment. Traditionally spherical
nanoparticles are more widely applied in biomedicine but are not necessarily the best. The
superiority of anisotropic nanoparticles has been realized in recent years. The synthesis of
the distinct-shaped metal/metal oxide nanoparticles is easily controlled. However, their
biotoxicity is still up for debate. Hence, we designed CaCO3 nanorods for drug delivery
prepared at mild condition by polysaccharide-regulated biomineralization in the presence
of fucoidan with sulfate groups. The CaCO3 nanorods with a pH sensitivity–loaded
antitumor drug mitoxantrone hydrochloride (MTO) showed excellent antitumor efficacy
for the HeLa cells and MCF-7 cells in vitro. We believe that anisotropic nanoparticles will
bring forth an emblematic shift in nanotechnology for application in biomedicine.

Keywords: anisotropic nanorods, biocompatibility, control release, chemotherapy, polysaccharide

1 INTRODUCTION

Control over the structure, shape, size, and morphology of nanomaterials is an important
fundamental goal of bioscience owing to their important roles in determining the properties. In
particular, spherical nanoparticles such as nanospheres and liposomes are most broad and widely
applied as drug carriers due to easy accessibility (Yang et al., 2018). Nevertheless, spherical
nanoparticles are not necessarily in optimal shape for nanocarriers. For instance, Banerjee et al.
found that the order of cellular uptake efficiency for the nanoparticles was rod > disc > sphere
(Banerjee et al., 2016). Agarwal et al. found maximal accumulation of nanoparticles with disc shape
rather than nanospheres in an in vitro tumor tissue model (Agarwal et al., 2015). Actually, red blood
cells and many representative pathogens in human bodies have distinct shapes. Nowadays, the
superiority of nonspherical nanoparticles attracts more and more attention from researchers due to
their distinctive physicochemical properties and promising applications in biomedicine (Xie et al.,
2017; Ding et al., 2018). The distinct-shaped nanoparticles exhibit different properties affecting their
behavior in vivo during the delivery and reaction with cells. In addition to impacting the
internalization of nanoparticles, blood circulation time and biodistribution also are discrepant
for nanomedicine because macrophage uptake during the blood circulation is usually clear
circulating nanoparticles (Copp et al., 2014; Liu et al., 2018). In contrast to spherical
nanoparticles dependent on clathrin- and caveolin-mediated endocytosis, uptake of rod-shaped
nanoparticles mainly based on clathrin-mediated endocytosis by macrophages has been found to be
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lower (Li et al., 2016). Special-shaped nanoparticles may improve
the target for tumor tissues (Agarwal et al., 2015), but there is no
report showing only targeting tumor cells or normal cells due to
the shape of the nanoparticle.

Over the past years, the nanoparticle shapes of rod (Nakayama
et al., 2015), belt (Talloj et al., 2020), wire (Hu et al., 2021), sheet
(Mutalik et al., 2022), bipyramid (Yougbaré et al., 2021), triangle
(Kuwahara et al., 2020), hexagon (Yong et al., 2021), disc (Chen
et al., 2020), cube (Wang et al., 2021), octahedron (Park et al.,
2018), tripod (Feng et al., 2020), star (Spedalieri et al., 2021),
thorn (Li et al., 2020a), and tetrapod (Qiu and Yang, 2007) have
been synthesized for different applications. For example, gold
nanorods have been widely used in photothermal therapy because
of their surface plasmon peaks in the near-infrared laser in
comparison to nanospheres (Darwish et al., 2020). In
particular, the shape-effect research studies are mainly
dependent on metal or metal oxide nanoparticles such as gold
and silver because they are easily controlled (Zhu et al., 2016;
Chakraborty and Parak, 2019). However, the cytotoxicity of
metallic nanoparticles has to be considered. In addition, the
biodegradable organic nanoparticles with anisotropy are
usually difficult to synthesize (Yang et al., 2018). Hence, the
biocompatible nanoparticles such as mesoporous silica
nanoparticles (Kankala et al., 2020), hydroxyapatite
nanoparticles (Li et al., 2019; Tan et al., 2020), and calcium
carbonate (CaCO3) nanoparticles (Chaudhary and Maiti, 2019)
were considered for application in biomedicine.

Calcium carbonate (CaCO3), one of the most abundant
minerals, has attracted widespread attention in the
biomedicine field owing to its low cost, biocompatibility,
biodegradability, and pH-sensitivity (Maleki Dizaj et al., 2015;
Dong et al., 2016; Zheng et al., 2021). Hence, the CaCO3

nanoparticles were used as drug/gene delivery vehicles. Lu
et al. designed CaCO3/pneumolysin antigen delivery systems
by physical absorption to induce cellular immunity for
immunotherapy (Lu et al., 2021a). Chen et al. successfully
synthesized polyethyleneimine-modified CaCO3 nanoparticles
delivering p53 gene for gene therapy (Lu et al., 2021a). In
particular, the CaCO3 nanoparticles keep steady under a
neutral environment and would be decomposed into Ca2+ and
CO2 in acidic pH. In another work, we constructed poly-L-
ornithine/fucoidan-coated CaCO3 particles with pH-controlled
doxorubicin release for cancer therapy (Wang et al., 2018a). At
present, the synthesis process of CaCO3 nanoparticles is carried
out mainly through ammonium bicarbonate (NH4HCO3)
continuously diffusing into the calcium chloride (CaCl2)
solution. Moreover, the biomineralization method due to
environmental friendliness and wide availability received
tremendous attention in recent years (Sugawara-Narutaki,
2013; Lu et al., 2021b; Yang et al., 2021). Therein, the
cooperative involvement of macromolecules during the
crystallization of CaCO3 nanoparticles is a benign strategy,
such as polyacrylic acid (Nakayama et al., 2015),
polyacrylamide (Yu et al., 2006), chitin (Ehrlich, 2010), and
silk fibroin (Cao, 2008). Therein, fucoidan, as a natural
polysaccharide, is a dramatic candidate for biomedical
applications due to its unique properties such as

biocompatibility and less immunogenicity (Lu et al., 2017; Hsu
et al., 2018).

In this work, inspired by biomineralization, we develop
anisotropic calcium carbonate nanoparticles having a rod
structure through the coprecipitation method mediated by
fucoidan (Figure 1). Importantly, the mechanism of CaCO3

nanorods (NRs) with different aspect ratios was tested by
changing the concentration of fucoidan. Moreover, we applied
CaCO3 nanorods in the field of biomedicine after loading with an
antitumor drug MTO owing to its degradability in the acidic
tumor environment, which can release the drugs quickly and
achieve the pH-response drug release. As a result, efficient tumor
regression was achieved, suggesting a new avenue for the
exploitation of safe and effective therapeutic nanorods.

2 MATERIALS AND METHODS

2.1 Materials
All the reagents and chemicals were acquired commercially.
Sodium carbonate and calcium chloride were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Fucoidan (Mw = 200–400 kDa) was purchased from Jiejing
Group (Shandong, China). Mitoxantrone hydrochloride
(MTO) was obtained from Meilun Biotech Co., Ltd., (Dalian,
China). Penicillin, streptomycin, fetal bovine serum (FBS), and
Dulbecco’s modified Eagle medium (DMEM) were obtained from
Biological Industries Ltd., (Hertzliya Pituach, Israel). The HeLa
cells, MCF-7 cells, L929 cells, and C2C12 cells were acquired from
the Type Culture Collection of Chinese Academy of Sciences
(CAS) (Shanghai, China). MTT Cell Proliferation, acridine
orange (AO)/ethidium bromide (EB) Cell Live/dead Kit, and
DAPI Staining Solution were obtained from KeyGen Biotech Co.,
Ltd. (Nanjing, China).

2.2 Synthesis of Calcium Carbonate NRs
The CaCO3 NRs were synthesized by utilizing a biomimetic
method at room temperature. Briefly, calcium chloride (0.21 g)
and sodium carbonate (0.22 g) were dissolved in 100 ml of water
(0.02 M). Then, fucoidan was also dissolved in water at diverse
concentrations (5, 10, 20, 30, 40, and 50 mg/ml). Furthermore,
fucoidan (10 ml) was added to the calcium chloride solution
(10 ml) and stirred for 1 h. Subsequently, sodium carbonate
solution (10 ml) was added dropwise to the mixed solution of
fucoidan and sodium carbonate to synthesize CaCO3 NRs.
Eventually, the products were collected, washed, and
suspended in water.

2.3 Characterization of Calcium
Carbonate NRs
We used the dynamic light scattering (DLS) instrument
(ZetaPALS; Malvern Instruments Co., Ltd.) to measure the
nanoparticle size distribution and zeta potential of the
designed CaCO3 NRs. The surface morphology was observed
by using the scanning electronmicroscope (SEM, Hitachi S-4800)
and transmission electron microscope (TEM, Hitachi H-7650).
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The powder X-ray diffraction (PXRD, Bruker AXS D8 Advance)
analysis of the copper-impregnated and naked CaCO3 NRs was
carried out from 10° to 80° using Cu–Kα radiation. The
characteristic groups on the CaCO3 nanorods were analyzed
by using Fourier transform infrared spectroscopy (FT-IR,
Thermo Scientific Nicolet iS 50). The sample was prepared
using a KBr pellet method.

2.4 Drug Loading and Encapsulation
Efficiency Measurement
Mitoxantrone hydrochloride (MTO) was loaded with the CaCO3

NRs using the following procedure. First, 5 mg of CaCO3 NRs were
dispersed in 25ml phosphate-buffered solution (PBS) and then
5 mg of MTO was added for loading. After stirring overnight, the
product defined as the MC NRs was centrifuged and washed twice
with water. Furthermore, the supernatant concentration of MTO
was detected by UV–Vis spectroscopy (TU-1810, PERSEE) at
663 nm and calculated with the calibration curve of MTO.
Finally, the loading amount and encapsulation efficiency of
MTO were calculated according to the following formulas:

Loading amount(%) � (MTOt − MTOs)/MCNRs × 100

Encapsulation eff iciency(%) � (MTOt − MTOs)
× /(MTOt) × 100

where MTOt is the total weight of MTO,MTOs is the supernatant
weight free MTO, and MC NRs is the weight of MC NRs.

2.5 Mitoxantrone Hydrochloride Release
From MC NRs in vitro
MCNRs (5 mg) were moved into the dialysis bag, and then 20 ml
of PBS was added for MTO release. Then, PBS was moved in a

shaker kept at 37°C and 100 rpm for 72 h. PBS (2 ml) was
removed for the measure at various periods using UV–Vis
spectroscopy according to the calibration curve of MTO, and
then 2 ml of fresh PBS was supplemented. All the measurements
were carried out in triplicate.

2.6 Biocompatibility Assay of Calcium
Carbonate NRs
2.6.1 Cytotoxicity Assay
The cytotoxicity assay of the CaCO3 NRs was determined by
methyl thiazolyl tetrazolium (MTT) for the L929 cells. First, L929
cells and C2C12 cells with 6 × 103 cells were seeded into a 96-well
plate. After 24 h, DMEM was removed and 100 μl of fresh
medium containing CaCO3 NRs at different concentrations
was added for coincubating for 24 h. Subsequently, the MTT
reagent (10 μl) was added to each well for coincubating for 4 h.
Finally, DMEM was removed and 150 μl of DMSO was added
into a 96-well plate for measuring the absorbance by using a
microplate reader (Varioskan Flash 1,510, Thermo Fisher
Scientific). The cell viability rate was calculated by the
following formula:

Cell viability rate(%) � (ODtreated − ODfree)/(ODcontrol

− ODfree) × 100

where ODtreated is the absorbance of CaCO3 NRs, ODfree is
the absorbance of only DMSO, and ODcontrol is the
control group.

2.6.2 Hemolysis Test
To evaluate the hemolysis of CaCO3 NRs, CaCO3 NRs were
incubated with normal saline and then added 0.2 ml diluted
rabbit blood for 60 min at 37°C. Furthermore, we measured

FIGURE 1 | Schematic diagram of the synthesis of CaCO3 nanorods.
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the supernatant absorbance at 545 nm after centrifugation. The
absorption of positive and negative control experiments was
incubated with H2O and normal saline, respectively. The
hemolysis rate was calculated by the following formula:

Hemolysis rate(%) � (ODtreated − ODnegative)/(ODpositive

− ODfree) × 100

where ODtreated is the absorbance of CaCO3 NRs, ODnegative is the
absorbance of normal saline, and ODpositive is the absorbance
of H2O.

2.7 Cellular Uptake Study
The MCF-7 cells and HeLa cells were seeded at the cover
glass in the 24-well plate for 24 h. Then, after coincubation
with MC NRs for 2 and 4 h, the cover glass was washed three
times with PBS. After staining with 4′,6-diamidino-2-
phenylindole (DAPI), the cellular uptake images were
observed by using a confocal laser scanning microscope
(CLSM, Leica TCS SP5).

2.8 Antitumor Assay in vitro
For the antitumor assay in vitro, HeLa cells and MCF-7 cells were
seeded into 96-well plates. Then, DMEMwas removed and 100 μl
of fresh DMEM containing MTO and MC NRs at diverse
concentrations of 1, 2, 3, 5, and 10 μg/ml was added. Other
details were the same as described in Section 2.6.1.

Apoptosis of the cancer cells was observed using the AO/EB
Kit. The HeLa cells and MCF-7 cells were seeded into a 6-well
plate and incubated for 24 h. The media were replaced with 1, 2, 3,
5, and 10 μg/ml of samples (MTO and MC NRs). After 24 h of
incubation, the HeLa cells and MCF-7 cells were washed with
PBS. Then, AO and EB were added and observed using a
fluorescence microscope (Zeiss AXIO Observer Z1).

2.9 Statistical Analysis
All the data were expressed as the mean ± standard deviation (SD,
n ≥ 3). The statistical significance was calculated via one-way
analysis of variance (ANOVA) followed by Tukey’s test. A
p-value of <0.05 was considered statistically significant (*p <
0.05, **p < 0.01, ***p < 0.001).

FIGURE 2 | (A) SEM images of the CaCO3 NRs. (B) length and (C) width statistical chart of the CaCO3 NRs. (D) FT-IR spectrum (E) XRD of CaCO3 NRs.

TABLE 1 | Average length and width of the calcium carbonate nanorods prepared with different fucoidan concentrations.

Fucoidan (µg/ml) 5 10 20 30 40 50

Length (nm) 1,104 ± 340 792 ± 259 790 ± 226 570 ± 151 725 ± 223 855 ± 349
Width (nm) 462 ± 102 252 ± 45 204 ± 31 130 ± 35 170 ± 42 314 ± 71
Aspect ratio 2.4 3.1 3.9 4.5 4.3 2.7
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3 RESULTS AND DISCUSSION

3.1 Physicochemical Characterizations
The rod anisotropic CaCO3 nanoparticles have been successfully
prepared by utilizing a kind of natural polysaccharide, fucoidan,
as a crystal mediator determined by the crystallographic growth
direction and stabilizing agent prevented agglomeration of
particles. The procedure for the preparation of CaCO3 NRs is
shown in Figure 1. Initially, Ca2+ was concentrated to fucoidan
due to electrostatic attraction and the reaction between the
sulfuric ester group and Ca2+ in the mixed solution at room
temperature. Then, Na2CO3 aqueous solution was added
dropwise for the crystallization of CaCO3 NRs. During the
process, the turbidity of the solution increased, which
suggested the synthesis of crystalline CaCO3 nanoparticles.
The resultant CaCO3 particles revealed a rod-shaped
morphology at a submicrometer scale as observed by the SEM
(Figure 2A). It should be noted that the monodisperse CaCO3

nanorods were mediated with a relatively narrow distribution in
size as shown in Figure 2B and Figure 2C. The histograms of
length and width of the CaCO3 NRs were measured by counting
more than 300 samples pictured in the SEM. The average length
and width of the CaCO3 NRs were 579 ± 151 nm and 130 ±
35 nm, respectively, suggesting that the aspect ratio was 4.5. In
addition, the quality content of S, Ca, and C from the CaCO3 NRs
was 0.4, 55.3, and 44.3% (Supplementary Figure S2),
respectively. Moreover, the effects of fucoidan concentration

on the size and morphology of CaCO3 NRs were examined.
The morphologies of the CaCO3 nanorods are analogous with the
distinct concentration of fucoidan (Supplementary Figure S1).
The size of the nanorods was decreased with increasing the
concentration of fucoidan from 5 to 30 μg/ml and then
increasing from 40 to 50 μg/ml (Table 1). On the basis of
these results, it is suggested that fucoidan not only stabilizes
the anisotropic CaCO3 nanorods but the size of nanorods is also
sensitive to the fucoidan concentration.

Furthermore, the crystalline phase of the nanocrystals was
identified as aragonite by FT-IR spectroscopy (Figure 2D) and
XRD measurement (Figure 2E). The transmittance peaks in the
FT-IR spectrum at 705, 856, and 1,080 cm−1 are attributed to the
CaCO3 aragonite form (Yu et al., 2006). In addition, the peaks at
856 cm−1 and 705 cm−1 are ascribed to the vibration of the out-of-
plane bending and in-plane bending of CO3

2− in aragonite,
respectively. In addition, all the peaks in the XRD pattern
(Figure 2E) are characteristic of aragonite. The diffraction
peaks of the CaCO3 nanorods from the XRD (labeled with the
symbol p) could be indicated to the aragonite CaCO3 accordingly
(JCPDS Card no. 05-0453).

3.2 In vitro Mitoxantrone Hydrochloride
Release From MC NRs
MTO, as a broad anticancer drug, can intercalate into the DNA
or RNA through hydrogen bonding to induce cross-links and

FIGURE 3 | (A) SEM images of the MC NRs. (B) length and (C) width statistical chart of the MC NRs. In vitroMTO cumulative release from the MC NRs in pH 7.4
and 6.0 and pH 5.5 PBS for (D) 12 h and (E) 72 h.
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strand breaks and interfere with the stabilization of DNA
topoisomerase II cleavable complex (Duan et al., 2013; Wang
et al., 2019). Herein, the MTO was used to appraise the
loading amount of the previously prepared CaCO3 NRs and
observed the pH-sensitive release behavior. To prepare the
MTO-loaded CaCO3 NRs (MC NRs), MTO was quickly
added into the prepared PBS containing CaCO3 NRs and
after stirring overnight, the unloaded MTO was removed by
centrifugation. In terms of the calibration curves of MTO
(Supplementary Figure S3), the loading amount and
entrapment efficiencies of the MC NRs were calculated as
34.5 ± 2.8% and 52.7 ± 1.9%, respectively. After loading the
drug, the characteristics of the MC NRs were observed from
the SEM (Figure 3A), which intuitively presented a
smoother surface. Moreover, the histograms of length
(Figure 3B) and width (Figure 3C) of the MC NRs were
measured by counting 300 samples pictured in the SEM,
which showed that the MTO-loaded nanoparticles are larger
than those of the unloaded ones, suggesting that MTO was
loaded into the CaCO3 NRs. The average length and width of

the MC NRs were 590 ± 182 nm and 149 ± 33 nm,
respectively, suggesting that the aspect ratio of the
nanorods was 4.0.

As we all know, CaCO3 can be disintegrated and release Ca2+

and CO2 at low pH. Afterward, a release assay using PBS with
pH 7.4, 6.0, and 5.5 simulating the intracorporeal conditions
was carried out, drawing the MTO cumulative release profile
from the MC NRs. The classic dialysis method with time
intervals was used for 72 h. Initially, burst MTO release from
the MC NRs within 12 h was observed at neutral and acidic pH
(Figure 3D), which might be attributed to the water-induced
dissolution. In addition, the cumulative release rate dramatically
increased with a decrease of pH from 7.4 to 5.5, as PBS with pH
5.5 presented the most drastic MTO release (Figure 3D). In
particular, merely 17% of the drug was released over 12 h in PBS
of pH 7.4, suggesting that the MTO stably loading with the
CaCO3 NRs was well-realized. In addition, diminishing the pH
value to 5.5 increased the drug release in the MC NRs to
approximately 50% at 12 h, proving the pH-responsive
property of the CaCO3 NRs (Ferreira et al., 2020). It is an
advantage for the MC NRs to serve as a multifunctional drug
delivery system in biomedical applications. Notably, the CaCO3

NRs with the nature of acid-triggered decomposition could be
appropriate for long blood circulation under the physiological
pH and quick release within the acid tumor microenvironment
and lysosomes.

3.3 Biocompatibility Study
Biocompatibility is one of the important requirements for
biomaterials, which should neither adversely affect normal
cells nor destruct their normal balance in clinical applications
(Janeesh et al., 2014; Li et al., 2020b; Lin et al., 2021).
Furthermore, the biomaterials utilized in vivo ineluctably
contact and interact with the red blood cells which play
important physiological functions and are also the most
abundant blood cells. Herein, the interaction between the
red blood cells and CaCO3 NRs and the cytotoxicity were
used to evaluate the biocompatibility. The results showed that
the hemolysis rates of the CaCO3 NRs were less than 5%
(Figure 4A) within the concentration range from 10 to
200 μg/ml, demonstrating excellent hemocompatibility. In
addition, the cytotoxicity of CaCO3 NRs was evaluated
with the C2C12 cells and L929 cells. The results showed
that all the concentrations had cell viability rates of more
than 80% (Figure 4B) after coincubating for 24 and 48 h.
Therefore, all the results demonstrated that the prepared
nanocarriers of the CaCO3 NRs had shown no obvious
toxicity.

3.4 Cellular Internalization Efficiency
Based on these rod anisotropic nanoplatforms, next, we
studied the interactions of MC nanoparticles in vitro with
tumor cells. The MCF-7 cells and HeLa cells were incubated
with the MC NRs for 2 and 4 h, respectively, at 37°C for
observing the cellular uptake ability of our nanoparticles
and then imaged by a CLSM (Figure 5). The nucleus of the
HeLa cells and MCF-7 cells were stained with DAPI dye with

FIGURE 4 | Biocompatibility assay. (A) Hemolysis assay after the
treatment with different concentrations of the MC NRs. (B) Cell viability rate of
the L929 cells and C2C12 cells treated with CaCO3 NRs for 24 and 48 h.
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blue fluorescence. Then, red MTO fluorescence emerged inside
the HeLa and MCF-7 cells after incubation with the MC NRs,
describing the efficient cellular uptake of our nanoparticles.
Especially, while MTO fluorescence was observed only in HeLa
cell cytoplasm after 2 h, MTO fluorescence appeared in nuclei
after 4 h, indicating the dissociation of MC NRs (lysosomes
with acid pH). Moreover, the red fluorescence of the MCF-7
cells was weaker than that of the HeLa cells, suggesting that
there was a difference in the cellular uptake of the MC NRs,
maybe due to the difference in cellular growth. In addition, the
design of the nanocarriers requires a good understanding of
the mechanisms of cellular uptake which is related to the
improvement of therapeutic efficiency (Ding et al., 2018).
The cellular uptake of the MC NRs may mainly be
mediated through the clathrin-mediated endocytosis
pathway according to other reports (Xie et al., 2017; Ding
et al., 2018; Yang et al., 2018). We will further research the
endocytosis mechanism of the MC NRs in our future study. In
brief, these results indicated that the MC nanoparticles were
capable of pH-sensitive manner for drug release specifically
responding to the acid microenvironment.

3.5 In vitro Antitumor Performance
To observe the antitumor performance of the MC NRs in vitro,
herein, the HeLa human cervical carcinoma cells and MCF-7
human breast cancer cells were set as model cells. Comparing
the antitumor effects, the free MTO and MC NRs were treated
with the cancer cells in terms of cell viability over 24 and 48 h.
First, the HeLa cells and MCF-7 cells were incubated with free
MTO or MC NRs at the equivalent MTO concentrations. After
coincubating for 24 h or 48 h, the relative cell viabilities were
observed by MTT assay (Figures 6A–D). The results show that
the MC NRs present a comparable antitumor efficiency to that
of free MTO. The cell viability rates of the HeLa cells treated
with MC NRs were 30.3 ± 4.2% and 24.7 ± 6.3% with the
concentration of 5 μg/ml after 24 and 48 h, comparing 62.6 ±
5.3% and 52.7 ± 4.1% with the free MTO. The cell viability rates
of the MCF-7 cells treated with the MC NRs were 29.1 ± 7.1%
and 21.8 ± 5.7% with the concentration of 10 μg/ml after 24 and
48 h, comparing 40.6 ± 3.1% and 36.5 ± 3.1% with the free MTO.
In addition, the antitumor efficacy of the MC NRs presented a
concentration-dependent manner. As expected, the pH
sensitivity of the MC NRs after uptake by the tumor cells

FIGURE 5 | CLSM images of the HeLa cells and MCF-7 cells incubated with MC NRs for 2 or 4 h showing the internalization efficiency of the MC NRs, where the
nuclei were counterstained with DAPI.
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determines the prominent antitumor effects in the intracellular
acid lysosomal environment (Wang et al., 2018b). Then, the
abundance of the MTO released from the MC nanoparticles
slowly permeates into the nuclei (Figure 5). Meanwhile, the
dysfunctional tumor nuclei were induced by the cytotoxicity of
the released MTO. With the accumulated cytotoxicity of the
MTO, significant tumor cell death was observed at the
concentration of 5 and 10 μg/ml for 24 and 48 h.

To further intuitively observe the anti-tumor efficacy of MC
NRs, HeLa and MCF-7 cells were stained using the AO/EB kit
after treatment with MC NRs for 24 h. Then, the live cells were
stained with green fluorescence, early-apoptosis cells were stained
with orange fluorescence, and late-apoptosis cells were stained
with red fluorescence (Figures 6E,F). Notably, many apoptotic
HeLa cells and MCF-7 cells were detected above 3 μg/ml MTO,
and the cellular density of both cells significantly decreased with
the increase of the concentration of the MC NRs. In addition, the
MC NRs exhibit concentration-dependent anticancer activity
corresponding to the MTT assay results. Importantly, the
MCF-7 cells had fewer late apoptotic cells than HeLa cells,
possibly because the MCF-7 cells have a habit of growing into
a mass, which is difficult for the MC NRs to penetrate
(Hattangadi et al., 2004; Ziegler et al., 2014).

4 CONCLUSION

In summary, the rod anisotropic CaCO3 nanoparticles with
different aspect ratios were successfully synthesized using
fucoidan as a crystal mediator, which adsorbed the calcium
ions through sulfate groups. The CaCO3 NRs present good
biocompatibility, which was suitable for drug delivery.
Furthermore, the CaCO3 NRs possessed precise pH
responsiveness for anticancer-drug release at the tumor
microenvironment. In in vitro antitumor performance, the MC
NRs showed good antitumor effect and cellular uptake for the
MCF-7 cells and HeLa cells. Our work provides a new design for
forming rod CaCO3 nanocarriers. Our findings open the new
possibility to prepare calcium carbonate nanoparticles of different
shapes with well-tuned structures using other biomacromolecules
or polymers.
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Currently, dental implants have become a common and reliable treatment for restoring
masticatory function in edentulous patients. Their surface topography is of great
importance for the adhesion and remodeling of bone cells, both in the initial phases
and over time, and different strategies have been proposed to improve the biological
performance of conventional sandblasted, large-grit, acid-etched implant surfaces.
Corrosion has been identified as one of the causes of implant failure due to contact
with oral fluids. Carboxyethylphosphonic acid is a potent anticorrosive that would form
stable bonds with titanium oxide, generating an organic layer on which modifications could
be made to improve cell adhesion. Osteopontin is considered a molecule capable of
improving the osseointegration of titanium. Our study evaluated the osseointegration
capacity of titanium implants modified with carboxyethylphosphonic acid and
functionalized with osteopontin in a minipig model. A total of 16 implants were inserted
in the tibial diaphysis of two minipigs, 8 implants modified with carboxyethylphosphonic
acid and functionalized with osteopontin from the experimental group and 8 from the
control group with sandblasted, large-grit, acid-etched surface treatment. After 4 weeks,
the animals were sacrificed and the samples were analyzed by histomorphometric
analysis, assessing bone-implant contact, cortical bone-implant contact, percentage of
new bone, peri-implant bone density and interthread bone area interthread. Statistical
analysis was performed using SPSS v.18. Statistical significance was found between
groups for the percentage of new bone (p = 0.04) and for interthread bone area interthread
(p = 0.01). Functionalization of titanium surfaces by osteopontin may be of interest for
conditioning bone remodeling in the early stages of osseointegration, althoughmore in vivo
studies are needed to determine its real influence in this aspect.

Keywords: titanium dental implants, carboxyethylphosphonic acid, osteopontin, surface bioactivation, mini-pig
model
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INTRODUCTION

Dental implants represent, nowadays, a reliable treatment for the
rehabilitation of masticatory and esthetic function in totally or
partially edentulous patients.

There are currently more than 1,300 different implant systems in
terms of dimensions, design, thread, implant-abutment connections,
surface topography and chemistry, wettability and surface
modification (Junker et al., 2009). Surface topography, wettability
and coatings contribute to the biological processes during
osseointegration, as they are in close relationship with host
osteoblasts during the osseointegration process (Smeets et al., 2016).

Despite the high long-term survival rate of dental implants,
there is a low failure rate (1%), due to insufficient osseointegration
during the first months of implant placement, although this rate is
increased (5%) throughout implant survival, due to peri-
implantitis (Chrcanovic et al., 2014; Smeets et al., 2014).

During implant osseointegration, in the contact osteogenesis
phase, osteoblasts migrate towards the implant surface,
differentiating and leading to the formation of new bone
(Junker et al., 2009; Yuan et al., 2018).

The surface topography of dental implants is of great importance
for adhesion, differentiation and bone remodeling, both during the
initial phase of osseointegration and in the long term (Pellegrini et al.,
2018). It is now considered that implant topography together with
adequate implant bed preparation are the fundamental basis for
clinical success (Le Guéhennec et al., 2007; Coelho et al., 2015; Ogle,
2015; Ren et al., 2021). Titanium (Ti) implants with a Sandblasted,
Large-grit, Acid-etched (SLA) surface show superior bone-to-implant
contact (50–60%) compared to other surface modifications, and the
suitability of this type of surface in terms of overall osteogenic
performance has been demonstrated in vivo (Mendonça et al.,
2008; Zhang et al., 2020); however, there are techniques aimed at
depositing hydroxyapatite and fluorapatite on the surface of Ti, which
use a coating and blasting method at room temperature (CoBlast)
that have reported excellent in vitro results (Dunne et al., 2015). In
order to improve the biological performance of implant surfaces,
biochemical and/or biophysical signals can be introduced by
mechanical, physical or chemical methods (Mendonça et al., 2008;
Dunne et al., 2015). Current research considers that the most
representative hierarchical Ti surface is the SLA surface, which
consists of micrometer-scale (20–40 μm) concavities produced by
large-grain sandblasting and smaller submicrometer-scale (0.5–3 μm)
concavities produced by acid etching. This type of surface has been
shown to promote osseointegration and achieve satisfactory clinical
results (Zhao et al., 2007).

Saliva contact corrosion has been pointed out as one of the
failure mechanisms in dental implants (Corne et al., 2019),
despite the fact that Titanium-Aluminum-Vanadium (Ti-
6Al4V) alloys, nowadays employed in dental implantology,
present additional advantages in terms of corrosion resistance,
such as rupture potential, corrosion rate, pitting degradation and
crevice corrosion (Klekotka et al., 2020).
Carboxyethylphosphonic acid, (HO2C-CR1H-CR2H-PO3H2)
(CEPA), is characterized as a potent corrosion inhibitor.
CEPA molecules can form stable bonds with passivated metal
oxides, such as aluminum oxide (Al2O3) or Ti oxide (TiO2),

producing an organic monolayer on which modifications could
be made to improve cell adhesion and biocompatibility of dental
implant surfaces (Aresti et al., 2021).

Surface bioactivation, on the other hand, is a biochemical
method of surface modification based on the immobilization of
proteins, enzymes or peptides that induce a specific cellular
response at the bone-implant interface. Coating implant
surfaces with bioactive molecules can modulate the biological
response (Meng et al., 2016).

It has been shown that certain adhesion molecules, such as
fibronectin, hyaluronic acid and osteopontin (OPN), are able to
enhance osseointegration of Ti surfaces in vitro; moreover, OPN,
from the extracellular matrix, would play an important role as a
mediator in bone cell adhesion and bone mineralization (Icer and
Gezmen-Karadag, 2018).

Therefore, the purpose of this research was to evaluate
whether the application of OPN on CEPA-modified Ti
implants would improve the osseointegration of dental
implants by histomorphometric study of five parameters:
bone-to-implant contact (BIC), cortical bone-to-implant
contact (BICc), bone volume/total volume BV/TV, bone
density inside the implant threads (BDIT) and perimplant
bone density PBD, in comparison with implants with
conventional surface treatment (SLA-type).

MATERIAL AND METHODS

Animal Model
The research was carried out on 2 Landrace (large white) minipigs,
18–2 weeks old at the beginning of the research and weighing
between 20 and 25 kg (Distrizoo Animals SL, Madrid, Spain) and
was approved by the Ethical Committee for Animal Experimentation
of the Hospital Universitario Puerta de Hierro Majadahonda,
Madrid, Spain, on 31 January 2013, Code CEEA: 017/2013.

Groups
Two groups were created: experimental group (G1) of implants
modified with carboxyethylphosphonic acid and functionalized
with OPN and control group (G2), with SLA surface treatment. A
total of 16 implants were inserted (8 implants for each group). All G1
implants were inserted in the left tibiae and all G2 implants were
inserted in the right tibiae. The randomization was carried out so that
the operator was unaware of the difference between the experimental
and control groups and thus did not affect their placement.

Implants and Surface Treatment
Self-tapping conical implants of Ti alloy grade 5 (Titanium 90%,
Aluminum 6% and Vanadium 4%) of 4 mm in diameter and
10 mm in length, with internal conical connection (Galimplant®,
Sarria, Lugo, Galicia, Spain) were used. The surface treatment
using carboxyethylphosphonic acid was described in a previous
investigation (Aragoneses et al., 2021). The OPN incubation
procedure, at a dose of 0.06 μg per implant (Osteopontin
human recombinant, expressed in HEX 293 Cells. Sigma-
Aldrich Laboratory), was performed once the necessary
carboxyl groups had been activated so that they were able to
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react with the amino groups of the protein (Figure 1).
Sterilization was performed by gamma radiation at a dose of
25 KGy. The implants were sealed under the manufacturer’s
quality guarantee (Galimplant®, Sarria, Lugo, Galicia, Spain).
The entire handling process was performed in a sterile
environment and field. This sterilization method was preferred
for the experimental group to avoid sterilization biases with the
control group. Other methods, such as ethylene oxide, in addition
to leaving residues detrimental to health, could damage the
molecular structure of the coating and its susceptibility to
degradation, although the effects of sterilization on the
stability of the molecular structure and the mechanical
properties of the coating itself are unclear. Some in vitro
studies have shown that the early stages of mineralization are
essentially independent of the sterilization method (Ueno et al.,
2012; Türker et al., 2014).

Surgery
The surgical procedure was performed on the same day and by a
single oral surgeon.During the 18 h prior to surgery, the animalswere
fasted from solid food, with free access to water consumption until
6 h before the start of surgery, to ensure the smallest possible volume
of gastric contents and to avoid possible complications during the
procedure, such as regurgitation of gastric contents. Premedication
was performed intramuscularly in the lateral part of the neck (at the
level of the trapezius and cleido-occipital muscles), using a
combination of medetomidine at a dose of 0.01mg/kg and
ketamine (Ketolar®, Pfizer SL, Madrid, Spain) at a dose of
5mg/kg, plus midazolam (Dormicum®, Roche SA., Basel,
Switzerland) at a dose of 0.2 mg/kg and atropine (atropine Braun®
BRAUN MEDICAL, SA Jaen, Spain) at a dose of 0.02mg/kg. For
anesthetic induction and endotracheal intubation, propofol
(Diprivan®, AstraZeneca, Cambridge,United Kingdom) was
administered intravenously. Once endotracheal intubation was

performed, an adequate anesthetic plane was maintained with
propofol at a dose of 0.2–0.4mg/kg/min. During the entire
surgical procedure, the animal was monitored by means of
electrocardiogram evaluation, capnography and temperature
control; in addition, mechanical ventilation was established.
Subsequently, epidural anesthesia was performed with bupivacaine
(Bupivacaina®, Braun Medical, SA, Barcelona, Spain) and fentanyl
(Fentanest®, Barcelona, Spain); in addition, local anesthesia was used
infiltrated in the dermis where the incision would be made to access
the tibia, in order to control hemorrhage through the vasoconstrictor
of the anesthetic, in addition to enhance anesthesia and prevent
animal suffering (Articaine 4% and adrenaline 1:100.000, Ultracain®,
Normon, Madrid, Spain).

The location chosen in the tibia to insert the implants was the
medial aspect of the diaphysis, away from the path of large blood
vessels. The site chosen was away from the joints and muscle
insertions. This ensured proper mobility and health of the animals
from the time of surgery until the date of euthanasia. An Implantmed
W&H® implant motor and a 20:1 contra-angle reducer (W&HWI-
75E/KM) were used, with the surgical specifications indicated by the
surgical sequence protocol for performing the osteotomy. The drilling
of the bone beds was cooled with cold physiological serum (Vitulia
Sol® Physiological Serum. 0.9%, ERN SA, Barcelona, Spain). Once the
4 osteotomies were performed in the tibia of the pig’s leg, 4 implants
(10mm length x 4mmØ) were placed in each of the chosen tibias of
the animal. Prior to implant insertion, a 4.1 mmØ thread former was
used on the bone cortex to prevent the insertion force from acting
negatively on the coating. The implants in the left tibiaewere from the
experimental group (G1) and those in the right tibiae from the
control group (G2). The suture was made by planes, the deepest one,
using fast resorbable polyglactin of 5/0 thickness (VICRYL®, Johnson
and Johnson SA, Madrid, Spain) and dermis and epidermis using
non-resorbable braided silk of 3/0 thickness (Laboratorios Aragó,
Barcelona, Spain) (Figure 2). After surgery, each animal was given

FIGURE 1 | Activation of the carboxyl groups and immobilization of the protein between the carboxyl group and the protein amine. EDC (Ethyl-3-[3-
dimethylaminopropyl] carboxyamide). NHS (N-hydroxysulfamide).
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antibiotic coverage to prevent surgical wound infection with
amoxicillin (Clamoxyl®, Pfizer, New York, NY, United States) at a
dose of 1.5 g, prepared as an injectable solution, intramuscularly for
5 days. The opioid analgesic used was intramuscular buprenorphine
at a rate of 0.01–0.04mg/kg, every 6–8 h (Buprex®, Quintiles,
Danbury, CT, United States).

Preparation and Analysis of the Samples
Four weeks after implant placement, all the animals were sacrificed.
The tibiae were extracted and kept in 10% formalin for at least 15 days
before study. Subsequently, they were further processed following the
protocol proposed byDonath andBreuer (Donath and Breuner, 1982).
All samples and specimens were radiographed using a Schick
Tecnologies® (Long Island City, NY 11101, United States) digital
X-ray device. The cut and dehydrated specimens were embedded in
methacrylate (Technovit 7,200®, VLC-Heraus Kulzer GMBH,
Werheim, Germany). All samples with polished and treated surface
were subjected to a staining process with the method of Lévai Laczkó
(Jenö and Géza, 1975) for subsequent microscopic analysis.

An optical microscope (BX51, Olympus Corporation, Japan)
connected to a camera and digital image analysis equipment
(DP71, Cell-Sens Dimension 1.5, Olympus Corporation, Japan)
was used for histomorphometric analysis of the samples. The

stained samples were photographed with the digital camera at 40x
magnification. The digitized images were processed at high
resolution with the Cell Sens Dimensions computer system,
Olympus, Japan. The digitized images were processed using
software (Adobe Photoshop CS3, San Jose, CA, United States)
and a digitizer tablet (Intuos 4 large, Wacom, Saitama, Japan).

The analysis of the measurements was performed according to
the studies of Nkenke et al. and Kuchler et al. (Nkenke et al., 2005;
Kuchler et al., 2013) with the following measurement protocol:

- Bone-to-implant contact (BIC).
- Bone-implant cortical contact (BICc).
- Percentage of new bone (BV/TV).
- Peri-implant bone density (Peri-implant Bone Area, Tissue
Area, PBA/TA) and interthread bone density (Interthread
Bone Area, Tissue Area, IBA/TA).

To generate homogeneous measurements, a 5 × 5mm square
around the coronal portion of the implants was assumed as the
working area. The BIC was defined as the amount of implant
perimeter surface in direct contact with the bone tissue; the bone
density inside the threads (IBA/TA) was defined as the area of bone
grown inside the threads, in relation to the total interthread space

FIGURE 2 | Surgery.
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available; perimplant bone density (PBA/TA) was defined as the
amount of bone generated in relation to the total implant surface at a
distance of 0.3 mm from the implant and the percentage of new bone
(BV/TV) was defined as the new bone present inside the threads, up
to a distance of 0.3 mm away from the implant (Figure 3).

Statistical Analysis
The SPSS v.18 program was used. IBM (Chicago: SPSS Inc.
United States). The statistical analysis was carried out in two
distinct phases: the first using descriptive statistics to calculate the
arithmetic mean, median, standard deviation, variance, range and
standard error, expressing the values using a 95% confidence interval;
the second, using inferential statistics with a significance level of p <
0.05. Heterogeneity was calculated using the Kolmogorov-Smirnov
test, Shapiro-Wilk test and Q-Q normality plots.

RESULTS

Statistical Results
Using a 95% confidence interval, with a significance level <0.05,
statistical significance was found between G1 and G2 for BV/TV
(p = 0.04) and IBA/TA (p = 0.01); for BIC, BICc and PBA/TA the
differences between groups were not significant (Table 1).

Figures 4, 5 show boxplots and Q-Q (quantile-quantile) plots
for BV-TV and IBA/TA for the experimental and control groups,
respectively. The graph in Figure 6 shows the difference in means
between the experimental and control groups.

Histomorphometric Analysis
Histological analysis by light microscopy of longitudinal sections
of the specimens revealed bone-to-implant contact with

interrupted medullary spaces at the bone-to-implant interface.
No signs of fibrous tissue formation were found. Figure 7 shows a
total of 32 frames (16 for each experimental animal, 8 for each
tibia). The first image of each frame shows the longitudinal
section of the specimen before being processed by the software
for data extraction. The second image of each frame shows the
implants in gray color, in order to distinguish, by means of the
software, the areas of old bone (in pink color), the areas of new
bone (in yellow color) and the areas of soft tissue (in white color)
(Figure 7). The highest values for BIC and BICc were obtained in
the implants placed closer to the abdomen, in the right and left
tibiae of G2 (46.47 and 63.83% respectively). The highest values
for BV/TV and IBA/TA were obtained in the implants placed
closer to the abdomen in the left tibiae of G1 (45.28 and 52.11%
respectively).

DISCUSSION

The objective of our research was to determine the effect on
osseointegration and early bone tissue formation of CEPA-
treated and OPN-functionalized Ti implant surfaces
compared to conventional etched surface implants in a
minipig model.

The use of phosphonic acids for the purpose of bonding
specific molecules, or simply to modify the microscopic
properties of the implant surface, has been extensively studied.
Esposito et al. (Esposito et al., 2013) evaluated, by means of a
randomized clinical study, the clinical efficacy of a surface
treatment of Ti dental implants using a monolayer of
permanently bonded multiphosphonic acid molecules,
mimicking the surface of natural hydroxyapatite, obtaining no

FIGURE 3 | Image processing with Adobe Photoshop CS3 (San Jose, CA, United States). (A), Area of interest; (B) and (C), areas of new bone and
interrosseous bone.

TABLE 1 | Mean, standard deviation and p value in the groups for the different parameters.

Group BIC BICc BV/TV IBA/TA PBA/TA

G1 19 ± 47.81 24.81 ± 55.37 13.28 ± 39.47 14.52 ± 34.39 32.98 ± 58.57
G2 34 ± 36.97 41.10 ± 63.86 16.38 ± 40.22 22.52 ± 45.28 29.36 ± 57.30
p value G1 vs. G2 0.527 0.345 0.046a 0.012a 0.293

BIC, bone implant contact; BICc, Bone-implant cortical contact; BV/TV, percentage of new bone; IBA/TA, interthread bone area; PBA/TA, Peri-implant Bone Area, Tissue Area.
aStatistical significance.
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significant differences in terms of clinical healing with respect to
the SLA surface control group. Maho et al. (Maho et al., 2013)
studied the primary bone bioactivity of phosphonic acid

functionalized Ti substrates. Viornery et al. (Viornery et al.,
2002) assessed the proliferation, differentiation and protein
production of rat osteoblastic cells on phosphonic acid-

FIGURE 4 | Boxplot and Q-Q plot for BV-TV.

FIGURE 5 | Boxplot and Q-Q plot for IBA/TA.
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modified titanium surfaces in vitro, finding no statistical
difference in osteoblast proliferation between phosphonic acid-
modified titanium and unmodified titanium, which would
indicate the absence of toxicity of phosphonic acids for the
osteoblasts used in the study, however, they found that the
synthesis of type I collagen was sensitive to surface
modification and the total amount of protein synthesized was
significantly higher than on unmodified titanium surfaces.

The ideal surface of dental implants should be one that is capable of
inducing osseointegration, regardless of the implantation site and the
quantity and quality of available bone (Fiorellini et al., 2016).
Nowadays, research on distant osteogenesis has become a
discovery of great importance, for the development of dental
implant surfaces and therefore, different molecules have been
proposed for the biochemical modification of surfaces, such as
peptides, extracellular matrix proteins, growth factors and
pharmacological agents (Meng et al., 2016; Tan and Al-Rubeai,
2019). Germanier et al. (Germanier et al., 2006) investigated on a
minipig model, peptide-modified implant surfaces, finding a
significant increase in BIC at 2 weeks compared to controls. Other
studies have demonstrated the positive effect on peri-implant bone
formation and osseointegration of Ti surfaces biochemically modified
with collagen (Morra et al., 2006; Schliephake et al., 2006).

It should be noted that during the proliferative phase of
osseointegration, fibroblasts are stimulated by growth factors to
secrete extracellular matrix proteins such as collagen, chondroitin,
fibronectin, vitronectin and other proteoglycans. The extracellular

matrix provides a guide for osteoprogenitor cells, whichmigrate to the
implant surface through integrin interaction (Terheyden et al., 2012).
It has been proposed that osteoblasts originate from a subset of
mesenchymal stem cells that line the minor vessels, called pericytes,
and that after the release of bonemorphogenetic protein (BMP), these
cells differentiate into osteoblasts (Murray et al., 2014). Stadlinger et al.
(Stadlinger et al., 2008) studied the osseointegration in pigs of implants
coated with extracellularmatrix components, suggesting that implants
coated with chondroitinsulfate could lead to a higher degree of bone
formation compared to control implants.

OPN has been shown to play a role in bonemineralization, wound
healing, angiogenesis, cell adhesion, cell differentiation and foreign
body response (Ishijima et al., 2007; Carvalho et al., 2018). Certain
studies have found that some adhesion molecules, such as hyaluronic
acid, fibronectin and OPN, together with OPN-derived synthetic
adhesion peptides, are able to enhance the osseointegration of
titanium surfaces in vitro (Lasa et al., 1997). Other in vitro
investigations have studied different synthetic materials coated with
OPN, with the purpose of exploring whether it could influence the
functionality of biomaterial surfaces (Lee et al., 2003; Gordjestani et al.,
2006; Liu et al., 2007; Bernards et al., 2008). Jensen et al. demonstrated
in vitro that the bone mass density around OPN-coated
hydroxyapatite surfaces were superior to uncoated surfaces, which
would mean a great potential for OPN-coated biomaterials such as
functional protein coatings, drug delivery systems in
orthopedic implants, or scaffolds for tissue engineering (Jensen
et al., 2010).

FIGURE 6 | Difference in means between experimental and control groups.
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FIGURE 7 | Images of histomorphometric sections of all implants in the study in groups G1 and G2. (A) and (B) represent the osteotomies with the least and most
proximity to the abdomen, respectively, and (C) and (D) the osteotomies with the least andmost proximity to the hoof, respectively. The first image shows the longitudinal
section of the specimen, before computer processing; the second image shows the photoshop-processed longitudinal section with the implants in gray and the areas of
old bone (pink), areas of new bone (yellow) and areas of soft tissue (white).
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OPN is naturally present on the non-organic surfaces ofmineralized
tissues, and several in vivo studies have examined the influence of OPN
on the formation and remodeling of mineralized tissue (McKee and
Nanci, 1996). Changes inmineralized tissue hardness, bone remodeling
rate and vascularizationhave also been reported. In a rabbit cranial bone
substitute model, OTP-coated coral HA granules were used (McKee
and Nanci, 1996; McKee et al., 2011), and a positive effect of OPN on
bone growth was observed; in addition, an inhibitory effect on the
adverse foreign body reaction to implants has also been reported (Tsai
et al., 2005; Liu et al., 2008). Asou et al. (Asou et al., 2001) used
ectopically implanted bone discs in muscle in wild-type mice and
compared them with OTP knockout mice; histological analysis
indicated that the number of osteoclasts associated with the
implanted discs was reduced in OPN knockout mice. In addition,
they examined vascularization immunohistologically, and found that
the number of vessels containing endothelial cells around the bone discs
implanted in the muscle was reduced in the OTP knockout mice. This
would indicate the link between OPN-dependent vascularization and
osteoclast accumulation and that OPN is necessary for efficient
vascularization by hemangiogenic endothelial cells and subsequent
osteoclastic bone resorption.

Some in vivo studies have shown that differences in apoptosis
rates would not explain the effects of OPN on vascularization,
highlighting the possibility that vitronectin or other molecules
may compensate for the absence of OPN in preventing apoptosis
(McHugh et al., 2000; Lee et al., 2019).

The functional and structural characteristics of OPN predict a
capacity of this protein to regulate calcification in the matrix of
mineralized tissues and to participate, more specifically, in cell-matrix
and matrix-matrix/mineral adhesion; it has been shown that OPN
production is one of the first and last secretory activities of the
osteoblast lineage and that this activity manifests, morphologically, as
a limiting line at the interface ofmineralized tissues at the bonematrix
interface, implicating this protein in osteoclast adhesion and possibly
in haptotaxis; it has even been suggested that it could act as a
promoter of interfacial adhesion between opposing substrates,
maintaining overall bone integrity during the bone remodeling
sequence and resulting in an adherent between different dissimilar
tissues or biocompatible materials such as osseointegrated implants
(Wai and Kuo, 2004; Carvalho et al., 2021). Certain studies have
reported that several types of bone tissue-related cells, such as
osteoblasts and osteoclasts, are forced to mediate by OPN
induction (Chellaiah and Hruska, 2003; Shin et al., 2004).
However, some studies have recognized that OPN may have
negative effects on the mineralization process, probably through
inhibition of nucleation and growth of hydroxyapatite crystals
(Pampena et al., 2004; Azzopardi et al., 2010).

Our study did not find statistical significance for BIC, BICc
and PBA/TA values, in the OPN-functionalized implants,
versus the control group, however, statistically significant
values were found for BV/TV (p = 0.04) and IBA/TA (p =
0.01), results consistent with other recent studies, such as
Makishi et al. who in a study in knockout mice, suggested that
OPN-coated implants would enhance direct osteogenesis
during osseointegration (Makishi et al., 2022). Implant
healing time shows a large variation in the time of
evaluation, ranging from 1 week to 6 months. Some studies

evaluate a single reading, while others have evaluated up to
four readings. Our research established 4 weeks of waiting
until euthanasia of the animals, although the tendency to
healing over time was not analyzed, something that we
consider to be one of the limitations of the study and that,
if it had been extended (12 weeks, for example), different BIC
results would have been obtained (Ramazanzadeh et al.,
2014). On the other hand, another factor that seems to
influence peri-implant bone formation is the anatomic
location of the implant, since the dynamics of bone
formation differ among the different locations (Jenny et al.,
2016). In the same way, implants with wider diameters are
associated with less bone formation (Jimbo et al., 2014). All
this could have contributed to the poor results obtained in the
experimental group for some of the parameters studied.

Finally, all research suggests that chemically
nanostructured Ti surfaces can enhance endogenous
extracellular OPN deposition by osteogenic cells in vitro as
a function of etching time, a finding that should be taken into
account in strategies for biofunctionalization of implant
surfaces with cell-binding molecules (Bueno et al., 2011).

CONCLUSION

Based on the results obtained, it could be verified that the
biofunctionalization of the Ti surface can be a good option to
condition the biological processes that take place in the bone
remodeling around dental implants. However, OPN should be
carefully studied in different concentrations and at different times
of bone remodeling, in extensive in vivo studies that allow us to
perceive its real influence on the formation of a greater quantity
and quality of peri-implant bone.
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Gold Nanoparticle-Functionalized
Diatom Biosilica as Label-Free
Biosensor for Biomolecule Detection
Tongtong Chen1, Feifei Wu1, Yang Li2, Hussein E. Rozan1,3, Xiguang Chen1,4 and
Chao Feng1*

1College of Marine Life Science, Ocean University of China, Qingdao, China, 2College of Life Sciences, Qingdao University,
Qingdao, China, 3Department of Biochemistry, Faculty of Agriculture, Al-Azhar University, Cairo, Egypt, 4Qingdao National
Laboratory for Marine Science and Technology, Qingdao, China

Diatom biosilica (DBs) is the cell wall of natural diatom called frustule, which is made of
porous hydrogenated amorphous silica possessing periodic micro- to nanoscale features.
In this study, a simple, sensitive, and label-free photoluminescence (PL) immune-detection
platform based on functionalized diatom frustules was developed. Gold nanoparticles
(AuNPs) deposited on poly-dopamine-coated diatom frustules via in situ deposition which
considerably decreased the intrinsic blue PL intensity of diatom biosilica. Then, goat anti-
rabbit immunoglobulin G (IgG) was added to functionalize diatom biosilica-poly-dopamine-
AuNPs (DBs-PDA-AuNPs). PL studies revealed that the specific bindingwith antigen rabbit
IgG increased the peak intensity of PL in comparison with the non-complimentary antigen
(human IgG). The enhancement in PL intensity of DBs-PDA had a linear correlation with
antigen (rabbit IgG) concentration, whose limit of detection (LOD) reached 8 × 10-6 mg/ml.
Furthermore, PL detection based on DBs-PDA-AuNPs showed a high detection sensitivity
with the LOD as low as 8 × 10-9 mg/ml and spread over almost eight orders of magnitude,
making it suitable for the sensitive quantitative analysis of immune complex compared with
traditional fluorescence immunoassay. Hence, the study proves that the AuNP-
functionalized diatom frustules can serve as an effective biosensor platform for label-
free PL-based immunoassay.

Keywords: antibody, biosensor, diatom, biosilica, photoluminescence, gold nanoparticles

1 INTRODUCTION

Immuno-detection via special recognition with antibody–antigen is an essential tool for clinical
detection and diagnosis of diseases rapidly and reliably (Uram et al., 2006; Lin et al., 2013).
Compared to electrical and mass measurement methods, optical biosensors have attracted much
attention because of their high sensitivity, specificity, and convenience (Dong et al., 2015; Peltomaa
et al., 2018; Wang et al., 2019). Label-based optical biosensor such as fluorescence bio-sensing has
been widely used in immunoassay, but the photo-bleaching and the limitation of multiplex detection
are normally along with the contamination of the sample matrix due to the introduction of labels,
which restricts its application in clinic (Gale et al., 2009). Label-free optical bio-sensing platforms can
offer real-time monitoring of immune-complex and avoid these drawbacks mentioned earlier (Viji
et al., 2014). Surface plasmon resonance (SPR) is one of the most used label-free optical biosensors
whose plasmonmode will change when biomolecules bind to the surface of a metal film (Meyer et al.,
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2011). However, there is a challenge for SPR sensor to detect small
biomolecules, such as antibodies, since the binding of small size
molecules changes little the refractive index, which reduces the
sensitivity of the measurement. On the other hand, the signal
uniformity and reproducibility of surface-enhanced Raman
spectroscopy (SERS) for small molecules detection, for
example, aptamers and antibodies, also confine its uses in the
laboratory (Kashif et al., 2020).

Diatoms are mono-cellular eukaryotic phytoplankton widely
distributed in oceans and lakes. Diatoms take up soluble silicon to
form the cell wall of amorphous silica, which possesses three-
dimensional micro- to nano-porous structures (Gordon et al.,
2009; De Tommasi et al., 2013). Several studies found that DBs
possessed unique photoluminescence (PL) properties which
changed upon different biomolecules depositing on its surface,
which revealed their promising applications in optical bio-
sensing without labeling (Qin et al., 2008; De Tommasi, 2016;
LeDuff et al., 2016; Mishra et al., 2020). The PL property of DBs
was induced by various surface groups on DBs including Si-OH,
Si-H groups, non-bridging oxygen hole centers, and self-trapped
excitons (He et al., 2004). Nucleophilic biomolecules such as
antibodies enhanced the PL peak intensity by donating electrons
to non-radiative defect sites on DBs (Gale et al., 2009; Viji et al.,
2014). Within the past few years, DBs has been developed as
label-free bio-sensing platforms of PL-based gas sensors for
detecting small biomolecules, such as antibodies and explosive
derivatives (Viji et al., 2014; Rea et al., 2016; Zhen et al., 2016).

Considering the definite limitations of DBs in immunoassay
due to its unreactive nature of the surface, Gregory and his
colleagues introduced –NH2 on DBs by reaction with 3-
aminopropyltrimethoxysilane (APS) and then covalently
attached with rabbit immunoglobulin G (IgG) (Gale et al.,
2009). The special binding between rabbit IgG with the
complimentary antigen goat anti-rabbit IgG increased the PL
peak intensity by at least three times in comparison with bare
DBs. Furthermore, the enhancement in PL intensity with antigen
(goat anti-rabbit IgG) concentration was displayed by a Langmuir
model for immune-complex formation. De Stefano et al. (2009)
also utilized APTS to modify DBs, using the PL of Coscinodiscus
concinnus for quantitative analysis and detection of proteins.
Zhen et al. (2016) found that the PL emission was partially
quenched when TNT binding to the anti-TNT ScFv-
functionalized DBs. These results validate that DBs can be
used as an optical biosensor platform for PL-based
immunoassay. Aforementioned strategies are all based on
chemical modification. Poly-dopamine (PDA) can coat the
surface of DBs in virtue of its great adhesive properties which
is considered an environmentally friendly method for the surface
modification of DBs (Uthappa et al., 2019). PDA coating can
promote antibody functionalization by virtue of its adhesion
properties. In addition, PDA coating can improve the
sensitivity of diatoms PL detection by reducing the defect
concentration of DBs. Therefore, we used PDA to modify DBs
to make it a better optical biosensor based on PL detection.

Noble metal nanoparticles such as gold nanoparticles (AuNPs)
and silver nanoparticles (AgNPs) exhibit unique optical properties.
They can display the localized surface plasmon resonance (LSPR)

phenomenon, whose absorbance will be light very intense when
excited at certainwavelengths (Ren et al., 2013; Liu et al., 2018; Petzold
and Zollfrank, 2019). According to the surface state luminescence
model proposed by Xie et al. (1992), the deposition of metal
nanoparticles on the surface of DBs change its surface state and
cause its PL intensity to decay. Thus, AuNPsmay have the potential to
be used in optical biosensors based on PL. In addition, AuNPs possess
advantages of being easy to synthesize andmodify, good stability, and
biocompatibility (Leng et al., 2010). On the other hand, AuNPs
possessing ultra-small sizes bound and assemble on the surface of
DBs, increasing the available surface area of binding biomolecules and
enhancing optical signal sensitivity. Therefore, the deposition of
AuNPs on DBs can serve as substrates for optical biosensors.

In this study, we utilized PDA and AuNP-functionalized DBs
(Scheme 1). Then, the antibody goat anti-rabbit IgG was attached
to PDA coated on DBs (DBs-PDA) and AuNPs deposited on
DBs-PDA (DBs-PDA-AuNPs). We examined the correlation of
antibody goat anti-rabbit IgG-functionalized DBs-PDA and DBs-
PDA-AuNPs with antigen rabbit IgG concentrations in the range
from 8 × 10−9 to 8 × 10−2 mg/ml. DyLight 488-labeled rabbit IgG
was employed for immunoassay to compare with the PL and
fluorescence detection. Furthermore, in order to validate the
universality of DBs as a photo-luminescent immune-sensor,
we detected the correlation between the PL peak intensity of
rabbit anti-human IgG-functionalized DBs-PDA and DBs-PDA-
AuNPs and different concentrations of human IgG (from 8 × 10−9

to 8 × 10−2 mg/ml). In conclusion, PL detection based on DBs-
PDA-AuNPs can be applied to the selectivity, high sensitivity, and
label-free immunoassay.

2 MATERIALS AND METHODS

2.1 Reagents and Materials
NaOH, bovine serum albumin (BSA), and dopamine
hydrochloride (DA) were all purchased from Sigma-Aldrich
(United States), and 0.2 M phosphate-buffered saline (PBS)
(pH 7.4) was prepared by mixing the stock solutions of
KH2PO4 and K2HPO4. HAuCl4

.3H2O was purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. Rabbit
IgG (RIgG), human IgG (HIgG), goat anti-rabbit IgG (GaR),
DyLight 488-rabbit IgG (DyLight 488-RIgG), and rabbit anti-
human IgG (RaH) were all purchased from Wuhan Boster
Biological Technology Ltd. C. cryptica (GY-H32) was obtained
from the Key Laboratory ofMarine Genetics and Breeding, Ocean
University of China.

2.2 Preparation of Diatom Biosilica
2.2.1 Cultivation of Diatom
C. cryptica was cultured in F/2 medium at 20°C with an
alternating light/night cycle of 12:12 h for 2 weeks. The diatom
cells were obtained via filtration and washed three times using
deionized water.

2.2.2 Treatment of Diatom Frustules
C. cryptica of 25 g was mixed with 50 ml lye (potassium
hydroxide: urea: water = 16:8:66) and stirred evenly, repeated
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freezing (under−25°C for 5~6 h each time) and thawing twice
frozen twice, and rinsed several times. Then, the pre-cooled
treated sample was added to 50 ml of chilled piranha solution
(sulfuric acid: hydrogen peroxide = 7:3), which was subsequently

heated in a water bath of 75°C for 30 min and stirred constantly,
followed by cooling, diluting once, washing by centrifugation
several times, and drying in the oven to obtain DBs with the
hierarchical porous structure (Figure 1A).

SCHEME 1 | Schematic diagram illustration of the synthesis of DBs-PDA and DBs-PDA-AuNPs.

FIGURE 1 | TEM images of (A) frustule of C. cryptica, (B) PDA-coated diatoms, (C) free AuNPs, (D) 172 AuNP-deposited DBs-PDA, and (E) details of AuNPs on
the surface of DBs-PDA. SEM images of 173 (F)DBs-PDA-AuNPs, (G)DBs-PDA-AuNPs, and (H) details of AuNPs on the DBs-PDA. (I–L) In total, 174 EDS images of (I)
Si, (J) O, (K) C, and (m) Au in DBs-PDA-AuNPs.
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2.3 Dopamine Coating on DBs
DBs of 10 mg was dissolved in 10 ml deionized water and stirred
continuously for 40 min. Then, 40 mg dopamine hydrochloride
(DA) and 200 µl NaOH solution (0.1 M, 50 ml) were added into
the diatom solution and stirred evenly. Dopamine hydrochloride
(DA) is self-polymerized to poly-dopamine (PDA) in a weak
alkaline environment. Then, the sample was centrifuged
(3,000 rpm, 15 min) three times, and the supernatant was
removed. DBs coated by PDA (DBs-PDA) could be observed
using the transmission electron microscope (Figure 1B).

2.4 Synthesis of AuNP-Functionalized
DBs-PDA
AuNPs were fabricated by the modified method reported
previously (Jia et al., 2005). Chloroauric acid (HAuCl4

.3H2O)
of 85 mg was dispersed in 50 ml ultrapure water and adjusted the
pH to 8.0 with 0.1 M NaOH solution. Next, the obtained DBs-
PDA was added, heated to 70°C, and continuously stirred for 2 h.
Afterward, the resulting solution mixture was centrifuged
(3,000 rpm, 15 min) until the absence of Cl− ion and removed
the supernatant. Finally, the precipitates were dried completely in
the oven.

2.5 Preparation of Immuno-Sensors
2.5.1 Immobilization of Antibody on DBs-PDA-AuNPs
DBs functionalized with antibody was prepared by following the
methods reported previously (Lai et al., 2013). First, DBs-PDA-
AuNP (1.5 mg/ml) suspension was adjusted to the pH 9.0 with
0.1 M K2CO3. Then, 30 μl goat anti-rabbit IgG was added to 50 μl
suspension, by gently mixing at room temperature for 2 h. The
sample was then centrifuged for 15 min, followed by mixing with
5% BSA for 1 h for blocking, and washing with PBS twice
successively. After centrifugation, antibody-conjugated diatom
frustules were collected and re-dissolved in 0.5 ml PBS containing
0.1% BSA. The resulting product was then stored at 4°C for
further use.

2.5.2 Immunological Reactions
Stocked antigens were prepared by mixing 10 μl RIgG (with the
concentration of 10 mg/ml) with 990 μl PBS. Then, 100 μl DBs-
PDA-AuNPs-GaR and RIgG with the concentrations ranging
from 8 × 10−9 to 8 × 10−2 mg/ml were dissolved in a polystyrene
12-well plate containing 2 ml PBS, which was then gently mixed
for 2 h at room temperature.

3 RESULTS AND DISCUSSION

3.1 Synthesis and Characterization of
DBs-PDA-AuNPs
DBs was isolated from cultured C. cryptica using chilled piranha
solution to remove the organic matter in cells. The purified DBs
was drum-shaped with a diameter of 10~30 μm and possessed a
hierarchical pore structure (Figure 1A). After mixing DBs and
DA under weak alkaline conditions (Scheme 1), DA could be
oxidized spontaneously, and PDA coating was formed

(Figure 1B) via the self-polymerization-crosslinking reaction
on the surface of DBs. AuNPs were likely to self-assemble
with regular size and shape on the surface of DBs-PDA via in
situ deposition (Figures 1D, F, G). The free AuNPs were 3~5 nm
diameter and aggregated to form clusters (Figure 1C). In
contrast, the AuNPs on DBs-PDA-AuNPs were agglomerated
for a larger size with a diameter of 15~20 nm and distributed
evenly on the surface of DBs (Figure 1G). This might be
explained by the higher agglomeration tendency of AuNPs
when depositing on DBs. EDS images validated that elements
of Si (Figure 1I), O (Figure 1J), C (Figure 1K), and Au
(Figure 1L) could be found on DBs-PDA-AuNPs which also
confirmed the successful immobilization of AuNPs on DBs.

The UV-Vis spectra of DBs, DBs-PDA, AuNPs, and DBs-PDA-
AuNPs showed that there were no characteristic absorption peaks in
the spectra of DBs and DBs-PDA at the wavelength range of
400–600 nm, and their spectral shapes were very similar
(Figure 2A,B). The noticeable characteristic absorption band
peaking at 550 nm, which was an indicative of the formation of
AuNPs, was observed in the UV-Vis spectrum (Figure 2C). After
AuNPs deposited on the surface of DBs-PDA, the absorption peak
intensity of DBs-PDA-AuNPs increased in comparison with AuNPs
alone. The absorption band of DBs-PDA-AuNPs was red-shifted
and the peak appeared at about 580 nm, indicating the aggregation
of AuNPs on DBs-PDA (Figure 2d), which was consistent with the
agglomeration tendency observed in the SEM image (Figure 1H).
The energy dispersive X-ray spectrum (EDS) of DBs-PDA-AuNPs
presented the distribution of elements including C,O, Si, andAu and
further validated the existence of AuNPs (Figure 2B). The FT-IR
spectra clearly showed characteristic peaks for DBs, including
Si–O–Si bending at 466 and 806 cm−1, Si–O–Si stretching at
1,090 cm−1, and O–H stretching of surface-bound hydroxyl
groups at 3,147 cm−1, which mainly included bound water,
H–O–Si, and pyrocatechol of poly-dopamine. After PDA coated
on DBs, the strong peaks at 1,615 cm−1 shown in the spectrum
corresponded to the typical absorption peak of amide bonds on the
PDA chain (Yang et al., 2014). However, when AuNPs deposited on
DBs-PDA, the amide bonds almost disappeared, which might
suggest the formation of Au–N. According to the infrared
spectra, the characteristic absorption peak at −3,147 cm−1

weakened after AuNPs functionalized DBs, suggesting that the
free Si–OH on DBs reacted with AuNPs to form the Si–O–Au
group (Figure 2C). From the aforementioned results, it could be
concluded that AuNPs had been successfully fixed on the surface of
DBs-PDA.

The XPS survey spectrum indicated that AuNPs were
successfully deposited on the surface of DBs (Figure 3A). The
functionalization of PDA coating and AuNPs only displays a peak
C1s at 284.73 eV (Figure 3B). After AuNPs deposited on DBs, the
two components of Au 4f7/2 were at binding energy = 83.9 and
87.6 eV, which indicated the emergence of Au0 and the ion of
Au+1 on the surface of DBs-PDA-AuNPs, respectively. This result
demonstrated that the chloroauric acid was reduced to AuNPs
and successfully immobilized on DBs-PDA (Figure 3f). The
appearance of the N1s peak of DBs-PDA and DBs-PDA-
AuNPs near 399 eV could be attributed to the existence of
NSi2O (Figure 3d). The Si2p of DBs located at 103.62 eV was
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attributed to SiO2, and the peak value of DBs-PDA was shifted
toward a lower binding energy around 0.09 eV (from 103.6 to
103.5 eV), implying that part of the Si–OH bond had been

transferred into Si–N bond. In addition, the Si2p of DBs-PDA-
AuNPs located at 103.0 eV was shifted to lower binding energy by
0.5 eV than that of DBs-PDA, suggesting that part of the Si–N

FIGURE 2 | (A)UV-Vis absorption spectra of (a)DBs, (b)DBs-PDA, (c)AuNPs (Inset: the UV-Vis absorption spectrum of AuNPs from 495 to 600 nm), and (d)DBs-
PDA-AuNPs (Inset: the UV-Vis absorption spectrum of DBs-PDA-AuNPs from 510 to 650 nm). (B) EDS spectrum of DBs-PDA-AuNPs. (C) FITR spectra of DBs, DBs-
PDA, and DBs-PDA-AuNPs.

FIGURE 3 | (A) XPS spectra of DBs, DBs-PDA, and DBs-PDA-AuNPs. (a) XPS survey spectrum of DBs and PDA-coated DBs as well as AuNP-deposited DBs-
PDA. (b) C1s scan spectrum, (c)O1s scan spectrum, (d) N1s scan spectrum, (e) Si2p scan spectrum, and (f) Au4f scan spectrum. (B) SERS spectrum of DBs, DBs-PDA,
and DBs-PDA-AuNPs.
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bond had changed to Si–Au bond (Figure 3e). Thus, AuNPs were
more likely to form Si–O–Au bonds with the free Si–OH on the
surface of DBs.

The Raman spectrum of DBs had a characteristic peak at
478.2 cm−1, corresponding to Si–O–Si stretching vibration (red
curve). Due to the introduction of PDA, peaks of −1,362 and
−1,571 cm−1 of DBs-PDA and DBs-PDA-AuNPs both appeared
in the Raman spectra which were attributed to the presence of
aromatic phenyl in PDA (blue and green curves). The
characteristic absorption peak at 2,850–2,923 cm−1 was
attributed to the stretching vibration of -CH. DBs-PDA-
AuNPs (green curve) had a weak characteristic peak at
−270 cm−1 which did not appear in the Raman spectra of DBs
and DBs-PDA (red and blue curve) (Figure 3b). It was supposed
that this characteristic absorption peak was concerned with the
formation of N–Au (Figure 4C). The aforementioned results
showed that when AuNPs were deposited on the surface of DBs-
PDA, PDA chelated Au (I) via catechol and amino groups.
Therefore, AuNPs were immobilized on the surface of DBs-PDA.

3.2 PL Studies
3.2.1 PL Detection of DBs-PDA-AuNPs
The PL properties of DBs, DBs-PDA, and DBs-PDA-AuNPs were
evaluated using the multimode microplate reader. Several studies
have demonstrated that DBs have intrinsic blue photoluminescence
due to the surface defects on the DBs, (Rorrer et al., 2007; Arteaga-

Larios et al., 2014; De Tommasi, 2016) which was also confirmed by
our studies. It was observed that bare DBs emitted strong blue
photoluminescence centered at 450 nm when samples were excited
at 360 nm (Figure 4A). After being coated by PDA, the PL intensity
of DBs-PDA was violently quenched, which displayed 13-fold lower
than that of bare DBs (Figure 4B). The peak wavelength for DBs-
PDA exhibited a blue shift from 450 to 430 nm caused by the
interaction of PDA and the surface of DBs (Figure 4A). Defect
concentration affected the PL properties of DBs. Thus, the decreased
PL peak intensity and blue shift of DBs-PDA might be ascribed to
the reduction of defect concentration when there is existence of PDA
coating on the surface of DBs. Fedorenko et al. (2020) reported the
similar results that PDA coating on ZnO nanorods caused the
decrease of the defect concentration and the PL peak intensity.
The PL emission spectra clearly showed 6-fold weaker PL peak
intensity of DBs-PDA-AuNPs than that of bare DBs (Figure 4B).
AuNPs functionalized DBs by forming Si–O–Au bonds, which
induced the emergence of a new non-radiative center on the
surface of DBs and decreased the PL peak intensity of DBs-PDA-
AuNPs. The PL spectrum of DBs-PDA-AuNPs showed an obvious
blue shift (from 450 to 410 nm). This result highlighted that AuNPs
deposited on DBs via in situ polymerization would lead to the blue
shift of the peak position. However, the PL peak intensity of DBs-
PDA-AuNPs was one-fold higher than that of DBs-PDA. It was
supposed that Au+, which was formed by Au3+ reduction, combined
with amino functional groups of PDA on the surface of DBs-PDA-

FIGURE 4 | (A) PL spectra of DBs, DBs-PDA, and DBs-PDA-AuNPs. (B)Comparison of PL peak intensity of DBs, DBs-PDA, and DBs-PDA-AuNPs. (C) Schema of
functionalized DBs-PDA-AuNPs with antibody GaR and complimentary antigen RIgG. (D) Comparison of the PL peak intensity of DBs-PDA-GaR (DBs-PDA-antibody),
DBs-PDA-GaR with RIgG (DBs-PDA-antibody-comp. antigen), and DBs-PDA-GaR with HIgG (DBs-PDA-antibody-non-comp. antigen). (E) Comparison of PL peak
intensity variation of DBs-PDA-GaR versus RIgG and HIgG (from 8 × 10−6 to 8 × 10−2 mg/ml), respectively. ns represents no significant difference, p > 0.05*
represents a significant difference, and p < 0.05. (F) Comparison of PL peak intensity of DBs-PDA-AuNPs-GaR, DBs-PDA-AuNPs-GaR with RIgG, and DBs-PDA-
AuNPs-GaR with HIgG. (G) Comparison of PL peak intensity variation of DBs-PDA-AuNPs-GaR versus RIgG and HIgG (from 8 × 10−6 to 8 × 10−2 mg/ml), respectively.
Excitation wavelength was 360 nm.
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AuNPs to form N–Au bonds. The interaction between AuNPs and
PDA induced the enhancement of surface passivation onDBs-PDA-
AuNPs, which affected the surface recombination centers, the
radiative points responsible for the PL of DBs. This inference
could explain the rise of PL peak intensity after AuNPs
functionalized DBs-PDA compared with DBs-PDA alone
(Figure 4C).

3.2.2 Specificity
Our experiments validated the specificity of antibody-functionalized
DBs-PDA-AuNPs with its complimentary antigen. First, whenGaR-
functionalized DBs-PDA (DBs-PDA-GaR) bonds with non-
complimentary antigen HIgG, the PL peak intensity of DBs-
PDA-GaR-HIgG showed no significant change. However, when
the complimentary antigen RIgG bound with DBs-PDA-GaR, the
PL peak intensity was significantly different (p < 0.05) which
increased by more than 45% than that of DBs-PDA-GaR alone.
(Figure 4D). The PL peak intensity of the formed complex between
RIgG and GaR-functionalized DBs-PDA-AuNPs (DBs-PDA-
AuNPs-GaR) changed significantly (p < 0.05) which increased
more than 12% than DBs-PDA-AuNPs-GaR. However, no
significant change in the PL peak intensity was observed after
DBs-PDA-AuNPs-GaR functionalized with non-complimentary
antigen HIgG (Figure 4F). The reason behind the peak PL
intensity increase of the immune complex was the forming of
nucleophilic molecules on the surface of DBs that transferred
electrons to non-radiative defect sites on DBs (Figure 4C). In
immune complex formation, the PL intensity of antibody binding
on DBs-PDA-GaR and DBs-PDA-AuNPs-GaR showed a linear
increase with the antigen RIgG concentration ranging from 8 ×
10−6 to 8 × 10−2 mg/ml whereas non-complimentary antigen HIgG
did not (Figures 4E,G). These results illustrated the specificity of
DBs-PDA and DBs-PDA-AuNPs applied to immune-detection.

3.4 RIgG Detection Based on
DBs-PDA-AuNPs
According to PL spectra of DBs-PDA-AuNPs and DBs-PDA-
AuNPs-RIgG, when RIgG functionalized DBs-PDA-AuNPs, its
peak PL intensity basically did not change compared with DBs-
PDA-AuNPs, and the characteristic absorption peak did not
change either (Figure 5A). As the concentration of RIgG
changed (from 8 × 10−9 to 8 × 10−2 mg/ml), the peak PL
intensity of DBs-PDA-AuNPs-RIgG did not show a linear
relationship with the concentration change (Figure 5B). These
results indicated that RIgG did not bind to the surface of DBs
through reaction with AuNPs. A minute quantity of RIgG
deposited on DBs, which would not affect the PL property of
DBs-PDA-AuNPs. However, after GaR functionalized DBs-
PDA-AuNPs, the peak PL intensity was 2-fold as that of DBs-
PDA-AuNPs. In addition, the enhancement of defect
concentration on the surface of DBs-PDA-AuNPs-GaR
contributed to a slight blue shift of the PL characteristic peak
(from 410 to 415 nm). Furthermore, the specific binding between
GaR and its complimentary antigen RIgG induced the PL
intensity, with a 10% increase in comparison with DBs-PDA-
AuNPs-GaR, and more than one-fold higher than that of DBs-

PDA-AuNPs (Figure 6A). These results confirmed that the
nucleophilic complex attaching to DBs could increase PL
intensity. The PL emission spectra of DBs-PDA-AuNPs
showed that the peak PL intensity was linearly increased with
RIgG concentrations in the range of 8 × 10−9 to 8 × 10−2 mg/ml
without any peak shifts (Figure 6B). The increase in PL peak
intensity with various RIgG concentrations was described by the
best-fit equation: y = 443530.57x + 1.03E04 and the coefficients of
determination (R2) of 0.9781 (Figure 6C). These results
illustrated that antigen RIgG molecules were adsorbed on the
surface of DBs-PDA-AuNPs-GaR and involved in the formation
of immuno-complex (Figure 6D). As a platform of immuno-
detection, DBs-PDA-AuNPs showed an outstanding PL
performance for detecting RIgG with the LOD reaching as low
as 8 × 10−9 mg/ml.

For DBs-PDA groups, the PL emission spectra clearly
indicated that the PL peak intensity of RIgG-functionalized
DBs-PDA (DBs-PDA-RIgG) barely changed and without any
peak shift as compared to that of DBs-PDA alone (Figure 7A).
Furthermore, there was no linear relationship between the PL
peak intensity and RIgG concentrations (from 8 × 10−9 to 8 ×
10−2 mg/ml) (Figure 7B). This indicated that RIgG did not react
with the free groups on the surface of DBs-PDA, and only a small
amount of RIgG was deposited on DBs-PDA. Thus, the PL
performance of DBs-PDA-RIgG was consistent with that
before RIgG deposition. When RIgG bonds with DBs-PDA-
GaR (Figure 8D), the PL peak intensity was enhanced by
more than 10%, and a slight blue peak shift could be observed
in PL emission spectra which was due to the decrease of defect
concentration on the surface of DBs-PDA (Figure 8A). In
immune-complex formation, the PL peak intensity showed a
linear increase with concentrations of the complementary antigen
RIgG from the range of 8 × 10−6 to 8 × 10−2 mg/ml (Figure 8B).
The PL emission spectra clearly showed the increase in PL peak
intensity with various RIgG concentrations (from 8 × 10−9 to 8 ×
10−2 mg/ml). However, the peak PL intensity of DBs-PDA was
found to be increasing linearly with the RIgG concentrations
from 8 × 10−6 to 8 × 10−2 mg/ml. The regression equation was y =
19373.31x + 4.49E05 with the correlation coefficient of
determination (R2) of 0.99026 (Figure 8C). The limit of PL
detection for RIgG based on DBs-PDA reached 8 × 10−6 mg/
ml, which was three orders of magnitude lower than that of DBs-
PDA-AuNP-based detection.

3.5 PL-Detection Compared With
Fluorescence Immunoassay
Several studies have demonstrated the potential of the AuNP-
based fluorescence-labeling probe technique applied on
immunoassay and biosensors. The fluorescence spectra
showed that GaR functionalized DBs-PDA and DBs-PDA-
AuNPs and challenged with DyLight 488-RIgG
concentrations ranging from 8 × 10−9 to 8 × 10−4 mg/ml.
The fluorescence peak intensity was not proportional to the
change of antigen DyLight 488-RIgG concentrations (Figures
9A,D). In addition, after binding with different DyLight 488-
RIgG concentrations ranging from 8 × 10−9 to 8 × 10−4 mg/ml,
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the fluorescence peak intensity was observed in fluorescence
spectra. Two curves showed a similar variation trend and
further indicated that there was no linear relation between
fluorescence peak intensity and DyLight 488-RIgG
concentrations. When challenged with RIgG-labeled DyLight
488, the entire surface of DBs-PDA and DBs-PDA-AuNPs both
emitted green light which illustrated the successful binding

between DyLight 488-RIgG and GaR-functionalized DBs-
PDA and DBs-PDA-AuNPs, respectively (Figures 9B,E,
Inset). With the increase of DyLight 488-RIgG
concentrations from 8 × 10−9 to 8 × 10−4 mg/ml, the PL peak
intensity of DBs-PDAwas found increasing linearly over a range
from 8 × 10−9 to 8 × 10−4 mg/ml. The regression equation was y
= 23468.19x + 1.05E06 with the coefficient of determination

FIGURE 5 | (A) PL spectra of DBs-PDA-AuNPs and DBs-PDA-AuNPs-RIgG. (B) PL spectra showed DBs-PDA-AuNPs binding to different concentrations of RIgG
(8 × 10−9~8 × 10−2 mg/ml). Excitation wavelength was 360 nm.

FIGURE 6 | (A) PL spectra of DBs-PDA-AuNPs, DBs-PDA-AuNPs-GaR, and DBs-PDA-AuNPs-GaR with its complimentary antigen (RIgG). (B) PL spectra
showed DBs-PDA-AuNPs-GaR binding to different concentrations of RIgG (from 8 × 10−9 to 8 × 10−2 mg/ml). (C) PL intensity of DBs-PDA-AuNPs-GaR labeled with
different concentrations of RIgG (from 8 × 10−9 to 8 × 10−2 mg/ml) with a coefficient of determination (R2) of 0.97815. Excitation wavelength was 360 nm. (D) Schema of
RIgG binding with DBs-PDA-AuNPs-GaR.
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(R2) of 0.98309 (Figure 9C). The correlation of DBs-PDA-
AuNPs-GaR versus different concentrations of antigen
DyLight 488-RIgG could be found in the PL spectrum. The

peak intensity of PL was observed increasing linearly with RIgG
concentrations over a range from 8 × 10−9 to 8 × 10−4 mg/ml.
The regression equation was y = 66996.69x + 1.25E06 with the

FIGURE 7 | (A) PL spectra of DBs-PDA and DBs-PDA-RIgG. (B) PL spectra showed DBs-PDA binding to different concentrations of RIgG (from 8 × 10−9 to 8 ×
10−2 mg/ml). Excitation wavelength was 360 nm.

FIGURE 8 | (A) PL spectra of DBs-PDA, DBs-PDA-GaR, and DBs-PDA-GaR against its complimentary antigen (RIgG). (B) PL spectra showed DBs-PDA-GaR
versus different concentrations of RIgG (from 8 × 10−6 to 8 × 10−2 mg/ml). (C) PL intensity of DBs-PDA-GaR labeled with different concentrations of RIgG (from 8 × 10−9

to 8 × 10−2 mg/ml) with a coefficient of determination (R2) of 0.97815. Excitation wavelength was 360 nm. (D) Schema of RIgG binding with DBs-PDA-GaR.
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coefficient of determination (R2) of 0.99666 (Figure 9F). The
limit of PL detection for DyLight 488-RIgG based on DBs-PDA-
AuNPs was three orders of magnitude higher than that based on
DBs-PDA. Furthermore, the PL detection was more suitable in
selective and quantitative detection of antigen DyLight 488-
RIgG than fluorescence immunoassay.

3.6 HIgG Detection Based on
DBs-PDA-AuNPs
The PL detection for HIgG was conducted to validate the
universality of DBs-PDA and DBs-PDA-AuNPs as label-free
optical biosensors for immune-detection. The increase in PL
peak intensity of RaH-functionalized DBs-PDA-AuNPs (DBs-

FIGURE 9 | Fluorescence spectra of GaR-functionalized (A) DBs-PDA and (D) DBs-PDA-AuNPs challenged with DyLight 488-RIgG with concentrations from 8 ×
10−9 to 8 × 10−4 mg/ml. Peak fluorescence intensity variations of GaR-functionalized (B) DBs-PDA and (E) DBs-PDA-AuNPs versus DayLight 488-RIgG with different
concentrations (from 8 × 10−9 to 8 × 10−4 mg/ml). Inset: fluorescence images of (B) GaR-functionalized DBs-PDA and (E) DBs-PDA-AuNPs challenged with DyLight
488-RIgG, respectively. Excitation wavelength was 488 nm. PL emission spectra of goat-anti-RIgG-functionalized (C) DBs-PDA and (F) DBs-PDA-AuNPs binding
to different concentrations of DyLight 488-RIgG (from 8 × 10−9 to 8 × 10−4 mg/ml) with the coefficient of determination (R2) of 0.98309 and 0.99666, respectively.
Excitation wavelength was 360 nm.

FIGURE 10 | PL peak intensity variations of (A) DBs-PDA and (B) DBs-PDA-AuNPs versus the HIgG concentration with a coefficient of determination (R2) of
0.98276 and 0.99906, respectively. Excitation wavelength was 360 nm.
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PDA-AuNPs-RaH) with antigen HIgG concentrations ranged
from 8 × 10−9 to 8 × 10−2 mg/ml was displayed. The PL peak
intensity was found increasing linearly over a wide range from 8 ×
10−9 to 8 × 10−2 mg/ml. The regression equation was y = 7,431.61x
+ 4.47E05 with the correlation coefficient of determination (R2) of
0.99906 (Figure 10B). The LOD of DBs-PDA-AuNPs could reach
8 × 10−9 mg/ml. With the increase of HIgG concentrations, the PL
peak intensity was linearly related to the concentration of HIgG
concentrations from 8 × 10−6 to 8 × 10−2 mg/ml with the regression
equation of y = 480126.56x + 1.40E04 and the correlation
coefficient (R2) of 0.98276 (Figure 10A). The LOD for HIgG
detection based on DBs-PDA was three orders of magnitude
lower than DBs-PDA-AuNPs. This result suggested that DBs-
PDA-AuNPs were more suitable for quantitative detection of
HIgG concentrations. Furthermore, PL detection based on DBs-
PDA-AuNPs had the universality to be applied for immune
detection in clinical samples.

4 CONCLUSION

In this present work, DBs obtained from the centric diatom C.
cryptica were employed to establish a nanostructured immune
assay platform coated with PDA and functionalized via AuNPs,
which induced the decrease of defect concentration and quenched
the PL peak intensity of DBs. N–Au formed after AuNPs reacted
with PDA and further enhanced the surface passivation of DBs,
which amplified the PL peak intensity of DBs-PDA-AuNPs as
compared to DBs-PDA. The PL detection for RIgG based on
DBs-PDA and DBs-PDA-AuNPs all exhibited high biological
specificity. Nucleophilic complex formation increased the PL
peak intensity of DBs-PDA and DBs-PDA-AuNPs.
Furthermore, physisorption between antibody and DBs-PDA-
AuNPs was likely to concentrate plenty of complimentary

antigens on the surface, which resulted in high sensitivity and
a decrease in the LOD. The LOD of PL detection for RIgG and
HIgG based on DBs-PDA-AuNPs could reach 8 × 10−9 mg/ml,
which was three orders of magnitude higher than that of DBs-
PDA. In addition, PL detection for DyLight 488-RIgG based on
DBs-PDA-AuNPs exhibited higher LOD than fluorescence
immunoassay. As such, antibody-functionalized DBs-PDA-
AuNPs could serve as an efficient optical biosensor platform
for the selective, sensitive, and label-free PL-based immunoassay.
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Liquid Crystal Modified Polylactic Acid
Improves Cytocompatibility and M2
Polarization of Macrophages to
Promote Osteogenesis
Zexiang Zheng1†, Renqin Wang2†, Jianjun Lin1, Jinhuan Tian1, Changren Zhou1, Na Li3* and
Lihua Li1*

1Department of Materials Science and Engineering, Engineering Research Center of Artificial Organs and Materials, Jinan
University, Guangzhou, China, 2Affiliated Stomatology Hospital of Guangzhou Medical University, Guangzhou Key Laboratory of
Basic and Applied Research of Oral Regenerative Medicine, Guangzhou, China, 3Foshan Stomatology Hospital, School of
Medicine, Foshan University, Foshan, China

Liquid crystalline phases (LC phases) are widely present in an organism. The well-aligned
domain and liquidity of the LC phases are necessary for various biological functions. How
to stabilize the floating LC phases and maintain their superior biology is still under study. In
addition, it is unclear whether the exogenous LC state can regulate the immune process
and improve osteogenesis. In this work, a series of composite films (PLLA/LC) were
prepared using cholesteryl oleyl carbonate (COC), cholesteryl pelargonate (CP), and
polylactic acid (PLLA) via a controlled facile one-pot approach. The results showed
that the thermo-responsive PLLA/LC films exhibited stable LC phases at human body
temperature and the cytocompatibility of the composites was improved significantly after
modification by the LC. In addition, the M2 polarization of macrophages (RAW264.7) was
enhanced in PLLA/LC films, and the osteogenic differentiation of bone marrow
mesenchymal stem cells (BMSCs) was improved as co-cultured with macrophages.
The in vivo bone regeneration of the materials was verified by calvarial repair, in which
the amount of new bone in the PLLA-30% LC group was greater than that in the PLLA
group. This work revealed that the liquid crystal-modified PLLA could promote
osteogenesis through immunomodulation.

Keywords: liquid crystal, polylactic acid, cytocompatibility, macrophages, bone regeneration

1 INTRODUCTION

Liquid crystal (LC) is a fluid with a micro-structure between an anisotropic crystal and an
isotropic liquid, also known as a mesogenic or LC phase which has remarkable viscoelastic
characteristics (Lowe and Abbott, 2012; Soon et al., 2013; Du et al., 2017; Chaudhuri et al., 2020).
The LC phase exists in different organisms, such as in their bone (Giraud-Guille et al., 2000;
Hulmes, 2002; Ghazanfari et al., 2016), chitin (Li et al., 2019; Liu et al., 2020), nucleic acids
(Saurabh et al., 2017), lipids (Róg et al., 2009), and so on (Stewart, 2004; Rey, 2010; Hirst and
Charras, 2017). Physiological activities such as mass transport, information transmission, cell
recognition, and cell fusion and division cannot proceed smoothly without the LC phase of the
cell films (Jewell, 2011; Gupta et al., 2015; Wu et al., 2017; Saw et al., 2018; Chen et al., 2020).
Different LC elastomers have been studied and showed unique longitudinal and multi-responses
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for cell attachment, proliferation, and alignment (Prévôt and
Hegmann, 2017). For example, LC collagen made by
concentrated solution and aligned shearing was proved to
possess good guidance for cell attachment and proliferation
(Price et al., 2016; Tang et al., 2016). Cholesterol is an
important component of cell films and has a large affinity
for cells, so it has been widely studied and used in the
biomimetic design of biomaterials (Li et al., 2001; Hwang
et al., 2002; Chen et al., 2020). However, the mixing of
cholesterol with other materials always causes spontaneous
phase separation and leads to the rapid aggregation of
cholesterol. This will result in high cholesterol
concentration and cytotoxicity. Previous studies showed that
cholesteryl ester ramification was a new class of bio-related
materials with good thermal stability and low toxicity (Soon
et al., 2009; Soon et al., 2014). In the literatures, cholesteryl
ester ramification is usually applied solely to modify polymeric
biomaterials to get higher cellular affinity (Li et al., 2001; Du
et al., 2017). However, most biocompatible cholesteryl
substances such as COC and CP with good blood
compatibility are not in the LC state at the range of human
physiological temperatures, which block the biological
function of the LC phase in the human body (Li et al.,
2001; Xie et al., 2020). According to the well-known van’t
Hoff equation, the transition temperature (clean point) of the
composite liquid crystals is lower than that of each
component. But in most of the cases, the measured clean
point sits between that of each component (Tai and Lee,
1990). Hence, the clean point of the CP/COC mixture
could be near 37°C by controlling their concentrations,
because the clean point for CP and COC is 90 and 35°C,
respectively.

PLLA has multiple distinguished features, including easy
processing, good thermal stability, excellent mechanical and
physical properties, and biodegradability in the human body
of which degradation products have no side effects (Agrawal
and Ray, 2001; da Silva et al., 2018; Dhandapani et al., 2020).
Therefore, PLLA is approved by the FDA as the type III medical
material and has been widely used in the field of medicine
(Madhavan Nampoothiri et al., 2010; Yao et al., 2017; Wei
and Dai, 2021). However, PLLA lacks active functional groups
for cell adhesion, spreading, and proliferation, which leads to
unsatisfactory cytocompatibility. In addition, the acidic
degradation products will cause inflammation and then hinder
the regeneration of tissues when the PLLA is used as bone repair
material (Bergsma et al., 1993; Critchley et al., 2020).

It is well known that bone repair is, in fact, involved in the
process of immune regulation (Schlundt et al., 2015; Chen et al.,
2016; Lee et al., 2019). Macrophages are one of the cells that play
important roles in regulating the inflammatory response
(Browne and Pandit, 2015), which can be polarized into pro-
inflammatory M1 macrophages or anti-inflammatory M2
macrophages under the stimulation of the inflammatory
environment (Freytes et al., 2013; Spiller et al., 2015; Zhang
et al., 2017; Huang et al., 2020; Mahon et al., 2020; Qiu et al.,
2020). Once the biomaterials are implanted into the body, a
series of inflammatory responses will be activated. To date,

researchers have been trying to improve cell compatibility and
immunogenicity of PLLA through bulk or surface modification,
to introduce specific biological functional ligands (Lutolf and
Hubbell, 2005; Liu et al., 2017; Pellegrino et al., 2017; Liu et al.,
2019) or biologically active molecules (Ding et al., 2016; Li X
et al., 2021).

In view of the good biocompatibility and suitable LC state
temperature of CP and COC, PLLA was modified by blending the
LC state to enhance its functionality, and to study the
immunoregularity of the composite materials for bone
regeneration. Since CP, COC, and PLLA are easily dissolved in
organic reagents and form uniform composite by solution
casting, a series of functional PLLA/LC films were obtained by
a one-pot but controlled blending approach.We expected that the
bionic liquid crystal composite materials would better simulate
the microenvironment of tissue culture in vivo, including the
compatibility of PLLA materials and regulation of inflammatory
response for tissue regeneration. Many exciting anti-
inflammatory results of the liquid crystal materials were
observed in our preliminary experiments.

2 MATERIALS AND METHODS

2.1 Materials
Polylactic acid (PLLA, Mw = 200000, PDI = 1.5, CAS: 33135-
50-1) was provided by Jinan Daigang Biomaterials Co., Ltd.
Cholesteryl oleyl carbonate (COC, CAS: 17110-51-9) was
purchased from Tokyo Chemical Industry. Cholesteryl
pelargonat (CP, CAS: 1182-66-7) was purchased from
Sigma-Aldrich. Dulbecco’s Modified Eagle Medium
(DMEM), fetal bovine serum (FBS), and
penicillin–streptomycin solution were purchased from Gibco
BRL. The Cell Counting Kit-8 (CCK-8) was purchased from
Dojindo Molecular Technologies Inc. The AO-EB Double
Staining Kit was purchased from Beijing Solarbio Science
and Technology Co., Ltd. Rhodamine phalloidin and 4′, 6-
dimidyl-2-phenylindole (DAP, CAS:28718-90-3) were
purchased from Molecular Probes, United States.
Osteoblastic induction medium and Alizarin Red solution
were purchased from Cyagen Biosciences Inc. Fluorescein
isothiocyanate conjugated anti-mouse CD206 (FITC-CD206)
and Allophycocyanin conjugated anti-mouse CD80 (APC-
CD80) were purchased from Dakewe Biotech Co., Ltd. The
BCIP/NBT alkaline phosphatase color reagent kit was
purchased from Beyotime Biotechnology Co., Ltd. ALP and
the BCA protein assay kit was purchased from Nanjing
Jiancheng Bioengineering Institute. All cells were obtained
from the American Type Culture Collection (ATCC). All
other reagents were purchased from Guangzhou Reagent
Co., Ltd., analytical grade.

2.2 Preparation of COC/CP Composite LC
A series of COC/CP composite liquid-crystal were prepared by
the melting method. In brief, a certain amount of COC and CP
was added into a 5 ml centrifuge tube at room temperature. The
tube was transferred to an oven at 90 °C. The liquid COC and CP
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were then mixed by stirring. The COC weight fraction in the
composite LC was 0–100% with a gradient of 10%.

2.3 Preparation of PLLA/LC Composite Film
Three different PLLA/LC composite films were prepared by the
solution casting method. According to our previous work (Li N
et al., 2021), PLLA and LC (70%COC-30%CP) were stirred in
dichloromethane at room temperature for 6 h to produce a clear
and uniform PLLA/LC solution. The solution was then cast on a
clean Teflon plate and the solvent was evaporated in a clean
environment for 48 h. Then the film was placed in a vacuum oven
for 12 h to remove the residual solvent. The weight fractions of
the LC in the composite films were 10%, 30%, and 50%, which
were labeled as PLLA-10% LC, PLLA-30% LC, and PLLA-50%
LC, respectively. The thickness of the film and the aggregation
state of the LC in the composite film could be controlled by the
properties of the solvent, the concentration of the solution, and
the temperature.

2.4 Thermal Analysis
A differential scanning calorimeter (DSC) (TA, Netzsch,
Germany) was used to measure the clean point and the liquid-
crystal phase transition temperature of COC/CP LC and PLLA/
LC composite films. The heating and cooling rate was 10°C min−1

while the scanning ranges were −20–100°C and 0–200°C for
COC/CP LC and PLLA/LC, respectively. The secondary
temperature rise curve was taken for analysis.

The LC phase texture of the COC/CP LC and PLLA/LC
composite film was observed by using polar optical
microscope (POM, OLYMPUS, Japan). The slide was placed
on the hot platform, a small amount of sample was placed on
the slide, and the cover glass was pressed. The heating and
cooling rates were set as 10°C·min−1 by a heating and cooling
program.

2.5 Cytocompatibility Analysis
2.5.1 Cell Culture
In this experiment, mouse pre-osteoblasts (MC3T3-E1) were
selected as seeded cells to evaluate the cytocompatibility of the
materials in vitro. The cell culturemediumwas a completemedium
containing 10% fetal bovine serum, 1% antibiotics, and 89%
DMEM. The cells were cultured in a T25 culture flask in a CO2

incubator at 37°C, 5% CO2 concentration, and 95%
relative humidity. The cell culture medium was replaced every
other day.

The LC-10% CP, LC-30% CP, LC-50% CP, PLLA, PLLA-10%
LC, PLLA-30% LC, and PLLA-50% LC composite films were
immersed in 75% ethanol for 1 h and sterilized under UV for 2 h.
The cells were seeded on different films at a density of 1×104

cells·well−1 in three parallel samples per group after sterilizing.

2.5.2 Cell Activity and Toxicity Analysis
A CCK-8 kit was used to evaluate MC3T3-E1 cell activity at 1, 3,
5, and 7 days, the medium in the wells was aspirated and the cells
were washed once with PBS. A CCK-8 reaction solution was used
right after it was prepared from the CCK-8 solution and fresh
complete medium at a volume ratio of 1:10. A total of 500 μL

reaction liquid was added to the 24-well plate and placed in a CO2
incubator and incubated in the dark for 2 h. From each sample
well, 100 μL of the reaction solution was aspirated into a 96-well
plate. The OD value of each well was measured by enzyme-linked
immunoassay at λmax = 450 nm.

The cells were stained with AO-EB solution to evaluate the
toxicity of the material. At 1 and 3 days, the cells were washed
twice with PBS, followed by AO-EB staining (AO: EB: PBS = 1: 1:
100) for 5 min at 37°C. After staining, the cells were washed again
with PBS and observed under a fluorescent microscope. Living
cells were stained green by acridine orange (AO) and dead cells
were stained red by ethidium bromide (EB).

2.5.3 Cell Morphology and Microstructure
When the cells were cultured on the material for 3 days, the
medium in the well was aspirated, the cells were washed twice
with PBS, and a 4% paraformaldehyde solution was added to fix
the cells for 30 min. Then, the materials were soaked in a series of
gradient concentration ethanol solutions (volume ratio: 50%,
60%, 70%, 80%, 90%, 95%, 100%) for 15 min. The samples
were air-dried at room temperature and sprayed with gold,
and then were observed and photographed under SEM
(ULTRA55, Carl Zeiss Jena Ltd, German) with 5 kV
acceleration voltage under a scanning electron microscope.

The samples were washed with PBS and fixed with 4%
paraformaldehyde for 20 min. Then they were washed with
PBS three times and permeabilized with 0.1% Triton X-100
for 5 min. The cells were blocked by adding 3% BCA solution
for 30 min, washed three times with PBS, and incubated with
rhodamine phalloidin for 1 h. They were washed twice with PBS
after incubating with DAPI for 15 min at room temperature.
Cytoskeleton analysis was then performed following the steps
described previously.

2.5.4 Cell Migration Experiment
LC-30% CP was coated on 50% of the 14-mm diameter cell slide.
The samples were then placed in a confocal Petri dish and
sterilized by UV for 3 h. The cells were seeded on the
materials at a density of 5×103 cells·well−1 in three parallel
samples per group on 24-well culture plates.

The films were transferred into 24-well plates with a 600 μL
culture medium. With transwell chambers (pore size = 8 μm),
100 μL of cell suspension was added to each sample with 5×103

cells. The cells were stained with crystal violet after culturing for
24 and 72 h. Then the chambers were observed under a
microscope and pictures were taken, and randomly selected
three visual fields under the appropriate magnification
microscope to observe the cell number and count. The stained
cells on the chambers after 72 h were decolorized with 33% acetic
acid. The decolorization solution was transferred into a 96-well
plate with 100 μL per well. The OD values were measured at
570 nm.

2.6 Osteogenic Immunomodulation
2.6.1 Polarization of Macrophages
A mouse macrophage cell, RAW264.7, was selected in this
experiment. The cells were seeded into 24-well plates with
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different prepared films at a density of 1×104 cells·well−1. The
cells were collected after culturing for 24 and 48 h. After
adding FITC-CD206 and APC-CD80 (FITC-CD206:APC-
CD80: PBS = 1:1:100), the cells were incubated for 30 min
at 4°C in the dark. The polarization of RAW264.7 was analyzed
by using an analytical flow cytometer (BD FACSCanto,
America).

2.6.2 Alkaline Phosphatase (ALP) Staining and
Quantitative Analysis
RAW264.7 and bone marrow mesenchymal stem cells (BMSCs)
were co-cultured with an osteoblastic induction medium in this
experiment. A total of 600 μL of BMSCs was seeded into 24-well
plates with different prepared films at a density of 1×104

cells·well−1. The transwell chambers (pore size = 0.4 μm) were
put into plates. A total of 100 μL of RAW264.7 suspension was
added to each chamber at a density of 1×104 cells·well−1. The
plates were put into the incubator and culture for 2 days, and then
the chambers were taken out. After 7 days of culture, the BMSCs
were stained with a BCIP/NBT alkaline phosphatase color reagent
kit. After 7 and 14 days of culture, an alkaline phosphatase kit and
BCA protein kit were used to detect the alkaline phosphatase
activity of the BMSCs.

2.6.3 Alizarin Red Staining and Quantitative Analysis
RAW264.7 and bone marrow mesenchymal stem cells (BMSCs)
were co-cultured with an osteoblastic induction medium
following the procedure 2.6.2. After 21 days of incubation, the
samples were washed with PBS and fixed with 4%
paraformaldehyde for 20 min. After washing with PBS three
times, the samples were stained with Alizarin Red solution
and observed under an optical microscope. After imaging,
500 μL of 10% hexadecylpyridinium chloride monohydrate was
added to each well. After 30 min, 100 μL of the reaction solution
from each well was aspirated into a 96-well plate. The OD value of
each well was measured by an enzyme-linked immunoassay at
λmax = 540 nm. The control group in Figures 5, 6means that the
cells were growing on the 24-well plates.

2.6.4 Polymerase Chain Reaction CR Analysis
RAW264.7 and bone marrow mesenchymal stem cells (BMSCs)
were co-cultured with an osteoblastic induction medium using
the procedures presented in 2.6.2. After 7 and 14 days of culture,
the cells were collected. The gene expression of the osteogenic
related genes OCN, COL-1, OPN, and Runx-2 of the BMSCs
cultured on different films were detected by RT-PCR technology,

using β-actin as an internal control. The PCR primer series is
shown in Table 1.

2.7 Rat Skull Defect Repair Experiment
Female Sprague–Dawley (SD) rats were selected to construct a
skull defect model as control, PLLA, and PLLA-30% LC groups.
Each group had three rats with a weight of 220–280 g. All the rats
were purchased from the Experimental Animal Center of
Southern Medical University. The rats were anesthetized with
1% pentobarbital sodium (30 mg/kg). After anesthetizing, the
heads of the rats were disinfected with 75% alcohol and iodophor.
A 2.5-cm incision was made vertically in the center of the rat’s
head. A 5-mm diameter ring drill was used to make a 5-mm hole
on both sides of the center of the parietal bone with full thickness.
PLLA-30% LC films were filled into the bone defect. The
periosteum, subcutaneous tissue, and skin were then sutured
in layers. After 4 weeks, the rats were sacrificed by cervical
dislocation. The collected skulls were fixed with 4%
paraformaldehyde for subsequent micro-CT detection and
H&E staining.

2.8 Statistic Analysis
All results are reported asmean ± standard deviation and statistically
analyzed using Graphpad Prism 7.0 software. At least three parallel
samples (n = 3) of each group were used for all experiments. This
value is considered statistically significant only when p < 0.05.

3 RESULT AND DISCUSSION

3.1 Thermal Properties of COC/CP
Liquid-Crystal and PLLA/LC Composite
Films
According to DSC thermal analysis, no LC phase was detected
in pure COC or CP (Figure 1A) at 37°C. However, by blending
COC and CP, the cholesteric ester LC phase was obtained at
37°C (Figure 1A). It was worth mentioning that the mixture
(LC-30% CP) indicated good stability and 37°C was the middle
point of the phase transition temperature range. The liquid-
crystal phase transition temperature of the COC/CP liquid-
crystal measured by DSC matched the measurement in POM.
At 37°C, an obvious LC phase flow could be seen (Figure 1C).
With the increase in the CP concentration, the liquid-crystal
phase transition temperature of COC/CP also increased. The
LC phase transition temperature became higher than 37°C
when the CP concentration exceeded 50%. The increase in

TABLE 1 | Osteogenic primer sequences for RT-PCR.

Gene Forward sequence (59-39) Reverse sequence (39-59)

GAPDH GGCCTCCAAGGAGTAAGAAA GCCCCTCCTGTTATTATGG
OCN AGGGCAATAAGGTAGTGAA CGTAGATGCGTCTGTAGGC
COL-Ι CTTCACCTACAGCACCCTTGT AAGGGAGCCACATCGATGAT
OPN ACCATTCGGATGAGTCTGAT TCAGTCCATAAGCCAAGCTA
Runx-2 TGCCCAGTGAGTAACAGAAAGAC CTCCTCCCTTCTCAACCTCTAA
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the LC phase transition temperature of the blend is because the
increase in CP (decrease of molecular dimensions) caused the
increase in the phase-transition temperature of the COC/CP

binary system (Li N et al., 2021). The clearing point of
the mixed LC followed the empirical formula (Tai and Lee,
1990):

FIGURE 1 | Thermal properties of the composite LC. (A) DSC curve of COC/CP LC; (B) DSC curve of PLLA/LC composite films; (C) blended LC LC-30% CP LC
texture observed under POM; and (D) LC texture of the PLLA-30% LC composite films observed under POM.
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1
Ti

� Wcp

Tcp
+ Wcoc

Tcoc
, (1)

Ti is the clear point of the mixture,Wcp is the weight fraction of
CP in the mixture, Tcp is the clearness of CP, Wcoc is the weight
fraction of COC in the mixture, and Tcoc is the clearness of COC
in the formula.

By adding COC/CP LC, an LC phase could be formed within
PLLA. The LC phase was uniformly distributed in the composite
film at 37°C (Figure 1B, D). This liquid crystal phase domain
could promote the transport of materials and the transmission of
signals. It also enabled the response to external temperature
stimuli which successfully simulated the flow mosaic model of
biofilms (Wu et al., 2017; Chen et al., 2020).

3.2 Cell Viability
CCK-8 and live/dead assays were carried out to evaluate the
cytocompatibility of the LC materials using MC3T3-E1.
Compared with the control group, COC/CP LC had better
cytocompatibility while LC-30% CP showed the best
compatibility (Figure 2A). This was also why LC-30% CP

was chosen to modify PLLA in subsequent studies. The
MC3T3-E1 cell proliferation rate was significantly higher
than the controlled group when the concentration of LC in
the PLLA/LC composite film was 30% (wt) and 50% (wt)
(Figure 2B). The cell density on the PLLA/LC composite
films was greater than that on the PLLA film (Figure 2C)
indicating that the LC materials were non-cytotoxic, and the
addition of the LC facilitated cell proliferation. This was because
many life processes associated with cell proliferation such as
mass transport, information transmission, cell recognition, and
cell fusion and division can proceed smoothly because of the
flowing LC state (Wu et al., 2017; Saw et al., 2018; Chen et al.,
2020).

3.3 Cell Morphology
Compared with pure PLLA, MC3T3-E1 cells could adhere
tighter to the PLLA/LC composite films and yield more
ECM which was confirmed by SEM (Figure 3A). The cells
connected to each other through ECM suggesting that cells
showed better viability on the surface of PLLA/LC composite
films. From the laser confocal microscope (CLSM) photo

FIGURE 2 | (A)Cell proliferation in COC/CP LC and (B) PLLA-LC composites for 7 days * refer to statistically significant proliferation p < 0.05. (C) AO-EB staining of
MC3T3-E1 cells seeded on pure PLLA, PLLA-10% LC, PLLA-30% LC, and PLLA-50% LC films.
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(Figure 3B), compared with pure PLLA, MC3T3-E1 cells
fully covered the surface of PLLA/LC composite films with
well-extended actin fiber bundles and filamentous pseudopods.
Moreover, the nucleus structure was complete, and the
cytoplasm was stained uniformly. Some cells were in
contact with each other, reflecting an irregular or
polygonal shape. We speculated that it was the LC
environment that helped the cell to guide and guided the
flow and order of the LC to guide the extension of the cell’s
pseudopods. According to SEM and CLSM, MC3T3-E1 cells
exhibited better early adhesion and growth on the surface of
PLLA/LC than pure PLLA. This observation implied that
the cholesteric LC in the PLLA matrix can still exert its
bioactive effect. It was further confirmed that LC
concentrations of 30% (wt) and 50% (wt) improved cell
adhesion of PLLA.

3.4 Cell Migration
The cell migration experiment (Figure 4A–C) showed that
MC3T3-E1 cells had a higher migration rate in PLLA/LC than
in the cell slide and pure PLLA. Especially in the PLLA/LC (30%
wt) composite film, the numbers and spreading effect of MC3T3-
E1 cells were much higher than pure PLLA at 24 and 72 h. This
confirmed that COC/CP cholesterol esters could significantly
increase the cell affinity of PLLA.

From the POM images, the boundary between the liquid
crystal and the non-liquid crystal area (the black part in the
picture) was obvious. Figure 4D indicates that the cells were
likely to spread out within the liquid crystal domains rather
than the glass matrix. The cell density of different areas was
different, and there were obvious boundaries (Figure 4D). This
boundary just coincided with the distribution boundary of the
cells, which may be due to the LC phase domains of the LC
mimicking the movable morphology of the natural

biomembrane surface which probably provided active sites
for cell attachment to the substrate and then promote cell
adhesion.

3.5 Osteogenic Immunomodulation
The results of the macrophage polarization experiment
(Figure 5) indicated that the macrophages highly expressed
CD80 which is mainly pro-inflammatory M1 macrophages after
being cultured for 24 h on both PLLA and PLLA/LC films.
However, the expression of CD206 of macrophages was
increased with the increase of LC-30% CP content after being
cultured 48 h with PLLA-30% LC and PLLA-50% LC films. This
indicated that the PLLA/LC films can significantly promote M2
polarization of RAW264.7 while the liquid crystal content
reaches a certain height. It is worth mentioning that the
biological effect caused by LC domains could reduce the
inflammatory response of the material implanted in the
organism during bone tissue repair, which was beneficial to
the reparation of bone tissue (Schlundt et al., 2015; Chen et al.,
2016; Lee et al., 2019).

Bone tissue repair involved a series of complicated dynamic
immune regulatory processes. To simulate the
microenvironment of bone tissue repair in the living body
more realistically, the macrophages were co-cultured with
BMSCs to observe the osteogenic differentiation of BMSCs
under a corresponding immune condition environment. ALP
is a specific protein secreted in the early stage of osteogenic
differentiation. The ALP staining results (Figure 6E) showed
that PLLA-10% LC and PLLA-30% LC composite films could
significantly promote the ALP expression of BMSCs compared
with PLLA on the 7th day, which was consistent with the result
of the ALP quantitative analysis (Figure 6A). However, the
ALP expression of BMSCs cultured in PLLA-50% LC
composite films was lower than that of PLLA whether it was

FIGURE 3 | (A)SEM images of morphologies of MC3T3-E1 cells culturing on pure PLLA, PLLA-10% LC, PLLA-30% LC, and PLLA-50% LC films for 3 days; (B)
CLSM images of morphologies of MC3T3-E1 cell culturing on pure PLLA, PLLA-10% LC, PLLA-30% LC, and PLLA-50% LC films for 1 day.
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FIGURE 4 | (A) Cell count of osteoblasts migrating in the transwell chamber for 24 h; (B) quantitative analysis of osteoblasts migrating in the transwell chamber for
72 h; (C) crystal violet staining of osteoblasts migrating in the transwell chamber for 24 and 72 h; and (D) distribution of cells on LC-30% CP.
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on the 7th or 14th day, which also indicated that the liquid
crystal proportion would not linearly generate PLLA/LC
composite films to promote the osteogenic differentiation of
BMSCs.

In the late stage of osteogenic differentiation, BMSCs
deposit calcium and phosphate salts forming calcium
nodules. Calcium nodules could be used to evaluate the
degree of osteogenic differentiation of BMSCs, for they can
chelate with Alizarin Red and form red insoluble.
Quantitative analysis of calcium nodules was usually used to
evaluate the late stage of osteogenic differentiation of
BMSCs, since it was considered a benchmark to evaluate the
bone induction ability of materials. It could be seen from
Figure 6F that the calcium nodules on the PLLA-50% LC
group were similar to the PLLA group, and the calcium
nodules were lighter in red which indicated that the number
of calcium nodules on the surface was smaller. The calcium
nodules in PLLA-10% LC and PLLA-30% LC groups were
significantly darker than those in the PLLA group,
which indicated that the number of calcium nodules was
significantly higher in PLLA-10% LC and PLLA-30% LC
groups. Similarly, the quantitative analysis of
calcium nodules (Figure 6B) showed that the OD values of
PLLA-10% LC and PLLA-30% LC groups were higher
than those in the PLLA and PLLA-50% LC groups. The OD
value of the PLLA-10% LC group was basically the same as
that of the PLLA-30% LC group. The result of the calcium
nodule quantitative analysis further proved that the
bone formation performance of PLLA-10% LC and PLLA-
30% LC groups was significantly better than in the other
groups.

The PCR results (Figure 6C, D) showed that on the 7th day,
the expression of Runx-2 of BMSCs cultured in the PLLA-30%
LC film was significantly higher than that of PLLA. On the 14th
day, the expression of OCN of BMSCs in PLLA-30% LC films

was significantly higher than in PLLA. Runx-2 is a sign of the
beginning of osteogenic differentiation of cells, and OCN is a
sign of osteogenic differentiation and maturation of cells
(Schroeder et al., 2005; Chen et al., 2016). These
results further showed that PLLA-30% LC films could
better enhance the osteogenic differentiation of cells
than PLLA.

3.6 Calvarial Repair In Vivo
According to the micro-CT analysis (Figure 7C), only a small
amount of bone tissue was found at the edge of the defect area
in the sham surgery group 4 weeks after surgery. This
indicated that SD rats could not repair large-scale calvarial
defects without other treatments in 4 weeks. Compared with
the sham surgery (control) group, a small amount of new bone
tissue could be seen in the PLLA group. This was because PLLA
could promote cell proliferation and osteogenic differentiation
at a certain level, but its bone repair ability was still
weak. Compared with the control and PLLA groups, the
PLLA-30% LC (experimental) group demonstrated excellent
bone repair ability, with a large amount of new bone tissue
generated in the defect area. The data on bone volume
(Figure 7A) and bone volume density (Figure 7B) also
showed that the bone repair effect of PLLA-30% LC was
better than that of the other two groups. Subsequently, the
H&E staining analysis (Figure 7D) 4 weeks after surgery
showed that a large amount of new bone tissue was formed
in the PLLA-30% LC group and a small amount of lamellar
bone and woven bone was obvious in the PLLA group.
However, the defect area was almost full of fibrous
connective tissue, and no obvious new bone tissue
formation was found in the control group. This may be
when PLLA was modified with LC-30% CP liquid crystal, a
liquid crystal layer could be formed on the surface of PLLA.
The cholesteric group in the liquid crystal had biological

FIGURE 5 | Polarization of macrophages on the material.
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FIGURE 6 | (A) ALP quantitative analysis; (B) Alizarin Red staining quantitative analysis; (C) and (D) BMSC-related osteogenic gene expression on different
materials; (E) ALP staining; and (F) Alizarin Red dyeing.
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activity and could promote cell adhesion, proliferation, and
osteogenic differentiation, and remarkably improved the cell
compatibility of the material. At the same time, it also

improved the immunogenicity of PLLA via enhancing the
M2 polarization of RAW264.7 which benefited the bone
tissue regeneration in vivo. In addition, the LC layer was in

FIGURE 7 | (A) Bone volume analysis; (B) bone volume density analysis; (C)micro-CT image of an SD rat skull defect 4 weeks after operation; and (D) HE staining
photograph of an SD rat skull defect.
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the LC state at 37°C and could respond to changes in the
external temperature, which may be conducive to the
transportation of nutrients and the conduction of
information in vivo. The special surface characteristics of
liquid crystal were similar to the structure and function of
the extracellular matrix, and more similar to the
microenvironment of tissue culture in vivo.

4 CONCLUSION

This study showed that the LC phase domain distribution was
uniform in the PLLA/LC composite films and the films were in the
LC state at a physiological temperature. The LC phase in the PLLA/
LC composite films was similar to the flow mosaic model of
biological films with the property of flow and order that was
conducive to material transportation and signal transmission and
could respond to temperature stimuli sensitively.
Cytocompatibility experiments showed that COC/CP LCs were
beneficial to improve the cytocompatibility of PLLA. When the LC
concentration was 30% (wt) and 50% (wt), the PLLA/LC composite
films could significantly promote proliferation and adhesion.
Compared with other methods of modifying the cell
compatibility of PLLA, COC/CP LCs could functionalize the
surface of PLLA without providing any specific biological
functional ligands, thereby providing affinity for cell attachment.
In addition, osteogenic immunomodulation experiments showed
that the PLLA/LC composite films promoted the M2 polarization
of RAW264.7, improved the inflammatory environment of
implants, and promoted the osteogenic differentiation of
BMSCs which were beneficial to the repair of bone tissue in
vivo. Moreover, the PLLA/LC composite films were simpler to
prepare, lower in cost, and easier to popularize. Therefore, this
novel of LC modified biomaterials is very promising to be used in
clinical bone defect treatment in the future.
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Constructing an engineered hepatic lobule-mimetic model is challenging owing to
complicated lobular architecture and crucial hepatic functionality. Our previous study
has demonstrated the feasibility of using silk fibroin (SF) scaffolds as functional templates
for engineering hepatic lobule-like constructs. But the unsatisfactory chemical and physical
performances of the SF-only scaffold and the inherent defect in the functional activity of the
carcinoma-derived seeding cells remain to be addressed to satisfy the downstream
application demand. In this study, SF-collagen I (SFC) composite scaffolds with
improved physical and chemical properties were fabricated, and their utilization for
bioengineering a more hepatic lobule-like construct was explored using the
immortalized human hepatocyte-derived liver progenitor-like cells (iHepLPCs) and
endothelial cells incorporated in the dynamic culture system. The SFC scaffolds
prepared through the directional lyophilization process showed radially aligned porous
structures with increased swelling ratio and porosity, ameliorative mechanical stiffness that
resembled the normal liver matrix more closely, and improved biocompatibility. The
iHepLPCs displayed a hepatic plate-like distribution and differentiated into matured
hepatocytes with improved hepatic function in vitro and in vivo. Moreover,
hepatocyte–endothelial cell interphase arrangement was generated in the co-culture
compartment with improved polarity, bile capillary formation, and enhanced liver
functions compared with the monocultures. Thus, a more biomimetic hepatic lobule-
like model was established and could provide a valuable and robust platform for various
applications, including bioartificial liver and drug screening.

Keywords: hepatic lobule, silk fibroin, collagen, liver tissue engineering, dynamic culture, biomimetic,
transplantation
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INTRODUCTION

Constructing three-dimensional (3D) liver models with
biomimetic structure and function is of great interest owing to
its promisingly potential applications in clinical treatment,
fundamental research, and drug screening. Unfortunately,
desirable hepatocyte cultivation in vitro is severely hindered by
deficiency technology to fully recapitulate the native growth
conditions. Co-culture with multiple nonparenchymal cells
and/or incorporation with different extracellular matrixes
(ECM) has been widely explored to improve the viability,
maturation, and function of hepatocytes (Cuvellier et al., 2021;
Das et al., 2020; Liu et al., 2021). Nonetheless, few investigations
have focused on precisely controlling hepatic tissue architecture
at the microscale, although both the complex architecture and
specific organization of hepatic lobules play an important role in
determining the phenotype and function of the actual liver tissue.
It is known that native human hepatocytes organize into hepatic
irregular plates that radiate toward a central vein to form
polygonal hepatic lobules. This unique architecture provides a
foundation for the high integration of hepatocytes and their
surrounding microenvironment, which promotes the
generation of bile capillaries and enhances its adequate spatial
and temporal contact with blood for mass transport.

Motivated by the goal of recreating more histologically and
physiologically relevant hepatocyte culture systems in vitro,
different strategies, such as decellularized liver scaffolds
(Uygun et al., 2010; Watanabe et al., 2019), micro-fluidic chips
(Ho et al., 2013; Ya et al., 2021), and 3D printing methods (Kang
et al., 2020), have been employed to reconstruct a liver
biomimetic architecture, and the biomimetic configuration has
been confirmed to positively affect hepatocyte morphology,
polarity, viability, and maturation. However, most methods are
still limited by uncontrollable cell localization, pseudo-3D
cultures, or complex construction processes that might lead to
cell damage. Recently, our laboratory reported the fabrication of
lobule-like silk fibroin (SF) scaffolds using a radially directional
freezing strategy (Wang et al., 2022). By co-culturing hepatocytes
and endothelial cells on this SF scaffold, a more biomimetic
human hepatic lobule-like culture model with improved
phenotype and function was developed in vitro. This study
strongly supports the important role of matrix architecture in
determining cell behavior and hepatic tissue reconstruction.

Although our previous study has proven encouraging for the
construction of a lobule-mimetic culture model in vitro, we are
nonetheless faced with certain limitations. On the one hand, due
to the lack of integrin-mediated cell-binding sites, cell adhesion to
SF scaffolds was less desirable, mainly relying on low-affinity cell-
binding domains (carboxy-terminal arginine residues or
electrostatic interactions between cells and scaffolds)
(Maghdouri-White et al., 2014; Ruoslahti and Pierschbacher,
1987). In addition, SF-only scaffolds possess relatively high
mechanical properties. For example, our previous study
demonstrated that the modulus of the scaffold prepared with a
6% (w/v) SF solution was 67.3 ± 2.0 kPa, which was significantly
higher than that of the normal liver (approximately 2.8 ± 7.4 kPa).
On the other hand, the immortalized hepatocarcinoma C3A cells

used before were inadequate in replicating the native hepatic
phenotype and function due to their insurmountable inherent
defects associated with cancerous phenotype and impaired
functionality. Their immortalized activity poses a risk of
carcinogenesis once implanted in vivo, hindering not only the
model-based exploration of the complex interactions between
hepatocytes and the microenvironment but also the downstream
application for in vivo implantation.

Studies have demonstrated that mixing SF solutions with natural
biomolecular polymers could overcome some drawbacks of SF
scaffolds (Buitrago et al., 2018; Goczkowski et al., 2019). Type I
collagen, a predominant subtype synthesized in connective tissue, is
themost abundant collagen in human liver tissues with rich integrin-
mediated cell-binding sites (Martinez-Hernandez and Amenta,
1993; Willemse et al., 2020; Kumaran et al., 2005). Importantly,
several precedents for using collagen as a biomaterial either in the
hepatocyte culture in vitro or the clinical settings have been noted
(Rico-Llanos et al., 2021; Serna-Márquez et al., 2020), in which
collagen provides biomimetic matrix support for the 3D culture of
mammalian cells. Hence, given these apparent advantages of
collagen over the existing culture system, its incorporation in the
3D culture compartment may benefit to establish a lobule-mimetic
culture model with improved phenotype and function.

Therefore, in the present study, an SF-collagen (SFC) composite
scaffold was fabricated by directional lyophilization with an SF-
collagen type I mixed solution. Meanwhile, more functional primary
human hepatocyte-derived liver progenitor-like cells (iHepLPCs)
were employed to replace the immortalized hepatocarcinoma C3A
cells before.We hypothesized that the primary iHepLPCs growing in
a 3D microenvironment provided by the stromal cells, ECM
molecules, and SFC composite scaffold with unique lobule-like
architecture not only generate liver tissue-like structures that
more closely resemble the in vivo hepatic lobule morphology but
also contribute to producing an optimized 3D biomimetic lobule-
like culture model with improved differentiated functionality.
Toward this goal, the reconstructed 3D culture model was
characterized by its growth profile, histology, and gene
expression. Moreover, its potential capability for transplantation
was evaluated through subcutaneous implantation in nude mice.

EXPERIMENTAL METHODS

Cell Maintenance Culture and
Differentiation
The human hepatoma cell line C3A (American Type Culture
Collection, Manassas, VA, United States) was cultured in Eagle’s
minimum essential medium (Gibco, Carlsbad, CA, United States).
The complete medium contained 10% fetal bovine serum (FBS,
ScienCell Research Laboratory, Carlsbad, CA, United States) and 1%
penicillin/streptomycin solution (P/S, Solarbio, Peking, China).
Professor Hexin Yan of the Shanghai Cancer Institute (Shanghai,
China) provided the iHepLPCs, GFP-transfected iHepLPCs,
transition and expansion medium (T&EM), and hepatic
maturation medium (HMM). The detailed transfection method
and components of both mediums can be found in a previous
study (Wang et al., 2019). The cells were maintained and expanded
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in T&EM and passaged at a ratio of 1:3 after dissociation in TrypLE
solution (Gibco). Subsequently, the iHepLPCs were maintained in
T&EM until they attained 90% confluence for rapid hepatic
differentiation. Then, the medium was replaced with HMM, and
the cells were cultivated for an additional 7–10 days to allow for
complete differentiation into iHepLPC-derived hepatocytes
(iHepLPC-Heps). Alternatively, human umbilical vein endothelial
cells (HUVECs, ScienCell) were cultured in an endothelial growth
medium (EGM, ScienCell) and used between passages three and six.
All the cells were incubated in a humidified incubator containing 5%
CO2 at 37°C, and the medium was changed every other day.

For iHepLPCs and HUVECs co-culture experiments, a
combined medium composed of T&EM/HMM and EGM at a
volume ratio of 2:1 was used, which had previously been tested to
ensure the proper growth of each cell type under monolayer
culture conditions.

Preparation of SF Solution
Soochow University (Suzhou, China) kindly provided SF aqueous
stock solution. Briefly, SF fibers isolated from the cocoons of a
Bombyx mori silkworm were boiled for 30 min in an aqueous
solution of 0.02 M Na2CO3 (Solarbio). Subsequently, the fibers
were rinsed thoroughly with distilled water to extract the glue-like
sericin proteins. After air-drying, the degummed silk fibers were
placed in a 9.3 M lithium bromide (Aladdin Bio-Chem
Technology, Shanghai, China) solution in a glass beaker at
60°C for 4–5 h. Then, the solution was dialyzed against
distilled water in a dialysis bag with a molecular weight cut-off
of 3500 Da for 3 days. Finally, the solution was centrifuged, and
the concentration was determined by weighing the residual solid
of a known solution volume after drying at 60°C.

Fabrication of SFC Composite Hepatic
Lobule-like Scaffolds
The composite biomimetic hepatic lobule-like silk scaffolds were
fabricated following our previous study with minor modifications
(Supplementary Figure S1) (Wang et al., 2022). To prepare the
SFC composite scaffolds, 6% SF solution (w/v) was mixed with
2 mg/ml rat tail collagen I solution at a ratio of 5:1 and 2:1 to keep
the SF concentration at 5 and 4%; 5 and 4% SF solution served as
the control (Supplementary Table S1). After complete blending,
SFC and SF solutions at different concentrations were transferred
into 15-ml centrifuge tubes and rapidly immersed in liquid
nitrogen for 30 min in an upright position. Next, the frozen
solutions were lyophilized for 48 h and then autoclaved to induce
SF β-sheet structure formation. Finally, ready-to-use scaffolds
with a thickness of 1–2 mm, an outer diameter of 6 mm, and an
inner diameter of 1 mm were prepared.

Performance Testing of SFC Composite
Hepatic Lobule-like Scaffolds
Swelling Ratio
The scaffolds were immersed in ultrapure water at room
temperature for 24 h. After excess water was removed, the wet
weight of the scaffolds (Ws) was determined. The samples were

then dried overnight in an oven at 60°C under vacuum, after
which the dry weight of the scaffolds (Wd) was determined. By
running the samples of each group in triplicate, the swelling ratio
of the scaffolds was calculated as follows:

Swelling ratio � ((Ws −Wd)/Wd) × 100%.

Porosity
A scaffold of weightW1 (in g) and volumeV (in cm3) was immersed
in hexane (Sigma-Aldrich, St. Louis, MO, United States) for 10 min
at room temperature. After removing excess liquid from the surface,
the total weight of the scaffold was recorded asW2 (g). The density of
hexane is 0.66 g/cm3. Subsequently, by running each sample in
triplicate, the porosity of the scaffolds was determined using the
following formula:

Scaffold porosity � (W2 −W1)/0.66V × 100%.

In Vitro Degradation
Dried cylindrical scaffolds (8 mm in diameter and 2 mm in
height) with a weight of W0 (g) were incubated and immersed
in 1 ml of PBS solution with or without 6 U/ml protease XIV
(Sigma-Aldrich) for 2, 4, 6, and 8 days. The samples were
incubated at 37°C, after which the medium was changed every
2 days. At each time point, the scaffolds were dried at 60°C and
weighed (Wn) (g). By running the samples in triplicate, the
remaining mass fraction of the scaffolds in vitro was calculated
using the following formula:

Remaining mass fraction � (Wn/W0) × 100%.

Mechanical Properties
We determined mechanical strength using cylindrical scaffolds
(8 mm in diameter and 8 mm in height) immersed in ultrapure
water for 12 h at room temperature. The compression properties
of the scaffolds were evaluated at room temperature using an
Instron 3365 testing frame (Instron, Norwood, MA,
United States) with a 100 N loading cell. The load was applied
until the scaffold had compressed to 80% of its original height.
Subsequently, the pressure was released. The compressive
modulus was calculated from the linear elastic region in the
stress–strain curve, and all data were analyzed as averages of four
to six tests, comprising three parallel scaffolds.

Fourier Transform Infrared Spectroscopy (FTIR)
The secondary structures of the scaffolds were analyzed using a
Nicolet FTIR 5700 spectrometer in the attenuated total reflection
mode (Thermo Scientific, FL, United States). Briefly, a thin layer of
the SF scaffold with a thickness of 1–2mm was cut and subjected to
FTIR analysis. Sixty-four scanswere recorded for eachmeasurement,
with a resolution of 4 cm−1 andwavenumber of 400–4000 cm−1. The
samples were run in triplicate in each group.

3D Culture on Silk Scaffolds
Before cell inoculation, the ready-to-use scaffolds were
autoclaved for sterilization and then pre-coated with a growth
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factor reduced-Matrigel™ (0.15 mg/ml; BD Biosciences, SanJose,
CA, United States) diluted using a culture medium to facilitate
cell attachment. Then, to construct the human-engineered liver
lobule-like cultures, iHepLPCs and HUVECs in culture were
harvested and mixed at a ratio of 4:1. Next, mixed
iHepLPCs–HUVEC pellets were resuspended in a T&EM/
EGM co-culture medium and transferred into a 24-well ultra-
low attachment culture plate (Corning, Kennebunk, ME,
United States) to form 3D cell spheroids for 24 h.
Subsequently, after incubation for 24 h in a humidified
incubator containing 5% CO2 at 37°C, the cell spheroids were
collected and mixed with the neutralized type I collagen solution
(final concentration, 1 mg/ml; BD Biosciences). This cell
spheroids–collagen mixture (20–25 µl/scaffold) was later
inoculated into pretreated scaffolds, keeping the number of
iHepLPCs constant (400,000 cells/scaffolds). After gelation at
37°C for 1 h, the cell-loaded scaffolds were transferred into a 12-
well plate. A T&EM/EGM co-culture medium was added gently
to avoid disturbing the scaffolds. Monocultures of iHepLPCs
(without HUVECs) under the same conditions with the same
seeding density or monolayer cultures (2D culture) of iHepLPCs
in Petri dishes served as the control.

To promote oxygen, nutrient, and waste exchange among the
cells in the scaffolds, Rotary Cell Culture System™ (RCCS,
Synthecon Incorporated, Houston, TX, United States) was
used for the dynamic culture of the cells–scaffolds complex.
First, 24 h after the seeding process of cell spheroids, the
resultant cell-loaded scaffolds were gently transferred to
culture vessels and filled with an HMM/EGM co-culture
medium to initiate hepatic differentiation. The rotational
speed was set at 15–20 rpm, and the culture medium was
changed every other. The cell-loaded scaffolds were cultured
for up to 3 weeks in the RCCS. To distinguish hepatocytes
from endothelial cells within the co-cultures, CellTracker™ DiI
and CellTracker™ DiO (Invitrogen, Carlsbad, CA, United States)
were applied to label iHepLPCs and HUVECs, respectively.
Briefly, the adherent cells at 80–90% confluence were
incubated in a pre-warmed medium containing 25 μM
CellTracker™ dye under growth conditions for 30–40 min.
Finally, the dye-containing medium was replaced by a fresh
medium, and the cells were incubated for another 30 min at
37°C. After washing with PBS solution, the labeled cells were
harvested and inoculated for 7 days on the scaffolds, and then the
scaffolds were harvested and captured using confocal laser
scanning microscopy (CLSM, Wetzlar, Germany).

Electron Microscopy
The harvested samples were prefixed in 2.5% glutaraldehyde
solution (Solarbio) overnight at 4°C. Then, they were washed
with PBS solution to remove the glutaraldehyde solution
thoroughly and postfixed with 2% osmium tetraoxide solution
(Solarbio) for at least 2 h at ambient temperature. For scanning
electron microscopy (SEM) detection, the samples were
lyophilized and sputter-coated with gold particles, and then
images were captured using a JEOL-F200 microscope (Japan).
For transmission electron microscopy (TEM) detection, after
postfixation, the samples were embedded with Epon 812 to

prepare ultrathin sections and visualized under a JEM-2000EX
microscope (Japan).

Cell Viability
Cell viability was assessed using a calcein-AM/EthD-1 staining kit
(Invitrogen) according to the manufacturer’s instructions. First,
the samples were collected at the indicated time points and
washed with PBS solution. Then, they were incubated with a
working solution of calcein-AM/EthD-1 for 2 h at 37°C. After
washing with an FBS-free culture medium, they were loaded into
a petri-dish with a glass bottom, and their images were captured
using CLSM.

Histology and Staining
Hematoxylin and Eosin (H&E) Staining
Before embedding in paraffin, the samples were harvested and
fixed overnight in 4% paraformaldehyde (Solarbio). Paraffin
sections (5 µm) were prepared at the Pathology Department at
Dalian Medical University (Dalian, China). The sections were
deparaffinized and stained with H&E solution as described
previously (Wang et al., 2010), and images were captured
using a Leica TCS microscope (Wetzlar).

Whole-Mount Immunofluorescence (IF) Staining
Whole-mount IF staining of the cell-loaded scaffolds was
performed as described previously (Wang et al., 2010). In
brief, the samples were collected at the indicated time points
and fixed in 4% paraformaldehyde for 12 h. After thoroughly
washing with PBS solution, the scaffolds underwent sequential
membrane permeabilization and blocking with nonspecific
antigens. Subsequently, they were incubated overnight at 4°C
using the following primary antibodies: mouse anti-human ALB
(dilution, 1:50; Santa Cruz Biotechnology, Santa Cruz, CA,
United States), rabbit anti-human CYP3A4 (dilution, 1:100;
Proteintech, China), rabbit anti-human MRP2 (dilution, 1:50;
Proteintech), and Alexa Fluor®647 Mouse anti-Human CD31
(dilution, 1:100; BD Biosciences). Samples not incubated with
specific primary antibodies served as negative controls. Next, cell-
loaded scaffolds were incubated with FITC-conjugated Goat anti-
Rabbit IgG Secondary Antibody or FITC-conjugated Donkey
anti-Mouse Secondary Antibody (dilution, 1:200; Invitrogen)
for 2 h at room temperature. DAPI (2 μg/ml, Research
Organics, Cleveland, OH, United States) was used to
counterstain the cell nucleus, and images were captured
using CLSM.

Immunohistochemical (IHC) Staining
IHC staining was conducted as described previously (Liu et al.,
2018). Briefly, deparaffinized sections were rehydrated and
underwent an antigen retrieval process. Then, the samples
were treated sequentially with 3% hydrogen peroxide and a
nonimmune goat serum, followed by incubation with the same
primary antibodies as those used in IF staining overnight at 4°C.
Sections not incubated with specific primary antibodies served as
negative controls. Following incubation with the primary
antibodies, the samples were incubated again with a cocktail of
biotinylated goat anti-rabbit or anti-mouse secondary antibodies
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for 15 min. Next, they were incubated with an avidin/biotin/
peroxidase complex for 15 min. Following thorough washing, the
sections were colored with a diaminobenzidine chromogenic
solution, counterstained with hematoxylin, dehydrated, and
mounted. Images were captured using a Leica TCS
microscope. For IHC data quantification, six fields from a
minimum of three samples were blindly analyzed using the
NIH ImageJ plugin IHC Image Analysis Toolbox.

Real-Time Quantitative PCR (RT-qPCR)
The total RNA of 2D cells and 3D cultures were extracted using
TRIzol reagent (Ambion Life Technologies, Denmark) according
to the manufacturer’s protocols. Then, 1 μg of RNA was reverse
transcribed using a cDNA synthesis kit (TaKaRa Bio, Shiga,
Japan). Real-time PCR was conducted using Agilent
Technologies System (Peking, China) and SYBR® Premix Ex
Taq™II Kit (Takara Bio). Amplification was conducted for 40
cycles of 3 s each at 95°C, 30 s each at 58°C, and 30 s at 72°C. Gene
expression was calculated using the 2−ΔΔCt method and was
normalized to that of β-actin. Each sample was analyzed in
triplicate. The primer sequences are listed in Supplementary
Table S2.

Hepatic Function Detection
For the intake of acetylated low-density lipoprotein (ac-LDL), 3D
constructs were incubated with 10 μg/ml DiI-ac-LDL
(Invitrogen) for 5 h and then 1× Hoechst 33342 (Invitrogen)
for another 1 h. After thoroughly rinsing with PBS solution,
images were captured using CLSM.

The supernatants of 2D cultures, 3D monocultures, and 3D
co-cultures were collected at the indicated time points to assess
the secretion of human ALB. The amount of ALB secreted was
determined using a Human Albumin ELISA kit (Bethyl
Laboratory, Montgomery, TX, United States) according to the
manufacturer’s instructions. The absorbance was measured using
a Synergy NEO Hybrid Multi-Mode Microplate Reader (BioTek,
VT, United States). To determine urea production, 2D cultures,
3D monocultures, and co-cultures were incubated in a medium
containing 3 mM NH4Cl (Solarbio) for 24 h, after which the
supernatants were collected. The urea concentration was
measured using a QuantiChromTM urea assay kit (BioAssy
Systems, Hayward, CA, United States) according to the
manufacturer’s protocols. The total DNA of each group was
quantified using the Pico Green DNA assay kit (Gibco), and
all data were corrected for culture time and total DNA content.

Subsequently, the 3D constructs were incubated for 1 h with
1× Hoechst 33342 and another 30 min with 10 µg/ml 5(6)-
carboxy-2′, 7′-dichlorofluorescein diacetate (CDCFDA,
Invitrogen) to determine functional polarization. They were
washed with ice-cold PBS containing calcium and magnesium
and imaged using CLSM.

Alternatively, 2D differentiated cells and 3D cultures were
incubated with 25 μM rifampicin (induction of CYP3A4) or
50 μM omeprazole (induction of CYP1A2) (all from Sigma-
Aldrich) dissolved in a culture medium for 72 h to evaluate
CYP450 induction. The relative gene expression was quantified
using RT-qPCR as described above.

In Vivo Subcutaneous Implantation in Mice
The Animal Care and Use Committee of Dalian Medical
University approved all procedures. The experiments were
conducted under animal care protocols. All animals used in
this study were 6–8-week-old male BALB/C nude mice
weighing 22–25 g (Liaoning Changsheng Biotechnology Co.,
Ltd., China). The mice were randomly assigned to two groups
with three time points (7, 14, and 21 days). Then, 24 h after cell
spheroid inoculation, cell-loaded scaffolds (diameter: 6 mm;
thickness: 2 mm) were preincubated in a serum-free medium
for 2 h. The cells were subcutaneously implanted in the lateral
subcutaneous pocket of each mouse under general anesthesia
using 4% chloral hydrate (10 µl/g of body weight of mice).
Acellular scaffolds served as the blank control. The healing
process at the incision region was monitored daily, and no
deaths were registered during the experiment. Finally, the mice
were euthanized at the indicated time points to check for the
implantation outcomes, after which the samples were collected
along with the surrounding tissue for histological examination.

Statistical Analyses
All quantitative experiments were conducted in triplicate, and the
results were expressed as mean ± standard deviation. All
statistical analyses were performed using GraphPad Prism 8.
First, the two-tailed unpaired t-test was performed to compare
the statistical significance between the two groups. Then, a two-
way analysis of variance was performed with Tukey correction for
multiple comparisons of multiple values. A p-value of <0.05 was
considered statistically significant.

RESULTS

Morphology of the Composite SFC
Scaffolds
Biomimetic hepatic lobule-like scaffolds fabricated from various
solutions (4–6% SF, and 4–5% SFC) were characterized based on
their morphology using SEM (Figure 1). Although the scaffolds
exhibited radial pores formed by aligned lamellar sheets, the gap
distances increased with decreasing SF concentrations.
Specifically, the 6 and 5% SF concentrations ensured the
formation of well-defined radially aligned lamellar sheets.
Locally, a pore collapse could be seen when the concentration
of SF was reduced by 4% (Supplementary Figure S2). The
lamellar sheets of SFC scaffolds were relatively rough, with
projections on the wall surface compared with SF scaffolds,
which might promote cell adhesion and migration.

Physical Performance of the Composite
SFC Scaffolds
Structural and Degradation Properties of the
Composite SFC Scaffolds
The prominent SFC scaffold peaks at different concentrations
were seen at approximately 1630 cm−1, which were characteristic
peaks assigned to β-sheets (1616–1637 cm−1 in the amide I
region) and were similar to that of the SF scaffolds after
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autoclaving (Figure 2A). Therefore, collagen I rarely affected SF
structural transitions from random coils to β-sheets, causing
water insolubility and stability to the freeze-dried hepatic
lobule-like silk scaffolds. Immersing the SF and SFC scaffolds
in PBS solution resulted in a slow degradation (Figure 2 B1). The
weight of the scaffolds was reduced faster by immersing them in
protease XIV solutions. Furthermore, after 8 days of incubation,
60.3 ± 2.2% and 55.0 ± 10.4% of the original weights remained for
the 5 and 4% SFC groups, respectively. In contrast, the original
mass of the 5 and 4% SF scaffolds was reduced to 60.2 ± 6.7%
and 59.1 ± 3.8% at similar incubation periods (Figure 2 B2).
Thus, adding collagen had little effect on the degradation rate of
the scaffolds, which ensures long-term support for the growth
and differentiation of in vitro cells.

Permeability and Mechanical Properties of the
Composite SFC Scaffolds
Swelling ratio and porosity are crucial for the exchange of
nutrients and waste throughout the scaffold as they are the
main factors that affect permeability (Huang et al., 2019). The
swelling ratio of the 5 and 4% SFC scaffolds was 778.1 ± 56.5%
and 738.4 ± 44.3% respectively, which were significantly higher
than those of the SF scaffolds (5%: 635.0 ± 68.3%; 4%: 653.5 ±
41.4%) (p < 0.05, Figure 2C). This increase was also related to the
increased porosity. Specifically, the scaffold porosity of 5% SFC
(85.4 ± 5.4%) and 4% SFC (95.7 ± 2.1%) was higher than that of
5% SF (49.3 ± 6.0%) and 4% SF (54.5 ± 3.1%) (p < 0.05,
Figure 2D). Figure 2E1 showed the compressive stress–strain
curves for the hepatic lobule-like silk scaffolds fabricated from

FIGURE 1 | SEM images of SF and SFC scaffolds at different concentrations (w/v).

FIGURE 2 | Physical performance of SF and SFC scaffolds at concentrations of 4, 5, and 6% (w/v). FTIR spectra of SF (A1) and SFC (A2) scaffolds at different
concentrations (w/v) before (red line) and after (dark line) autoclaving. Time-dependent weight change of SF and SFC scaffolds in a PBS buffer (B1) and protease XIV
solution (B2) are shown. Adding collagen I increased the swelling ratio (C) and porosity (D). A compressive stress–strain curve showing SF and SFC scaffolds in the
hydrated state (E1) and the summary of the compressive modulus for SF and SFC scaffolds (E2). (*p < 0.05).
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various solutions. The compressive modulus decreased gradually
with a lower concentration of SF, which is consistent with the
results in our previous experiments (Figure 2E2). The
compressive modulus of the 5% and 4% SF scaffolds were 68.2
± 5.5 kPa and 24.2 ± 5.8 kPa, respectively, which were
significantly higher than those of the 5% SFC (17.7 ± 4.4 kPa,
p < 0.05) and 4% SFC (15.3 ± 4.9 kPa, p < 0.05) scaffolds.
Therefore, while the mechanical properties of the collagen I-
modified scaffolds were optimized, the modulus was closer to that
of the native liver tissue (approximately 2.8–7.4 kPa).

Taking into account the scaffold integrity, improvement in
physical properties (swelling ratio, porosity, and mechanical

properties), and long-term hepatic culture (degradation
properties) in vitro and in vivo, 5% SFC scaffolds were adopted
in the following experiments, and 5% SF scaffolds served as the
control.

C3A Distribution and Performance on the
Composite SFC Scaffolds
The majority of cells in both 5% SFC and 5% SF scaffolds
exhibited good viability after 2 weeks of culture (Figure 3A).
H&E staining revealed a more detailed growth pattern within
5% SF scaffolds, wherein C3A cells migrated to and were

FIGURE 3 |Biocompatibility of 5% composite SFC scaffolds (w/v). The viability staining and H&E staining of cells in both scaffolds (A). SEM images (B) showing the
cell growth pattern on the surface of both scaffolds. IHC detection (C) of ALB and CYP3A4 expression of C3A cells in both scaffolds. Quantitative analysis of IHC staining
(D) and functional gene expression of C3A cells in both scaffolds (E). (*p < 0.05).
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distributed in the margin, while cell migration in 5% SFC
scaffolds was significantly promoted and formed a bionic
hepatic cord-like configuration (Figure 3A). Notably, cells
were in closer contact with each other within 5% SFC
scaffolds. On the scaffold surface, C3A cells adhered to
laminar sheets while some cells resided along with the
spacing between both scaffolds as showed by SEM
(Figure 3B). This finding, combined with H&E results,
further indicated that more cells had migrated from the
surface into the interior of the 5% SFC scaffold.

No significant differences were detected in the ALB
expression between the two groups. However, C3A cells
cultured in 5% SFC scaffolds showed significant upregulation
in CYP3A4 expression in both the protein and gene levels (p <
0.05, Figures 3C-E) compared with cells cultured in 5% SF
scaffolds. This suggested that the 5% SFC scaffolds were
superior to the SF scaffolds in promoting the expressions of
mature hepatic markers.

The above results indicated that 5% SFC scaffolds were
equipped with not only improved swelling ratio/porosity and
ameliorative mechanical properties but also the ability to promote
hepatocytes migration and function. Thus, 5% SFC scaffolds were
chosen to serve as a more suitable template to construct a
biomimetic hepatic lobule-like compartment.

Growth Profile of Cells on the Composite
SFC Scaffolds
The construction process of the 3D hepatic lobule-like cultures is
briefly shown in Figure 4A. Cellular spheroids composed of
iHepLPCs and HUVECs with a diameter of 50–200 µm were
prepared to improve the inoculation efficiency and cell viability

(Supplementary Figure S3). After 1 week of cell seeding, we
observed that the cells in the SFC scaffolds were distributed
evenly throughout the scaffold, primarily as single cells or
small aggregates. Most of the iHepLPCs (GFP-transfected)
were localized along the radial laminar sheet and channels,
displaying a well-organized directional configuration.
Compared with the static culture, iHepLPCs (GFP-transfected)
cultured in RCCS were considered more stretched and complete
in shape (Figure 4B).

After 3 weeks of culture in RCCS, iHepLPCs and HUVECs
displayed good viability, evidenced by their remarkably bright
green fluorescence and inconspicuous red fluorescence under
CLSM (Figure 5A). This result suggested that the SFC scaffolds
provided a suitable microenvironment for the in vitro culture of
hepatocytes and stromal cells. However, the number of cells
barely increased over time, as evidenced by the unvaried green
fluorescence. This indicates that iHepLPCs lost their proliferative
stem cell properties and initiated hepatic differentiation in the
3D-culture environment.

A locally interphase arrangement pattern of iHepLPCs
(labeled with DiI, red) and HUVECs (labeled with DiO, green)
was observed in 3D co-cultures (Figure 5B). This distribution
profile was further confirmed by IF staining after 14 days of
dynamic culture (Figure 5C). Moreover, attributed to a higher
initial inoculation radio (4:1), a larger number of hepatocytes
than HUVECs were observed.

Cell Morphology and Organization on the
Composite SFC Scaffolds
H&E staining displayed that the cells were located between the
spaces of laminar sheets, displaying a compact but radial-

FIGURE 4 | A schematic showing the construction process of hepatic lobule-like cultures (A). Distribution and morphological changes in iHepLPCs (GFP-
transfected) after dynamic or static culture conditions (B) are shown.
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organized morphology after 7 days of culture. Most cells were
large, with round nuclei and eosinophilic cytoplasm. After
14 days, local clustering of the cells could be observed,
accompanied by disruption of the structural integrity on the
scaffold (Figure 6A). This indicated that the scaffolds were
degrading and replaced by cell-secreted ECM. SEM further
revealed the cell distribution on the scaffold surfaces
(Figure 6B). Although the cells were grown with the
directional laminar sheets in a long spindle or polygonal shape
with rich ECM secretion, the diverse morphology of the
iHepLPCs during maturation led to an indistinguishable
morphology of the two cell types.

Subsequently, the ultramicroscopic morphology of the
iHepLPC-Heps on SFC scaffolds was characterized using TEM
(Figure 6C). More ultrastructural characteristics of mature
hepatocytes (increased number of mitochondria, endoplasmic
reticulum, and appearance of lipid droplets) were displayed in
iHepLPC-Heps after 14 days of 3D dynamic culture than in 2D
differentiated cells. More importantly, compared with the
monoculture RCCS group, co-cultured iHepLPC-Heps
exhibited more cell junctions and bile capillary-like structures,
indicating improved maturation. This finding suggested that the
unique microenvironment, involving both radial scaffold

architecture and endothelial cells, promoted the maturation of
iHepLPCs.

Functional Gene and Protein Expression
Profile of iHepLPC-Heps on the Composite
SFC Scaffolds
The transcriptional expression levels of some critical genes for
functional hepatocyte differentiation were detected using RT-
qPCR, including those encoding secretory proteins (ALB and
AAT), multidrug resistance-associated protein 2 (MRP2)
transporters, vital cytochrome P450 (CYP3A4, CYP1A2,
CYP2C9, and CYP2D6), some metabolism-related enzymes
(CPS-1, UGT1, and G6PC), and HNF4α (Figure 7A).
Compared with 2D differentiated iHepLPC-Heps, the 3D
dynamic cultures exhibited significantly improved transcript
expression levels of the genes. Furthermore, a higher
expression level with most functional genes was observed in
the 3D co-cultured iHepLPC-Heps than in the 3D
monocultures. This suggests the importance of endothelial
cells in promoting the expression of hepatocyte functional
gene in vitro. Notably, the expression levels of most genes
gradually increased over time, which might benefit their long-

FIGURE 5 |Growth profiles of iHepLPCs on composite SFC scaffolds. The viability staining of both monocultures and co-cultures is shown. Aligned growth pattern
of the monocultured or co-cultured cells over time were observed using CLSM (A). Radially aligned hepatocyte and endothelial cell interphase arrangement of 3D co-
cultures was revealed using cell-tracker dye staining (B) (red, iHepLPC-Heps; green, HUVECs) and IF staining (C) (green, ALB-FITC-conjugated secondary antibody-
labeled iHepLPC-Heps; red, CD31-Alexa Fluor647-labeled HUVECs; blue, DAPI) under CLSM.
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term application in a bioartificial liver support system or drug
screening test. IF staining results showed that both groups
expressed ALB, CYP3A4, and MRP2 after 14 days of dynamic
culture, although no significant difference was detected, which
was consistent with the corresponding gene expression levels
(Figure 7B).

Functional Evaluation of iHepLPC-Heps on
the Composite SFC Scaffolds
The albumin production and urea synthesis in the 3D constructs
increased progressively over 3 weeks of culture. Albumin secretion in
the co-culture group was significantly higher than that in the 3D
monocultures within the first 2 weeks (Figure 8A). Compared with
the 2D differentiated iHepLPC-Heps, the 3D cultures on the

composite SFC scaffolds exhibited elevated levels of urea
production, especially co-cultured hepatocytes (Figure 8B).

Omeprazole treatment upregulated CYP1A2 expression by 2-
fold, 4-fold, and 1-fold in the co-cultures, monocultures, and 2D
differentiated cells, respectively (over DMSO-treated controls, p <
0.05). Although rifampicin treatment upregulated the expression
of CYP3A4 by 1.8-fold in the co-cultures (p < 0.05), a small but
insignificant upregulation was observed in mono-/2D cultures
(over DMSO-treated controls, Figure 8C). This finding suggested
the role of stromal cells in the enhanced and stable promotion of
CYP responses to drugs.

Additionally, more polarized epithelial cells in 3D co-
cultures with bile canaliculi-like structures were observed
using CDCFDA staining, as evidenced by the increased
amount of peri-nuclearly clustered fluorescein instead of

FIGURE 6 | Morphological characteristics of cells on composite SFC scaffolds. H&E staining (A) showed that cells displayed a compact but radially organized
morphology. Locally clustered cells were observed after 14 days of a dynamic culture. SEM images (B) showed the cell growth pattern on the surface of composite SFC
scaffolds. Cells (white arrows) exhibited long spindle or polygon shapes andmigrated along with the radial pores of scaffolds. Ultramicroscopic TEM images (C) indicated
the improvedmaturation of iHepLPC-Heps after 3D dynamic culturing, especially more cell junctions (red arrowheads) and bile canaliculi-like structures (red arrows)
were formed in co-cultured iHepLPC-Heps. (Nucleus- N, mitochondria- M, endoplasmic reticulum- ER, lipid droplets- L, red dot-glycogen).
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diffusely distributed fluorescein in the cytoplasm. Although no
evident difference was observed, LDL uptake assays showed
that 3D cultures could take up LDL (Figure 8D). Collectively,

these data revealed that iHepLPCs that differentiated in
composite SFC scaffolds exhibited functionally mature
hepatocyte-like characteristics. Moreover, endothelial cells

FIGURE 7 | Functional gene and protein expression in different culture conditions usingRT-qPCR (A) and IF staining (B). Higher functional gene expressionwas found in the
3D co-cultures than in the 2D cultures and 3D monocultures (A). iHepLPC-Heps in both groups expressed ALB, CYP3A4, and MRP2 after 14 days of culture (B). (*p < 0.05).
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could promote and maintain most functions of hepatocytes in
direct co-culture.

In Vivo Compatibility of Cell–Scaffold
Complex
The morphology and function of the cell–scaffold complex in
vivo were evaluated. Both monocultures and co-cultures were
subcutaneously transplanted into nude mice and acellular SFC
scaffolds were used as control. Macroscopically, the incisions
healed completely within 1 week without any signs of
infection, reddening, or festering. All the implants were

complete without degradation and were enveloped by a
transparent membrane-like tissue. No evident difference
was observed between the cell-loaded and acellular
scaffolds. Nevertheless, visible blood vessels extending
toward the graft were found, where a dense vascular
network was generated after 7 days of implantation. This
network is thought to maintain nutrient supply for the
epithelial layer of the grafts (Figure 9A).

H&E staining results displayed that the cells on the scaffolds
were radially organized between the spaces of laminar sheets with
large round nuclei and eosinophilic cytoplasm, consistent with
the in vitro results (Figure 9B). Notably, 3D complexes exhibited

FIGURE 8 | Functional evaluation of iHepLPC-Heps on composite SFC scaffolds. Albumin secretion of different hepatic cultures was assayed using ELISA (A).
Urea synthesis of iHepLPC-Heps cultured under different conditions (B). Induction of CYP3A4 (C1) and CYP1A2 (C2) expression in response to stimulation with
omeprazole and rifampicin, assayed using RT-qPCR. DiI-LDL uptake and CDCFDA staining (D) of iHepLPC-Heps were examined in both groups. (*p < 0.05).
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a biomimetic architecture, with host capillaries radially extending
in the pores of SFC scaffolds and aligning to hepatocytes. There
were more infiltrated or neovascular capillaries in the co-culture
group than that in the monoculture group. However, we failed to
detect the integration of human HUVECs in mice capillaries.
Nevertheless, our finding showed that endothelial cells were
critical in activating angiogenic signaling to promote
neovasculogenesis rather than functionally integrating into
host capillaries.

Subsequently, the maturity level of the differentiated
iHepLPCs was characterized by evaluating the expression of
ALB, CYP3A4, and MRP2 using IHC staining. The expression
of ALB, CYP3A4, and MRP2 increased gradually in both groups
with a prolonged transplantation time, showing spontaneous cell
differentiation toward iHepLPC-Heps (Figure 10). Furthermore,
co-cultures had significantly higher ALB, CYP3A4, and MRP2
expression than the monocultures at all-time points, consistent
with the in vitro results.

FIGURE 9 |Morphological characterization of cell-loaded cultures after transplantation. General growthmorphology of scaffolds in each group was shown at 7, 14,
and 21 days after transplantation (A). H&E staining (B) showed radially distributed cells in the scaffolds. Host blood vessels (black arrows) grew abundantly within the
pores of all cultures, especially the co-cultures. Scale bar, 50 µm.
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DISCUSSION

Recently, increasing evidence pinpoints the importance of matching the
performance of biological scaffolds with the in vivo parameters of the
microenvironment for engineering structural and functionally equivalent
hepatic tissue constructs in vitro (Luo et al., 2021; Stoppato et al., 2015).
Physical properties, such as porosity, water uptake ability, andmechanical
properties, are important features of SFporous scaffolds thatmodulate the
biological behavior of cells toward the desired engineered tissue (Kundu
et al., 2013), especially the liver, due to its intricate architecture and specific
functionality. Previously, we constructed a radially aligned porous SF
scaffold and demonstrated its feasibility in the construction of engineered
liver lobule-like tissue. However, unsatisfactory physical properties and
lack of integrin-mediated cell-binding sites limited its applications.
Therefore, we enhanced the physical properties of the scaffold and
optimized the construction of 3D-engineered liver models based on
the previous model as follows.

First, integrin-mediated cell-binding sites were introduced into
the SFC composite hepatic lobule-like scaffolds by incorporating
collagen I. Integrin signaling is one of the major factors that regulates
cell attachment and initiates downstream signaling for hepatic
cellular responses, such as cell survival, proliferation, and cellular
functions (Greenhalgh et al., 2019; Weng et al., 2020). Upregulated
C3A cell attachment and migration and CYP3A4 expression
demonstrated the importance of adding active integrin sites to the
scaffold.Moreover, SFC scaffolds displayed better optimized porosity,
swelling ratio, and mechanical properties compared to SF scaffolds.
Other studies have confirmed the effective improvement of physical
performance of SFC hydrogel or electrospun fibers (Buitrago et al.,
2018; Maghdouri-White et al., 2014), whereas this is the first study to
fabricate SFC porous scaffolds by directional lyophilization. The
improvement may be attributed to the increased viscosity of the
SF solution when mixed with an unneutralized acidic collagen
solution, which altered ice crystal formation (Cho et al., 2012).

FIGURE 10 | IHC detection of ALB, CYP3A4, and MRP2 expression in both groups after transplantation. Protein expressions increased gradually over time.
Compared with monocultures, the co-culture group showed upregulated expressions at each time point. Scale bar, 50 µm.
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Therefore, SFC composite scaffolds provide a new strategy for
fabricating a biomimetic liver tissue that structurally and
physiologically replicates the human native liver tissue in vitro.

Second, primary human hepatocyte (PHH) derived functional
liver cells were adopted to facilitate downstream applications for seed
cells as they are a prerequisite and key to the success of constructing
functional engineered liver tissue. Deficiency in certain liver functions
or potential tumorigenicity of hepatocarcinoma cell lines or stem cell-
derived hepatocytes is currently one of themajor reasons that hinders
the application of tissue-engineered livers in drug screening and
alternative therapy (Bhatia et al., 2014). However, iHepLPCs
converted from PHH could efficiently revert to the mature
hepatic state and exhibit enhanced liver-specific functions close to
native liver in 3D spheroids culture (Fu et al., 2019; Liu et al., 2021).
Moreover, good biocompatibility and the potential for individualized
treatment could further be beneficial to the incorporation of
functional liver lobule-like tissue we constructed using iHepLPCs
into the bioartificial liver to individually benefit patients with liver
failure or for the short/long-term hepatotoxicity screening of drugs.

Finally, we used the RCCS bioreactor culture system to
dynamically incubate 3D cultures; a more stretched and intact cell
morphology was observed and long-term viability was achieved after
dynamic culture. Notably, the dynamic nature of the culture system,
possessingmicrogravity, low shear force, and high exchange efficiency
of O2, nutrients, and waste, partly overcomes the shortcomings of a
static culture (Li et al., 2009). Studies have demonstrated that long-
term culture and promotion of cell viability and proliferation can be
achieved using this system (Ferrarini et al., 2013; Zheng et al., 2012).
Moreover, especially for hepatocytes cultured in vitro, sufficient
oxygen supplementation and mass transportation are vital. These
results provide the guarantee for applying the hepatic lobule-like tissue
as a cell block in biological artificial liver.

Based on the strong influence of endothelial cells on the fate of
hepatocytes in vivo and in vitro (Cuvellier et al., 2021; Ding et al.,
2010), we used HUVECs as co-cultured nonparenchymal cells.
Compared with the monoculture group, HUVECs promoted
maturity of hepatocytes. This finding was consistent with that
of our previous work and other studies (Kim et al., 2017; Wang
et al., 2022; Ware et al., 2018). However, the mechanisms
underlying the positive effect of HUVECs have not been fully
elucidated. Besides direct contact, paracrine cytokines secreted by
HUVECs have been reported to be involved in hepatocyte
function. For example, glial cell line-derived neurotrophic
factor was found to activate downstream pathways through
the phosphorylation of MET to promote liver functions (Liu
et al., 2021). In addition, vascular endothelial growth factor was
found to activate PI3K/AKT pathways to promote hepatocyte
maturity (Kim et al., 2021; LeCouter, 2003).

A subcutaneous transplantation experiment was performed using
nude mice to verify the biocompatibility and biofunctions of hepatic
lobule-like cultures in vivo. Consistent with the in vitro results, the
cells migrated within the scaffold. The scaffolds’ vascularization
occurred rapidly, ensuring the survival of hepatocytes and their
further differentiation. The radial pores of the scaffold provided
space and guidance for the growth of host blood vessels, forming
a highly bionic sinusoid-hepatic plate arrangement with adjacent
hepatocytes. Moreover, endothelial cells in the co-culture group

resulted in an increased number of host vessels and an expanded
distribution range, indicating that HUVECs may play a role in the
induction of angiogenesis. Jung, H. R. et al. subcutaneously implanted
HUVEC–Huh7 cell spheroids into nude mice. Compared with
monocultured 3D Huh7 spheroids, HUVECs induced the
formation and maturation of new vessels in Huh7 spheroids
(Jung et al., 2017). However, based on our extensive literature
search, very few studies have reported the angiogenesis effect of
HUVECs in vivo based on SF porous scaffolds. Therefore, this study
provided a strategy for vascularizing SF porous scaffolds in vivo based
on 3D-constructed tissue transplantation.

Although the influence of scaffold microarchitecture on cell
biological behavior has been demonstrated in various culture
models, the exact mechanism is unknown. This is mainly due to
the lack of effectively paired scaffolds, wherein one scaffold has highly
arranged configurations and the other one does not.Meanwhile, these
paired scaffolds should have identical physical properties, such as
mechanics or porosity, which are essential because increasing evidence
indicates their strong impact on cell behavior. The versatile plasticity
and tunable properties of SF favor the fabrication of adaptably
matched scaffolds to explore the underlying mechanism. Therefore,
SFC composite lobule-like scaffolds with radial configuration and
optimized physical performances provide a basis for understanding
how the microstructure affects hepatocyte behavior.

CONCLUSION

A bioengineered biomimetic hepatic lobule-like culture was
constructed by co-culturing human hepatocytes and endothelial
cells on composite SFC scaffolds fabricated by directional freezing
and lyophilization. This composite SFC scaffold featured radially
aligned lamellar sheets, with physical performances similar to those
of the normal liver matrix and with better biocompatibility. The
dynamically co-cultured human hepatocytes and endothelial cells in
the scaffolds exhibited a biomimetic radially organized interphase
arrangement pattern and well-maintained functionality compared
with the monoculture in vitro and in vivo. Thus, this culture
system can provide a platform for drug industries or for
constructing a functional bioartificial liver unit.
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The inability of small molecule drugs to diffuse into tumor interstitium is responsible for the
relatively low effectiveness of chemotherapy. Herein, a hydrogen sulfide (H2S) gas–involved
chemosensitization strategy is proposed for pancreatic cancer treatment by developing a
tumor-specific lipase-responsive nanomedicine based on aptamer-conjugated DATS/Dox
co-loaded PCL-b-PEO micelle (DA/D@Ms-A). After receptor-mediated endocytosis and
subsequent digestion of PCL blocks by intracellular lipase, the nanomedicine releases Dox
and DATS, which then react with intracellular glutathione to produce H2S. The cytotoxicity
result indicates that H2S can enhance Dox chemotherapy efficiency owing to the
synergetic therapeutic effect of Dox and H2S. Moreover, the nanomedicine is featured
with well tumor penetration capability benefitting from the targeting ability of aptamers and
high in vivo biocompatibility due to the high density of PEO and biodegradable PCL. The
nanomedicine capable of synergetic gas-chemotherapy holds great potential for
pancreatic cancer treatment.

Keywords: synergetic gas-chemotherapy, targeted drug delivery, pancreatic cancer, micelles, H2S

INTRODUCTION

Pancreatic cancer is one of the most malignant cancers with high mortality (Sung et al., 2021) since
pancreatic malignancies are difficult to diagnose in the early stage and only a few of them are resectable
(Kamisawa, Wood, Itoi, & Takaori, 2016; Goess & Friess, 2018). Chemotherapy is one of the treatment
choices for pancreatic cancer patients who are not surgical candidates (Kamisawa et al., 2016). Although
the chemotherapeutic drugs such as gemcitabine and doxorubicin (Dox) have good anticancer activity
towards pancreatic cancer, the overall chemotherapeutic outcome is sometimes not ideal due to the
limitations of the small molecular drugs including short circulation half-life and poor water solubility
associated nonspecific off-target effects (Lohse & Brothers, 2020). Targeted drug delivery systems provide
an excellent solution to these limitations (Su, Yang, Gao, Liu, & Li, 2020; F.; Yang et al., 2011). A targeted
drug delivery system usually consists of both a stimuli-responsive drug nanocarrier and a targeting
moiety. The targeting moiety allows for selective accumulation of the nanocarrier at target sites, and the
stimulus-response enables drug release from the nanocarrier controllable, thus achieving enhanced
chemotherapeutic efficacy while reducing side effects. Many efforts have been made to develop various
targeted drug delivery systems, but the chemotherapeutic efficacy is still relatively low due to the inability
of small molecule drugs to diffuse into tumor interstitium.
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Gas-involved cancer therapy has attracted intense attention in
recent years due to its biosafety and capability to sensitize current
anticancer modalities such as chemotherapy, radiotherapy,
immunotherapy, photodynamic therapy, photothermal
therapy, ultrasound therapy, and sonodynamic therapy (L. C.
Chen, Zhou, Su, & Song, 2019; Yu, Hu, & Chen, 2018). The
sensitization is usually achieved via the following mechanisms: 1)
the capability of gas molecules to diffuse freely through the cell
membrane and into the tumor depth region (Mathai et al., 2009;
Riahi & Rowley, 2014), 2) inhibiting the cancer cells survival with
appropriate gas concentration by reversing the Warburg effect
(Szabo, 2016). Hydrogen sulfide (H2S), an important
gasotransmitter in human health and disease, has been found
to exert dose-dependent functions in cancer biology ranging from
cytoprotective to cytotoxic effects (Szabó, 2007). The millimolar
concentration of H2S promotes cancer cell apoptosis by
inhibition of mitochondrial activity, activation of the
endoplasmic reticulum stress response, and elevation of
intracellular reactive oxygen species concentration (Szabó, 2007).

In this work, we hypothesize that synergetic
H2S-chemotherapy can promote chemotherapeutic efficacy
toward pancreatic cancer. To test the hypothesis, a pancreatic
tumor-specific lipase-responsive nanomedicine is firstly prepared
based on aptamer-conjugated small molecule chemotherapeutic
drug and H2S prodrug coloaded micelles (Figure 1A). The
micelles are constructed by self-assembly of amphiphilic
diblock copolymers poly(ε-caprolactone)-block-poly(ethylene
oxide) (PCL-b-PEO) and amino terminal PCL-b-PEO (PCL-
b-PEO-NH2) for their FDA approval, biocompatibility and
biodegradability by endogenous lipase that is highly expressed
in pancreatic cancer. The co-loading of drugs for synergetic
H2S-chemotherapy is achieved by simultaneous encapsulation

of chemotherapeutic drug Dox and H2S prodrug diallyl trisulfide
(DATS) in micelles during self-assembly of the copolymers via
hydrophobic interaction between PCL blocks and the drugs. The
surface functionalization of the micelles is realized by conjugating
the carboxyl terminal XQ-2d ssDNA aptamer against CD71 (Wu
et al., 2019), a transferrin receptor highly expressed on the surface
of pancreatic cancer cells, onto the amino terminal of PEO blocks
via amidation reaction. The morphology and drug-loading
efficiency of the micelles are investigated followed by their
targeting and penetration capability towards pancreatic cancer
cells and multicellular spheroids. By treating pancreatic cancer
cells with the micelles, the micelles enter into the cells by
CD71 receptor-mediated endocytosis, and the PCL blocks in
the micelles are digested by intracellular lipase to release Dox
and DATS (Li et al., 2002), which then reacts with intracellular
glutathione to produce H2S (Liang, Wu, Wong, & Huang, 2015)
(Figure 1B). The therapeutic efficacy of the micelles evaluated by
the cell counting kit-8 (CCK-8) assay demonstrates that H2S
indeed enhances the chemotherapeutic efficacy of Dox in
pancreatic cancer cells. The biocompatibility of the micelles is
further analyzed in healthy mice. The nanomedicine capable of
synergetic gas-chemotherapy holds a great promising prospect
for improving tumor therapeutic efficacy.

MATERIALS AND METHODS

Materials
Dimethyl sulfoxide (DMSO), triethylamine (TEA), N-hydroxy-
succinimide (NHS), N-ethyl-N′-(3-dimethyl-aminopropyl)
carbodiimide (EDC), and diallyl trisulfide (DATS) were
purchased from Alfa Aesar. Lipase from Pseudomonas cepacia

FIGURE 1 | Schematic illustration of the working mechanism of aptamer targeting micelles for synergetic chemo-H2S gas therapy.
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(38.6 U/mg) was bought from Sigma. The amphiphilic diblock
copolymers poly(ε-caprolactone)-block-poly(ethylene glycol)
without and with a functional amino group, PCL5k-b-PEO5k,

and PCL5k-b-PEO5k-NH2, were obtained from Ruixi Bio-Tech
Co., Ltd. (Xi’an, China). Dialysis bags with various molecular
weights cut off were from Viskase. Human pancreatic cancer cells
(Panc-1) and human liver cancer cells (HepG2) were ordered
from Shanghai Institute of Biological Sciences, Chinese Academy
of Sciences. Phosphate buffer solution (PBS), cell culture medium
(dulbecco’s modified eagle medium, DMEM), x100 penicillin-
streptomycin solution, Trypsin/EDTA solution, and
hematoxylineosin (HE) were purchased from Shanghai
Peiyuan Bio-Tech Co., Ltd. Fetal calf serum (FBS) was
received from Gibco Company (United States). Doxorubicin
(DOX), cell counting kit-8, diaminophenylindole (DAPI),
Hoechst 33258, propidium iodide (PI), and annexin V-FITC
were procured from Solarbio (Beijing, China). Washington
State Probe-1 (WSP-1) for fluorescence imaging of H2S release
in living cells was from Maokang Bio-Tech Co. Ltd. (Shanghai,
China). KM mice (SPF grade, 25 g, half male and half female)
were ordered from the Fuzhou Wushi laboratory animal center
(Fujian, China). All chemicals were used as received. Ultrapure
water with a resistivity of 18.2 MΩ (Millipore) was used
throughout this work. The carboxyl modified XD-2d aptamer
against CD71 was obtained from Sangon Biotech (Shanghai,
China), and its base sequence was shown as follows: 5′-
COOH-ACT CAT AGG GTT AGG GGC TGC TGG CCA
GAT ACT CAG ATG GTA GGG TTA CTA TGA GC-3′.

Characterizations
Transmission electron microscopy (TEM) images of micelles
were acquired on a Japan Hitachi HT7700 electronic
microscope by negatively staining the micelles with 2.0%
phosphotungstic acid. The hydrodynamic diameter and zeta
potential of micelles were determined using a dynamical light
scattering (DLS) system (NanoBook Omni Instrument,
United States). UV-vis spectra were recorded with a UV-2450
UV-vis spectrometer (Shimadzu, Japan). Fluorescent images were
captured on a Leica TCS SP8 confocal laser scanning microscopy
(CLSM) (Leica, Germany). Cell apoptosis was measured by a BD
FACS Melody flow cytometer.

Preparation of Aptamer-Conjugated Drug-
Loaded Micelles
1 ml DMSO was subsequently added with 8 mg PCL-b-PEO,
2 mg PCL-b-PEO-NH2, 5 mg DOX and/or 5 mg DATS, and 10 μl
TEA for neutralization. The solution was stirred at room
temperature for 4 h. After complete dissolution, the solution
was dropwise added into 10 ml water with gentle stirring for
8 h to allow the formation of drug-loaded micelles. The solution
was then dialyzed using cellulose dialysis membranes (MW cut
off ~14 kDa) against water for 3 days to remove the residual
organic solvent and free doxorubicin and/or DATS. The as-
obtained micelles were filtrated against a 0.22 μm filter
membrane and stored in a 4°C refrigerator for later use. The
blank micelles, DOX-loaded micelles, DATS-loaded micelles, and

DOX and DATS co-loaded micelles were designated as BMs, D@
Ms, DA@Ms, and DA/D@Ms, respectively.

The micelles were further conjugated with the aptamer via an
amidation reaction (Tian, Pei, Zhong, Ji, & Zhou, 2020). Briefly,
1 mg EDC, 1 mg NHS, and 10 OD carboxyl modified aptamer
were dissolved in 5 ml water and reacted for 2 h to activate the
carboxyl group of the aptamer, then added with the micelles
above and reacted for 72 h. The aptamer-conjugated micelles
were obtained after dialysis using cellulose dialysis membranes
(MW cut off ~20 kDa) against water for 3 days. Aptamer-
conjugated DOX and DATS co-loaded micelles were
designated as DA/D@Ms-A. The stability of the micelles was
investigated by measurement of their zeta potentials after
suspending in PBS and full medium (DMEM supplemented
with 10% FBS and 1% penicillin-streptomycin) for 48 h.

The drug loading efficiency was defined as the weight
percentage of the drug in the micelles and quantified by
measuring the absorbance of DOX at 480 nm and DATS at
354 nm using a UV-vis spectrophotometer. Typically, the
freeze-dried drug-loaded micelles were dissolved in DMSO for
UV-vis measurement. The drug content was determined by the
calibration curve, which was obtained with various
concentrations of DOX or DATS in the DMSO solution.

In Vitro Lipase Responsive Drug Release
From the Micelles
The stimuli-responsive release profiles of drugs from the micelles
were studied at 37°C in PBS with different concentrations of
lipase. Briefly, 2 ml 1 mg/ml D@Ms in 10 mM pH 7.4 PBS with
0.2 mg/ml and 1 mg/ml lipase was transferred into two dialysis
bags (MW cut off ~10 kDa), which were then immersed into 4 ml
of the release media (10 mM pH 7.4 PBS), respectively. At
selected time intervals, the release media was removed for
UV-vis analysis and replaced with fresh release media. Dox
concentration was calculated based on the absorbance
intensity at 480 nm. In the release profiles describing drug-
release behavior, the cumulative release percentages of drugs
from micelles were plotted against time. The percentage of
cumulative release was calculated according to the formula:
cumulative release percentage (%) � 2 × ΣCn

W0
× 100%, where Cn

and W0 refer to the Dox concentration of the n time collected
release media and the total Dox amount in micelles. The release
experiments were conducted in triplicate.

Fluorescence Imaging of H2S Release From
the Micelles in Living Cells
Panc-1 cells were seeded in a 35 mm confocal dish at 1.0×105 cells
per well, and cultured with a full medium in a humidified
atmosphere of 5% CO2 at 37°C. When the cells grew to about
70%, the medium was removed, and a 1.0 ml fresh serum-free
medium containing 0.01 mg/ml of DA@Ms and DA@Ms-A were
then added and incubated for 2 and 4 h, respectively. After that,
the cells were washed with PBS, incubated with a 15 μM WSP-1
probe in PBS for 40 min, then washed with PBS three times and
added with 1 ml PBS. The generation of H2S was observed
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immediately by CLSM with an excitation wavelength fixed at
488 nm.

Selective Cellular Uptake and Penetration
Capability of the Micelles
Panc-1 cells and HepG2 cells were seeded in a 35 mm confocal
dish at 1.0×105 cells per well, and cultured with a full medium at a
humidified atmosphere of 5% CO2 at 37°C. When the cells grew
to about 70%, the medium was removed, and a 1.0 ml fresh
serum-free medium containing 0.01 mg/ml of DA@Ms and DA@
Ms-A were then added and incubated for 0.5, 1, and 2 h,
respectively. After that, the cells were stained with DAPI
according to the instructions provided by the manufacturer,
washed with PBS three times, and added with 1 ml PBS. The
targeting efficiency of the micelles was observed immediately by
CLSM with excitation wavelength fixed at 488 nm for the Dox
channel and 405 nm for the DAPI channel.

3D cell spheroids were cultured to investigate the penetration
capability of the micelles. In brief, 10 ml of 1.5 w/v% hot agarose
solution was added to a 25 ml dish. After cooling down, the
semisolid agarose coating provided a non-adherent surface
preventing cellular adhesion. 1.0×106 Panc-1 cells in 15 ml full
medium was transferred to the dish, and cultured for 4 days to
generate spheroids. The spheroids were collected by
centrifugation, washed with PBS, and resuspended in a 1 ml
serum-free medium containing 0.01 mg/ml DA/A@Ms and
DA/D@Ms-A, respectively. After incubation for 4, 12, and
24 h, the spheroids were washed with PBS three times and
then observed by CLSM Z-stack scanning with excitation
wavelength fixed at 488 nm.

Cytotoxicity Evaluation
Panc-1 cells were seeded in 96-well plates with 1×104 cells per
well, and cultured with a full medium for 24 h. Then the cells were
treated with DMEMmedium containing 0.1 mg/ml BMs, D@Ms,
DA@Ms, DA/D@Ms, DA/D@Ms-A and Dox for 72 h, 0.05 mg/
ml Dox for 36 h then 0.05 mg/ml DATS for 36 h, and 0.05 mg/ml
DATS for 36 h then 0.05 mg/ml Dox for 36 h, respectively. Cell
viability was determined with CCK-8 assay according to the
instructions provided by the manufacturer. The cell viability
was calculated according to the formula: cell

viability � ODTreat group
450 −ODBlank group

450

ODControl group
450 −ODBlank group

450

×100%.

To test apoptosis by Hoechst 33258, Panc-1 cells were seeded
in a 35 mm confocal dish at 1.0×106 cells per well, cultured with a
full medium for 24 h, and then cultured with serum-free medium
containing 0.1 mg/ml micelles for 24 h. The cells were stained by
Hoechst 33258 for 30 min, washed three times with PBS, added
with 1 ml PBS, and then observed by CLSM with excitation
wavelength fixed at 405 nm.

To quantitate apoptosis, Panc-1 cells were seeded in 12-well
plates with 1.0×106 cells per well, cultured with a full medium for
24 h, and then treated with serum-free medium containing 0.1 mg/
ml micelles for 24 h. The collected cells were washed twice with cold
PBS and then resuspended in 0.5 ml PBS. The cells were then co-
stained by PI and annexin V-FITC and analyzed by flow cytometry.

Biosafety Evaluation of the Micelles
Forty-eight mice were divided into six groups, including a
control, BMs, DA@Ms, D@Ms, DA/D@Ms, and DA/D@Ms-A
group. The samples (0.1 ml of 1 mg/ml micelle suspension or
sterile PBS as control) were injected into the abdominal cavity of
each mouse every other day. The body weight of mice was
recorded every other day, and the clinical manifestations and
fatalities were observed daily. After 2 weeks, the heart, liver,
spleen, lung, and kidney were dissected, rinsed with PBS, fixed
in 4% paraformaldehyde, then subjected to paraffin section, HE
staining, and histopathological examination.

RESULTS AND DISCUSSION

Preparation and Characterization of
Aptamer-Conjugated Drug-Loaded
Micelles
The drug-loaded micelles were prepared by simultaneous
encapsulation of Dox and DATS in micelles during self-
assembly of the diblock copolymers PCL-b-PEO and PCL-b-
PEO-NH2. The aptamer functionalization of the drug-loaded
micelles was realized by the covalent binding of the carboxyl
terminal XD-2d aptamer to the amino terminal micelles through
an amidation reaction. The hydrodynamic size of the micelles was
characterized by DLS measurement. As shown in Table 1, the
hydrodynamic size of blank micelles (BMs) is ca. 87.68 nm; after
drug loading, the sizes of the micelles are increased to 178.83 nm
for Dox loaded micelles (D@Ms), 176.68 nm for DATS loaded
micelles (DA@Ms), and 195.95 nm for DATS and Dox coloaded
micelles (DA/D@Ms). The micelles size increment after drug
loading is because the hydrophobic DOX and DATS change the
hydrophobic bonds in the micellar core and thus increase the
packing density and the size of the hydrophobic micellar core.
Notably, after aptamer conjugation to the surface of DA/D@Ms
through amidation reaction, the size of the micelles is further
increased to 209.80 nm, indicating the successful formation of
aptamer modified DA/D@Ms (DA/D@Ms-A). The size
distribution and morphology of the micelles were further
investigated by TEM. As shown in Figure 2, the micelles with
and without drug loading are near-spherical in shape and are
monodisperse particles with high uniformity; and the particle
sizes are gradually increased after drug loading and aptamer
conjugation, that is, 76, 75, 146, and 163 nm for D@Ms, DA@Ms,
DA/D@Ms, and DA/D@Ms-A, respectively, agreeing well with
the results obtained from DLS measurement. The sizes of the
micelles obtained from TEM are smaller than those obtained
from DLS measurement. This is because the collapse in the
hydrophilic layer of the micelles during TEM sample
preparation leads to reduced particle sizes of the micelles.

The change in the zeta potential of the micelles was also
recorded to monitor the surface decoration. As shown in Table 1,
the zeta potential of the micelles in ultrapure water shows a slight
change after drug loading but significantly increases after aptamer
conjugation, indicating that aptamer modification could increase
the stability of the micelles. To examine their stability in different
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media, the micelles were kept in PBS and full medium for 48 h
followed by zeta potential measurement. The slight change
indicates good stability of the micelles in PBS and full
medium. Furthermore, it can be seen from Table 1 that
simultaneous encapsulation of DATS and Dox in micelles can
greatly increase the drug loading efficiency of the micelles,
providing the possibility of higher therapeutic efficiency.

Selective Cellular Uptake and the
Penetration Capability of the Micelles
Selective cellular uptake of therapeutic drugs is important for cancer
therapy to reduce side effects. Specific ligand-mediated targeting is a
feasible strategy to realize selective cellular uptake. To examine the
selectivity, we compared the internalization of DA/D@Ms-A and
DA/D@Ms in Panc-1 cells overexpressing CD71 and HepG2 cells
that hardly express CD71. The cells seeded in confocal dishes were

incubated with 0.01 mg/ml DA/D@Ms-A and DA/D@Ms for
different time, that is, 0.5, 1, and 2 h, and the cellular uptake was
monitored by checking the fluorescence intensity of Dox using
CLSM. As shown in Figure 3, Panc-1 cells incubated with DA/
D@Ms-A exhibit bright red fluorescence in theDox channel, and the
fluorescence intensity increases with time, indicating the effective
accumulation of the micelles within the cells by aptamer-receptor
mediated endocytosis; while Panc-1 cells incubated with DA/D@Ms
and HepG2 incubated with both DA/D@Ms-A and DA/D@Ms
display weak red fluorescence in Dox channel, suggesting that only a
fewmicelles enter into the cells by pinocytosis. All the results indicate
that aptamer modification endows the micelles with high targeting
efficiency and good selectivity towards pancreatic cancer cells with
CD71 overexpression.

In addition to targeting efficiency, the penetration capability of
the micelles was also investigated by CLSM tomography using
Panc-1 cell-derived multicellular spheroids (MCSs) as an in vitro

TABLE 1 | Characterization of the micelles.

Micelles DLS (nm) Zeta potential (mV) Drug-loading efficiency (%)

H2O
a PBSa Full mediuma,b

BMs 87.68 ± 3.52 −18.74 −12.90 −13.35 -
D@Ms 178.83 ± 4.07 −20.74 −14.40 −15.91 10.34
DA@Ms 176.68 ± 5.48 −19.19 −14.99 −14.28 9.06
DA/D@Ms 195.95 ± 5.89 −21.88 −15.75 −16.58 16.32
DA/D@Ms-A 209.80 ± 6.07 −23.73 −16.80 −30.48 17.83

aZeta potential was measured after suspending the micelles in the solvents for 48 h. All data presented were the average of three parallel assays.
bFull medium: DMEM supplemented with 10% FBS and 1% penicillin-streptomycin.

FIGURE 2 | TEM images of (A) D@Ms, (B) DA@Ms, (C) DA/D@Ms, and (D) DA/D@Ms-A.
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model. MCSs are versatile three-dimensional models for cancer
theranostics benefiting from their similarity in morphology and
biological microenvironment to solid tumors (Abbott, 2003). The
penetration activity of DA/D@Ms-A and DA/D@Ms was
monitored by CLSM Z-stack scanning after incubation of
MCSs with 0.01 mg/ml DA/D@Ms-A and DA/D@Ms for
different time, that is, 4, 12, and 24 h. As shown in Figure 4,
strong red fluorescence from Dox can be observed on the
periphery of the MCSs incubated with DA/D@Ms-A for 4 h
due to the targeting capability of DA/D@Ms-A towards the
Panc-1 MSCs. The red fluorescence in the interior area of the

MSCs can clearly be observed even at the scanning depth of
85 μm. In the case of DA/D@Ms for 4 h, red fluorescence can be
seen on the periphery of the MCSs due to the enhanced
permeation and retention effect mediated passive targeting of
DA/D@Ms, however, the red fluorescence in the interior area of
the MSCs rapidly attenuates and becomes faint at the scanning
depth of 65 μm. The results indicate that the aptamer
modification endows DA/D@Ms-A with great tumor
penetration capability. It is worth noting that with the increase
in incubation time, the red fluorescence brightness increases in
both the cells incubated with DA/D@Ms-A and DA/D@Ms,

FIGURE 3 | CLSM images of Panc-1 cells and HepG2 cells incubated with 0.01 mg/ml DA/D@Ms-A and DA/D@Ms for 0.5, 1, and 2 h, respectively. DAPI channel
with excitation wavelength at 405 nm exhibits blue fluorescence fromDAPI stained cell nuclei. Dox channel with excitation wavelength at 488 nm shows red fluorescence
from Dox. Scale bar = 50 μm.
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however, the brightness of the red fluorescence enhances greatly
even at the scanning depth of 85 μm after incubation of Panc-1
MCSs with DA/D@Ms-A for 24 h. This is probably because that
cell apoptosis induced by DA/D@Ms-A causes the enhancement
in permeability of cell membrane and MSCs, which in turn
facilitates the penetration of DA/D@Ms-A in MSCs.

In Vitro Cytotoxicity of the Micelles
The lipase-responsive drug release profile from the micelles was
investigated by taking D@Ms as an example. Figure 5A shows the
release profile of Dox from D@Ms in PBS containing 0.2 mg/ml
and 1 mg/ml lipase at 37°C. In the presence of 0.2 mg/ml lipase,
50.68% of Dox was released in 5 h and 58.96% was released in

20 h. With a higher lipase concentration of 1 mg/ml, 54.31% of
Dox was released in 5 h and 90.00% was released in 20 h. The
results confirm the possibility of lipase-responsive drug release
from micelles by lipase-mediated PCL blocks digestion-induced
micelles disassembly.

To verify the intracellular glutathione-triggered H2S release, a
commercially available probe (WSP-1), whose fluorescence can
be selectively turned on by H2S (Liu et al., 2011), was employed
for the detection of H2S in living Panc-1 cells. As shown in
Figure 5B, Panc-1 cells exhibit weak fluorescence of WSP-1 after
incubation with DA@Ms for 2 h, and the fluorescence becomes
brighter with the increase of incubation time. Panc-1 cells display
much stronger fluorescence of WSP-1 after incubation with DA@

FIGURE 4 | CLSM images showing in vitro penetration of DA/D@Ms-A and DA/D@Ms in Panc-1 multicellular spheroids. The spheroids were incubated with
0.01 mg/ml DA/D@Ms-A or DA/D@Ms for 4, 12, and 24 h, respectively, and measured by CLSM Z-stack scanning. The surface of the spheroids was defined as 0 μm.
Excitation wavelength = 488 nm, scale bar = 50 μm.
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Ms-A, indicating that more H2S is generated in cells by taking
advantage of the targeting capability of DA@Ms-A. The results
suggest that after the micelles enter into cells, the digestion of PCL
blocks by intracellular lipase leads to the release of the
encapsulated DATS from the hydrophobic micellar core into
the cytoplasm, and the DATS subsequently reacts with
intracellular glutathione to generate H2S.

To evaluate the therapeutic efficacy of the micelles, the cell
viability was monitored by CCK-8 assay after incubation of Panc-
1 cells with the micelles for 72 h. As shown in Figure 5C, BMs
have no obvious cytotoxic effect against Panc-1 cells, indicating
the biocompatibility of the micelles assembled by diblock
copolymers PCL-b-PEO and PCL-b-PEO-NH2. The cell

viability of Panc-1 cells treated with DA@Ms, D@Ms, and
DA/D@Ms is decreased to 93.11%, 49.73%, and 35.19%,
respectively. This suggests that the therapeutic effect of DATS
is not significant when it is used alone, but it can act as a sensitizer
to enhance the therapeutic effect of Dox by combined DATS and
Dox treatment. The micelles such as DA@Ms, D@Ms, and DA/
D@Ms enter into cells by pinocytosis and release the encapsulated
Dox and DATS, which then reacts with intracellular glutathione
to generate H2S. H2S with a concentration above a certain value
has been reported to exhibit a cytotoxic effect by inducing intense
intracellular acidification via overdriving cancer glycolysis (Cao
et al., 2019), causing apoptosis via downregulation of the
downstream anti-apoptotic proteins (Kashfi, 2014; Yao, Yang,

FIGURE 5 | In vitro cytotoxicity. (A) The release profiles of Dox from D@Ms in the presence of 0.2 mg/ml and 1 mg/ml lipase. (B) Fluorescence imaging of H2S
release in Panc-1 living cells after incubation with (a,b) DA@Ms and (c,d) DA@Ms-A for 2 h (a,c) and 4 h (b,d), respectively. (C) Cell viability of Panc-1 cells treated with
0.1 mg/ml micelles and Dox for 72 h, 0.05 mg/ml Dox for 36 h then 0.05 mg/ml DATS for 36 h, and 0.05 mg/ml DATS for 36 h then 0.05 mg/ml Dox for 36 h by CCK-8
assay, respectively. (D) CLSM images of Panc-1 cells stained with Hoechst 33258 and (E) flow cytometry of Panc-1 cells stained with FTIC and PI after treatment
with 0.1 mg/ml micelles for 24 h. (a) control, (b) DA@Ms, (c) D@Ms, (d) DA/D@Ms, and (e) DA/D@Ms-A.
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Xu, He, & Yang, 2022), inducing mitochondrial dysfunction via
suppression of the mitochondrial cytochrome c oxidase activity
(Hill et al., 1984; Szabó, 2007; Szabo et al., 2014; Z. Yang et al.,
2021), and aggravating hypoxia and oxidative stress via
suppression of catalase expression (Xie et al., 2020). H2S has
also been found to be able to activate hypoxia-responsive
prodrugs (Fang et al., 2020), and to upregulate the level of
intracellular Dox by decreasing P-gp mediated efflux (Chegaev
et al., 2016), thus promoting the chemotherapeutic efficacy.
Therefore, it can be deduced that the achieved H2S-enhanced
chemotherapy in this work has resulted from the intrinsic
cytotoxicity of H2S, the facilitation of Dox release from the
hydrophobic micellar core into the cytoplasm due to the
intense intracellular acidification caused by H2S and the pH-
related release property of Dox, and the accumulation of Dox
inside cells owing to the less efflux. The chemosensitization of
H2S is furthered improved by the comparable therapeutic efficacy
of Panc-1 cells treated with 0.1 mg/ml Dox only, 0.05 mg/ml Dox
then 0.05 mg/ml DATS, and 0.05 mg/ml DATS then 0.05 mg/ml
Dox, namely 51.70%, 48.45% and 46.00%, respectively. The cell
viability is further down to 18.41% by incubation of Panc-1 cells
with DA/D@Ms-A. This suggests that the aptamer-CD71
receptor interaction mediated endocytosis promotes the cancer
cell-killing efficacy by increasing the intracellular drug

concentration. The higher cytotoxicity reached by the lower
drug concentration as compared to the free Dox provides DA/
D@Ms-A a promising prospect in raising therapeutic effects and
reducing side effects in clinical application.

Apoptosis is the main mechanism accounting for the
anticancer action of Dox and H2S. Apoptotic cell death was
confirmed by nucleus chromatin condensation by Hoechst
33258 staining. As shown in Figure 5D, the nuclei of Panc-1
cells treated with BMs can only stain an ultraweak and
homogeneous blue color since Hoechst 33258 is unable to
infiltrate into the living cells, while the nuclei of Panc-1 cells
treated with DA@Ms or D@Ms stains bright blue due to the
synergetic effect of apoptosis associated cell membrane
permeability enhancement and apoptosis induced chromatin
condensation. The blue emission light in Panc-1 cells treated
with DA/D@Ms is much bright than those treated with DA@Ms
and D@Ms only, suggesting that more cells undergo apoptosis by
the strong synergetic effects between Dox and H2S. The
brightness of the blue emission light in Panc-1 cells treated
with DA/D@Ms-A is further enhanced than those treated with
DA/D@Ms, indicating that the targeting strategy promotes the
therapeutic efficacy of synergetic gas and chemotherapy. To
further examine the apoptotic characteristics in the micelles
treated Panc-1 cells, flow cytometry was used to investigate

FIGURE 6 | HE stained major organs collected from mice post intraperitoneal administration of micelles every other day for 2 weeks. Scale bar = 200 μm.
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the treated cells co-stained with Annexin V-FTIC and PI.
Annexin V-FITC is a phospholipid-binding protein with a
high affinity for phosphatidylserine, which can be used as a
sensitive probe for phosphatidylserine exposure to the cell
membrane (S. Chen, Cheng, Wang, & Peng, 2008). During the
early apoptosis, the cells become reactive with annexin V-FITC
after the onset of chromatin condensation, but prior to the loss of
the plasma membrane’s ability to exclude PI. On the basis, non-
apoptotic cells, early apoptotic cells, late apoptotic/necrotic cells,
and dead cells can be discriminated by co-staining the cells with
annexin V-FITC and PI. As shown in Figure 5E, after incubation
with BMs, DA@Ms, and D@Ms for 24 h, the percentage of
apoptotic cells was 3.53%, 9.73%, and 30.35%, respectively.
The percentage of apoptotic cells increases to 40.97% by
treatment with DA/D@Ms, and further increases to 50.18% by
treatment with DA/D@Ms-A, verifying the effectiveness of
targeted synergetic gas-chemotherapy.

In Vivo Biocompatibility of the Micelles
The in vitro toxicity of the micelles was evaluated by
intraperitoneal administration of 0.1 ml 1 mg/ml micelles to
healthy mice every other day for 2 weeks. HE staining was
used to investigate morphological changes in the major organs
such as the heart, liver, spleen, lung, and kidney in mice. The
results are shown in Figure 6. All the tissue slices display normal
cell morphology, well-organized tissue structures, and no
significant lesions, indicating that the micelles are
biocompatible, and safe for clinical applications.

CONCLUSION

In summary, we have proposed an H2S gas-involved
chemosensitization strategy for improving pancreatic cancer
chemotherapeutic efficacy. The nanomedicine for synergetic gas-
chemotherapy has been constructed by encapsulation of both Dox
and DATS in aptamer conjugated PCL-b-PEO micelles. The DA/
D@Ms-A nanomedicine with the size of ca. 200 nm has shown well
colloidal stability, competitive drug loading efficiency, effective
targeting efficiency, and well penetration capability towards
CD71 overexpressed multicellular spheroids, good in vitro and in

vivo biocompatibility, and endogenous lipase and glutathione
responsiveness. The DA/D@Ms-A nanomedicine with a
concentration of 0.1 mg/ml was able to kill ca. 82% of pancreatic
cancer cells after 72 h incubation, and the therapeutic efficiency of
synergetic gas-chemotherapy was ca. 15% higher than that of
individual chemotherapy. The gas-involved chemosensitization
strategy and the as-developed targeted stimuli-responsive
nanomedicine hold great promise for the improvement of
pancreatic cancer treatment.
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Directed Self-Assembly of
Heterologously Expressed Hagfish
EsTKα and EsTKγ for Functional
Hydrogel
Ruishuang Sun, Ruonan Zheng, Wenlong Zhu, Xiqin Zhou, Luo Liu and Hui Cao*

Beijing Bioprocess Key Laboratory, Beijing University of Chemical Technology, Beijing, China

Hagfish slime proteins have long been considered useful due to their potential applications
in novel green, environmental, and functional bionic materials. The two main component
proteins in the slime thread of hagfish, (opt)EsTKα and (opt)EsTKγ, were used as raw
materials. However, the methods available to assemble these two proteins are time- and
labor-intensive. The conditions affecting protein self-assembly, such as the pH of the
assembly buffer, protein concentration, and the protein addition ratio, were the subject of
the present research. Through a series of tests, the self-assembly results of a variety of
assembly conditions were explored. Finally, a simplified protein self-assembly method was
identified that allows for simple, direct assembly of the two proteins directly. This method
does not require protein purification. Under the optimal assembly conditions obtained by
exploration, a new gel material was synthesized from the hagfish protein through self-
assembly of the (opt)EsTKα and (opt)EsTKγ. This assembly method has the benefits of
being a simple, time-saving, and efficient. The self-assembled protein gel products were
verified by SDS polyacrylamide gel electrophoresis (SDS-PAGE) and contained (opt)EsTKα
and (opt)EsTKγ proteins. Scanning electron microscopy (SEM) was used to investigate the
self-assembled protein gel after freeze-drying, and it was observed that the self-assembled
protein formed a dense, three-dimensional porous network structure, meaning that it had
good water retention. Evaluation of the gel with atomic force microscopy (AFM) indicated
that the surface of the protein fiber skeleton show the network-like structure and relatively
smooth. Characterization by circular dichroism (CD) and Fourier transform infrared
spectroscopy (FT-IR) demonstrated that the two proteins were successfully
assembled, and that the assembled protein had a secondary structure dominated by
α-helices. The rheological properties of the self-assembled products were tested to
confirm that they were indeed hydrogel property.

Keywords: hagfish slime protein, recombinant protein, self-assembly, phase separation, isolation, purification

INTRODUCTION

Hagfish, an ancient chordate, is a seabed-dwelling fish with a soft eel-like body (Lim et al., 2006).
There are many glands on both sides of the hagfish’s body for storing slime, and when they are under
pressure or attacked, a large amount of defensive slime is secreted from the slime glands (Fudge et al.,
2005; Lim et al., 2006). The slime secreted by the slime glands of the hagfish is not affected by benthic
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high pressure or high salt, and it has high water absorption.
Hagfish slime could expand to 10000 times its initial volume
within a few milliseconds of contact with seawater (Fudge et al.,
2005). The slime has many biological functions, including
blocking the parotids of potential predators, which allows the
hagfish to escape from danger and survive (Fernholm, 1981; Lim
et al., 2006; Zintzen et al., 2011). The slime of hagfish is very
unusual. It is composed of both mucin and protein-based fibers,
and the protein-based fibers give the slime its strength and
toughness (Downing et al., 1981; Fernholm, 1981; Koch et al.,
1991).

The protein-based fibers of hagfish slime are mainly composed
of axially arranged Intermediate filament (IF) proteins (Fudge
et al., 2015). IF proteins comprise an important protein
superfamily that plays a crucial-role in cell mechanics. And IF
proteins are also critical components of the cytoskeleton in most
animal cells (Herrmann and Aebi, 2000). The IF proteins found
in hagfish is mainly composed of two types of thread keratins
(TKα and TKγ) (Fu et al., 2015). In the present study, we analyzed
the Eptatretus stouti thread keratins (EsTKα and EsTKγ). The
EsTKα and EsTKγ proteins are homologous to vertebrate type Ⅰ
and Ⅱ IF keratins, and themolecular weights of EsTKα and EsTKγ
are 66.7 and 62.8 kDa, respectively (Fu et al., 2015).

In a 2015 study, Jing Fu et al. used synthetic biology and other
methods to heterologously express two kinds of thread keratins,
EsTKα and EsTKγ, in E. coli. Subsequently, they obtained EsTKα
and EsTKγ artificial hagfish protein through artificial synthesis
(Fu et al., 2015). After exploring these proteins under various
experimental conditions, they determined the conditions for self-
assembly of the two protein coils. Their experiments laid the
foundation for engineering biomimetic recombinant artificial
hagfish thread keratin materials. In 2017, Jing Fu et al.
processed a fiber rich in β-sheet through the artificial slime
thread of hagfish generated by recombinant protein expression
and then used glutaraldehyde to covalently cross-link the
processed fiber to obtain an artificial hagfish protein fiber with
high hardness and a modulus value of 20 GPa (Fu et al., 2017).
Paula E. Oliveira et al. studied unassembled separate EsTKα and
EsTKγ proteins. The highest average tensile strength of fibers
spun at a 1:1 ratio of the two proteins reached nearly 200 MPa,
with an elastic modulus of 5.7 GPa, which can basically represent
the highest tensile strength reported for these proteins in the
absence of chemical cross-linking (Oliveira et al., 2021).

The recombinant α-helical structure of hagfish protein is soft,
which allows it to be formed into soft composite materials. These
materials could be used to make safety helmets and other
products that could absorb heavy impacts. However, the
intensity of the hagfish protein is higher when it forms the
recombinant β-sheet structure. The resulting materials may be
used to weave bulletproof vests and other products. Both α-helix
and β-sheet hagfish protein materials could improve the
performance of protective materials without increasing their
weight (Johnson et al., 1994; Pinto et al., 2014). In summary,
from the perspective of sustainable development, recombinant
hagfish protein materials may become green, environmental, and
functional biomimetic materials similar to bioderived materials
such as spider silk and silkworm silk, and become an excellent

alternative to chemically synthesized materials in the future
(Aigner et al., 2018; Ma et al., 2018).

Protein self-assembly technology exists at the convergence of
polymer chemistry and supramolecular chemistry. During the
assembly process, proteins may be cross-linked through
hydrophobic interactions, electrostatic interactions, hydrogen
bond interactions, disulfide bonds, or van der Waals forces to
form spatial network structures (Cheng et al., 2019). Compared
with various polyhydroxy polymers, protein gels have structural
advantages and better biodegradability. Phase separation of the
protein solution could occur after high-speed centrifugation
(Boeynaems et al., 2018). After protein self-assembly, the fully
mixed an homogenized assembled protein solution is rearranged
so that different concentrations occupy different spatial regions,
allowing for separation and purification (Boeynaems et al., 2018).
A more convenient and efficient way to achieve purification and
separation is by gathering proteins through phase
transformation. This process could be achieved based on the
various specific interactions between EsTKα and EsTKγ. The two
crude, purified proteins obtained by simple washing were directly
assembled, and the assembled proteins were subsequently
isolated from solutions containing unassembled EsTKα, EsTKγ
proteins, and miscellaneous proteins by phase separation. Using
this process, we separated and purified the assembly proteins. The
existing assembly methods for EsTKα and EsTKγ thread keratins
are cumbersome, inefficient, and time-intensive. Therefore, a
simplified assembly method is needed. In the present study,
we were able to directly assemble the two proteins by altering
various conditions to establish a simple, quick, and efficient
assembly method without the need for protein purification.
Through the principle of phase separation, the assembled
protein was concentrated and separated using ultrafiltration
centrifugation, and the assembled protein product was
obtained. Subsequently, the assembled protein products were
characterized by various methods. These findings provide a
theoretical basis for further research to improve hagfish
protein assembly.

MATERIALS AND METHODS

Experimental Materials
We used the pET-22b (+) expression vector, BL21 (DE3)
competent cells, and the specific optimized hagfish protein
gene, as well as other materials referred to by Yang et al.
(2021). The recombinant plasmids were named pET22b-(opt)
EsTKα and pET22b-(opt)EsTKγ.

Acquisition and Crude Purification of (opt)
EsTKα and (opt)EsTKγ Proteins
The expression and washing methods for (opt)EsTKα and (opt)
EsTKγ have been previously described (Yang et al., 2021). (opt)
EsTKα and (opt)EsTKγ proteins were expressed in E. coli and
then obtained from inclusion bodies. The bacterial pellet was
resuspended in lysis buffer (50 mM Tris, 200 mM NaCl, 1 mM
PMSF). The bacteria were then lysed by high-pressure
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homogenization. The resulting liquid was centrifuged at 4°C and
10000 rpm, for 20 min. The precipitate was resuspended and
washed in inclusion body washing buffer 1 (100 mM Tris, 5 mM
EDTA, 2 M urea, 2% TritonX-100, 5 mM DTT) and then in
inclusion body washing buffer 2 (100 mM Tris, 5 mM EDTA,
5 mMDTT). The precipitate was washed twice with each washing
buffer, and the supernatant was discarded after each
centrifugation (10000 rpm for 15 min at 4°C). Finally, the
washed inclusion body protein was dissolved in a high
concentration urea solution (8 M urea, 0.02 M NaH2PO4,
0.5 M NaCl). SDS-PAGE analysis was then performed to
verify the molecular weights of the two proteins.

Self-Assembly of (opt)EsTKα and (opt)
EsTKγ Proteins
The self-assembly conditions of (opt)EsTKα and (opt)EsTKγ
proteins were designed according to methods known to
promote helical folding, coiled-coil formation, and IF assembly
of type Ⅰ and type Ⅱ IF in vitro (Herrmann et al., 2002). First, the
crudely purified (opt)EsTKα and (opt)EsTKγ proteins were
diluted to 0.4 mg/ml with high-concentration urea solution
(8 M urea, 0.02 M NaH2PO4, 0.5 M NaCl). Next, equal
volumes of the two protein solutions were mixed.
Subsequently, a gradient dialysis of urea concentration (8 M→
4 M→ 2 M→ 0 M) was performed in Tris buffer (urea
concentrations of 4 M, 2 M, and 0 M, respectively, all
containing 2 mM Tris, 1 mM DTT, and dialysis bag
specifications of MD77, 10 kDa) at pH 7.0, 7.5, 8.0, 8.5, and
9.0. The dialysis temperature was 4°C. A total of 72 h of dialysis
were performed. Each urea concentration was dialyzed for 24 h
and the dialysate was changed every 12 h. Then, high
concentration urea solutions of the two proteins with different
protein concentrations (0.2, 0.4, 0.6, 0.8 and 1.0 mg/ml) were
prepared. The two protein solutions were mixed in equal volumes
and concentrations. A self-assembly experiment of gradient
dialysis was carried out in Tris buffer (Urea concentrations of
4 M, 2 M and 0 M, respectively, both containing 2 mM Tris and
1 mM DTT, and the specification of dialysis bag were MD77 and
10 kDa) at 4°C, pH 9. Finally, according to different ratios (1:1, 1:
2, 2:1) a concentration of 1 mg/ml (opt)EsTKα and (opt)EsTKγ
two protein were added to the high concentration urea solution.
The self-assembly experiment of gradient dialysis was carried out
in Tris buffer (Urea concentrations of 4 M, 2 M and 0 M,
respectively, both containing 2 mM Tris and 1 mM DTT, and
the specification of the dialysis bag wasMD77 and 10 kDa) at 4°C,
pH 9. The self-assembled solution after dialysis was ultrafiltered
and concentrated (the specifications of the ultrafiltration tube
were 1.5 ml, 10 kDa). The self-assembled products of the two
proteins were obtained by centrifugation and concentration at
4°C and 6000 rpm. Two proteins, (opt)EsTKα and (opt)EsTKγ,
with protein concentrations of 1 mg/ml, were subjected to
gradient dialysis for 72 h in the dialysis solution at 4°C, pH 9,
respectively, as described above. Ultrafiltration concentration was
then carried out as previously described.

SDS Polyacrylamide Gel Electrophoresis
The protein products obtained after self-assembly were diluted in
different folds. The composition of two proteins, (opt)EsTKα and
(opt)EsTKγ, after self-assembly was investigated using SDS-
PAGE. The loading volume of the protein marker was 10 μL.
The self-assembled protein product was diluted with Tris buffer
(2 mM Tris, 1 mM DTT) for different multiples, and the loading
volume was 10 μl. Equal concentrations of highly purified (opt)
EsTKα and (opt)EsTKγ proteins were mixed in equal volumes,
and the total loading volume was 10 μl.

Scanning Electron Microscopy Observation
The (opt)EsTKα proteins, (opt)EsTKγ proteins and the
assembled protein products (pH = 9, (opt)EsTKα and (opt)
EsTKγ concentrations were 1 mg/ml, the ratio of the two
proteins was 1:1, and the next characterized assembly proteins,
are also products formed under this condition) were loaded into a
centrifuge tube and snap frozen in liquid nitrogen. Snap freezing
of proteins in liquid nitrogen was performed to minimize damage
to the assembled structure. The snap frozen assembled protein
was then freeze-dried using a vacuum freeze-dryer. The
microstructure of the freeze-dried assembled protein gel was
observed using a SEM (Hitachi SU1510). A small amount of
protein gel sample was taken after vacuum freeze-drying, and
affixed to the sample bench using a conductive adhesive. After
treatment by ion sputtering gold spray, the samples were placed
on the SEM platform. The microstructure of the mixed proteins
was observed and photographed at a voltage of 5 kV.

Atomic Force Microscopy Observations
A small amount of the gel-like assembled protein product was
dropped onto the surface of a double-polished silicon wafer.
Then, the silicon wafer and the sample were freeze-dried together.
Observation was performed at room temperature using AFM
(Nanoscope Systems). Silicon nitride high frequency vibration
probes were used and the sample was scanned using intelligent
mode, tapping mode, and phase imaging techniques. Image
processing software was used to analyze the image (Nova
image processing software attached to AFM) (Chromy et al.,
2003; Stine et al., 2011).

Water Holding Capacity (WHC) Testing
The assembled protein gel’sWHCwas measured according to the
centrifugation method of Kocher et al. with slight changes
(Kocher and Foegeding, 1993). A certain mass of the gel-like
assembly protein sample was weighed and transferred to a
centrifuge tube with mass of m0. The total mass of the sample
and centrifuge tube is represented by m1. The sample was
centrifuged for 15 min at 4°C for 10000 rpm. After
centrifugation, the water in the upper layer of the centrifuge
tube was removed and the surface of the protein gel was dried
with filter paper. The total mass of the sample and centrifuge tube
after centrifugation is represented by m2. The following formula
represents the WHC calculation. Protein gel samples were
measured three times in parallel.
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WHC% � (m1 −m0) − (m1 −m2)
m1 −m0

Circular Dichroism Testing
The individually dialyzed (opt)EsTKα and (opt)EsTKγ proteins
and the assembled protein product were each diluted to a
concentration of 1.0 mg/ml in buffer containing 2 mM Tris
and 1 mM DTT. Triplicate measurement was obtained in the
wavelength range from 190 to 260 nm, using the step size of 1 nm
and the bandwidth of 1 nm (JASCO J-1500 circular dichroism
spectrometer). Average spectra and smoothing were calculated on
the CD spectral data using spectra manager software, and the
wavenumber range was selected as 190–260 nm. The data were
saved and uploaded to http://dichroweb.cryst.bbk.ac.uk. The
website performed the calculations to obtain the relative
content of the protein secondary structure of the assembled
protein.

Fourier Transform Infrared Spectroscopy
Testing
The secondary structure of the assembled protein sample was
analyzed using the KBr compression method. The compression
was performed using the assembled protein samples that had been
snap-frozen in liquid nitrogen and freeze-dried. The absorbance of
the sample was measured in the range of 400–4000 cm−1 (Nicolet
IS10 Fourier transform infrared spectrometer). The scanning
temperature was 25°C, and 64 scans were performed at a
resolution of 4 cm−1. Each protein sample was tested three times.
The infrared spectra from 1600 to 1700 cm−1 were baseline
corrected, Gaussian deconvoluted, and processed for second
derivatives using Peakfit software. They were then subjected to
peak splitting fitting.

Determination of Rheological Properties
Frequency scanning experiments were performed on the samples
using the oscillating mode of the rheometer to measure their
dynamic viscoelasticity. The specific parameters were as follows:
shear strain (γ) was 1%, the range of frequency (f) was 0.1–10 Hz,
and the test temperature was 25°C. The changes of storage
modulus (G′), loss modulus (G″), and loss factor (tan δ = G′/
G′) of the assembly products similar to gel were measured.

RESULTS AND ANALYSIS

Protein Assembly and SDS-PAGE
In the process of protein assembly, the pH value of the assembly
buffer is crucial. Differently pH-ed buffers affect the ionization of
proteins and their net charges. This in turn affects the attraction and
repulsion between protein molecules, as well as their interactions
with water. Our results showed that (opt)EsTKα and (opt)EsTKγ
were correctly expressed. When the pH of the protein self-assembly
dialysis solution was 7.0, 7.5, 8.0, or 8.5, and the protein solution
assembled by dialysis was concentrated by ultrafiltration
centrifugation, the inner tube of the ultrafiltration tube showed a

clear liquid state. When the pH of the dialysate was 9.0, a small
amount of white flocculent substances were visible in the
ultrafiltration tube after the assembly protein solution was
concentrated by ultrafiltration centrifugation (Figure 1A).
Subsequently, the pH of the protein self-assembled dialysate was
fixed at 9.0, while the concentrations of (opt)EsTKα and (opt)EsTKγ
were changed for the self-assembly experiments. Our findings
showed that the concentrations of the two proteins increased
during self-assembly, and more white substances were obtained
by ultrafiltration concentration by the end of assembly. When the
concentration of both (opt)EsTKα and (opt)EsTKγ was 1.0 mg/ml
and concentrated by ultrafiltration after assembly, a gel-like assembly
protein appeared in the solution in the ultrafiltration tube
(Figure 1B). This is a physical-process in which supersaturated
component solutions spontaneously separate into a dense phase and
dilute phase and stably coexist (Boeynaems et al., 2018). The gel-like
assembly protein was slowly picked up with a pipette tip to separate
it from the precipitated (opt)EsTKα or (opt)EsTKγ proteins and
miscellaneous proteins. This process enables the simple, rapid, and
efficient assembly of the two proteins. When performing the
assembly of (opt)EsTKα and (opt)EsTKγ proteins in different
ratios, it was found that the experimental results after changing
the ratio were similar to those when the addition ratio was 1:1. The
two proteins, EsTKα and EsTKγ, were purified as described by Jing
Fu et al. using size exclusion chromatography (Fu et al., 2015). Both
proteins were diluted with a high concentration urea solution to
concentrations of 0.2 mg/ml. Self-assembly was successfully
performed by adding the two proteins in equal proportions at a
dialysate pH of 8.4 and a temperature of 4°C. Because the crude
purified protein still contains somemiscellaneous proteins that could
interfere with the interaction between (opt)EsTKα and (opt)EsTKγ,
the use of crude purified protein in this method of direct self-
assembly requires increasing the concentration of two proteins, (opt)
EsTKα and (opt)EsTKγ, during assembly. This allows them to resist
the effects of the miscellaneous proteins so that the two proteins
could be successfully assembled.

The gel-like assembled proteins were diluted at different
concentrations. SDS-PAGE was then performed to validate
each component of the gelatinous protein. The process of
boiling at high temperature before electrophoresis will
denature and disintegrate the assembled gelatinous histones.
Using this method, it is possible to induce the formation of
depolymers of the two proteins at the target band positions
(Figure 2). We observed almost no miscellaneous protein on
the SDS-PAGE gel. The electrophoretic bands from the
assembled sample corresponded identically to the bands
observed from the direct mixture of the two proteins. The
molecular weight expressed was consistent with the molecular
weights of (opt)EsTKα and (opt)EsTKγ proteins (66.7 and
62.8 kDa, respectively). The bands of the two proteins
contained essentially the same amount of protein, indicating
that the ratio of the two proteins in the assembled protein was
approximately 1:1. We calculated that approximately 4 ml of gel-
shaped assembled protein would be formed per 10 mg of a mixed
(opt)EsTKα and (opt)EsTKγ (where the ratio of (opt)EsTKα and
(opt)EsTKγ was 1:1 and the concentration was 1.0 mg/ml for
both).
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Microstructure of Assembled Proteins
The surface morphologies of the (opt)EsTKα and (opt)EsTKγ
proteins and the self-assembled protein samples after liquid
nitrogen snap freezing and freeze-drying could be clearly
observed by scanning electron microscopy. Figures 3A–D
shows that the surface microstructure of (opt)EsTKα and (opt)
EsTKγ proteins without assembly and treatment was relatively
disordered, and there was no mature network structure.
Meanwhile Figures 3E–H shows that the proteins of the
assembled products self-assembled to form fibrous structures
through various interactions between protein molecules.

Moreover, these protein fibers formed a clear and dense
stereoporous network-like structure through mutual cross-
linking and various aggregations. The pores in the network
were interlaced and connected with each other, and the pore
size was uneven, ranging from 5–25 μm. Amplification of the
network skeleton revealed that the mesh skeleton was not
uniform in thickness, but the surface was relatively smooth.
The diameter of the fibrous network skeleton was in the range
of 1–10 μm.

These findings show that using our method of direct assembly,
two proteins, (opt)EsTKα and (opt)EsTKγ, could achieve self-
assembly at a low temperature. After pure silk fibroin is
assembled into a gel, its surface also shows a porous structure,
and the size of the pores is also heterogeneous, but its pore size is
small, roughly in the range of 2–5 μm (Wu, 2012). Both hagfish
slime thread protein and silk fibroin protein are animal-derived
fibrins, and their surface morphologies are similar after they are
assembled into gels.

AFM was used to observe the microscopic morphology of
the assembled gel protein products at room temperature.
Consistent with the previous SEM observation results, the
protein gel skeleton was composed of many assembled
protein fibers, and the bright and dark staggered stripes
formed by the arrangement of the assembled protein fibers
were clearly visible (Figure 4A). The surface height could be
observed by examining the white, straight part of the protein in
Figure 4A, focusing in on the section of the protein mentioned
above to further clarify the surface height. Figure 4B
represents the surface fluctuation. These images show that
the diameter of this protein fiber was about 3.3 µm, which is
consistent with the results of SEM observation. Figure 4C
shows the amplification of the fiber portion in Figure 4A. The
surface height could be observed by examining the white,
straight part of the protein in Figure 4C. Figure 4D shows

FIGURE 1 | Assembly results at pH 9, 4°C with (opt)EsTKα and (opt)EsTKγ in a 1:1 ratio. (A) The concentration of (opt)EsTKα and (opt)EsTKγwere each 0.4 mg/ml.
(B) The concentration of (opt)EsTKα and (opt)EsTKγ were each 1.0 mg/ml.

FIGURE 2 | Results of SDS-PAGE. M: Marker. 1, 2: Assembled proteins
at different diluted. 3: Direct mixture of (opt)EsTKα and (opt)EsTKγ.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org July 2022 | Volume 10 | Article 9605865

Sun et al. Self-Assembled Hagfish Protein Hydrogel

147

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


the surface undulation of the protein fiber. Based on these
images, the height difference of the undulating surface of the
assembled protein fiber was less than 2 nm. The diameter of

the protein fiber was thousands of times its surface undulation
height, indicating that the assembled protein fiber surface was
relatively smooth.

FIGURE 3 | The surfacemorphology observed by SEM. (A,B) The surface morphology of the (opt)EsTKα protein sample. (C,D) The surface morphology of the (opt)
EsTKγ protein sample. (E–H) The surface morphology of the self-assembled protein sample.
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WHC of Assembled Proteins
Results of the WHC tests are shown in Table 1. Results of the
three parallel determinations were close to each other. The
average WHC of the assembled protein products was about
66.14%, indicating a good water holding performance. WHC
reflects the ability of the gel-like assembled protein network
to hold water after freeze-drying, as observed using SEM.
SEM indicated that the assembled protein products formed a
network-like, three-dimensional structure with relatively
dense pores. This structure enables the protein to envelope
water and other components, forming a gel. Salvador et al.
studied the correlation between gel’s structure and its water
holding capacity and found that gels with dense structure
were able to hold more water (Salvador et al., 2009).
Therefore, the denser porous network structure of the
assembled protein product is key to its water holding
performance.

Secondary Structure of Assembled Proteins
CD chromatography accurately reflects the secondary structure
of proteins. This method was used to study the secondary
structure of the two proteins, (opt)EsTKα and (opt)EsTKγ,
and the assembled protein [(opt)EsTKs protein]. The CD test
was first performed on the single (opt)EsTKα protein and (opt)

FIGURE 4 | AFM observations. (A,C) The surface height map of the protein fiber. (B) The surface fluctuation map of the white straight area in (A). (D) The surface
fluctuation map of the white straight area in (C).

TABLE 1 | Results for WHC.

m0 (mg) m1 (mg) m2 (mg) WHC (%)

1 860.75 1349.29 1181.09 65.57
2 842.50 1322.24 1173.33 68.96
3 861.29 1352.54 1175.10 63.88

FIGURE 5 | CD spectra of (opt)EsTKα, (opt)EsTKγ and (opt)EsTKs
proteins.
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EsTKγ protein. The assembled (opt)EsTKs protein was then
subjected to CD testing. As shown in Figure 5, the CD
spectra of the (opt)EsTKα protein showed a negative peak
near 193 nm, and the CD spectra of (opt)EsTKγ protein
showed a negative peak near 195 nm. Both of these negative
peaks are typical of random coil structures (Li et al., 2008). The
CD spectrum of the (opt)EsTKs protein showed a positive peak at
near 198 nm, which is characteristic of the β-sheet conformation
(Li et al., 2008). The CD spectrum of the assembled (opt)EsTKs
protein showed a strong negative peak near 210 nm. The intensity
ratio of 222/208 in the CD output of (opt)EsTKs protein was 0.93.
Proteins with a 222/208 nm ratio above 1 are considered to
exhibit coiled-coil folding (Frère et al., 1995). Data processing
was used to calculate the relative content of each secondary
structure (α-helix, β-sheet, β-turn, random coil) in the
assembled protein product. The assembled product was
comprised of 43.0% α-helix, 21.9% β-turn, 11.2% β-sheet, and
23.9% random coil. By comparing the CD test results before and
after assembly of the two proteins, we observed that the
assembled (opt)EsTKα and (opt)EsTKγ proteins changed
dramatically in their secondary structures due to the
interactions between the two protein molecules. Specifically,
the proteins changed their secondary structures from random
coil to α-helix. Jing Fu et al. previously assembled the purified
EsTKα and EsTKγ proteins (Fu et al., 2015). Based on their CD
analysis, the CD spectra of Jing Fu et al.’s assembled protein
products had obvious minimum values at 208 and 222 nm. The
222/208 intensity ratio in the CD results for the assembled
proteins was 0.92 (Fu et al., 2015). Jing Fu et al.’s assembled
products also consisted primarily of ⍺-helix. Therefore, the
assembled proteins obtained by our method and Fu et al.’s
method were similar in their secondary structures.

For the assembled protein products, FT-IR tests were
performed in addition to CD tests. The FT-IR spectrum is
shown in Figure 6A. The amide Ⅰ band (1600–1700 cm−1) in
the FT-IR spectrum contains abundant secondary structure
information (α-helix, β-sheet, β-turn, random coil, etc.), and
was the focus of our analysis. Different sub-peaks were

FIGURE 6 | FT-IR results. (A) Results for the assembled protein in the range of 400–4000 cm−1. (B) The peak separation of the amide Ⅰ band.

FIGURE 7 | Rheological test results. (A) The variation of G′ and G″ of
gelatinous products in the range of f (0.1–10 Hz). (B) The variation of tan δ in
the range of f (0.1–10 Hz).
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obtained by deconvolution and Gaussian fitting of the amide Ⅰ
band (Figure 6B). By analyzing the amide Ⅰ band, the α-helix
content was 42.8%, the β-turn content was 20.3%, the β-sheet
content was 23.9%, and the random coil content was 13.0% (Wu
et al., 2017; Dong et al., 2021). There were some differences
between CD and FT-IR analyses of the assembled protein
products, due to the limitations of each method. Therefore,
the exact secondary structure compositions obtained by CD
and FT-IR were not identical. However, both methods were
consistent in their determination that the secondary structure
of the assembled protein consists primarily of ⍺-helix.

Rheology of Assembled Proteins
After assembly at low temperature, the protein product was milky
white, transparent, and flowing. The dynamic frequency scanning
results of the assembled protein products under the conditions of
1% γ and 0.1–10 Hz f are shown in Figure 7A. In the entire
measured frequency range, the change of G″ is not obvious, but
G′ gradually increases with the increase of f. Therefore, compared
with G″, G′ plays a leading role in the entire f range. This shows
that the dependence of the viscoelastic modulus on oscillation
frequency is relatively high, which means that the overall chain
mobility of the network is relatively high (Lopes-da-Silva et al.,
2007). As shown in Figure 7B, the change of tan δ was not
obvious in the measured frequency range and was always less
than 1, indicating that the assembled protein products showed
gel-like behavior (Fu et al., 2015). Jing Fu et al. also found through
experiments that all 1:1 mixtures of purified proteins at
concentrations higher than 0.2 mg/ml showed gel-like behavior
(G″/G ’< 1) (Fu et al., 2015).

CONCLUSION

The present study demonstrates direct self-assembly of (opt)
EsTK⍺ and (opt)EsTKγ under the assembly conditions of 4°C,
dialysis solution pH 9, and a 1:1 starting ratio of (opt)EsTK⍺:
(opt)EsTKγ both at 1.0 mg/ml. After self-assembly, the two
proteins form a new protein gel material. This method of
direct assembly omits the need for protein purification, which
saves time, allows for rapid and efficient protein assembly. The
assembled protein gel was determined by SDS-PAGE analysis to
have roughly equal proportions of (opt)EsTKα and (opt)EsTKγ
proteins. We calculated that 5 mg each of (opt)EsTK⍺ and (opt)
EsTKγ would form approximately 4 ml of gel-like assembled
protein. The protein gels after freeze-drying were observed using
SEM and AFM. After self-assembly, the protein had many fiber
structures with indications of a smooth surface. These protein
fibers cross and aggregate to create a three-dimensional porous
network structure with dense pores, forming the backbone of the
protein gel. This network structure provides the assembled
proteins with good water holding capacity. The rheological
property test also showed that this new protein material

exhibited gel-like behavior. CD analysis of the two proteins
before and after assembly showed that the two proteins had
random coil structures before self-assembly that changed after
self-assembly. These results demonstrate that the method of
direct assembly could successfully assemble both proteins. The
CD and FT-IR spectra of the assembled protein gels were
analyzed to obtain the secondary structure, which was found
consist of more than 40% α-helix. The specific interactions
between (opt)EsTKα and (opt)EsTKγ and their overall
structural characteristics require further study. Due to the
excellent biocompatibility and biodegradability of protein-
based hydrogel. These properties make it a more widely used
potential in the non-food industry field, such as simulating
organism tissues, as a carrier for drugs, etc., for biomedical
engineering. Moreover, it also has a wide application potential
in leather, pharmaceutical, cosmetic, plastic, textile, biochemical
and other industries. In addition, protein gels could be applied as
water absorbers and retaining agents in a variety of fields due to
their water absorption and retainment abilities. However, poor
salt tolerance is an insurmountable drawback for most existing
hydrogels. The hagfish slime protein used in this study is a
potential solution to this challenge because it comes from the
ocean and has a unique salt tolerance. In future studies, the
hagfish slime assembled protein gel could be complexed with a
polyaspartic acid hydrogel to prepare a high-performance
biomimetic salt-tolerant hydrogel. It may replace some
synthetic substances derived from oil and become a high-
performance green and environmentally friendly, sustainable
natural material.
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Heparin/Collagen-REDV Modification
of Expanded Polytetrafluoroethylene
Improves Regional Anti-thrombosis
and Reduces Foreign Body Reactions
in Local Tissues
Yaping Shan†, Gang Chen†, Qiqi Shi†, Jiaxi Huang, Yaping Mi, Wenbo Zhang, Huifeng Zhang*
and Bing Jia*

Shanghai Key Laboratory of Cardiovascular Disease, Department of Cardiovascular Center, Children’s Hospital of Fudan
University, Shanghai, China

Prosthetic implants of expanded polytetrafluoroethylene (ePTFE) in the cardiovascular
system have a high failure rate over the long term because of thrombosis and intimal
hyperplasia. Althoughmultiple surfacemodificationmethods have been applied to improve
the anti-thrombotic and in situ endothelialization abilities of ePTFE, none have delivered
outstanding results in vivo. Our previous study combined heparin/collagen multilayers and
REDV peptides to modify ePTFE, and the in-vitro results showed that modification ePTFE
with heparin/collagen-REDV can promote the cytocompatibility and antiplatelet property.
This study illustrated the physical change, selective endothelial cells capture ability, and
in vivo performance in further. The physical test demonstrated that this modification
improved the hydrophilicity, flexibility and strength of ePTFE. A competition experiment of
co-cultured endothelial cells and vascular smooth muscle cells verified that the heparin/
collagen-REDVmodification had high specificity for endothelial cell capture. A rabbit animal
model was constructed to evaluate the in vivo performance of modified ePTFE implanted
in the right ventricular outflow tract. The results showed that heparin/collagen-REDV
modification was safe, promoted endothelialization, and successfully achieved regional
anti-thrombosis without influencing body-wide coagulation function. The pathologic
manifestations and mRNA expression pattern in tissues in contact with modified
ePTFE indicated that this modification method may reduce M2-type macrophage
infiltration and the expression of genes related to immune and inflammatory responses.
The heparin/collagen-REDVmodification may lower the incidence of complications related
to ePTFE implantation and has good prospects for clinical use.
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1 INTRODUCTION

Expanded polytetrafluoroethylene (ePTFE) is a polymer that is
widely used in medical devices (Goodson, 1987; Levine and
Berman, 1995; Sigurdsson et al., 1995; Redbord and Hanke,
2008). Its durable physical and chemical characteristics have
made ePTFE synthetic vascular grafts the cardiovascular
surgeon’s first choice for the reconstruction of blood flow
when lacked the autologous grafts (Cassady et al., 2014;
Ambler and Twine, 2018). In Asia, ePTFE valved conduits,
which comprise an ePTFE membrane sewn to an ePTFE
vascular graft, have become popular in pediatric population
for the reconstruction of right ventricular outflow tract (Chang
et al., 2021). Although ePTFE offers great advantages for
cardiovascular uses, improvements are still needed. The biggest
limitation in ePTFE implantation is the high incidence of
stenosis, especially for grafts with small diameters (≤6 mm)
(Sasikumar et al., 2017; Yamamoto et al., 2019; Shibutani
et al., 2020).

In recent years, there have been many efforts to reduce the
occurrence of stenosis following ePTFE implantation, with most
of the research focused on improving anti-thrombosis using a
variety of techniques (Hedayati et al., 2019; Jeong et al., 2020).
However, little attention has been paid to another important
cause of stenosis: foreign body reaction (FBR), a type of chronic
inflammatory response that occurs locally in tissues in contact
with foreign materials (Anderson et al., 2008).

Heparin was a common anticoagulant which can exert activity
both in vivo and in vitro, and it was proved that heparin combined
with collagen to modify materials can promote the anticoagulant
properties and cell proliferation (Lu et al., 2013; Ferreira et al.,
2016). Arg-Glu-Asp-Val (REDV) peptides can specific recognize
α4β1 integrin receptor expressed on the membrane of endothelial
cells (ECs), and it was verified that modification materials of
REDV peptides can improve the ECs attachment on materials
(Butruk-Raszeja et al., 2016). Our previous study first combined
heparin, collagen and REDV peptides to modify ePTFE, and the
results showed that this modification method inhibited platelet
aggregation and promoted endothelial cells adhesion in vitro
(Shan et al., 2018). So, we hypothesized that this modification
method can also improve the anti-thrombotic and in situ
endothelization abilities in vivo and reduce the stenosis after
ePTFE implantation. In this study, we aimed to evaluate the safety
of ePTFE modified with heparin/collagen-REDV, and to further
examine its anti-thrombotic and in situ endothelization abilities
in a rabbit model. We also investigated the degree and
mechanism of FBR in local tissue implanted with this
modification of ePTFE using pathologic and molecular analyses.

2 MATERIALS AND METHODS

2.1 Expanded Polytetrafluoroethylene
Modification
The modification of ePTFE (W.L. Gore & Associates, Newark,
DE, United States) with heparin, collagen and REDV peptides
was carried out according to our previously published method

(Shan et al., 2018). Briefly, five bilayers of heparin (4 mg/L,
Aladdin Chemistry Co., Ltd., Shanghai, China) and collagen
which extracted from rat tail (each at 4 mg/L, Aladdin
Chemistry Co., Ltd., Shanghai, China) were fabricated onto
ePTFE membranes using a layer-by-layer technique. Successful
assembly was verified by Fourier-transform infrared (FTIR)
spectroscopy on a Nicolet 6,700 (Thermo Electron Corp,
Waltham, MA, United States). GREDVY (Gly-Arg-Glu-Asp-
Val-Tyr) peptides which containing REDV (Shanghai Science
Peptide Biological Technology Co., Ltd., Shanghai, China) and
labeled with fluorescein isothiocyanate were then added using a
chemical grafting technique; successful grafting was confirmed by
observing the fluorescence density via confocal laser scanning
microscopy (Leica, Wetzlar, Germany).

2.2 In vitro Study
2.2.1 Water Contact Angle Test
The water contact angle (WCA) of normal (unmodified) ePTFE
(N-ePTFE, n = 3) and modified ePTFE (M-ePTFE, n = 3) was
measured at room temperature using a SZ10-JC2000A contact
angle goniometer (Beijing Zhongxianda Technology Co., Ltd.,
Beijing, China). Averaged WCA values were calculated after
dropping a 3-µL volume of deionized water onto the surface
of each material, tested at three different places.

2.2.2 Tensile Properties
N-ePTFE (n = 3) and M-ePTFE (n = 3) membranes were cut into
uniform strips with a 1.5-cm × 0.4-cm cutter. Tensile tests were
carried out by an Instron 5,966 (Instron, Norwood, MA,
United States) equipped with a 100-N load cell at 37°C. Samples
were stretched at a constant extension speed of 10mm/min, and
tensile force was applied until the materials failed. Concurrently, a
stress–strain curve was recorded, and the Young’s modulus and
percent elongation at break were calculated.

2.2.3 Specificity of Endothelial Cells Adsorption
The vascular endothelial cells and vascular smooth muscle cells
(SMCs) were obtained from pulmonary artery of rats (Shanghai
Upenol Biological Technology Co., Ltd., Shanghai, China), and
cultured in high-glucose Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum at 37°C in a humidified 5%
CO2 incubator. ECs and SMCs were labeled with the fluorescent dyes
CellTracker Red (CM-Dil) and CellTracker Green (5-
chloromethylfluorescein diacetate), respectively (Invitrogen,
Carlsbad, CA, United States). M-ePTFE (n = 3) and N-ePTFE
(n = 3) membranes were fixed with circular glass molds to the
bottom of Nunc glass-bottom cell culture dishes (Invitrogen); blank
wells are normal cell culture dishes without ePTFE coating were set as
the Control group (n = 3). A mixture of ECs and SMCs in equal
proportions were then seeded at a final density of 2 × 105 cells/well.
After co-culturing for 8 h, materials adhered to the bottom of the
dishes were removed, the materials were washed three times with
phosphate-buffered saline and transferred to new dishes, followed by
the addition of fresh culturemedium for another 24 h of co-culturing.
The cell numbers and types on each material were observed at 8 and
24 h via confocal laser scanning microscopy with ×20 objective lens
(Leica, Wetzlar, Germany).
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2.3 In vivo Study
2.3.1 Animal Model
We implanted M-ePTFE (n = 12) and N-ePTFE (n = 12)
membranes into the right ventricular outflow tract of 3-
month-old New Zealand rabbits (Shanghai Jiagan Inc.,
Shanghai, China). Prior to the operation, the experimental
rabbits were food-fasted for 6 h, anesthetized intramuscularly
with 15 mg/kg Zoletil®50 (Virbac S.A, France), and oxygenized
with a mask. After being placed on the operating table, skin was
shaved and disinfected, and a median sternal incision was made
to expose the heart, and the pericardial membrane was cut to
locate the right ventricular outflow tract. A purse-string suture
was preset, and a 1-cm × 0.4-cm ePTFE membrane was inserted
into the right ventricle from the middle of the purse-string,
ensuring that the ePTFE membrane was exposed to blood and
in contact with myocardium. Figure 1 showed the general
surgical procedure: After fixing the ePTFE membrane in place,
the sternum was closed. No anticoagulants or antiplatelet agents
were used after the operation, but antibiotics were used for 3 days.
Control group rabbits (n = 12) did not receive the operation. Body
weight was measured every 2 weeks, and typical blood indexess,
including inflammatory response, coagulation function, renal and
liver function, and creatine kinase levels were continuously
monitored at 1st, 3rd, 7th, 14th, 30th and 90th days post-
operation. At 14th and 90th days postoperatively, 6 rabbits
from each group were anesthetized by injecting air through an
auricular vein to remove the ePTFE membranes and to collect
myocardial tissue with a diameter of 0.5 cm around the implanted
material. The myocardial tissue from every rabbit was divided
into two parts. The first part which fixed by paraformaldehyde
was used to pathologic analysis, and the second part was cut up
into little pieces and stored in RNAlater (Invitrogen) at -20°C for
RNA analysis. The experimental protocol was approved by the
Animal Care and Ethical Committee of Children’s Hospital of
Fudan University, and animal experiments were performed
according to their guidelines.

2.3.2 Thrombosis and Endothelialization Assessment
After removing the implanted materials from the heart and
washing them with 0.9% NaCl solution, the ePTFE membrane
was divided into two equal parts along the long axis; one part was
fixed with 2.5% glutaraldehyde solution for observation under
scanning electron microscopy (SEM, Hitachi, Tokyo, Japan), and
the other was fixed with 4% paraformaldehyde solution for
immunofluorescence with CD34 antibody (Cell Signaling

Technology, Danvers, MA, United States). to detect ECs on
the ePTFE.

2.3.3 Blood Analyses
Whole blood was collected from the rabbits preoperatively, and at
first, 3rd, 7th, 14th, 30th and 90th days postoperatively, for
routine examinations using a BC-2800 vet automated
hematology analyzer (Shenzhen Ledu Life Science and
Technology Co., Ltd., Shenzhen, China). After isolating the
serum, interleukin (IL)-1β was detected with an enzyme-linked
immunosorbent assay kit (Invitrogen) under a BioTek ELx800
automatic microplate reader (Winooski, VT, United States). Kits
were used to measure the levels of alanine aminotransferase
(ALT), total bilirubin (TBIL), creatinine (Cr), and creatine
kinase (CK) were measured by the corresponding kits for each
using a Chemray 240 automatic biochemical analyzer (Shenzhen
Reidu Life Science and Technology). To evaluate body-wide
coagulation function, kits (Shenzhen Reidu Life Science and
Technology) and a RAC-030 automatic blood coagulation
analyzer (Shenzhen Reidu Life Science and Technology) were
used to measure prothrombin time (PT), thrombin time (TT),
activated partial thromboplastin time (APTT), and fibrinogen
(Fib) in plasma isolated from whole blood.

2.3.4 Pathologic Analysis
The myocardial tissue which fixed with paraformaldehyde were
embedded with paraffin and cut into 4 μm-thick myocardial
tissue. Then dewaxed it in xylene, rehydrated through
decreasing concentration of ethanol. Masson trichrome
staining (Wuhan Google Seville Co., Ltd., Wuhan, China) was
used tomake the fibrosis tissue in blue. A distant view photograph
of a stained myocardium section can be obtained by
PANNORAMIC scanner. Then ImageJ software (Rawak
Software Inc., Stuttgart, Germany) was used to calculate the
area of fibrosis by identifying blue color. The degree of
inflammation was evaluated by the infiltration of M1 and M2
type macrophages in the myocardium by technique: After
dewaxing and antigen recovery of myocardium tissue sections,
CD86 and CD206 (Proteintech, Rosemont, IL, United States)
antibodies which label M1 andM2 type macrophages respectively
were incubated with sections. Then the tissue sections were
incubated with secondary antibodies which labeled with purple
(Alexa Fluor 647) or green (Alexa Fluor 488) fluorescence and
can combined with CD86 (purple) or CD206 (green) antibodies.
After that, observe the tissue section under laser scanning
confocal microscope with ×20 objective lens and capture 3
pictures of each section at random. The M1 and M2
macrophage infiltration was quantized by calculated area of
fluorescence color by ImageJ software.

2.3.5 Transcriptome Analysis
Total RNA was extracted from myocardium surrounding the
implants using a mirVana miRNA Isolation Kit (Ambion-1561;
Thermo Fisher Scientific, Waltham, MA, United States) following
the manufacturer’s protocol. RNA integrity was evaluated using
an Agilent 2,100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, United States). Samples with an RNA Integrity Number

FIGURE 1 | Surgical diagram of expanded polytetrafluoroethylene
(ePTFE) implantation site.
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(RIN) ≥ 7 were subjected to the subsequent analyses. Libraries
were constructed using a TruSeq Stranded mRNA LTSample
Prep Kit (Illumina, San Diego, CA, United States) according to
the manufacturer’s instructions. Transcriptome sequencing and
analysis were conducted by OE Biotech Co., Ltd., (Shanghai,
China). Differentially expressed mRNAs (DEmRNAs) were
identified by a DESeq R package using functions to estimate
size factors and run the NbinomTest (Anders and Huber). p
values <0.05 and fold changes >2 or <0.5 were set as the threshold
for significantly differential expression. The distribution of
common and specific DEmRNAs in different comparison
groups was illustrated by Venna analyses. To analyze the
function of DEmRNAs, Gene Ontology (GO) enrichment and
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
was conducted using R studio based on the hypergeometric
distribution. Each GO term can be classified according to
three function domains: cellular compartment (CC), biological
process (BP), and molecular function (MF); the top 30 GO terms
with the smallest p values, or all terms if fewer than 30 met the
statistical criteria, were selected for graphical display. KEGG
enrichment was used to find the signal pathways which
contain DEmRNAs.

2.4 Statistical Analysis
Continuous variables are presented as the mean ± standard
deviation. The Kolmogorov-Smirnov test was used to confirm
the normality of variables of each group. One-way analysis of
variance was used to identify the differences between multiple
groups, and the t test was used to identify the differences between
two groups. p values <0.05 were considered to be statistically
significant.

3 RESULTS

3.1 Modification Expanded
Polytetrafluoroethylene With Heparin/
Collagen-Arg-Glu-Asp-Val
The detection of the specific spectra of heparin
(2,300–2,400 cm−2) and collagen (1,500–1700 cm−2) by FTIR

spectrometry of M-ePTFE membranes indicated the successful
assembly of the two substances (Figure 2A). Compact, uniform
green fluorescence under confocal laser scanning microscopy
confirmed the successful grafting of REDV peptides (Figure 2B).

3.2 In vitro Performance Evaluations
3.2.1 WCA and Hydrophilicity
As shown in Figure 3A, the average WCA of unmodified ePTFE
(N-ePTFE) was 132 ± 4°, which indicated that N-ePTFE was a
hydrophobic material. Upon modification with heparin/collagen-
REDV, the average WCA decreased to 42 ± 4° (p = 0.00),
demonstrating that the modification improved the
hydrophilicity of ePTFE.

3.2.2 Tensile Properties
As shown in Figure 3B, the heparin/collagen-REDV
modification significantly decreased the Young’s modulus from
28.04 ± 0.73 MPa for N-ePTFE to 22.73 ± 0.80 MPa for M-ePTFE
(p = 0.01), and the percent elongation increased from 217.78 ±
15.61% for N-ePTFE to 248.42 ± 10.14% for M-ePTFE (p =
0.044). These results indicated that the modification of ePTFE
with heparin/collagen-REDV improved the flexibility of ePTFE
without reducing its strength.

3.2.3 Specificity of EC Adsorption
The distribution and the number of ECs and SMCs in different
group after cultured 8 and 24 h was shown in Figure 4. Although
there was no significant differences in the numbers of ECs and
SMCs in the N-ePTFE (4.13 ± 2.00 vs. 3.26 ± 1.75, p = 0.217) and
control group (26.67 ± 2.92 vs. 27.07 ± 3.79, p = 0.748) after 8 h
co-culture, there were more ECs than SMCs in the M-ePTFE
group at 8 h (21.27 ± 3.61 vs. 4.60 ± 1.64, p = 0.000), and the
number of ECs on M-ePTFE group was larger than on N-ePTFE
group (p = 0.000), which indicated that the modification
improved ECs attachment specifically (Figure 4B). After 24 h
of co-culture M-ePTFE with EC-SMC mixture, the number of
ECs increased significantly (92.87 ± 7.25 vs. 21.27 ± 3.61, p =
0.000) and was the highest among the three groups (p = 0.00), the
number of SMCs on M-ePTFE group at 24 h wasn’t increased
when compared 8 h (4.13 ± 2.36 vs. 4.60 ± 1.64, p = 0.534), and
the number of ECs was significantly larger than SMCs (p = 0.00).

FIGURE 2 |Confirmation of the assembly of heparin, collagen and REDV, Arg-Glu-Asp-Val; peptides on ePTFE, expanded polytetrafluoroethylenemembranes. (A)
Fourier-transform infrared (FTIR) spectroscopy of unmodified ePTFE and ePTFE modified with 5 bilayers of heparin and collagen (HEP/COL)5 (B) Confocal laser
scanning microscopy illustrating the distribution of REDV peptides on modified ePTFE membranes (areas of green fluorescence circled in red color); scale bar = 75 µm.
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On Control group, both the number of ECs (26.67 ± 2.92 vs.
54.73 ± 5.08, p = 0.00) and SMCs (26.07 ± 3.79 vs. 63.13 ± 4.42,
p = 0.00) increased significantly, but the number of ECs was less
than SMCs (p = 0.00). However, both the number of ECs (4.13 ±
2.00 vs. 2.00 ± 1.89, p = 0.006) and SMCs (3.27 ± 1.75 vs. 1.80 ±
1.37, p = 0.016) decreased significantly on N-ePTFE group after
24 h co-culture. All those results indicated that the modification
promoted the cytocompatibility of ePTFE and the proliferation
of ECs.

3.3 In vivo Performance Evaluations
3.3.1General Information on the Study Animals
In the N-ePTFE group, 17 rabbits received the operation, 3 died
from surgical injuries and 2 died from diarrhea. In the M-ePTFE
group, 16 rabbits received the operation, 1 died from surgical
injuries and 3 died from diarrhea. In the control group, 14 rabbits
received anesthesia but not the operation, and 2 rabbits died from
diarrhea. All deaths happened within 1 week of the operation, and
there was no significant difference in mortality rate between the
N-ePTFE and M-ePTFE groups. Ultimately, 12 rabbits were

included in each group; those that died were not included in
the statistical analysis. The average body weights (kg) on the day
of operation and 90th day later were 2.74 ± 0.12 and 3.85 ± 0.17,
respectively, in the N-ePTFE group, 2.77 ± 0.95 and 4.04 ± 0.08 in
the M-ePTFE group, and 2.79 ± 0.12 and 4.00 ± 0.15 in the
Control group. There were no significant differences in weight at
any point in time between the groups (Postoperative: p = 0.547,
Day 90: p = 0.083).

3.3.2 Morphologic Change and Thrombosis After
Implantation
At postoperative day 14, the N-ePTFE and M-ePTFE membranes
that were removed from the right ventricular outflow tract were
similar in appearance, with no visible changes compared with
their appearance at pre-implantation (Supplementary Figure
S1). Under SEM, however, there were marked differences
between N-ePTFE and M-ePTFE (Figure 5A,B). There were
multiple thrombi on the surface and micropores of N-ePTFE,
but none on the M-ePTFE. At 90 d post-implantation,
M-ePTFE membranes removed from the right ventricular

FIGURE 3 |Differences in (A)water contact angle (WCA) and (B) tensile properties between unmodified N-ePTFE/M-ePTFE, expanded polytetrafluoroethylene and
modified ePTFE (M-ePTFE).

FIGURE 4 | Type and number of EC, endothelial cells; and SMC, smooth muscle cells; co-cultured on unmodified N-ePTFE/M-ePTFE, expanded
polytetrafluoroethylene , modified (M-ePTFE) or control plates (A) Distribution of EC (labeled with red dye) and SMC (labeled with green dye) in each group (scale
bar = 50 μm) (B) Numbers of EC and SMC after co-culturing for 8 and 24 h *p < 0.05.
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outflow tract had become transparent, while N-ePTFE
membranes were still white in color Supplementary Figure
S1). Additionally, SEM showed that the surface of N-ePTFE was
covered with a rough substance (Figure 5C) that was verified as
thrombi under the higher power lens (Figure 5E). By contrast,
the surface of M-ePTFE was covered with a smooth, thin film-
like substance (Figure 5D) that appeared to be extracellular
matrix when observed under the higher power lens (Figure 5F).
There were no thrombi on the surface or micropores of
M-ePTFE at 90 d post-implantation, indicating that it had
good anticoagulation ability.

3.3.3 Endothelialization in vivo
To evaluate the level of endothelialization of ePTFE membranes
implanted in the rabbit body, we used immunofluorescence of

CD34 antibodies as a marker for the presence of ECs. As shown at
Figure 6, ECs were found onM-ePTFE both at 14d and 90 d post-
implantation, and the degree of endothelization increased over
time. In contrast, there was no CD34-positive cells onN-ePTFE at
either time period after implantation. These results indicated that
the modification of ePTFE with heparin/collagen-REDV
promoted the level of endothelialization in situ. This
endothelial barrier may potentially protect implanted
M-ePTFE materials from failure.

3.3.4 Systemic Inflammation Evaluation
Three blood biomarkers were used to evaluate the level of body-
wide inflammation: white blood cell (WBC) count, and
concentrations of serum IL-1β and plasma fibrinogen. As
shown in (Figures 7A–C), both the N-ePTFE and M-ePTFE
implantation could lead to a significant increase of those
inflammatory biomarkers when compared to control group,
and the time of peak values and the time which the
biomarkers recovered to preoperative level was same between
N-ePTFE and M-ePTFE group, which indicated that the heparin/
collagen-REDV modification did not aggravate the inflammation
caused by implantation of ePTFE materials. Another finding is
that the time of IL-1β returned to its preoperative level was at
day 30, which was longer than the time of WBC (day 14) and
fibrinogen recovered to its preoperative level.

3.3.5 Systemic Coagulation Evaluation
Because the modification of ePTFE included the application of
heparin, an anticoagulant, we calculated the body-wide
coagulation function in each group. Although there were slight
fluctuations in the three coagulation indexes (APTT, PT and TT)
over time (Figures 7D–F), the there was no significant difference
in the values of all those three indexes at any time point when
compared to preoperative level. Those results showed that the
heparin/collagen-REDVmodification did not influence the body-
wide coagulation function.

3.3.6 Whole Body Safety Evaluation
To evaluate the safety of the heparin/collagen-REDV
modification of ePTFE in rabbits, several blood indexes were

FIGURE 5 | Scanning electron microscopy showing themorphology of unmodified N-ePTFE/M-ePTFE, expanded polytetrafluoroethylene andmodified (M-ePTFE)
at 14 d and 90 d post-implantation in rabbits. Scale bar of (A)–(D) = 50 μm (2000×); Scale bar of (E,F) = 2 μm (20000×).

FIGURE 6 | Immunofluorescence of CD34 (green) as a marker for
endothelial cells on unmodified N-ePTFE/M-ePTFE, expanded
polytetrafluoroethylene and modified (M-ePTFE) at 14 d and 90 d
post-implantation in rabbits. Scale bar = 75 μm.
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continuously monitored to reflect the blood system (WBC, RBC,
PLT) and hepatorenal function (ALT, TBIL, Cr). As shown at
Table1, there was a decrease in the red blood cell (RBC) level in
the N-ePTFE and M-ePTFE groups when compared to control
group after implantation, which could be attributed to bleeding
during the operation, but there was no significant difference
between those two groups and it had returned to normal at 30 d
postoperatively. Furthermore, there was no significant increase or
decrease for other five blood indexes during the 90 d monitor in

all three groups, and there were no significant differences between
the three groups at every time point. All those results indicated
that modification ePTFE with heparin/collagen-Arg-Glu-Asp-
Val was safety.

3.3.7 Myocardial Injury Evaluation
3.3.7.1 CK Assessment
CK is a typical marker used to assess the degree of myocardial
injury. As shown in Figure 8A, there was no significant difference

FIGURE 7 | Changes in indexes for inflammation (A–C) and coagulation (C–F) in the three groups at each time point(perioperative, 1 d,3 d,7 d,14 d,30 d, 90 d
after operation). WBC, white blood cells; IL-1β, interleukin-1β; FIB, fibrinogen; PT, prothrombin time; TT, thrombin time; APTT, activated partial thromboplastin time;
N-ePTFE/M-ePTFE, unmodified/modified expanded polytetrafluoroethylene; Control: No implantation.

TABLE 1 | Blood indexess in the three study groups.

Index Time N-ePTFE M-ePTFE Control p Value

RBC ( × 10̂12/L) preoperative 5.05 ± 0.55 5.23 ± 0.71 5.68 ± 1.71 0.380
14 d 4.28 ± 0.63 4.28 ± 0.73 5.28 ± 0.88 0.003
90 d 5.23 ± 0.24 5.10 ± 0.55 4.82 ± 0.81 0.467

WBC ( × 10̂9/L) preoperative 8.30 ± 1.89 6.76 ± 2.10 8.43 ± 1.72 0.072
14 d 10.60 ± 1.47 9.46 ± 1.19 9.60 ± 2.20 0.206
90 d 9.27 ± 1.50 8.37 ± 1.06 9.40 ± 1.58 0.403

PLT ( × 10̂9/L) preoperative 372.50 ± 200.69 293.92 ± 166.73 363.42 ± 155.80 0.494
14 d 335.83 ± 185.57 255.48 ± 148.57 363.42 ± 152.23 0.257
90 d 388.67 ± 188.67 329.50 ± 164.15 333.17 ± 128.46 0.788

ALT (U/L) preoperative 47.74 ± 13.98 56.83 ± 18.35 52.00 ± 7.71 0.297
14 d 58.80 ± 9.89 59.45 ± 13.76 54.64 ± 8.58 0.514
90 d 51.44 ± 12.43 50.07 ± 14.04 57.10 ± 11.30 0.604

TBIL (μmol/L) preoperative 11.80 ± 3.28 10.20 ± 3.31 10.09 ± 3.07 0.359
14 d 11.86 ± 3.09 10.68 ± 3.24 10.40 ± 3.32 0.508
90 d 11.24 ± 3.06 9.72 ± 3.11 9.47 ± 4.48 0.663

CR (μmol/L) preoperative 57.04 ± 9.08 57.09 ± 8.15 55.23 ± 9.10 0.840
14 d 60.82 ± 10.83 62.47 ± 7.99 55.88 ± 8.59 0.205
90 d 52.04 ± 3.17 54.97 ± 7.54 54.23 ± 5.81 0.669

N-ePTFE/M-ePTFE, unmodified/modified expanded polytetrafluoroethylene; RBC, red blood cells; WBC, white blood cells; PLT, platelets; ALT, alanine aminotransferase; TBIL, total
bilirubin; CR, creatinine.
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in CK before operation between three groups, but this index in
N-ePTFE or M-ePTFE groups was higher than in Control groups
postoperatively. However, there was no significant difference in
CK between the N-ePTFE and M-ePTFE groups at any time
point, and the time of CK reached a peak level or down to the
perioperative level was same between two ePTFE groups, which
indicated that the heparin/collagen-REDV modification did not
further aggravate the myocardial injury caused by the operation
itself.

3.3.7.2 Degree of Myocardial Fibrosis
As shown at Figure 8B,C although fibrosis of myocardial tissue in
contact with theM-ePTFE andN-ePTFEmembranes did not become
obvious when compared to control group at 14 d post-implantation
(2.9 ± 0.3 vs. 3.2 ± 0.5 vs. 3.0 ± 0.4, p = 0.574)), both the degree of
fibrosis in N-ePTFE or M-ePTFE group was higher than control
group at 90 d (12.0 ± 2.9 vs. 12.2 ± 3.4 vs. 3.1 ± 0.5, p= 0.00).However,
there was no significant difference between N-ePTFE and M-ePTFE
group both at 14d and 90 d postoperatively. These results indicated
that, although the long-term implantation of ePTFE materials in the
myocardium did cause myocardial fibrosis, the heparin/collagen-
REDV modification did not appear to affect the degree of fibrosis.

3.3.7.3 Inflammation of the Myocardium
Macrophages are an important cell type involved in the
inflammatory response. On the 14 d postoperatively
(Figure 9A), there was increased infiltration of both M1 and
M2 type macrophages in the myocardium in the N-ePTFE and
M-ePTFE groups compared with that in the Control group, with
more severe infiltration of M1. At 90 d after operation
(Figure 9B), although there was no significant difference in
the degree of M1 infiltration between the N-ePTFE and
M-ePTFE groups (4.0 ± 1.4 vs. 3.3 ± 0.8, p = 0.085), there was
a difference in M2 infiltration (2.2 ± 0.3 vs. 1.9 ± 0.5, p = 0.035).
M1 and M2 infiltration was still apparent at 90 d after operation,
but the degree of M1 infiltration in both the M-ePTFE and
N-ePTFE groups was decreased compared with that at 14d,
while the degree of M2 infiltration was increased in both
groups (Figure 9B). The degree of M2 infiltration in the
N-ePTFE group remained greater than that in the M-ePTFE
group at 90 d postoperatively (5.2 ± 0.6 vs. 4.5 ± 0.7, p = 0.004).

3.3.7.4 Altered mRNA Expression in the Myocardium
The mRNA sequencing data from myocardial tissues taken at
14 d post-implantation (Figure 10A,C) in the three groups

FIGURE 8 | Myocardial injury evaluations (A) Creatine kinase (CK) concentrations in whole blood in the three groups at each time point (B) Masson staining of
normal myocardial tissue (Control) or myocardial tissues in contact with the expanded polytetrafluoroethylene (N-ePTFE) or modified ePTFE (M-ePTFE) membranes at
14 d and 90 d post-implantation (fibrotic tissue stained in blue) (C) Quantification of the degree of fibrosis in the three groups at 14 d and 90 d post-implantation (n = 6;
*p < 0.05).

FIGURE 9 | Macrophage infiltration in the myocardium (A) Immunofluorescence showing distribution of M1 and M2 type macrophages in the myocardium in the
three groups: purple, CD86- labeled M1; green, CD206-labeled M2; blue, nuclei (B)Quantification of the degrees of M1 and M2 infiltration at postoperative days 14 and
90 (n = 6; *p < 0.05). N-ePTFE/M-ePTFE, unmodified/modified expanded polytetrafluoroethylene; Control: No implantation.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org August 2022 | Volume 10 | Article 9169318

Shan et al. Modification of ePTFE to Improve Biocompatibility

160

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


revealed the following: the largest difference in the number of
DEmRNAs was in the M-ePTFE vs. Control (MC) comparison
group (2,928), followed by the N-ePTFE vs. Control (NC)
comparison group (2,262); and the number of DEmRNAs in
the M-ePTFE vs. N-ePTFE comparison group (MN) was smallest
(90). Furthermore, the number of common DEmRNAs between
different comparison groups was highest in MC and NC
comparison groups. These data indicated a large degree of
commonality in gene expression in tissue surrounding the
M-ePTFE and N-ePTFE implants at 14 d post-implantation.
At 90 d postoperatively, the gene expression patterns had
changed dramatically (Figure 10B,D): the largest difference in
the number of DEmRNAs was not between M-ePTFE vs. Control
186) comparison group but between the N-ePTFE and Control
groups (717), which indicated that heparin/collagen-REDV
modification can shorten the difference in gene expression
between normal myocardium and ePTFE contacted
myocardium. In addition, the comparison groups with highest
common DEmRNAs were NC and MN comparison groups,
which indicated that there was little similarity in gene

expression patterns between the NC and MC comparison
groups at 90 d when compared to 14 d. Therefore, although
the heparin/collagen-REDV modification did not reduce the
molecular changes in myocardium caused by ePTFE
implantation in rabbits in the short term, it may be expected
to reduce such changes over the long term.

Next, we analyzed the function of DEmRNAs in the MN
comparison group to predict the molecular mechanisms involved
inmyocardial changes in response toM-ePTFE implantation. At 14 d
post-implantation, GO enrichment analysis showed that DEmRNAs
that were downregulated (Figure 11A) and upregulated (Figure 11B)
were enriched in 13 and 19 GO terms, respectively, between the
M-ePTFE and N-ePTFE groups. The enriched GO terms indicated
that the ePTFE modification downregulated immune or
inflammatory response-related genes and upregulated genes
related to cell adhesion and the extracellular matrix (Figure 11A).
At 90 d post-implantation, although the number of enriched GO
terms 66) for the downregulated DEmRNAs had increased in the
MN comparison groups when compared to 14d, the GO categories
were still related to immune and inflammatory responses

FIGURE 10 | Ranking of differentially expressed mRNA (DEmRNA) in the three groups. Total numbers of DEmRNAs (A,B) and numbers of common DEmRNAs
(C,D) in different group comparisons: NC, unmodified expanded polytetrafluoroethylene (N-ePTFE) vs Control comparison group; MC, modified (M-ePTFE) vs Control
comparison group; MN: M-ePTFE vs N-ePTFE comparison group.
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(Figure 11C). Otherwise, there were no significant changes in the
total number 21) and categories of enriched GO terms among the
upregulated DEmRNAs (Figure 11D). The KEGG enrichment
analysis showed that there was 1 pathway related to inflammatory
response with significant different between M-ePTFE and N-ePTFE
comparison group at 14 d after operation, and this pathway
(Cytokine-cytokine receptor interaction) contains up-regulated
DEmRNAs and down-regulated DEmRNAs. At 90 d after
operation, there was 3 pathways (PI3K-Akt signaling pathway,
Human papillomavirus infection, Human cytomegalovirus
infection) related to inflammatory response with significant
different between M-ePTFE and N-ePTFE comparison group, and
all those 3 pathways just containing down-regulated DEmRNAs.
Overall, the result of the GO and KEGG enrichment analysis
indicated that modification of ePTFE with heparin/collagen-REDV
may reduce the expression of genes related to immune or
inflammatory responses in local tissue caused by ePTFE
implantation, especially over the long term.

4 DISCUSSION

Although the hydrophobicity of ePTFE has been shown to reduce
the adsorption of plasma proteins compared with other

biomedical materials (Lu et al., 2013; Gao et al., 2017), the
coagulation response is nevertheless induced by ePTFE
implantation in the cardiovascular system (Gao et al., 2017),
necessitating long-term whole-body anticoagulant therapy to
prevent clinical complications (Sasikumar et al., 2017; Zhang
et al., 2018). The coagulation cascade occurs immediately in
response to the implantation of foreign material in the body,
with the degree of response mostly dependent on the surface
features of the material (Hedayati et al., 2019). Therefore,
improving the surface properties of such materials is one key
to increasing their anticoagulant abilities. Surface modification
can be used not only to change physical properties, but also to
provide regional anticoagulant therapy via coating surface
materials with anticoagulant drugs (Hoshi et al., 2013).
Indeed, ePTFE modified with heparin has been proven
efficacious for clinical use (Samson et al., 2016; Shibutani et al.,
2020). The collagen combinedwith heparin was designed to further
stabilize the modification system, improving its anticoagulation
ability, cytocompatibility andmechanical properties (Driessen et al.,
2003; Ferreira et al., 2016). Surface modification can also be used to
achieve endothelialization in situ, providing a physical barrier in
addition to regulating coagulation, platelet function, and
fibrinolysis (Post et al., 2019b). Although there are multiple
substances used to attract ECs to implant devices, few have

FIGURE 11 | Bubble diagrams of top gene ontology (GO) terms in the modified expanded polytetrafluoroethylene (M-ePTFE) vs unmodified ePFTE (N-ePTFE)
comparison group at 14 days (A) downregulated; (C) upregulated) and 90 days (B) downregulated, (D) upregulated) post-implantation. The bubble shapes indicate
different categories of GO terms, while the color and diameter indicate p values and numbers of differentially expressed mRNAs, respectively.
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been proven to be effective in vivo (Pang et al., 2015). There are
two main reasons for this: loss of activity and attraction of cell
types other than ECs, such as platelets (Zhao and Feng, 2020).
Recently, the REDV peptide, which attracts ECs via recognition
of the α4β1 integrin receptor expressed on the ECmembrane, was
reported as having high specificity, stability and efficiency for
endothelialization (Chen et al., 2018; Mahara et al., 2020; Liu X.
et al., 2021; Liu Y. et al., 2021). Therefore, we designed a
modification of ePTFE that combines heparin/collagen
multilayers and REDV peptides to simultaneously reduce
thrombosis formation and achieve in situ endothelialization.
Our previous research showed that heparin/collagen-REDV
coating on ePTFE demonstrated good anti-platelet activity and
endothelial cell compatibility in vitro (Shan et al., 2018). This
study further confirmed the good anti-thrombosis and in situ
endothelialization ability of modified ePTFE in a rabbit model.
The monitor of blood coagulation indexes showed that this
modification method had no influence to endogenous and
exogenous coagulation systems of the animal, which indicated
that modification of ePTFE with heparin/collagen-REDV can
avoid the long-term anticoagulants medication and the
complications caused by anticoagulants.

After the implantation of materials, the inflammation storm
happened due to stress response, surgical tissue trauma,
anesthesia and infection, which can cause the increased level
of white blood cells (WBC) activate and inflammation-related
protein in blood (Kohl and Deutschman, 2006). This acute
inflammatory response often recovered in 1 week if the
pathogen related infection didn’t exist (Kohl and Deutschman,
2006), so the acute inflammatory biomarkers in our study (WBC
and fibrinogen) decreased to perioperative level in 1 week in the
N-ePTFE and M-ePTFE group. The IL-1β is secreted by many
cells and can increase both in the acute and chronic inflammatory
response, so the time of IL-1β recovered to perioperative level was
longer than WBC and fibrinogen (Lopez-Castejon and Brough,
2011). As there was no significant difference in the level of
inflammatory biomarkers between N-ePTFE and M-ePTFE
group, the inflammatory response occurred after M-ePTFE
implantation maybe not caused by modification of ePTFE.
The inflammatory cascade or immune response in local tissue
triggered by implantation of materials reportedly cannot be
avoided (Zhou and Groth, 2018; Vasconcelos et al., 2019;
Lasola et al., 2020). This immune or inflammatory response is
known as a FBR(Anderson et al., 2008; Munday et al., 2014).
Regardless of the type of foreign material or where it is placed in
the body, the consequence of a FBR is the same: fibrotic
hyperplasia, an important factor in the development of
stenosis in tissues with implants (Klopfleisch and Jung, 2017;
Jeong et al., 2020). This explains why stenosis frequently occurs
following ePTFE implantation, even among patients receiving
anticoagulant therapy (Che Man et al., 2020). Macrophages are
key participants in the FBR caused by biomaterial implantation,
and the macrophage phenotype can change in response to
alterations of the microenvironment (Chu et al., 2020). M1
macrophages, which secrete inflammatory cytokines such as
tumor necrosis factor-α, often appear in the acute
inflammatory response stage, while M2 macrophages, which

secrete anti-inflammatory cytokines such as IL-10, usually
appear in the chronic inflammatory response stage, promoting
tissue regeneration and repair (Yunna et al., 2020). Our research
showed the same results: The number of M1 macrophages was
larger than M2 in the early postoperative period, and the M2
number increased in the late postoperative period. Despite the
comparedM1 infiltration degree in myocardial tissue between the
N-ePTFE group and the M-ePTFE group, the M2 number was
significantly lower in M-ePTFE group. We could not conclude
whether the decline is good or bad, because appropriate M2 level
can promote tissue healing, or tissue regeneration and
remodeling, excessive M2 infiltration can also lead to fibrosis
caused by FBR (Vasconcelos et al., 2015; Boersema et al., 2016;
Araujo-Gomes et al., 2019; Quan et al., 2020). However, the ideal
level of M2, or ratio of M1/M2, for tissues in contact with
biomaterials has not been determined (Lebre et al., 2016;
Taraballi et al., 2018; Vasconcelos et al., 2019; Chu et al.,
2020; Lasola et al., 2020). So, we further detect the influence
in local tissue caused by ePTFE modification at molecular level.
mRNA sequencing combined with bioinformatic analysis not
only offers sensitive detection of alterations in total mRNA
expression in tissues in contact with biomaterials, but can also
predict the meaning of the alterations (Bolger et al., 2014). As
reported previously, ePTFE implantation can increase the
expression of inflammatory and extracellular matrix-related
genes in both blood vessel tissue and cardiac tissue (Willis
et al., 2004; Kwon et al., 2018; Shan et al., 2021). Our mRNA
sequence data showed that the heparin/collagen-REDV
modification reduced the expression levels of immune/
inflammatory response-related genes in M-ePTFE implanted
rabbit cardiac tissue at both 14d and 90 d after implantation,
and the number of down-regulated genes was higher at 90 d after
operation, which indicated that this modification method may
reduce the inflammatory response in local tissue contacted with
ePTFE. ‘Cytokine-cytokine receptor interaction’ pathway
engaged in multiple process including adaptive inflammatory
host defenses, cell growth and tissue repair, so the both the up-
regulated genes and down-regulated genes in M-ePTFE vs.
N-ePTFE comparison group appeared in this pathway. At 90 d
after operation, there was no inflammatory response related
pathway containing up-regulated genes and 3 inflammatory
response related pathways containing down-regulated genes
significant enriched in M-ePTFE vs. N-ePTFE comparison
group. And among the 3 pathways containing down-regulated
genes, PI3K-Akt signaling pathway may play a major role.
Because the downstream of many inflammatory pathways and
the upstream of cell proliferation or extracellular matrix-related
pathways is the PI3K-Akt pathway, and the inhibit of this
pathway was reported that reduce inflammatory response
(Shan et al., 2021), intimal hyperplasia tumor cell proliferation
(Stark et al., 2015; Zhang et al., 2020). Another exciting finding
with our modification was that it reduced the gene expression gap
between normal cardiac tissue and M-ePTFE–implanted cardiac
tissue at 90d, which indicated that this modification method can
shorten tissue repair time. On the basis of mRNA analysis, we
predicted that the M2 infiltration in myocardial tissue in contact
with M-ePTFE was a protective manifestation. Although the
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degree of fibrosis did not differ between tissues in contact with the
N-ePTFE and M-ePTFE in our study, experiments conducted for
a longer time period could verify this prediction. In condition that
biomaterials used as grafts to connect with vessels, the intimal
hyperplasia due to proliferation or migration of vascular smooth
muscle cells (VSMCs) increased incidence of stenosis (Jeong et al.,
2020). The mechanism of proliferation or migration of VSMCs
including disruption of the vascular endothelial cell barrier (Patel
et al., 2010), inflammatory response (Che Man et al., 2020) and
vascular tone alternation (Post et al., 2019a). Although we didn’t
evaluate the effect of heparin/collagen-REDV modification to the
behavior of VSMCs in vivo, the in vitro experiment showed the
lower attraction of M-ePTFE to SMC when compared to EC, and
proliferation ability of SMC on M-ePTFE was lower than the
SMC on normal culture dish. And both the lower macrophage
infiltration and down regulated of PI3K-Akt pathway has been
verified that can inhibit intimal hyperplasia in other study. All
those indicated that our modification method may not aggravate
the intimal hyperplasia. Further implantation of modified ePTFE
grafts in an animal model of vascular transplantation was needed
to verify it.

The monitor of index of blood system, hepatorenal function
and the inflammation showed the good safety of our modification
method, and this medication also improved the elastic modulus
and strength of ePTFE according to our mechanical tensile test,
which makes ePTFE a better candidate to manufacture cardiac
valve (Bernacca et al., 2002).

Considering the low regenerative potential of myocardium (Fu
et al., 2020), the irreplaceable function of the heart (Soliman and
Rossi, 2020), the lack of research on cardiac tissue injury caused
by ePTFE implantation, and duplication of animal models, we
chose to use a heart model instead of a vascular graft model in
rabbits. Further studies on the implantation of M-ePTFE in
small-diameter vessels are needed to evaluate the efficacy of
our novel modification method. This research has also
provided a novel landscape of mRNA expression in
myocardial tissues in contact with ePTFE over time. In future,
these data may be analyzed to determine the mechanisms of
biomaterial failure in the body, and to design new biomaterial
targets and modifications.

5 CONCLUSIONS

We successfully modified ePTFE with heparin, collagen and
REDV peptides and created a rabbit model to evaluate the
dynamics of its performance in vivo. Our research revealed
that the heparin/collagen-REDV modification reduced
thrombosis formation and promoted endothelization on
ePTFE. This novel modification method was not only
biologically safe in rabbits, but it also reduced the infiltration

of M2 macrophages and the expression levels of genes related to
the FBR in myocardial tissues in contact with ePTFE. Taken
together, our data indicate that ePTFE modified with heparin/
collagen-REDV has good potential for clinical use and may be
expected to lower the incidence of complications related to
biomaterial implantation.
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Encapsulated vaterite-calcite
CaCO3 particles loaded with
Mg2+ and Cu2+ ions with
sustained release promoting
osteogenesis and angiogenesis

Lu Fan1,2, Fabian Körte1, Alexander Rudt3, Ole Jung4,
Claus Burkhardt1, Mike Barbeck4* and Xin Xiong1*
1NMI Natural and Medical Sciences Institute at the University of Tübingen, Reutlingen, Germany,
2Experimental Medicine, Faculty of Medicine, University of Tübingen, Tübingen, Germany, 3Faculty of
Applied Chemistry, Reutlingen University, Reutlingen, Germany, 4Medical Center of Rostock
University, Rostock, Germany

Bioactive cations, including calcium, copper and magnesium, have shown the

potential to become the alternative to protein growth factor-based therapeutics

for bone healing. Ion substitutions are less costly, more stable, andmore effective at

low concentrations. Although they have been shown to be effective in providing

bonegraftswithmorebiological functions, theprecise control of ion release kinetics

is still a challenge. Moreover, the synergistic effect of three or more metal ions on

bone regeneration has rarely been studied. In this study, vaterite-calcite CaCO3

particles were loaded with copper (Cu2+) and magnesium (Mg2+). The

polyelectrolyte multilayer (PEM) was deposited on CaCuMg-CO3 particles via

layer-by-layer technique to further improve the stability and biocompatibility of

theparticles and toenable controlled releaseofmultiplemetal ions. ThePEMcoated

microcapsules were successfully combined with collagen at the outmost layer,

providing a further stimulatingmicroenvironment for bone regeneration. The in vitro

release studies showed remarkably stable release of Cu2+ in 2months without initial

burst release. Mg2+ was released in relatively low concentration in the first 7 days.

Cell culture studies showed that CaCuMg-PEM-Col microcapsules stimulated cell

proliferation, extracellularmaturation andmineralizationmore effectively than blank

control and othermicrocapsuleswithout collagen adsorption (Ca-PEM,CaCu-PEM,

CaMg-PEM, CaCuMg-PEM). In addition, the CaCuMg-PEM-Col microcapsules

showed positive effects on osteogenesis and angiogenesis in gene expression

studies. The results indicate that such a functional and controllable delivery

system of multiple bioactive ions might be a safer, simpler and more efficient

alternative of protein growth factor-based therapeutics for bone regeneration. It

also provides an effective method for functionalizing bone grafts for bone tissue

engineering.

KEYWORDS

bioactive cations, vaterite-calcite, polyelectrolyte multilayer, collagen, bone
regeneration
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1 Introduction

Various materials and functionalization strategies have been

developed and extensively investigated in the field of bone

regeneration (Lee et al., 2019; O’Neill et al., 2018).

Nevertheless, effective vascularization, mineralization and

tissue remodeling of regenerating bone tissue remains the

main bottleneck for most graft-induced bone healing (Collins

et al., 2021; Divband et al., 2021). A major research focus has

been the incorporation of protein growth factors into bone

implants to improve the efficacy of treatment. Such as the

bone morphogenetic protein-2 (BMP-2) has been used

clinically to promote bone healing since 2002 due to its

diverse functions and osteogenic potential (Halloran et al.,

2020; Hettiaratchi et al., 2020). Vascular endothelial growth

factor (VEGF) is widely used in bone tissue engineering

research for the improvement of tissue vascularization, either

alone or in combination with BMP-2 (Liu et al., 2020; Fitzpatrick

et al., 2021). However, significant disadvantages are associated

with these protein growth factors-based therapeutics, including

the sever complications caused by the supraphysiological dose

applied, the instability in the fabrication process, and the high

cost (Ruehle et al., 2019; Gelebart et al., 2022). Repeated clinical

applications of BMP-2 have not been approved as safe and

effective by the United States Food and Drug Administration

(FDA) (SSED, 2022). Therefore, the alternatives of protein

growth factor-based therapeutics are in demand.

Many bioactive metal ions have been shown to modulate

osteoblast precursor differentiation via growth factor signaling

pathways, or other processes to promote bone tissue

regeneration (Glenske et al., 2018; O’Neill et al., 2018).

Compared to the applications of protein growth factors, the

advantages of using metal ions to induce bone tissue repair are

manifold, including lower cost, greater simplicity, higher stability,

and better efficacy at low concentrations (Glenske et al., 2018; Hurle

et al., 2021). One of those efficient bioactivemetal ions showed great

importance in bone regeneration is calcium ion (Ca2+). The

incorporation of Ca2+ into bone repair scaffolds has been shown

to promote adhesion, proliferation, and differentiation of

osteoblasts (Xie et al., 2018; Jeong et al., 2019). Copper ions

(Cu2+) show great potential for vascularization, which are critical

component of bone formation and tissue engineering (Lin et al.,

2020; Kargozar et al., 2021). 50–60% of magnesium ions (Mg2+) are

bound in bone and about 40% of Mg2+ are sorted in soft tissue

(Musso, 2009). Many studies have shown increased bone growth

around degradable Mg-alloys (He et al., 2016). Besides, Mg2+

showed positive influences to enhance matrix mineralization,

osteogenic genes and protein expression of human bone marrow

stem cells and osteoblasts (Qiao et al., 2021; Zhao et al., 2021). It

should not be underestimated that bioactive cations are able to

diffuse through the cellular membrane and regulate the activity of a

variety of physiological responses (Mourino et al., 2012; Qiao et al.,

2021). Thus, the metal ions induced concentration-dependent

cytotoxicity and nonspecific adverse effects might be observed in

neurological, cardiological, hematological, and/or endocrine

systems (O’Neill et al., 2018). To reduce or avoid these side

effects, a stable delivery system is required that can sustain ion

release in the bone defect area both temporally and spatially. On

this basis, it is of interest to investigate the synergetic therapy of

multiple metal ions for bone regeneration.

Calcium carbonate in its vaterite form is widely used as a

sacrificial template for efficient drug delivery. CaCO3 vaterite

based delivery platforms have exhibited numerous advantages,

such as the high loading efficiency, beneficial porosity, high

mechanical stability, biodegradability preferential safety

profile, simple preparation and low cost (Vikulina et al., 2021;

Daria et al., 2022; Feng et al., 2022). However, the application as a

platform for the delivery of proteins, and their long term and

controlled release are limited, because the high ionic strength and

pH changes during vaterite formation and sacrifice process

would result in a dramatic loss of protein activity and a burst

release of the encapsulated drug (Feoktistova et al., 2020).

However, they do not impact CaCO3 being an ideal platform

for the delivery of metal ions. Not only as a sacrificial template,

CaCO3 is also one of the cargos, because it contains the important

bioactive cations, Ca2+. It was reported that the CaCO3 particles

could be converted into hydroxyapatite crystals in mild acidic

environment (Wei et al., 2015). It enables the steady and

continuous release of targets as it biodegrades in vivo. The

CaCO3 crystals are particularly suitable for loading with

multiple active pharmaceutical ingredients by a simple co-

precipitation technique. Polyelectrolyte multilayer (PEM)

deposited onto the degradable vaterite CaCO3 crystals via a

layer-by-layer (LbL) process have served as multifunctional

and tailored vehicles for advanced drug delivery (Campbell

et al., 2020). Due to their tunable and inherent properties,

PEMs can further enhance the biodegradability and bioactivity

of CaCO3 crystals, and efficiently inhibit the initial burst release

of cargos caused by the complex microenvironment in vivo.

Collagen is the main organic component in the bone matrix.

It plays a crucial role in the bone formation and remodeling

process (Toosi & Behravan, 2020). It has been widely reported

that the incorporation of collagen can significantly improve the

mechanical properties, osteoinductivity and osteogenicity of

scaffold materials for bone tissue engineering (Zhang et al.,

2018; Yu et al., 2020; Zhong et al., 2022). In many cases, due

to the formability, homogeneity and reproducibility, coating is a

preferable choice to integrate collagen into different bone

matrices and scaffolds as well as inorganic bone substitute

materials. Brito Barrera et al. fabricated an osteogenic

microenvironment relying on PEMs in combination with

multilayers of type I collagen and chondroitin sulfate (Brito

Barrera et al., 2020). The LbL technique is a method to

fabricate coatings by alternate adsorption of polyanions and

polycations, which can neatly combine collagen and PEM

(Martin et al., 2021). In this study, the CaCO3 particles were
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loaded with Cu2+ and Mg2+ via a co-precipitation process. The

co-precipitated particles were further encapsulated with PEMs

and collagen, aiming for an elongated and constant release of

bioactive cations. Simultaneously, the biofunctionalization of

particle surfaces by PEMs and collagen simulated the

extracellular microenvironment, together with released

bioactive ions promoting bone tissue regeneration. (Figure 1)

2 Materials and methods

2.1 Preparation and characterization of
polyelectrolyte multilayers

The polyethyleneimine (PEI, Mw 750 kDa, 50 wt% in water),

poly (sodium 4-styrene-sulfonate) (PSS, Mw 70 kDa) were

purchased from Sigma-Aldrich, Germany. Poly (allylamine

hydrochloride) (PAH, 120–200 kDa) was purchased from Alfa

Aesar, Germany. Sodium chloride (NaCl > 99%) was purchased

from Sigma-Aldrich, Germany. Collagen from porcine skin

(collagen type I content > 90%) was provided by Biotrics

bioimplants AG, Germany. Acidic acid (HAc) was purchased

from Carl Roth, Germany. All materials were used without

further purification. The deionized water (ddH2O) used in all

experiments was prepared in a three stage Milli-Q plus

purification system and had a resistivity higher than

18.2 MΩ cm−1.

The polyelectrolytes (PEs) solutions were prepared as

follows: PEI was dissolved in ddH2O at a concentration of

0.01 monomer mol·L−1, pH ~7.0. PSS and PAH were

respectively dissolved in 0.5 M of NaCl at a concentration of

2 mg ml−1 and adjusted to pH 7.0. Collagen was dissolved in

0.1 M HAc at a concentration of 2 mg ml−1 at 4°C overnight

under continuous agitation at 60 rpm and thereafter the pH was

adjusted to pH 5.0 using NaOH.

The deposition was performedmanually using the layer-by-layer

(LbL) technique as reported previously (Sun et al., 2017). Gold-crystal

sensors (QSX 301 Gold, Biolin scientific, Sweden) were used as a

model surface. To characterize the buildup process and the properties

of the deposited PEMs, quartz-crystal microbalance with dissipation

monitoring (QCM-D) measurement using a Q-Sense E4 instrument

(Biolin scientific, Sweden) was employed. Firstly, the QCM sensors

were treated with Piranha solution (30% (v/v) H2O2, 70% (v/v)

H2SO4) and washed extensively with ddH2O. PEI was always applied

as precursor layer with a positive charge on the substrate followed by

repeated rinsing in ddH2O (three times for 2 min each). After the

deposition of PEI, alternate polyanionic PSS and polycationic PAH

layers were deposited up to the desired amount of layers [PEI(PSS/

PAH)5 or PEI(PSS/PAH)5PSS] at pH 7.0 with 10min incubation for

each layer. Each adsorption step was followed by three consecutive

rinsing steps with ddH2O for 2 min each. Prior to the collagen

deposition, the PEM layers were equilibrated in pH 5.0 ddH2O.

Collagen was deposited as the last layer by incubating the sensors in

collagen solution for another 10 min. The PEM and collagen buildup

FIGURE 1
Schematic illustration of the fabrication process of CaCuMg-PEM-Col microcapsules [CaCuMg-CO3 particles + PEI/(PSS/PAH)5PSS + Col], and
their effects on bone regeneration.
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process was performed at 22°C. Finally, sensors were immersed in

ddH2O overnight at 37°C for the stability measurements. In brief, the

buildup process for the following systems have been monitored on

QCM-D: 1) PEI[PSS/PAH]5 at pH 7.0 switch to pH 5.0 and followed

by addition of collagen at pH 5.0; 2) PEI[PSS/PAH]5PSS at

pH 7.0 switch to pH 5.0 and followed by addition of collagen.

The increase in mass adsorbed on the surface of the quartz

crystal sensor leads to a decrease in the oscillation

frequency.(Marx, 2003) The frequency shift (−Δf) measured

after the deposition of each polyelectrolyte provides direct

evidence of adsorption of polyelectrolytes (Aggarwal et al.,

2013). The mass of adsorbed polyelectrolyte (Δm) can be

calculated from the frequency shift using the Sauerbrey equation:

Δm � −cΔf
n

where n (n = 1, 3, and 5... 13) is the overtone number and c is the

mass sensitivity constant given by the property of the used quartz

crystal (Sauerbrey, 1959). In the present study, f0 is 5 MHz and c

is17.7 ng Hz−1 cm−2 as stated by the manufacturer. The adsorbed

mass and thickness of the PEMs were calculated using the

D-Finder program according to the manufacturer’s instruction

(Biolin scientific, Sweden). All QCM-D measurements were

performed using “open module” system.

2.2 Fabrication of Cu2+ and Mg2+ loaded
vaterite CaCO3 (CaCuMg-CO3) particles

Calcium carbonate particles loaded with Cu2+ and Mg2+ were

fabricated on the basis of the previously established co-precipitation

approach with some modifications (Sun et al., 2017). Briefly, 0.33M

chloride salt solutions composed of CaCl2, CuCl2 andMgCl2 (Sigma-

Aldrich, Germany) at the ratio of 1) 90%: 5%: 5%, 2) 80%: 10%: 10%,

3) 60%: 20%: 20%, 4) 40%: 30%: 30% were prepared and stirred at

500 rpm in 50 ml falcon tubes. 0.33M Na2CO3 (Sigma-Aldrich,

Germany) solutions with equal volumes were dropped into the

respective chloride salt solutions under continuous stirring at

500 rpm with constant speed (0.6 ml/min) using a syringe

pump. Stirring was continued for 1 min after the addition of the

Na2CO3 solution. The obtained slurries were allowed to stand for

10 min and then centrifuged at 2,719 g for 2 min. The pellets were

quickly resuspended in ddH2O and centrifuged again for the removal

of excessive salts from the carbonates. Afterwards the carbonates

were washed three times. The full procedure was performed at

22 ± 1°C.

2.3 Encapsulation with polyelectrolyte
multilayers and collagen

To enable the desired sustained release and to improve the

biocompatibility, the above-described PEM system with collagen

as the most-outer layer was applied for the encapsulation of

CaCuMg-CO3 particles. The freshly prepared CaCuMg-CO3

particles were encapsulated with PEI[PSS/PAH]5/PSS-Col in

the same manner as described in 2.1 and 2.2. After each

deposition and washing step, the particles were quickly but

fully resuspended. The incubation with the respective PEs or

collagen were carried out using a tube roller at room temperature.

Similarly, each deposition step was followed by centrifugation

(2,719 g, 2 min) and repeated washing with ddH2O for three

times. The obtained CaCuMg-PEM-Col capsules were

lyophilized using a Christ-ε 1-4 LSC plus device (Martin

Christ, Osterode am Harz, Germany) and stored at room

temperature for subsequent analysis.

For the further investigation of synergistic effects of Cu2+,

Mg2+ and collagen, 1) Ca-PEM, 2) CaCu-PEM, 3) CaMg-PEM; 4)

CaCuMg-PEM; 5) CaCuMg-PEM-Col capsules were prepared

according to the previously described methods. The ratio of each

metal salt was 40%: 30%: 30%.

2.4 Characterization of CaCuMg-PEM-Col
capsules

2.4.1 ζ-potential measurements
The charge and compensation of the charge by alternating

adsorption of the polyelectrolytes and collagen are closely related

to the properties of the PEM, collagen and the capsules. To

monitor the charge compensation and characterize the surface,

the ζ-potentials of the surface during the LbL-encapsulation was

tracked. The electrophoretic mobility of the microcapsules was

measured by photon correlation spectroscopy using a Zetasizer

NanoZS (Malvern, Herrenberg, Germany). All measurements

were performed at 25°C. The mobility was converted into a ζ-
potential using the Smoluchowski relation and the system

algorithm provided by Malvern (Salmivirta et al., 1996).

Immediately after each layering-washing-resuspension process,

surface charge was characterized by the ζ –potential (n = 3).

Samples were always fully resuspended in ddH2O prior to the

measurements. The measurements were performed in triplicate

at each adsorption step. Samples were always fully dispersed in

distilled water in equilibrium with the room atmosphere.

1 mmol L−1 KCl solution was applied as the model electrolyte,

and 0.1 mol L−1 NaOH was used for pH titration from

pH 3.0 to 10.0.

2.4.2 Scanning electron microscopy and energy
dispersive X-Ray analysis

Scanning electron microscopy (SEM) images and energy

dispersive X-Ray analysis (EDS) of capsules were performed

with a FIB/SEM microscope (Zeiss crossbeam 550) equipped

with an EDS detector (Oxford X-Max). With this set-up we

characterized the shape, size, surface morphology and element

composition of CaCuMg-PEM-Col capsules. For this observation
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the lyophilized samples were attached firmly to carbon tape on a

SEM stub without sputter coating. SEM images were then taken

at accelerating voltages between 1.5 and 3 kV. The EDS analysis

was performed with SEM at an acceleration voltage of 8 kV. The

EDS analysis clearly show the distribution of Magnesium,

Copper and Calcium in the samples.

2.4.3 Fluorescence microscopy
For the visualization of assembled PEM and adsorbed

collagen, fluorescence microscopy (Keyence BZ-X800,

KEYENCE Deutschland GmbH, Neu-Isenburg, Germany) was

applied. FITC-labeled PAH and type I collagen (Biomol GmbH,

Germany) were added to the respective unlabeled PAH and type I

collagen solutions at a ratio of 4%. The coating procedure was the

same as described above under exclusion of light. Two FITC

labeled samples were prepared as 1) CaCuMg-PEM_FITC-Col

(FITC labeled PAH at 3rd bilayer) and 2) CaCuMg-PEM-

Col_FITC (FITC labeled collagen at the last layer). The

samples were resuspended with ddH2O in a 96-well plate and

observed directly under the fluorescence microscope.

2.5 Release kinetics of Ca2+, Cu2+ andMg2+

The Ca2+, Cu2+ and Mg2+ release profiles were analyzed with a

SPECTROBLUE ICP-OES (Inductive coupled plasma-optical

emission spectroscopy) analyzer (SPECTRO/AMETEK, Kleve,

Germany). Briefly, 0.11 g of each lyophilized sample was

immersed in 11 ml Eagle’s minimal essential medium (MEM,

Gibco) and incubated at 37°C under continuous agitation at

60 rpm. 10ml supernatant was collected by centrifugation

(2,719 g, 2 min) at the specified time points (10 min, 1, 3, 7, 14,

21, 28 and 60 days). After sampling, 10 ml of fresh MEM was added

to the residual suspension to continue the release kinetics. For

measuring the total ion content, the powder was immersed in

11 ml 5% HAc for 24 h (37°C, 60 rpm), then analyzed using ICP-

OES. All solutions used were sterile filtrated using a 0.45 µm

membrane filter and the samples were handled and kept sterile.

After processing of the measurement signals by the instrument, the

measured intensities of the elements were evaluated via the Smart

Analyzer software.

2.6 Cell culture

In this study, the murine fibroblast cell line L929 (ATCC,

CCL1) and human derived osteoblast-like MG63 (ATCC, CRL

142) osteosarcoma cells were purchased from ATCC (VA,

United States). L929 cells were grown in RPMI medium

1,640 GlutaMAX supplemented with 10% (v/v) fetal bovine

serum (FBS) and 1% penicillin/streptomycin (P/S). MG63 cells

were cultivated with MEM plus supplemented with 10% FBS, 1%

P/S, and 1% sodium pyruvate, 1% nonessential amino acids

(NEAA) and 1% L-glutamine. All these materials were

purchased from Gibco (Carlsbad, CA, United States). Both

cells were grown in a humidified 5% CO2/95% atmosphere

and passaged when cell confluence rate was over 80%.

2.7 Cell viability test by cell count kit-8

The cytotoxicity of the CaCuMg-PEM-Col capsules was

evaluated by an extraction test and CCK-8 assay of L929 cells

according to ISO 10993 part 5 (ISO 10993-5:2009, confirmed in

2017) (ISO, 2009). 10 mgml−1 of CaCuMg-PEM-Col capsules,

positive control (PC, polyurethane film containing 0.1% zinc

diethyldithiocarbamate (ZDEC), RM-A, HatanoResearch Institute,

Japan), negative control (high density polyethylene film, RM-C,

HatanoResearch Institute, Japan) in L929 cell culture medium and

blank (only cell culture medium) were incubated at 37°C with gentle

shaking at 60 rpm for 24 h. The cells were seeded in 96-well plates

(104 cells/well) and cultured at 37°C for 24 h with 5% CO2. Then, the

medium was replaced with the extracts. After culturing for further

24 h, the cell viability of L929 was determined by CCK-8 assay

(Sigma-Aldrich, Germany). Briefly, the medium was thoroughly

removed, and the cells were then incubated with fresh medium

supplemented with 10% CCK-8 reagent. After incubation at 37°C for

2 h, the color change was determined bymeasuring the absorbance at

450 nm using a microplate reader (TECAN RAINBOW, Germany).

The MG63 cell viability was also evaluated using CCK-8

method. Cells were seeded in 96-well plates (104 cells/well)

cultured with complete medium for 24 h. Then, the medium

was thoroughly aspirated and replaced by fresh culture medium

supplemented with the extracts of capsules. After incubation for

the designated times, the cell viability was measured using the

CCK-8-assay. The medium was replaced every 3 days.

2.8 Alkaline phosphatase activity
measurements

As a key osteogenic maker of osteoblastic differentiation,

alkaline phosphatase (ALP) activity was determined by

conversion of p-nitrophenyl phosphate (pNPP) into

p-nitrophenol (pNP). Incubating MG63 cells with substrate

solution (1 mg ml−1 pNPP, 50 mM glycine, 1 mM MgCl2,

100 mM TRIS, pH 10.5) at 37°C for 30 min, and then

measuring the absorbance at 405 nm using a microplate

reader (TECAN RAINBOW, Germany).

2.9 Relative gene expressions

Total RNA extraction, reverse-transcription and real-time PCR

were performed by using the Cells-to-CTTM 1-Step TaqMan™ Kit

(Thermo Fisher Scientific, Rockford, IL, United States), conducted on
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a one-step PCR instrument (Applied Biosystems, Foster City, CA,

United States) according to the manufacturer’s instruction. For

analysis of osteogenic-related genes (COL1A1, MMP1, ALPL,

BGLAP, RUNX2) and angiogenic-related genes (VEGFA and

HIF1A), the relative expression of mRNAs was calculated using

glyceradehyde-3-phosphate dehydrogenase (GAPDH) as an internal

reference standard gene by the 2−ΔΔCt method. All primers were

purchased from Thermo Fisher Scientific, and more details are listed

in Supplementary Table S1, Supporting information.

2.10 Alizarin red staining

The formation of mineralized matrix nodules after 14 days

was determined by Alizarin Red staining. Briefly, MG63 cells

were fixed with 99% ethanol at −20°C for 2 h, then washed with

tape water for three times. After incubating with 0.5% Alizarin

Red solution (pH 4.0, Carl Roth) for 30 min at room temperature

and another three washing steps, the resulting staining was

assessed with optical microscopy. The bound Alizarin Red was

resolved with 10% Cetylpyridium chloride solution (Carl Roth)

for photometric quantification at the absorbance of 562 nm using

a microplate reader (TECAN RAINBOW, Germany).

3 Results and discussion

3.1 Optimization and characterization of
PEM and collagen coating

The buildup process of the PEM-systems was monitored by

measurements using QCM-D (Figure 2A). The regular frequency

shifts confirmed the effective adsorption of each deposited

polyelectrolyte-layers and the assembly of the multilayer

systems. The collagen was adsorbed on both basic layer-

systems [PSS/PAH]5 and [PSS/PAH]5PSS with an average

frequency shift of −380.75 ± 23.45 Hz and -501.77 ± 13.33 Hz.

After overnight incubation in ddH2O only a slight increase of the

frequency could be observed indicating a stable adsorption as

reported previously. (Sun et al., 2017) More (113.23%) collagen

could be adsorbed on top of the PSS (212.06 ± 33.06 Ηz) than

PAH (99.45 ± 13.47 Hz). At a pH range from 4 to 10, collagen has

both positive and negative charges throughout the molecules

(Morozova and Muthukumar, 2018). The higher the pH value,

the higher the negative charge measured. At a pH of 5, the

collagen was predominantly present as positively charged

molecules, resulting in greater adsorption on the negatively

charged PSS surface compared to the positively charged PAH

surface. After overnight incubation in ddH2O, the Δf was 3.48 Hz

(3.5% frequency increase) and 13.66 Hz (6.4% frequency

increase) for PAH-Col and PSS-Col respectively. Energy

dissipation was also monitored and plotted in Figure 2A. ΔD
indicated primarily the change of the stiffness of the layers. Both

PAH-Col and PSS-Col have reduction of dissipation and the ΔD
was −6.6 ± 4.17 ppm and −1.14 ± 2.45 ppm respectively. Taking

the results of Δf and ΔD together, it might be concluded that the

PAH-Col and PSS-Col coatings retained their integrity after

deposition because the negligible changes in frequency and

mass. The increase in frequency is most likely due to the

rearrangement of the PEM and collagen on the surfaces

during the long time incubation in ddH2O. Also, the

evaporation of the ddH2O in the used open cells could result

in the slight fluctuation of the measurement. In addition, the

fitting of the thickness using the QSense_Dfinder software

showed a slight reduction of the thickness of the coatings

indicating the tightening of the film-structure (Supplementary

FIGURE 2
(A)QCM-D frequency (ΔF, -o-) and dissipation (ΔD3, -□-) plot for LbL coating process of PEM and collagen. The red broken line represents the
buildup process of [PSS/PAH]5, further adsorption of collagen and incubation in ddH2O overnight; the blue broken line represents the coating steps
of [PSS/PAH]5PSS-Col and further incubation in ddH2Oovernight. (B) Zeta-potential measurement of respective surface charges during the PEM and
collagen coating process on the basis of CaCuMg-CO3 crystals.
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Table S1). After deposition and during equilibrium in water, PE

molecules could complete the arrangement such as

interpenetration due to compensation and stabilization of

weak interactions, especially hydrogen-bonding and

hydrophobicity-interactions between molecules (Wang et al.,

2014). The small ΔD suggested a stable system has been

formed and kept the stability during further incubation. The

slight negative ΔD also indicates the increased stiffness and

rigidity of the surface. As described in the literature, the lower

overtone represents the adsorption and change at the interface

between liquid and thin film, and the comparison of other signals

recorded for higher overtones indicates the depth integrity of the

system. The signals of overtones 3, 5 and 9 did not differ

significantly from each other confirming the linearity, rigidity

and rather stiffer property of the systems (Wang et al., 2014). As

reported previously, molecular water can be pushed out while the

structure of the film was rearranged to a much thinner and stable

form. This process will also result in a slight frequency increase

due to loss of water molecules from the film (Delajon et al., 2009;

Kohler et al., 2009).

As mentioned above, collagen has both positively and

negatively charged moieties, which allows adsorption to

differently charged surfaces. The adsorption determined by

QCM might be resulted from the adhesive property of

collagen. ς-Potential confirmed the buildup process according

to the charge-compensation theory of the PEM-LbL technique

(Figure 2B). Moreover, the initial positive charge of the PAH

outer layer was reduced to a negative charge (−18.67 mV) after

adsorption of collagen, while the strong negative charge of PSS

was strongly neutralized to (−24.10 mV) by collagen. This

observation was in accordance with the expectation that

collagen can be stably adsorbed both on positively and

negatively charged surfaces at proper pH value. In one word,

the buildup of the designed PEM systems was successfully

performed and confirmed by QCM-D analysis. The stability

of both systems was proven to be sufficient for further

applications. The –PSS showed overall a better adsorption

capacity of collagen and stability in comparison to –PAH.

3.2 Characterization of CaCuMg-PEM-Col
microcapsules

As mentioned above, the vaterite formation process of

CaCO3 is easily influenced by the experimental conditions

and the substances introduced during co-precipitation. In

order to guarantee stable encapsulation and sustainable release

with the desired controllability, different microcapsule

formulations were prepared by co-precipitation. The

morphology and elemental composition of CaCuMg-PEM-Col

particles were investigated via SEM combined with EDS-analysis.

When the ratio of Ca2+, Cu2+ and Mg2+ was 90%: 5%: 5%, the

formed particles presented three kinds of morphologies: bigger

spherical particles (41.38% of total) with an average size around

5.0 ± 0.5 μm (diameter), smaller spherical particles (20.69%) in

the size of 2.6 ± 0.3 μm, and oval particles (37.93%, 5.6 ± 0.3 μm×

2.9 ± 0.3 μm) (Figure 3Aa [if subparts are of A]). The SEM image

of the 80%: 10%: 10% group showed that most of the particles

have an oval shape with relatively uniform size (Length 3.9 ±

0.4 μm Width1.9 ± 0.3 μm) (Figure 3Ab [if subparts are of A]).

Interestingly, in the group of 60%: 20%: 20%, there were no

regular shaped vaterite or calcite particles observed. SEM images

revealed irregular and porous structures (Figure 3Ac [if subparts

are of A]). The particles obtained from the group of 40%: 30%:

30% showed a similar morphology as the 90%: 5%: 5% group. The

bigger spherical particles in this sample were around 5.5 ± 0.4 μm

and account for 12.90%; the smaller ones were in the size of 2.5 ±

0.4 μm (48.39%) and the oval particles were about L 5.474 ±

0.5 μmW 3.0 ± 0.4 μm (29.27%) (Figure 3Ad [if subparts

are of A]).

As one of the most effective platforms for drug encapsulation

and delivery, the key parameters for size- and shape-controlled

synthesis of CaCO3 particles have been well studied. The fast

mixing of aqueous calcium chloride and sodium carbonate can

immediately result in amorphous calcium carbonate (ACC).

Under vigorous stirring, the formed ACC in the precipitation

system will dissolve first, and then transform within minutes to

produce crystalline forms of vaterite and calcite (Shen et al.,

2006). However, when the system is introduced with other

divalent cations, the co-precipitation reaction and co-

crystallization process will be more complicated, thus rarely

being reported. In the co-precipitation system of Ca2+, Cu2+,

and Mg2+ presented in this work, there are two main factors

affecting the morphology of obtained particles: the concentration

of Ca2+, and the ionic interactions with Cu2+ and Mg2+. It is

known that the higher content of Ca2+ within a certain range

would lead to high yield of vaterite; trace amounts of Cu2+, and

Mg2+, which have a smaller ion size than Ca2+ could enter and

distort the lattice of just formed CaCO3-crystals, and thus

influence the size and morphology of the final particles, as

shown in Figure 3Aa [if subparts are of A]) (Svenskaya et al.,

2018). A certain proportion of Mg2+ was reported to promote the

formation of vaterite CaCO3 crystals (Kulp and Switzer, 2007).

Among the four ratios in this study, 10% of Mg2+ might play the

optimal role in vaterite formation. Particles obtained at the ratio

of 80%: 10%: 10% showed the most regular oval vaterite

morphology (Figure 3Ab [if subparts are of A]). With the

increase of Cu2+ and Mg2+ content, the crystals gradually

transformed from vaterite to calcite leading to a reduced

uniformity in the particles. The particles from the ratio of

60%: 20%: 20% appeared to stay at the transformation phase

of ACC-vaterite, and particles of 40%: 30%: 30% were at vaterite-

calcite stage or mixture of different crystallization products

(Figures 3Ac,d [if subparts are of A]). Most likely the ions

find an equilibrium among vaterite and calcite during particle

formation depending on the ratios and precipitation conditions.
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This could be due to the excessive electronegativity of Cu2+ and

Mg2+, which led to a distortion of the crystal plane structure;

furthermore, the increasing cocrystallization with CuCO3

(Cu2CO3(OH)2) and MgCO3 suppressed the formation and

stability of CaCO3 vaterite. Additional influence from the

PEM coating should also be considered as a morphology-

stabilizing factor. The particles were encapsulated in their

precipitated shapes without further modifications as a

substrate for coating deposition. CaCO3 has a water solubility

of 15 mg L−1 and MgCO3 0.14 g L
−1. More complicated, the Cu2+

will form so called basic copper carbonate consisting of

Cu2CO3(OH)2 which has a negligible solubility in water. The

basic copper carbonate has a typical monoclinic crystal and

spertiniite morphology. Also the formation of dolomite,

CaMg(CO3)2 would further enhance the alternating

morphology due to the structural arrangement of the Ca2+

and Mg2+ ions. These properties derived from basic copper

carbonate and dolomite could explain the morphological

changes from ACC, to vaterite and calcite in this complex

mixture system as shown in Figure 3A. These mixtures of

dolomite and basic copper carbonate will also further affect

the release kinetics by means of dissolution and degradation.

X-ray energy dispersive spectroscopic (EDS)-mapping

images and spectra further revealed the element composition

of CaCuMg-PEM-Col capsules. The SEM EDS-mapping images

showed that the elements including C, Ca, Cu, Mg, S were

uniformly distributed on particles prepared with these four

ratios (Figure 3B and Supplementary Figure S1). The EDS

spectra exhibited the characteristic peaks for C, Ca, Cu, Mg,

and S (Figure 3C) present in the surfaces of the microcapsules.

The obtained element composition ratio is shown in

Supplementary Table S2. No significant difference in the

element composition ratio of the group of 95%: 5%: 5% and

80%: 10%: 10% was observed. The high ratio of Cu and low ratio

of Ca in the group of 60%: 20%: 20% suggested a high amount of

CuCO3/Cu2CO3(OH)2 in the surfaces of microcapsules. The

FIGURE 3
(A) SEM images of CaCuMg-PEM-Col microcapsules prepared with different ratios of salts: (a) Ca2+: Cu2+: Mg2+ = 90%: 5%: 5%, (b) Ca2+: Cu2+:
Mg2+ = 80%: 10%: 10%, (c) Ca2+: Cu2+: Mg2+ = 60%: 20%: 20%, (d) Ca2+: Cu2+: Mg2+ = 40%: 30%: 30% (scale bar = 3 μm). (B) C, Ca, Cu, Mg, S element
EDS-Mapping ofmicrocapsules (the group of 40%: 30%: 30%). (C) EDS spectra of CaCuMg-PEM-Colmicrocapsules preparedwith four ratios of salts.
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group of 40%: 30%: 30% exhibited a relatively more uniform

distribution of elements.

Fluorescence microscope imaging was applied to further

visualize the adsorbed PEM and collagen on CaCuMg-CO3

crystals. As shown in Figure 4A, FITC-PAH was uniformly

coated on the particles, forming a thin green layer along the

particle surfaces. Similarly, the deposition of the FITC-collagen

layer was also successfully observed on the surface of the

encapsulated particles (Figure 4B). Interestingly, it was found

that the CaCuMg-PEM-Col particles exhibited better dispersion

than the CaCuMg-PEM particles after further adsorption of

collagen. This is consistent with the measurement of the zeta

potential. Since the adsorption of collagen leads to a higher

negative charge distribution on the surface of the particles, the

repulsion between the negatively charged particles is enhanced.

3.3 Ion release behavior of CaCuMg-PEM-
Col microcapsules

The release kinetics of the target bioactive cations Cu2+ andMg2+

are of particular importance as a sudden increase in concentration

due to excessive release of these cations will result in bone loss,

irregular crosslinking or excessive cytotoxicity (Wong et al., 2014;

Wang et al., 2016). Therefore, the stability and controllability of ion

release kinetics during the long-term bone regeneration process is

crucial. In this study, we investigated and compared the ion release

behavior of the microcapsules prepared with different salt ratios via

ICP-OES measurements. The two groups with higher Ca2+-content

showed a burst release of Cu2+ in the first hours and 3 days, then

followed by a very slow and incomplete release until day 60 (Figures

5A,B). While the two groups with increased Cu2+ and Mg2+ content

showed stable release throughout the analyzed period without initial

burst release (Figures 5C,D). Notably, theMg2+ in the first two groups

were below the detection limits of the ICP-OES. But in the groups of

60%: 20%: 20% and 40%: 30%: 30%, traceMg2+ was slowly released in

the first 7 days (Figures 5E,F). The amount of target bioactive ions

Cu2+ and Mg2+ released from the capsules differed dramatically

between the high and low Ca2+-content groups. The cumulative

release profile of Ca2+ also showed an initial burst release in groups of

95%: 5%: 5% and 80%: 10%: 10% (Supplementary Figure S2).

Interestingly, the concentration of Ca2+ decreased as the release

process prolonged, whereas the Ca2+ release of the other two

groups was stable and slow. When the Ca2+ content was replaced

by increased Cu and Mg content, CaMgCO3 crystallizes in the

nucleation region was surrounded by relatively unstable basic Cu

and Mg(OH)2/MgCO3. In particular, the MgCO3 is destabilized by

hydration to Mg(OH)2. This reaction cascade dynamically

determines the surface morphology of the particles and the release

behavior. The higher the Cu content the easier the Cu2+ can be

released (Figures 5C,D). The unstable surface portion of the Cu/Mg

was easily released within the first 7 days. As the dissolution front

approaches the calcite core, the release was more limited by the

dissolution of the calcite, especially for theMg. This could explain the

relatively short continuous release of Mg measured by ICP (Figures

5E,F). The release curve of Ca2+ also confirms the above mentioned

mechanisms. After the release of unstable vaterite from the surface,

the release rate decreased significantly for a short time, and then rose

slowly because of the slow dissolution of calcite core (Supplementary

Figure S2). The large amount of Mg2+ was increasingly co-crystalized

in nucleation region of calcite or dolomite crystals which limited the

dissolution process.

3.4 In vitro cytotoxicity

In addition to achieve the sustained release function as an

encapsulation system, PEM and collagen were also used to mimic

FIGURE 4
Micrographs of (A) FITC-labeled PAH coated at 3rd bilayer of CaCuMg-PEM-Col and (B) FITC-labeled collagen coated at the outmost layer
(scale bar = 50 μm).
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bone tissue ECM to promote osteogenic differentiation via

modifying different surface properties which in turn

stimulating numerous interfacial interactions with the cells

adsorbed to the coated surfaces (Brito Barrera et al., 2020;

Sankar et al., 2021). Collagen is an indispensable matrix

protein that stimulates various signaling pathways such as cell

adhesion, mobility, wound healing, proliferation, and an

important process to complete bone regeneration, named

ECM remodeling (Zhang et al., 2018). Other physicochemical

properties of the surface are also decisive for proper bone

regeneration, such as surface roughness, hardness, electrical

charge and charge density (Bharadwaz and Jayasuriya, 2020).

The PEM provides a highly tunable surface fulfilling these

demands. The negative charge of the coated surface attracts

FIGURE 5
Ions release profile of CaCuMg-PEM-Col microcapsules determined by ICP-OES. The concentration of Cu2+ released from microcapsules
prepared with different ratios of Ca2+, Cu2+, Mg2+: (A) 90%: 5%: 5%, (B) 80%: 10%: 10%, (C) 60%: 20%: 20%, (D) 40%: 30%: 30%. The release behavior of
Mg2+ in (E) group of 60%: 20%: 20%microcapsules and (F) that of 40%: 30%: 30%microcapsules. (Mean ± SD, n= 5; Paired t-test, *p < 0.05, &p < 0.01,
@p < 0.001, #p < 0.0001, indicated that there was a significant difference of released ions content between the two groups).

Frontiers in Bioengineering and Biotechnology frontiersin.org10

Fan et al. 10.3389/fbioe.2022.983988

176

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.983988


cells and makes them easy to adhere; in addition, cell adhesion

and the necessary cell motility are more active on harder surfaces

than on softer ones (Sahebalzamani et al., 2022). Therefore, a

PEM-Col surface has been chosen for proof of this strategy. In

this study, mouse derived L929 fibroblasts were used to evaluate

the cytotoxicity of CaCuMg-PEM-Col microcapsules. The cell

viability assay has been performed via an extraction test on

L929 and evaluated by CCK-8 assay. According to the ISO

standard, metabolic activity below 70% is considered to be

cytotoxic. As shown in Figure 6A, the microcapsules showed a

decrease in cytotoxicity with decreasing extract concentration,

while the viability of fibroblasts was below 70% only when the

extract concentration was higher than 1%. According to the

results of ICP measurements as shown in Figure 5, the

concentration of Cu2+ in 1% extract was 15.63 µM and the

concentration of Mg2+ is 4.17 µM. These measurements

formed the basis for determining a suitable dosage range of

the microcapsules. To exclude the bias due to PEM, collagen and

their probable degradation products, the extracts of five types of

microcapsules have been applied for the cytotoxic evaluation,

including Ca-PEM, CaCu-PEM, CaMg-PEM, CaCuMg-PEM

and CaCuMg-PEM-Col. All the extracts did not exhibit any

significant cytotoxicity on L929 cells (Figure 6C), suggesting

good biocompatibility of the microcapsules. It was found that

the cells treated with CaCuMg-PEM-Col extract showed higher

viability compared to CaCuMg-PEM without a collagen layer,

which might be a result of slight desorption of collagen from the

surface of the microcapsules. The beneficial effects from the

collagen layer might also reduce the toxicity resulting from Mg2+

and Cu2+ ions within certain concentration threshold (Cu2+:

15.63 µM; Mg2+: 4.17 µM).

Main task of this trimetal microcapsules is to stimulate the

bone regeneration via controlled release of these bioactive

cations. Therefore, cell proliferation of osteoblast-like

FIGURE 6
In vitro cytotoxicity of control samples (PC, positive control; NC, negative control) and (A) extract of CaCuMg-PEM-Col in a series of
concentrations, and (C) extract of Ca-PEM, CaCu-PEM, CaMg-PEM, CaCuMg-PEM and CaCuMg-PEM-Col microcapsules towards L929 cells. Cell
viability of osteoblast-like MG63 cells cultured with extract of microcapsules determined by CCK-8 assay at 1, 3, 7, 10 and 14 days: (B) culture
medium supplemented with extract of CaCuMg-PEM-Col microcapsules in different concentrations; (D) culture medium supplemented with
0.1% extracts of Ca-PEM, CaCu-PEM, CaMg-PEM, CaCuMg-PEM and CaCuMg-PEM-Col microcapsules. (mean ± SD, n = 6; Paired t-test, *p < 0.05,
&p < 0.01, @p < 0.001, #p < 0.0001, indicated that there was a significant difference of cell viability in comparison to blank control).
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MG63 cells was also carried out by using CCK-8 assay on the cell

cultures at 1st, 3rd, and 7th days. Results in Figure 6B showed

that cell viability on the 1st day was not markedly affected in any

condition of microcapsules extracts (0.001%, 0.01%, and 0.1%)

because the cells need sufficient time to recover after the

passaging and transfer into the test-cultures. On the 3rd day,

cells viability higher than 70% was observed for the groups

treated with ionic extracts, all of which were higher than

those of the blank controls. The cell viability of the group of

0.1% of microcapsule extract was obviously higher than other

groups on the 7th day. A similar trend was observed with cell

viability measured by addition of Ca-PEM, CaCu-PEM, CaMg-

PEM, CaCuMg-PEM and CaCuMg-PEM-Col capsules

(Figure 6D). Results revealed that the cell proliferation ability

of the microcapsule groups was similar to or higher than that of

blank control. And the cells in the CaCuMg-PEM-Col group

showed the highest viability on the 3rd and 7th day. These results

indicate that metal ions and CaCuMg-PEM-Col microcapsules

did not induce any cytotoxic effect but promoted osteoblast

proliferation in conjunction with type I collagen.

3.5 Osteogenic differentiation of
osteoblast-like MG63 cells in vitro

Bone regeneration mainly includes proliferation and

differentiation of osteoblasts. The previous viability

measurements confirmed the positive effects of CaCuMg-

PEM-Col microcapsules on cell proliferation. Therefore, the

impacts on osteogenic differentiation were further

investigated. ALP is an early marker of osteoblast

differentiation which is an important indicator for bone

formation and mineralization as well as for the bone

regeneration progress (Hu & Olsen, 2016). The cellular

ALP activity of MG63 cells treated with different

microcapsule extracts were monitored on the 1st, 3rd, 7th,

FIGURE 7
ALP activity was evaluated after 1, 3, 7, 10, 14 days with colorimetric method with pNPP as a substrate for ALP: (A) MG63 cells cultured with
osteogenic medium supplemented with extract of CaCuMg-PEM-Col microcapsules in different concentrations; (B) MG63 cells cultured with
osteogenic medium supplemented with 1% extracts of Ca-PEM, CaCu-PEM, CaMg-PEM, CaCuMg-PEM and CaCuMg-PEM-Col microcapsules.
Osteogenic differentiation was revealed by (D) Alizarin Red staining (scale bar = 100 μm) and (C) quantification at day 21. (n = 3; Paired t-test,
*p < 0.05, &p < 0.01, @p < 0.001).
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10th and 14th days. As shown in Figure 7A, on the 1st and

3rd day, ALP activity of cells treated with the extract of

CaCuMg-PEM-Col microcapsules (0.001%, 0.01%, and

0.1%) were at a similar level as the blank control. Cellular

ALP activity of the group of 0.1% reached peak on the 7th day,

which was significantly higher than groups of 0.001%, 0.01%

and ctrl. From day 7 onwards, decrease in ALP activity was

observed under all conditions. Nevertheless, ALP activity of

cells treated with 0.1% of microcapsule extracts was still

significantly higher than other treated groups and control

group. Therefore, 0.1% was adopted as the concentration used

for the subsequent investigation (Figure 7B). On the 1st day,

cells treated with osteogenic medium supplemented with

sample extracts including Ca-PEM, CaCu-PEM, CaMg-

PEM, CaCuMg-PEM and CaCuMg-PEM-Col showed

higher ALP activity than control group which was only

treated with osteogenic medium. On days 3 and 7, the

levels and trends of ALP activity in the Ca-PEM and

CaMg-PEM groups were the same as those in the blank

control group, first increasing and then slowly decreasing.

However, there was no significant difference in the expression

levels between groups. The group of CaCu-PEM showed a

similar trend but significantly higher ALP activity at these

time points. Notably, the levels of ALP activity in the

CaCuMg-PEM and CaCuMg-PEM-Col groups continued to

increase over time, reaching a peak on day 7, in which the ALP

activity in these two groups was significantly higher than other

groups, and gradually decreased thereafter to levels close to

those of the other groups. This indicates the significant

synergistic regulation of Cu2+ and Mg2+ and collagen in

osteoblasts differentiation. Interestingly, the ALP activity of

the CaCuMg-PEM-Col group also showed the largest decrease

among all groups after exhibiting the highest levels on days 1,

3, 7, and 10. It is suggested that CaCuMg-PEM microcapsules

further functionalized with collagen could better mimic ECM,

thus providing a more suitable microenvironment for bone

FIGURE 8
Relative gene expression of (A–E) osteogenicmarkers and (F,G) angiogenesismarkers at 14 days analyzed via qRT-PCR (n= 3; Paired t-test, *p <
0.05, &p < 0.01, @p < 0.001).

Frontiers in Bioengineering and Biotechnology frontiersin.org13

Fan et al. 10.3389/fbioe.2022.983988

179

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.983988


regeneration and promoting the proliferation and

differentiation of osteoblasts. ALP activity downregulated

by CaCuMg-PEM-Col at day 14 indicated that the

initiation of ECM mineralization completed earlier than

other groups.

The effect of CaCuMg-PEM-Col on late differentiation

(matrix mineralization) was investigated after 21 days of

culture via Alizarin Red staining and quantification. As shown

in Figure 7D, stronger Alizarin Red staining was observed on

CaCuMg-PEM and CaCuMg-PEM-Col as compared to CaCu-

PEM, CaMg-PEM, and blank control. Similarly, the result of

quantification shows that mineralization on CaCu-PEM (p <
0.05), CaCuMg-PEM (p < 0.05) and CaCuMg-PEM-Col (p <
0.01) were significantly higher than the control group, suggesting

that the microcapsules have a positive influence on osteoblast

mineralization (Figure 7C).

3.6 Expression of osteogenesis and
angiogenesis-related genes

As discussed previously, the bone regeneration process

can be briefly divided into three periods: proliferation, ECM

maturation and mineralization. Two transition points of gene

expression of certain marker genes controlling cell

proliferation and differentiation have been reported (Stein

et al., 1990). The first transition occurs after completion of

proliferation and initiation of ECM, when ALP and collagen

are upregulated. The second transition takes place at the

initiating of ECM mineralization. In this study, we

investigated the gene expression related to osteogenesis and

angiogenesis of MG63 at day 14 via real-time PCR (Lynch

et al., 1995). As shown in Figure 8A, the COL1A1 expression

of CaCu-PEM and CaCuMg-PEM-Col were significantly

lower than blank control (osteogenic medium). This might

result by the ECM-mimicking effect from the PEM and PEM-

Col capsules. Reasonably, when compared to the blank control

the matrix metalloproteinase-1 (MMP1) gene expression was

markedly higher in the CaCuMg-PEM group (p < 0.01) and

CaCuMg-PEM-Col group (p < 0.001) due to the presence of

collagen (Figure 8B). All groups of microcapsules (Ca-PEM,

CaCu-PEM, CaMg-PEM, CaCuMg-PEM, and CaCuMg-PEM-

Col) showed significantly higher expression of ALPL in

comparison to the blank control (osteogenic medium),

among which the expression in the CaCuMg-PEM group

was the highest, followed by the CaCuMg-PEM-Col

(Figure 8C). The expression of RUNX2 in groups of CaMg-

PEM, CaCuMg-PEM, and CaCuMg-PEM-Col were

significantly higher than other groups (Figure 8D). The

expression pattern of osteocalcin (BGLAP) was roughly

similar to that of MMP1, showed the highest level in the

CaCuMg-PEM-Col group, followed by the CaCuMg-PEM

group (Figure 8E).

During osteogenic differentiation, (pre-) osteoblasts play a

central role in communication with endothelial cells to ensure

the temporal and spatial coupling of osteogenesis and

angiogenesis via the regulation of gene expressions

involved in angiogenesis. Interestingly, high expression of

VEGFA and HIF1A were found in osteoblasts conditioned

with CaCu-PEM, CaCuMg-PEM, and CaCuMg-PEM-Col

extracts as shown in Figures 8F,G, suggesting that copper

plays a more important role in the promotion of angiogenesis.

Notably, we found significant synergistic effects of copper and

magnesium, as well as the addition of type I collagen, on

angiogenesis.

4 Conclusion

Bioactive metal ions including Ca2+, Cu2+ and Mg2+ play a

predominant role in the process of bone regeneration, which

are recognized as an alternative for bone growth factor-based

therapeutics. However, a delivery system with high stability

and loading capacity of multiple metal ions, and controlled

release kinetics is currently highly required. In this study, the

vaterite-calcite CaCO3 particles were effectively loaded with

Cu2+ and Mg2+, then coated with PEM to improve the crystal

stability for better sustained release behavior, and further

successfully functionalized with collagen to mimic bone

tissue ECM. Ca2+, Cu2+ and Mg2+ could sustainably release

from the microcapsules and induce a proper bone

regeneration microenvironment, regulating the osteoblasts

proliferation and differentiation, promoting the ECM

maturation and mineralization. It was shown that both

osteogenesis and angiogenesis-related gene expressions

were upregulated. Therefore, CaCuMg-PEM-Col

microcapsules present a type of bioactive metal ion

encapsulation and delivery system for the functionalization

of bone graft materials. The presented strategy of combining

multi metal ions with biocompatible PEM and collagen

provides new inspiration and important prospects for bone

tissue engineering.
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Drug addiction is a serious problem globally, recently exacerbated by the

COVID-19 pandemic. Glial cell-derived neurotrophic factor (GDNF) is

considered a potentially effective strategy for the treatment of addiction.

Previous animal experiments have proven that GDNF has a good therapeutic

effect on drug addiction, but its clinical application is limited due to its poor

blood-brain barrier (BBB) permeability. Low-frequency focused ultrasound,

combined with microbubbles, is a non-invasive and reversible technique for

locally-targeted BBB opening. In the present study, magnetic resonance

imaging-guided low-frequency focused ultrasound, combined with GDNF

microbubbles, was used to target BBB opening in the ventral tegmental area

(VTA) region. The effects of GDNF on morphine-induced conditioned place

preference (CPP) and acutewithdrawal symptoms in rats after a partially opened

BBBwere evaluated by behavioral observation. Western blot was used to detect

changes in tyrosine hydroxylase (TH) expression levels in the VTA region after

different treatments, and high performance liquid chromatography was used to

detect the changes in monoamine neurotransmitter content. The results

showed that ultrasound combined with GDNF microbubbles targeted and

opened the BBB in the VTA region, and significantly increased GDNF

content, destroyed morphine-induced CPP, and reduced the withdrawal

symptoms of morphine addiction in rats. Furthermore, the up-regulation of

TH expression and the increase of norepinephrine and dopamine content

induced by morphine were significantly reversed, and the increase of 5-

hydroxytryptamine content was partially reversed. Therefore, ultrasound

combined with GDNF microbubbles to target and open the BBB can

effectively increase the content of central GDNF, thus playing a therapeutic

role in morphine addiction. Our study provides a new approach to locally open
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the BBB and target delivery of neurotrophic factors, such as GDNF, to treat brain

diseases like addiction.

KEYWORDS

focused ultrasound, targeted microbubbles, blood-brain barrier, drug addiction, glial
cell line-derived neurotrophic factor

Introduction

Drug addiction is a serious problem worldwide (Allen et al.,

2013). According to the World Drug Report 2021 (Becker and

Fiellin, 2020), published by the United Nations Office on Drugs

and Crime, approximately 275million people used drugs in 2020,

an increase of 22% from 2010, and more than 36 million people

develop mental disorders as a result of drug abuse. By 2030,

demographic factors project the number of people using drugs

will increase by 11% worldwide. Drug use killed almost half a

million people in 2019, while drug use disorders resulted in

18 million years of healthy life lost, mostly due to opioids. The

COVID-19 pandemic has further exacerbated the drug problem

by creating conditions that make more people susceptible to drug

use and to engaging in illicit crop cultivation. For example, the

COVID-19 crisis pushed more than 100 million people into

extreme poverty, with 114 million jobs lost globally in 2020. In

contrast, drug traffickers have quickly recovered from the initial

setback caused by lockdown restrictions and are operating at pre-

pandemic levels. Furthermore, access to drugs has become

simpler than ever, with an increase in online sales and

contactless drug transactions, such as by mail, a trend possibly

accelerated by the pandemic.

Opioid drugs are among the most powerful analgesics but

also among the most addictive. Opioids are the most widely

used addictive substances with the longest history (Belin et al.,

2007). According to China’s 2020 drug situation report, by the

end of 2020, China had 1.801 million drug users, 734,000 of

whom abused opioids, accounting for 40.8% of the total

number. In the United States, approximately 50,000 people

died from an opioid overdose in 2019, more than double the

number of deaths compared to 2010. North America has seen a

spike in opioid overdose deaths since the onset of the pandemic.

For example, opioid overdose deaths in Canada were 58%

higher during the April–June 2020 quarter compared with

the same period in 2019. COVID-19 could lead to infection

in persons with opioid use disorder, higher opioid overdose

rates, reversal of system-level gains in expanding access to

medications for opioid use disorder, halt critical research,

and prevent exacting legal reparations against opioid

manufacturers (Bleier et al., 2016). These could cause an

intensification of the opioid crisis.

Understanding the mechanisms of opioid addiction and

finding treatment methods have been goals of scientists and

doctors for more than a century. Since the mid-1990s,

neurotrophic factors, such as brain-derived neurotrophic

factor (BDNF) and glial cell line-derived neurotrophic factor

(GDNF) have been receiving much attention, especially in drug

reward and relapse (Carnicella et al., 2008). GDNF is a

neurotrophic factor that promotes the survival of embryonic

midbrain dopaminergic neurons. Accumulating evidence

suggests that GDNF plays a unique role in negatively

regulating the actions of drugs of abuse; thus, the GDNF

pathway may be a promising target for the treatment of

addiction (Carnicella and Ron, 2009). However, the large

molecular weight of GDNF (24 kDa) makes it difficult for it

to cross the blood-brain barrier (BBB), which limits its

application in disease treatment (Chen et al., 2020). Therefore,

how to promote the transmission of GDNF through the

BBB and increase the effective drug concentration of GDNF

in the central nervous system (CNS) is a key scientific problem

for the application of GDNF in the treatment of drug

addiction.

In fact, the BBB is one of the major factors restricting the use

of many CNS medications (Cheron and Kerchoved’Exaerde,

2021). In recent years, scientists have tried many ways to

promote the transmission of GDNF through the BBB, such as

viruses (Cintrón-Colón et al., 2020), carrier nanoparticles

(Everitt and Robbins, 2016), fusion proteins (Fu et al., 2010),

and heterotopic mucosal grafts (Gasca-Salas et al., 2021).

Focused ultrasound-induced BBB opening is considered a

non-viral, non-invasive, and targeted method for drug and

gene delivery (Ghitza et al., 2010; Holt, 2021). Focusing

ultrasound to open the BBB and increase intracerebral

delivery of GDNF has been proven to be safe and effective,

and has shown good application prospects in the treatment of a

variety of diseases (Kastin et al., 2003; Kilic et al., 2003).

In our previous study, magnetic resonance image (MRI)-

guided focused ultrasound was proven to successfully open the

BBB and achieve the targeted delivery of GDNF (Lin et al., 2016).

Furthermore, we developed GDNF-loaded microbubbles (MBs)

and achieved local and precise delivery of GDNF to the CNS

through MRI-guided focused ultrasound-induced BBB

disruption, and confirmed its therapeutic effects on chronic

mild stress rat model of depression (Lin et al., 2015).

However, MRI-guided focused ultrasound combined with

targeted MBs to open the BBB and deliver GDNF has not

been reported for the treatment of drug addiction. Therefore,

the present study aimed to use MRI-guided focused ultrasound

combined with targeted MBs to open the BBB, promote GDNF

crossing the BBB, and target delivery to the VTA region.

A morphine addiction model was established, and behavioral
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observation was used to evaluate the effects of GDNF on acute

withdrawal symptoms and psychological craving in rats after

partial opening of the BBB. Concurrently, high performance

liquid chromatography (HPLC) was used to determine the

content of monoamine neurotransmitters in the brain, and

to measure the effects of increased brain GDNF levels on

central monoamine neurotransmitters after partial opening

of the BBB. These results will help determine the target and

mechanism of GDNF for detoxification, and provide a scientific

basis for the use of GDNF across the BBB for the treatment of

drug addiction.

Materials and methods

Preparation and characterization of
GDNF-Loaded microbbules

In this study, MBs were biotinylated and lipid coated, which

encapsulated a high-molecular-weight gas core of

perfluoropropane (C3F8) (Lin et al., 2019). Before preparing

the drug-loaded MBs, the MBs were washed three times in a

phosphate-buffered sodium (PBS) solution to remove the excess

unreacted lipids by centrifugation at 400 g for 3 min. A specific

amount of avidin (final concentration 3 mg/ml) per 109 MBs was

then added to the washed MB dispersion. After incubating at

room temperature for 15 min, the MBs were washed three times

to remove the unreacted avidin further and then incubated with

200 μL biotinylated GDNF. The average diameters of the plain

control and GDNF-loaded MBs were determined by an

Accusizer (Model 780A; Particle Sizing System, Santa Barbara,

CA, United States).

Animals

Male Sprague–Dawley rats (weighing 200–220 g upon

arrival) were provided by Guangdong Medical Laboratory

Animal Center (Foshan, Guangdong, China) and housed five

per cage (before stereotactic nucleus localization surgery) or

individually (after stereotactic nucleus localization surgery)

under a 12-h light/dark cycle at 22 ± 2°C and relative

humidity of 50% ± 10% with ad libitum access to food and

water. The animals were allowed to acclimatize to a specific

pathogen-free environment for 7 days prior to treatment. This

animal study was performed in Shenzhen PKU-HKUST

Medical Center (animal license number: SYXK 2015-0106)

and approved by the Ethics Committee of Peking University

Shenzhen Hospital. All of the animal procedures were

performed in accordance with the National Institutes of

Health Guide for the Care and Use of Laboratory Animals,

and the procedures were approved by the Local Animal Use

Committee.

Conditioned place preference

The conditioned place preference (CPP) procedure was

performed in a three-chamber apparatus using an unbiased,

counterbalanced protocol as described previously (Lin et al.,

2020). A brief description of the procedure is as follows.

Baseline preference was assessed by placing the rats in the

center chamber of the CPP apparatus and allowing them to

explore all three chambers freely for 15 min. Rats that showed a

strong unconditioned preference for either of the side chambers

(i.e., >540 s) were excluded from the experiments. The remaining

rats were then trained for eight consecutive days with alternating

subcutaneous injections of morphine (10 mg/kg) or saline

(1 ml/kg) and were confined to the conditioning chambers for

45 min after each injection. The test for the expression of

methamphetamine-induced CPP was identical to the initial

baseline preference assessment and was performed on the

following day after training.

Stereotactic brain surgery

The rats were anesthetized with intraperitoneal (IP)

pentobarbital sodium (50 mg/kg) and placed in a stereotaxic

apparatus (RWD Life Science Co., LTD., China). The skull was

exposed and a cannula was inserted 1 mm above the target brain

region (ventral tegmental area, VTA) at the following

coordinates (Lin et al., 2019): anterior/posterior (AP),

−5.2 mm; medial/lateral (ML), ± 1.8 mm; and dorsal/ventral

(DV), −7.5 mm. The cannula was secured to the skull with

anchoring screws and dental acrylic cement. A stainless-steel

probe was inserted into the cannula to maintain patency, and

penicillin (200 k units/day, IP) was injected for seven consecutive

days to prevent infection. The rats were housed individually after

the surgery and allowed 3–5 days of recovery before behavioral

experiments.

Effect of glial cell-derived neurotrophic
factor on morphine-induced conditioned
place preference in rats

Forty-eight CPP trained rats were randomly divided into six

groups (n = 8), namely IV-NS group [intravenous (IV), normal

saline (NS)], IV-GDNF group (IV, GDNF 3 mg/kg), M group

(blank microbubbles, IV), M-GDNF group (GDNF

microbubbles, IV), IN-NS group [intranuclear (IN) NS

injected into VTA] and IN-GDNF group (IN-GDNF 10 μg/μL

injected into VTA). The volume of administration was 0.5 ml in

all IV injection groups and 0.5 μL in the IN-injection groups.

After drug administration, MRI-guided focused ultrasound was

performed in the M and M-GDNF groups. 0.5 ml NS was

administered to an additional group of rats during the entire
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study period as control (Con group). The method used in this

study for preparing the GDNF-loaded MBs followed the protocol

described in our previously published papers (Lin et al., 2015;

Lin et al., 2016). The above treatments were performed on the

2nd and 4th day after completion of the CPP test, and an

additional CPP test was performed on the 5th day to observe

the changes in each group. The rats were decapitated

immediately after the last measurement, and the brain tissue

of half the rats in each group was used for Western blot analysis,

while the other half was analyzed with HPLC (High-performance

liquid chromatography).

Focused ultrasound program

The focused ultrasound system was placed in a 3.0 T MRI

chamber for brain tissue imaging and ultrasound localization.

The T1-phase scan was used to detect brain tissue in real time

and locate brain regions. The right hemisphere of the brain was

irradiated by focused ultrasound (frequency, 1 MHz; MB dosage,

0.5 ml; exposure time, 1 min; pressure amplitude, 0.8 MPa; delay

time, 60 s). After ultrasound irradiation and MRI image

acquisition, Evans blue (EB, 100 mg/kg) was injected through

the tail vein to reveal the BBB open area. Rats that did not receive

ultrasound were used as controls.

Effects of glial cell-derived neurotrophic
factor on withdrawal symptoms

A morphine withdrawal model was established using IP

naloxone (Sigma, United States) (4 mg/kg) 4 h after the last

injection of morphine in addiction rats to induce withdrawal

symptoms. The grouping and administration methods of rats

were the same as described above. The treatments were

performed 24 and 72 h before naloxone-induced withdrawal.

The withdrawal symptoms were observed and scored based on

wet dog shaking, abnormal posture, irritability, clenching,

vegetative nervous system symptoms, and weight loss. The

rats were decapitated immediately after the test, and the brain

tissues were analyzed by Western blot and HPLC as described

above.

Western blot

The olfactory bulb and cerebellum of rats’ brains were removed,

and the telencephalon was reserved, placed in n-hexane at −60°C for

20 s, and then placed in a pre-cooled (−20°C) frozen sectioning

machine. The brain tissues were embedded with tissue-embedding

agent (OCT) and fixed. Continuous 50-μm thickness sectioning was

performed until the VTA area was exposed according to the

stereotaxic map of the rat brain. Then, the VTA was removed

using a syringe needle (size 16) and placed into a cooled Eppendorf

tube. RIPA cracking solution containing 1 mM phenylmethyl

sulfonyl fluoride (PMSF) was added (150–200 μL/20 mg) and

homogenized mechanically three times (15 s each with 5 s apart).

After full lysis, centrifugation at 12,000 rpm/min for 5 min was

performed, supernatant taken, protein content determined using the

BCAmethod, and sample concentrations in each group adjusted to

the same level using lysis solution. All of the operations above were

performed on the ice. The 4X protein loading buffer was

proportionally added, and the protein was heated in boiling

water (3 min) for albuminous degeneration and frozen at −70°C

for later use.

A gel caster was successively filled with 10% separated glue

and 5% concentrated glue. Marker (2 μL/well) and protein

samples (20 μL/well) were successively added, and sodium

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) was performed with a constant voltage of 80 V for

concentrated glue and 120 V for separated glue. At the end of

the electrophoresis, the gel was removed and electro-transferred

using a polyvinylidene difluoride (PVDF) at a constant current of

250 mA for 2.5 h. Then, the PVDF membrane was intruded into

5% bovine serum albumin (BSA) and sealed for 2 h.

Subsequently, 5% BSA-diluted primary antibody (1:1,000) was

added and incubated overnight in the refrigerator at 4°C, and

then rinsed three times for 5 min each using TBST. TBST-diluted

secondary antibody (1:2,000) was added and incubated at room

temperature for 45 min, then rinsed with TBST three times for

5 min each. ECL chemiluminescence solution was used for

development to compare the expression level of tyrosine

hydroxylase (TH) (Abcam, United Kingdom) in the VTA

region of rats in each group.

high performance liquid chromatography
test

The rat brain samples were thawed at room temperature, and

500 μL of perchloric acid (0.4 M) were added, mixed, and

centrifuged at 15,000 rpm for 3 min. Supernatant (100 μL) was

added to 200 μL mobile phase, and 20 μL of the mixture were

injected into the chromatography. The peak area was recorded,

and was quantified using the standard curve. The standard

solution series were determined, and the peak area and

concentration were calculated using least square linear

regression. The chromatographic conditions were as follows:

column, diamond-C18 (250 mm × 4.6 mm, 5 μm); mobile

phase, 4.04 g anhydrous sodium acetate, 0.80 g heptane

sodium sulfonate, and 0.188 g EDTA dissolved in 1,000 ml

water, filtered using 0.25 μm filter membrane, pH adjusted to

4.5 with acetic acid, then to 3.8 with phosphoric acid, and 220 ml

methanol added; flow rate, 1.0 ml/min; detector potential, 0.75 V;

column temperature, 35°C; and injection volume: 20 μL.

Dopamine (DA) hydrochloride (Sigma, United States),
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norepinephrine (NE) (Sigma, United States), and 5-

hydroxytryptamine (5-HT) hydrochloride (Sigma, United States)

were dissolved in methanol to prepare a standard solution for

control. The levels of NE, DA, and 5-HT of NAc were determined.

Statistical analysis

The Western blot strips were analyzed with Quantity One

software. The corresponding background box was cut out with

the value of the strip box, and the value of the strip was obtained.

According to the same sample, the value of each experimental

group was compared with the corresponding blank control

group, and the ratio was obtained. The measurement data

results were expressed as mean ± SEM and analyzed by SPSS

26.0. One-way ANOVA was used for comparison between

groups, and p < 0.05 was considered statistically significant.

Results

Preparation and characterization of glial
cell-derived neurotrophic factor-loaded
microbubbles

GDNF-loaded MBs were successfully prepared. A schematic

illustration of the structure of M-GDNF is presented in

Figure 1A. Figure 1B showed the appearance of the prepared

GDNF-loaded MBs in vial. The morphologic appearance of MB-

GDNF after conjugating with GDNF was observed through

bright-field microscopy (Figure 1C). The mean diameter and

concentration of the GDNF-loaded MBs were 1.8 ± 0.5 µm and

(2.15 ± 0.4) × 1010 MB/ml, respectively (Figure 1D).

Morphine-induced conditioned place
preference in rats

Repeated measures ANOVA was used to analyze behavioral

data. The results showed that after morphine CPP training, all

rats acquired significant CPP, and CPP scores were significantly

higher in the CPP training groups (post-C) compared with pre-C

(p < 0.001). CPP scores in CPP training groups were significantly

higher than those in the control group (p < 0.001). There was no

significant difference in the control group before and after

training (p > 0.05) (Figure 2).

Effect of focused ultrasound combined
with glial cell-derived neurotrophic
factor-loaded microbubbles on
morphine-induced conditioned place
preference in rats

The principle and method of GDNF-targeted delivery to the

VTA by focused ultrasound combined with MBs are shown in

FIGURE 1
GDNF-loaded MBs. (A) Diagram of GDNF-loaded MBs. (B) Appearance of GDNF-loaded MBs. (C) Microscopic examination of GDNF-loaded
MBs. (D) Particle size detection of GDNF-loaded MBs. GDNF, glial cell-derived neurotrophic factor; MBs, microbubbles. Scale bar = 20 µm.
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Figure 3A. The MRI-guided focused ultrasound irradiation to the

VTA can partially open the BBB in this region. The schematic

representations showed the location of VTA (Figure 3B). As

shown in Figure 3C, EB staining proved that MRI-guided

focused ultrasound successfully opened the BBB in the VTA

region using the previously measured optimal parameter

conditions, which was further confirmed by MRI imaging

(Figure 3D). The CPP training and treatment procedures for

FIGURE 2
Morphine-induced CPP in rats. (A) CPP training diagram. (B) CPP training protocol. (C) CPP scores. Means ± SEM, n = 8, ***p < 0.001 vs. Pre-C;
###p < 0.001 vs. control group. CPP, conditioned place preference.

FIGURE 3
Focused ultrasound combined with GDNF-loaded MBs reversed morphine-induced CPP in rats. (A) Schematic diagram of targeted delivery of
GDNF to VTA via focused ultrasound combined with MBs. (B) Schematic representations of VTA. (C) The location of the BBB opening was confirmed
by EB staining of the affected area (arrows). (D) BBB opening was monitored by leakage of the MR contrast agent into the brain parenchyma on
coronal (COR) MR images (arrows). (E) Schematic diagram of experimental process. (F)CPP scores. Means ± SEM, n= 8, ***p < 0.001 vs. Post-C;
#p < 0.05, ###p < 0.001 vs. Control group; ^^^p < 0.001 vs. IV-NS group. BBB, blood-brain barrier; CPP, conditioned place preference; MBs,
microbubbles; MR, magnetic resonance; VTA, ventral tegmental area.
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rats are shown in Figure 3E. CPP test results showed that the test

time had a significant effect on morphine-induced CPP scores [F

(2,98) = 719.07, p < 0.01], and there was also a significant

interaction between each treatment group and the test time [F

(12,98) = 54.63, p < 0.01]. Post hoc analysis showed that the

M-GDNF and IN-GDNFCPP scores were significantly lower than

those of the IV-NS group and that test before treatment (post-C),

and showed no significant differences compared with the control

group. Furthermore, there was no significant difference between

the M-GDNF and IV-GDNF groups (Figure 3F). The morphine-

induced CPP was not significantly affected by GDNF injection

(IV-GDNF) or MBs (M) via caudal vein or NS injected

intranuclearly (IN-NS). These results confirm that GDNF can

reverse morphine-induced CPP, and targeted delivery of GDNF

via focused ultrasound combined with MBs can achieve

therapeutic efficacy comparable to that of direct intranuclear

injection.

Influences of focused ultrasound
combined with glial cell-derived
neurotrophic factor-loaded microbubbles
on neurotransmitters in addiction rats

One-way ANOVA was used for analysis. Western blot

results showed that morphine significantly up-regulated TH

expression in the VTA region of rats (Figures 4A,B), TH

expression levels of M-GDNF and IN-GDNF groups was

significantly down-regulated compared with the IV-NS

group, and there was no significant difference between the

M-GDNF, IN-GDNF, and control groups (Figure 4B). The

contents of NE, DA, and 5-HT in the NAc region were

detected by HPLC. The results showed that morphine could

significantly induce an increase of NE, DA, and 5-HT in the

NAc region of rats, while M-GDNF and IN-GDNF treatment

could significantly reverse the increase of NE and DA induced

by morphine (Figures 4C,D). For 5-HT, the levels of 5-HT in

the M-GDNF and IN-GDNF groups were not significantly

different from those in the IV-NS and control groups,

suggesting that M-GDNF and IN-GDNF treatments could

partially reverse the increase of 5-HT induced by morphine

(Figure 4E).

Effect of focused ultrasound combined
with glial cell-derived neurotrophic
factor-loaded microbubbles on morphine
withdrawal symptoms in rats

Naloxone (4 mg/kg, IP) administration 4 h after the last

injection of morphine induced obvious withdrawal symptoms

in rats. Rats in different groups received corresponding

FIGURE 4
Effect of different treatments on morphine neurotransmitters of addiction rats. (A) Representative bands of TH expression. (B) Analysis of TH
expression in different groups. (C). NE concentration measured by HPLC. (D) DA concentration measured by HPLC. (E). 5-HT concentration
measured by HPLC. Means ± SEM, n = 3, #p < 0.05, ##p < 0.01 vs. control group; ^p < 0.05 vs. IV-SN group. DA, dopamine; HPLC, high performance
liquid chromatography; 5-HT, serotonin; NE, norepinephrine; TH, tyrosine hydroxylase.
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treatments 24 h before naloxone injection to observe the effects on

morphine withdrawal symptoms. The results are shown in Table 1.

Among the ten withdrawal symptoms observed, the M-GDNF

group had five symptoms (jumping, wet dog shakes, exploring,

diarrhea, and weight loss) and the IN-GDNF group had six

symptoms (jumping, wet dog shakes, exploring, piloerection,

diarrhea, and weight loss) scored significantly lower than those

in other treatment groups (p < 0.05). Compared with the IN-

GDNF group, only the scores of wet dog shakes were significantly

higher in the M-GDNF group. These results confirm that GDNF

can significantly reduce the withdrawal symptoms of morphine,

and focused ultrasound combined with MBs-targeted delivery of

GDNF can achieve similar therapeutic effects comparable to those

of intranuclear injection.

TABLE 1 Effect of different treatments on naloxone-induced morphine withdrawal symptoms.

Withdrawal sign Control IV-NS IV-GDNF M M-GDNF IN-NS IN-GDNF

Jumping 0.63 ± 0.52 2.88 ± 0.99***^$ 2.75 ± 0.71***$ 3.25 ± 1.28***^^$$ 1.75 ± 0.71*# 4.13 ± 1.64***^^^$$$ 1.50 ± 0.93

Teeth Chattering 0.00 ± 0.00 2.13 ± 0.99*** 2.50 ± 0.93***$ 2.00 ± 0.76*** 1.75 ± 0.89*** 1.88 ± 0.83*** 1.63 ± 0.74***

Writhing 0.00 ± 0.00 2.38 ± 0.92*** 2.75 ± 0.89*** 3.13 ± 0.83***^$ 2.25 ± 1.04*** 3.00 ± 1.07***$ 2.00 ± 0.76***

Wet-dog Shakes 0.00 ± 0.00 7.00 ± 1.60***^^^$$$ 6.63 ± 1.06***^^$$$ 6.13 ± 1.81***^$$$ 4.38 ± 1.41*** 7.25 ± 1.28***^^^$$$ 2.88 ± 1.25***^

Exploring 1.13 ± 0.64 8.50 ± 1.85***^^$$$ 9.00 ± 1.31***^^^$$$ 9.75 ± 2.25***^^^$$$ 5.63 ± 1.19*** 10.38 ± 2.07***^^^$$$ 4.63 ± 1.69***

Ptosis 0.00 ± 0.00 6.00 ± 1.77***^$$ 5.00 ± 1.31*** 5.38 ± 1.41*** 4.38 ± 1.19*** 5.88 ± 1.46***^$$ 4.13 ± 1.13***

Piloerection 0.00 ± 0.00 3.00 ± 1.41***$$ 2.88 ± 1.25***$ 3.25 ± 1.04***$$ 2.63 ± 0.92*** 3.63 ± 1.19***$$$ 1.50 ± 0.76**^

Irritability 0.00 ± 0.00 1.13 ± 0.64*** 1.38 ± 0.74*** 1.50 ± 0.53***$ 1.00 ± 0.53*** 1.63 ± 0.74***^$ 0.88 ± 0.35***

Diarrhea 0.00 ± 0.00 4.25 ± 1.04***^^$$$ 5.38 ± 1.06***^^^$$$ 4.50 ± 1.20***^^^$$$ 2.50 ± 0.93*** 5.13 ± 1.25***^^^$$$ 2.25 ± 0.89***

Weight Loss 1.48 ± 0.49 5.18 ± 1.45***^^$$ 4.90 ± 1.21***^$$ 6.05 ± 1.44***^^^$$$ 3.35 ± 1.28** 6.54 ± 1.61***^^^$$$ 2.88 ± 1.11*

Mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control group; ^p < 0.05, ^^p < 0.01, ^^^p < 0.001 vs. M-GDNF, group; $p < 0.05, $$p < 0.01, $$$p < 0.001 vs. IN-GDNF, group.

FIGURE 5
Effect of different treatments on neurotransmitters of morphine withdrawal rats. (A) Representative bands of TH expression. (B) Analysis of TH
expression in different groups. (C)NE concentrationmeasured byHPLC. (D)DA concentrationmeasured byHPLC. (E) 5-HT concentrationmeasured
by HPLC. Means ± SEM, n = 3, #p < 0.05, ##p < 0.01, ###p < 0.001 vs. Control group; ^p < 0.05 vs. IV-SN group. DA, dopamine; HPLC, high
performance liquid chromatography; 5-HT, serotonin; NE, norepinephrine; TH, tyrosine hydroxylase.
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Possible mechanisms of different
treatments affectingmorphinewithdrawal
symptoms

The western blot results showed that TH expression in the VTA

of morphine withdrawal rats was significantly higher than that of

the control group. TH expression levels in the IN-GDNF and

M-GDNF groups were significantly lower than in the IV-NS

group, and there was no significant difference between the

M-GDNF and IN-GDNF groups (Figures 5A,B). The contents of

NE, DA and 5-HT in the NAc region were determined by HPLC.

The results showed that morphine withdrawal significantly

increased the NE, DA, and 5-HT contents in the NAc region of

rats, and the up-regulation of NE and DA were significantly

reversed by M-GDNF and IN-GDNF treatment (Figures 5C,D).

The levels of 5-HT in the M-GDNF and IN-GDNF groups showed

no significant difference compared with both the IV-NS and control

group, suggesting that M-GDNF and IN-GDNF treatments can

partially reverse the increase of 5-HT induced by morphine

withdrawal (Figure 5E).

Discussion

The abuse of addictive substances has become a crucial factor

affecting world economic development, endangering public health,

and threatening social harmony and stability (Maier et al., 2020).

Drug abuse can not only cause direct economic losses and increase

the probability of crime, but also cause the rapid spread of HIV,

HBV, and other infectious diseases (Messer et al., 2000). Therefore, it

is of great significance to seek treatment drugs for addiction. The

BBB is a vital structure that maintains the stability of the central

nervous system. However, the actions of many drugs for addiction

treatment, especially macromolecules, are limited due to their

inability to cross the BBB and enter the brain. This is a complex

problem in the development of drugs for addiction treatment

(Nelson, 2006). In recent years, focused ultrasound has been

regarded as an effective non-invasive method to open the BBB

and achieve targeted drug delivery (United Nation, 2021). This

technology may provide new approaches and strategies for the

treatment of addiction.

As one of the most representative members of the neurotrophic

factor family, GDNF is a large protein with a molecular weight of

24 kDa. GDNF is widely present in the developing central nervous

system and mature brain tissue, and can promote the growth,

protection, and repair of various neurons, such as glial cells and

serotonergic and dopaminergic neurons (Sajadi et al., 2005). GDNF

receptors are expressed in many brain regions, including the

cerebellum, hypothalamic nucleus, amygdala, and hippocampus,

but are mainly found in the SNc and VTA. Furthermore,

dopaminergic neurons in the VTA region are closely associated

with addiction (Shi et al., 2018). TH is a rate-limiting enzyme of DA

synthesis, and the up-regulation of TH levels is considered one of the

biomarkers of addiction. Direct injection of GDNF into the VTA

region reversed CPP, NR1 subunit of the NMDA receptor, and TH

expression in the brain of cocaine-trained rats (Sun et al., 2018).

Cocaine increases extracellular DA concentration by blocking

synaptic level reuptake, whereas morphine increases DA

concentration by stimulating DA neurons in the VTA region

(Tosi et al., 2020). It was also found that GDNF could regulate

TH activity, and the increase in GDNF levels was closely related to

the decrease of TH activity and DA levels in the striatum (Uhl et al.,

2019). In addition, injection of GDNF in the VTA region can reverse

the elevation of TH protein induced by cocaine and morphine (Sun

et al., 2018; Volkow and Boyle, 2018). These studies indicate that

GDNF can attenuate the biochemical and behavioral changes of

drug abuse, is an effective substance for addiction treatment (Sun

et al., 2018; Volkow et al., 2019), and its mechanism may be related

to the regulation of TH activity.

Although GDNF has shown potential in the treatment of drug

addiction, its difficulty in penetrating the BBB severely limits its use

(Wang et al., 2012; Wang et al., 2020). Therefore, a fundamental

scientific problem in using GDNF for the treatment of drug

addiction is how to promote passage of GDNF through the

BBB to achieve effective concentrations in the central nervous

system. In this study, we used focused ultrasound combined with

GDNFMBs to achieve targeted delivery into the VTAbrain region.

Our previous study proved that the optimal parameters for

ultrasound combined MB opening of the BBB are as follows:

1 MHz frequency, 0.5 ml MB dose, 1 min irradiation time,

0.8 MPa sound pressure, and 60 s delay time (Lin et al., 2015;

Lin et al., 2016). These were the parameters used in this study for

focused ultrasound-targeted irradiation of the VTA under MRI

guidance to open the BBB locally. EB and MRI contrast agent

leakage in the local open area were consistent with the VTA

positions shown in the model figure, indicating that our study

could accurately open the BBB locally and provide a basis for the

targeted release of GDNF.

To verify the inhibitory effect of an increased content of

GDNF in the brain, achieved through ultrasound combined with

GDNF MB opening of the BBB, on morphine addiction,

morphine CPP and morphine withdrawal rat models were

established. After morphine training, all rats except the

control group acquired significant CPP. Compared with the

control group, there were significant differences between the

M-GDNF and IN-GDNF groups and other groups after the

corresponding treatments were given to each. Naloxone can

induce significant morphine withdrawal symptoms. In the

M-GDNF group, five of ten withdrawal symptoms scores were

significantly lower than those of the other treatment groups,

while there were no significant differences with the IN-GDNF

group except for wet dog shakes. The results showed that

ultrasound combined with GDNF MB to open the BBB and

increase the content of central GDNF could destroy the CPP and

relieve the withdrawal symptoms of morphine addiction in rats

and achieve the same effect as brain microinjection of GDNF.
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Furthermore, we investigated the effects of increasing the

brain content of GDNF via ultrasound combined with GDNF

MB on the BBB opening on TH expression and content of mono-

ammonia neurotransmitters such as NE, DA, and 5-HT in order

to reveal the mechanism of action. The results showed that in

both themorphine-induced CPP and naloxone-induced withdrawal

models, ultrasound combined with GDNF MB group (M-GDNF)

could significantly reverse the increased TH expression and

content of NE, DA, and 5-HT, and achieved similar effects to

direct injections of GDNF into the brain VTA (IN-GDNF).

Conclusion

This study provides a non-invasive and reversible method to

open the BBB, target delivery of GDNF to the VTA region, and

treat morphine addiction. This technique can avoid brain tissue

damage caused by intracranial microinjection, and further

increases the advantages of neurotrophic factors, such as

GDNF, in the treatment of brain diseases. It provides a new

and effective way to explore the application of peripheral

macromolecular drugs in the treatment of neuropsychiatric

diseases such as addiction.
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Recently, phase-changematerials (PCMs) have gathered enormous attention in

diverse fields of medicine, particularly in bioimaging, therapeutic delivery, and

tissue engineering. Due to the excellent physicochemical characteristics and

morphological characteristics of PCMs, several developments have been

demonstrated in the construction of diverse PCMs-based architectures

toward providing new burgeoning opportunities in developing innovative

technologies and improving the therapeutic benefits of the existing

formulations. However, the fabrication of PCM-based materials into

colloidally stable particles remains challenging due to their natural

hydrophobicity and high crystallinity. This review systematically emphasizes

various PCMs-based platforms, such as traditional PCMs (liposomes) and their

nanoarchitectured composites, including PCMs as core, shell, and gatekeeper,

highlighting the pros and cons of these architectures for delivering bioactives,

imaging anatomical features, and engineering tissues. Finally, we summarize the

article with an exciting outlook, discussing the current challenges and future

prospects for PCM-based platforms as biomaterials.

KEYWORDS

gatekeeper, temperature-controlled release, liposomes, core-shell architectures,
phase-change materials

Introduction

In recent times, tremendous advancements have resulted in the development of

various advanced nanotechnology-based approaches for targeted delivery to diseased

areas precisely with improved biodistribution and appropriate excretion profiles (Fan

et al., 2017; Ramasamy et al., 2017). Although the impressive progress in pharmaceutics

and materials science has resulted in the diverse nanocarriers with altered sizes and

surface properties, the exploration of stimuli-responsive materials has garnered enormous

attention, featuring reversible response to a specific stimulus, gating ability to avoid

undesired release, highly conducive to load multiple drug payloads, and biodegradability,

as well as biocompatibility (Mura et al., 2013). To satisfy these requirements and their

subsequent translation, several efforts have been dedicated to using polymeric materials

that respond to specific stimuli (receptors, biomarkers, and microenvironments) to

formulate smart nanocarriers for precise therapy of the disease (Chen et al., 2018).

Nonetheless, several attributes of multi-step preparation and low degradability-induced
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toxicity risks due to chemical modifications may hinder their

applicability, limiting the subsequent translation to clinics.

Phase-change materials (PCMs) with unique transition

ability between solid and liquid states due to enormous latent

fusion heat, have gained particular interest in thermal energy

storage and solar energy applications (Dai et al., 2019; Ma et al.,

2021). Among various phase transitions (i.e., solid-to-solid,

solid-to-liquid, and liquid-to-gas), the solid-to-liquid

changeover is often employed due to multiple features of the

low transition temperature and high latent energy, as well as

excellent thermal conductivity (Sun et al., 2019). These smart

matrices encapsulate high drug payloads inside solid PCM and

swiftly release them in response to a temperature upon transition

from the solid-to-liquid phase (Fu et al., 2021). The classic

examples include various thermo-responsive materials, such as

natural fatty acids (lauric acid, LA, and stearic acid, SA) or fatty

alcohols (1-tetradecanol), as well as their eutectic mixtures due to

excellent biocompatibility/biodegradability, suitable melting

point, chemical stability, and cost-effectiveness (Zhu et al.,

2017a; Qiu et al., 2020). Due to their stable melting points

of >37°C and satisfactory release rates, PCMs can be applied

as biomaterials for promising therapeutic applications. Typically,

photothermal conversion agents (PTCAs) and payloads are co-

encapsulated in PCMs-based platforms to trigger light-assisted

melting. Upon light irradiation, the platforms would be quickly

heated up due to the photothermal effect of the encapsulated

PTCAs (Liu Z. et al., 2020; Otaegui et al., 2020). Notably, if the

local temperature is increased beyond the melting point, the

platforms would melt, leading to the quick and on-demand

release of the encapsulated payloads. Although several reviews

have been published discussing the PCMs-based platform for

biomedicine, the position of PCM in the drug delivery field has

received tremendous attention recently. Therefore, a timely

review of relevant research progress is of great significance for

the continuous development of PCMs-based platforms. From a

unique perspective of the PCMs-based platform architecture, in

this mini-review, we systematically emphasize various platforms,

such as traditional PCMs (liposomes) and their

nanoarchitectured composites as thermo-responsive materials,

including PCMs as core, shell, and gatekeeper, highlighting the

pros and cons of these architectures for delivering bioactives,

imaging anatomical features, and engineering tissues (Figure 1).

Finally, we summarize the article with an exciting outlook,

discussing the current challenges and future opportunities for

PCM-based platforms as biomaterials.

Phase-change materials-based
platforms

Phase-change materials-based traditional
particles/liposomes

Among the classic examples of PCMs, natural fatty acids

have gained enormous interest in the generation of traditional

PCMs-based particles/liposomes due to their diversity,

biocompatibility, biodegradability, abundance, and cost-

effectiveness (Cao et al., 2021). For instance, capric acid (CA)

and octadecane (OD) are lipophilic PCMs with melting points of

31 and 28°C, respectively, leading to phase change at body

temperature and resulting in the leaching of their

encapsulated guests. In an attempt to successfully deliver

exogenous nitric oxide (NO) donors and address the short

half-life of NO, injectable microfluidics-assisted microparticle

(MP) systems were fabricated using the PCMs, CA, and OD.

These PCM-based MPs as micellar depots successfully

encapsulated NONOate, actively trapping and protecting the

NO bubbles that are generated in situ (Figure 2A) (Lin et al.,

2018). These PCMs could prevent the access of hemoglobin to

NO bubbles and prolong half-life, resulting in sustained

therapeutic function and retreating osteoporosis. In another

case, a temperature-regulated system for the controlled release

of nerve growth factor (NGF) to promote neurite outgrowth was

reported (Xue et al., 2018). The system was based upon

microparticles fabricated using a co-axial electrospray

approach, with the outer solution containing PCMs (a

mixture of LA and SA at a mass ratio of 4:1) and the inner

solution encompassing NGF and a near-infrared (NIR) dye,

indocyanine green (ICG). The controlled release system was

evaluated for potential use in neural tissue engineering by

FIGURE 1
Schematic illustrating the conceptual design of various PCMs,
in terms of positioning the PCMs and their successive
nanoconjugates for biomedicine.
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FIGURE 2
(A) Fabrication/structure of injectable microparticles (MPs). The MPs system is developed using a microfluidic device in an oil-in-water (O/W)
single emulsion that consists of phase-changematerials capric acid and octadecane and encapsulates NONOate. Reproducedwith permission from
Ref. (Lin et al., 2018). Copyright 2018, JohnWiley and Sons. (B)Design and characterization of PCM-based liposome nanoreactors. (a) The solid PCM
was dissolved in melted PCM at 37 °C. (b) The scheme of endogenous stimulus-powered antibiotic release from RFP-CaO2@PCM@Lec
nanoreactors for bacterial infection combination therapy. Reproduced with permission from Ref. (Wu et al., 2019). Copyright 2019, Springer Nature.
(C)Near infrared-activated nano-transporter (TRIDENT, also named IMP/IR780@TRN) for antibiotic-resistant bacteria killing. The prepared thermo-

(Continued )
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sandwiching the microparticles between two layers of

electrospun fibers to form a trilayer construct. Upon

photothermal heating with a NIR laser, the NGF could be

released on demand with well-preserved bioactivity to

promote neurite outgrowth. This facile and versatile system

could be readily applied to various biomedical applications by

switching to different combinations of PCM, biological effector,

and scaffolding material (Xue et al., 2020). Notably, the sensing

temperature at the subcellular level is of great importance for

understanding various biological processes. Recently, a novel

organic fluorescent nanothermometer based on aggregation-

induced emission (AIE) molecules and natural-derived PCMs

was designed, and its application in non-invasive temperature

sensing was explored (Xue et al., 2021a). First, a dual-responsive

organic luminogen that could respond to the molecular state of

aggregation and the environmental polarity was synthesized.

Next, the natural saturated fatty acids with sharp melting

points, and reversible, as well as rapid phase transitions were

employed as the encapsulation matrix to correlate external heat

information with the fluorescence properties of the luminogen.

To apply the composite materials for biological application,

colloidally dispersed nanoparticles were formulated by a

technique based on in situ surface polymerization and

nanoprecipitation. As anticipated, the resultant zwitterionic

nanothermometer exhibited sensitive, reversible, reliable, and

multiparametric responses to temperature variation within a

narrow range around the physiological temperature

(i.e., 37°C). Taking spectral position, fluorescence intensity,

and fluorescence lifetime as the correlation parameters, the

maximum relative thermal sensitivities were determined to be

2.15, 17.06, and 17.72%°C−1, respectively, which were much

higher than most fluorescent nanothermometers.

Despite the successful encapsulation of the cargo, the

particles made of fatty acids suffer from poor aqueous

dispersibility, resulting in surface aggregation, which could

be considerably addressed by adding amphiphilic molecules,

such as phospholipids (Xue et al., 2021b). For instance, calcium

peroxide (CaO2) and antibiotics were encapsulated in a eutectic

mixture of fatty acids (4:1, SA, m. p. = 71.8–72.3 °C, and LA, m.

p. = 45.7–46.2 °C) and coated with liposome (lecithin and

DSPE-PEG3400) against bacterial infections. The release

could happen sequentially in a series of steps, in which after

bacteria contact the nanoreactors at 37 °C, anchored on the

nanoreactor’s surface, form pores in the layer, entry of H2O

molecules into the nanoreactors, resulting in the decomposition

of formed H2O2 and driving antibiotic release (Figure 2B) (Wu

et al., 2019). Similarly, versatile architectures referred to as

TRIDENT (Thermo-Responsive-Inspired Drug-Delivery

Nano-Transporter)-based on PCM using SA and LA were

fabricated to address the synergistic effects of fluorescence

monitoring and chemo-photothermal-based antimicrobial

effectiveness against multidrug-resistant (MDR) bacteria.

These hydrophobic TRIDENT PCMs encapsulated with a

broad-spectrum antibiotic (imipenem, IMP) and IR780 and

subsequently coated with lecithin and DSPE-PEG 2000 not only

resulted in the NIR-assisted melting of the nanotransporter but

also damaged the membrane facilitating the permeation, as well

as interfering in the cell wall biosynthesis and enable bacterial

death (Figure 2C) (Qing et al., 2019). In this regard, several

PCMs-based on LA and SA, as well as oleic acid, were fabricated

for nanotheranostics with the ability of hyperthermia-triggered

spatiotemporally tunable drug release (Cai et al., 2021; Lai et al.,

2022).

Phase-change materials as cores

Despite the success, the PCMs sometimes may suffer from

undesired degradation due to hypersensitivity, resulting in the

unwanted leakage of encapsulated therapeutic cargo in vivo. To

avoid the pre-degradation of fatty acid and subsequent pre-

leakage of payload, PCMs and drugs were encapsulated in the

micro-/nano-scale carriers as core substances (Zhang et al.,

2022). These PCM cores facilitate the protection of

therapeutic agents and execute their versatility in the

appropriate circumstances. In a case, a eutectic fatty acid

mixture of LA and SA with a melting temperature of 39°C

and coloaded with doxorubicin (DOX) and ICG was

encapsulated in silica-based nanocapsules using the site-

selective deposition by templating with Au–PS Janus colloidal

FIGURE 2
responsive-inspired drug-delivery nano-transporter is “melted”when the temperature rises above 43°C under the NIR irradiation, leading to the
release of imipenem to the infected site. Reproduced with permission from Ref. (Qing et al., 2019). Copyright 2019, Springer Nature. (D) Schematic
illustration of thermosensitive urchin-like Bi2S3 hollow microsphere as a carrier of DOX/PCM for photoacoustic imaging and photothermal-chemo
therapy of tumors. Reproduced with permission from Ref. (Zhang C. et al., 2020). Copyright 2020, Elsevier. (E) The scheme of the fabrication
process and therapeutic mechanism of thermo-responsive (MSNs@CaO2-ICG)@LA NPs for synergistic CDT/PDT with H2O2/O2 self-supply and GSH
depletion. Reproducedwith permission from Ref. (Liu C. et al., 2020). Copyright 2020, Springer Nature. (F) Schematics for preparation of metformin-
loaded and PDA/LA-coated hollow mesoporous SiO2 nanocomposites and NIR-responsive release of loaded metformin on diabetic rats by the
transdermal deliverymethod. Reproducedwith permission fromRef. (Zhang et al., 2018). Copyright 2018, American Chemical Society. (G) Schematic
illustration of (a) preparation of PT-V@TPDOX and (b) photothermally enhanced drug release and retention towards multidrug resistance cancer
cells. I. Receptor-mediated endocytosis. II. Photothermally controlled drug release. III. Mitochondria targeting of TPDOX. IV. Inhibition of
P-glycoprotein (P-gp) pathway. V. P-gp mediated drug efflux of TPDOX delivered by non-photothermal vector. Reproduced with permission from
Ref. (Ji et al., 2021). Copyright 2020, Elsevier.
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particles (Qiu et al., 2019). In another instance, Au nanocages

(AuNCs) were encapsulated with the PCM (1-tetradecanol) and

either hydrophobic or hydrophilic therapeutics, in which the

PCM served as an inner gatekeeper to spatially control the NIR-

triggered release in response to raising in temperature beyond the

melting point (Moon et al., 2011).

Sonodynamic therapy (SDT), a non-invasive therapeutic

strategy, offers enormous potential in treating solid tumors

due to its high penetration depth (Bai et al., 2021).

Nevertheless, the efficacy is limited due to hypoxia in solid

tumors. In an attempt to address this issue, ultrasound-

activated nanosystems based on the biodegradable hollow

mesoporous organosilica nanoplatforms were developed by

encapsulating ferrate (VI) and protoporphyrin IX, followed

by PCM, LA deposition (Fu et al., 2019). The hydrogen

peroxide and glutathione (GSH)-dependant oxygen

production by ferrate (VI) species and subsequent ROS

production by protoporphyrin-augmented SDT and

intracellular Fenton chemistry, as well as ultrasound-

assisted mild hyperthermia leading to phase change of LA,

played a synergetic role in SDT-sensitized effects against solid

hypoxic tumors. The low melting point of LA (44–46°C)

endowed the temperature-sensitive control by the

nanosystems over the diffusion of water and release of

oxygen. In another instance, Bi2S3 hollow urchin-like

nanostructures co-loaded with DOX and 1-tetradecanol

with a melting point around 38 °C in the hollow cores for

photoacoustic imaging and chemo-/photothermal therapy of

tumors (Zhang C. et al., 2020). These composites facilitated

the conversion of 808 nm NIR-assisted irradiation to heat

energy, resulting in the triggered DOX release from the

hollow containers after reaching the PCM melting point

(Figure 2D). The tumor ablation efficiency, along with

photoacoustic imaging and combined therapies, were

systematically demonstrated in vitro and in vivo. Similarly,

anticancer drugs and 1-tetradecanol were filled into the

hollow magnetic nanoparticles for imaging-guided thermo-

chemo combination cancer therapy. The system

demonstrated a sensitive thermal response to the

alternating current magnetic field for triggering switchable

controlled drug delivery with a nearly “zero release” feature.

More importantly, the system displays infrared thermal and

magnetic resonance imaging properties for the image-guided

cancer therapy (Li et al., 2015).

Phase-change materials as shells

Considering the stability of the encapsulated therapeutics

in a physiological environment, these PCMs can be employed

to coat over highly sensitive molecules as shells. These PCM-

based shells not only facilitate the protection of the

encapsulated cargo but also enable their precise release

through a thermo-responsive manner (Zhang S. C. et al.,

2020). In a case, manganese silicate nanospheres (MSNs)

supported by calcium peroxide (CaO2) and ICG were

coated with the LA (MSNs@CaO2-ICG)@LA) for

photodynamic (PDT)/chemodynamic (CDT) synergistic

cancer therapy (Figure 2E) (Liu C. et al., 2020). The

biocompatible and biodegradable LA with a melting point

of 44–46°C on the surface was melted due to the NIR-assisted

photothermal effect of ICG, in which the exposed CaO2

would react with water, generating H2O2 and O2, as well

as accompanying the exposure of MSNs towards Fenton-like

agent Mn2+ for H2O2-supplementing CDT and MRI-guided

synergistic therapy. In an attempt to explore gas therapy with

negligible side effects, Zhu and colleagues developed a new

type of multi-shell nanoparticles (CuS@SiO2-l-Arg@PCM-

Ce6, CSLPC), in which the PCM wax-sealed profile of the

encapsulated Ce6 would be released with the NIR-II-assisted,

CuS-triggered photothermal effect in the tumor site (Zhu

et al., 2021). In addition, the released l-Arg was oxidized to

generate NO for gas therapy, resulting in the synergistic

targeted tumor therapy. Similarly, multifunctional

nanosystems based on hollow mesoporous organosilica

nanoparticles (HMONs) deposited with CuS were

generated for the dual stimuli-responsive drug delivery

(Chen et al., 2020). These composites coated with 1-

tetradecanol substantially facilitated the avoidance of drug

leakage and improved CuS-based NIR-assisted temperature-

controlled release of encapsulated DOX cargo for chemo- and

photothermal therapy. In another similar instance, hollow

mesoporous SiO2 nanoparticles (HMSNs) were coated with

PCM (polydopamine (PDA) as photothermal conversion

agent/LA, mp ≈ 44–46°C) for the successful delivery of

metformin through the NIR-responsive poly

(vinylpyrrolidone) microneedle (MN) system (Figure 2F)

(Zhang et al., 2018). These MNs for transdermal delivery

facilitated the triggering effects of PCM by NIR-

responsiveness after being inserted in the skin, leading to

the release of the encapsulated cargo from MNs.

Phase-change materials as gatekeepers
on hollow containers

Similar to enclosing various therapeutics in the PCM as

shells to protect them from pre-leakage, the PCMs can be

specifically utilized as gatekeepers on the pores of various

inorganic porous architectures. These PCM-based

gatekeepers facilitate the protection of enclosed therapeutic

cargo and enable their precise release in a specific

environment (Hussain and Guo, 2019; Li et al., 2021). It

should be noted that the precise selection of PCM depends on

the application and the environment that could precisely

transform the PCM. Although DOX is the most preferred
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anticancer molecule in clinics, it is often suffered from MDR

efflux, hindering its performance efficacy. In an attempt to

address these aspects, TPDOX is encapsulated in the pores of

mesoporous silica, please see (Figure 2G). The porous silica

was filled with LA (melting point is 45 °C) along with TPDOX

in the form of small-sized particles with an average diameter

of 40 nm. The NIR (808 nm) laser-assisted melting of LA

facilitated the release of TPDOX, significantly inhibiting drug

efflux and enabling antitumor therapy (Ji et al., 2021). In

another case, You and group fabricated a 1-tetradecanol-

based ICG-loaded CuS@mSiO2 nanoplatform (CuS@mSiO2-

TD/ICG) (You et al., 2017). The NIR (808 nm)-absorbing

ICG in mesopores facilitated the melting of PCM (1-

tetradecanol) gatekeepers, resulting in the CuS@mSiO2-

assisted PTT and simultaneously ICG-based PDT/PTT

effects. The PCM, 1-tetradecanol, offers a reversible

change in its physical states at a narrow temperature

range, in which it exists as solid in the body temperature

but melts at just above it (Tm = 39°C). These observations

showcase that the porous cavities are opened rapidly above

the body temperature after exposure to the heating source.

In most instances, the PCMs are often based on fatty acids

or fatty alcohols, in which the encapsulated drug can be

released by substantially melting the PCM by raising the

temperature beyond its melting point (Zhu et al., 2017b).

However, the release is substantially dependent on the

encapsulated PCM species, which could be limited to

specific cargo. The precise control over the release kinetics

can be altered by regulating the melting point of PCMs, which

can be achieved by the composition of different PCM species

with a mixture of 1-tetradecanol (at 38°C) and LA (at 44°C) at

different ratios (Hyun et al., 2013).

Conclusions and perspectives

In summary, this article has reviewed the recent advances in the

development of PCM-based platforms for biomedical applications.

Due to their specific physicochemical attributes, these PCMs and

their composites (cores, shells, and gatekeepers) have shown

excellent prospects in diverse biomedical applications. Despite the

success in exploring the characteristics, some unwanted

characteristics of PCMs during the phase transition must be

altered, for instance, undercooling, volume expansion, low

thermal conductivity, and phase separation. In addition, various

necessities must be comprehensively considered to meet the

application requirements for expanding the scope of PCMs for

biomedical applications. Several application principles are required

to be addressed according to the application requirements, such as

appropriate phase transition temperature and latent heat, suitable

chemical stability during the phase change, biosafety, and ease of

synthesis using cost-effective precursors, as well as eco-friendly

techniques.

Despite the enormous progress, several key features are

required to be strictly optimized for their clinical translation.

1) The foremost requirement is the morphological attributes

concerning the particle size and pore diameters in the case of

mesoporous architectures, as well as shell thickness in the

core-shell structures. It should be noted that these

morphological features influence the thermal characteristics

of PCMs. 2) Efforts to alter the PCM surfaces and regulate the

mesoporous characteristics are required further to improve

the translation of the PCMs. 3) Similarly, the temperature

changes and their effect, along with the mechanistic views, are

yet to be resolved. Although several studies have explored the

temperature-related PCM conversion and their subsequent

synergistic effects on cancer therapy, it is required to

investigate the related viewpoints in various other ailments.

4) The biosafety of these PCMs and their composites must be

necessary to explore comprehensively, right from the in vitro

to in vivo assessments.

Among the aforementioned challenging tasks, the

predominant efficacy-related issue is that realizing the

phase transition of PCM materials in deep human tissues

remains further studied due to the limited tissue penetration

depth of light. To a considerable extent, using ultrasound,

X-rays, or magnetic fields to stimulate heat production may

help solve these problems. In recent years, catalyzing or in

situ generations of active substances at the lesion site for

treating diseases is an important research direction for

precision therapy. Applying PCMs to coat catalysts or

substrates, release them quickly after reaching the lesion

site, and initiate relevant chemical reactions to treat diseases

may be an important research direction for PCMs in the

future. In summary, the current review explored the detailed

insights of the relevant communities working on PCMs and

their composites, which could be applied to biomedical

applications.
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Titanium and alloy osseointegrated implants are used to replace missing

teeth; however, some fail and are removed. Modifications of the implant

surface with biologically active substances have been proposed. MEDLINE

[via Pubmed], Embase and Web of Science were searched with the terms

“titanium dental implants”, “surface properties”, “bioactive surface

modifications”, “biomolecules”, “BMP”, “antibacterial agent”, “peptide”,

“collagen”, “grown factor”, “osseointegration”, “bone apposition”,

“osteogenic”, “osteogenesis”, “new bone formation”, “bone to implant

contact”, “bone regeneration” and “in vivo studies”, until May 2022. A

total of 10,697 references were iden-tified and 26 were included to

analyze 1,109 implants, with follow-ups from 2 to 84 weeks. The ARRIVE

guidelines and the SYRCLE tool were used to evaluate the methodology and

scientific evidence. A meta-analysis was performed (RevMan 2020 software,

Cochane Collaboration) with random effects that evaluated BIC at 4 weeks,

with subgroups for the different coatings. The heterogeneity of the pooled

studies was very high (95% CI, I2 = 99%). The subgroup of BMPs was themost

favorable to coating. Surface modification of Ti implants by organic

bioactive molecules seems to favor osseointegration in the early stages

of healing, but long-term studies are necessary to corroborate the results of

the experimental studies.

KEYWORDS

titanium dental implants, bioactive surface modifications, biomolecules, peptides,
bone morphogenetic protein, grown factor, components of the extracellular
matrix, osteointegration
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1 Introduction

Since the introduction of dental implants by Brånemark in

the 1960s, titanium (Ti) and some Ti alloys (Ti6Al4V) have been

used in edentulous patients to replace missing teeth (Osman and

Swain, 2015), their long-term success depending mainly on their

osseointegration. However, despite the high success rates

recorded, some of them have to be removed due to failure

(Moraschini et al., 2015; Alghamdi and Jansen, 2020).

Recently, the attention of researchers has been focused on

chemical and topographical modifications of dental implant

surfaces and surface coatings with biologically active materials

(Le Guéhennec et al., 2007).

These materials, in addition to provoking a response in living

tissue, would have the capacity to achieve a faster, higher quality

and more durable osseointegration, reducing the waiting time for

prosthetic rehabilitations and solving the problems of poor bone

quality (Stanford, 2008). Currently, bioceramics, ions and

biomolecules are applied for bioactive purposes (Ellingsen

et al., 2004; Cooper et al., 2006; Badr and Hadary, 2007;

Zagury et al., 2007). The latter include biomacromolecules

(lipids, proteins, polynucleic acids and polysaccharides) and

biomicromolecules (oligopeptides, deoxyribonucleotides,

amino acids, monosaccharides and metabolic products), which

are of extraordinary importance for physiological processes and

homeostasis (Fischer et al., 2020).

The ability to adhere to bone tissue and the chemical

similarity with this tissue have led to great interest in calcium

phosphate (CaP) coatings on the surface of implants, precisely

because they increase the biochemical anchorage between the

bone and the surface materials (Bosco et al., 2013). Similarly,

protein coatings have been used in recent years because they

accelerate the bone regeneration process at the bone-implant

interface and improve osseointegration (Raphel et al., 2016).

Bone morphogenetic protein (BMP) and collagen have been

proposed as bone regeneration stimulating materials. Collagen is

an important component in bone composition, leading to

increased tissue vascularization and decreased inflammation

by curbing macrophage and osteoclast activity (Lee et al.,

2014). In turn, BMPs play an important role in osteogenesis

by regulating the differentiation of bone mesenchymal stem cells

(MSCs) and osteogenic cells (Dolanmaz et al., 2015a).

Synthetic peptides have been shown to stimulate bone

formation by enhancing the binding of osteoblast cell

adhesion receptors (e.g., integrins, selectins, and cadherins).

Binding of osteoblast integrin receptors to these bioactive

molecules stimulates their interaction with their extracellular

matrix (ECM) and promotes cell proliferation and

mineralization (Garcia and Reyes, 2005).

Studies have shown that biofunctionalization of implant

surfaces with biomimetic peptides would result in a greater

increase in the bone-to-implant contact surface (BIC) and an

increase in bone density around the implant (Lutz et al., 2010a).

However, the process of peptide immobilization on Ti implant

surfaces can be a complex process, despite the fact that, in recent

years, specific methods have been developed to achieve this goal

(Narai and Nagahata, 2003; Russell et al., 2008; Viera-Negron

et al., 2008). Also, it has been observed that the biological activity

of certain peptides would be reduced by the immobilization

process. The surface density, together with the length of the

spacers and the orientation, would condition the bactericidal

effect of the peptides (Giro et al., 2008). Moussa and Aparicio

demonstrated in vitro that bacterial abundance on peptide-

coated hydroxyapatite (HA) discs was significantly lower than

in controls (Andrea et al., 2018a). Makihira et al. tested in

edentulous dog mandibles, the osseointegrative capacity of Ti

implants coated with a histatin-derived peptide, demonstrating,

by histological and micro-CT analysis, increased trabecular bone

formation around the coated implants (Riool et al., 2017). Their

observations suggest that antimicrobial peptides on Ti implants

would decrease bacterial colonization on the implant surface and

facilitate osseointegration (Silva et al., 2016; Zhang et al., 2018).

Despite the existence in the literature of reviews to evaluate the

effects of different implant surface modifications on peri-implant

bone formation and osseointegration (Makihira et al., 2011; Andrea

et al., 2018b;Moussa andAparicio, 2020; Siwakul et al., 2021) and the

known benefit on osseointegration of the use of bioactive molecules

(Junker et al., 2009), we have not found meta-analyses that

investigate the results in depth, so the aim of our study was to

evaluate the role and efficacy of bioactive surfaces on

osseointegration. Our meta-analysis limited the research interest

to titanium dental implants coated with biomolecules, i.e. organic

molecules produced by a living organism.

2 Materials and methods

2.1 Registration

This systematic review was registered at INPLASY,

registration number INPLASY202260076.

2.2 PICOS and focused question

Supplementary Table S1: PRISMA Checklist]. According to the

PRISMA guidelines for Systematic Reviews and Meta-Analyses

(Hutton et al., 2016), a specific question was formulated based on

the PICOS principle (Participants, Interventions, Control,

Outcomes, and Study Design). The focused question was, “Does

the bioactive surface of titanium dental implants, based on

biomolecules, influence osseointegration?“.

P) Participants: Subjects received endosseous implantation.

I) Interventions: Implants with incorporated bioactive surfaces

based on biomolecules.
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C) Control: Implants with conventional etched surfaces (SLA

type).

O) Outcome: Bone to Implant Contact (BIC).

S) Study design: Preclinical studies in unmodified experimental

animal models.

2.3 Search strategy

The electronic databases PubMed/MEDLINE, WOS and

EMBASE were searched until May 2022, with the terms Medical

Subject Headings (MeSH): “titanium dental implants”, “surface

properties”, “bioactive surface modifications”, “biomolecules”,

“BMP”, “antibacterial agent”, “peptide”, “collagen”, “grown factor”,

in combination with “osseointegration”, “bone apposition”,

“osteogenic”, “osteogenesis”, “new bone formation”, “bone to

implant contact”, “bone regeneration” and “in vivo studies”. The

Boolean operators AND/OR were used to refine the search. In

addition, relevant studies in the gray literature and reference lists

of included studies were also examined (cross-referenced). The search

strategy and the PICOS strategy are shown in Table 1.

2.4 Inclusion and exclusion criteria

2.4.1 Inclusion criteria
1) Studies regarding Ti implant surfaces coated with

biomolecules; b) Studies reporting evaluation of the effect of

biomolecular coatings on bone formation or osseointegration; 3)

Studies published in English.

2.4.2 Exclusion criteria
1) In vitro studies; b) Studies usingmodified animals; 3)Narrative

reviews and systematic reviews; 4) Irrelevant and duplicate studies

and those that did not meet the established inclusion criteria.

2.5 Data extraction and analysis

Studies that did not refer to the research question were eliminated

and only the titles and abstracts of the selected articles were

considered and entered into an Excel spreadsheet. Two reviewers

(N.L.-V. and A.L.-V.) selected the titles and abstracts independently.

Discrepancies between the two reviewers were discussed until a

consensus was reached for inclusion of the studies. The full texts

of the selected studies were then obtained for inclusion and analysis.

2.6 Risk of bias of included articles

An adapted version of the Cochrane RoB tool with specific

biases in animal studies (SYRCLE) was used to assess the

scientific evidence in all selected studies (Hooijmans et al., 2014).

2.7 Quality of the reports of the included
studies

Two reviewers N.L.-V. and A.L.-V evaluated the included

studies according to the ARRIVE (Animal Research: Reporting of

In Vivo Experiments) guidelines (Stadlinger et al., 2012a), which

include a total of 23 items. Each item was scored by 0 (not reported)

or 1 (reported), with a complete count of all included studies.

2.8 Statistical analysis

The meta-analysis was performed using RevMan software

[ReviewManager (RevMan) (Computer program). Version 5.4.1,

The Cochrane Collaboration, 2020].

A meta-analysis based on Odds Ratio (OR) with 95% confidence

intervals (CI) was performed for adverse event outcomes. Mean

difference (MD) and standard deviation (SD) were used to

estimate effect size. The random-effects model was selected

because of the expected methodological heterogeneity in the

included studies; furthermore, heterogeneity was interpreted as

significant when the I2 value was >50%. The threshold for

statistical significance was defined as p < 0.05. A funnel plot was

used to assess publication bias.

3 Results

3.1 Selection and description of the studies

Among the available literature, three categories of

biomolecular coatings have been evaluated in this review: 1)

peptides, 2) BMPs and 3) ECM. The initial electronic search

yielded 10,697 references. After eliminating duplicates and

irrelevant articles based on their title and abstracts, 84 articles

TABLE 1 Systematic search strategy (PICOS strategy).

Population Experimental animals receiving
implants with bioactive
surfaces based on
biomolecules

Intervention Intraosseous implant treatments

Comparisons Intraosseous implants with conventional etched surfaces
(SLA type)

Outcomes Bone to Implant contact (BIC)

Study design Preclinical studies in unmodified experimental animal
models

Search
combination

#1 AND #2 OR

Language English

Electronic
databases

PubMed/MEDLINE, WOS and EMBASE
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were selected, of which, after eliminating those that did not meet

inclusion criteria (in vitro studies, systematic reviews, modified

animals...), 26 full texts were selected (Anitua, 2006; Germanier

et al., 2006; Wikesjö et al., 2008a; Wikesjö et al., 2008b; Wikesjö

et al., 2008c; Stadlinger et al., 2008; Anitua et al., 2009; Barros

et al., 2009; Ishibe et al., 2009; Yang et al., 2009; Lutz et al., 2010b;

Polimeni et al., 2010; Susin et al., 2010; Ramazanoglu et al., 2011;

Stadlinger et al., 2012b; Sverzut et al., 2012; Jiang et al., 2013;

Cecconi et al., 2014; Korn et al., 2014; Kim et al., 2015; Yoo et al.,

2015; Cardoso et al., 2017; Bae et al., 2018; Cho et al., 2019; Cho

et al., 2021; Pang et al., 2021). The concordance between

reviewers (N.L-V., A.L-V.) was 100% with a Cohen’s kappa

index of 1 (total concordance). (Figure 1. Flow Diagram).

Table 2 provides the evaluation of the ARRIVE criteria in

animal studies, with a mean rating of 16.5 ± 1.5. All studies

provided adequate information in terms of title, abstract,

introduction, ethical statement, species, surgical procedure,

outcome assessment and statistical analysis. Items 5 (Rationale

for animal models), 19 (3Rs, Replace, Reduce and Refine), 20

(Adverse events), were not reported in any of the included

studies. Item 11 (Accommodation and handling of animals)

was reported by only five studies (Anitua, 2006; Anitua et al.,

2009; Ishibe et al., 2009; Lutz et al., 2010b; Korn et al., 2014) and

item 21 (Study limitations) was reported by six studies (Jiang

et al., 2013; Korn et al., 2014; Kim et al., 2015; Yoo et al., 2015;

Cardoso et al., 2017; Bae et al., 2018).

3.2 Risk of bias assessment

The Random sequence generation domain was the most

frequently mentioned (60%). Blinding of participants and

FIGURE 1
Flowchart.
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TABLE 2 Checklist of ARRIVE criteria reported by the included studies. Each item was judged as “0” (not reported) or “1” (reported).

Studies Germanier
et al., 2006
(Germanier
et al.,
2006)

Anitua
2006
(Anitua,
2006)

(1) wikesjö
et al., 2008
(Wikesjö
et al.,
2008a)

(2) wikesjö
et al., 2008
(Wikesjö
et al.,
2008b)

(3) wikesjö
et al., 2008
(Wikesjö
et al.,
2008c)

Stadlinger
et al., 2008
(Stadlinger
et al.,
2008)

Barros
et al., 2009
(Barros
et al.,
2009)

Yang
et al.,
2009
(Yang
et al.,
2009)

Anitua
et al.,
2009
(Anitua
et al.,
2009)

Ishibe
et al.,
2009
(Ishibe
et al.,
2009)

Lutz
et al.,
2010
(Lutz
et al.,
2010b)

Susin
et al.,
2010
(Susin
et al.,
2010)

Polimeni
et al.,
2010
(Polimeni
et al.,
2010)

1 Title 1 1 1 1 1 1 1 1 1 1 1 1 1

Abstract

2 Species 1 1 1 1 1 1 1 1 1 1 1 1 1

3 Key finding 1 1 1 1 1 1 1 1 1 1 1 1 1

Introduction

4 Background 1 1 1 1 1 1 1 1 1 1 1 1 1

5 Reasons for animal
models

0 0 0 0 0 0 0 0 0 0 0 0 0

6 Objectives 1 1 1 1 1 1 1 1 1 1 1 1 1

Methods

7 Ethical statement 1 1 1 1 1 1 0 1 1 1 1 1 1

8 Study design 1 1 1 1 1 1 1 1 1 1 1 1 1

9 Experimental
procedures

1 1 1 1 1 1 1 1 1 1 1 1 1

10 Experimental
animals

1 1 1 1 1 1 1 1 1 1 1 1 1

11 Accommodation
and handling of
animals

0 1 0 0 0 0 0 0 1 1 1 0 0

12 Sample size 1 1 1 1 1 1 1 1 1 1 1 1 1

13 Assignment of
animals to
experimental groups

1 1 1 1 1 1 0 0 1 1 1 1 1

14 Anaesthesia 1 1 1 1 1 1 1 1 1 1 1 1 1

15 Stadistical
methods

1 1 1 1 1 1 1 1 1 1 1 1 1

Results

16 Experimental
results

1 1 1 1 1 1 1 1 1 1 1 1 1

17 Results and
estimation

0 1 0 1 1 1 1 1 1 1 1 1 1

Discussion

1 1 0 1 0 1 0 1 1 1 0 0 0

(Continued on following page)
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TABLE 2 (Continued) Checklist of ARRIVE criteria reported by the included studies. Each item was judged as “0” (not reported) or “1” (reported).

Studies Germanier
et al., 2006
(Germanier
et al.,
2006)

Anitua
2006
(Anitua,
2006)

(1) wikesjö
et al., 2008
(Wikesjö
et al.,
2008a)

(2) wikesjö
et al., 2008
(Wikesjö
et al.,
2008b)

(3) wikesjö
et al., 2008
(Wikesjö
et al.,
2008c)

Stadlinger
et al., 2008
(Stadlinger
et al.,
2008)

Barros
et al., 2009
(Barros
et al.,
2009)

Yang
et al.,
2009
(Yang
et al.,
2009)

Anitua
et al.,
2009
(Anitua
et al.,
2009)

Ishibe
et al.,
2009
(Ishibe
et al.,
2009)

Lutz
et al.,
2010
(Lutz
et al.,
2010b)

Susin
et al.,
2010
(Susin
et al.,
2010)

Polimeni
et al.,
2010
(Polimeni
et al.,
2010)

18 Interpretation
and scientific
implications

19 3Rs reported 0 0 0 0 0 0 0 0 0 0 0 0 0

20 Adverse events 0 0 0 0 0 0 0 0 0 0 0 0 0

21 Study limitations 0 0 0 0 0 0 0 0 0 0 0 0 0

22 Generalization/
applicability

0 1 0 0 0 1 0 0 1 0 0 0 0

23 Funding 0 0 1 1 1 1 1 0 0 0 1 1 1

TOTAL SCORE 15 18 15 17 16 18 14 15 18 17 17 16 16

Studies Ramazanoglu
et al.,
2011
(Ramazanoglu
et al.,
2011)

Stadlinger
et al.,
2012
(Stadlinger
et al.,
2012b)

Sverzut
al.
2012
(Sverzut
et al.,
2012)

Jiang
et al.,
2013
(Jiang
et al.,
2013)

Cecconi
et al.,
2014
(Cecconi
et al.,
2014)

Korn
et al.,
2014
(Korn
et al.,
2014)

Kim
et al.,
2015
(Kim
et al.,
2015)

Yoo
et al.,
2015
(Yoo
et al.,
2015)

Cardoso
et al.,
2017
(Cardoso
et al.,
2017)

Bae
et al.,
2018
(Bae
et al.,
2018)

Cho
et al.,
2019
(Cho
et al.,
2019)

Pang
et al.,
2021
(Pang
et al.,
2021)

Cho
et al.,
2021
(Cho
et al.,
2021)

1. Title 1 1 1 1 1 1 1 1 1 1 1 1 1

Abstract

2. Species 1 1 1 1 1 1 1 1 1 1 1 1 1

3. Key finding 1 1 1 1 1 1 1 1 1 1 1 1 1

Introduction

4. Background 1 1 1 1 1 1 1 1 1 1 1 1 1

5. Reasons for animal models 0 0 0 0 0 0 0 0 0 0 0 0 0

6. Objectives 1 1 1 1 1 1 1 1 1 1 1 1 1

Methods

7. Ethical statement 1 1 1 1 1 1 1 1 1 1 1 1 1

8. Study design 1 1 1 1 1 1 1 1 1 1 1 1 1

9. Experimental procedures 1 1 1 1 1 1 1 1 1 1 1 1 1

10. Experimental animals 1 1 1 1 1 1 1 1 1 1 1 1 1

11. Accommodation and
handling of animals

0 0 0 0 0 1 0 0 1 0 0 0 0

(Continued on following page)
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TABLE 2 (Continued) Checklist of ARRIVE criteria reported by the included studies. Each item was judged as “0” (not reported) or “1” (reported).

Studies Ramazanoglu
et al.,
2011
(Ramazanoglu
et al.,
2011)

Stadlinger
et al.,
2012
(Stadlinger
et al.,
2012b)

Sverzut
al.
2012
(Sverzut
et al.,
2012)

Jiang
et al.,
2013
(Jiang
et al.,
2013)

Cecconi
et al.,
2014
(Cecconi
et al.,
2014)

Korn
et al.,
2014
(Korn
et al.,
2014)

Kim
et al.,
2015
(Kim
et al.,
2015)

Yoo
et al.,
2015
(Yoo
et al.,
2015)

Cardoso
et al.,
2017
(Cardoso
et al.,
2017)

Bae
et al.,
2018
(Bae
et al.,
2018)

Cho
et al.,
2019
(Cho
et al.,
2019)

Pang
et al.,
2021
(Pang
et al.,
2021)

Cho
et al.,
2021
(Cho
et al.,
2021)

12. Sample size 1 1 1 1 1 1 1 1 1 1 1 1 1

13. Assignment of animals to
experimental groups

1 1 0 1 0 1 1 1 1 1 0 0 1

14. Anaesthesia 1 1 1 1 1 1 1 1 1 1 1 0 1

15. Stadistical methods 1 1 1 1 1 1 1 1 1 1 1 1 1

Results

16. Experimental results 1 1 1 1 1 1 1 1 1 1 1 1 1

17. Results and estimation 1 1 1 1 1 1 1 1 1 1 1

Discussion

18. Interpretation and scientific
implications

1 0 0 1 0 1 1 0 1 0 0 0 1

19. 3Rs reported 0 0 0 0 0 0 0 0 0 0 0 0 0

20. Adverse events 0 0 0 0 0 0 0 0 0 0 0 0 0

21. Study limitations 0 0 0 1 0 1 1 1 1 1 0 0 1

22. Generalization/applicability 0 0 0 0 0 0 0 0 0 0 1 1 0

23. Funding 1 0 1 1 1 1 1 1 1 1 1 0 1

TOTAL SCORE 17 15 15 18 15 19 18 18 19 17 16 13 17

Mean rating: 16.5 ± 1.5.
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personnel and Blinding of outcome assessment were the least

mentioned domains. The domains Incomplete outcome data and

Selective reporting were the least clear. The lack of information

resulted in a high and unclear risk of bias for most of the included

studies (Figure 2).

3.3 Characteristics of the included studies

Qualitative synthesis. A total of 1,109 implants were evaluated.

Most of the studies employed commercial Ti and Ti alloy implant

models, with the exception of two studies in rat tibias (Ishibe et al.,

FIGURE 2
SYRCLE’s risk of bias tool.

TABLE 3 Surface modification with peptides. Characteristics of the included studies.

Study Animal
model

Biomolecule Implantation
site

Length
of study

Implanted
device
(length
and
diameter
mm)

Material
and
number
of
implanted
devices

Parameters
measured

Findings

Cho et al.,
2019 (Cho
et al., 2019)

Rabbit A human
vitronectin-derived
peptide

Tibiae 2 weeks 11 × 3.5 Ø Ti, grade 4 (16) BIC, BA There were no
significant differences
in BIC and BA between
the groups

Germanier
et al.
(Germanier
et al., 2006)

Pig RGD-peptide-
modified polymer

Maxilla 2 and
4 weeks

6 × 2.7 Ø Commercially
pure Ti (48)

BIC Bone tissue scaffolding
was observed at
2 weeks, increasing
bone density at 4 weeks

Lutz et al.
(Lutz et al.,
2010b)

Pig Biomimetic active
peptide (P-15)

Forehead region 2 and
4 weeks

8 × 3.5 Ø Commercially
pure Ti (54)

BIC, BD Significant positive
effect of the biomimetic
peptide group on BIC
with high contact rates
at both 14 and 30 days.
The biomimetic
peptide had no
significant effect on
peri-implant BD

Barros et al.
(Barros et al.,
2009)

Dog Bioactive peptide
(sequence of
aminoacids related
to bone formation)

Mandible 8 weeks 9.5 × 4.5 Ø Commercially
pure Ti (48)

BIC, BD Bone apposition and
bone density around Ti
implants depended on
bioactive peptide
concentrations

Yang et al.
(Yang et al.,
2009)

Rabbit RGD layer-by-layer Femur 4, 8, and
12 weeks

10 × 3 Ø Ti (60) BIC, BA, RTQ RGD coating results in
increased BIC, peri-
implant bone
formation and
extraction torque
values

Ti, Titanium; BIC, bone to implant contact; BA, bone area; BD, bone density; RTQ, removal torque test; RGD, Arginine-glycine-aspartic.
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TABLE 4 Surface modification with Bone Morphogenetic Proteins (BMPs). Characteristics of the included studies.

Study Animal
model

Biomolecule Implantation
site

Length
of study

Implanted
device
(length
and
diameter
mm)

Material
and
number
of
implanted
devices

Parameters
measured

Findings

Kim et al. (Kim
et al., 2015)

Dog rhBMP-2 Tibiae 8 weeks 7 × 3.5 Ø Pure Ti (24) BIC, BV, ISQ Concentrations of
0.5 and 1 mg/ml
rhBMP-2 promote
osseointegration and
bone regeneration in
areas with open bone
defects

Pang et al. (Pang
et al., 2021)

Rabbit BMP-2+HA Tibiae 4 weeks 7 × 3.3 Ø Pure Ti (8) BIC, BA, RTQ The combination of
BMP-2 with HAp
functions as an activator
of osseointegration

Yoo et al. (Yoo
et al., 2015)

Rabbit rhBMP-2/PLGA Tibiae 3 and
7 weeks

7 × 3.75 Ø Pure grade IV
Ti (32)

BIC, BA Submicron-sized PLGA/
rhBMP-2 Ti coatings
showed an increase in
BIC during the early
stages of healing

Cardoso et al.
(Cardoso et al.,
2017)

Pig PPL10BMP Parietal bone 4, 8 and
weeks

6 × 1.1 Ø Pure Ti (120) B/T, BIC The association of
PPL10 and BMP-2 did
not produce a bone
improvement

Ishibe et al.
(Ishibe et al.,
2009)

Rat rhBMP-2/
heparin

Tibiae 3 weeks 2 × 1 Ø Pure Ti (70) BIC The incorporation of
BMP-2 and heparin has
the potential to stimulate
new bone formation
around implants in vivo

Jiang et al. (Jiang
et al., 2013)

Rabbit rhBMP-2 Femur 2, 4 and
8 weeks

8 × 4.1 Ø Pure Ti (30) BIC Acid-etched titanium
implants coated with
BMP-2 slightly
accelerated early bone
formation around the
implant

Susin et al. (Susin
et al., 2010)

Dog rhBMP-7 Jaw 3, 4, 7, and
8 weeks

10 × 4 Ø Ti (36) BIC, BD Porous titanium oxide
implants coated with
rhBMP-7 stimulated
bone formation and
osseointegration

Polimeni et al.
(Polimeni et al.,
2010)

Dog rhGDF-5 Jaw 3, 4, 7, and
8 weeks

10 × 4 Ø Ti (72) BIC, BD Dental implants coated
with rhGDF-5 showed a
dose-dependent
osteoinductive and/or
osteoconductive effect

Ramazanoglu
et al.
(Ramazanoglu
et al., 2011)

Pig rhBMP-
2+rhVEGF165

Calvaria 1, 2, and
4 weeks

6 × 4.2 Ø Pure Ti (90) BIC, BD, BV The combined
administration of
rhBMP-2 and
rhVEGF165 in
biomimetic coating did
not result in an
improvement of BIC

Wikesjö et al.
(Wikesjö et al.,
2008a) (1)

Dog rhBMP-2
(0,75 or
1.5 mg/ml)

Jaw 3, 4, 7 and
8 weeks

10 × 4 Ø Ti (72) BIC, BD The implant surfaces
coated with rhBMP-2
induced
osseointegration, but
BIC values were
significantly higher in
the control group

Wikesjö et al.
(Wikesjö et al.,
2008b) (2)

Dog rhBMP-2 (0.2 or
4.0 mg/ml)

Jaw 4 and
8 weeks

8.5 × 3,75Ø Ti (32) BIC, BD Adsorbed rhBMP-2 on
implant surfaces initiates
dose-dependent peri-
implant bone
remodelling

(Continued on following page)
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TABLE 4 (Continued) Surface modification with Bone Morphogenetic Proteins (BMPs). Characteristics of the included studies.

Study Animal
model

Biomolecule Implantation
site

Length
of study

Implanted
device
(length
and
diameter
mm)

Material
and
number
of
implanted
devices

Parameters
measured

Findings

Wikesjö et al.
(Wikesjö et al.,
2008c) (3)

Monkey rhBMP-2 (0,2 or
2 mg/ml)

Maxilla 16 weeks 8.5 × 3,75Ø Ti (24) BIC, BD The rhBMP-2 coated Ti
surface enhances/
accelerates local bone
formation in type IV
bone resulting in
significant
osseointegration

Anitua (Anitua,
2006) (1)

Goat PRGF Tibiae and radii 8 weeks 8.5 x 3Ø Ti (23) BIC Coating dental implants
with PRGF immediately
before insertion
improved
osseointegration

Anitua (Anitua
et al., 2009) (2)

Goat PRGF Tibiae 8 weeks 8.5 x 3Ø Ti (26) BIC Hydration of titanium
implants with liquid
PRGF improves the
integration of oral
implants into cortical
bone. The potential
therapeutic effects of this
approach could be
extrapolated to other
prosthetic devices

Ti, Titanium; BIC, bone to implant contact; BV, bone volume; BA, bone area; ISQ, implant stability quotient; HA, hydroxyapatite; PLGA, poly(D,L-lactide-co-glycolide); PPL10, 10%

phosphorylated pullulan; Peri-implant bone formation (B/T); BD, bone density; rhGDF-5, recombinant human GDF-5; rhVEGF165, recombinant human vascular endothelial growth

factor; rhBMP-2, recombinant human bone morphogenetic protein-2; PRGF, plasma rich in growth factors.

TABLE 5 Surface modification with ECM. Characteristics of the included studies.

Study Animal
model

Biomolecule Implantation
site

Length
of study

Implanted
device
(length
and
diameter)
mm

Material
and
number
of
implanted
devices

Parameters
measured

Findings

Sverzut et al.
(Sverzut et al.,
2012)

Dog Type I Collagen Jaw 3 weeks 8.5 × 3.75 Ø Ti (24) BIC, BA The collagen coating of Ti
implants improves
osteoinduction and tissue
vascularization while
reducing inflammatory
response and macrophage
and osteoclast activity

Stadlinger
et al.
(Stadlinger
et al., 2008) (1)

Pig Type I Collagen/
rhBMP-4

Jaw 3 and
7 weeks

12 × 4.25 Ø Ti (120) BIC The inclusion of
chondroitin sulfate in the
coating increases the BIC
of collagen-coated
implants, however, the
additional inclusion of a
low amount of rhBMP-4
had a detrimental effect

(Continued on following page)
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2009; Bae et al., 2018) that used rods and microscrews, respectively.

The implants featured either a re-coated or uncoated surface with

peptides in five studies (Germanier et al., 2006; Barros et al., 2009;

Yang et al., 2009; Lutz et al., 2010b; Cho et al., 2019), BMPs in

fourteen studies (Anitua, 2006; Wikesjö et al., 2008a; Wikesjö et al.,

2008b; Wikesjö et al., 2008c; Anitua et al., 2009; Ishibe et al., 2009;

Polimeni et al., 2010; Susin et al., 2010; Ramazanoglu et al., 2011;

Kim et al., 2015; Yoo et al., 2015; Cardoso et al., 2017; Pang et al.,

2021), or ECM products in seven studies (Stadlinger et al., 2008;

Stadlinger et al., 2012b; Sverzut et al., 2012; Cecconi et al., 2014; Korn

et al., 2014; Bae et al., 2018; Cho et al., 2019). Follow-up periods

ranged from 2 to 16 weeks, except for the study by Bae et al. (Bae

et al., 2018) that the follow-up period was extended to 84 weeks. The

most commonly used experimental models were the dog (Wikesjö

et al., 2008a;Wikesjö et al., 2008b; Barros et al., 2009; Polimeni et al.,

2010; Susin et al., 2010; Sverzut et al., 2012; Kim et al., 2015; Cho

et al., 2019) and the pig (Germanier et al., 2006; Stadlinger et al.,

2008; Lutz et al., 2010b; Susin et al., 2010; Ramazanoglu et al., 2011;

Stadlinger et al., 2012b; Korn et al., 2014; Cardoso et al., 2017). The

jaw and tibia were the most commonly used bones for implantation

and all included studies evaluated the BIC; six studies evaluated BA

(Yang et al., 2009; Sverzut et al., 2012; Yoo et al., 2015; Cho et al.,

2019; Cho et al., 2021; Pang et al., 2021) and nine studies evaluated

BD (Wikesjö et al., 2008b; Wikesjö et al., 2008c; Stadlinger et al.,

2008; Barros et al., 2009; Lutz et al., 2010b; Polimeni et al., 2010;

Susin et al., 2010; Ramazanoglu et al., 2011; Korn et al., 2014). The

main characteristics of the studies are shown in the tables below

(Tables 3–5).

3.4 Quantitative synthesis (meta-analysis)

The same studies included in the qualitative synthesis were

used to perform a meta-analysis comparing Ti implants coated

with different biomolecules, with Ti implants etched. Meta-

analysis of adverse outcomes could not be performed due to

TABLE 5 (Continued) Surface modification with ECM. Characteristics of the included studies.

Study Animal
model

Biomolecule Implantation
site

Length
of study

Implanted
device
(length
and
diameter)
mm

Material
and
number
of
implanted
devices

Parameters
measured

Findings

Cho et al. (Cho
et al., 2021)

Dog Type I
Collagen/GA

Jaw 8 weeks 8 × 4 Ø Pure Ti (36) BIC, BA Gamma-irradiated
collagen crosslinking is as
effective as GA
crosslinking in terms of
bone regeneration
efficiency

Bae et al. (Bae
et al., 2018)

Rat Type I
Collagen/GA

Tibia 84 weeks 2.5 × 1.5 Ø Ti (12) BIC, NBV Radiation cross-linked
collagen-coated Ti
implants possess potential
osteoinductive qualities
without the adverse effects
of chemical agents

Korn et al.
(Korn et al.,
2014)

Pig Collagen/CS/
sHya

Jaw 4 and
8 weeks

15 × 5 Ø Ti (36) BIC, BD Collagen/CS/sHya-coated
Ti implants did not show
an increase in BIC
compared to the acid-
etched and blasted
References surface.
However, they did increase
bone density compared to
the References surface

Stadlinger
et al.
(Stadlinger
et al.,
2012b) (2)

Pig Collagen/CS Jaw 4 and
8 weeks

9.5 × 4.5 Ø Ti (120) BIC, BD The coatings did not show
a significant effect on BIC
or BVD.

Cecconi et al.
(Cecconi et al.,
2014)

Rabbit Type I Collagen/
Apatite

Femur 7 weeks 8.5 × 4 Ø Ti (24) BIC Coating with bone apatite
and type I collagen
increased new bone
formation and bone
attachment around Ti
implants

Ti, Titanium; BIC, bone to implant contact; BV, bone volume; BA, bone area; rhBMP-2, recombinant human bone morphogenetic protein-2; GA, glutaraldehyde; NBA, new bone area;

ITBD, inter-thread bone densities; NBV, new bone volume; CS, chondroitin sulfate; BVD, bone volume density; sHya, sulfated hyaluronan.
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FIGURE 3
Forest plot for meta-analysis of studies evaluating BIC at 4 weeks after placement, assuming a random-effects model. SD, standard deviation;
CI, confidence interval.
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lack of data. All included studies (Anitua, 2006; Germanier et al.,

2006; Wikesjö et al., 2008a; Wikesjö et al., 2008b; Wikesjö et al.,

2008c; Stadlinger et al., 2008; Anitua et al., 2009; Barros et al.,

2009; Ishibe et al., 2009; Yang et al., 2009; Lutz et al., 2010b;

Polimeni et al., 2010; Susin et al., 2010; Ramazanoglu et al., 2011;

Stadlinger et al., 2012b; Sverzut et al., 2012; Jiang et al., 2013;

Cecconi et al., 2014; Korn et al., 2014; Kim et al., 2015; Yoo et al.,

2015; Cardoso et al., 2017; Bae et al., 2018; Cho et al., 2019; Cho

et al., 2021; Pang et al., 2021) evaluated bone-to-implant contact

(BIC), using measurement 4 weeks after placement. The

heterogeneity of the grouped studies was very high (I2 = 99%)

(Figure 3). Only one result favorable to coating, was found in the

BMPs subgroup. Analysis of the grouped studies showed no

significant differences between coatings and controls.

3.5 Publication bias and heterogeneity

The grouped studies show graphic signs of publication bias

(Figure 4).

4 Discussion

The purpose of the present study was to answer the following

clinical question: “Does the bioactive surface of titanium dental

implants, based on biomolecules, influence osseointegration?”.

Osseointegration is the stable anchorage of an implant through

direct bone-to-implant contact (Albrektsson and Johansson, 2001).

The main objective of surface modifications of endosseous

implants is to modulate the response of the host bone tissue to

achieve better osseointegration.

This review focused on BIC analysis in three categories of

biomolecular Ti implant coatings: peptides, BMPs and ECM and

identified 26 preclinical research articles that used BIC analysis to

assess peri-implant bone formation in different animal models.

The included studies found that coatings with bioactive

molecules increased bone values around the implant; only the

study by Ramazanoglu et al. (2011) found no difference in BIC in

the rhBMP-2 coating.

After insertion of an endosseous implant, a series of events occur

between the host and the implant surface. During the

intercommunication of the implant surface and the blood of the

recipient, ligands and proteins are dynamically adsorbed at the

implant surface and through a subsequent inflammatory process

are released from it, followed by bone formation around the bioactive

surface, reaching the maximum degree of organization and

biomechanical properties through several remodeling cycles

(Lemons, 2004; Goiato et al., 2009). Due to the dynamic nature

of the bone-biomaterial interface, biomaterials for endosseous dental

implants must have short- and long-term biocompatible and

biofunctional properties (Xuereb et al., 2015). It was Puleo and

Nanci (Puleo and Nanci, 1999), in 1999, who first indicated that

“biochemical surface modification strives to utilize current

knowledge of the biology and biochemistry of cell function and

differentiation".

Since then, and especially in recent years, surface

modifications of Ti and Ti6Al4V implants, using methods

based on the immobilization of biologically active organic

molecules, have aroused particular interest among researchers,

with the aim of increasing cell migration and adhesion to the

substrate and avoiding nonspecific addition of proteins, to

improve the healing process (Panayotov et al., 2015).

(Drexelius and Neundorf, 2021) Antimicrobial peptides have

evolved as reliable alternatives to commonly used antibiotics and

are positioned as candidates for antimicrobial surface coatings of

implants. A review by Drexelius and Neundorf concluded that

they have excellent in vitro and in vivo antimicrobial activity

(Drexelius and Neundorf, 2021). Kang et al. (Kang et al., 2013) in

a mixed in vitro and in vivo study used a laminin-2-derived

peptide capable of promoting initial cell adhesion and

propagation of osteoblast-like cells in vitro, acting as an

accelerator of osseointegration of implant materials and

determining its positive effect, in vivo, on BIC values.

Plasma and extracellular matrix proteins (type I collagen,

fibronectin, vitronectin, osteopontin, and bone sialoprotein),

which contain at binding sites the RGD (Arg-Gly-Asp)

sequence, together with receptor integrins, constitute an

important recognition system for cell adhesion (Ruoslahti,

1996). Two of the selected studies (Germanier et al., 2006;

Yang et al., 2009) investigated the effect of RGD coating by a

layered self-assembly technique on porous surface implants,

concluding that the peptides possess potential to transmit

particular cell adhesion properties to Ti surfaces and are able

to enhance cell-material interactions. Kroese-Deutman et al.

FIGURE 4
Funnel plot of grouped studies. The asymmetry proves
publication bias.
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(Kroese-Deutman et al., 2005) used a porous Ti fiber mesh

implant coated with the RGD peptide in the rabbit skull and

compared it with porous Ti fiber mesh disks without the RGD

sequence. Histological and histomorphometric examinations

after 4 and 8 weeks showed a significant increase in bone

growth in the RGD-Ti group compared to the control group.

BMPs belong to the transforming growth factor beta (TGF-β)
family and are biological factors with a strong ability to induce bone,

cartilage and connective tissue formation through the differentiation

of bonemesenchymal stem cells (Dolanmaz et al., 2015b). They have

been investigated as one of the growth factors (GF) that stimulate

undifferentiated cells to become osteoblasts, with a certain ability to

attract undifferentiated mesenchymal cells, regulating angiogenesis,

chemotaxis and cell multiplication (Chang et al., 2010; Öncü and

Alaaddinoğlu, 2015; Öncü et al., 2016). Numerous studies have

reported that the use of BMPs improves the process of osteogenesis,

osteoblast activity and osseointegration after dental implantation

(Chen et al., 2004; Halloran et al., 2020). Nine of the reviewed studies

(Wikesjö et al., 2008a; Wikesjö et al., 2008b; Wikesjö et al., 2008c;

Ishibe et al., 2009; Ramazanoglu et al., 2011; Jiang et al., 2013; Kim

et al., 2015; Yoo et al., 2015; Pang et al., 2021) used BMP-2 as a Ti

implant coating. Wikesjö et al. used recombinant human bone

morphogenetic protein-2 (rhBMP-2) in three studies and in

different experimental models (Wikesjö et al., 2008a; Wikesjö

et al., 2008b; Wikesjö et al., 2008c); in one study with non-

human primates (Wikesjö et al., 2008c), they found that Ti

surface coated with rhBMP-2 accelerated type IV bone

formation; another study, in a canine model (Wikesjö et al.,

2008b), based peri-implant bone remodeling on rhBMP-2 doses,

reporting that sites receiving implants coated with rhBMP-2 at

3 mg/ml, showed increased formation of immature trabecular bone.

On the contrary, the same authors in a third study, also on a canine

model (Wikesjö et al., 2008a), demonstrated that rh BMP-2 at doses

of 0.75 or 1.5 mg/ml, despite inducing osseointegration, did not

increase BIC values, resulting significantly higher in the control

group (uncoated Ti). Similarly, Ramazanoglu et al. (Ramazanoglu

et al., 2011) found no increase in BIC in Ti implants with rhBMP-2

biomimetic coatings, despite inducing an improvement in peri-

implant bone density.

Anitua et al. (Anitua et al., 2007; Anitua et al., 2009) proposed

implant wetting with autologous growth factors, obtaining

significant improvements in osseointegration. Lee et al. (Lee

et al., 2010) reported that Ti porous oxide implants coated

with rhBMP-2 significantly induce bone formation and

remodeling, although they did not find significant effects

according to the application techniques.

The ECM is a three-dimensional network, with an

abundance of macromolecules, such as type I collagen,

proteoglycans, laminin and fibronectin, which provides

biochemical and structural support to surrounding cells

(Daley and Yamada, 2013). It has been highlighted that

ECM could affect the differentiation, survival and

potentiality of mesenchymal stem cells (MSCs) by

modulating the activity of growth factors and affecting cell

behavior (Assis-Ribas et al., 2018). Feng et al. in a recent

investigation (Feng et al., 2020) studied the behavior of MSC

laminates, obtained by a decellularization process, on SLA-

surfaced implants and demonstrated that they promoted

adhesion, proliferation and osteogenic differentiation of bone

marrow mesenchymal stem cells (BMSCs) in vitro, and

improved osseointegration of implants in vivo. Shekaran and

Garcia in a review study (Shekaran and García, 2011)

highlighted the functionalization of implants with ECM

peptides or proteins, to modulate host cell responses to the

implant material and to enhance osseointegration and bone

formation. They also observed that surfaces presenting the

peptide Gly-Phe-Hyp-Gly-Glu-Arg (GFOGER), from the

α1 chain of type I collagen, promote osteoblastic

differentiation of primary bone marrow cells in vitro, and

that GFOGER-functionalized titanium implants would

improve implant integration in a rat cortical model by

enhancing peri-implant bone formation and implant

attachment to bone. Despite this, studies such as those by

Hennessy et al. (Hennessy et al., 2009) disagree with these

results, suggesting that collagen mimetic peptides would

exclusively stimulate osteoblastic differentiation and that the

beneficial effects would be due to the role of these peptides as

differentiation rather than adhesion factors. Stadlinger et al.

(Stadlinger et al., 2008; Stadlinger et al., 2012b) in two in vivo

studies did not obtain variations in BIC at 4 and 8 weeks after

cycloaddition in collagen-coated implants, finding only a slight

increase in bone-to-implant contact around the implants that

incorporated CS in the coating and observing that the

additional inclusion of a low amount of rhBMP-4 had a

detrimental 4meta-analysis had several limitations: first,

different experimental models were used, suggesting different

bone formation dynamics, especially in early healing times

(Pearce et al., 2007; Wancket, 2015). These factors may

influence the observed BIC values. Second, this meta-analysis

focused only on three biomolecular coatings (peptides, BMPs,

and ECMs), leaving out other bioactive coatings; moreover, the

coatings in the different studies were not single coatings, but

most resorted to combined coatings. Thirdly, the discrepant

follow-up periods (2–84 weeks) and differences in the number

of animals in the studies, could condition the results. Fourth,

the various investigations analyzed several parameters

indicative of bone neoformation and in our meta-analysis

only BIC was chosen as a measure indicative of

osseointegration (Albrektsson and Johansson, 2001; Gehrke

et al., 2020).
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5 Conclusion

In summary, the present meta-analysis revealed that the use

of certain bioactive organic molecules seems to promote peri-

implant bone formation, which could influence osseointegration

during the early stages of healing; however, different factors make

comparison between studies difficult and complicate the

interpretation of the results on peri-implant bone formation.

Nevertheless, in order to confirm the clinical applicability of

these findings, in addition to a greater number of preclinical

studies on suitable experimental models, clinical trials with

prolonged follow-up periods would be necessary, since the

results of preclinical experiments do not necessarily reflect the

human clinical reality.
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Both glial cells and neurons can be considered basic computational units in

neural networks, and the brain–computer interface (BCI) can play a role in

awakening the latency portion and being sensitive to positive feedback through

learning. However, high-quality information gained from BCI requires invasive

approaches such as microelectrodes implanted under the endocranium. As a

hard foreign object in the aqueousmicroenvironment, the soft cerebral cortex’s

chronic inflammation state and scar tissue appear subsequently. To avoid the

obvious defects caused by hard electrodes, this review focuses on the

bioinspired neural interface, guiding and optimizing the implant system for

better biocompatibility and accuracy. At the same time, the bionic techniques of

signal reception and transmission interfaces are summarized and the structural

units with functions similar to nerve cells are introduced. Multiple electrical and

electromagnetic transmissions, regulating the secretion of neuromodulators or

neurotransmitters via nanofluidic channels, have been flexibly applied. The

accurate regulation of neural networks from the nanoscale to the cellular

reconstruction of protein pathways will make BCI the extension of the brain.

KEYWORDS

brain–computer interface, neural network, glia cell, biointerface, nanoparticle,
neuromodulation, bioinspired design

Introduction

The ecosystem of a neural network is composed of neurons and glial cells immersed in

an extracellular matrix, and they are extensively connected in the brain. The nucleus,

ganglia, and cerebral cortex form an interconnected network (Bostan and Strick, 2018;

Greene et al., 2020). Changes in the organization of functional connections allow

information to be analyzed and processed, and thus the neural network appears in

the brain. The generation of neural networks and signal transmission processes are closely

related to electrical and chemical signals. Consciousness and intelligence were considered

to be hidden behind the largely associated and well-organized information networks,

which have dynamic parallel storage and analysis functions. To better understand the

neural network and cure brain diseases, integrated brain–computer interfaces (BCIs) to

perform afferent and efferent functions were developed. BCIs could not only replace

injured sense organs and improve motor debilities, such as stroke rehabilitation (Biasiucci
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et al., 2018) that translate neural intentions into movement and

are helpful in amyotrophic lateral sclerosis, but also canmodulate

emotions and memories and monitor brain health, such as

tumorigenesis and stroke risks. The BCI plays a core role in

mapping neural signals. However, hard BCI brain electrodes can

cause a lot of damage to brain tissue, such as scars and

inflammation. In this study, we will discuss the ways to realize

the bionic neural network information interface, overcoming the

long-term defects of scar tissue and losing control of lacking

environmental interactions.

Noninvasive BCI systems based on electroencephalogram

(EEG) signals will be a strategy to overcome the long-term defects

of scar tissue and inflammation. Because of their penetration of

the skull through various energy and information patterns, the

brain electrode contact interface can be exploited on the

knowledge of the original brain physiology. However, their

less precision to interact with brain networks led to

unsuccessfully applied for precisely timed control tasks. Other

noninvasive detections are based on the nutrients sensitive to

neurons and blood flow to oxy and deoxygenated hemoglobin;

functional magnetic resonance imaging (fMRI) as well as

functional near-infrared spectroscopy (fNIRS) are favorable

neuroimaging modalities. They are commonly used for

confirming brain areas of a functional population of neurons

that have coordinated activities in noninvasive BCI systems

(Golub et al., 2018).

A more accurate way to effectively find targeted nerve nuclei

and observe the patient’s response to stimulation was combined

using deep brain stimulation and transcranial magnetic

stimulation. TMS uses a pulsed magnetic field to influence the

membrane potential of nerve cells, causing them to produce

induced currents, affecting brain metabolism and electrical

activity. DBS records the characteristics of different depths

and orbits of the brain to find targeted nerve nuclei and

observe the patient’s response to stimulation. This EEG scan

not only allows the surgeon to pinpoint the right target to place

the electrode but it can also serve as a source of energy and

information for intracranial implantable therapy. The neural

population dynamics based on the aforementioned technology

inform the implantation of BCI systems in the functional units of

the brain’s nucleus and subregions (Trautmann et al., 2021).

After that, learning models can effectively meet the demand for

the large amount of homogeneous training data (Khalil et al.,

2022).

The materials such as intracerebral nano-implants for the

brain–computer interface mean a type of information

penetration technology. The skull can be penetrated by optical

and magnetic approaches, and the afferent and efferent

information of the neural network can be realized by the

information conversion from the implant to control the action

potential of neurons. Nanomaterials have unique characteristics

such as similar dimensions to neural functional structures and

higher spatiotemporal precision for seamless integration (Yang

et al., 2021), biocompatibility, and electrically conductive, as well

as energy and information conversion (Chen et al., 2018; Liu

et al., 2021). However, its safety to the nervous system remains to

be evaluated (Xu et al., 2021). In detail, the instantaneous neuron

voltage change caused by action potential is determined by the

ion concentration on both sides of the plasma membrane, which

carries information by spike potential frequency and can be

simplified and presented digitally as the highest fidelity of

extra-neural messages. To maintain ionic gradients and then

achieve interface digitalization, an energy-consuming process, a

constant supply of glucose and oxygen is required for neurons.

To achieve digitization, it is important to maintain nutrient

supply or to regulate interface nutrient supply because of the

maintenance of ion charge gradients during this process.

Apart from the biphase actions of nanoparticles for neurons,

glial cells’ chemotaxis (Rostene et al., 2007), tissue damage, and

inflammation limit the BCI’s long-term stability, especially in

tracking single neuronal activity (Gu et al., 2021). A

biocompatible and perdurable BCI requires chemical,

mechanical, and physiological properties of the interface to

match the structure and function of the neural network.

When it comes to the modifications of the arrays, probes and

nanoparticles systems, functional groups, and peptides, modular

mechanical, neuromorphic, roughness, and density are supposed

to be considered to live with the brain network’s cell potential

difference of the brain network, hydrophobic lipid membrane,

and aqueous environment (Terstappen et al., 2021). Only the

integration of neural networks and artificial BCIs can form a

long-term brain–computer interface system through the

influence of synapses and the reduction of inflammatory

responses and chemotaxis of glial cells, such as mimicking

synaptic release and enzyme reactions, reducing inflammatory

responses, and antagonizing glial chemotaxis. The problem can

be ameliorated with anti-inflammatory hormones, and some

protein molecules such as enzymes and regulatory factors that

have pharmacological effects also need to be considered when

connected to neural networks.

Internal information exchanges also stimulate the fusion of

the interface and lead to an increase in functional connectivity

such as coupling to neurotransmitters or functional electrical

stimulation (Biasiucci et al., 2018). The brain is not just layers of

cell islands but an intricate relation in different aspects of the

nervous system and the overall body. The network receives

various kinds of message and constantly modulates itself. The

feedback reward system generally exists in the brain for behavior

encouragement, strengthened by the release of dopamine. In

addition, glutamate is the most common neurotransmitter in

neural networks, as a rapid excitatory synaptic connection

between two neurons and slowly shaping neuroplasticity

related to neuronal development, such as learning and

memory. These substances have a simple biosynthetic process,

release frequently, and diffuse across the synaptic cleft. Receptors

selectively bind to these chemicals and function as changing
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postsynaptic neurons in either excitation or inhibitory way,

depolarizing or repolarizing, respectively. These are the zero

and ones that have inner similarities to electronic signals, and

they will be influenced by the features and chemical environment

of neuron interfaces, nanoscale membrane and ion channels,

nanoparticle interfaces, glial cells, inflammation-arise process,

feedback learning mechanism, and exploration of network links.

Accordingly, five aspects of neural network and interface system

integration are proposed to promote digital connection to the

brain in the following (Figure 1).

As shown in Figure 1, by better fitting bionic interfaces and

modulating glial inflammatory responses, researchers can

achieve functional manipulation and information reception on

single-cell functional systems, thus achieving the purpose of

brain–computer interaction bi-directionally and treatment of

neurological diseases. The key points are as follows: features

and chemical environment of neuron interfaces, nanoscale

membrane and ion channels, nanoparticle interfaces, glial

cells, inflammation-arise process, feedback learning

mechanism, and exploration of network links; a detailed

description will be expanded one after another.

Features and chemical environment
of neuron interfaces

Stabilization inside and outside the cell is based on

concentration gradients and ionic gradients, which are

influenced by chemical signals, electrical signals, and

nutrition. The homeostasis of the neural environment meets

the high metabolic demand due to the blood–brain barrier (BBB)

and neurovascular coupling, performing selective substance

transport; the latter make sure the activated neural regions

with adequate nutrients and acidic metabolites are removed

by increased blood flow (Kaplan et al., 2020). In addition, a

stable and nutrient-rich internal environment, signal

stimulation, and glial microenvironment regulation are the

key links to the neuron’s survival, especially near the critical

interface regions. For example, as a neurotransmitter, dopamine

could contribute to the reward system by affecting synaptic

conditioning and plasticity, and thus regulate learning, motion

control, and moods. At this point, regulation of synaptic weights

has been achieved utilizing the neuromorphic interface design

and simulation of the dopamine recycle in the synaptic cleft

(Keene et al., 2020).

For electrodes, cellular metabolism is associated with the

bioelectrochemical process, and certain molecular structures

significantly affect electron transfer and absorbed forms.

Electrons are transferred to one-electron molecule receptors,

such as cytochrome C, to a macroscopic electrode (Bollella &

Katz, 2020). The electrostatic attraction of protein residues to the

electrode surface with opposite polarity resulted in the fixation of

proteins in an electrically active orientation, which promoted

direct electron transfer between the redox center and the

electrode (Bollella & Katz, 2020). Neuronal morphology

electronics with better biocompatibility and relatively low

mechanical modulus can imitate subcellular structural features

and mechanical properties such as synapse formation and

membrane potential. For example, the artificial synapse takes

advantage of the dopamine feedback to strengthen the

mechanism. The exocytose dopamine at the presynaptic end

can be oxidized locally at the postsynaptic gate electrode,

resulting in the charge state alteration of the gate electrode

and inducing ion flow in the aqueous electrolyte (Yang et al.,

2019; Keene et al., 2020; Wei et al., 2021).

As advanced electrodes are much preferred to abandon the

hard electrode mode, hydrogels can be used as BCI substrates to

simulate the brain’s internal environment. Similar mechanical,

chemical, and electrical properties effectively reduce the

inflammatory response of tissue damage and glial cell

aggregation, which is suitable for long-term invasive BMI. The

bioadhesive ensures seamless contact with the neuronal network

and thus serve as interface materials recording high-quality local

field potentials and individual spikes, colocating transmitting

laser waveguide stimulation, tin-made microelectrode recording,

and fluidic channels such as optic fibers, ionic, electric, and

chemical regulation conductor hybrid. In addition, the hardness

of the hydrogel varies at different temperatures or hydrate levels,

which allows for different shapes and hardness during and after

the implantation operation (Sheng et al., 2019; Park et al., 2021).

Such BMI can be manufactured by a self-setting process of

FIGURE 1
Schematic of strategies for molecular, cellular, and network
modulation of BCI.
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hydrogel on a microelectrode array (Wang et al., 2022) or the

brain tissue surface. Neural interface hydrogels are available in a

variety of formulations. Polyethylene glycol and artificial

cerebrospinal fluid hydrogels are stretchable, transparent, and

ionic conductors and can be made into both ionotropic and

optical fibers. In addition, it is reported that polyethylene glycol

also has been used to culture neurons for providing a similar

environment (Sheng et al., 2019). Furthermore, hydrophilic

ultra-small conductive polymer nanoparticles were introduced

into the carrageenan–polydopamine–polyacrylamide network.

In addition, multifunctional sensing and actuation hydrogel

matrix BCI systems are mixed with multimaterial fibers with

adaptive bending stiffness adjusted by hydration states. These

hydrogel-based brain–computer interfaces are expected to be

able to conduct light, electricity, and molecules all at once (Park

et al., 2021). Meanwhile, for high conductivity, extensibility, low

modulus, and excellent mechanical and electrical stability,

catechol functional groups were introduced into the hydrogel

to avoid body rejection reaction (Wang et al., 2022), at the same

time poly (3,4-ethylene dioxythiophene), poly (styrene

sulfonate), or poly (ethylenimine) and partially reduced

graphene oxide surface are used for the conductive hydrogel

(van de Burgt et al., 2017; Lee et al., 2019; Keene et al., 2020).

Furthermore, widely applied chemogenetics and

optogenetics with high cell-type specificity regulating the ion

channel structure and potential polarity change can use

polyacrylamide hydrogel as optical fibers, performing

colocating the site of stimulation and recording. For example,

hydrogel, as a soft material with lower glial scars and immune

response, could simultaneously stimulate and record neurons

utilizing optogenetics (Sheng et al., 2019). Furthermore, cellular-

scale semiconductor devices, consisting of light-emitting diodes,

actuators, sensors, and silicon devices, can operate precisely in

actuation and sensing (Kim et al., 2013).

Nanoscale membrane and ion
channels

From the abundant cerebral sulcus to the dendritic spines,

certain thresholds are distributed over a wide range of neuronal

cell projections. The thresholds on the membrane surface allow

the brain to have unique functions. Establishing connections for

synaptic-level fusion is the goal to achieve brain–machine

interactions. In the change of energy and matter, the

membrane is the center of information that can ion flow,

electric field change, and other neuron-recognizable

information to stimulate the membrane structure, and thus

generate artificial neural pathways. Cell membrane regions are

basic neural network units for analyzing and transforming

information logically, where specialized, and are mainly

composed of ion channels and receptor proteins. Key

chemical microenvironment, mobility, and ionic gradients are

relevant to redox processes, nutrient conversion, enzyme

catalysis, glial cell guidance, and ion channels.

The large extension of the neuronal plasma membrane

determines polarity conduction and signal processing, where

specialized, and are mainly composed of ion channels and

receptor proteins. Regarding neurons and glial cells as

distributed parallel information processing units, their natural

responsivity to various electric stimulus frequencies and

chemicals in the membrane structure and aqueous media is

performed by protein structure regulation. Interfacing directly

with living networks is more than signal acquisition and

feedback. Functional membrane structure regulation is also

required via biochemical signaling activity.

The brain–machine interfaces can intervene in cellular

signaling by influencing ion flow across membranes, and the

membrane structures of brain cells are rich in function. Neurons

and glial cells are just circuit boards or skeletons; specific protein

structures are the logic elements on the membrane, such as

synaptic structure, receptors, and ion channels. Liquid-ordered

microdomains with proteins and lipids called lipid rafts are the

basic units, the targets of signal acquisition and intervention, and

the smallest regions performing computational functions. Glial

cells regulate neuronal membrane proteins through secretion and

lipid raft region of glial cells themselves, and neuroglial

interactions may also be involved in nervous system functions.

These channels, receptors, and enzyme proteins could interact

with electrodes. For example, redox enzymes can achieve

electronic communication with conductive electrodes via

electrical, electrochemical, electron transfer mediators cyclic,

and direct electron transfer from an enzyme active center to

an electrode, and current is generated (Bollella and Katz, 2020).

On the basis of the proximity modulation of the membrane

structure, the simulated ion circuit can utilize microfluidic planes

of electrolytes in planar and hydrogels, graphene, and hexagonal

boron nitride (Hou and Hou, 2021), based on the use of gradients

generated by the selective permeability of biological membranes.

In biological systems, ions are charge carriers. The action

potential across cell membranes is to transmit data based on

the time and voltage variant. Thus, the ionic conductivity

modulation of the ion environment concludes in nanofluidic

iontronics (Yang et al., 2019). Different ion conduction

nanofluidic devices not only have signals compatible with

neurons but also have working media compatible with the

physiological aqueous environment. In natural organisms, ion

channels have different structures and shapes. The asymmetric

design of geometry and inner surface charge distribution in one-

dimensional nanoconfined space can reproduce diode-like ion

rectification properties in solution systems. In addition, the

biological nanometer channel is dynamical to deformation,

the curvature, and adjustable carbon nanotubes for dynamic

real-time control of the ion rectifier. In addition, two-

dimensional nanomaterials, such as graphene, boron nitride,

and molybdenum disulfide, and the emergence of the enlarged
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translational degree of freedom of ion transport lead to increased

interaction between ions, and the interaction forms are more

diverse. Moreover, the lag effect of ion motion brings a potential

memory effect to the ion circuit, which brings hope for the

development and application of brain–computer interface and

brain-like computing technology.

The function of the membrane with nanoscale structures can

be achieved by proteins and chemical modulation, nanoparticles,

etc. In addition to complexing in matrices such as artificial

hydrogels and thus functioning, they can also naturally adsorb

near neuronal and glial cell membrane structures. Therefore,

penetrating the neural networks requires surface modifications to

bind with nanocarriers that can target neurons and glial

membrane or pass through the nanoscale glial blood –brain

barrier. The nanocarriers include liposomes, lipid nanoparticles,

polymeric particles, micelles, and dendritic molecules, as well as

biological vectors such as gene transfer viruses, virus-like

particles, and exosomes. For example, adenoviruses target

neuronal, astroglia and glioma cells, and their transgene

expression lasts for years in the peripheral tissues of primates.

They can manufacture but triggers an immune response in the

body (Terstappen et al., 2021). Therefore, virus-like particles

might be a better choice for controllability and reduced immune

response by mimicking neurological latent viruses. In addition,

microglia can also be modified by optogenetics to influence

chronic pain (Fyfe, 2021), and even improve BCI

inflammation state and function by transferring the

modulation message. This technique is also frequently used in

neuronal manipulation, and in addition inflammation of glial

cells will be discussed later. Furthermore, with the acceleration of

semiconductor and nanotechnology, such wireless and injectable

technics make defined cells manipulation in the deep brain less

invasive and removable. In the next part, we will introduce the

neuron structure and nanoparticle interfaces in detail.

Neuron structure and nanoparticle
interfaces

In most cases, a neuron has a long axon, which transmits

electrical signals to other neurons, muscle fibers, or gland cells.

Long axons, extensive dendrites, and varying synapses are

constantly building up and degenerate. Nerve axons were

cables that were wrapped with lipid glial cells and worked as

natural output data lines that connect to the outside of the body.

Nano-brain-computer interfaces resemble nerve fibers that build

artificial membrane synapses and regeneration of axons. Virus-

like nanoparticles can be designed to target neuron populations

and accurately mediate with optical, magnetic, ultrasonic,

chemical, and electrical signals.

Nano-brain-computer interfaces and virus-like

nanoparticles are important for neuromodulations. The

nanoscale array can directly form junctions with sub-

neuron structure, while such accuracy can also be achieved

with noninvasive nano modulation. For example, photon

absorption elicits conformational changes in membrane

proteins that switch ion channels’ selectivity, and then

comes electrical current. It made precise and versatile

neuronal selective manipulation with high resolution in

time and space possible to modulate in both excitatory and

inhibitory cells in vivo within living experimental individuals

(Deisseroth, 2015). Since upconversion nanoparticles can

absorb certain light of high penetrability at the wavelength

of near-infrared and emit visible rays, transcranial near-

infrared rays and modified upconversion nanoparticles can

mediate optogenetics, initiating the release of dopamine from

genetically tagged neurons in an experiment (Chen et al.,

2018). And other well-penetrating forms of energy and

information such as ultrasound and magnetic fields that

can penetrate deeply are converted into physiologically

regulated forms of information to achieve noninvasive and

precisely combined brain–computer interaction. Such as

magnetoelectric nanoparticles, the focused ultrasound that

uncage neuromodulatory drugs, and nanoscale piezoelectric

materials that transfer acoustic waves into electric fields (Yang

et al., 2021). Moreover, attenuated viral or virus-like particles

can conduct, for example, photosensitive channel genes, carry

nanoparticles to targeted neural populations for

manipulation, decipher neuronal connectivity, and perform

functional analyses to enable neural information acquisition.

Brain–computer interfaces with nanostructures require

double-layer membranes and functional protein-coated

RNA, etc., which can be modified to target intracranial cells

and improve blood–brain permeability. Sensory and motor

neurons that extend beyond the skull are the entry point for

viruses. The rabies virus spreads from presynaptic neurons to

the starter neuron (Vogt, 2019). After entry, the viruses use

the axonal transport system for retrograde transport to the

brain. Along the axons that cross the blood–brain barrier

(BBB), there are glial blood–brain barrier, such as receptor-

mediated transcytosis and the use of neurotropic viruses,

nanoparticles, and exosomes. To simulate the transport of

rabies virus along the axoplasm via the natural nerve cell

structure, it can be targeted to the neural nucleus by

nanoparticle or viral vector; such device delivery requires

biomedical materials to achieve. And with the surface-

modified APOE peptides, they could target glial cells

through the blood–brain barrier via LDLR receptors. By

actively targeting molecules, adsorption, magnetic and

ultrasound mediated trans-BBB can be developed by

mimicking bioprocess and using artificially intelligent

protein design tools, such as the RVG29 peptide inspired

from rabies virus can act on nicotinic acetylcholine

receptors to the brain. Surface chemistry, such as electric

charge, and chemical groups affect the absorption route

into the cell. Targeting ligands, such as antibodies,
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proteins, nucleic acids, or small molecules, can increase the

targeting of the BBB (Terstappen et al., 2021).

In conclusion, targeted nanoparticles, viroid particles,

RNA delivery techniques, and exosomes are directly

implanted or injected into the brain alone or with BCI.

Multifunctional soft substances can be used to promote

neuron development and growth via various ways such as

long-term electrical stimulation, drug-releasing, and scaffold

building (Feng et al., 2015). Axons may be possible to regulate

gene expression of controlled ion channels or wireless

signaling as a signal transfer interface in the brain.

Whether using translational nanomaterials, virus-like

particles, enzymes or proteins, or photons, they are all

means of intervening in neurological interventions that

have different interface requirements and therefore need to

be examined in practice according to the characteristics of

each technology itself.

Brain–computer interface
inflammatory response and glial cells

The state of the BCI inflammatory response or the treatment

of nervous system diseases is based on regulation of the glial and

neuronal state regulation. The glial cells of the neural network

affect specific pathways during chronic emotional states or

sudden stimulation, and further functional sensitization or

degeneration following occurs (Brites and Fernandes, 2015). It

was expressed as upregulated astroglial potassium and glycogen

synthase kinase 3 and upstream wingless-frizzled signaling

pathways (Duman and Voleti, 2012; Cui et al., 2018).

While neurons and their circuits are almost considered to be

the basic computational units, glial cells cannot be ignored. They

not only have simple protective and nutritional functions, but

they are functional partners of neurons. Abnormal glial cell states

correspond to synaptic and electrical neuronal excitability

(Venkatesh et al., 2019). Astrocytes and microglia play

primary roles in synaptic shaping, secreting neuromodulators,

ion homeostasis, and the formation of neural networks. To be

specific, axon-wrapping glial cells surround axons, with

insulating properties, which is due to the high content of

lipids in myelin. What’s more, with the closed protection of

the meninges and blood–brain barrier, the nervous system, and

immune system have been previously considered separate while

they practically work together to maintain brain health. As a

matter of fact, rather than described as displaying immune

privilege in the central nervous system (CNS), immunological

surveillance and response are frequently carried out, as well as

shape the neural network, mostly by microglia, the CNS

residents, which have been shown for be essential to

homeostasis, development, and neuroinflammation through

communications with almost all components, including

neurons and glia (Graykowski and Cudaback, 2021). Refined

dynamic and localized changes between glial neuro have well

cooperated. The microregion of glial cells has a variety of

functions in accompanying its local neuronal environment,

forming certain structures such as glial processes and

dendritic spines. When an injury such as implanted invasive

BCI occurs, astrocytes and microglia will form an inflammatory

barrier and promote the development of related circuits for

sensitive or inhibitory functions (Kofuji and Araque, 2021).

Signals between neurons and glia can significantly seize

CNS. Activated by persistent psychosocial or oxidative

stressors, a neuronal chronic inflammatory state occurs with

synaptic and electrical changes. During the damage process,

proliferated microglia are activated to help restore the brain

environment, and normally their vast projections constantly

surveil and scavenge the brain environment (Graykowski and

Cudaback, 2021). However, activated microglia can secrete

noxious signals, such as pro-inflammatory cytokines, reactive

oxygen species, nitrogen species, and excitatory

neurotransmitters, which further aggravate damage. The

peripheral inflammatory state mutually promotes neural

inflammation, which helps sensitize the CNS to a noxious

stimulus. For example, CD11c+ microglia expressed insulin-

like growth factor-1 increased when nerve hypersensitivity

occurs after an injury; this type of cells and substances help

reduce nervous hypersensitivity (Kohno et al., 2022). In

addition to releasing neurotransmitters, neurons also release

neuromodulators, and the substance and their receptors appear

in neurons and glial cells (Rostene et al., 2007), that link and

affect their environment. Based on this process, channel

proteins that noted expressed in glial cells are actively

involved in the dynamic neuroglial interactions (Giaume

et al., 2021), such as connexins and gap junction channels.

In this case, nanotubes in BCI could play a role as an external

control switch that can be designed to regulate glia–glia and

neuron–glia interactions. Thus, nanoscale and surface

molecular modulations in BCI can be applied to regulate the

recovery pathway, glia population differentiation, and further

help neuron reconstruction.

Feedback learning mechanism and
exploration of network links

A whole BCI system works in the following steps, neuronal

signal acquisition, data analysis, and feature extraction by

machine learning, then translating to the neural network

signals as output from the interface. Machine learning is the

key to human–machine signal conversion. Instead of trying to

understand the meaning and logic of neural activity patterns,

machine learning greatly improves the ability to decode neural

activity by identifying and linking the patterns to the user’s intent

in the face of the problem. For paraplegic patients with spinal

cord or motor neuron injury, the motor intention still exists in
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the brain network after paralysis. By recording neural activity

from microelectrode arrays in the premotor area in the cortex

while the participant imagines doing a specific activity.

Artificial intelligence immediately decodes motor intentions

represented by neural activity in the motor cortex and makes it

into actual behavior (Willett et al., 2021). However, the

information comes from the instantaneous potential changes

on a two-dimensional surface, so it is limited to understanding

the deeper network functions such as logical thinking and

memory.

To further describe the networks, simplified tools for

describing net and data structure are seen as essential. Limited

to the skull space constraint, unique features along the lines of

efficient topology network communication and information

processing. And knowing the characteristics of basic elements,

modeling networks, and simplifying by mathematical methods

can be critical to understanding the networks and how they

function mentally. Therefore, a language that clearly describes

the structure in neural networks is of urgent need. Graph theory

was introduced, which is defined as sets of nodes and edges that

represent system elements and their interrelations. Language

systems demonstrate the properties of networks, geometry,

and spatial anatomical connectivity in the context of

structural constraints. The correlated edges in graph theory

can indicate the functional correlation between neuronal

groups in addition to the neural-directed connections. As

shown in Figure 2, through imaging, functional experiments

and artificial intelligence analysis, the connection of a neural

network can be expressed by the corresponding concepts in

graph theory.

In addition, the breakthrough in computer science also

provides a new approach to modeling nervous networks.

Advances have been made in the application of artificial

intelligence, which can sort objects out of raw data by

computing, that is, to extract meaning and partly supervised

learning. The function that seeks to realize a certain purpose can

be visualized in Figure 3. However, the nervous system, especially

FIGURE 2
Terminology in graph theory corresponding to neural networks. Graphs provide a better way to deal with abstract concepts such as
relationships and interactions. Neural loops can be abstracted into graphs utilizing concepts, and graphs made up of vertex and edge may be
described analytically or asmatrices. Glial cells can be represented as nodes or edges,many of which can correspond tomultiple edges, where edges
can be directed vectors or arcs. Similarly, dendrites and neurons can be represented as vertex, with edges and nodes labeled with weights that
reflect varying degrees of information in positive or negative directions. Neuronal axons can be used as arcs to link different related functional
regions, and neural loops can be formed between many neuronal structures. A walk is a finite sequence that takes the form of a graph’s vertices and
edges. The walk is open if the beginning and last vertices are different. The walk is a closed loop if the initial and final vertex is the same.

FIGURE 3
Simplified feedback learning process of calculating the
unknown neuron value. Similar to solving equations in a matrix
with known inputs and outputs, corresponding to received
information and learned judgment and behavioral control
information, the neural network derives parameter processing
information, that is, weights, through feedback.
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the human brain, is far more complicated than a single model can

convey, especially the dynamic integration on different scales.

Bionic artificial neural network’s logical correspondence

makes the implementation in brain biomedical interfaces

accessible. Signal input and processing breakthroughs are

also inspired by mechanisms of brain-like feedback

learning. Technically, the brain’s information processing

ability benefits from the massive parallel and distributed

computing model, which means thinking and memory

happened simultaneously. In contrast, the computer is

composed of independent and fixed CPUs and storage

units. Inspired by neural networks, Artificial Neural

Network has generated and solved many practical

problems. The model is composed of many layers of nodes,

also called neurons, connected by tied connections. Each node

represents a specific activation function and the connections

between nodes are given weighted values via feedback. It is an

equation solving or function approximation process. By

learning about weight through enormous feedback,

computers are trained with professional recognition and

translation skills. Machines can easily learn to simulate the

language with this technic, helping to better shape the

interface with functional communication. With the hope of

building a hardware neural network interface, attempts have

been made to create artificial neural network algorithms.

Once the machine learned the neuronal codes, part of the

language spoken by neurons can be programmed and in turn,

translated into specific meaning. Now the challenge lies in

brain–computer Interface that breaks and expands the

physical net limits. Brain–computer interfaces remarkably

restore the ability to speak and movement control by training

an artificial neural network, which transforms the neural activity

into probabilities data of movement intentions.

Conclusion

For invasive BCI systems, good biocompatibility is needed,

making it more valuable for us to learn, adapt, and recover

various forms of sensory and motor control. Thereby, for

example, sensory transduction, control of robotic arms and

computers, and even driving (Aflalo et al., 2015) can be

reliable throughout the lifetime. In addition, the richness of

human sensory forms such as pressure, temperature,

vibration, and light form the feeling of touch, warmth,

hearing, and vision, which implies a multitude of

possibilities for the conversion of signals into neural

electrical impulses. And ultrasound, cables, near-infrared

light, nano-temperature-controlled channels, and

magnetism can all be used as forms of propagating

information into the skull. From a functional point of view,

brain–computer interface systems can be divided into input

for various sensing functions such as somatosensory and

special senses such as hearing and vision, and generate

motor control such as communication, restoration of hand

function, modulation of the autonomic nervous system and

even memory and learning, and participation in a variety of

functions in the consciousness process. This requires precise

control of brain areas and adequate connection to neural

networks, forming a similar afferent–transmitter interface

between the spinal cord and the brain nerves, where the

brain and machine signals are processed, continuously

adapted and learned through feedback.

Glial cells play a role in dynamic changes that are related to

neuronal function and state, it was important neuronal wiring in

the network of neurons and glia, certain information is learned

and processed through certain cellular connection structures of

neural pathways or the same neurotransmitters, therefore

performing specific functions in specialized regions of the

complex network. Where neuronal connections depend on

information and feedback to survive and establish. This

process can be facilitated by a local electrical signals or

chemical substances signals but also by optical, acoustical, and

magnetic signals through genetic strategy or nanotechnology. In

short, with the regulation of glial cells, electronic impulses

carrying information, and even accompanied by gene transfer,

an efficient interface system may be cultivated. Furthermore,

there are many perspectives on the design of the brain–computer

interface. If more interfaces are applied to better fit the brain’s

anatomical structure, currently only a local plane signal, a

dynamic and multi-dimensional information network of

neurons and glia, the cellular or molecular scale will

approach, and more nanoparticle- based empirical models will

simplify and create intelligent networks.

After fully interpreting these five-part processes,

brain–computer interface technology enables the transformation

of signal and regulation from glial cell–mediated nanomaterial to

further fit the biological neural network and achieve minimally

invasive and higher signal quality from signal relays such as photons,

magnetism, and ultrasound to realize the regulation and supplement

of brain function. The understanding of the natural structure of the

brain can promote optimization of the design and modification and

adjustment of functional groups, realize the opening and closing,

control and adjustment of ion channels, and clear the operation

mode of the bain–computer interface in a stable and accurate

brain–computer interaction and self-learning through feedback.
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Materials Science and Engineering, Xiamen University of Technology, Xiamen, China

The use of hydrogel as a filling medium to recombine dispersed

microencapsulated cells to form an embedded gel-cell microcapsule

complex is a new idea based on bottom-up tissue construction, which is

benefit for cell distribution and of great significance for tissue construction

research in vitro. In this experiment, sodium alginate and chitosan were used as

the main materials, rat normal liver cell BRL-3A was used as the model cell to

prepare “artificial cells”. Silkworm pupa was used as raw material to extract silk

fibroin solution, which was prepared by ultrasound to be the silk fibroin gel; silk

fibroin hydrogel-microencapsulated hepatocyte embedded complex was then

prepared by using silk fibroin gel as filling medium; the complex was cultured

under threemodes (static, shaking, and 3Dmicrogravity), and the tissue forming

ability of rat hepatocytes was investigated. The results showed that the

microgravity culture condition can enhance the cell proliferation and

promote the formation of cell colonies in the microcapsules; silk fibroin can

form an embedded gel-cell microcapsule complex with microencapsulated

cells, which provided mechanical support for the structure of the composite.

We hope that this bottom-up construction system will have potential

applications in the fields of cell culture and tissue construction.

KEYWORDS

tissue engineering, bottom-up, artificial cell, microgravity culture, hydrogel

Introduction

Compared with two-dimensional culture, three-dimensional culture enables cells to

simulate tissue-like structures more effectively and provide optimal simulation

microenvironment for cell growth. Besides, microgravity stimulates cell-cell and cell

matrix interactions, which promotes the formation of three-dimensional clusters and

promotes cell proliferation. For example, Costantini D et al. (Costantini et al., 2019)
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studied the effects of microgravity on human bile duct trunk/

progenitor cells (HBTSCs) and found that stem gene expression

in HBTSCs cultured in SMG microgravity conditions was

significantly increased compared with HBTSCs cultured under

normal gravity control conditions. Zhou X et al. (Zhou et al.,

2019) fabricated microencapsulated cells through microcapsules

loaded with C5.18 chondrocytes alginate/chitosan prepared by a

high-voltage electrostatic method. It could be found from the cell

viability (cell proliferation) cell proliferation (AO/EB staining)

and cell viability (CCK-8 assay) results that microencapsulated

cells had a better cell proliferation under 3D micro-gravity

microgravity conditions using bFGF than under 2D

conditions (including static and shaking conditions). Mattei C

(Mattei et al., 2018) studied the rotating cell culture system and

found that microgravity basically supports the generation and

maintenance of neurological organs derived from human

embryonic stem cells, and can be used as a model for human

brain development. In addition, He L et al. (He et al., 2016)

confirmed that microgravity conditions promote the

proliferation of human dental pulp stem cells compared with

normal gravity conditions, thereby effectively forming functional

tissues and promoting dental tissue engineering. Other

publications also revealed that 3D microgravity culture is

benefit for cell propagation (Farid et al., 2018; Sapudom et al.,

2021; Zou et al., 2022).

Besides, microencapsulation technology is also used for cell

culture. Microcapsules can immobilize plant, microbial or animal

cells, as well as enzymes, coenzymes or proteins, in a polymeric

hydrogel membrane (Li et al., 2020), which has selective permeability

and immunoisolation ability. Only oxygen, nutrients andmetabolites

can be transported through the membrane, while the IgG is stopped

outside. The microcapsules embedded with living cells are also called

“artificial cells”, which usually contain biological substances such as

cells, DNA, RNA, and protein encapsulated in semipermeable

membranes or other compartments. At present, cell

microencapsulation technology is considered to be a viable

treatment for the therapy of neurological and endocrine diseases

(Montanucci et al., 2013). It can also be used for oral probiotic

(Mawad et al., 2018) or hyperlipidemic therapy (Song et al., 2017).

Furthermore, Zhang X et al. (Zhang et al., 2017) investigated the role

of active oyster peptide extract (AOPS) microcapsules formed by

microemulsion gelling to prolong their biological activity. The results

showed that the AOPSmicrocapsule can effectively reduce IL-1β and
TNFα and increase the levels of ACP and lysozyme for inflammatory

cytokines.

Today, tissue engineering has attracted considerable

attention. Compared with the traditional top-down approach,

which may have the problem of cell distribution to form an

organizational structure with complex microstructure features

(Luo et al., 2019), modular tissue engineering, also called bottom-

up way, is to construct a pseudo-ecological micro-structural unit

and then assemble to form a large-scale organization (Nie and

Takeuchi, 2018). Okudaira T et al. (Okudaira et al., 2017) used a

bottom-up approach to prepare 3D liver tissue from hepatocyte

spheroids covering human umbilical vein endothelial cells and

NIH/3T3 cells, which had higher liver function activity and

higher cell density, and hepatic vascular endothelial cells

formed a regular network structure in liver tissue. Luo C et al.

(Luo et al., 2019) compared the performance of top-down and

bottom-up construction strategies in vivo, and the comparative

studies showed that bottom-up construction strategy was more

effective in the treatment of bone defects in vivo.

Therefore, to solve the problemof cell distribution in scaffold and

promote the cell growth, a bottom-up strategy based onmicrocapsule

and modular tissue engineering was proposed (Scheme 1).

Microcapsules were prepared with sodium alginate and chitosan

to encapsulate rat normal liver cell BRL-3A to form “artificial cells”;

silk fibroin was used as the filling medium to fix the shape of the

obtained silk fibroin hydrogel-artificial cell complex considering that

silk fibroin is a commonly available natural biopolymer with suitable

properties such as mechanical strength, elasticity, biocompatibility

and controllable biodegradability, and has been widely used in tissue

regenerations (Kundu et al., 2013; Gomes et al., 2022). Three different

culture modes, including static, shaking, and 3D microgravity, were

applied to primarily investigate the cell growth and functions.

Materials and methods

Materials

BRL-3A normal rat liver cells were purchased from Shanghai

cell bank of Chinese Academy of Sciences, (Shanghai, China).

High glucose DMEM medium and trypsin 1:250 were obtained

from GIBICO Inc. (United States). Sodium alginate (ALG,

A2158), acridine orange (AO) and ethidium bromide (EB)

were provided by Sigma Inc. (United States). Chitosan (Chi,

M.W. 1 × 105 Dalton) was purchased from Golden Shell

Biotechnology Co., Ltd. (Zhe Jiang, China). Albumin assay kit

and urea assay kit were purchased from Zhongsheng Beikong

Biological Co., Ltd. (Shanghai, China). HE kit was obtained from

Plylai Biotechnology Co., Ltd. (Beijing, China). EDTA was

purchased from Sinopharm Chemical Reagent Co., Ltd.

(Shanghai, China).

Preparation of microencapsulated cells

Preparation of microencapsulated cells using high-voltage

electrostatic droplet generator (customized by Shanghai University

of Technology) was conducted referring the method published

elsewhere (Kundu et al., 2013) (Zhou et al., 2018). Briefly,

adherently grown BRL-3A cells were digested with trypsin

solution and mixed with 1.5% (w/v) sodium alginate solution

(previously filtered through 0.8, 0.45, 0.22 μm filter). The volume

ratio of the suspension to the Alg solution was 1:4. The cell
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suspension was adjusted to 1 × 104/ml and dropped into 1.5% (w/v)

calcium chloride solution through a high-voltage electrostatic droplet

generator (parameter setting: 7.5 kV, 20 mm/h) to form Alg beads

embedded with cells. The obtained beads were coated with a filter-

sterilized chitosan solution for 8 min to obtain alginate/chitosan

microcapsules, which were then suspended in 0.15% (w/v) Alg

solution to form ACA microcapsules (Gomes et al., 2022) (Liu

et al., 2015), and the core was liquefied with 1.6% (w/v) sodium

citrate. The collected microcapsules were washed with saline, and

placed in an incubator containing 5% CO2 at 37°C. The prepared

microencapsulated cells were respectively cultured in three modes of

static (24-well plate), shaking (Constant temperature incubator

shaker, Weide Technology Co., Ltd., Xiamen, China) and

microgravity culture system (RCCS-1 rotary microgravity

incubator, Yituo Biological Instrument Co., Ltd., Shanghai, China).

Preparation of silk fibroin hydrogel-
microencapsulated cell complex

As shown in Scheme 2, firstly, silk fibroin aqueous solution was

prepared. Briefly, silk fibroin solution was obtained by degumming,

dissolving, dialysis, and concentration. Then the solution was diluted

to 5% (w/v), and silk fibroin gelling solution was prepared at

ultrasonic power of 200W and time of 45s. The microcapsules

and the solution were mixed at a volume ratio of 1:2. The resulting

mixture was kept at room temperature for 5 min to obtain silk fibroin

gel-microcapsule complex. The prepared silk fibroin-

microencapsulated cell complex was respectively cultured in three

modes of static, shaking and microgravity culture system.

AO/EB staining

The suspension of 200 μL microcapsulated cells was mixed

with 10 μL AO/EBmixture and incubated for 30 s. Take one drop

of the above staining solution and drip it onto a clean glass slide.

The sample was immediately observed under confocal laser

microscopy (Zeiss, Germany) and 200 × objective microscopy

(Zhou et al., 2018) (Zhao and Zhang, 2018).

Determination of albumin secretion

The albumin content of BRL-3A cells in microencapsulated

cells and complexes was measured at predetermined times

according to the instructions of the albumin assay kit

(Zhongsheng Beikong Biotechnology Co., Ltd., Shanghai,

China) provided by the company.

Determination of urea synthesis

According to the instructions of the urea detection kit

provided by the company (Zhongbei Control Biological Co.,

Ltd., Shanghai, China), the urea content secreted by

microencapsulated cells and BRL-3A cells in the complex was

determined respectively at predetermined times.

Statistical analysis

Results were expressed as mean ± standard deviation. Each

measurement reported was based on duplicate analysis of at least

three independent experiments.

Results and discussion

Microencapsulated BRL-3A cells and their
activity

It can be seen from Figure 1 that the prepared calcium

alginate/chitosan microcapsules were intact in morphology,

good in sphericity, smooth in surface, non-adhesive between

capsules, and well dispersed. The cells distributed well within the

SCHEME 1
The complex was formed by the hydrogel and the microencapsulated BRL-3A cells prepared by the high-voltage electrostatic generator, and
then was subjected to tissue construction under microgravity.
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microcapsules. By AO/EB fluorescence staining, it can be clearly

seen under the laser confocal microscope that the BRL-3A cells in

the microcapsules were almost green, indicating that the cells in

the capsule were basically living cells, and the survival rate was

high, thereby confirming that the microcapsules did not affect

cell survival.

Culture of microencapsulated BRL-3A
cells in three culture systems

The microencapsulated BRL-3A cells were cultured in a

simulated microgravity culture system for up to 2 weeks. After

one week of culture, the cells began to form a spherical shape with

a diameter of about 50 μm, and the morphology and size were

irregular, as shown in Figure 2D. After two weeks of cultivation,

as shown in Figure 2E, the size of the sphere increased gradually,

and a small cell mass of 30–50 μm in diameter formed a dense

sphere having a diameter of 100–150 μm. Compared with the cell

growth in the simulated microgravity culture system, there was

no obvious cell colony formation after 2 weeks of static culture of

the cells in the microcapsules, and only some cells aggregated

toward the edge of the microcapsules (Figure 2H). Under shaking

culture conditions, the cells in the microcapsules also did not

form cell colonies in the central part, but there was obvious edge

aggregation. Most of the cells aggregated toward the edge of the

microcapsules, and a small number of small cell colonies were

formed (Figure 2J).

In the study of Zhang (Liu et al., 2015) (Zhang et al.,

2006), polylysine was used as a membrane material, and

FIGURE 1
Microscopy photograph (A) and confocal laser scanning microscope image (B) of microencapsulated BRL-3A cells. (×200, left bar: 100 μm).

SCHEME 2
The preparation process of the silk fibroin gel and cell microcapsulation composites.
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FIGURE 2
Microscopy photograph of microencapsulated BRL-3A cultured in rotary (C–F), static (G, H) and shaking (I, J) cell culture system (left: ×200,
bar: 100 μm; right: ×400, bar: 50 μm; (A, B): 0 d; (C, D): 7 d; (E–J): 14 d).
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human breast cancer cells and chronic myeloid leukemia cells

were embedded with sodium alginate, and cultured with an

inducer in a static environment, and formed two weeks

later. The cell colonies were about 180 and 70 μm in

diameter, and the cell colonies were dense overall, and the

cells therein had higher activity. In contrast,

microencapsulated BRL-3A cells in static culture failed to

express cell colonies after two weeks, while similar results

were obtained under simulated microgravity culture.

Compared with tumor cells, normal somatic cells have

certain difficulties in the formation of tissue-like colonies,

and better experimental results can be obtained in the culture

system of this experiment, thus highlighting the effectiveness

of simulated microgravity culture system in tissue

construction.

Culture of BRL-3A cells in 3D microgravity
culture system

To further verify the ability of cells to form aggregates under

microgravity conditions, we cultured BRL-3A cells in a

microgravity system alone as shown below:

Under RCCS culture conditions, liver cells did not attach

to the wall and spread, but remained suspended and round.

As can be seen from Figure 3A, after 24 h, the liver cells began

to form a globular shape, and the shape and size were

irregular. After one week of cultivation, as shown in

Figure 3C, the size of the globule gradually increased, and

a small cell mass of 30–50 μm in diameter formed a dense

sphere with a diameter of 100–150 μm. It can be seen by

fluorescence staining that the cell colony presented good cell

survival phenomenon.

FIGURE 3
Microscopy photograph (A–E) and confocal laser scanning microscope image (E) of BRL-3A cultured in RCCS (A): 1d, (B): 4d, (C–E): 7d; (A–C):
×200, bar:100 μm; (D, E): ×400, bar:50 μm).

FIGURE 4
Comparison of albumin secretion of microencapsulated
BRL-3A.
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Determination of albumin and urea in
microencapsulated BRL-3A cells in three
culture systems

Microencapsulated BRL-3A cells were cultured in three ways:

static, shaking, and simulated microgravity. Clinically, albumin

and urea are main indexes to examine the function of liver. Thus,

the metabolism of hepatocytes was examined by detecting the

albumin and urea content in the culture medium. The results

were shown in Figures 4, 5.

On the first day, the albumin content in the culture medium

was about 3.0 mg/ml and the urea content was about 1.4 mmol/L

in the three culture modes. With the prolongation of the culture

time, especially after 5 days, the metabolic properties of the

microencapsulated hepatocytes under the simulated

microgravity culture system were different. In the 5th day, the

content of albumin synthesized by the three groups of

microencapsulated hepatocytes increased, and the albumin

content of microencapsulated hepatocytes in the simulated

microgravity culture system increased significantly; in the 5th

to 13th days, the amount of albumin secreted by

microencapsulated hepatocytes in static and shaking culture

systems was reduced compared with the previous days, but

the microencapsulated hepatocytes under simulated

microgravity culture system still showed strong albumin

synthesis ability, and the albumin synthesis ability decreased

until 10 days later.

In the 2nd to 7th days, the urea content of microencapsulated

hepatocytes increased in the three medium culture mode, but

after 7 days, the ability of microencapsulated hepatocytes to

secrete urea in the static and shaking culture system decreased

significantly and the amount of urea secretion decreased; in the

8th to 13th days, the ability of microencapsulated hepatocytes to

secrete urea under simulated microgravity culture system

decreased, but still maintained a high level. These results

indicated that microencapsulated hepatocytes still had strong

metabolic functions after long-term culture under simulated

microgravity culture system.

Preparation of silk fibroin-
microencapsulated cell complex

The prepared silk fibroin solution was mixed with the

prepared microencapsulated BRL-3A cells to obtain a silk

fibroin-microencapsulated cell complex, and a small-sized

block composite was obtained by means of a mould as shown

in Figure 6. From the laser confocal microscopy, it can be seen

that the BRL-3A cells in the silk fibroin-microencapsulated cell

complex had a good survival rate and can be further investigated.

Detection of BRL-3A cell metabolites in
complex

It can be seen from Figure 7 that on the first day, the content

of synthetic albumin was not high, which is about 0.2 mg/dl; on

the third day, the ability to synthesize albumin in the complex has

been improved significantly under the microgravity culture

system, while the complex in other culture systems has not

increased the albumin content obviously; on the fifth day, the

ability of the complex to secrete albumin in each culture system

was greatly reduced, which indicated that the cell survival rate in

the complex decreased; on the seventh day, only the complex

under simulated microgravity culture can secrete a small amount

of albumin, and the cells in the complex under other culture

systems almost had no albumin secretion ability.

The amount of urea secreted in the silk fibroin gel-

microencapsulated cell complex under different culture

systems was shown in Figure 8, and the results were in

accordance with the results of albumin. On the first day, the

cells in the complex could secrete urea, and the content was about

1 mg/dl; on the third day, the ability to secrete urea in the

complex under microgravity culture system was significantly

improved, while the amount of urea secreted in the complex

under other culture systems increased slightly; on the fifth day,

the ability of the complex to secrete urea decreased in each

culture system, indicating that the cell survival rate in the

complex decreased; on the seventh day, only a small amount

of urea was secreted, including the compound cultured under

simulated microgravity.

Compare the albumin and urea secretion from the complex

with those from the microcapsules, wen can see that the size plays

an important role in mass transfer. For the silk fibroin gel-

microencapsulated cell complex, the larger scale hinders the

metabolites diffuse from the inside out.

FIGURE 5
Comparison of urea secretion of microencapsulated BRL-3A.
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Conclusion

BRL-3A cells were cells with strong adaptability and rapid

proliferation, which were easy to expand in vitro and had

great expansion potential. The preparation of

microencapsulated cells was carried out using the mature

preparation process of the laboratory, and the results

showed that microencapsulation did not affect cell

survival. BRL-3A cells were cultured under simulated

microgravity culture system, and the whole cell colonies

showed a state of good cell growth. Under this culture

system, the time of proliferative ability and metabolic

capacity of the cells can be further extended on the basis

of microencapsulated hepatocytes. Silk fibroin provided

mechanical support for maintaining the structure of the

gel-artificial cell complex. Since artificial cells are well

distributed in the complex, the demands of high porosity

and high connectivity of the traditional tissue engineering

scaffolds can be avoided. This complex also has excellent

mass transfer properties due to the inner liquification of the

artificial cells. This work provides an alternative way for

cell culture and tissue construction in vitro. However,

much work should be done before this strategy

being applied in the future. The main problem is that the

secretions of albumin and urea from the complex are

FIGURE 6
The image of gel (A) and cell microencapsulation complex under confocal laser scanning (B).

FIGURE 7
Comparison of albumin secretion of gel and cell
microcapsulation composites in different culture system.

FIGURE 8
Comparison of urea secretion of gel and cell
microcapsulation composites in different culture systems.
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much fewer than those from the microcapsules. Thus, how

to maintain the cell viability for a long period in the

complex is a challenge. In the future work, we will attempt

to build microvessels at the same time of the microtissue

formation to enhance the mass transportation in the

microtissues.
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Antibacterial intraosseous
implant surface coating that
responds to changes in the
bacterial microenvironment
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Bone implant-associated infection is one of the most challenging problems

encountered by orthopedic surgeons. There is considerable interest in the

development of drug-loaded antibacterial coatings for the surfaces of metal

implants. However, it is difficult to achieve the stable local release of an effective

drug dose for many antibacterial coatings. In the present study, analyses of the

thickness and water contact angle of multiple layers confirmed the successful

assembly of multilamellar membrane structures. Measurement of the zone of

bacterial inhibition indicated gradual degradation of the (montmorillonite

[MMT]/hyaluronic acid [HA])10 multilamellar film structure with

concentration-dependent degradation during incubation with hyaluronidase

solution and Staphylococcus aureus. In vivo results resembled the in vitro

results. Overall, the findings confirm that the (MMT/HA-rifampicin)10
multilamellar film structure exhibits good antibacterial properties and

excellent biocompatibility. Further studies of the clinical potential of the

antibacterial coating prepared in this experiment are warranted.

KEYWORDS

infection, antibacterial coating, Staphylococcus aureus, layer-by-layer,
microenvironment

1 Introduction

Since the introduction of various metallic and non-metallic fixation materials in the

field of orthopedics, and particularly with the development of internal and external

fixation over the past century, advances in materials science and medical techniques have

led to the increasing use of orthopedic surgery (Berger et al., 2016; Li et al., 2017).

However, bone and soft tissue infections remain among the most challenging

complications of orthopedic surgery (Neumann et al., 2016; Pickett et al., 2018). In

cases of open fractures, various fixation devices (e.g., plate screws, external fixation

brackets, and intramedullary nails) may contribute to infection (Amerstorfer et al., 2017;

Perez-Jorge et al., 2017). Closed fractures have infection rates of approximately 1.5%,

whereas open fractures have infection rates of 3–40% (Neumann et al., 2016; Kendall and
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Gorgone, 2018). The incidence of trauma-related open fractures

is increasing (Tessier et al., 2016). Approximately 60% of open

fractures are contaminated by bacteria at the time of injury

(Caroom et al., 2018). Fixation-related infections can also

cause serious adverse consequences for patients, potentially

requiring systemic antibiotics, multiple debridement-and-

revision surgeries, extended hospital stays, and/or

amputations; they may also result in death (Barnett et al.,

2016; Klein et al., 2016). Therefore, fixation-related infections

have become a major research focus in the fields of orthopedics,

microbiology, biomaterials, and drug development (Jones et al.,

2016; Sugii et al., 2017).

The local preventive or therapeutic application of antibiotics

has received considerable attention for the treatment of internal

fixation-related infections (Flamant et al., 2016). Intravenous

infusion of antibiotics based on the results of drug sensitivity

testing is a common clinical treatment method, but systemic drug

administration can only achieve low concentrations in lesions

while potentially damaging areas such as the liver, kidney, and

ears (Girmenia and Iori, 2017; Kyriakidis et al., 2017). Therefore,

the application of drug-loaded antibacterial coatings on the

surfaces of metal implants has been proposed to aid in

preventing infection and avoiding side effects associated with

systemic administration (Li et al., 2016). Jennings et al. (2015)

mixed vancomycin and amikacin into lecithin to form a uniform

solution that could coat the surface of titanium metal. They

found that the drugs could be stably released for approximately

six days, and their system exhibited in vitro antibacterial activity

against Staphylococcus aureus. Braem et al. (2015) used titanium

with a pore structure as a drug carrier, then integrated it into a

mesoporous SiO2 diffusion barrier to control drug release on the

titanium metal surface. Although this method resolved the

problem of drug burst release, the drug release time remained

short. Hirschfeld et al. (2017) used plasma vapor deposition to

deposit vertically aligned carbon nanotubes approximately

700 nm long and 10–200 nm in diameter on the surface of

titanium; the tubes were used to carry rifampicin (RFP). Their

experiments confirmed the antibacterial ability of the RFP from

these carbon nanotubes against Staphylococcus epidermidis. The

greatest limitation of using these surface coatings as antibacterial

drug carriers is that they generally do not allow the stable local

release of effective drug doses. There is often a burst release in the

early stages of drug release, and it is difficult to maintain accurate

drug release for an extended duration. There has been

considerable progress in the construction of stimulus-sensitive

drug delivery systems on the surfaces of biological materials

(Huang et al., 2016; Wang et al., 2016), and numerous drug

delivery systems based on enzymes, temperature, and

pH sensitivity have been constructed (Sun et al., 2021). These

stimulus-sensitive drug delivery systems can control drug release

and avoid drug resistance caused by excessive short-term release

or minimal long-term release. The microenvironment of

bacterial infection has multiple unique biological

characteristics, including the abnormal expression of some

enzymes and the specific release of toxins (Wang et al.,

2018a). These specific biological characteristics can be used to

prepare smart drug delivery systems with appropriate

microenvironmental responses to ensure controlled release

and accumulation of antibacterial drugs at the site of infection

(Aycan and Alemdar, 2018). Layer-by-layer self-assembly based

on multisubstance interactions is a useful method for the

formation of nanostructured multilamellar films (Chen et al.,

2017). External stimuli can achieve the selective embedding of

substances and the intelligent controlled release of drugs from

multilamellar films (Mable et al., 2018).

S. aureus is the main species of pathogenic bacteria

encountered after surgery or trauma and the primary species

involved in endosseous implant-related bone, joint, and soft

tissue infections (Gundtoft et al., 2017; Araújo et al., 2018).

The entry of S. aureus into lymphatic vessels or blood can

cause sepsis. RFP, which has high antibacterial activity against

various Gram-positive bacteria (Branch-Elliman et al., 2017), is a

key antibiotic for treating severe S. aureus infections. It has an

important role in clinical therapy and is an ideal antibiotic for

topical application (Downes et al., 2017). During bacterial

infection, the surrounding environment secretes large amounts

of hyaluronidase (HAS) and phospholipase (Seroussi et al., 2018;

Liu et al., 2021). Montmorillonite (MMT)/hyaluronic acid (HA)

multilamellar film actively disintegrates in the presence of

infection (Wang et al., 2018b). MMT is a typical clay mineral

with a unique crystal structure that provides it with a high cation

exchange capacity and a high expansion capacity; thus, it is

widely used in various fields (Enteshari Najafabadi and Bagheri,

2017). Because of its high specific surface area, MMT can

additionally be included in multilamellar films to load drugs

at high concentrations and prevent rapid release (Qiao et al.,

2016; Chabbi et al., 2018). HA is an acidic mucopolysaccharide

that is widely distributed in the human body. It solubilizes readily

in water, where it forms an acidic solution with a considerable

negative charge. HA has good biocompatibility and various

clinical uses (e.g., as a lubricant in joint surgery and a

moisturizing agent in eye surgery) (Friedrich and Washburn,

2017; Hwang et al., 2017). In the present study, drug-loaded

polyelectrolyte multilayers of (MMT/HA-RFP)10 were fabricated

in a layer-by-layer manner and exhibited HAS release-induced

degradation in the presence of infection.

2 Materials and methods

2.1 Reagents and materials

MMT was obtained from Zhejiang Sanding Technology Co.,

Ltd. (Zhejiang, China). HA was purchased from Freda Biochem

Co., Ltd. (Shandong, China). RFP and polyethyleneimine (Mw:

25 kDa) were purchased from Sigma-Aldrich (St. Louis, MO,
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United States). Titanium Kirschner wires (K-wires; 1.25 mm)

were purchased from MK Medical GmbH & Co. (Emmingen-

Liptingen, Baden-Württemberg, Germany). Luria-Bertani agar

and Luria-Bertani broth were purchased from Difco Laboratories

(Detroit, MI, United States).

2.2 Construction of polyelectrolyte
multilayers

The substrates were ultrasonically cleaned in acetone and

in ethanol for 2 h each, then dried with compressed air. MMT

stock solution (0.5 mg/ml, pH = 2.5) was prepared. Next, HA

and RFP were separately dissolved at a concentration of

1.0 mg/ml in deionized water. Before assembly, the reaction

solutions were dispersed by ultrasonication for 2 h. All

substrates were subsequently deposited in polyethyleneimine

solution (3 mg/ml, 20 min) as a precursor, then immersed

alternately in MMT solution and HA-RFP solution for

15 min each at room temperature. Finally, the obtained

hybrid multilamellar films were dried under a stream of

nitrogen gas. This immersion cycle corresponded to the

deposition of one bilayer. The above steps were repeated

10 times to yield (MMT/HA-RFP)10 multilamellar

membrane structures.

2.3 Characterization of materials

We tested the following polymer coatings: (MMT/HA-

RFP)0.5, (MMT/HA-RFP)3, (MMT/HA-RFP)7, (MMT/HA-

RFP)10, and (MMT/HA)10. The surface roughness of silicon

wafers, the substrate material, was measured by atomic force

microscopy. Additionally, scanning electron microscopy (SEM)

was performed to examine the surface morphology of each

sample. To determine the wetting properties of the

multilamellar film surfaces, water contact angles were

measured using a video optical contact angle measuring

FIGURE 1
Atomic force microscopy (AFM), SEM, water contact angle (WCA), and thickness analysis of multilamellar membrane structures during co-
assembly.
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device (OCA15pro; DataPhysics Co., Filderstadt, Germany) in

air at room temperature (25°C). The mean value of each

multilamellar film structure was calculated from the

measurements at three different locations. To confirm the

successful assembly of multilamellar membrane structures, the

thickness of (MMT/HA-RFP)n deposited in each layer was

measured by spectroscopic ellipsometry (M-2000 DITM; J.A.

Woollam, Lincoln, NE, United States).

2.4 Zone of inhibition measurement
and SEM

Glass slides were selected as the substrate material in this study.

Layer-by-layer self-assembled multilamellar films were prepared

using the method described above. The multilamellar films were

immersed for two days in 0.01 M phosphate-buffered saline (PBS),

HAS solution, and S. aureus solution. At the end of the soaking

period, all samples were removed and dried in an oven. S. aureus

was grown from broth on nutrient agar, then plated on Luria-

Bertani agar. Growth inhibition was verified based on the zone of

inhibition (ZOI) after incubation at 37°C for 24 h. SEM was used to

examine changes in the (MMT/HA-RFP)10 multilamellar coating

on the surface of the glass slides.

2.5 Assessment of biofilm formation

Unmodified silicon wafers, as well as (MMT/HA)10 and

(MMT/HA-RFP)10 multilamellar film silicon wafers, were

FIGURE 2
ZOI and SEM of (MMT/HA-RFP)10 multilamellar film-coated glass slides after immersion in 0.01 M PBS, HAS, and Staphylococcus aureus
solutions.

FIGURE 3
Determination of biofilm formation after immersion with
unmodified, (MMT/HA)10-coated, and (MMT/HA-RFP)10
multilamellar film-coated silicon wafers at various time points.
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prepared as three parallel samples, then immersed in 2 ml of S.

aureus suspension [10 colony-forming units/ml (Kendall and

Gorgone, 2018)] and incubated at 37°C for 5, 10, or 15 h. At

preset time points, the surfaces were thoroughly rinsed with PBS.

Next, all samples were stained with 1% (wt/vol) crystal violet

solution for 15 min, then washed three times with PBS. Finally,

1 ml of 95% (v/v) ethanol was added to each well. The mixture

was then incubated for 15 min in the dark and shocked for 10 s

FIGURE 4
(A) Shaking flask culture and (B) live/dead staining assay.
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every 5 min at room temperature. The absorbance at 570 nm

(A570) was measured with a microplate reader (BioTek,

Winooski, VT, United States).

2.6 Shaking flask culture and live/dead
staining assay

The shaking flask culture method was used to

comprehensively evaluate the in vitro antibacterial properties

of the coating. (MMT/HA-RFP)10-coated polydimethylsiloxane

was immersed in S. aureus solution and cultured. Aliquots of the

bacterial solution were collected at specified time points (2 h, 4 h,

6 h, 8 h, 10 h, and 12 h) and diluted; next, they were evenly

spread on agar plates, cultured, and counted. For direct analysis

of the live/dead populations of bacteria on the surface of (MMT/

HA-RFP)10 multilamellar membrane structures, fluorescence

microscopy was conducted with live/dead staining. (MMT/

HA-RFP)10-coated glass slides and unmodified glass slides

were co-cultured with 3 ml of S. aureus solution, incubated at

37°C for 6, 12, or 24 h, and then subjected to live/dead staining.

2.7 In vitro hemolysis rate

Four ml of fresh anticoagulated rat blood was diluted with 5 ml

of normal saline. The multilamellar film was incubated in 10 ml of

normal saline (37°C constant temperature water bath, 30 min). Next,

0.2 ml of diluted blood was added by mixing, and the solution was

incubated at a constant temperature of 37°C for 60 min. Aliquots of

500 μL were collected and centrifuged at 1,500 rpm for 5 min. The

absorbance of the resulting supernatant at 540 nm was measured

with an ultraviolet-visible spectrophotometer (PuXi TU-1800;

China). In the positive control group, 0.2 ml of diluted blood was

added to 10 ml of distilled water; in the negative control group,

0.2 ml of diluted blood was added to 10 ml of 0.9% NaCl solution.

Hemolysis of the multilamellar film was calculated using the

following equation:

Hemolysis rate % = (ODs − ODn)/(ODp − ODn) × 100

where ODs, ODp, and ODn represent the respective absorbance

values of the sample, negative control, and positive control

groups.

2.8 Animal experiments

2.8.1 Biocompatibility analysis
Thirty male rats (body weight 200 ± 20 g) were obtained from

SLAC Laboratory Animal Co., Ltd. (Shanghai, China) for use in this

experiment. All experiments were approved by the Animal Research

Ethics Committee of the Second Affiliated Hospital (Jiande Branch)

of the School of Medicine, Zhejiang University. All rats were housed

in an animal room with controlled humidity and temperature,

where they were provided with adequate food and water.

Unmodified, (MMT/HA)10-coated, and (MMT/HA-RFP)10
multilamellar film-coated K-wires were prepared. The rats were

randomly divided into three groups (n = 10 per group). For the

experimental analysis, the rats were initially anesthetized with 10%

chloral hydrate (0.35ml/100 g). The left knee of each rat was shaved,

the overlying fur was removed, and the skin was disinfected. Then,

the skin and muscles were cut to expose the tibial plateau. During

this procedure, neurovascular injury was avoided when possible.

Under sterile conditions, a 0.8-mm K-bit was used to drill vertically

into the medullary cavity, and a sterile syringe was used to aspirate

bone marrow from the tibia. Unmodified, (MMT/HA)10-coated, or

(MMT/HA-RFP)10 multilamellar film-coated K-wires were placed

in the boreholes according to each rat’s group designation. The

drilled hole was sealed with bone wax, and the incision was sutured

layer by layer. After each rat had regained consciousness, it was

FIGURE 5
Hemolysis rates of (MMT/HA)10 and (MMT/HA-RFP)10
multilamellar films.

Frontiers in Bioengineering and Biotechnology frontiersin.org06

Bai et al. 10.3389/fbioe.2022.1016001

244

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1016001


maintained in an appropriate environment with adequate food and

water. All rats were sacrificed 4 weeks after surgery. Their tissues

(lung, kidney, heart, and liver) were cryopreserved, cut into sections,

fixed, and stained with hematoxylin and eosin (H&E), in accordance

with standard protocols.

2.8.2 In vivo antibacterial experiments
Thirty additional rats were used to determine the in vivo

antimicrobial efficacy of the multilamellar film structure. The

animals were divided randomly into three groups (n = 10 per

group): 1) an unmodified group, with placement of unmodified

K-wires and injection of 10 µL of 106 S. aureus cells/mL; 2) a

(MMT/HA-RFP)10 group, with placement of (MMT/HA-

RFP)10-coated K-wires and injection of 10 µL of 106 S. aureus

cells/mL; and 3) a sham group, with placement of unmodified

K-wires and without injection of S. aureus. For each animal, the

drilled hole was sealed with bone wax, and the incision was

sutured layer by layer. After each rat had regained consciousness,

it was maintained in a standard environment with adequate food

and water. The condition of each wound was monitored

regularly.

2.8.2.1 Measurement of body temperature and

inflammatory index in vivo

At regular intervals, each rat’s body temperature was monitored

and their blood collected from the tail tip to examinewhite blood cell

(WBC) count, as well as levels of high-sensitivity C-reactive protein

(hs-CRP), interleukin (IL)-1β, IL-6, and IL-8.

FIGURE 6
Biocompatibility analysis of (MMT/HA)10 and (MMT/HA-RFP)10 multilamellar films. H&E staining of rat kidney, lung, liver, and heart. (A–C) Kidney
in the unmodified, (MMT/HA)10, and (MMT/HA-RFP)10 groups, respectively. (D–F) Lung in the unmodified, (MMT/HA)10, and (MMT/HA-RFP)10 groups,
respectively. (G–I) Liver in the unmodified, (MMT/HA)10, and (MMT/HA-RFP)10 groups, respectively. (J–L) Heart in the unmodified, (MMT/HA)10, and
(MMT/HA-RFP)10 groups, respectively.
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2.8.2.2 Colonies from K-wires and soft tissue

Left tibia specimens were thawed at room temperature,

then snap-frozen in liquid nitrogen. The soft tissue was

pulverized in sterile PBS for 60 s. Concurrently, the

K-wires were sonicated in sterile PBS for 30 min. All

procedures were performed in a sterile environment. The

fluids from soft tissue and K-wires were diluted in sterile

saline, inoculated onto agar plates, and placed in a

bacteriological incubator at a constant temperature of

37°C. Finally, the numbers of bacterial colonies on agar

plates were counted.

2.8.2.3 X-ray examination

Each rat was euthanized and their left tibia extracted for

X-ray examination (current, 250 mA; energy, 45 kV; integration

time, 200 ms) (Carestream DRX; Carestream, Rochester, NY,

United States). Three deputy chief orthopedic physicians

evaluated the tibia destruction, osteolytic lesions, and tissue

surrounding the tibia. Then, each tibia was wrapped in saline-

saturated gauze and stored at −20°C.

2.8.2.4 Computed tomography examination

Left tibia specimens were thawed at room temperature and

their soft tissue removed. Next, the samples were fixed with 4%

paraformaldehyde in PBS for 12 h. Tibia lesions were observed by

CT (energy, 70 kV at 114 μA; integration time, 300 ms; threshold,

220) (Skyscan 1,173; Skyscan, Kontich, Belgium). A ring with a

surface radius of 0.1 mm from the metal implant was evaluated as

the volume of interest. CT software was used to analyze bone

mineral density (BMD), trabecular bone number (Tb.N),

FIGURE 7
(A) Body temperature, (B) WBC count, (C) IL-1β level, (D) IL-6 level, (E) IL-8 level, and (F) hs-CRP level in rats.
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percentage bone volume (BV/TV), and trabecular thickness

(Tb.Th); three-dimensional histograms were also constructed.

2.8.2.5 Tibia specimen bending test

Left tibia specimens were thawed at room temperature and their

soft tissue removed. The specimens were subjected to three-point

bending tests to determine their integration strength, using an

ElectroForce 3200 computer-controlled testing machine (Bose

Corp., Eden Prairie, MN, United States); a crosshead speed of

1 mm min−1 was applied until each specimen broke. Finally, the

maximum load, maximum strain, maximum bending moment,

maximum stress, and bending section modulus were determined

for the quantitative analysis of the mechanical strength of each tibia.

2.8.2.6 Histological analysis

Lesions of the tibial metaphysis were fixed with 4%

paraformaldehyde for 48 h. Tibia bone specimens were

decalcified with ethylenediaminetetraacetic acid solution for

FIGURE 8
Colonies from K-wires: (A–C) unmodified, (MMT/HA-RFP)10, and sham groups, respectively. Colonies from soft tissue: (D–F) unmodified,
(MMT/HA-RFP)10, and sham groups, respectively. (G) Number of colonies in each group.
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one month, then embedded in paraffin. The specimens were cut

into 5-μm-thick sections; stained with H&E, Masson’s trichrome,

and toluidine blue; and then observed under a microscope.

2.9 Statistical analysis

Data analyses were performed using SPSS 24.0 (SPSS Inc.,

Chicago, IL, United States). Multisample means were evaluated

by one-way analysis of variance (α = 0.05). Comparisons among

groups were analyzed by the t-test. In all analyses, p < 0.05 was

considered to indicate statistical significance.

3 Results and discussion

3.1 Characterization of materials

As shown in Figure 1, we measured the roughness of surfaces

using atomic force microscopy (AFM). After the coating was

deposited, surface roughness increased. More specifically, the

(MMT/HA-RFP)0.5 coating had a roughness of 8.70 ± 4.14 nm,

and the (MMT/HA-RFP)3 coating had a roughness of 285.33 ±

12.71 nm. The roughness of the (MMT/HA-RFP)7 coating was

489.33 ± 9.03 nm, that of the (MMT/HA-RFP)10 coating was

630.00 ± 21.74 nm, and that of the (MMT/HA)10 coating was

FIGURE 9
X-ray examination: (A–C) unmodified, (MMT/HA-RFP)10, and sham groups, respectively. Trabecular distribution: (D–F) unmodified, (MMT/HA-
RFP)10, and sham groups, respectively. New bone formation surrounding implants: (G–I) unmodified, (MMT/HA-RFP)10, and sham groups,
respectively.
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599.67 ± 22.07 nm. Using SEM, we observed multiple layers on

the surface of substrate, with uniformmembrane structure. Next,

the contact angle was measured to determine the hydrophilicity

of each surface. The contact angles were 26.30 ± 1.10° for the

(MMT/HA-RFP)0.5 coating, 40.20 ± 1.56° for the (MMT/HA-

RFP)3 coating, 45.37 ± 0.63° for the (MMT/HA-RFP)7 coating,

and 47.43 ± 0.63° for the (MMT/HA-RFP)10 coating. In addition,

the contact angle of the (MMT/HA)10 coating was 46.13 ± 0.42°.

This shows that the material has a hydrophilic surface after

coating modification. Many reports have indicated that

moderate hydrophilicity could increase the biocompatibility of

the material (Bluestein et al., 2017; Hu et al., 2017). Finally, we

performed thickness measurements on multilayer structures.

The thickness of the multilamellar membrane structures

clearly exhibited linear growth as assembly progressed. More

specifically, the thickness of the (MMT/HA-RFP)1 coating

was 23.33 ± 5.79 nm. As self-assembly progressed, the (MMT/

HA-RFP)5 coating had a thickness of 319.67 ± 9.46 nm and

the (MMT/HA-RFP)10 coating had a thickness of 557.00 ±

5.10 nm.

3.2 ZOI measurement and SEM

The ZOI represents the diameter of the bacteriostatic area,

which reflects the antibacterial coating of the multilamellar

films. As shown in Figure 2, after immersion in 0.01 M PBS,

the ZOI around the multilamellar films was 2.93 ± 0.14 cm,

whereas it was 4.59 ± 0.14 cm and 5.43 ± 0.06 cm after

immersion in HAS solutions at concentrations of 90 and

120 U/mL, respectively. After multilamellar films had been

immersed in solutions containing 105 or 106 colony-forming

units/mL of S. aureus, the ZOIs were 4.86 ± 0.05 cm and 5.87 ±

0.20 cm, respectively. Changes in the multilamellar coating on

the surfaces of glass slides were examined by SEM. Compared

with immersion in PBS, the degree of disintegration of the

(MMT/HA-RFP)10 multilamellar film structure gradually

increased after two days of immersion in solutions with

increasing concentrations of HAS and S. aureus. The ZOI

increase with increasing concentrations of HAS and bacterial

solutions may have occurred because the HAS secreted by S.

aureus promoted the disintegration of the multilamellar film,

FIGURE 10
Analysis of (A) BMD, (B) Tb.Th, (C) Tb.N, and (D) BV/TV in each group.
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leading to large amounts of disintegrated film fragments on

the surface of the glass slides, and MMT could be loaded with

large amounts of the test drug.

3.3 Determination of biofilm formation

Biofilm inhibition activity was assessed by crystal violet

staining (Figure 3). The crystal violet absorption by the

(MMT/HA-RFP)10 samples was substantially lower than the

crystal violet absorption by the unmodified samples at all time

points examined (5, 10, and 15 h). With increasing culture time,

the crystal violet absorption by all (MMT/HA-RFP)10 samples

slowly increased, whereas the crystal violet absorption by

unmodified samples substantially increased, confirming that

the (MMT/HA-RFP)10 multilamellar film structure had strong

biofilm-inhibition effects.

3.4 Shaking flask culture and live/dead
staining assay

The number of bacteria was calculated at various time

points using the shaking flask method. As shown in Figure 4,

the number of bacteria decreased over time, nearly reaching

zero at 12 h, indicating that the antibacterial coating can

FIGURE 11
Bending tests of tibia specimens: (A) maximum strain, (B) maximum bending moment, (C) maximum stress, (D) maximum load, (E) bending
section modulus.
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rapidly and efficiently sterilize bacterial solutions. After 6, 12,

and 24 h of coincubation, the numbers of both live (green) and

dead (red) bacteria were substantially reduced on the surface

of the (MMT/HA-RFP)10 multilamellar film, compared with

the unmodified group. These observations indicate that the

(MMT/HA-RFP)10 polymer multilamellar film has excellent

antibacterial properties. The (MMT/HA-RFP)10
multilamellar membrane structure may also remove some

dead bacteria from the surface.

3.5 In vitro hemolysis rate

The hemolysis rate represents the degree of damage to red

blood cells caused by the test material, which is an important

consideration in the experimental analysis of medical materials

(Figure 5). The absorbance value of the positive control group

(ODp) was 1.225 L/g/cm, whereas the absorbance value of the

negative control group (ODn) was 0.001 L/g/cm. The absorbance

values of the sample (ODs) were substituted into the formula

specified in the Methods to calculate the hemolysis rate. The

hemolysis rate of the membrane surface was <5%, consistent with

the standard for medical polymer materials, and the multilayer

structure fulfilled the requirements of the body environment

(Dang et al., 2019).

3.6 Biosafety evaluation

To evaluate the biocompatibility of the (MMT/HA-

RFP)10 multilamellar membrane structure, H&E-stained

vital organ sections were subjected to histological

examination. Heart, liver, lung, and kidney sections from

the (MMT/HA)10 and (MMT/HA-RFP)10 groups exhibited

normal morphology (Figure 6). Therefore, the (MMT/HA-

RFP)10 multilamellar membrane structure demonstrated

excellent biocompatibility.

3.7 Measurement of body temperature
and inflammatory index in vivo

A rat infection model was used to explore the in vivo

antibacterial properties of (MMT/HA-RFP)10 multilamellar

films. Body temperature and WBC count, as well as levels of

hs-CRP, IL-1β, IL-6, and IL-8, were examined to characterize

FIGURE 12
Histological analysis. Toluidine blue staining: (A–C) unmodified, (MMT/HA-RFP)10, and sham groups, respectively. Masson’s trichrome staining:
(D–F) unmodified, (MMT/HA-RFP)10, and sham groups, respectively. H&E staining: (G–I) unmodified, (MMT/HA-RFP)10, and sham groups,
respectively.
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infection control. At 4 weeks after surgery, body temperature in

the sham group was normal (35.57°C ± 0.09°C), whereas body

temperature in the unmodified group had significantly increased

to 38.73°C ± 0.17°C. However, body temperature in the (MMT/

HA-RFP)10 group was 35.67°C ± 0.25°C (Figure 7A), presumably

because the (MMT/HA-RFP)10 multilamellar film released

antibiotics that killed bacteria; no rats in that group exhibited

postoperative infection. Moreover, WBC count in the

unmodified group was elevated at 4 weeks after surgery but

within normal limits in the (MMT/HA-RFP)10 group

(Figure 7B). Similar trends were observed in the levels of IL-

1β (Figure 7C), IL-6 (Figure 7D), IL-8 (Figure 7E) and hs-CRP

(Figure 7F).

3.8 Colonies isolated from K-wires and
soft tissue

Bacteriological examination revealed large amounts of bacteria

on K-wires and in soft tissue in the unmodified group

(Figures 8A,D), indicating that bacteria spread via circulation and

multiplied throughout the body. However, there were no bacteria in

the (MMT/HA-RFP)10 group (Figures 8B,E). As expected, there

were also no bacteria in the sham group (Figures 8C,F). Compared

with the unmodified group, the surfaces of the K-wires and soft

tissue in the (MMT/HA-RFP)10 group showed 7.93 ± 0.23 and

49.20 ± 4.12 log reductions of S. aureus, respectively (Figure 8G).

3.9 X-ray and CT examination

Bone infection is commonly assessed by X-ray

examination in clinical practice (Mistry et al., 2016). Bone

in the sham group exhibited excellent structural integrity

(Figure 9C), confirming that the surgeries had been

performed successfully, animal management was reliable,

and no infections had occurred. The unmodified group

exhibited bone destruction on the tibial plateau, and the

femoral condyle was infected (Figure 9A). These

phenomena may have occurred because bacteria multiplied

throughout the body and severely damaged the bone structure.

Notably, no bone destruction was observed in the (MMT/HA-

RFP)10 group, despite injection of S. aureus into the bone

(Figure 9B). To comprehensively assess bone tissue

microstructure, three-dimensional histograms were

constructed using the software provided with the CT

scanner. K-wires appeared yellow on cross-sections of rat

tibia. Trabecular bone constitutes the internal extension of

cortical bone in the bone marrow cavity. There is an irregular

network structure inside, which supports hematopoietic

function; this microstructure is extremely difficult to

segment within the bone (Kesavan et al., 2017). As shown

in Figure 9D, the unmodified group exhibited the widespread

rupture and disordered arrangement of trabecular bone.

However, the (MMT/HA-RFP)10 and sham groups

exhibited considerably less trabecular bone destruction

(Figures 9E,F). Moreover, minimal new bone formation was

visible in the unmodified group (Figure 9G). In contrast, a

considerable amount of new bone was detected around

implants in the (MMT/HA-RFP)10 group; the new bone

was in close contact with the implant surface (Figure 9H).

Importantly, the findings were similar between the (MMT/

HA-RFP)10 and sham groups (Figure 9I). Furthermore,

micro-CT was performed to quantify BMD, Tb.N, BV/TV,

and Tb.Th (Figure 10). In the sham group, the tibia lesions

demonstrated normal values of BMD, Tb.N, BV/TV, and

Tb.Th. In the unmodified group, the presence of bacteria

led to significant decreases in the tibial total BMD, Tb.N,

BV/TV, and Tb.Th. Bacterial proliferation affects bone cell

growth (Min et al., 2016). Surprisingly, all characteristics in

the (MMT/HA-RFP)10 group resembled characteristics in the

sham group.

3.10 Bending tests of tibia specimens

The three-point bending test was used to examine the

integration strength of bone samples in each group through

assessments of maximum load, maximum strain, maximum

bending moment, maximum stress, and bending section

modulus. As shown in Figure 11, tibia lesions in the sham

group had normal values for maximum load, maximum

strain, maximum bending moment, maximum stress, and

bending section modulus. However, all values were

significantly lower in the unmodified group. Bacteria can

reportedly disrupt homeostatic balance in bone and destroy

the integrity of bone microstructure (Raphel et al., 2016).

Importantly, all characteristics in the (MMT/HA-RFP)10
group resembled characteristics in the sham group,

confirming that the (MMT/HA-RFP)10 multilamellar

membrane structure has good antibacterial properties.

3.11 Histological analysis

We performed further histological analyses by staining bone

sections with H&E, Masson’s trichrome, and toluidine blue.

Toluidine blue staining showed numerous mast cells in the

bone tissue of the unmodified group (Figure 12A). Mast cells

can release large amounts of inflammatory mediators, such as

tumor necrosis factor-α, IL-1, and IL-8 (Delgado et al., 2020).

However, inflammatory mast cell infiltration was significantly
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reduced in the (MMT/HA-RFP)10 group (Figure 12B). In the sham

group, mast cells were not observed, and the bone tissue structure

was normal (Figure 12C). Furthermore, the sections were

subjected to Masson’s trichrome staining to visualize collagen

fibers and assess fibrotic lesions in bone tissue (Griffin et al.,

2019). In the unmodified group, most areas were stained red

because of infection-induced fibrosis in the bone marrow cavity

(Figure 12D). Notably, bone tissue was completely free of fibrotic

lesions in the (MMT/HA-RFP)10 and sham groups (Figures 12E,

2F). H&E staining revealed that large quantities of inflammatory

cells had penetrated the bone trabecula in the unmodified group,

which confirmed the presence of bone infection (Figure 12G).

However, no inflammatory responses (e.g., swelling or

inflammatory cell infiltration) were found in the (MMT/HA-

RFP)10 and sham groups (Figures 12H,I).

4 Conclusion

In this study, a (MMT/HA-RFP)10 multilamellar film structure

was successfully prepared from MMT, HA, and RFP; its thickness

increased linearly during layer-by-layer assembly. The (MMT/HA-

RFP)10 multilamellar film structure gradually deteriorated and

exhibited concentration-dependent degradation during incubation

with solutions containing HAS and S. aureus. The (MMT/HA-

RFP)10 multilamellar film structure showed good antibacterial

properties, as determined by analyses of biofilm formation and

shaking flask culture. The hemolysis rate highlighted the excellent

biocompatibility of this material. (MMT/HA-RFP)10 multilamellar

film-coated K-wires showed excellent antibacterial properties and

excellent biocompatibility in vivo. Further studies are needed to fully

characterize the clinical potential of this material.
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