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Editorial on the Research Topic
Biomedical applications of natural polymers

Introduction

Natural polymers are attracting a lot of interest for use in biomedical applications due to
their high biocompatibilities and ease of modification. Regenerative medicine, drug delivery,
and targeted therapy are the main biomedical applications for natural polymers. For
biomedical applications, natural polymers are chosen for their biocompatibilities,
porosities, hydrophobicities/hydrophilicities, surface energies, degradation rates, and other
desirable characteristics. Moreover, they can undergo a diverse range of chemical or physical
modifications to fulfill the requirements for specific biomedical applications.

This Research Topic is designed to attract recent, novel findings in regenerative medicine,
peptide/protein modulators of protein-protein interactions, natural polymer-based biosensors
in biomedical applications, natural polymers for drug delivery, computer-aided design of
original natural polymers, design and preparation of antibiosis natural polymers, and
functionalization of virus-like particles. The Research Topic incudes 14 high-quality
papers focused on the research areas highlighted above.

Applications in tissue repair

Nature polymers are frequently used to construct scaffolds with customized structures and
functionalities that can improve cell growth and the formation of new tissue. Zheng et al.
reported a linearly cross-linked sodium HA hydrogel (HA-engineered hydrogel) used as a
retinal patch in the rabbit rhegmatogenous retinal detachment (RRD) model. The HA-
engineered hydrogel exhibited a similar dynamic viscosity, cohesiveness, and G’ compared
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with the commercial HA hydrogel. The findings demonstrated that
the HA-engineered hydrogel can facilitate complete retinal
reattachment without the need for silicone oil endotamponade or
expansile gas. It may serve as a promising retinal patch for sealing
retinal breaks during retinal detachment repair.

By cross-linking GO-arabinoxylan and polyvinyl alcohol (PVA)
with tetraethyl orthosilicate (TEOS), Ul-Haq and coworkers
functionalized arabinoxylan and graphene oxide (GO) using a
hydrothermal method to produce multifunctional composite
hydrogels. The hydrogel accelerated wound healing and
promoted vascularization, with no major inflammation observed
within 7 days. In order to improve the efficiency of ginsenosides
(GS) transdermal absorption, Jin et al. prepared delivery vehicles
using GS liposomes (GSLs) and GS niosomes (GSNs). The vehicles
suppressed skin lipid peroxidation caused by ultraviolet (UV)
radiation and reduced the amounts of MMPs and inflammatory
cytokines in skin tissue.

Chen et al. summarized recent progress in natural
polymer-based  scaffolds for soft tissue repair.
Furthermore, the authors discussed challenges in clinical
translations and materials design. Zhang et al. reviewed
the physicochemical properties and the latest applications
of hydrogels in premature ovarian failure and intrauterine
adhesion. The authors also summarized the limitations in
clinical application of hydrogels and provide future
prospects. Yan et al. proved that human umbilical cord
mesenchymal stem cell-derived exosomes can accelerate
diabetic cutaneous wound healing, providing a promising
therapeutic strategy for chronic diabetic wound repair. Yang
et al. reviewed the various structures of natural
polysaccharides with high commercial values, and their
various applications in treating various oral diseases such
as drug delivery, tissue regeneration, material modification,
and tissue repair.

Applications as wearable sensors

Owing to the advantages of hydrogels, hydrogel-based
flexible electronic devices were developed for future
healthcare and biomedical applications. Chen et al
designed a mechanically resilient and conductive hydrogel
exhibiting a double-network structure. The first dense
network comprised Ca®'-crosslinked alginate, and the
second loose network consisted of ionic pair-crosslinked
polyzwitterion. The results demonstrated the enduring
accuracy and sensitivity of the hydrogel in detecting human
motions, including large joint flexion, foot planter pressure
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measurement, and local muscle movement. Hu et al.
developed a natural polymer-based conductive hydrogel
formed by the Schiff base reaction between hydrazide-
grafted hyaluronic acid and oxidized chitosan, with added
KCl employed as a conductive filler. The hydrogel exhibited
excellent mechanical properties, good sensitivity (GF = 2.64),
durability, and stability, even in cold conditions (-37°C).

Applications in other fields

There is no effective treatment for placental dysfunction.
Therefore, Jiang et al. reviewed nanotechnologies for placental
dysfunctional. In order to provide a foundational understanding
of placental dysfunction, potential delivery targets, and recent
research on placenta-targeted nanoparticle delivery systems for
the potential treatment of placental dysfunction, the authors
highlighted candidate nanoparticle-loaded molecules. Xia et al.
summarized the structures and biological characteristics of
chitosan and its derivatives. Moreover, the authors reviewed
their applications in therapeutics, drug delivery, anti-infection,
wound healing, tissue regeneration, and anticancer. Although
absorbable plates and screws are used to treat rib fractures in
clinical settings, it is unclear which type of screw fixation method
is more effective. Thus, Xue et al. evaluated five different types of
screw fixation methods on anterior ribs, lateral ribs, and posterior
ribs, using finite element analysis. The authors provided a basis
and a reference for clinical application, and presented the best
screw fixation method on an absorbable plate for rib fractures.
Chen et al. developed an injectable hyaluronic acid (HA)/
oxidized chitosan (OCS) hydrogel that slowly released micro
hypochlorous acid (HCIO). The positive charge of OCS can
introduce a sustainable antibacterial effect. This hydrogel may
be a promising wound dressing material in clinical treatments.

Outlook

Natural polymers have been broadly utilized in tissue
culture, wound treatment, implantation, controlled drug
delivery, targeted therapy of diseases, etc. However, their
expansion in biomedical applications has encountered two
main challenges: 1) limited strategies for functional
modification of natural polymers, and 2) limited new fields
of application. Fourteen top-quality articles have been
published in this
applications of natural polymers. We hope that this

Research Topic on biomedical

Research Topic proves meaningful for novel natural
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polymer designs, the evolution of advanced fabrication
techniques, and biomedical applications.

Author contributions

QF and YY drafted the manuscript. KZ and BY corrected the
draft. All authors listed approved it for publication.

Funding

This study was supported by the National Natural Science
Foundation of China (No. 81902622).

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2022.1077823

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1077823

1' frontiers

In Bioengineering and Biotechnology

ORIGINAL RESEARCH
published: 31 January 2022
doi: 10.3389/fbioe.2022.829868

OPEN ACCESS

Edited by:

Kunyu Zhang,

Johns Hopkins University,
United States

Reviewed by:

Zuolin Wang,

Tongji University, China

Dongyang Qian,

Guangzhou Medical University, China

*Correspondence:

Guohui Liu
liuguohui@medmail.com.cn
Peng Zhang
Zp801223@njmu.edu.cn
Wu Zhou
wuzhoutimu1986@163.com

These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Biomaterials,

a section of the journal
Frontiers in Bioengineering and
Biotechnology

Received: 06 December 2021
Accepted: 03 January 2022
Published: 31 January 2022

Citation:

Yan C, Xv 'Y, Lin Z, Endo Y, Xue H,
Hu'Y, Hu L, Chen L, Cao F, Zhou W,
Zhang P and Liu G (2022) Human
Umbilical Cord Mesenchymal Stem
Cell-Derived Exosomes Accelerate
Diabetic Wound Healing via
Ameliorating Oxidative Stress and
Promoting Angiogenesis.

Front. Bioeng. Biotechnol. 10:829868.
doi: 10.3389/fbioe.2022.829868

Check for
updates

Human Umbilical Cord Mesenchymal
Stem Cell-Derived Exosomes
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Diabetic wounds remain a great challenge for clinicians due to the multiple bacterial
infections and oxidative damage. Exosomes, as an appealing nanodrug delivery system,
have been widely applied in the treatment of diabetic wounds. Endovascular cells are
important component cells of the vascular wall. Herein, we investigated the effects of
HUCMSCs and HUC-Exos (exosomes secreted by HUCMSCs) on diabetic wound
healing. In this study, HUVECs were coincubated with HUCMSCs, and HUC-Exos
were utilized for in vitro and in vivo experiments to verify their roles in the regulation of
diabetic wound healing. Our results demonstrated that HUCMSCs have the ability to
regulate oxidative stress injuries of endothelial cells through exosomes and accelerate
diabetic cutaneous wound healing in vitro. The present study suggests that HUC-Exos
accelerate diabetic cutaneous wound healing, providing a promising therapeutic strategy
for chronic diabetic wound repair.

Keywords: diabetes, exosome, wound healing, stem cells, endothelial cells

INTRODUCTION

With the diet changes and rising average age of the global population, the prevalence of diabetes is on
the rise (Martinengo et al., 2019; Kowluru, 2020). The main comorbidities of diabetes include chronic
recalcitrant cutaneous wounds due to multiple drug-resistant bacterial infections, angiopathy, and
oxidative damage to the microenvironment (Castleberry et al., 2016; Armstrong et al., 2017).
Complications of diabetes are not only leading causes of disability and mortality worldwide but also a
significant economic burden to the community (Bowling et al., 2015; Sen, 2019; Chang and Nguyen,
2021). About 22.3 million people in the United States were diagnosed with diabetes. Of which,
15%-25% are at risk for diabetic foot (Reardon et al., 2020). Specifically, up to 2%-3% of diabetics are
at risk of developing active diabetic ulcer foot (Lavery et al., 2016). In addition, the recurrence rate of
diabetic foot cannot be ignored. According to statistics, 40% of diabetic foot patients have onset
symptoms after 1 year, and the probability of recurrence symptoms within 5 years is 65% (Lim et al.,
2017). While many therapeutic strategies have been adopted to treat recalcitrant cutaneous wounds,
the clinical results for those have been unsatisfactory (An et al., 2021; Deng et al., 2021). In order to
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solve the problem of refractory wound healing and improve the
prognosis, we aim to address the underlying angiopathy by
restoring blood supply to the skin and tissue integrity (Wong
et al., 2015; Qu et al,, 2018; Wang et al., 2019).

Angiogenesis is the basis of blood supply and an important
physiological response required to cure diabetic skin wounds. It has
been known that vascular endothelial cells are the main driver of
angiogenesis (Chen et al., 2018). Previous studies have reported that,
under the high-glucose environment caused by diabetes, vascular
endothelial cells are damaged by oxidative stress, resulting in low cell
activity and decreased proliferation ability (Zhang et al., 2021). For
example, the nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase (NOX) family is involved in bacterial
inhibition, neutrophil chemotaxis, and signal transduction
necessary for skin wound healing (Shinohara et al, 2007).
Among them, NOX1 and NOX4 play a role in regulating the
proliferation and differentiation of HUVECs. In addition, oxygen
is essential for wound healing as the wound healing process relies on
adenosine triphosphate (ATP) for energy (Thi et al, 2020).
Nevertheless, oxygen makes contributions to the expression of
other reactive oxygen species (ROS) on the condition that it was
transformed into superoxide. Previous studies have shown that NOX
activation and ROS release are both related to skin wound healing
(Sadjadi et al., 2019).

HUCMSCs are high-profile due to their pluripotency. In
recent years of research, HUCMSCs have been applied in
many clinical fields, such as in vitro organ culture and heart
and lung injury repair, made possible due to characteristics such
as easier separation, purification, and culture (Pavlou et al., 2018).
Some studies have shown that HUCMSCs can promote the
formation of new blood vessels and strengthen tissue
regeneration (Yin et al, 2021). In the research focusing on the
mechanism of HUCMSCs, it was found that the exosomes
derived from them have good stability and immunogenicity,
with the ability to transport proteins and growth factors of
different functions to exert different effects (Zhuang et al,
2020). Recent studies have shown that exosomes derived from
HUCMSCs regulate the differentiation and proliferation of bone
marrow mesenchymal stem cells (Wen et al., 2020). Studies have
also shown that exosomes derived from HUCMSCs can regulate
oxidative stress and inhibit cell hypoxia damage (Xue et al., 2018).
Based on these findings, exosomes may serve as a promising
candidate to promote angiogenesis in wound healing.

This study is thus intended to verify that exosomes from
HUCMSCs can enhance angiogenesis by endothelial cells and to
determine the effects of HUC-Exos (exosomes secreted by
HUCMSCs) on cutaneous wound healing in vivo.

RESULTS

Hyperglycemia drives oxidative stress
damage and impairs cellular function in
HUVECs

To evaluate the oxidative stress damage caused by the
hyperglycemic environment, we set up three groups of HUVECs

Exosomes Accelerate Diabetic Wound Healing

in a culture medium with different glucose concentrations. The
glucose concentrations in the culture medium were the normal
physiological level (physiological levels quoted in our article refer to
glucose concentration in the medium itself) and supranormal level
(15 and 30 mM), respectively. Then we measured the oxidative
stress level of each group at three time points: 24, 48, and 72 h after
the incubation. Based on a previous study, DCFH-DA (2',7'-
dichlorodihydrofluorescein diacetate), as a ROS indicator, has
the ability to visualize intracellular ROS variations (Jang and
Sharkis, 2007). ROS flow fluorescence assay was performed in
each group at the designated time points. Results show that the
cells treated with high-level glucose concentrations had higher
fluorescence intensity compared with the low-level group and
middle-level group. Under the same conditions, the fluorescence
intensity increased with the increase of culture time (Figure 1A).
The same result is illustrated in the fluorescence intensity statistics
(Figures 1B-D). Thus, the results showed that a high-glucose
environment indeed induces oxidative stress in cells, and this
effect increases with the duration of hyperglycemia. As
mentioned above, NOX1 and NOX4, as oxidative stress-related
factors, play an important role in the oxidative stress of endothelial
cells. Besides, we detected the expression levels of oxidative stress-
related factors at different time points in each group through
Western blotting, and its outcome confirms that the expression
levels of oxidative stress-related factors increased with time
(Figure 1E). With the intention to detect endothelial cell
activity, the tube formation experiment was performed, and the
results showed that tube formation is reduced in a high-glucose
environment (Figure 1F). The statistics of the tube formation
experiment show the same result (Figures 1G, H). Cell
proliferation-related factors cyclin D1 and cyclin D3 were
analyzed by RT-qPCR, and the results of each group were
consistent with Cell Counting Kit-8 (CCK-8) (Figure 1I). In
addition, we evaluated the level of cell damage on HUVECs as
reflected by the inflammatory response. The inflammatory factors
IL-1P, IL-6, and TNF-a were analyzed by RT-qPCR, and the results
showed that the intensity of the inflammatory response increased
with the increase of glucose concentration (Figures 1J-L). The
proliferation ability of HUVEC:s in each group was detected by Cell
Counting Kit-8 (CCK-8) technology, and the results showed that
the proliferation level of cells in the high-glucose group decreased
compared with other groups, and this result became more
significant over time (Supplementary Figure S1A). Together,
these findings reflected that hyperglycemia drives oxidative stress
damage and impairs cellular function in HUVECs.

HUCMSCs can regulate oxidative stress

damage of HUVECs through exosomes

The effect of HUCMSCs on the regulation of oxidative stress
damage in HUVECs was assessed. According to a previous study,
GW4869 (hydrochloride hydrate) was utilized as an exosome
secretion inhibitor (Dinkins et al., 2014). We established three
groups of growth environments for HUVECs. The first group was
HUVEC:s incubated in a 30-mM glucose medium. The second
group was a coincubated system consisting of HUCMSCs and
HUVECs incubated in a 30-mM glucose medium. Based on the
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FIGURE 1 | Hyperglycemia drives oxidative stress damage and impairs cellular function in HUVECs. (A) Reduction of reactive oxygen species (ROS) in HUVECs
assessed via flow cytometry with the DCFH-DA (2,7'-dichlorodihydrofluorescein diacetate) probe following different treatments. (B-D) Quantitation of ROS depletion
measured by the intensity of fluorescence of HUVECs. (E) Western blotting results of NOX1 and NOX4 in HUVEGs following different treatments at varied time points. (F)
A tube formation assay was performed to visualize the cell capillary network formation of HUVECs. Scale bar: 100 um. (G, H) Quantitative analysis of the tube
formation of HUVECs in the three groups. (I) RT-gPCR results of cyclin D1 and cyclin D3 expressions in the HUVECs following different treatments; (J-L) RT-gPCR
results of IL-16, IL-6, and TNF-a expressions in the HUVECs following different treatments. Differences were measured by one-way ANOVA followed by a Tukey post hoc
test for pairwise comparison. Data presented as means + SD. ***p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05.

condition of the second group, GW4869 was added into the third  significance was detected between the groups (Figures 2B, C).
group to inhibit the secretion of exosomes. Based on the outcome  Tube formation was performed to evaluate the capillary network
shown in Figure 1E, we evaluated the expression levels of NOX1  formation by HUVECs. As shown in the results, the endothelial
and NOX4 in each group at the time point of 72h through  cells of the second group showed higher tube-forming ability,
Western blotting. The results revealed that the first and third  while the cells in the third group were hardly better than the first
groups express increased levels of oxidative stress-related factors, ~ group in tube formation (Figures 2D-F). Then we conducted
while the second group showed the opposite consequence  RT-qPCR, as a supplement, to analyze the expression levels of
(Figure 2A). ROS flow fluorescence assay demonstrated that  cyclin D1 and cyclin D3. The results showed that proliferation-
HUCMSCs reduced the fluorescence in the second group  related factors in the second group had higher levels than the
compared with the others. The third group, on the other  other groups (Figure 2G). In order to evaluate the inflammatory
hand, demonstrated a strong fluorescence. The statistical  response, we then employed RT-qPCR to detect IL-1f, IL-6, and
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FIGURE 2 | HUCMSCs can regulate oxidative stress damage of HUVECs through exosomes. (A) Western blotting results of NOX1 and NOX4 in HUVECs following
different treatments. (B) Reduction of ROS in HUVECs assessed through flow cytometry with the DCFH-DA probe following different treatments. (C) Quantitation of ROS
depletion measured by the intensity of fluorescence of HUVECs. (D) A tube formation assay was performed to visualize the cell capillary network formation of HUVECs.
Scale bar: 100 um. (E, F) Quantitative analysis of the tube formation of HUVECs in the three groups. (G) RT-qPCR results of cyclin D1 and cyclin D3 expressions in

the HUVECs following different treatments. (H=J) RT-gPCR resullts of IL-1p, IL-6, and TNF-a expressions in the HUVECs following different treatments. Differences were
measured by one-way ANOVA followed by a Tukey post hoc test for pairwise comparison. Data presented as means + SD. ****p < 0.0001, **p < 0.001, *p < 0.01, and
*0 < 0.05.

TNF-a as surrogate markers of cell damage. The results showed  assessed HUC-Exos through transmission electron
that the levels of inflammatory factors in the second group were ~ microscopy (TEM), dynamic light scattering (DLS), and
lower than that of the other groups, and the third group had no ~ Western blotting. We began by collecting HUCMSCs to
significant difference from the first group (Figures 2H-J). A isolate exosomes. Analyzing the TEM data, we found that
CCK-8 experiment was conducted, and the outcome reflected =~ HUC-Exos included typical structures of exosomes, known to
that the cell proliferation ability of the second group was  be homogeneous, spherical, and membrane vesicles
significantly better than the other groups, and the third group  (Figure 3A). The TEM images of HUC-Exos are also in
was slightly higher than the first group (Supplementary Figure  agreement with a previous study. DLS was conducted to
S1B). These data indicated that HUCMSCs improve oxidative  verify the particle size of HUC-Exos and to further identify
stress damage of HUVECs through exosomes derived from  the characteristic of HUC-Exos. According to the DLS data,
HUCMSCs. particle sizes of HUC-Exos ranged from 30 to 150 nm
(Figure 3B). Western blotting demonstrated that these
o . isolated particles had high expression levels of CD9, CD81,
Identification of exosomes secreted by and tumor susceptibility gene 101 (TSG101), which are typical
HUCMSCs markers of exosomes (Figure 3C). Together, these results
To investigate the effect of HUC-Exos (exosomes secreted by =~ revealed that the nanoparticles isolated from HUCMSCs
HUCMSCs) on diabetic cutaneous wound healing, we  were exosomes.
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protein levels of CD9, CD81, and TSG101 in the isolated exosomes were detected with Western blotting. Differences were measured by one-way ANOVA followed by a
Tukey post hoc test for pairwise comparison. Data presented as means + SD. ***p < 0.0001, **p < 0.001, **p < 0.01, and *p < 0.05.
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FIGURE 4 | HUC-Exos can improve oxidative stress injury caused by hyperglycemia in vitro. (A) Western blotting results of NOX1 and NOX4 in HUVECs following
different treatments. (B) Reduction of ROS in HUVECs assessed by flow cytometry with the DCFH-DA probe following different treatments. (C) Quantitation of ROS
depletion measured by the intensity of fluorescence of HUVECs. (D) A tube formation assay was performed to visualize the cell capillary network formation of HUVECs.
Scale bar: 100 um. (E, F) A tube formation assay was performed to visualize the cell capillary network formation of HUVECs. Scale bar: 100 um. (G) RT-gPCR
results of cyclin D1 and cyclin D3 expressions in the HUVECs following different treatments. (H-J) RT-gPCR results of IL-1p, IL-6, and TNF-a expressions in the HUVECs
following different treatments. Differences were measured by one-way ANOVA followed by a Tukey post hoc test for pairwise comparison. Data presented as
means + SD. ***p < 0.0001, **p < 0.001, *p < 0.01, and *p < 0.05.
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Exosomes secreted by HUCMSCs are the
mechanism underlying the beneficial effect
of HUCMSCs on HUVECs

To determine the effect of HUC-Exos in improving oxidative
stress injury, three groups were founded based on the medium.
The common feature of the three groups was that HUVECs were
cultured in the medium with a glucose concentration of 30 mM.
The three groups were successively supplemented with 0, 50, and
100 pg/ml of HUC-Exos. Then according to the results above, we
selected the time point of 72 h to evaluate the expression levels of
NOX1 and NOX4 in HUVECs through Western blotting. It was
shown that oxidative stress factors were expressed at lower levels
in higher concentrations of exosomes (Figure 4A). ROS flow
fluorescence assay was conducted, and the results showed that
fluorescence intensity decreased with the increase in the exosome
concentrations, as highlighted by the results of the statistical
analyses (Figures 4B, C). With the intention to verify the
function of HUVECs, we performed a tube formation
experiment. The results showed that endothelial cell tubule
formation in the high-concentration exosome group was
higher than that in the low-concentration group (Figures
4D-F). In addition, endothelial cell proliferation was detected
via RT-qPCR, and data showed that the expression levels of cyclin
D1 and cyclin D3 increased with the elevation of the HUC-Exos
concentrations in the culture medium (Figure 4G). Further, RT-
qPCR was performed to detect the expression of endothelial
inflammatory factors in a high-glucose environment. We
found that the expression levels of IL-1pB, IL-6, and TNF-a
were negatively correlated with the concentration of exosomes
in the medium (Figures 4H-J). CCK-8 was performed to further
identify the proliferation ability of endothelial cells, and the data
reflected that endothelial cell proliferation was positively
correlated with exosome concentration (Supplementary Figure
S1C). Based on these data above, it can be concluded that HUC-
Exos improve oxidative stress injury caused by hyperglycemia
in vitro.

Exosomes secreted by HUCMSCs
accelerate diabetic cutaneous wound

healing and enhance angiogenesis in vivo

To characterize the effect HUC-Exos exerted on accelerating
diabetic cutaneous wound healing, a mouse model of diabetic
cutaneous wounds was produced, and the effects of HUC-Exos
were studied. Three groups were established, and each group was
given an equal amount of PBS, 50 pg/ml of UMSCs-Exos, and
100 pug/ml of UMSCs-Exos to the wound site through local
injections. As shown in Figures 5A, B, the wound healing of
the high-concentration exosome group was fastest among the
groups, followed by the low-concentration exosome group. So the
healing curve is shown (Figures 5A, B). In addition, we collected
the tissue around the wound site from each group 14 days after
induction of the wounds. Dihydroethidium (DHE) staining was
carried out to evaluate the ROS content. Wounds treated with
HUC-Exos showed a better granulation tissue formation than the
other groups, and the group treated with the high concentration

Exosomes Accelerate Diabetic Wound Healing

of exosomes showed the highest level of tissue formation
(Figure 5C). The fluorescence intensity statistics also reflect
the same results (Figure 5D). To whether
angiogenesis was regulated by HUC-Exos, we collected the
tissue around the wound site from each group 10 days after
induction of the wounds for small-animal Doppler
examination. The data demonstrated that the high-
concentration exosome group had better blood perfusion as
reflected by the mean perfusion unit (MPU) ratio, which is
consistent with the result expressed by the Doppler intensity
graph (Figures 6A, B). Further, immunohistochemistry (IHC)
staining was applied to wound tissue samples 14 days after
induction of the wounds, and the CD31 (+) cells were used as
the main indicator of angiogenesis. As shown in the results, the
density of CD31 (+) cells was significantly higher in the group
with a high level of HUC-Exos, indicating greater angiogenesis
(Figure 6C). Immunofluorescence intensity statistics also reflect
the same results (Figure 6D). Taking all these data into
consideration, we found that HUC-Exos do accelerate diabetic
cutaneous wound healing in vivo.

evaluate

DISCUSSION

In this study, we found that HUCMSC:s significantly inhibited
oxidative stress damage induced by high glucose in HUVECs,
thereby regulating their activity, proliferation, and angiogenesis.
HUCMSCs enter HUVECs by secreting exosomes through
endocytosis. HUC-Exos regulate endothelial cell activity and
function by inhibiting oxidative stress and reducing
inflammatory response, thereby promoting angiogenesis at the
macrolevel. In addition, we found that HUC-Exos promote
wound healing primarily by regulating reepithelialization,
collagen deposition, and ECM remodeling. Combined with
these results, it appears that HUC-Exos regulate endothelial
cell function by reducing oxidative stress and inflammatory
response, thereby promoting angiogenesis and ultimately
accelerating diabetic wound healing. It offers a promising
strategy for improving diabetes.

Diabetic cutaneous wounds are typified by drug-resistant
bacterial infections, compromised angiogenesis, and oxidative
damage to the microenvironment (Luo et al, 2021). The
reconstruction of skin integrity and conservation of
appropriate blood supply are the key factors for wound
healing (Wong et al, 2015; Castleberry et al, 2016; Wang
al, 2019). According to previous studies, vascular
complications caused by diabetes lead to endothelial
dysfunction and hinder vascular repair (Zhang and Sun,
2020). More evidence indicates that the important cause of
vascular dysfunction is endothelial cell function impairment
induced by hyperglycemia, which leads to the occurrence of
diabetic complications (Luo et al., 2020). Mechanistically, high
glucose can induce endothelial cell apoptosis and dysfunction by
activating the NF-xB signaling pathway, thereby inhibiting
angiogenesis at the tissue level (Lee et al., 2019). In addition, a
previous study reported that a high-glucose environment can
inhibit endothelial cell activity, induce cell apoptosis, and induce
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oxidative stress injuries of HUVECs, making diabetic patients
vulnerable to vascular diseases (Liu et al., 2020). In this study, our
data also supported the above conclusion that a high-glucose
environment caused oxidative stress damage and inflammatory
response in endothelial cells and inhibited the functional activity
and proliferation ability of endothelial cells (Figure 1).
HUCMSCs are pluripotent stem cells with omnidirectional
differentiation potentials, which can regulate the functional and
repair ability of various tissues and cells (Toh et al., 2017; Philipp
et al, 2018). Our study showed that HUCMSCs regulate the
functional activity and proliferation of endothelial cells
(Figure 2). In addition, according to previous reports,
HUCMSCs play a therapeutic role in tissue repair, mainly
through paracrine exosomes (Corley et al, 2017; Wang et al,
2021). Exosomes are small vesicles secreted into the circulation
by a series of cell types in the body and internalized by proximal or
distal cells. These small molecules (including proteins and nucleic
acids) in exosomes regulate the function of the recipient cells after
internalization (Yang et al., 2019; Isaac et al,, 2021). The outside
secrete body has proven to be an ideal nanomaterial because it
protects its contents, such as microRNAs, IncRNAs, and proteins.
From the interference of external factors, the material is passed to the
target cell, thus regulating gene expression and function in the target
cell, allowing paracrine and endocrine communications between
different tissues (Liu and Su, 2019). Exosome-based cell-free therapy
avoids side effects associated with cell therapy, such as immune
rejection and ectopic tissue formation (Mi et al., 2020; Wang et al,,
2021). Our results showed that HUC-Exos entered endothelial cells
through endocytosis and had the effect of inhibiting inflammatory
response and alleviating oxidative stress (Figure 4). In vitro
experiments also supported the above conclusions (Figure 5).
There is no doubt that the specific mechanism of HUC-Exos on
endothelial cells in our study needs to be further studied. According
to recent reports, the proliferation and tubulogenesis of vascular
endothelial cells transfected with miR-20b-5p from peripheral blood
exosomes in diabetic patients were significantly reduced, and the
apoptosis rate was significantly increased (Niemiec et al., 2020). In
addition, exosome-derived miR-146a significantly ~decreased
phosphorylated IxB-a and NF-«B, thereby regulating the function
of vascular endothelial cells (Xiong et al., 2020). From a therapeutic
perspective, previous studies have pointed out that the self-levitating
nanofiber  gel-encapsulated  polydeoxyribonucleotide  benefits
chronic ulcer in diabetic rats (Chen et al., 2016). The research of
Xiong Y et al. indicates that chronic diabetic wound repair benefits
from the nanohydrogel material loaded with growth factors (Xiong
etal, 2021). At present, clinical trials have confirmed that miRNA is
a key regulatory molecule of fracture healing and is likely to be a
pathway to promote normal physiologic fracture healing. Its easy
combination with agonists or antagonists makes it an ideal target for
the treatment of fracture nonunion (Komatsu et al., 2021). All these
provide possible directions for further research on the mechanism.
In this study, human umbilical vein mesenchymal stem cells
modulated endothelial cell injury and promoted fracture healing
by secreting exosomes. However, the regulation from secretory
exosomes to endothelial cells has not been further discussed.
Although possible modes of action and potential targets were
listed in the discussion section, they were not reflected in the

Exosomes Accelerate Diabetic Wound Healing

experiment. This will be the direction of our further research in

the future.

CONCLUSION

Taken together, our results show that HUC-Exos accelerate
diabetic cutaneous wound healing via ameliorating oxidative
stress and enhancing angiogenesis. From the point of view of
clinical utility, this research could lead to addressing diabetic
cutaneous wounds in the form of one-step mixed injection, thus
reducing the medical burden and simultaneously increasing
economic benefits. To summarize, our research provides a
promising therapeutic approach to promote diabetic wound
healing in the future.

METHODS AND MATERIALS

Cell culture and transfection

Experiments enrolled in this study were authorized by the Ethics
Committee, Tongji Medical College, Huazhong University of
Science and Technology, China.

HUVECs were offered by the Cell Bank of the Chinese
Academy of Science, Shanghai, China. The cell culture
medium is RPMI 1640 (Sigma-Aldrich, USA, cat. no. R8758),
containing 10% exosome-depleted FBS (BI Israel).

For HUCMSCs, fresh umbilical cords were derived from
informed pregnant women at the Wuhan Union Hospital
(China). PBS was utilized to rinse the umbilical cords twice,
and 5% penicillin-and-streptomycin PBS was used to rinse the
umbilical cords three times.

Researchers removed cord vessels, and the processed cords
were subsequently divided into small pieces that were individually
attached to the substrate of culture plates. The stem cell culture
medium (Beyotime, China, cat. no. S0154s) was hired, and the
cells were incubated at 37°C with 5% CO,. Then the cells changed
the medium every 3 days.

And 10 days after the first incubation, the cells were well-
developed and ready for experiments.

Inclusion criteria for pregnant women are as follows: 1) adult
females aged 22-28; 2) the delivery condition was good, and the
BPS score was more than 8; 3) pregnant women have no other
adverse diseases; and 4) pregnant women who signed informed
consent.

Exclusion criteria for pregnant women are as follows: 1)
pregnant women with twins or more at the same time, 2)
pregnant women with severe obstetric complications, and 3)
pregnant women with poor prognosis after secretion.

HUCMSCs were grown in the RPMI 1640 medium (Sigma-
Aldrich, USA, cat. no. R8758) supplemented with 10% fetal
bovine serum (Gibco) and 1% pen/strep (Gibco). The cells
were incubated in 5% CO, at 37°C.

Exosome purification and characterization
HUCMSCs were filtered through a 0.2-um filter (122-0020PK,
Thermo Fisher Scientific) at 4°C. The pellet was washed in PBS,
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resuspended, and centrifuged for further 20 min at 100,000 x g,
and the exosome-containing pellet was resuspended in PBS.
Transmission electron microscopy (TEM, Tecnai G2) was used
to evaluate the morphology of Exos. A Nanosizer instrument
(Malvern Instruments, Malvern, UK) was used for dynamic light
scattering analysis, and Western blotting was performed to
analyze exosomal surface markers. The expressions of surface
markers were determined by flow cytometry.

Tube formation assay

Cells (2 x 10° per well) were incubated in 24-well plates and
grown for 1 day with mentioned treatment. HUVECs (2 x 10%/
well) were plated in 96-well plates precoated with Matrigel,
incubated for 45min, and then incubated for further 8h.
Three randomly chosen fields were examined using an
inverted microscope, and the branch points and tube lengths
were measured using Image]. We use gray analysis and other
quantitative functions to transform pictures and tables.

GW4869

Product specification is cat. no. 52321ES10, 10 mg, YEASEN
Biotech Co., Ltd., China. A 1.5-mm storage solution was
prepared with DMSO and stored at —80°C. Before use, 5%
MSA was dissolved into GW4869 storage solution, making
GW4869 1.43 mM. The suspension is thoroughly mixed and
heated at 37°C until clear. Then the GW4869 inhibitor was
added to the cell culture medium at a concentration range of
10-20 uM, and the cells were treated for 30 min.

Western blotting analysis

The proteins of HUVECs were isolated using a RIPA lysis
solution (Gibco, China). After treatment, HUVECs were
rinsed with cold PBS twice, and RIPA lysis solution was added
to the cells. The protein extracts were harvested at 12,000 g at 4°C
for 10 min. Protein concentration was detected using a BCA
protein assay kit (Beyotime, China). Equal amounts of protein
were  separated by = 10%-12%  sodium  dodecyl
sulfate—polyacrylamide gel electrophoresis and transferred to
PVDF membranes (MilliporeSigma, USA). The membranes
were blocked with 5% nonfat milk and incubated with the
primary antibodies overnight at 4°C. The membranes were
rinsed with PBS-T twice and incubated with the appropriate
secondary antibodies at room temperature for 1 h. Subsequently,
the proteins of the membranes were visualized according to the
instructions of the manufacturer. The following antibodies were
used: anti-TSG101 (1:1,000; Abcam, cat. no. Ab125011), anti-
CD9 (1:1,000; Abcam, cat. no. Ab92726), anti-CD81 (1:1,000;
Abcam, cat. no. Ab82452), anti-NOX1 (OCN; 1:500; Abcam, cat.
no. Abl153241), anti-NOX4 (OCN; 1:500; Abcam, cat. no.
Ab198213), and anti-GAPDH (1:10,000; Abcam, cat. no.
Ab37168). All experiments were performed in triplicate.

RT-qPCR analysis

TRIzol (Invitrogen) was utilized to extract total RNA, and a Verso
cDNA Synthesis Kit (Thermo Fisher Scientific) was used to
reverse-transcribe the RNA according to the instructions of
the kit. The SeraMir Exosome RNA Purification Kit (System
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Biosciences, Mountain View, USA) was used to extract exosomal
miRNAs, and the TagMan microRNA assay kit (Applied
Biosystems, Foster City, USA) was utilized for cDNA
synthesis. The StepOne Real-Time PCR System (Life
Technologies, Carlsbad, CA, USA) was used for RT-qPCR
reactions. GAPDH and U6 were used for the normalization of
mRNA and miRNA expressions, respectively, and the 2744
method was used to quantify relative expressions: IL-1p (Abcam,
UK), IL-6 (Abcam, UK), TNF-a (Abcam, UK), cyclin DI
(Abcam, UK), and cyclin D3 (Abcam, UK).

Reactive oxygen species assay

The ROS Assay Kit (Beyotime, China, cat. no. S033SS),
containing DCFH-DA (the fluorescent probe) and ROSup
(ROS positive control), was stored at —20°C. After the cells
were removed from the culture medium, 1 ml of 10 mm/L
DCFH-DA was added. The cells were then incubated in an
incubator at 37°C for 20 min. The cells were then washed
three times in a serum-free culture medium. For flow
cytometry detection, the excitation wavelength was 488nm and
the emission wavelength was 525 nm.

Generation of diabetic mice

The diabetes model was established in male C57BL/6] mice
(6 weeks old) by feeding on a high-fat diet for 4 weeks,
followed by daily intraperitoneal administration of
streptozotocin  (STZ; 40 mgkg ' day™') for 7days. If the
fasting blood glucose level was over 11.1 mmolL™" for two
successive measurements, the mice were considered to be
diabetic and were used for the following experiments.

Murine wound model

The STZ-induced diabetic mice were anesthetized with
intraperitoneal pentobarbital sodium (50 mgkg™'; Sigma-
Aldrich), and 1.0cm x 1.0cm full-thickness excision skin
wounds were made. The mice were randomly divided into
groups and injected with 100 pl of PBS, 50 pg/ml of UMSCs-
Exos, and 100 pg/ml of UMSCs-Exos on days 0, 3, 5,7, 9, and 11
after the establishment of the wound (n = 6). The wounds were
covered with transparent dressings (Tegaderm™ Film) and were
photographed and measured with a caliper on days 0, 3, 5, 7, 10,
and 14. The degree of wound closure was determined by Image]J

as follows:
(AO - An)

0

C, = x 100%

where C, is the percentage reduction of the wound area on the
respective days; Ay is the size of the original wound; A, is the area
of the wound on the respective days after the injury.

Dihydroethidium staining

Half of the wound tissue samples were collected on days 3, 7, and
14, fixed (4% formaldehyde), and paraffin-embedded. Sections
(5 um) were used in the DHE assay. Wound samples, including
full-thickness skin layers, were cryosectioned. DHE staining
(5pum) was used to measure intracellular ROS. Images were
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acquired using the IX53 microscope (DHE kit; Abcam, cat. no.
ab236206).

Small-animal Doppler analysis

Ten days after the operation, a laser speckle contrast imaging
(LSCI) system was utilized to examine local blood perfusion,
while the PSI-ZR PeriCam system (Perimed Ltd., Stockholm,
Sweden) was used to acquire images of the wounds. An invisible
near-infrared (NIR) laser at 785 nm was used to determine blood
perfusion, expressed as perfusion units. The wounds were
photographed at a constant distance, using the same
dimensions for the area. The MPU ratio was determined using
PIMSoft (Moor Instruments Ltd., Axminster, UK) using flux
images of individual wound sites, expressed as the correlation of
the MPU of the wound area (ROI-1) to the MPU of the region
surrounding the wound (ROI-2). The statistical map of
fluorescence intensity was converted by Flow] software.

Immunohistochemistry staining

The mice were sacrificed on day 14, and the wound tissues were
embedded in paraffin and stained for CD31. Antigen retrieval was
performed for 1 min in citrate buffer, followed by blocking for
30 min in goat serum. The samples were stained with anti-CD31
(1:100; Abcam, ab28364) antibodies overnight at 4°C, washed in
PBS, and stained and counterstained with DAB and hematoxylin,
respectively. The sections were evaluated under a microscope
(Nikon, Japan). The statistical map of fluorescence intensity was
converted by Flow] software.

Origin of laboratory rats

Description of laboratory rats is as follows: variety: C57BL/6];
incubation company: Beijing Vital River, China; gender: 70 males
and 70 females; age: 42 days; level: SPF; and license number:
SCXK 2021-0010.

Cell coculture system

A Transwell plate was used (Corning, China, the no.: 3,470,
1 um). 1. For the preparation of the cell suspension, the cells
were digested, the culture medium was discarded by
centrifugation after the termination of digestion, washed
once or twice with PBS, and the cell density was adjusted
by resuspension with a serum-free medium containing BSA. 2.
For cultured cells, Transwell was used to inoculate human
umbilical cord mesenchymal stem cells and endothelial cells.
3. The morphological changes of the cells in the upper and
lower chambers were observed under the microscope, and the
staining identification could be carried out if necessary. 4.
Results were statistically analyzed.
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Highly Transparent, Self-Healing, and
Self-Adhesive Double Network
Hydrogel for Wearable Sensors

Kai Chen 2, Mingxiang Liu', Feng Wang', Yunping Hu', Pei Liu’, Cong Li®, Qiangian Du?,
Yongsheng Yu**, Xiufeng Xiao'* and Qian Feng™**

"Fujian Provincial Key Laboratory of Advanced Materials Oriented Chemical Engineering, College of Chemistry and Materials
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Hydrogel-based flexible electronic devices are essential in future healthcare and
biomedical applications, such as human motion monitoring, advanced diagnostics,
physiotherapy, etc. As a satisfactory flexible electronic material, the hydrogel should be
conductive, ductile, self-healing, and adhesive. Herein, we demonstrated a unique design
of mechanically resilient and conductive hydrogel with double network structure. The Ca®*
crosslinked alginate as the first dense network and the ionic pair crosslinked polyzwitterion
as the second loose network. With the synthetic effect of these two networks, this hydrogel
showed excellent mechanical properties, such as superior stretchability (1,375%) and high
toughness (0.57 MJ/m®). At the same time, the abundant ionic groups of the polyzwitterion
network endowed our hydrogel with excellent conductivity (0.25 S/m). Moreover, due to
the dynamic property of these two networks, our hydrogel also performed good self-
healing performance. Besides, our experimental results indicated that this hydrogel also
had high optical transmittance (92.2%) and adhesive characteristics. Based on these
outstanding properties, we further explored the utilization of this hydrogel as a flexible
wearable strain sensor. The data strongly proved its enduring accuracy and sensitivity to
detect human motions, including large joint flexion (such as finger, eloow, and kneg), foot
planter pressure measurement, and local muscle movement (such as eyebrow and
mouth). Therefore, we believed that this hydrogel had great potential applications in
wearable health monitoring, intelligent robot, human-machine interface, and other related
fields.

Keywords: double network hydrogel, transparent, self-healing, adhesive, wearable strain sensor
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INTRODUCTION

Conventional semiconductor-based strain sensors have limitations in the next generation of
electronics due to their inherent deficiencies (Liu et al., 2020), including brittleness, rigidity, and
low biocompatibility (Zhang et al., 2022). In recent years, the applications of conductive hydrogel in
wearable devices, soft robots, and artificial skin have attracted researchers’ attention (Shen et al.,
2021; Sun et al,, 2021; Zhu et al., 2021). Among these application scenarios, conductive hydrogel as
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wearable strain sensor for human movement monitoring is one of
the most studied and reported directions (Ma et al., 2021; Yu
et al,, 2021; Zhang et al,, 2021; Yang et al., 2022a). According to
previous reports, the wearable strain sensor should be able to
attach to human skin comfortably and monitor human motions
with wide sensing range, high precision and good durability (Fan
et al., 2018; Nam et al., 2020). In addition, it also must meet the
requirements of flexibility, low power consumption,
biocompatibility, and portability. In order to meet all of these
demands, a series of multifunctional conductive hydrogels have
been prepared through the precise design of the hydrogel
component and internal network structure (Chimene et al,
2020).

Hydrogel is a kind of viscoelastic material with three-
dimensional network structure, which can absorb and retain a
large amount of water (Dai et al., 2020; Shen et al,, 2021). It is
usually composed of chemically or physically crosslinked
hydrophilic polymers (Li W. et al, 2021). Ionic conductive
hydrogels are considered as promising candidates for the
development of flexible strain sensors with large strain ranges
and high sensitivity (Liu et al., 2018; Zhou et al., 2019). It has a
unique porous structure and can provide an effective channel for
ion transport (Zhao X. et al., 2019), so it has high ionic
conductivity. At the same time, they have high flexibility,
transparency, and good biocompatibility (Luo et al, 2021;
Ding et al, 2022). Although highly tensile and self-healing

ionic hydrogels are usually reported, most synthetic ionic
hydrogels exhibit strain-softening properties (Peng et al., 2022;
Zhou et al., 2022). For stretchable ionic hydrogels, there are often
conflicts between tensile properties, self-healing properties and
high mechanical strength (Yang et al., 2022b; Zhao et al., 2022). In
general, good tensile properties, self-healing property, and self-
adhesion are favorable for the use of hydrogels in wearable
devices (Chen Z. et al.,, 2021). Excellent tensile property makes
hydrogel-based wearable devices suitable for large strain of
human body, thus expanding the application range of sensors
(Sun et al., 2021). He et al. designed a silk fibroin-based hydrogel
with considerable tensile and compressive properties, which
enabled it to be assembled as a strain/pressure sensor with a
wide sensing range (> 600%) (He et al., 2020). The self-healing
property can increase the service life of the device, which is critical
to improve the durability of flexible wearable sensing devices (Pei
et al,, 2021). Lin et al. synthesized a multifunctional biomimetic
hydrogel inspired by natural skin for use in wearable devices,
achieving high self-healing (98.6% in 10 min) (Lin et al., 2019).
The self-adhesive hydrogel can establish a stable and reliable
interface with the measured target and improve the detection of
weak and physiological signals (Jin et al, 2021). Wu et al.
constructed a mussel-inspired PDA/BT/PAA glycerol-hydrogel
(G-hydrogel), which exhibited wonderful self-adhesive
performances (adhesion strength to porcine skin of 18 kPa)
(Wu et al,, 2020). Therefore, we tend to find solution from the
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double network hydrogel system with outstanding mechanical
properties.

Double network hydrogel is proposed by Gong Jianping group
(Wen et al,, 2020). Unlike traditional single-network hydrogels,
double network hydrogels are composed of two different polymer
networks with asymmetric structure (Wang T. et al., 2022; Kim
et al., 2022), including a rigid and brittle first network and a soft
and stretchable second network (Ahmed et al., 2020; Kim et al.,
2020). The toughening mechanism of the double network
structure is mainly based on the “sacrificial bond theory” (Sun
etal,, 2013). When an external force is applied to the hydrogel, the
first network is disconnected to effectively dissipate the energy
and protects the second network, which can maintain pressure
and store elasticity to strengthen the hydrogel (Ling et al., 2021;
Xuetal, 2022; Yao et al., 2022). Studies based on this theory have
succeeded in producing tough hydrogels that are partially or
completely self-healing after internal ruptures (Kim et al., 2022).
These hydrogels combine the advantages of conductive medium
and three-dimensional hydrogels, such as softness, self-healing
property, adhesivity, biocompatibility, and electrical-responsive,
which are beneficial to their applications in flexible wearable
strain sensors (El-Atab et al., 2020; Feng et al., 2022). Therefore,
the design of the double network hydrogel provides a new

thinking for the development of wearable electronic materials
(Qin et al,, 2020; Li X. et al.,, 2021).

In this work, a novel conductive double network hydrogel was
prepared by a one-pot and two-step procedure. This hydrogel was
synthesized by an alginate network physically cross-linked by
calcium ions and interpenetrating copolymers consisting of
anionic monomer sodium p-styrene sulfonate (NAS) and
cationic monomer acryloxyethyl trimethyl ammonium chloride
(DAC) (Figure 1). The reversible physical cross-link brought
advantages such as energy dissipation, super elasticity, and
adaptive self-adhesion due to the ion dipole or dipole-dipole
interaction created by strong dipolar zwitterionic units (Huang
et al., 2021; Mirzaei et al,, 2021). The obtained hydrogels were
denoted as ADN, where A refers to sodium alginate, D refers to
DAC, N refers to NAS. This hydrogel showed remarkable
stretchability (~1,375%), toughness (0.57 MJ/m?), high optical
transmittance (~92.2%, Supplementary Figure S1), and self-
adhesion to diverse substrates. The hydrogels also present high
ionic conductivity (0.25 S/m) and sensitivity (up to 3.21 of the
gauge factor for the tensile strain responses). Our research also
demonstrated that our ADN hydrogel could work well as a
wearable strain sensor directly to respond to a variety of large
joint flexion (such as finger, elbow and knee) and local muscle
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movement (such as eyebrow and mouth). All of these verified its
great potential in personalized healthcare monitoring,
human-machine interfaces, and artificial intelligence.

EXPERIMENTAL SECTION

Materials

Sodium p-styrene sulfonate (NAS), acryloxyethyl trimethyl
ammonium chloride (DAC), 2-azobis (2-methyl-propionamidine)
dihydrochloride (V-50, 98%), D-(+)-gluconic acid 8-lactone (GDL),
ethylenediaminetetraacetic acid calcium disodium salt hydrate
(EDTANa,Ca), sodium alginate, and they were purchased from
Sinopharm Chemical Reagent Co., LTD. All the chemicals were
purchased commercially and used directly without further
purification. Deionized water (DI water) was used in all the
experiments.

Preparation of ADN Hydrogel

The ADN hydrogel was prepared by a one-pot/two-step method.
In the synthesis process, sodium alginate (3 wt%) aqueous solution
was prepared at 60°C. After the addition of EDTANa,Ca, NAS,
DAC and initiator V-50 were added into the solution immediately.
The mixture was stirred for another 30 min to form a thick
solution. The formulation is shown in Supplementary Table
S1. All the solutions were centrifugally degassed at 5,000 r/min.
Then GDL was added into the solution to trigger the release of the

Ca’" to crosslink the alginate. After centrifugally degassing at
3,000 r/min, the mixed precursor solution was transferred to a
mold. The precursor was stored at room temperature for 3 h to
form the alginate network crosslinked by Ca** ions. Finally, the
precursor was placed in a water bath of 45°C for 12 h to initiate the
in-situ copolymerization of NAS and DAC. Hydrogels with
different NAS contents and sole calcium alginate hydrogels
(Alg) were prepared (Supplementary Table S1).

Characterization

The crystalline nature of the hydrogels was analyzed by X-ray
diffraction (Japanese Ultima IV) with copper as the target and
operating voltage range of 20-60 kV. The sample was placed
horizontally with a scanning range of 5°-80° and a scanning speed
of 20°/min. FEI Inspect F50 scanning electron microscopy (SEM)
was used to analyze the microstructure of the composite hydrogel.
The hydrogel was treated with liquid nitrogen to expose its
internal structure. The freeze-dried hydrogel sample was
mounted on a copper stud and coated with gold/palladium
sputtering for 60s. The infrared absorption spectra of the
prepared hydrogels were measured using a Fourier Transform
infrared (FTIR) spectrometer (Nicolet 5,700) in transmission
mode under potassium bromide pellets. All spectra were
obtained by 16 scans in the range of 4,000-500 cm™'. The
transmission spectrum of hydrogel with thickness of 1.6 mm
in the wavelength range of 800-400 nm was characterized by UV-
visible spectrophotometer.
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Mechanical Testing of the Hydrogels

The mechanical properties of the hydrogels were investigated
using an electrical universal material testing machine (WDW-05)
at room temperature. For tensile tests, the samples were prepared
as the cylindrical-shaped strip with a 40 mm of length and
2.8 mm of diameter and stretched with a strain rate of 60 mm/
min. For compression tests, a cylindrical hydrogel sample with a
diameter of 10 mm and a height of 15 mm was placed on the
bottom plate and the top plate was compressed at a strain rate of
10 mm/min. The adhesion strength of the hydrogels on different
kinds of surfaces were performed by using a universal material
testing machine. Each sample was tested at least three times and
the results were reported with an average standard deviation. The
adhesion strength was calculated by dividing the maximum force
by the overlapping area of the adhesive position.

Electrical Measurements of the Hydrogels
The resistivity of the hydrogels was measured by a digital four-
probe tester (Suzhou Crystal Lattice). Resistance change of the
hydrogels with mechanical deformation was tested by LCR meter
(TH 2832). The two ends of hydrogels were inserted into copper
wires to connect the LCR meter, and the changes of hydrogels
resistance were recorded in real time.

Fabrication and Testing of the
Hydrogel-Based Flexible Wearable Strain

Sensor

During the preparation of the hydrogel-based wearable strain
sensor, the ADN hydrogel was made into strips of 30 mm x 8 mm
x 1.5 mm in size. Two conductive copper sheets with conducting
wires were tightly fixed on the two ends of the sample to assemble
the strain sensor. The ADN hydrogel was sandwiched between
two medical PU tapes. The function of PU tapes was mainly to
prevent the evaporation of water in the hydrogel. During the
monitoring of human movements, the wearable strain sensor was
directly attached to the volunteers’ skin, and the real-time change
of the resistance of the sensor was recorded with an LCR meter.
All experiments for monitoring human movements were
performed with the consent of the volunteers. The
experimental scheme was approved by the Human
Experimental Ethics Committee of Fujian Normal University
(Approve No0.20200039).

Statistical Analysis
All the data were expressed as the means standard deviations
(SD). Statistical analysis was executed with Student’s t-test. If the
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p-value was lower than 0.05, the difference was considered
significant.

RESULTS AND DISCUSSION

Design Principles and Material Synthesis

In the ADN double network hydrogel system, alginate and Ca**
were physically cross-linked to form the first layer network, and
anionic monomer NAS and cationic monomer DAC were
polymerized to form the second layer network via ionic pair.
Naturally derived alginate contains consecutive or alternating
(1,4)-linked B-p-mannuronate (M) blocks and a-L-guluronate
(G) blocks, where the adjacent G blocks can chelate divalent or
multivalent metal ions to form an ionic crosslinking network. In
order to avoid the formation of a heterogeneous network due to
the rapid ion release process, we chose the (EDTANa,Ca)/D-
(+)-gluconic acid &-lactone (GDL) system to delay the Ca®"
release during the alginate-Ca®" crosslinking formation (Akay
et al, 2017; Yang et al,, 2021). Sulfonic anions of NAS interact
with ammonium ions via electrostatic forces to produce the
second physical crosslinking network. Furthermore, the rich
hydroxyl and carboxyl groups in alginate trigged slightly
crosslinking between the two networks with hydrogen bonds

and electrostatic interactions, which could be determined by the
shift of the O-H and S=O peaks in the FTIR (Figure 2A) (Ilcikova
et al., 2015). The XRD analysis on the samples was performed to
further evaluate the impact of physical blending conditions on
crystalline structure as shown in Figure 2B. The diffractogram of
Alg presented a broad peak at 20 = 24, indicating its amorphous
nature (Feng et al, 2022). An explicit decrease in the
crystallization of alginate was observed in the XRD spectrum
of the ADN; 5 hydrogel, which might be contributed to its high
optical transparency. SEM images of the morphology of Alg
hydrogel, ADN, s hydrogel, and P(NAS-co-DAC) hydrogel
were presented in Figure 2C,D and Supplementary Figure
§2, respectively. As could be seen from Figure 1A, the surface
of the Alg hydrogel was rough and dense without obvious porous
structure. This might be due to the dense structure formed by
sufficient cross-linking between alginate and calcium ions in Alg
hydrogels (Qu et al., 2016). This structure also led to the hard and
brittle properties of Alg hydrogels (Zhao Y. et al., 2019). As could
be seen from Supplementary Figure S2, the P(NAS-co-DAC)
hydrogel had obvious porous structure, the hole was large and the
structure was loose. Whereas, the surface of the ADN| 5 hydrogel
exhibited a reticulate structure (Figure 1C), which was highly
beneficial to its toughness and stretchability (Zeng et al., 2020).
This difference might be caused by the insufficiently cross-linking
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FIGURE 6 | Electromechanical performances of the ADN; 5 hydrogel applicated as flexible strain sensor. (A) Conductivity comparison of hydrogels. The cyclic
relative resistance changes of this hydrogel strain sensor under low strains (B) and high strains (C), respectively. (D) The linear fitting of the relationship between the
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of the calcium alginate network in ADN] 5 hydrogels due to the
introduction of P(NAS-co-DAC) network, which showed a looser
structure than Alg hydrogels and a denser structure than P(NAS-
co-DAC) hydrogel.

Mechanical Properties of the Hydrogels

The mechanical properties of Alg hydrogel were significantly
enhanced by introducing the second P (DAC-co-NAS) network.
As shown in Figure 3A, the tensile properties of ADN hydrogel
were greatly improved compared with Alg hydrogel. In terms of
the hydrogel stretchability, the ADN; 5 hydrogel exhibited the
maximum tensile fracture length of 1,375%, which was superior
to reported hydrogels in some literatures. On the contrary, the
Alg hydrogel presented a fracture tensile strain of only 212%. A
similar result also presented in the following compressive test
(Figure 3B). Furthermore, compared with Alg hydrogel, the
elastic modulus and toughness of ADN hydrogel were also
significantly increased (Figure 3C,D). Photographs of the
mechanical performances of the ADN hydrogels were shown
in Supplementary Figure S3. Herein, in view of the excellent
stretchability and toughness of the ADN; 5 hydrogel, we selected
it as the best group for further test. Figure 3E showed 10 tensile-
relaxation cycles at 100% strain. The tensile strength decreased
after the first tensile cycle due to the inevitable viscosity of the
polymer matrix and some permanently broken chemical bonds
(Liu et al, 2021; Xue et al,, 2021). The subsequent coincident
tensile cycles, indicating that the reversible bond fracture and

recombination had high repeatability and stability. As for the
compressive cycle experiment, 10 cycles were basically consistent
with the stress curves, which strongly proved that the hydrogel
had good elasticity and fatigue resistance (Figure 3F). We
speculated that it was because that compression was difficult
to cause irreversible dissociation of the hydrogel crosslinking.

The ADN hydrogel exhibited the ability of self-healing due to
its dynamic crosslinking (Chen G. et al., 2021; Huang et al., 2021).
As shown in Figure 4A, the ADN, 5 hydrogel was cut in half with
a razor blade and then reassembled. After 30 min at room
temperature, we observed that the two parts had healed into
complete one, which still showed good stretchability (Figure 4B).
The self-healing rate is defined as € = E/E,, where E, is the initial
elongation at break and E is the elongation at break after self-
healing (Deng et al., 2022). After calculation, the self-healing rate
of composite hydrogel reached 86.5%. As shown in Figure 4C, the
ADN; 5 hydrogel was connected to LED beads by a 6V power
supply. After cutting the ADN; 5 hydrogel in half with a razor
blade, the LED beads went out. After combining the two
bifurcated parts together and repairing the dynamic cross-
linking between the contact surfaces, the LED beads lit up
again. The conductivity of the hydrogel after 1h self-healing
was 93% of the original hydrogel (Figure 4D). Due to the
excellent self-repair ability of the hydrogel, the service life of
the hydrogel as a flexible electronic device should be prolonged,
leading to the great application advantages in flexible wearable
strain sensors.
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Adhesive Properties of the Hydrogels

Mechanical compliance and durability are key factors for signal
transmission of strain sensor, and conformation adhesion can
adaptively overcome interfacial gaps and improve the sensitivity
of signal acquisition (Choi et al, 2018). The ADN, s hydrogel
could adhere to different kinds of surfaces (such as porcine skin,
PE, glass, etc.). The conformal adhesion of the ADN, 5 hydrogel
to porcine skin was shown in Figure 5A. The ADN; 5 hydrogel
adhered tightly to porcine skin under folding and twisting,
making it difficult to peel off. The adhesion photographs and
adhesion strength of the hydrogels on other substrates were
shown in Figures 5Bi-iii,C, respectively. This adhesion was
attributed to the high polarity of the zwitterionic polymer in
the hydrogel (Asha et al,, 2021; Yu and Wu, 2021). Both charged
groups (cationic quaternary ammonium and anionic sulfonate)
and polar groups (S=0O) tend to interact with other charged or
polar groups on the surface of most substrates via ion dipole and/
or dipole-dipole interactions, resulting in a strong interfacial
bonding (Kim et al, 2021). This inherent adhesive property
enabled the ADN hydrogels to be applied in human-computer
interaction, soft robotics and other fields in a fitting manner. In
addition, the cyclic adhesion test of ADN 5 hydrogel on different
substrates showed that the adhesion of the hydrogel remained

stable after multiple use (Figure 5D). This multi-cycle adhesion
made the ADN hydrogel an ideal material for building wearable
strain sensors of easy use and economical.

Electronic Performance of the Hydrogel

The ADN hydrogel exhibited good electrical conductivity due to
the introduction of the polyelectrolyte network. As shown in
Figure 6A, compared with Alg hydrogel, the conductivity of
ADN hydrogels was significantly improved. The conductivity of
the composite hydrogel increased from 0.04 S/m to 0.25 S/m with
the increase of NAS content from 1.0 wt% to 2.0 wt%. This might
be due to the formation of more conductive pathways in the
compound as the concentration of conductive ions increased. In
order to study the variation in the resistance of the hydrogel with
the tensile strain, the hydrogel was connected to the LCR meter to
record the real-time resistance. The sensitivity of a strain sensor is
expressed by the gauge factor (GF), which is calculated by the
formula: GF = (AR/Ry)/g, where, AR = R-R;, (Chen et al., 2019;
Xiong et al., 2020). Herein, Ry and R are the original resistance
without strain and the real-time resistance, respectively, and ¢ is
the applied strain. The change in the resistance rate (AR/R0) of
three stretch-release cycles under low strain (10, 30, and 50%) and
high strain (100, 200, and 300%) were shown in Figures 6B,C,
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respectively. It could be seen clearly that the resistance value of
the hydrogel after three cyclic stretching (unstretched-stretched-
unstretched) presented obvious and consistent cyclic change. As
shown in Figure 6D, AR/R, was linearly fitted to the strain and
the GF of the ADN,;s hydrogel was calculated to be 3.21.
Compared with most reported flexible wearable strain sensors,
the ADN hydrogel had higher sensitivity and stability in a wide
range of strain changes. The ADN; 5 hydrogel-based strain sensor
showed a stable response signal, when the strain was 100%
(Figure 6E). The amplitude and waveform had tiny
fluctuation after 100 consecutive loading and unloading cycles,
proving the satisfactory stability and reliability of the strain
sensor. The magnified signal during 1-10 cycles and 91-100
cycles were shown in Figures 6F,G, respectively.

Application in Human Motions Monitoring
The ADN hydrogel had the advantages of high sensitivity, fast
response, wide sensing range, and good stability. Therefore, the
wearable strain sensor based on the ADN hydrogel had a broad
application prospect in human motion detection (Wang S. L.
etal., 2022; Li et al,, 2022). Herein, the ADN 5 hydrogel was made
into a wearable strain sensor, which was attached to the
volunteer’s skin to monitor the movements of the human
body from tiny deformations to large-scale motions in real-
time. The ADN hydrogel-based strain sensor could accurately
respond to full-range human motions, and it also had repeatable
and stable signal output. In particular, the excellent optical
transparency of the ADN, 5 hydrogel gave the strain sensor an
unobtrusive visual appearance and allowed precise targeting of
specific positions for real-time monitoring of human movements.
The large-scale movement monitoring curves of human fingers,
elbows, and knees were shown in Figure 7A-C. In the case of
finger bending, when the finger bending angle gradually increased
from 0° to 90°, the change of relative resistance increased from 0 to
72.5%. As the fingers returned from the bending to the stretching,
the relative resistance also returned to the initial state. A stable
repetitive response was observed during the five periodic scaling
processes. In addition to detecting large body movements, the
strain sensors could also detect subtle body movements. As
shown in Figure 7D, our hydrogel-based strain sensor could
detect tiny muscle movements around the eyebrow. When the
volunteer performed periodic frowns exercises, a distinct and
relatively uniform pattern of resistance was observed, displaying a
wide prospect for facial recognition. And a unique and relatively
consistent pattern of resistance was observed when the volunteer
performed the periodic “opening-closing” movement
(Figure 7E). In addition, a circular hydrogel disc was
sandwiched between the sheet electrodes and placed directly
under the heel to detect load during motion (Figure 7F). A
steady repetitive response was observed during five periodic foot-
up-and-down cycles. This application of the ADN hydrogel was
feasible because of its excellent compressive strength, low
mechanical hysteresis and electrical conductivity. With the
unique design, the ADN hydrogel-based sensor could be used
for plantar pressure measurements, and it also had great
application potential in sports injury prevention, sports
biomechanics, footwear design and research, and so on.

ADN Hydrogel Based Wearable Sensor

CONCLUSION

In this study, we described a conductive double network hydrogel
by introducing charge-rich polymorphic ions into the natural
polysaccharide network. The ADN hydrogel exhibited
remarkable stretchability, outstanding toughness, unique optical
transmittance, self-healing, and general adhesion. In addition, we
also designed a wearable strain sensor based on this ADN hydrogel.
And the feasibility of monitoring human motions or analyzing
human mental state based on signal acquisition of large joint flexion
(such as finger, elbow, and knee) and local muscle movement (such
as eyebrow and mouth) was demonstrated. Therefore, the highly
stretchable, self-healing, and adhesive ADN hydrogel would be a
promising materjal in aspects of human-machine interfaces,
wearable monitoring systems and medical applications.
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Conductive hydrogel is a vital candidate for the fabrication of flexible and wearable electric
sensors due to its good designability and biocompatibility. These well-designed
conductive hydrogel-based flexible strain sensors show great potential in human
motion monitoring, artificial skin, brain computer interface (BCI), and so on. However,
easy drying and freezing of conductive hydrogels with high water content greatly limited
their further application. Herein, we proposed a natural polymer-based conductive
hydrogel with excellent mechanical property, low water loss, and freeze-tolerance. The
main hydrogel network was formed by the Schiff base reaction between the hydrazide-
grafted hyaluronic acid and the oxidized chitosan, and the added KCI worked as the
conductive filler. The reversible crosslinking in the prepared hydrogel resulted in its
resilience and self-healing feature. At the same time, the synthetic effect of KCl and
glycerol endowed our hydrogel with outstanding anti-freezing property, while glycerol also
endowed this hydrogel with anti-drying property. When this hydrogel was assembled as a
flexible strain sensor, it showed good sensitivity (GF = 2.64), durability, and stability even
under cold condition (-37°C).

Keywords: hydrogel, self-healing, ionic conductivity, anti-freezing, anti-drying, flexible strain sensor

INTRODUCTION

Hydrogels with a water-rich polymer network structure are very similar to the native tissues of
humans (Fergg et al., 2001; Sanchez et al, 2005). In recent years, due to their flexibility,
biocompatibility, and designability, hydrogels are widely utilized in various areas, such as tissue
engineering (Lee and Mooney, 2001; Khademhosseini and Langer, 2007), wearable devices (Fergg
etal., 2001; Yuk et al., 2019; Cui et al., 2021), and flexible electrodes (Na et al., 2019; Zhang W. et al.,
20205 Fu et al,, 2020). Among these applications, wearable devices, as a new research field, have
attracted more and more attention (Billinghurst and Starner, 1999; Seneviratne et al., 2017; Chong
et al., 2019). The development of wearable devices provides great convenience for human motion
monitoring and human-machine interaction (Liao et al., 2017; Xia et al., 2019; Xu et al., 2019). The
hydrogel-based flexible strain sensor was the most commonly used wearable devices, especially for
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human motion monitoring. First, endowing hydrogels with high
conductivity is the foundation for hydrogels working as strain
sensors. There are two main solutions: utilization of conductive
polymers, such as polyaniline (Guo et al., 2015; Yan et al., 2015)
and polypyrrole (Brahim et al., 2002; Shi et al, 2014), and
introduction of conductive fillers into hydrogels, such as metal
nanoparticles (Guo et al., 2003; Gao et al, 2016), MXene
nanosheet (Zhang Y.-Z. et al., 2020, 2021), ionic liquid (Teo
et al,, 2019), and inorganic salt (Urbonaite et al., 2015; Sui et al,,
2021). Various studies have reported that the addition of
inorganic salts, such as LiCl, NaCl, KCI, and ZnCl,, into the
hydrogel systems could bestow the hydrogel with satisfactory ion
conductivity (Li et al., 2017, Li et al,, 2019, Li et al., 2021; Jiang
etal, 2018; Hou et al.,, 2019). This method is simple, efficient, and
economic, showing great potential for conductive hydrogel
design and fabrication. On the other hand, the high water
content of hydrogels also leads to a serious defect, that is,
most hydrogels undergo inevitable freezing when the
condition temperature falls below 0°C, the water freezing point
(Jing et al., 2013; Bacelar et al., 2016; Mohammadzadeh Pakdel
and Peighambardoust, 2018). The hydrogel will become fragile
and inelastic at low temperature, which greatly limited the use
scenarios of conductive hydrogel as a flexible and wearable strain
sensor. Therefore, researchers are deeply aware of the urgency of
the development of anti-freezing conductive hydrogels (Tang
et al., 2020; Wei et al., 20205 Jian et al., 2021). Actually, freezing
point depression is a common phenomenon in nature. For
example, seawater still can retain its liquid state at subzero
temperature because of the existence of salt. Salt is widely
applied as the inhibitor for water freezing in our life, similar
to preventing the ice covering of road. Therefore, mixing salt into
hydrogels is a simple and convenient strategy to endow hydrogels
with conductivity and freeze-tolerance simultaneously (Zhao
et al., 2006; Kim T. G. et al., 2008; Jiang et al., 2019; Xu et al,,
2021).

Herein, inspired by this mechanism, we designed a natural
polymer-based conductive hydrogel with excellent stretchability,
self-healing, and anti-freezing property. We choose hyaluronic
acid (HA) and chitosan (CS) as the main backbone polymer for
our conductive hydrogels due to their good biocompatibility,
wide sourcing, and cheap cost (Madihally and Matthew, 1999; Di
Martino et al., 2005; Kim L-Y. et al., 2008, 2011; Burdick and
Prestwich, 2011). In order to form reliable crosslinking between
HA and chitosan, we first modified HA with hydrazide groups
(HA-ADH) and CS with aldehyde groups (OCS). Based on the
mild and quick Schiff base reaction between the hydrazide group
and the aldehyde group (Ceglowski and Schroeder, 2015; Meher
et al., 2018; Xu et al.,, 2022), the main network of the hydrogel
could be rapidly prepared through one-step mixing-injection,
while KCl was introduced into this hydrogel system to play the
role of conductive and anti-freezing filler. At the same time, we
also added glycerol into our hydrogel system which could not
only further improve the freeze-tolerance of the hydrogel but also
endowed the hydrogel with anti-drying property. This prepared
hydrogel named HC-KG hydrogel showed satisfactory
mechanical resilience and self-healing property driven by the
reversible hydrazone crosslinking, ionic crosslinking, and
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hydrogen bond-based crosslinking inside the hydrogel.
Moreover, our following exploratory experiments showed that
this HC-KG hydrogel exhibited repeatable resistance variation
responding to various human motions even in the cold when it
was applied as a flexible and wearable strain sensor. Therefore, we
believe that the exploring of this novel HC-KG hydrogel could
further expand the application scenario of conductive hydrogel as
a flexible and wearable strain sensor, especially in dry or cold
environments.

MATERIALS AND METHODS

Materials

Hyaluronic acid (HA) was purchased from Shandong Focusfreda
Biotech Co., Ltd, China. Chitosan (CS), adipic acid dihydrazide,
potassium chloride (KCl), glycerol, sodium periodate, ethylene
glycol, and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC) were purchased from Shanghai Macklin
Biochemical Co., Ltd, China. 1-Hydroxybenzotriazole anhydrous
(HOBT, 98%) was purchased from J&K. 2-(4-morpholino)
ethanesulfonic acid (MES) was brought from Sigma-Aldrich
Life Science. All reagents were used as received. Deionized
water (DI water) was used for all experiments.

Preparation of HA-ADH

HA (Mw = 70 kDa) was dissolved in 100 ml MES buffer (PH =
6.5) with the concentration of 1 wt% completely. Then, 2.5 g EDC
and 1.78 ¢ HOBT were added into the HA solution carefully.
After reaction of 1 h, 9 g ADH was added for another reaction of
24 h. Then, the final solution was dialyzed against DI water
(molecular weight cutoff (MWCO) = 14 kDa) for 3 days, and
the final product was obtained by freeze-drying at —80°C for 72 h.

Preparation of OCS

Chitosan (MW = 3 kDa) was completely dissolved in 400 ml
glacial acetic acid aqueous solution with a concentration of 0.5 wt
%. Then, 2.65 g sodium periodate (NalO4) was added, and the
mixed solution was stirred in the dark at 25°C for 12 h. The final
solution was dialyzed against DI water (molecular weight cutoff
(MWCO) = 14kDa) for 3days, and the final product was
obtained by freeze-drying at —80°C for 72 h.

FT-IR Analysis

The successful modification of HA and chitosan was
characterized by the FT-IR test using a Bruker Tensor 27 FT-
IR spectrometer (ATR-FT-IR, Thermo Fisher Scientific-Nicolet
IS5, US). Freeze-dried samples were pressed with KBr and
scanned from 4,000 to 500 cm".

Preparation of HC Series Hydrogel

Before hydrogel preparation, OCS and HA-ADH solution were
prepared with a concentration of 3 and 4%, respectively. Then,
the HC series hydrogels were in situ formed by mixed injection
with HA-ADH and OCS solution. In order to introduce
conductive and anti-freeze properties to the HC hydrogel, we
added glycerol and KCl to the HC hydrogel. In order to
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differentiate these HC hydrogels, we abbreviate the HC hydrogel
with KCl as HC-K hydrogel, HC hydrogel with glycerol as HC-G
hydrogel, and HC hydrogel with both KCl and glycerol as HC-KG
hydrogel.

Rheological Property Test

The rheological properties of the hydrogels were tested at room
temperature using a rheometer (Ares G2, TA, and US) with an 8-
mm diameter parallel plate and 1-mm gap. Time sweep was
performed at fixed frequency of 6 rad/s and strain of 1%. As for
the frequency sweep, the strain was fixed at 1%, and the frequency
ranged from 0.5 to 500 rad/s. Strain sweep was performed at a
fixed frequency of 6 rad/s and a strain range from 1 to 1,000%,
and dynamic strain sweeps were performed at a strain range of
1-1,000%. (G"), and loss modulus (G") of the four hydrogels was
measured during the strain sweep.

Mechanical Test

The mechanical properties of hydrogels were determined by
using the universal material testing machine (LR5KPlus, Lloyd,
United Kingdom)). For the compression test, a cylindrical
hydrogel 12mm in diameter and 10mm in height was
compressed at a rate of 100 mm/min. In the continuous
loading-unloading test, the rate was set at 300 mm/min. The
compressive elastic modulus was calculated from the slope of the
initial linear region of the stress—strain curve.

Self-Repair Performance Test

The two pentagram-shaped HC-KG hydrogels were dyed yellow
and blue with methyl orange and methylene blue, respectively,
and cut into two pieces, and then the two cut hydrogel samples of
different colors were closely laminated together and transferred
into a well-sealed self-sealing bag at 37°C for 5 min to test the self-
healing performance of HC-KG hydrogels.

Electrical Measurement of Hydrogel

The resistivity of HC, HC-K, HC-G, and HC-KG hydrogels was
measured with a digital four-probe tester (Suzhou lattice). The
resistance changes of four groups of gel hydrogels were measured
by an LCR meter (Changzhou, China). A copper wire is inserted
into each end of the hydrogel and then connected it to a TH LCR
meter to record the resistance change of the hydrogel in real time.
In addition, the resistance change of HC-K and HC-KG hydrogel
was measured between —25 and 10°C.

Fabrication and Testing of the Flexible

Sensor

To fabricate the strain sensor, the hydrogel was cut into
cylindrical specimens with a diameter of 0.9 cm and a length
of 3 cm. Then, the hydrogel sample was assembled into a strain
sensor with two layers of conductive copper sheets tightly fixed
with copper wires at both ends of the hydrogel sample. The
hydrogel was sandwiched between two PU film tapes. To monitor
the human motion, the sensor was mounted directly on the skin
of the volunteer, and the electrical signal of the strain sensor was
recorded in real time using an LCR tester. The simultaneous
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resistance changes of the gel biosensor under different human
motion were obtained by the following equation

AR _R-Ry

Ry

Ry

The resistance change ratio (%) was calculated by the
following equation, where Ry and R are the resistance of the
hydrogel when no strain is applied and the resistance of the
hydrogel after strain is applied, respectively.

The gauge factor is usually used to characterize the sensitivity
of a strain sensor and it defined as

R-Ry\ /{L-L,
GF = / ,
(R )()
where Ry and L are the initial resistance and length of the sensor,

respectively, and R and L are the real-time resistance and length
of the sensor, respectively.

Anti-Drying Experiments

The hydrogels were formed into 9-mm diameter cylinders with a
volume of 500 pl as test samples and weighed for initial mass.
Then, the hydrogel sample was completely exposed to room
temperature, and the weight change was recorded according to
the time gradient. The residual mass ratio (RMR) was calculated
by the following equation:

Ws
RMR = — x 100%,
W,
where RMR is the residual mass ratio, and Wg and W, are the
weight of the hydrogel after water loss and the initial weight of the
hydrogel, respectively.

DSC Test

DSC is the study of the heat flow rate versus temperature of a
sample and a reference sample by controlling the variation of
temperature. We used a differential calorimetry scanner (Mettler
Toledo DSC-1, Switzerland) to characterize the hydrogel samples.
The samples were encapsulated in a sealed crucible for testing,
and an empty disk was used as an inert reference. The differential
calorimetry scanner was operated at a nitrogen flow rate of 50 pl/
min, and experimental data were recorded at a rate of 1 Hz. Our
measurement range is —70-25°C, so the hydrogel samples are first
equilibrated at 25°C and then cooled to —70°C at a rate of 5°C/min.

RESULTS AND DISCUSSION

Synthesis and Characterization of HC-KG
Hydrogels

Before the preparation of our well-designed HC-KG hydrogel, we
first synthesized the hydrazide-grafted HA (HA-ADH)
(Figure 1A) and oxidized chitosan (OCS) (Figure 1B). The
Fourier infrared spectrum in Supplementary Figure S1
proved the successful synthesis of these two polymers. The
mixed system of KCl/glycerol/water was used as the solvent
for HA-ADH and OCS. Then, our conductive and anti-
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freezing hydrogel, HC-KG hydrogel, was formed by a one-step
mixing-injection between the prepared HA-ADH solution and
OCS solution with equal volume (Figure 1C), Supplementary
Figure S2; Supplementary Table S1 showed that the addition of
KCI prolonged gelation time greatly. We speculated that this
might be because of the anti-ionization effect (Yang et al., 2020).
In detail, K" and Cl” would form reversible ionic crosslinks with
negatively charged HA-ADH and positively charged OCS, which
led to the intertangling of the HA-ADH, and OCS polymer chain,
respectively. Therefore, the steric hindrance of the interaction
between HA-ADH and OCS increased.

Mechanical properties of the HC-KG
hydrogel

We first investigate the mechanical properties of this series
hydrogel to investigate the effect of KCI and glycerol on the
formation of the hydrogel network. The rheological time sweep
results (Figure 2A) demonstrated that the addition of KCI
could slightly improve the storage modulus of the hydrogel. We
speculated that it was because that K" and Cl™ produced by the
ionization of KCI helped form extra ionic crosslinking with the
negative HA-ADH backbone and the positive OCS backbone,
respectively. In addition, glycerol also could improve the
storage modulus of the hydrogel. It might be contributed to
the newly formed hydrogen bond-based crosslinking among
the glycerol and the main backbone of the hydrogel. The further
strain sweep results (Figure 2B) also proved our
abovementioned speculation. It was clear that the addition
of both KCl and glycerol increased the broken strain of the
hydrogel. The following time sweep under alternative low/high
strain showed the shear thinning property of the HC-KG
hydrogel (Figure 2C). In detail, the HC-KG hydrogel would
switch to “Sol” state and recover to “Gel” state. This procedure

could be repeated many times, and the modulus recovery
reached 100% every time. This phenomenon was just
because all the crosslinking inside the HC-KG hydrogel
network were reversible, including the dynamic hydrazone
crosslinking between HA-ADH and OCS; ionic crosslinking
between K" and HA-ADH; Cl™ and OCS; and hydrogen bonds
among glycerol, HA-ADH, and OCS, and these reversible
crosslinking could be untied under high shear fore and
reformed after the disappearance of the high shear force.
Moreover, the abovementioned reversible crosslinking was
also the basis of the self-healing property of the HC-KG
hydrogel. As shown in Figure 2D; Supplementary Video
S1, two individual pentagram-shaped hydrogels, a blue and
an orange one, could be reorganized to a new pentagram-
shaped hydrogel after being cut. It was based on the re-forming
of the reversible crosslinking between the exposed cross-
sections. The HC-KG hydrogel also showed excellent
compressive and tensile properties. Figure 2E showed that
the HC-KG hydrogel had good resilience even under large-
scale compression. The quantified compressive strain-stress
curve showed that the addition of KCI and glycerol decreased
Young’s modulus while increasing the broken strain
(Figure 2F). The reason for weakening of Young’s modulus
was because the formation of ionic crosslinking introduced by
KCl and hydrogen bond introduced by glycerol hindered the
formation of the hydrazone crosslinking, and these ionic
crosslinking and hydrogen bond were weaker than the
hydrazone crosslinking. At the same time, the formation of
the weaker ionic crosslinking and hydrogen bond was beneficial
to energy diffusion during the compression, therefore
increasing the broken strain of the hydrogel. The excellent
fatigue resistance was evidently validated by the following
cyclic compression test, which showed that the nearly
identical repeated strain-stress curves the small hysteresis
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loop (Figure 2G). The HC-KG hydrogel also showed good
stretchability as proven by Figure 2H.

Conductive Properties of the HC-KG
Hydrogel

As a strong electrolyte, KCI could fully electrolyze sufficient K*
and Cl™ after being added into the hydrogel network, thus
endowing the HC-K and HC-KG hydrogel with good
conductivity, which was strongly proven by Figure 3A. It is
also revealed that glycerol had negligible effect on the
conductivity introduced by KCl. The conductivity of our
target HC-KG hydrogel reached around 0.0638 S/m, which
was enough for a flexible strain sensor. We then utilized a long
cylindrical HC-KG hydrogel as a flexible electric wire to form a
closed circuit to lighten the LEDs. Through the comparison
from Figures 3B-F, we could easily find that the brightness of
the LEDs decreased gradually with smooth elongation of the
HC-KG hydrogel. As an excellent hydrogel strain sensor, HC-
KG has good sensitivity with a gauge factor (GF) of 2.64
(Supplementary Figure S3). It indicated the sensitive
resistance changing of the HC-KG hydrogel depending on
the elongation change, which was fundamental for application
of the HC-KG hydrogel as a flexible strain sensor.

Furthermore, the HC-KG hydrogel still possessed good
conductivity under water condition (Figure 3G), which
demonstrated that the application scenario of our HC-KG
hydrogel could be expanded to various water environments.
Another exciting thing is that the self-healed HC-KG hydrogel
still showed satisfactory conductivity (Figure 3H). It implied
that the HC-KG hydrogel had the ability to resist various kinds
of damage when applied as a flexible strain sensor.
Therefore, we then systematically tested the performance of
the HC-KG hydrogel as a flexible and wearable strain sensor. As
shown in Figures 4A-C, our HC-KG hydrogel was able to
identify the large human motion, including the bending of
finger, elbow, and knee. Moreover, taking finger bending as
an example, the HC-KG hydrogel could even distinguish
different angles of human motion obviously (Figure 4D).
Our HC-KG hydrogel could also be competent for the
detection of human micromotions, such as the closing and
opening of mouth (Figure 4E). In particular, swallowing with
different intensity also could be clearly separated by analyzing
the curve shape of the relative resistance change (Figure 4F). All
of these demonstrated enough sensitivity of our HC-KG
hydrogel as the flexible and wearable strain sensor. We
monitored the relative resistance change of the HC-KG
hydrogel under the cyclic tensile state of 0-20%. The result

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

36

February 2022 | Volume 10 | Article 837750


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

Hu et al.

Anti-Freezing Wearable Strain Sensor

A 140 B 140 C 120
120 4 = 120 4 100 4 )
=N LB —_-
0.1 100 4 50 i
E L S 50 4 g 60
£ = &
2 60 § F]
<4 q o0 T E
]
40 4 204
204
204 0
o]
T T T T T [ T T T T T -0 T T T T T
o 20 0 60 80 100 120 0 20 40 60 80 100 70 0 0 40 60 80 100 120
Time (s) Time (s) Time (s)
D . E. F.
w]  Angle of finger il — ‘ i::gl]l]nlwing swallowing m
140 ing 44 a b 5 L —
bending - FLH"L\(_L\ (J ”J_]
= — 34 ]
g g g
Z 1 =
% % 2 % S
104
14
154
0
=20 T T T T T T T T T T T T =20
0 2 40 60 80 100 120 140 0 20 a0 60 $0 100 120 H 10 2 3'0 o 50 Py
Time (s) Time (s) Time (s)
G 70
- w
« o 2
1 | . |
s A b | I
Sl ]
3. i | I
0 40 ‘ ‘ | i J I 0
0 g 3 (¥ e e e mw um m s
: " .“": - * * " % ‘ i Time ()
n 20 i 1
R -
10 I }
i
= L
z . 0= i g
%
1 :
0 -10 = =F T T T T T T T 1
. _0.--77200 400 600 800 1000 1200 1400 1600 1800 o
o Time (s) a0
P P Y
Time () Time (s)
FIGURE 4 | Application of HC-KG hydrogel as a flexible strain sensor to detect various human motions. Real-time monitoring of large human motions, such as the
bending of finger (A), elbow (B), and knee (C). (D) HC-KG hydrogel showed different relative resistance change for finger bending at different angles. Real-time
monitoring of human micromotions, such as the opening and closing of mouth (E) and swallowing with different intensity (F). (G) Relative resistance change of the HC-KG
hydrogel-based strain sensor under cyclic tensile from 0 to 20% for 30 min.

(Figure 4G) showed that the relative resistance change in every
cycle was similar. It strongly confirmed the credible durability
and stability of our HC-KG hydrogel, both of which were vital
for a satisfactory flexible strain sensor.

The Anti-Drying and Anti-Freezing

Properties of the HC-KG Hydrogel

The high water content of hydrogels also had limited the application
of the conductive hydrogel-based flexible strain sensor, which
mainly included the following two aspects: 1) The loss of water
content of the hydrogel-based sensor led to the instability of their
conductivity; 2) The freezing of water inside the hydrogel-based

sensor rendered them unable to work at temperatures below 0°C.
Our HC-KG hydrogel could solve the abovementioned two
problems simultaneously based on the addition of KCl and
glycerol. As shown in Figure 5A, hydrogel groups with glycerol
(HC-G and HC-KG) could maintain stable water content greater
than 60%, while hydrogel groups without glycerol (HC and HC-K)
quickly dried up. Actually, the high water loss of the HC-K hydrogel
greatly affected its conductivity. Furthermore, the conductivity of
HC, HC-K, HC-G, and HC-KG gels was investigated as a function of
temperature (Figure 5B). The results showed that the conductivity
of HC-KG hydrogels during this process was almost all in the range
of 0.63 S/m. While the HC-K hydrogels were more affected by
temperature, the conductivity of HC-K hydrogels was almost 0 S/m
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in the frozen state and then gradually increased to about 0.65 S/m
with the increase of temperature. From the differential scanning
calorimetry (DSC) results (Figure 5C), we found that the both KCI
and glycerol acted as anti-freezing filler when added into the
hydrogel system. Among these four groups, the HC-KG hydrogel
had the lowest anti-freezing temperature, which reached -37°C
based on the synergistic effect of KCl and glycerol. The following
Figure 5D; Supplementary Video S2 showed the freeze-tolerance of

our HC-KG hydrogel intuitively. At a temperature of —26°C, the HC-
KG hydrogel still showed transparency and flexibility. It even could
be twisted easily without any damage. The anti-freezing property
made our HC-KG hydrogel still suitable to be used as a strain sensor
under cold conditions, which was proven by the brightness decrease
of LEDs responding to the increase of HC-KG hydrogel elongation
under —26°C (Figure 5E). But, the HC-K hydrogel does not conduct
electricity at low temperatures to brighten the bulbs (Supplementary
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Figure S4). We also tried to use this HC-KG hydrogel as a wearable
strain sensor to monitor the human motion under cold condition.
Taking the monitoring of finger bending as the test model, the HC-
KG hydrogel-based wearable strain sensor exhibited good sensitivity
(Figure 5F).

CONCLUSION

Collectively, the fabrication of our designed HC-KG hydrogel was
convenient with low cost and simple process. The biocompatibility
of the HC-KG hydrogel was guaranteed by selecting hyaluronic acid,
chitosan, KCl, and glycerol as the main raw material. By modifying
hyaluronic acid with hydrazide and chitosan with aldehyde, the main
network of the HC-KG hydrogel was generated by the reversible
dynamic chemical hydrazone crosslinking, which was the product of
the Schiff base reaction between hydrazide groups of HA-ADH and
aldehyde groups of OCS. Then, the addition of KCl and glycerol
would introduce extra ionic crosslinking and hydrogen bond-based
crosslinking to the HC-KG hydrogel, and these weak reversible
crosslinking bestowed the hydrogel with the ability to withstand
great deformation. These reversible crosslinking endowed our HC-
KG hydrogel with outstanding self-healing property. Moreover, the
HC-KG hydrogel showed good elasticity and fatigue resistance
under cyclic deformation. The satisfactory conductivity of the
HC-KG hydrogel was contributed by KCl, which was the basis
for it to be utilized as the strain sensor. At the same time, the addition
of KCl also helped the HC-KG hydrogel resist low temperature
condition. Of course, glycerol also contributed greatly to the freeze-
tolerance of the HC-KG hydrogel. Based on the synthetic effect of
KCl and glycerol, the HC-KG hydrogel even could work at -37°C.
Furthermore, glycerol endowed the HC-KG hydrogel with anti-
drying property, which guaranteed the unchanged electric property
of this hydrogel when it was exposed to outside environment for long
time. All the abovementioned characterizations promised sensitivity,
durability, and stability of the HC-KG hydrogel during its
application as a flexible and wearable strain sensor. Besides, the
anti-drying and anti-freezing property expended the application
scenarios and working time of the HC-KG hydrogel. In short,
this HC-KG hydrogel could be a promising competitor for
flexible and wearable strain sensor manufacture, and this study
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The placenta plays a significant role during pregnancy. Placental dysfunction contributes to
major obstetric complications, such as fetal growth restriction and preeclampsia.
Currently, there is no effective treatment for placental dysfunction in the perinatal
period, and prophylaxis is often delivered too late, at which point the disease
manifestation cannot be prevented. However, with recent integration of nanoscience
and medicine to perform elaborate experiments on the human placenta, it is expected that
novel and efficient nanotherapies will be developed to resolve the challenge of managing
placental dysfunction. The advent of nanomedicine has enabled the safe and targeted
delivery of drugs using nanoparticles. These smart nanoparticles can load the necessary
therapeutic substances that specifically target the placenta, such as drugs, targeting
molecules, and ligands. Packaging multifunctional molecules into specific delivery systems
with high targeting ability, diagnosis, and treatment has emerged as a novel theragnostic
(both therapeutic and diagnostic) approach. In this review, the authors discuss recent
advances in hanotechnology for placental dysfunction treatment. In particular, the authors
highlight potential candidate nanoparticle-loaded molecules that target the placenta to
improve utero-placental blood flow, and reduce reactive oxygen species and oxidative
stress. The authors intend to provide basic insight and understanding of placental
dysfunction, potential delivery targets, and recent research on placenta-targeted
nanoparticle delivery systems for the potential treatment of placental dysfunction. The
authors hope that this review will sensitize the reader for continued exploration of novel
nanomedicines.

Keywords: placental dysfunction, nanoparticles, nanotechnology, pregnancy, targeted therapeutic delivery

INTRODUCTION

The placenta is a highly specialized transient organ during pregnancy. Placental dysfunction has been
shown to be strongly associated with major obstetric diseases, such as fetal growth restriction (FGR),
preeclampsia (PE), preterm premature membrane rupture, preterm labor, late spontaneous abortion,
and placental abruption (Brosens et al., 2011). Although significant progress has been made in
preventing the disease, current obstetric interventions in clinical obstetric practice are limited for
management of the disease, after it has set in (Chappell and David, 2016). The interventions in
current practice deal mostly with maternal symptoms or terminating pregnancy when maternal
condition deteriorates. According to recent studies, the world population is growing by
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TABLE 1 | Clinical categories and characteristics of pre-eclampsia and foetal
growth restriction.

> Pre-eclampsia

> classically, new-onset hypertension, >20 weeks’ gestation in association with:
> i. Proteinuria - > 300 mg per day or protein/creatinine ratio >30 mg/mmol
(0.3 mg/mg)

> i. Other maternal organ dysfunction including:

> Acute kidney injury

> Liver involvement

> Neurological complications

> Haematological complications

> ii. Uteroplacental dysfunction

Intrauterine Growth Retardation

> Early FGR:

> |n absence of congenital anomalies

> GA < 32 weeks

> AC/EFW <3rd centile or UA-AEDF; or AC/EFW <10th centile combined with UtA-
Pl > 95th centile and/or UA-PI > 95th centile

> |ate FGR:

> In absence of congenital anomalies

> GA> 32 weeks

> AC/EFW <3rd centile Or at least two out of three of the following:

> 1. AC/EFW <10th centile

> 2. AC/EFW crossing centiles >2 quartiles on growth centiles®

> 3. CPR <5th centile or UA-PI > 95th centile

4Growth centiles are non-customized centiles. BP, systolic blood pressure; AC, fetal
abdominal circumference; AEDF, absent end-diastolic flow; CPR, cerebroplacental ratio;
EFVV, estimated foetal weight; GA, gestational age; Pl, pulsatility index; UA, umbilical
artery; UtA, uterine artery.

approximately 80 million people each year, most of whom may
experience maternal and neonatal disorders. Over 90% of
pregnant women take at least one medication during their
perinatal period, either over-the-counter or prescribed.
Approximately 10% of pregnant women need medical
prescriptions due to serious obstetric complications (Mitchell
et al, 2011). The embryo is exceptionally sensitive and systemic
toxicity of therapeutic agents may endanger the health of the
mother and cause side effects to the fetus. This explains why only
a limited number of therapeutic agents are applied for obstetric
complications. Therefore, it is important to explore effective
therapeutic drugs, seeking a balance between minimizing
harmful effects on the fetal compartment and maximizing the
dose to mothers.

Nanotechnology is the engineering of structures at the
molecular level, often <100 nm in size (Kim et al., 2010).
The field is expanding exponentially and is particularly
designed to combine therapeutic drugs and deliver them to
the targeted organs under controllable conditions,
maximizing efficacy while minimizing off-target effects of
drugs. In recent years, nanostructures have been widely
used to prevent and treat diseases and are expected to
become a substantial approach that assists in overcoming
the limitations of various diseases. However, advances in
targeted nanomedicine in the area of placental dysfunction-
related diseases are still in their infancy (Kannan and Kannan,
2017). With rapid development and altered metabolism
during gestation, the fetus is more sensitive to external
toxic agents and represents one of the most vulnerable

Nanotechnology for Treating Placenta

subgroups compared with adults. Therefore, fetal safety
should be one of the utmost priorities when designing
therapeutic approaches for placental dysfunction.

There is increasing interest in these novel treatments, as they
improve the phenotype of placental dysfunction, including PE
and FGR, where they could be used as therapeutic tools during
pregnancy. This review focuses on the application of
nanostructures and the advances and safety concerns of
nanomedicine therapy for maternal and fetal health in
placental dysfunction-related diseases. It also focuses on the
use of nanoparticles as vectors that mediate the delivery of
medicine to the placenta, and potential interventional targets
that may have therapeutic effects in the future.

PATHOPHYSIOLOGY AND CLINICAL
CHARACTERISTICS OF PE AND FETAL
GROWTH RESTRICTION

PE is a series of maternal hypertensive disorders that affect 5-7%
of all pregnancies and remains the major cause of death during
the perinatal period worldwide, with >70,000 maternal and
500,000 fetal deaths every year (Rana et al., 2019). The clinical
categories and characteristics of PE and FGR are shown in
Table 1.

FGR is defined as a condition in which the fetus does not reach
its genetic growth potential. The diagnostic criterion for FGR is
an ultrasound-estimated fetal weight (EFW) below the 10th
percentile of a specific gestational age (GA). It affects about
3-7% of all pregnancies, has significant short-term and long-
term complications, and may adversely affect the quality of life of
the fetus (Sharma et al., 2016). According to additional fetal
biometric parameters, such as biparietal diameter, head
circumference, femur length, and abdominal circumference
(AC), FGR can be divided into two categories: symmetrical
and asymmetrical. Furthermore, the severity of FGR is
determined by EFW (Table 1).

The placenta is mainly composed of mesenchymal cells,
trophoblasts, and microvascular endothelial cells. The
chorionic membrane is the main functional component of the
human placenta. It is composed of fetal capillaries surrounded by
multiple trophoblasts (Baker et al, 1993). Trophoblasts are
divided into the following three types: progenitor villous
cytotrophoblasts (CTBs), extravillous cytotrophoblasts (EVTs),
and syncytiotrophoblasts (STBs), which migrate from the villi
and invade the maternal decidua. Different trophoblasts play
different roles in placental development and function. As
progenitor cells of the placenta, CTBs either differentiate to
form anchor cell columns, which are responsible for attaching
the fetus to the uterine wall, or fuse together to form
multinucleated STBs (Genbacev and Miller, 2000). This is due
to the further invasiveness of CTBs at the distal end of the cell
column where EVTs are formed. These EVTs invade the uterine
spiral arteries and convert these blood vessels into a low-
resistance state that can transport a large volume of blood to
the villus space (Pijnenborg et al., 2006), allowing nutrition,
oxygen, maternal-fetal signaling molecules, and drugs to be
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FIGURE 1 | Diagram of material exchange between mother and fetus.

transported by STB (Figure 1). CTBs fail to deeply invade the
uterine wall, causing shallow placentation and incomplete
remodeling of the spiral arteries. Inadequate spiral arteriolar
remodeling induces insufficient placental perfusion, leading to
placental ischemia and maternal syndrome of PE and FGR.

PE and FGR have similar pathophysiological processes and
pathogenic factors; both involve uterine placental hypoperfusion,
vascular endothelial dysfunction, and abnormal placental
invasion (Tal et al., 2010). In normal pregnancy, after forming
EVT cells, they invade the spiral arteries such that both the
smooth muscle and endothelium of the vessels are eroded
(Jauniaux et al., 2018). The pathophysiological process of
placental dysfunction in PE, FGR (and other major obstetric
syndromes) is mainly abnormal physiological transformation of
the endometrial spiral artery, leading to shallow placental
implantation and reduced placental blood perfusion (Brosens
et al., 2011). PE is a systemic vascular disease, and the basic
pathological changes include systemic arteriole spasm, vascular
endothelial cell damage, and peroxidative remodeling. Among
these, vascular endothelial cell damage can explain various
clinical manifestations of the mother, such as hypertension,
proteinuria, and edema. One of the main mechanisms
underlying the pathophysiology of PE is that placental factors
cause maternal vascular endothelial dysfunction, and an increase
in placental anti-angiogenic factors is a crucial part of the
pathogenesis. Compared with healthy pregnant women,
patients with PE have less angiogenesis in the placenta, and
the corresponding placental perfusion is reduced, which is
consistent with the severity of hypertension (Brosens et al,
2011). At present, there are differing opinions on the
pathogenesis of PE. It is generally believed that the PE is
caused by a combination of placental, immune, inflammatory,
and genetic factors, individually or simultaneously. Despite
breakthroughs in our understanding of the etiology of PE, the
pathophysiology that triggers the disease remains unclear. Most
researchers consider PE to be a two-stage development process, a
theory first proposed by Redman (Redman, 1992). The first stage
(pre-clinical and symptomless) comprises poor placentation,

Nanotechnology for Treating Placenta

which is caused by insufficient invasion of cytotrophoblast
cells. When cytotrophoblast cells cannot invade the uterine
spiral artery normally, the consequence is dysfunctional
perfusion of the placenta with oxidative and hemodynamic
stress. Excessive antiangiogenic and proinflammatory factors
are released into the maternal circulation by the damaged
placenta. The second is the clinical expression of the disease
stage, when placental factors enter the maternal blood circulatory
system, leading to a maternal systemic inflammatory response
and systemic vascular endothelial damage, as well as the
consequences of placental ischemia. The syndrome is mainly
ascribed to diffuse maternal endothelial dysfunction, and the
principal clinical manifestations are hypertension and new
proteinuria. As the placenta is a unique organ during
pregnancy, many pregnancy complications are related to
placental structure and dysfunction.

The most common pathological change in FGR is damage to
the placental villi. Failure to transform the branches of the
placental spiral artery restricts the flow of maternal blood to
the villus space, and continuous ischemic and perfusion damages
the developing placental villi. Compared with normal pregnancy,
the volume and surface area of the fetal FGR placenta decreases
significantly, placental thickness increases, the blood vessels in
the villi decrease or disappear, the lumen narrows or even
becomes occluded, and the percentage of villi, capillaries, and
surface area of the villi are all reduced (Erlandsson et al., 2021).
Through experiments in guinea pigs, Canas et al. found that FGR
is associated with a heterogeneous pro-constrictive vascular
remodeling that sets in during pathologic pregnancy to sustain
fetal blood redistribution (Canas et al., 2017). Therefore, FGR not
only increases the risk of intrauterine death and related diseases
but also affects the growth rate and incidence of cardiovascular
disease after birth. In short, the morphology of the FGR placenta
is grossly abnormal. This is prominently manifested as the
reduction of the surface area and volume of the villi blood
vessels, resulting in insufficient placental blood flow, reduced
material exchange area, placental hypoxia, malnutrition, and
pathological changes around the villi This results in
compression of normal placental tissues, further exacerbating
the condition. Abnormal placental morphology eventually leads
to placental dysfunction, which adversely affects the fetus in the
perinatal period and poses hidden dangers to the health of the
fetus after birth.

Studies have found that hypoxia and/or ischemia-reperfusion
causes the release of free radicals and inflammatory
mediators. This causes cellular stress in STB cells
(placental epithelium), resulting in excessive release of
numerous factors, leading to exaggerated inflammation,
endothelial cell proliferation, and survival defects (Powe
et al.,, 2011). Studies have found that the balance between
soluble fms-like tyrosine kinase 1 (sFltl) and PIGF is of
particular clinical importance (Burton et al., 2019; Ives
et al.,, 2020). Excess release of sFltl and sENG isolate
circulating PIGF and vascular endothelial growth factor
(VEGF), thus reducing their bioavailability and
subsequently the maternal plasma concentration of these

hormones (Cindrova-Davies et al., 2011). This article

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

44

March 2022 | Volume 10 | Article 845779


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

Jiang et al.

Nanotechnology for Treating Placenta

Fetal circulation

Myometrium—

Placental septum

Cytotrophoblastic shell

FIGURE 2 | Schematic drawing of a transverse section through a full-term placenta.

Umbilical vein

Stump of main stem villus

ntervillous space

Amnion
— Smooth chorion
Decidua parietalis

——Endometrial arteries Maternal

circulation

|

reviews the pathophysiology of PE and FGR, and proposes
several possible therapeutic targets for the treatment of
placental dysfunction.

OVERVIEW OF CLINICAL THERAPIES

Currently, there is no effective clinical therapy for placental
conditions resulting in FGR or PE. Physicians often only
administer symptomatic treatment or counsel the patient for
early induction with premature delivery based on fetal or
maternal conditions, which results in a high cost of neonatal
intensive care and poor perinatal outcomes (Carr et al., 2017;
Morton et al., 2017). Owing to an incomplete understanding of
the underlying mechanisms of placental dysfunction in FGR and
PE, therapeutic advances have been partially impaired. Current
pharmacological treatments have significant similarities between
PE and FGR, such as fetal monitoring, perinatal blood pressure
control and monitoring, prenatal aspirin therapy, betamethasone
for patients aged <34 weeks to mature fetal lung, parenteral
magnesium sulfate to protect the brain tissue, preconception
counseling, and careful follow-up of postpartum blood
pressure. Timely pregnancy termination remains the only
definitive treatment. (ACOG, 2013; ACOG, 2019)

PLACENTAL DEVELOPMENT

The placenta is an important, complex, and special organ between
the mother and fetus. It is a critical organ for material exchange,
nutrient metabolism, hormone secretion, and protection of the
fetus from invasion by microorganisms. The placenta is
indispensable for maintaining the normal processes of
pregnancy and fetal development. It is composed of the fetal

part (villous chorion) and maternal part (decidua), as shown in
Figure 2. During pregnancy, the number of villi in contact
with the decidua basalis increases rapidly, branching
repeatedly, and is called the villous chorion. The placenta
is divided by the decidua basalis into independent functional
vascular units called cotyledons, which are villous tree-like
structures consisting of villous stroma, fetal capillary
endothelium, and trophoblast layer. The trophoblast layer
is composed of syncytiotrophoblasts, which are derived from
the bottom layer of replicating monocytes, called
cytotrophoblasts. The trophoblast serves as the placental
barrier and is located in the outer layer of the villus tree,
which is immersed in maternal blood. As gestation
progresses, the number of cytotrophoblasts decreases,
resulting in a thinner layer near the end of term.

Approximately 5days after conception, the embryo is
called a blastocyst and contains 50-100 cells. As the
blastocyst invades deep into the parenchyma layer of the
endometrium, reestablishment of imprinting is underway.
Trophoblasts are the outermost cell type of the placenta
and are directly exposed to the maternal environment
before and after implantation. Precursor monocyte
trophoblast cells fuse to form multinucleated syncytial
trophoblast cells or acquire a migrating phenotype to
become EVTs.

Interactions between the blastocyst and uterine cells trigger
the expression of numerous genes in the trophectoderm
(Aplin and Ruane, 2017; Ruane et al, 2017) and initiate
the development of primary invasive syncytial masses. A
cytotrophoblast layer appears on the trophoblast plate.
Placental villi appear on day 18 after conception. At this
stage, several mononuclear trophoblasts escape from the
placenta and begin to invade the maternal interstitium
(Figure 3).
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FIGURE 3| Schematic diagram of the human placental implantation site.

The placenta is in the lower part of the picture, Located in the villi space above
the uterine wall, and adjacent to a uterine spiral artery. The maternal blood first
immersed in the ST layer, and directly below the ST layer is the CTB layer.

The blood flows to the fetus through the umbilical cord (see gray arrow). iEVTs
are depicted breaking through the CS and invading through the decidua.
iEVTs, Invasive interstitial extravillous cytotrophoblasts; ST,
Syncytiotrophoblast; CTB, cytotrophoblast; CC, cell column; CS,
cytotrophoblast shell; DC, decidual cell; FV, fetal vasculature.

In addition to being affected by the development of the
placenta itself, circulating maternal substances may also have
an impact on placental development. Nutritional ingredients
can be transported by trophoblasts to the coelomic cavity and
then to the yolk sac. The yolk sac, in turn, transports the
metabolism to the embryonic intestine. This pathway is the
main nutritional pathway before the formation of
placental hemoglobin interface at 11 weeks. However, the
specific mechanism of fetal growth defects caused by the lack
of histotrophic support for the embryo remains to be
explored.

POTENTIAL DELIVERY TARGETS

The placenta plays several key roles, including, but not limited to,
the delivery of oxygen and nutrients to the fetus and the
production of hormones and signals needed to support
pregnancy (Lager and Powell, 2012; Napso et al, 2018). The
characteristics of placental microvascular endothelial cells are
similar to those of trophoblast cells (Troja et al, 2014). This
similarity makes cell specificity particularly important, effectively
avoiding the off-target effects of nanotherapy or other clinical
treatments. Some studies have identified PLAC1 and CyP19a as
genes with trophoblast-specific promoters (Rawn and Cross,
2008; Fant et al., 2010). They found that nanoparticles loaded
with insulin-like growth factor 1 (IGF-1) molecules could
effectively target human trophoblast cell lines. Nanoparticles
are nanosized materials (diameter between 1 and 100 nm) that
can load multiple drugs or agents. Because of their high surface-
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area-to-volume ratio and other properties, they can achieve high
targeted drug or agent densities. Nanoparticles can also carry the
drug within and controlled-release to increase the local drug
concentration when tied to the targets. Nanoparticles are divided
into different types based on structural differences, including
polymeric nanocarriers, polymer conjugates, dendrimers, carbon
nanotubes, gold nanocarriers, and lipid-based carriers, such as
liposomes and micelles (Figure 4).

These nanoparticles have been used in various applications
such as targeted drug delivery, imaging, apoptosis detection,
tumor photothermal ablation, and sentinel lymph node
localization. Due to the specificity of pregnancy, the
application of nanomaterials is strictly limited. In addition to
the types of materials, the size of nanomaterials also needs to be
carefully designed because the size greatly affects their clearance,
cellular uptake, and blood circulation time. For example,
nanoparticles >5nm in size can be quickly cleared by the
kidneys. However, nanoparticles between 10 and 100 nm stay
longer in circulation and exhibit higher cellular uptake. The type
of surface charge also affects nanoparticle absorption (Nel et al.,
2009; Blanco et al., 2015). Opsonization can enhance the
recognition of NPs by the mononuclear phagocytic system,
thereby promoting their uptake in the liver rather than
reaching the expected target location. Therefore, to deliver
therapeutic agents to targeted placental sites, it is necessary to
control the hepatic clearance rate of nanomedicines to develop
targeted therapies for the treatment of obstetric complications.
Stealth agents, such as polyethylene glycol, can be used to
encapsulate nanoparticles to prevent them from binding to
blood proteins and have been shown to extend their blood
circulation time (Gref et al., 1994; Suk et al., 2016). The safety
and distribution of nanoparticles in the placenta are the main
problems associated with the clinical use of nanomedicine in
pregnancy-related diseases. The lack of knowledge on the
transplacental pathways, targeting mechanisms, and their
interaction with the placental membranes of NPs further
limits the implementation of nanodrugs during pregnancy. In
addition, the characteristics of nanoparticles targeting the
placenta are not only affected by the physicochemical
properties of nanoparticles but also depend on placental
maturation and gestational age (Yang et al,, 2012). A complete
understanding of the placental characteristics facilitates the
design of highly targeted nanomaterials and is conducive to
the treatment of pregnancy-related diseases. Furthermore,
because placental properties vary with pathological conditions,
it is necessary to carefully assess the impact of these conditions
(Saunders, 2009; Dimasuay et al., 2016). The tunability of
nanomedicine has great potential to overcome biological
obstacles in targeted drug delivery systems and for the clinical
development of nanomedicine to treat maternal and perinatal
complications.

Placental pathological conditions affect the interaction
between the placenta and nanoparticles and alter gestational
age (Mihaly and Morgan, 1983; Wang et al, 2010). Wang
(Wang et al., 2010) examined the uptake of drugs at different
gestational weeks and found that 63Ni uptake, retention, and
transport in the placenta showed a dose-dependent increase. In
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FIGURE 4 | The biophysiochemical properties of nanomaterials for drug delivery in placental dysfunction.

another study, McIntyre et al. assessed the effects of pathology on
the delivery of important amino acids through the placenta and
showed reduced delivery of glutamate and glutamine through the
placenta in FGR models (McIntyre et al., 2020). As the delivery is
limited, the influence of gestational age on nanoparticle targeting
efficiency to placenta needs to be further discussed in the future.
Since the placenta is immersed in the maternal blood, its main
function is to absorb and exchange substances and is thus
considered an excellent therapeutic target for dysfunctional
placenta treatment. To achieve this specificity, the factors that
influence the binding of particles to the placenta need to be
recognized and studied. The physicochemical properties of the
drug determine its rate of transfer across the placenta, including
polarity, molecular weight, size, and lipid solubility (Syme et al.,
2004; Evseenko et al, 2006). Most small-molecule drugs
(<600 Da) pass through the placenta, mainly via passive
diffusion, and are hence subject to placental blood perfusion.
Some large proteins such as transthyretin and IgG tend to interact
with specific receptors of the syncytial membrane and can be
transcytosed across trophoblastic cells into the fetal part (Malek
et al, 1995). Contrarily, micromolecules such as nanoparticles
typically enter the placenta via other mechanisms, predominantly
pinocytosis/endocytosis and phagocytosis (Hillaireau and
Couvreur, 2009). Nanoparticles and other macromolecules are
absorbed into the placenta, mainly via endocytosis, pinocytosis,
and phagocytosis (Conner and Schmid, 2003). However, few
studies have been published on the topic of nanoparticles
crossing the placenta, and we do not yet fully understand the

transplacental absorption and exchange mechanisms of all
nanoparticles. Some studies have shown that trophoblasts can
absorb  polymeric nanoparticles via dynamin-mediated
endocytosis. This result supports the ability of NPs to enter
the placenta through endocytosis (Bajoria and Contractor,
1997; Menezes et al., 2011).

Systemic small-molecule therapy lacks specificity to the
pathological site and can pass through the placenta and reach
the fetus, causing adverse effects (Syme et al., 2004). For example,
indomethacin is one of the most commonly used tocolytic agents
in the clinical treatment of preterm birth because it can easily
enter fetal circulation and can also cause side effects, such as
intraventricular hemorrhage (Hammers et al., 2015), constriction
of the fetal ductus arteriosus (Vermillion et al., 1997; Suarez et al.,
2002), and necrotizing enterocolitis (Major et al., 1994; Sood et al.
, 2011). Targeted delivery aimed at disease-associated cells in the
placenta can now open new avenues for developing targeted
therapies to address perinatal health. The application of
nanotechnology can ensure the delivery of therapeutic drugs
to specific cells, thereby preventing harmful side effects in the
mother or fetus. Because NPs can be modified to target specific
cell populations, nanoloaded drugs can optimize their
biodistribution, thereby reducing their side effects. In
conclusion, it is vital to select specific targets based on their
unique placental structure.

Studies have compared the difference between placental
development and cancer, suggesting that the establishment of
the placenta may represent controlled cancer (Fidler, 2003;

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

47

March 2022 | Volume 10 | Article 845779


http://dict.youdao.com/w/eng/tocolytic_agent/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Jiang et al.

Ferretti et al., 2007; Holtan et al., 2009). Evidence suggests that
placental development is similar to genetic and epigenetic
regulation of cancer (Lorincz and Schiibeler, 2017; Smith
et al, 2017). In tumors, p32 has been identified as the main
cell surface receptor for the peptide CGKRK (Fogal et al., 2008;
Agemy et al, 2013); the same molecule has been shown to be
highly expressed in the STB, underlying CTB, vascular
endothelium, and villous stroma in the first trimester and
term placenta. The expression of p32 was significantly reduced
in FGR placentas, suggesting that p32 is important for the
proliferation of CTB, as well as the process of FGR (Matos
et al, 2014). Calreticulin, a calcium-binding protein in the
endoplasmic reticulum (Waisman et al, 1985), plays a
significant role in the proliferation, migration, and
extracellular matrix degradation of cancer cells (Chiang et al,
2013). The same Calreticulin is overexpressed in PE placental
tissues (Shi et al., 2012) and can selectively bind to the synthetic
peptide KLGFFKR (Burns et al., 1994). a, integrins are
receptors for the homing sequence of iRGD in tumor cells
(Sugahara et al,, 2009), and act as adhesion molecules to
mediate cell signaling and extracellular matrix attachment.
The a, integrin is continuously expressed in the mouse
placenta throughout pregnancy (Sutherland et al, 1993).
Studies have found that integrin a,b; is expressed on the
surface of the human placenta (Vanderpuye et al., 1991; Zhou
et al., 1997). King et al. further developed nanoparticles
packaged with FAM-iRGD, which could selectively deliver
insulin-like growth factor 2 (IGF-2) to the mouse placenta in
a mouse model of FGR. In summary, specific and highly
expressed proteins or ligands in the placenta have the
potential to be targets for the development of new drugs to
treat placental dysfunctions.

NANOPARTICLES

Nanomedicine is the application of nanotechnology for the
treatment, prevention, monitoring, and control of biological
diseases, and has been widely applied in the field of oncology
(Peer et al., 2007). The clinical therapeutic effect of nanomaterials
also requires precise targets (receptors and/or cells), which can be
specifically identified by nanoparticles and are suitable for the
delivery system to improve the efficacy of the original drug and
minimize side effects. Some of these precise targets include
proteins, macrophages, dendritic cells, endothelial cells, and
tumor cells (Table 2). When NPs contact and break down
their targets, the drug is released to assert its therapeutic
function. There are many types of nanomaterials and
nanocarriers used for drug transfer with the aim of treating
diseases, including liposomes, dendrimers, micelles, polymeric
micelles, polymeric nanoparticles, and metallic nanoparticles
(Adekiya et al, 2020; Pritchard et al, 2021). In summary,
nanomaterials may provide novel treatment options for
obstetric medical conditions. A few of these are discussed in
the following section, focusing mainly on the three types of
nanoparticles applied in the fields of obstetrics and gynecology
(Figure 4).
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Liposomes
Liposomal nanoparticles are a subgroup of lipid-based

nanoparticles, which are spherical organic engineered vesicles
whose central aqueous core is surrounded by a lipid bilayer and
can effectively encapsulate macromolecules as well as DNA and
siRNA inside the aqueous cores or in lipid membranes, similar to
cell membranes. This means that liposomes have better drug
distribution and lower systemic toxicity (Park, 2002). These
properties make them the most versatile nanocarriers
(Bamrungsap al, 2012; Majzoub and Ewert, 2016;
Zylberberg and Matosevic, 2016). Nanoparticles are usually
composed of phospholipids and can form unilamellar and
multilamellar liposome structures, allowing the transport and
delivery of lipophilic, hydrophilic, and hydrophobic drugs and
can expand their use by capturing lipophilic and hydrophilic
compounds in the same system (Sarfraz et al, 2018). Their
stability in vivo and in vitro can be altered during the
synthesis process according to their potential application,
which is affected by the nanoparticle size, lipid composition,
surface modification, surface charge, and number of lamellae
(Sercombe et al., 2015; Fenton et al., 2018; Sedighi et al., 2019).
Because liposomes can be rapidly absorbed by the
reticuloendothelial system, they are usually surface-modified to
enhance delivery and extend their circulation. By conjugating
with antibodies or peptides to target nanoparticle therapeutic
delivery, it significantly lowers the required therapeutic dose
compared to systemic administration. In addition, this
conjugation also reduces side effects, and increases tissue
targeting  specificity. Such  conjugation has  allowed
nanoparticles to  be used clinically by loading
chemotherapeutic drugs, such as cytarabine and daunorubicin,
in treating cancers (Lowis et al., 2006; Khalin et al., 2014; Fonseca-
Santos et al., 2015).

et

Polymeric Nanoparticles

Polymeric nanoparticles are solid-phase colloidal systems
composed of biocompatible and biodegradable polymers, with
the additional advantage of the ability to load drugs and proteins
without chemical alteration. They can be synthesized from
natural, synthetic materials, monomers, or prefabricated
polymers (Le and Chen, 2018; Zhang et al., 2019; Brown et al.,
2020; He et al., 2020; Zhang et al., 2020), resulting in various
structures and functions; these may include dissolving, wrapping,
encapsulating, or adsorbing drugs into the polymer matrix,
followed by controlled release at the target site. Owing to their
simple formulation parameters, they can be formulated to enable
precise control of multiple nanoparticle features (Volpatti et al.,
2020). These characteristics enable polymeric nanoparticles to
deliver various payloads, including hydrophilic and hydrophobic
compounds, small molecules, and bio-macromolecules, making
polymeric nanoparticles an ideal vehicle for co-delivery
applications (Xu et al, 2013; Afsharzadeh et al, 2018;
Caldorera-Moore et al., 2019; Jose, 2019; Knight et al., 2019;
Strand et al., 2019; Zhang et al., 2020). The most common forms
of polymeric nanoparticles are nanocapsules and nanospheres.
The former is a cavity surrounded by a polymer film or shell, and
the latter is a solid matrix system. Within these two categories,
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TABLE 2 | Characteristics of nanoparticles that would be beneficial in treating
placental dysfunction.

>Targeting ability

> Target to the mother, placenta or fetus selectively

> Reduce risks to the fetus and mother

> Increasing efficacy and/or bioavailability of drugs

> | ower concentration

> Reduce the required dose

> Reduce the potential adverse side effects

> Modified easily according to the intention

> Prevent drug degradation and avoid recognition by the immune systems

> Prolong half-life

> Target delivery of drugs to the placenta

> Encapsulate unstable or insoluble therapeutic agents

> Nanoscale properties

> |Large surface area to volume ratio

> Capable to load, carry and deliver drugs

> Can be modified and designed to delivery drug through a specific route in the
placenta during pregnancy

> Reduce dosing of drugs and limit the adverse side effects that the mother or fetus
is exposed to

nanoparticles are further divided into polymersomes,
dendrimers, and micelles, according to their shapes.
Polymersomes have a structure similar to that of liposomes,
but are usually composed of synthetic polymer amphiphiles,
including poly (lactic acid)-based copolymers, which are
difficult to biodegrade and limit their wide clinical application.
However, some polymers, including polymer-mediated delivery
of chemotherapeutics, are currently used in clinical practice
(Rosen et al, 2003; Sabbatini et al., 2004; Duncan, 2006;
Etrych et al, 2011) and PEGylated interferon (IFN)-a-2a for
hepatitis C (Glue et al., 2000).

Dendrimers

Dendrimers, are morphologically complex three-dimensional
hyperbranched polymers prepared by divergence or
polymerization of branched monomers. Dendrimers consist
of three regions: a core in the center, inner branches
(dendrons), and exterior surface functional groups, each of
which is called a generation (G). In the controlled synthesis
process, different variables (size, molecular weight, and
number of surface groups) gradually increased with
increasing G number. For the most familiar poly
(amidoamine) (PAMAM) dendrimers, the GO type has a
molecular weight and 1.5nm diameter, whereas the G7
type has a mass molecular weight of 116,493 and 8.1 nm
diameter (Esfand and Tomalia, 2001). Active functional
groups enable biomolecules to conjugate to the surface,
whereas drugs and DNA/RNA can be encapsulated in the
interior. Their size, mass, shape, and surface chemistry can be
highly modified and easily customized, making their
pharmacokinetics more predictable and controllable (Lee
et al., 2005). Similar to liposomes, both are rich in cavities
and have a spherical shape with a hydrophobic core and
hydrophilic periphery, making them a unique carrier for
siRNA delivery (Svenson and Tomalia, 2005; Bawarski
et al., 2008). Numerous studies have shown that the active
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functional groups that exist on the exterior of dendrimers can
bind biomolecules or contrast agents to the surface, whereas
drugs can be encapsulated in the interior. However, drugs can
also be loaded onto the external branching surface of
dendrimers, resulting in an extremely high load capacity
(Svenson and Tomalia, 2005). Dendrimers can load many
kinds of substances but are most commonly used to deliver
small molecules and nucleic acids (Xu et al., 2014; Mendes
et al, 2017). Several products based on dendrimers are
currently being tested in clinical trials. These include
theragnostic (therapeutic and diagnostic) agents, molecules
used in transfection, contrast agents, topical gels, and charged
polymers, such as PAMAM and polyethyleneimine (PEI)
(Menjoge et al., 2010a; Kannan et al., 2014; Xu et al,
2014). Although there are currently no dendrimer drugs
available for clinical use, they have great potential for
clinical translation. Specifically, its utilization can target the
delivery of chemotherapeutic drugs, improve the oral route of
administration, and enhance intracellular drug delivery
(Menjoge et al, 2010a; Myc et al, 2010; Najlah and
Demanuele, 2006; Najlah et al., 2007; Wolinsky and
Grinstaff, 2008).

NANOMEDICINE FOR THE TREATMENT OF
PLACENTAL DYSFUNCTION

In nanomedicine, the development of promising NPs for
biomedical applications requires many physical, chemical,
biological, and functional properties. The key factor is size.
The size and conformation of nanoparticles together
determine their trajectory dynamics, which is decisive for
nanodrug formulations. Other factors that should be
considered include the surface charge of the nanoparticles,
encapsulation ability, high drug-loading efficiency, long
circulating half-life, minimal systemic toxicity, selective
localization, high adhesion in the placental environment, and
enhanced internalization and imaging of the placenta through
endocytosis. The sustained and controlled release of drugs is an
important factor for precise targeted drug delivery of nanodrugs.
These characteristics are of great significance for the application
of NPs in the diagnosis and treatment of diseases related to
placental dysfunction. Most of the aforementioned nanodelivery
systems rely on enhanced penetration and retention effects of
targeted drug delivery. However, owing to the lack of knowledge
regarding highly expressed targets and ligands, the application of
nanomedicine in placental dysfunction is limited. In the past few
decades, significant progress has been made in understanding the
pathophysiology of placental dysfunction and its molecular
mechanisms (Table 3). These studies have laid a solid
foundation for nanodrug-targeted therapies. As placental
dysfunction can lead to many pregnancy complications, the
treatment of placental dysfunction can benefit the fetus, thus
improving long-term health (Ganguly et al., 2020) (Figure 5).
Next, we review the therapeutic options for enhancing placental
function, as well as improving the subsequent state of hypoxia
and oxidative stress. We also review targets including
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TABLE 3 | Targeted drug delivery systems and human ex vivo placenta perfusion model to investigate placenta-NP interactions.

Treatment

CSA targeting PEG-PLA
NPs containing siNrf2 and
sisFlt-1

PAMAM dendrimer-SiRNA

Tumor homing peptide
coated liposomes containing
IGF-2

Peptide coated liposomes
containing SE175

PEGylated AuNPs

PEGylated AuNPs;
Carboxylated AuNPs

PEGylated AgNPs;
Carboxylated AgNPs

Fluorescently labeled
nonfunctionalized,
carboxylated or amine-
modified polystyrene beads

Liposome encapsulated
carboxyfluorescein

Putative mode
of action

inhibit the expression of Nrf2 and
sFlt-1 synchronously

significantly decreased sFit1
secretion

selectively deliver IGF-2 to mouse
placenta

significant relaxation of mouse
uterine arteries and human
placental arteries

transplacental transfer of
nanoparticles in perfused human
placenta

different surface modifications
(PEGylated versus carboxylated)
are taken up and cross the
human placental barrier

AgNPs are taken up and cross
the human placenta

the transfer of polystyrene
nanoparticles across the human
placenta

the low molecular-weight,
hydrophilic and polar molecule
carboxyfluorescein has been
determined across the perfused
human term placenta

Test system

(s)

PAH model mice

HTR-8/SVneo; PE model
mice

placenta-specific PO
knockout mice (PO mice)

endothelial nitric oxide
synthase knockout
(eNOS—/-) mice

human placenta

in a static human in vitro
co-culture placenta
model and the dynamic
human ex vivo placental
perfusion model

in the human ex vivo
placenta perfusion
model

human placenta

human term placenta

Dosing regime

1 mg/kg in T-NPsiNrf2 &
sisFTL1 group; 2 mg/kg
in T-NPsiNrf2 and

T-NPsisFTL1 groups; IV

0.3 mg/kg sFit1 siRNA at
an N/P ratio of 10:1; IV

~ 0.3 mg/kg; IV

0.44 mg/kg; IV

2.0 x 10%-7.9x10"
NPs/ml

25 pg/ml

PEGylated AgNPs
(2-15 nm; 40 pg/ml) &
carboxylated AgNPs

25 pg/ml

20nM

Main outcomes
of treatment
(compared to

appropriate control)

Decreased circulating Nrf2
and sFlt-1 in vivo, and
improved pregnancy
outcomes

Decreased circulating sFit-
1 in vivo, and improved
pregnancy outcomes

Increased mean placental
weight and improved fetal
weight distribution in
healthy and FGR mice
respectively

Increased fetal weight and
improved placental
efficiency

AuNPs detected in
placental tissue; mainly ST
and CT layer, not in
endothelium of fetal
capillaries

AuNPs mostly found
attached to/in the outer ST
layer; PEGylated AuNPs
penetrated deeper into the
tissue

Mass concentration of Ag
fraction that accumulated
in the placenta

Fluorescent amine-
modified particles found in
the ST and the villous
mesenchyme

Small (15.2 + 1.6%)

Large (3.0 = 0.4%)
Multilamellar (1.3 + 0.3%) of
initial dose

References

Li et al., (2020a)

Yu et al., (2017)

King and Ndifon,
(2016)

Cureton et al.,
(2017)

Myllynen et al.,
(2008)

Aengenheister
et al.,, (2018)

Vidmar et al.,
(2018)

Grafmueller et al.,
(2015)

Bajoria and
Contractor,
(1997)

trophoblasts, placental-specific affinity peptides, and placental
growth factor pathways, and targeting placental delivery of
miRNA, DNA, mRNA, and siRNA therapies.

Targeting affinity-based peptides was initially applied in the
treatment of tumors to deliver therapeutic agents to tumors and
related vascular systems (Ruoslahti et al., 2010). As stated in the
study, some cell surface antigens are expressed in tumors but
absent from healthy tissues. These antigens can bind to
circulating ligands, including antibodies and peptides.
Therefore, the injection of ligands to which drugs or genes are
attached can target the therapeutic agent to be delivered to
tumors rather than to normal cells. As previously discussed,
placenta and solid tumors have many commonalities, such as
rapid cell proliferation, production of growth factors and

cytokines, and evasion of immune surveillance. Furthermore,
the migration and invasion of placental trophoblast cells in the
uterine spiral artery are similar to the invasion and metastasis of
cancer cells.

Therefore, to provide a method for drug/gene-specific delivery
to the placenta, King and Ndifon, (2016) linked the tumor-
homing peptide sequence CGKRK or iRGD to the antigen
specifically expressed on the surface of the placenta and bound
it to the liposome; specifically, an immunochemistry assay
revealed that the peptides could selectively target the segments
of endovascular trophoblast lining remodeled arteries and the
endothelium of established spiral arteries. The CGKRK-coated
peptide also accumulated in the STB layer, but not in the CTB
layer, during early gestation and in term human placental
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FIGURE 5 | Schematic illustration demonstrating placental targeted drug delivery and nanoparticles applied in pregnancy. Nanoparticle mediated controlled drug
and gene delivery specifically targeted to placenta may provide novel avenues for treating placental dysfunction without potential side effects.

explants. In addition, it was found that the tumor-homing
peptides CGKRK and iRGD could selectively bind to the
human and mouse placenta and did not affect the normal
development of the fetus. Liposome nanoparticles coated with
these tumor-homing peptides were used as placental targeting
ligands and accumulated in the mouse placenta after intravenous
injection in pregnant mice. iRGD-coated nanoparticles delivered
IGF-2 to the mouse placenta, significantly promoting placental
growth in healthy wild-type mice. The average weights of FGR
model PO fetuses is 69% of wild-type birth weight in late gestation
(Constancia et al., 2002). Targeted delivery of IGF-2 liposomes
effectively increased fetal weight of PO fetuses (83% wild-type
weight), demonstrating the effectiveness of targeted delivery of
drugs to the placenta and providing a new method of placental-
specific treatment.

Subsequently, the same team further studied another targeting
peptide, CNKGLRNK, which specifically binds the vasodilator 2-
[[4-[(nitrox)methyl]benzoyl] thio]-benzoic acid methyl ester
(SE175) to the placental tissue, as mentioned above. Nitric
oxide is packaged to act as a vasodilator and enhance uterine
placental perfusion. In vitro studies have shown that myography
can relax placental blood vessels in both mice and humans. In
in vivo studies, intravenous injection of liposomes coated with
CNKGLRNK peptide to which the vasodilator SE175 was
attached neither promoted placental nor increased fetal weight
growth in healthy wild-type mice; however, in a mouse model
(nitric oxide synthase knockout mice-eNOS—/-) of FGR, fetuses

had a mean weight 13% lower than that of C57BL/6] mice;
targeted delivery of SE175 increased mean fetal weight (4%)
compared with the control group. In addition to weight gain,
the team also found that spiral artery diameter was larger, and the
expressions of placental oxidative stress markers, COX-1, COX-2,
and 4-hydroxynonenal, were reduced in the placenta (Cureton
etal., 2017). Another study (Cureton et al., 2017) showed that the
use of specific vascular-targeting peptides to selectively deliver
vasodilators to the uterine placental vasculature may provide a
promising treatment for FGR caused by impaired uterine
placental perfusion.

Other studies have found that microRNAs (miRNAs) affect
the growth of the human placenta and fetus (Kang et al., 2015),
and that the expression of miRNAs changes in pregnancy
complications, including PE and FGR. Therefore, Beards
et al. (2017) used a similar peptide-based strategy to study
whether targeted placental delivery of miR-675 or miR-145
inhibitor conjugates can relieve these respective miRNA
inhibitory effects on the proliferation of the human CTB
layer in vitro and the growth of the mouse placenta.
Therefore, liposomes coated with the peptide CCGKRK were
linked to miR-675 or miR-145 inhibitor peptide nucleic acid
(PNA) conjugates and injected intravenously into mice or added
to human villous placental explants during the first trimester or
term pregnancy. Compared with the control group, pregnant
mice injected with miR-675 inhibitor or miR-145 inhibitor PNA
had increased fetal and placental weights and significantly
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increased proliferation of CTB, but neither the experimental
group nor the control group exerted any effect on litter size or
fetal absorption.

These studies have successfully exploited several placental
homing peptide-packaged nanoparticles that provide a novel
platform as potential therapeutic targets for placental
dysfunction. In addition, researchers have also found that
other peptides, such as the placental chondroitin sulfate A
binding peptide (pICSA) packaged with nanoparticles, can
selectively target the trophoblast layer (Zhang et al., 2019).
Zhang et al. (2018) showed that pICSA nanoparticles
specifically bound to trophoblast cells in mouse and human
placental tissue in vitro, but not to the fetus, maternal,
placental junctional zone, or decidua tissues. Additionally,
pICSA NPs were injected intravenously into mice from 6.5 to
14.5 days of pregnancy, and it was found that pICSA NPs
containing methotrexate significantly inhibited placental
growth and induced apoptosis in the placenta but did not
have side effects in maternal tissues. In the control group,
animals treated with MTX alone showed severe damage to
their maternal tissues, especially the liver and kidneys. In
summary, these studies indicated that NPs decorated with a
pICSA-binding peptide can be used as a novel placenta-
specific therapeutic delivery platform.

Other promising approaches to enhance placental function
based on peptide homing include DNA, mRNA, and siRNA
therapies to correct the expression of genes that are important
in the development of the placenta. IGF1 and IGF2 are critical for
achieving appropriate development of the fetal placenta and fetus
throughout gestation. Thus, they have been considered as
potential targets for intrauterine growth restriction (FGR),
which has been a source of interest for many researchers.
Jones et al. (2013) demonstrated that overexpression of IGF1
in the placenta improves placental glucose transport in a model of
human trophoblasts, thus correcting fetal weight deficits in a
mouse model of FGR, and further elaborated the underlying
mechanisms of the above effect by enhancing the expression of
amino acid transporters (Jones et al, 2014). Abd Ellah et al.
(2015) subsequently used a nanostructure delivery system,
diblock copolymer (pHPMA-b-pDMAEMA), conjugated with
the IGF-1 gene and trophoblast-specific gene promoters of
Cypl19a or PLACI in a mouse model of FGR and trophoblast
cell lines. They found that the offspring weights of experimental
group had 20% higher than those in the control group, indicating
that the complexes were effective in rescuing fetal growth in a
mouse model of the FGR phenotype and significantly increased
the expression of placental IGF-1, compared to the same
complexes with empty plasmids that do not encode IGF-1.
Moreover, Wilson et al. (2020) showed that nanoparticles
complexed with IGF-1 and PLAC1 promoters maintained
normal fetal growth in an FGR mouse model and in the
human placental syncytium. However, it remains to be
determined whether it is possible to achieve placental targeting
of IGF-1 through the peripheral administration of placental
homing peptide-decorated nanoparticles.

As described previously, in most cases of PE and FGR caused
by placental dysfunction, the main pathophysiological process is
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abnormal invasion of the placenta into the uterine wall, which can
lead to poor placental perfusion and subsequent hypoxia.
Hypoxia in the placenta is assumed to cause STB stress, thus
reducing nutrient transport, which, in turn, is a source of
antiangiogenic factors for the fetus, such as sFltl. sFltl is an
angiogenesis-related factor and current studies have confirmed
that it is a clinically specific biomarker for the prevention and
diagnosis of PE. Gene therapy has shown great potential in
placental dysfunction as demonstrated by Turanov et al. who
showed that siRNAs-sFlt1 could effectively reduce circulating and
placental levels of sFItl. This led to alleviation of clinical
symptoms, and improvement in pregnancy outcomes in a
pregnant mouse model and baboon model of PE, respectively.
Gene therapy combined with nanotechnology to regulate sFlt1
expression has been explored as a promising treatment for PE. Yu
et al. (2017) found that siRNA-sFlt1-PAMAM dendrimer
complexes significantly reduced the secretion of sFltl, greatly
attenuated the symptoms of PE, and improved pregnancy
outcomes in a PE mouse model.

Because nanoparticles targeting CSA can specifically deliver
drugs to the placenta, Li et al. (2020b) generated carboxyl-
polyethylene glycol-poly (D, L-lactide; PEG-PLA) NPs, a new
siRNA delivery system, using double-emulsion methods. They
complexed placental CSA binding peptide (P-CSA-BP) and PEG-
PLA nanoparticles to create a novel delivery system of siRNA-
sFltl that can specifically target trophoblasts. Their results
illustrated a significant decrease in sFltl mRNA in the
placenta and sFlt1 protein in the serum without any maternal
or fetal toxic effects on the utility of T-NPsisFlt] nanoparticles.
The same research group used placenta-targeted PEG-PLA NPs
(T-NPNrf2, T-NPNrf2, and sFlitl) to simultaneously
downregulate both Nrf2 and sFltl in the placenta, and their
results showed that inactivation of sFlt1 and Nrf2 alleviated the
symptoms of PE and improved pregnancy outcomes. These
results suggest that inactivation of sFltl and Nrf2 may provide
a new therapeutic strategy for PE (Li et al., 2020a).

siRNA by themselves are usually unstable in the bloodstream,
thus limited in their ability to reach target tissues and cells.
However, when encapsulated by nanoparticles, siRNA complexes
have better stability and are easily internalized by the CTB, which
minimizes potential side effects to the mother and fetus. Valero
et al. (2017) previously confirmed using two ex vivo human
models, a dual-perfused placenta and suspended villous
explants that their liposomes exhibit great potential for the
delivery of placental drugs. This was attributed to the fact that
they were able to target delivery to the placenta without
interfering with fetal circulation. They then applied three
different charged states to liposomal formulations to deliver
negatively charged siRNA, and the results showed that siRNA
complexes were more biocompatible and better internalized by
human primary villous CTBs, with a minimized toxicity effect
(Valero et al,, 2018). Their work highlights that liposome were
designed to be used in conjunction with siRNAs and could
provide a novel and promising approach to gene therapy in
pregnant patients with placental dysfunction-related diseases.

Chronic placental dysfunction also leads to a state of oxidative
stress, and accumulating evidence suggests that developing
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embryos are extremely sensitive to reactive oxygen species (ROS)
and oxidative stress during the organogenesis stage. Vafaei-Pour
et al. (2018) found protective effects of ceria nanoparticles,
showing that the treatment of nanoceria significantly inhibited
oxidative stress and pathological changes in embryos. Therefore,
systematic administration of antioxidant therapy can attenuate
pregnancy complications. Phillips and Scott, (2017) investigated
the maternal injection of a non-targeted c-PGA-Phe polymeric
nanoparticle-bound antioxidant mitochondrial antioxidant
(MitoQ) in vitro and in vivo. In a hypoxic pregnant rat model,
exposure to hypoxia resulted in decreased birth weight. MitoQ
combined with nanoparticles (concentrated in the CTB) rescued
60% of the deficit and reduced oxidative stress in the placenta but did
not affect the weight of the placenta or fetus. More importantly,
nanoparticle complexes were not detected in fetal thoracic, abdominal,
or brain tissues. These results demonstrate that antioxidant therapy is
a promising candidate for the treatment of placental dysfunction.
Targeted delivery of hemoglobin (Hb) via liposomes (hemoglobin
vesicles) was also developed as an artificial oxygen carrier for the
treatment of fetal hypoxia, and using a model of pregnant rats, they
found that there were no adverse effects on fetal development and the
pregnant mother, but studies have found that there is the deposition of
liposomes in the fetus. This safety study of Hb vesicles during
pregnancy may contribute to a novel clinical treatment for
placental dysfunction caused by fetal hypoxia. However, the
possible clinical effects of liposome deposition require further
investigation.

Infection is also one of the causative factors of FGR. Genital
infections, both bacterial and viral infections, required urgent
treatment during pregnancy. A study evaluated the transplacental
kinetics biodistribution and transfer of PAMAM dendrimers and
conjugates ex vivo across the human placenta model and found
that the maternal side placental perfusate was 18-fold higher than
the fetal side, indicating that the PAMAM dendrimers exhibited a
low transplacental rate (Menjoge et al., 2011). Another study used
an ex vivo model to evaluate the same PAMAM dendrimers for
intravaginal application to treat the ascending genital infections
in pregnant women. The results showed that the dendrimers
exhibited a low transplacental rate (<3%) compared with almost
50% in the control group (Menjoge et al., 2010b). These results
demonstrate that the use of dendrimers in combination with
drugs can effectively prevent them from crossing human fetal
membranes when administered intravaginally, and thus may
provide a new way to selectively deliver therapeutic drugs to
the mother, thereby reducing fetal exposure risks. Collectively,
the studies outlined above clearly demonstrate the opportunity to
exploit novel targeting NPs to deliver therapeutics to the placenta
and provide platforms for the development of placenta-specific
therapeutics, including gene delivery.

DISCUSSION

As discussed in this review, nanotechnology presents an exciting
opportunity to improve many aspects of our lives and is believed
to hold immense potential for treating placental dysfunction,
reducing the risks to the mother and fetus. There is an urgent

Nanotechnology for Treating Placenta

need for novel treatments of placental dysfunction-related
diseases. Nanoparticles targeted to the placenta may offer
noninvasive options for treating placental dysfunction-related
diseases, such as PE and FGR. Specifically, the targeted delivery of
therapeutic molecules to the dysfunctional placenta may provide
opportunities to treat serious obstetric complications. This review
highlights the application of nanotechnology, and the advances and
safety concerns of nanomedicine therapy for maternal and fetal health
in the phenotype of placental dysfunction. However, it is essential that
any associated risks be fully assessed before the field develops too far.
Fundamental to developing a comprehensive understanding of the
risks of nanoparticles in this area is the evaluation of interaction of NPs
with biological barriers, which dictate access to the whole organism
and specific organs. Recent advances in targeted delivery strategies
have stimulated our interest and broadened our horizons. Hence, our
research team aimed to prepare nanodrugs specifically targeting the
placenta to provide potential treatments for placental dysfunction.

In summary, the following scientific issues must be resolved in
the field of nanoparticle research: 1) Optimal nanoparticle design.
To achieve their diagnostic and therapeutic functions,
nanoparticles must first be able to break through the
physiological and cellular barriers; therefore, they must reach
the target tissue and cells at a certain concentration, thus
improving the therapeutic effect and reducing side effects on
the mother and fetus. Achieving this targeted delivery process
through the optimization and innovative structural design of
nanoparticles and further increasing the cumulative dose in the
placenta are important challenges for future research. 2)
Nanoparticles have a complex relationship between structure
and function. In addition, they may come in different material
characteristics (size, shape, charge, and composition), and may
exhibit different physiological environments, that may present
different toxicological results in diseases. Thus, it is difficult to
approve nanoformulations. To promote the application of NPs,
the safety and effectiveness of clinical requirements must be
coordinated with the complexity of NPs to promote the
development of standard methods for the characterization and
preparation of nanomaterials.
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Ginsenosides are the principal bioactive compounds of ginseng. Total ginsenosides (GS)
contain a variety of saponin monomers, which have potent anti-photoaging activity and
improve the skin barrier function. To enhance the efficiency of GS transdermal absorption,
GS liposomes (GSLs) and GS niosomes (GSNs) were formulated as delivery vehicles.
Based on the clarified and optimized formulation process, GSL and GSN were prepared.
The structure, cumulative transmittance, skin retention, total transmittance, and bioactivity
of GSLs and GSNs were characterized. GSL and GSN were shown to inhibit lipid
peroxidation and increase the contents of superoxide dismutase (SOD) and glutathione
peroxidase (GSH-Px) in human keratinocytes (HaCaTs). In addition, HaCAT cell migration,
proliferation, and GS cellular uptake were significantly increased. The therapeutic effects of
GSL and GSN were also evaluated in a rat model of photoaging. Histopathological
changes were assessed in rat skin treated with GSL, GSN, or GS by
hematoxylin—eosin (H&E) and aldehyde fuchsine staining. Malondialdehyde (MDA),
SOD, GSH-Px, matrix metalloproteinases (MMPs), interleukin-6 (IL-6), interleukin-1p (IL-
1), and tumor necrosis factor-a (TNF-a) expression levels were determined. Results
indicated that the optimal formulation of GSL used soybean lecithin (SPC) as the
phosphoalipid, with a lipid—drug ratio of 1:0.4 and a phospholipid—cholesterol ratio of 1:
3.5. The optimal temperature for the preparation process of GSN by ethanol injection was
65°C, with a ratio of the organic phase to aqueous phase of 1:9. It was demonstrated that
the cumulative release rate, skin retention rate, and total transmission rate of GSL-7 at 24 h
were higher than those of GSN-4 and GS. GSL-7 significantly inhibited skin lipid
peroxidation caused by ultraviolet (UV) radiation. In addition, GSL-7 reduced the
contents of MMPs and inflammatory cytokines in skin tissue. In conclusion, GSL-7
may reduce skin aging caused by UV radiation and contribute to skin tissue repair.

Keywords: liposomes, niosomes, total ginsenosides, transdermal delivery, photoaging
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INTRODUCTION

As the body’s first line of defense, the skin protects the body from
external damage (Shin et al., 2021). There are generally two forms
of skin aging: natural aging and photoaging (Bhattacharya et al.,
2019). UV radiation is a major factor in the acceleration of both
forms of skin aging by causing excessive reactive oxygen species
(ROS) production (Chung 2003; Ho et al., 2005; Wolf et al., 2020).
ROS can upregulate heterodimer-activated protein 1 (AP-1),
which is composed of c-Fos and c-Jun proteins, by activating
mitogen-activated protein kinase (MAPK), which induces the
synthesis of matrix-degrading enzymes such as matrix
metalloproteinase 1 (MMP-1) and matrix metalloproteinase 3
(MMP-3) (Lee et al., 2020; Mu et al., 2021; Wan et al., 2021).
MMPs degrade collagen and elastin in the extracellular matrix in
vivo. MMP-1 breaks down intact type I and III fibrillar collagen,
ultimately leading to progressive senescence of fibroblasts (Rui-
Zhen et al, 2004; Zhang and Tian, 2007; Zhou et al., 2021).
Additionally, MMP-1 upregulates the expression of IL-6, IL-1p,
and TNF-a by activating nuclear factor-kB (NF-«B), which can
lead to the inflammatory infiltration of neutrophils and further
production of ROS (Xiao et al,, 2016; Ighodaro and Akinloye,
2018). Numerous studies have shown that natural antioxidants
such as pinus densiflora (Jung et al., 2014), grape seed (Filip et al.,
2013), and hawthorn (Liu S. et al, 2018) can inhibit UV
radiation-induced skin photoaging by blocking MAPK and
NF-«B signaling (Lu et al., 2017).

GS are the main pharmacologically active components of
ginseng. More than 40 saponin monomers have been
identified, of which Rbl, Rb2, Rb3, Rk3, Rgl, Re, and Rf
account for approximately 70% of the GS (Ratan et al., 2021).
GS have been shown to repair UV-induced skin cell damage (Jiao
et al., 2021). The predominant cause of DNA damage caused by
UV radiation is the formation of cyclobutane pyrimidine dimer
(CPD) (Liu et al., 2021). GS significantly reduce the expression of
CPD by inducing damage-specific DNA-binding protein 2 (Um
etal, 2017). In addition, GS inhibit the apoptosis of damaged cells
and subsequently upregulate the cellular repair cycle by
modulating the expression of JNK and p53 (Bai et al.,, 2018).
UV radiation also increases the expression of ROS and NO in skin
cells, leading to DNA strand breaks, purine or pyrimidine
oxidation, and lipid peroxidation (Yong et al, 2008; Salama

Total Ginsenosides for Anti-Photoaging Therapy

et al., 2018). GS reduce UV-induced ROS and NO production.
In addition, they may protect keratinocytes from UVB damage
(Park et al., 2009). Oh et al. (2014); Oh et al. (2015); Oh et al.
(2016); and Yang et al. (2020) demonstrated that GS Rbl, Rb3,
and Rh2 inhibit the expression of UV-induced ROS and MMP
expression. GS Rk3 may also decrease MDA expression and
increase SOD and GSH-Px expression. Taken together, these
results suggest that GS may have anti-photoaging properties in
the skin (Nah, 2014; Zhang et al, 2014; Wan et al, 2021).
However, the development and utilization of GS is limited by
their low bioavailability, poor lipophilicity, and limited
transdermal absorption. The most common methods of
improving drug bioavailability include extending the skin
surface residence time and increasing skin permeability.
Selecting the appropriate dosage form may also present an
effective approach to overcome these issues (Xu et al., 2003;
Kang et al., 2009).

Liposomes are microvesicles composed of one or more lipid
bilayers that can be used as drug delivery systems (Mao et al.,
2015). Hydrophilic drugs can be embedded in the hydrophilic
central region, and lipophilic drugs can be embedded in the lipid
bilayers (Raj et al., 2018). Liposomes can be used for the targeted
and controlled release of drugs (Rideau et al, 2018). The
membrane structure of liposomes is biocompatible with the
lipids in the cuticle of the skin, meaning that liposomes can
enter cells or adsorb to the outer layer of target cells (Bozzuto and
Molinari, 2015). Liposomes can also be metabolized and
degraded by the body’s metabolic enzymes, thereby reducing
the risk of adverse drug reactions (Rideau et al, 2018). Thus,
liposomes are often used as carriers for transdermal drug delivery
to increase solubility, prevent degradation by enzymes, and
prolong the release time (Gautam and Prajapati, 2012; Ahmed
etal, 2019; Lu et al., 2020). Niosomes are closed bilayer structures
composed of non-ionic surfactants (Gomaa et al., 2014; Vitorino
et al., 2014). They have a biofilm structure similar to liposomes
(Gurrapu et al., 2012; Moghassemi et al., 2015; Seleci et al., 2016;
Chen et al., 2019). Because of the presence of non-ionic
surfactants, niosomes have a higher stability than liposomes
when stored (Abaee and Madadlou, 2016; Bi et al, 2019).
Non-ionic surfactants can also enhance the transdermal
absorption efficiency of drugs (Jacob et al., 2017; Barani et al.,
2020; Farmoudeh et al., 2020).

TABLE 1 | Formulation optimization of GSL.

Sample Phospholipid species
GSL-1 SPC

GSL-2 Egg-PC

GSL-3 HSPC

GSL-4 DPPC

GSL-5 SPC

GSL-6 SPC

GSL-7 SPC

GSL-8 SPC

GSL-9 SPC

GSL, total ginsenoside liposome.

Lipid-drug ratio (n/n) Phospholipid-cholesterol

ratio (n/n)
1/0.2 1/2.5
1/0.2 1/2.5
1/0.2 1/2.5
1/0.2 1/2.5
1/0.4 1/2.5
1/0.5 1/2.5
1/0.4 1/3.5
1/0.4 1/4.0
1/0.4 1/4.5
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TABLE 2 | Formulation optimization of GSN.

Sample Heating temperature (°C) Organic phase-water phase
ratio (%)
GSN-1 60 10
GSN-2 60 15
GSN-3 60 20
GSN-4 65 10
GSN-5 65 15
GSN-6 65 20
GSN-7 70 10
GSN-8 70 15
GSN-9 70 20

GSN, total ginsenoside niosome.

To explore the application of these vehicles for GS delivery, GS
were embedded in liposomes and niosomes. The effects of
liposomes and niosomes on the percutaneous administration
of GS were evaluated using an optimized formulation process,
measuring the effects of several parameters on transdermal
absorption efficiency, such as particle size, {-potential, and
encapsulation efficiency (EE%). The effects of GSL and GSN
on HaCaT cells were investigated by cell proliferation, wound
healing, and uptake assays. Furthermore, the therapeutic effects
of GSL and GSN on rat skin photoaging were evaluated by
determining the expression levels of MDA, SOD, GSH-Px,
MMPs, and inflammatory cytokines in rat skin.

MATERIALS AND METHODS

Materials
GS, mannitol, fluorescein  isothiocyanate  (FITC),
octadecylaminetech (ODA), and cholesterol were all

purchased from Shanghai Yuanye Biological Co., LTD.
(Shanghai, China). SPC, egg phosphatidylcholine (Egg-PC),
hydrogenated soybean lecithin (HSPC), and two palmitoyl
phosphatidylcholine (DPPC) were obtained from YiWeiTa
Pharmaceutical Technology Co., LTD. (Shanghai, China).
SOD, GSH-Px, MDA, and the bicinchoninic acid (BCA) kit
were all purchased from Nanjing Jiancheng Institute of
Biological Engineering, (Nanjing, China).
Dicetaceumphosphate (DCP) was from Sigma-Aldrich
(Shanghai, China). All enzyme-linked immunosorbent assay
(ELISA) kits used in this experiment were from Jiangsu
MEIMIAN Co., Ltd. (Jiangsu, China). The animals were
purchased from Changchun Yisi Experimental Animal
Technology Co., Ltd. (Certificate No.: SCXK (JI) -2019-
0003). Other reagents were all of the analytical grade.
DMEM was from Gibco (Grand Island, New York,
United States). The phosphate-buffered solution (PBS), fetal
bovine serum (FBS), and penicillin-streptomycin solution
were obtained from Hyclone (Logan, UT, United States).
The cell counting kit-8 (CCK-8) was obtained from Wuhan
Boshide Biological Engineering Co. Ltd. (Wuhan, China). The
HaCaT cell was from BeNa Culture Collection (Suzhou,
China).

Total Ginsenosides for Anti-Photoaging Therapy

Preparation of GSL and GSN
The GSL was prepared by the ethanol injection method.

Firstly, phospholipids, GS, and cholesterol were dissolved in
anhydrous ethanol at a certain molar ration to form a mixture.
Then, the lipid solution was slowly injected into the PBS under
stirring at a volume ratio of 1/9. GSL suspension was thus
obtained and anhydrous ethanol was removed by rotary
evaporation. In these experiments, the formulation of GSLs
was optimized by changing different prepared parameters
including phospholipid species, lipid-drug ratio, and
phospholipid to cholesterol ratio. The optimized parameters
of GSL are shown in Table 1. To improve stability, the GSL
suspension was freeze-dried to obtain GSL freeze-dried
powder. 0.1 g of lyophilized protectant (mannitol) was
added to 10 ml of GSL. After mixing, it was pre-frozen at
—-80°C and freeze-dried for 48 h to obtain GSL freeze-dried
powder.

The preparation method of GSN was similar to that of GSL.
Firstly, 79 mg of span-80, 396 mg of tween-80, 190.90 mg of
cholesterol, and 10.09 mg of DCP were dissolved in a certain
volume of anhydrous ethanol by ultrasonication. Then, the
aforementioned mixture was mixed with GS. The GSN
suspension was thus obtained and anhydrous ethanol was
removed by rotary evaporation. The process parameters for
GSN are shown in Table 2. The GSN was prepared by
controlling the heating temperature and the organic phase to
water phase ratio. The freeze-drying method of GSN freeze-dried
powder was similar to GSL freeze-dried powder.

Characterization of GSL and GSN

In this experiment, the particle size, dispersion, and {-potential
of GSL and GSN were determined by dynamic light scattering
(DLS, Nano-ZS ZEN3600, Malvern, United Kingdom). The
structure of GSL and GSN was measured by using a

transmission electron microscope (TEM) at a 3-kV
accelerating voltage (Japan, HITACHI H-7650). A
differential ~ scanning  calorimeter (DSC, Germany,

METTLER TOLEDO, DSC3) was used to evaluate the
interaction between the total ginsenosides and membrane
materials.

In addition to these, the concentration of GS was
determined by high-performance liquid chromatography
(HPLC, America, Agilent, LC-1260). The EE% of both GSL
and GSN was determined by an ultracentrifugation method.
The freshly prepared GSL-7 and GSN-4 were centrifuged at
4,000 rpm for 30 min and the supernatant was separated from
the particles. The latter, when subtracted from the GS amount,
gave the entrapped GS. The absorption wavelength of GS is
203 nm. 1.3 ml/min of acetonitrile and 0.1% of phosphate
water were used as the mobile phase. The EE% of GSL and
GSN were evaluated by HPLC and calculated by the following
equation:

EE (%) = 1 - W1/W2 x 100%, (1)

where the content of free GS is W1 and the total content of GS in
GSL or GSN is W2.
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TABLE 3 | Encapsulation efficiency of GSL and GSN.

Sample Encapsulation efficiency (%)
GSL-1 45.50 + 1.07
GSL-2 40.74 £ 1.10
GSL-3 36.89 + 1.23
GSL-4 34.90 + 1.53
GSL-5 55.45 £ 0.93
GSL-6 51.32 £ 1.54
GSL-7 62.43 £ 2.25
GSL-8 53.45 £ 1.12
GSL-9 45.95 + 0.45

Transdermal Absorption of GSL and GSN

In this study, the Franz diffusion pool method was used to
evaluate the transdermal absorption (Bi et al., 2019). The
animal experiments were approved by the Institutional Animal
Care and Use Committee of Changchun University of Chinese
Medicine, the animal ethical review number is 20190130. SD rats
were fed freely for 24 h according to clean standards. Before the
transdermal absorption experiment, the rats were euthanized
with pentobarbital sodium. A piece of rat abdomen skin was
harvested without hair, then after removing the skin moisture
with filter paper, the skin was placed between a receiving pool and
supply pool, and then PBS (pH 7.2) solution was used as the
receiving medium and placed in the receiving pool. One ml of GS,
GSL, and GSN solution with the same content of GS (200 mg) was
added into the supply pool. The temperature was controlled at
37°C and the speed was set as 300 r/min. Then, 1 ml of GS, GSL,
or GSN solution was removed from the receiving pools at 6, 8, 12,
24, and 48 h. Then replaced equivalent fresh liquid was added
into the receiving pool. The concentration of GS was measured
by HPLC.

The residual GS on the skin surface was cleaned, the skin was cut
into pieces, and was then homogenized with saline at 800 rpm for
30 min. The supernatant solution was added into 5 ml methanol
with a vortex for 30 s. The aforementioned solution was processed by
a 0.22-um membrane. Finally, the transdermal absorption efficiency
of GS, GSL, or GSN was calculated by the following equation:

Q= [ISCi*V+Cn*VO:|/S,

i=1

@)

where Q: the transdermal absorption efficiency of GS. Cn:
concentration of GS at the nth hour. Ci: concentration of GS
at the ith hour. V0: volume of the accept pool. V: volume of the
sampling. S: diffusion area (2.23 cm?).

The Proliferation and Uptake of GSL and

GSN on HaCaT Cells
HaCaT cells were cultured in DMEM supplemented with 10% FBS
and 1% penicillin-streptomycin solution at 5% CO, and 37°C.

Cell Viability
The cell viability was measured by a CCK-8 assay. Briefly,

HaCaT cells (5 x 10> cells/well) were cultured in 96-well plates

Total Ginsenosides for Anti-Photoaging Therapy

Sample Encapsulation efficiency (%)
GSN-1 28.79 + 1.50
GSN-2 39.14 + 1.58
GSN-3 50.89 + 0.40
GSN-4 56.50 + 0.66
GSN-5 50.56 + 0.92
GSN-6 56.52 + 0.78
GSN-7 43.52 + 1.05
GSN-8 34.10 £ 1.13
GSN-9 52.86 + 0.30

and incubated for 24h at 37°C. After that, different
concentrations of the GS (0, 5, 10, 20, 40, 60, 80, 100, and
200 pg/ml) were added into each well for another 24-h
incubation. Ten pl of the CCK-8 solution was added to each
well at 10% dilution. The cells were then incubated for 1 h, and
the mean optical density (OD) was measured at 450 nm using a
microplate reader. All experiments were performed in
triplicate. The percentage of cell viability was calculated
according to the following formula:

OD treatment group

Percentage of cell viability = x 100%. (3)

OD control group

GS, GSL-7, and GSN-4 on the Oxidation of

HaCaT Cells

HaCaT cells with a density of 5 x 10° cells/well were inoculated in
96-well plates and cultured overnight. Then, different
concentrations (10, 20, and 40 pg/ml) of GS or GSL-7 and
GSN-4 with a drug loading of 20 pg/ml were added in 96-well
plates and incubated for 24 h. Subsequently, the solution in the
96-well plates was removed, and the cells were washed three times
with PBS. After that, the MDA, SOD, and GSH-Px were tested by
a plate reader (SER33270-1236, Molecular Devices,
United States).

Cellular Uptake Quantitative Analysis

Preparation of GSL-7-FITC and GSN-4-FITC

GSL-7 and GSN-4 were stained with FITC to study the
HaCaT cell uptake. Firstly, 20 mg of ODA and 28 mg of
FITC were dissolved in 6ml of anhydrous ethanol and
stirred in the dark for 24 h. Then, 10 times the amount of
water was added, filtered through a microporous membrane,
and dried at room temperature in the dark to obtain ODA-
FITC. GSL-7-FITC was prepared by the ethanol injection
method. Firstly, phospholipids, GS, cholesterol, and 10 mg of
ODA-FITC were dissolved in anhydrous ethanol at a certain
molar ration to form a mixture. Then, the lipid solution was
slowly injected into PBS (pH 7.4) under stirring at a volume
ratio of 1/9. GSL-7-FITC was thus obtained and the anhydrous
ethanol was removed by rotary evaporation. Free ODA-FITC
was removed by ultrafiltration. The preparation process needs
to be protected from light throughout the process. GSN-4-FITC
was prepared by the same method.
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FIGURE 1 | Characterization evaluation of GSL-7and GSN-4. (A) Appearance and Tyndall effect of GSL-7; (B) TEM images of GSL-7. Scale bar: 100 nm; (C)
Appearance and Tyndall Effect of GSN-4; (D) TEM images of GSN-4. Scale bar: 100 nm; (E) Size distribution and &-potential of GSL-7; (F) Size distribution and &-
potential of GSN-4. (G) DSC curves of GSL-7 and GSN-4. Data are presented as N = 3. Abbreviations: GSL-7, total ginsenosides liposomes; GSN-4, total ginsenosides
niosomes; RMGSL-7, a raw material mixture of prepared total ginsenosides liposomes; RMGSN-4, a raw material mixture of prepared total ginsenosides
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TABLE 4 | Cumulative transmittance, retention, and total transmittance of GS in the skin.

Time Accumulative release rate (%) Skin retention rate (%) Total skin transmittance (%)

) GS GSL-7 GSN-4 GS GSL-7 GSN-4 GS GSL-7 GSN-4

6 0.12 £ 0.01 21.43 + 0.91 9.05 +1.83 0.46 + 0.07 26.74 + 2.68 16.78 £ 0.06 0.58 + 0.06 48.17 £2.08 25.83 + 2.40
8 0.19 £ 0.01 23.52 + 2.33 11.31 £ 0.93 0.57 £ 0.01 30.92 + 1.04 18.37 £ 0.50 0.76 £ 0.01 54.44 + 1.34 29.68 + 0.48
12 0.35 + 0.02 29.40 + 1.69 1413 £ 0.79 0.85 + 0.01 44.49 £ 0.95 31.98 +1.97 1.20 £ 0.01 73.89 + 2.36 46.11 £1.17
24 0.72 £ 0.03 33.30 + 2.29 26.15 + 1.03 0.99 + 0.01 52.16 + 1.35 42.67 +1.90 1.72 £ 0.03 85.46 + 3.64 68.82 + 0.86
48 0.79 £ 0.05 34.21 +£1.80 27.78 + 0.89 1.02 + 0.05 53.63 + 0.49 43.21 £1.29 1.81 £ 0.05 87.84 +1.77 70.99 + 0.39

GSL-7, total ginsenoside liposome-7; GSN-4, total ginsenoside niosome-4.

Cellular Uptake of GSL-7 and GSN-4

The HaCaT cells (5 x 10* cells per well) were seeded in
confocal dishes and incubated for 24h. The medium
solution containing GSL-7, GSN-4, GSL-7-FITC, and GSN-
4-FITC (the concentration of ODA-FITC in each group was
1 pg/ml) was added and incubated for 1h, washed with PBS
three times, added 400 pl DAPI dye solution, incubated at 37°C
for 10 min, discarded the solution, washed three times with
PBS, and then observed and recorded under a confocal
microscope (ZEISS, Germany).

The HaCaT cells were seeded in six-well plates at a density
of 2 x 10° cells per well and incubated for 24 h. The medium
solution containing GSL-7, GSN-4, GSL-7-FITC, and GSN-4-
FITC (the concentration of ODA-FITC in each group was
1 pg/ml) was added and incubated for 1 h and washed with

in each group was detected by flow cytometry (Beckman
Cytoflex, United States).

Wound Healing and Cell Proliferation Assay

The HaCaT cells were seeded in a six-well plate at a density of 5 x
10° cells/well and were adhered overnight. Subsequently, a 10-pl
pipette tip was utilized to produce uniform scratches. Then,
serum-free DMEM was added with the same concentration
(20 pg/ml) of GS, GSL-7, and GSN-4, and incubated with the
cells for another 24 h. The migration profile was recorded by
using an inverted fluorescence microscope and the widths of the
scratches were measured by the Image] software (NIH,
United States).

0 h wound area — 24 h wound area

‘ Al Healing rate% = x 100%.
PBS three times. After trypsinization, the cells were 0 h wound area
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FIGURE 2 | GS, GSL, and GSN enhanced viability and anti-oxidative effects of HaCaT cells. (A) CCK-8 assay of GS (n = 3). (B) Effects of GS, GSL, and GSN on
MDA content of HaCaT cells. (C) Effects of GS, GSL, and GSN on SOD content of HaCaT cells. (D) Effects of GS, GSL, and GSN on GSH-Px content of HaCaT cells. ***p
< 0.001, GSL-7 group or GSN-4 vs control group, **p < 0.01, GSL-7 group or GSN-4 vs control group, *p < 0.05, GSL-7 group or GSN-4 group vs control group; Data
are presented as N = 3, * represent significant difference between control group and treatment group. Abbreviations: GSL-7, total ginsenoside liposomes; GSN-4,

total ginsenoside niosomes.
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FIGURE 3 | /n vitro evaluation of GS, GSL, and GSN in the promotion of cellular uptake. (A) HaCaT cell marker immunofluorescence staining by confocal laser
scanning microscopy. Scale bar: 20 um (B) Detection of FITC fluorescence intensity in different administration groups by flow cytometry (C) Quantitative analysis (n = 3).
***p <0.0001, GSL-7-FITC group vs GSN-4-FITC group, * represents significant difference between control group and treatment group. Data are presented as N = 3.
Abbreviations: GSL-7, total ginsenosides liposomes; GSN-4, total ginsenosides niosomes; GSL-7-FITC, GSL-7 link with FITC fluorescent markers; GSN-4-FITC,

GSN-4 link with FITC fluorescent markers.
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Proliferation of HaCaT Cells

The HaCaT cells were inoculated in a 12-well plate at a density of
5 x 10* cells/well and cultured overnight. Then, the same
concentration (20 pg/ml) of GS, GSL, and GSN was added,
and incubated with the cells for another five days. Every other
day count and a microscope (EVOS, United States) were used to
record the images.

GSL and GSN for Repairing Photoaging
Skin photoaging refers to long-term skin damage caused by
UV radiation. GS effectively improve the situation. GS
liposomes and niosomes were prepared to enhance the skin
retention and improve the curative effect. Firstly, SD female
rats were divided into five groups and each group included
eight rats. The groups were recorded as follows: control group
(shaving, no irradiation and treatment), model group (shaving
and irradiation, no treatment), GS group, GSL group, and GSN
group (GS, GSL, and GSN: shaving, irradiation, and
treatment).

Before the experiment, the rats were firstly fed normally for
seven days and fed freely for 24 h. Then, the back hair of the
rats was shaved and the area was about 3cm x 3 cm.
Ultraviolet (UVA + UVB) irradiation was used to irradiate
the naked back skin of the rats to establish the photoaging
model (Rui-Zhen et al., 2004).

Except for the control group, the shaved rats were put into the
self-made UV-lamp box and the fixed irradiation distance was
20 cm for ultraviolet (UVA + UVB) irradiation. The irradiated
time was 20 min/day in the first week, 40 min/day in the second
week, and 60 min/day in the third week. The photoaging model
was successfully established when the skin on the back of the rats
was dry, peeling, and even developed local ulceration. After
modeling, the other three groups were given the same
concentration (500 pg/ml) and the same dosage (0.5 ml/day) of
GS, GSL, and GSN for treatment, except the control group and
model group. The GS, GSL, or GSN was evenly applied on the
skin of the affected area on the back of the rats and the skin of the
rats in each group was observed after 10 days of continuous
administration (Filip et al., 2013; Liu S. et al., 2018)

Five groups of rats were sacrificed after anesthesia to harvest
the exposed target skin, the skin was fixed by 4%
paraformaldehyde, and embedded in paraffin. Finally, the
skin tissues were stained by the H&E and aldehyde fuchsin
staining methods to analyze the histology of epidermis, dermis,
collagen fibers, and elastic fibers (Gurrapu et al., 2012).

In addition, the effects of GSL-7 and GSN-4 on MDA, SOD,
GSH-Px activities, MMPs content, IL-6, IL-1p, and TNF-a
ontent were also measured using an ELISA kit in accordance
with the manufacturer’s protocol by a plate reader (SER33270-
1236, Molecular Devices, United States).
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FIGURE 4 | In vitro evaluation of GS, GSL-7, and GSN-4 in the proliferation of HaCaT cells. (A) HaCaT cell growth diagram. Scale bar: 200 um. (B) HaCaT cell
growth trend. (C) GS, GSL-7, and GSN-4 promotion the migration of HaCaT cells by wounding healing assay. Scale bar: 200 pm. (D) Quantitative analysis. *p < 0.05,
**p < 0.01, **p < 0.001, GSL-7 group or GSN-4 group vs control group. * represents significant difference between control group and treatment group. Data are
presented as N = 3. Abbreviations: GSL-7, total ginsenoside liposomes; GSN-4, total ginsenoside niosomes.
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Statistical Analysis

Comparisons of two or multiple groups were analyzed by using
t-tests (Mann-Whitney test), p < 0.05 indicated a significant
difference and p < 0.001 indicated a highly significant difference.
The results were expressed as mean + standard deviation.

RESULTS AND DISCUSSION

Preparation of GSL and GSN

EE% is a key parameter of GSL and GSN quality. To prepare GSL
and GSN with high EE%, the formulation process was optimized by
changing the temperature and the ratios of the organic phase to
aqueous phase, drug to phospholipid, and phospholipid to
cholesterol. It can be observed from Tables 1, 3 that when
preparing GSL, the phospholipid species influenced the EE% of
GSL. The EE% of GSL was highest when the phospholipid used was
SPC. The EE% of GSL was highest at an optimal lipid-drug ratio.
When the ratio of phospholipid to cholesterol was increased to 1:3.5,
the EE% of GSL was 62.43%. As the amount of lipids affects the
drug-loading capacity, drugs beyond the upper limit cannot be
loaded. Cholesterol can improve the fluidity of the lipid
membrane and improve the EE%, but excessive cholesterol
content will lead to the decrease of EE% and drug leakage.
Therefore, the optimal parameters for preparing GSL used SPC
as the phospholipid, with a lipid-drug ratio of 1:04 and a
phospholipid to cholesterol ratio of 1:3.5. The sample was

recorded as GSL-7. For preparing GSN, it can be seen from
Tables 2, 3 that the EE% of GSN increased at first and then
decreased with increasing temperature. When the heating
temperature was 65°C, the EE% of GSN was the highest
(56.50%). Similarly, the EE% of GSN was initially higher and
then decreased with an increasing ratio of the organic phase to
aqueous phase, which may compete with the drug for packing space
within the bilayer and limit the assembly of the drug into the vesicle.
Similar results have also been observed in other studies (Gomaa
etal,, 2014; Vitorino et al,, 2014). When the ratio of the organic phase
to aqueous phase was 10%, the EE% of GSN was 56.50%. Therefore,
the optimal preparation process of GSN was as follows: the
temperature was 65°C and the ratio of the organic phase to
aqueous phase was 10%. The sample was recorded as GSN-4.

Characterization of GSL-7 and GSN-4
Morphology, Particle Size, and ¢-potential of GSL-7
and GSN-4

As shown in Figures 1A, C, the appearance of GSL-7 and GSN-4
was a clear and uniform liquid. When a beam of infrared light was
passed through GSL-7 and GSN-4, the Tyndall effect was
observed, indicating that GSL-7 and GSN-4 were polymer
colloidal solutions (Liu Q. et al., 2018). The microstructure of
GSL-7 and GSN-4 was determined by TEM. GSL-7 and GSN-4
both exhibited spherical shapes and uniform sizes (Figures 1B,
D). The diameter of GSL-7 was ~100.0 nm and the diameter of
GSN-4 was ~60.0 nm.
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The particle size and &-potential of GSL-7 and GSN-4 were
determined by DLS (Figures 1E,F). The particle size of GSL-7
was 110.0 £ 3.5 nm, the polydispersity index (PDI) was 0.056 +
0.009, and the &-potential was —=5.7 + 0.5 mV. The particle size
of GSN-4 was 60.93 + 0.17 nm, the PDI was 0.086 + 0.016, and
the &-potential was —35.5 + 1.8 mV. The particle size was
consistent with the TEM data, and GSL had a larger particle
size and a more uniform particle-size distribution than GSN-4.

Differential Scanning Calorimeter (DSC) of GSL-7 and
GSN-4

DSC analyses were performed to determine whether the GSL-7 or
GSN-4 could be successfully prepared, and to understand the
nature and physical state of the GS, liposomes, and niosomes
(Figure 1G). Compared with GS and the raw material mixture of
GSL-7 (RMGSL-7), there was a marked endothermic peak shift at
150°C and the emergence of a new endothermic peak at 160 and

Total Ginsenosides for Anti-Photoaging Therapy

170°C for GSL-7. It can be inferred that GS and the raw materials
of the prepared GSL-7 are not simply physically mixed, but
interact, and that GS is embedded in the double-layer
structure of phospholipids. Similarly, the raw material mixture
of GSN-4 (RMGSN-4) had noticeable endothermic peaks at 80,
140, and 225°C, indicating that there was an interaction between
GS and the raw materials. These endothermic peaks were not
present in the DSC curves of GSN-4, demonstrating that a
chemical interaction had not occurred between the GS and the
niosomal system, and the GSN-4 was successfully prepared.

Transdermal Absorption of GSL-7 and
GSN-4

The cumulative transmittance, skin retention rate, and total
transmittance of GS, GSL-7, and GSN-4 were measured. The
results are shown in Table 4. It can be observed that a minimal
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FIGURE 5 | Biological effects of GSL and GSN on the skin. (A) Schematic representations of repair photoaging. (B) Effects of GSL-7 and GSN-4 on MDA content in

rat skin tissues. (C) Effects of GSL-7 and GSN-4 on SOD content in rat skin tissues. (D) Effects of GSL-7 and GSN-4 on GSH-Px content in rat skin tissues. (E) Effects of
GSL-7 and GSN-4 on MMP-1 content in rat skin tissues. (F) Effects of GSL-7 and GSN-4 on MMP-3 content in rat skin tissues. (G) Effects of GSL-7 and GSN-4 on IL-6
content in rat skin tissues. (H) Effects of GSL-7 and GSN-4 on IL-1p content in rat skin tissues. (I) Effects of GSL-7 and GSN-4 on TNF-a content in rat skin tissues.
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FIGURE 6 | Skin appearance of rats of repair photoaging. (A) Skin appearance of rats after 10 days of administration; (B) Change of skin thickness, control group,

(C) Histology of skin by H&E staining of the skin tissue section (x200); (D) Histology of skin by aldehyde fuchsine stain of the skin tissue section (x200). Data are presented
as N =38, *p <0.01, GSL-7 group vs model group, *p < 0.05, GSN-4 group vs control group;
0.001, ***p < 0.0001 represents significant difference, # represents significant difference between model group and control group, * represents significant
difference between model group and treatment group. Abbreviations: GSL-7, total ginsenoside liposomes; GSN-4, total ginsenoside niosomes.
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##p < 0.001, model group vs control group; *p < 0.05, **p < 0.01, **p <

amount of GS was detected within 48 h. The cumulative release
rate, skin retention rate, and total penetration rate of GSL-7 at
48 h were higher than those of GSN-4, at 6.43, 10.42, and 16.85%,
respectively. Both GSL-7 and GSN-4 improved the skin
penetration rate of GS, but the effects of GSL-7 were more
pronounced, with more than 85% of GS penetrating the skin
barrier within 24 h. GSL-7 tended to be absorbed by the skin,
which might be because of the structure and carrier material of
GSL-7. These properties may improve the effect of GSL-7 on skin
anti-photoaging.

GSL and GSN for the Proliferation and

Uptake of HaCaT Cells

GS, GSL, and GSN Enhanced the Viability and
Antioxidative Potential of HaCaT Cells

The concentration of GS was determined to evaluate the
biocompatibility of GS. The analysis results show that the cell
viability of the GS group was significantly higher than that of the
control group (Figure 2A). As GS concentration increased, the
cell viability initially increased before decreasing. The cell viability
reached 119.57 + 1.72%, 121.23 £ 4.51%, and 122.47 + 1.34% with
GS concentrations of 20, 40, and 60 pg/ml, respectively,
indicating that GS had good biosafety. Therefore, 20, 40, and
60 pg/ml were determined as the administered concentrations for
subsequent cell experiments.

To further understand the molecular mechanisms associated
with the beneficial effects of GS, oxidative stress levels and
endogenous antioxidant enzyme activity were measured in the
HaCaT cells. MDA, SOD, and GSH-Px activity was determined
using ELISA kits. Compared with the control group, the MDA
expression was decreased at all GS doses (20, 40, 60 pg/ml). At the
20 pg/ml GS dose, the MDA content was significantly decreased
in the GSL (***p < 0.001) and GSN (**p < 0.01) groups compared

with the controls. SOD and GSH-Px activities were significantly
increased in the GSL (***p < 0.001) and GSN (**p < 0.01) groups
compared with the controls, particularly in the GSL-7 group.

During cell growth, intrinsic antioxidant systems emerge to
reduce the levels of ROS and improve cell survival (Ighodaro and
Akinloye, 2018). Among them, GSH-Px is known to catalyze the
reduction of hydrogen peroxide and other peroxides, while SOD
can catalytically reduce O, to hydrogen peroxide. The results of
the present study showed that GS, GSL-7, and GSN-4 upregulated
SOD and GSH expression, and downregulated the levels of MDA
in vivo.

Cellular Uptake Quantitative Analysis

Cellular uptake is a key step in facilitating intracellular
delivery. An analysis showed that GSL-7 and GSN-4 had
no self-luminescence, whereas GSL-7-FITC and GSN-4-
FITC had green fluorescence (Figure 3A). Compared with
GSN-4-FITC, the GSL-7-FITC group had stronger
fluorescence. The uptake of the GSL-7-FITC group was
quantitatively analyzed by flow cytometry, as shown in
Figure 3B. The results were consistent with those observed
under the fluorescent microscope. The fluorescent intensity of
the GSL-7-FITC group was 2.2-folder higher than the GSN-4-
FITC group (Figure 3C), indicating that the liposome
structure may aid HaCaT cell uptake.

Proliferation of HaCaT Cells

To investigate whether GS, GSL-7, and GSN-4 affected the
proliferation of HaCaT cells, differences in cell growth
between the GS, GSL-7, and GSN-4 groups and controls were
analyzed. The HaCaT cells were counted every other day and
recorded by a microscope. The results are shown in Figure 4A.
On the first day, the cells in each group began to anchor to the
plate surface. On the third day, cell proliferation of the GS, GSL-7,
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and GSN-4 groups was noticeably higher than the control group.
A quantitative analysis indicated that compared with the 5 x 10*
HaCaT cells present at the time of inoculation, cell proliferation
increased 5-fold, 5.8-fold, 7.8-fold, and 7.0-fold in the control, GS,
GSL-7, and GSN-4 groups, respectively. On the fifth day, cell
proliferation was higher in the GSL-7 and GSN-7 groups
compared with the GS and control groups; the cell
proliferation increased 8-fold, 8.2-fold, 10.0-fold, and 8.8-fold
in the control, GS, GSL-7, and GSN-4 groups, respectively. These
trends suggest that liposomes and niosomes may enhance the
proliferative effect of GS on HaCaT cells. The proliferation trend
of the cells in the control group was in line with previously
reported results (Wilson 2014).

A wounding healing assay was performed to assess the
influence of the GS, GSL, and GSN on the migration
properties of HaCaT cells in vitro. Changes in the scratch
width of each group were observed for 24h to assess
HaCaT-cell migration (Figures 4C,D). GS, GSL-7, and GSN-4
all promoted the HaCaT-cell migration. However, GSL-7 induced
the surrounding HaCaT cells to crawl toward the center of the
scratch, almost filling the gap within 24 h, showing the smallest
scratch width in all treatment groups (GS, GSL-7, and GSN-4
groups) (Figure 4C) with a healing rate of 34.12 + 1.22% (p <
0.05) (Figure 4D).

Repair of Photoaging by GSL-7 and GSN-4
Effects of GSL-7 and GSN-4 on MDA, SOD, and
GSH-Px Expression

The schematic diagram of the rat skin photoaging modeling and
repair process is shown in Figure 5A. An ELISA kit was used to
determine the content of MDA in a skin tissue homogenate of rats
in each group. MDA is the primary product of lipid peroxidation
and can be used to measure the degree of skin anti-photoaging
under oxidation. The results are shown in Figure 5B. Compared
with the control group, MDA expression in the skin tissue of the
model group was significantly increased (p < 0.01), indicating that
UV radiation may cause skin lipid peroxidation and excessive
MDA production. After treatment, the MDA expression was
decreased in all the treatment groups (GS, GSL-7, and GSN-4).
Furthermore, the decrease in the MDA expression was most
pronounced in the GSL-7 group when compared with controls
(p < 0.01). The expression of SOD and GSH-Px in the rat skin
tissue homogenate was determined by using an ELISA kit. The
expression of SOD and GSH-Px in the skin tissue also reflects the
ability of the skin to resist oxidation and photoaging. The results
are shown in Figures 5C, D. Compared with the control group,
the activities of SOD and GSH-Px were significantly decreased in
the model group (p < 0.001). The oxidative balance between the
skin cells was also impaired. Compared with the model group, the
SOD and GSH-Px expression was significantly increased in the
GSN-4 (p < 0.05) and GSL-7 groups (p < 0.01). Therefore, it may
be concluded that GS reduced UV radiation-induced skin-lipid
peroxidation. GSL-7 and GSN-4 improved the transdermal
efficiency and the percutaneous absorption of GS. According
to the aforementioned experimental results, GSL-7 appears to
have significant advantages over GSN-4 and a better therapeutic
effect.

Total Ginsenosides for Anti-Photoaging Therapy

Effect of GSL-7 and GSN-4 on MMP Content

It has been shown that MMP-1 can degrade collagen | and
collagen Ill. Moreover, MMP-3 can degrade collagen and
elastin in a synergistic way, leading to collagen and elastin
rupture (Lee et al., 2020; Wan et al., 2021). Therefore, MMP-1
and MMP-3 expression was measured in the rat skin tissue
homogenate using ELISA kits (Figures 5E, F). Compared with
the control group, MMP-1 and MMP-3 expression significantly
increased in the model group. MMP-1 and MMP-3 expression
decreased in all treatment groups, with the GSL-7 group showing
the most prominent decrease (p < 0.01).

Effect of GSL and GSN on IL-6, IL-1p, and TNF-a
Content

A cascade of reactions is triggered after UV exposure, with ROS
triggering inducing the release of IL-6, IL-1f, and TNF-a (Zhou
et al,, 2021). ELISA kits were used to determine IL-6, IL-1f, and
TNF-a expression in the rat skin tissue homogenate. The results
are shown in Figures 5G-1. Compared with the control group,
the expression of IL-1P, IL-6, and TNF-a was significantly
increased in the model group (p < 0.001, p < 0.001, and p <
0.01, respectively). Compared with the model group, IL-6, IL-1,
and TNF-a were decreased in all the treatment groups, with the
most marked decrease shown in the GSL-7 group.

In conclusion, GS can reduce the inflammatory factor
expression in skin tissue following UV radiation. GSL-7 was
more efficient than GSN-4 or GS in promoting GS absorption
across the skin barrier.

Skin Appearance of Rats of Repair Photoaging
Clinically, photodamaged skin is characterized by the loss of
elasticity, increased roughness and dryness, irregular
pigmentation, and deep wrinkling (Bi et al., 2019). The results
are presented in Figure 6. It can be seen from Figure 6A that the
phenomena of rough skin, wrinkles, and abnormal thickness of
the skin were all improved in the GS, GSL-7, and GSN-4 groups.
The improvements were most pronounced in the GSL-7 group;
the degree of rough skin was reduced and hair began to regenerate
at the modeling site. Changes in the skin thickness of the rats in
each group after treatment are shown in Figure 6B. Compared
with the control group, the skin thickness in the model group was
significantly increased (p < 0.001). On the contrary, compared
with the model group, the skin thickness was decreased after the
treatment, with the most marked effects observed in the GSL-7
group (p < 0.05). GS, GSL-7, and GSN-4 groups all received an
acceptable therapeutic effect. GSL-7 had a therapeutic effect on
photoaging.

Morphological changes in the rat skin were further analyzed
by H&E staining and aldehyde fuchsin staining. The results are
shown in Figures 6C, D. In the control group, the thickness of the
epidermis was normal and the head of the epidermis and dermal
papilla could be seen. In the model group, the stratum corneum
was obviously thickened, the junction of epidermis and dermis
was flattened, some epidermis in the damaged area was missing,
and dermal papilla was rare or not present. After the treatment,
signs of improvement were visible. In the GSL-7 group, the skin
epidermis thickness was thin and close to normal, with a small
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amount of inflammatory cell infiltration at the junction of the
epidermis and dermis.

Aldehyde fuchsin staining is predominantly used to visualize
elastic fibers in the skin tissue and can be used to assess the
elasticity of the skin. In the control group, the elastic fibers
showed a relatively clear reticular structure with long and thin
fibers, and an orderly arrangement and density (Figure 6D). In
the model group, the arrangement of elastic fibers was visibly
irregular. The reticular structure was not presented and there
were many fractures, clusters, and accumulation. The treatment
groups showed different degrees of improvement. The
improvement was most evident in the GSL-7 group:
accumulation and clustering had not occurred, and there was
a clear network structure, with an orderly arrangement and
consistent density.

CONCLUSION

In this study, GSL and GSN were prepared and their skin anti-
photoaging ability was assessed. The optimized GSL and GSN
were characterized according to particle size, potential, EE%,
drug transdermal release efficiency, and other parameters.
The results showed that the particle size of GSL was smaller,
more stable, and the EE% was higher than that of GSN. In the
transdermal experiment, both GSL and GSN markedly
improved the transdermal absorption efficiency of GS. The
effect was more pronounced for GSL than the GS (48 h) and
GSL-7 (48 h) groups, with a 48-fold total skin transmittance.
In addition, equal doses of GS, GSN, and GSL showed that
GSN and GSL effectively inhibited lipid peroxidation, and
increased the SOD and GSH-Px expression in HaCaT cells.
GSL and GSN also increased HaCaT cell proliferation,
migration, and uptake in vitro. The expression of MMPs
and inflammatory factors in the skin tissue was reduced by
GSN and GSL, indicating that GS treatment—most notably
with GSL—improved the ability of the skin to repair UV-
induced skin tissue damage. In conclusion, GSN and GSL can
be used as transdermal drug delivery vehicles of GS to enhance
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Wound healing is an important physiological process involving a series of cellular and
molecular developments. A multifunctional hydrogel that prevents infection and promotes
wound healing has great significance for wound healing applications in biomedical
engineering. We have functionalized arabinoxylan and graphene oxide (GO) using the
hydrothermal method, through cross-linking GO-arabinoxylan and polyvinyl alcohol (PVA)
with tetraethyl orthosilicate (TEOS) to get multifunctional composite hydrogels. These
composite hydrogels were characterized by FTIR, SEM, water contact angle, and
mechanical testing to determine structural, morphological, wetting, and mechanical
behavior, respectively. Swelling and biodegradation were also conducted in different
media. The enhanced antibacterial activities were observed against different bacterial
strains (E. coli, S. aureus, and P. aeruginosa); anticancer activities and biocompatibility
assays were found effective against U-87 and MC3T3-E1 cell lines due to the synergic
effect of hydrogels. In vivo activities were conducted using a mouse full-thickness skin
model, and accelerated wound healing was found without any major inflammation within
7 days with improved vascularization. From the results, these composite hydrogels might
be potential wound dressing materials for biomedical applications.

Keywords: antibacterial, anticancer, composite hydrogels, hemocompatibility, skin wound healing, tissue
engineering

INTRODUCTION

The skin, the largest organ of the body and the first line of defense, has different morphological and
structural characteristics. The skin serves to protect the internal organs of the body from external

Ihsan-Ul-Haq (2022) Muitifunctional
Arabinoxylan-functionalized-Graphene
Oxide Based Composite Hydrogel for

Skin Tissue Engineering.
Front. Bioeng. Biotechnol. 10:865059.
doi: 10.3389/fbioe.2022.865059

influences. The skin cells regenerate wounds due to their natural healing capacity, but it must be done
quickly and appropriately for skin wounds (Yadav et al., 2019; Li et al., 2020). Traditional dressings
such as bandages, gauze, and sutures have several drawbacks when it comes to wound healing. An
ideal wound dressing should promote fast wound healing, remove exudate, provide wetting and
gaseous exchange, have adequate mechanical strength, promote growth factors, and protect the
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wound from microbes and environmental stresses. It must be
non-cytotoxic and biodegradable (Liang et al., 2021; Huang et al.,
2022). The wound dressing made of cotton gauze does not
hydrate the wound and can harm the wound’s regenerative
cells when removed. To develop a multifunctional wound
dressing, different materials have been used, which are
prepared using advanced technologies in various ways (Dong
and Guo, 2021). Multifunctional composite hydrogels are ideal
wound dressing materials because of their multifunctional
properties. The advanced composite hydrogels can control
body fluid, moist environment, accelerate healing, reduce
inflammation, and hinder bacterial growth by being
biocompatible (Yin et al, 2022). Composite hydrogels are
multifunctional biomaterials made up of a variety of natural
and synthetic polymers as well as fillers. Polyvinyl alcohol (PVA)
is a well-known synthetic polymer that has been widely used in
wound healing because of its good mechanical properties and
biocompatibility. It has poor antimicrobial characteristics, which
limits its use as a wound-healing agent (Jia et al., 2018; Kalantari
et al., 2020). However, due to its multifunctional behavior, its
composite form may achieve desired antibacterial activities and
play a significant role in wound healing. Polysaccharides
(alginate, arabinoxylan, guar gum, chitosan, and hyaluronic
acid) can also be modified into various forms, such as films
and foams. The only disadvantage is poor mechanical stability,
which can be overcome by incorporating physical or chemical
cross-links into hybrid or composite hydrogels (Zhong et al.,
2021). Arabinoxylan (ARX) is a biopolymer and a type of
polysaccharide and hemicellulose with xylose backbone and
arabinose side chains. It is a major fibrous component of
cereal grains and the second most abundant
biopolymer in plants after cellulose. Some of the physiological
benefits include fecal bulking, cholesterol reduction, glycemic
regularity, prebiotic activity, and immune modulation (Khan
et al, 2021a; Aslam Khan et al, 2021). Its inherent
physicochemical properties, such as water retention, increased
viscosity, and gelatinization, make it a versatile material with
many different applications in the medical, food, and
pharmaceutical industries (Al-Arjan et al,, 2020; Khan et al,
2020). Graphene oxide is a reduced form of naturally occurring
graphite made up of a single layer of carbon with honeycomb-like
networking and sp® hybridization. Due to its biocompatibility
and physicochemical properties, it has recently attracted interest
in biomedical applications including biosensors, tissue
engineering, wound healing, cancer therapy, and drug delivery
systems (Khan et al., 2021b; Umar Aslam Khan et al,, 2021). It is
well known for dissolving kidney stones and has antibacterial and
antitussive properties. Pan et al. have reported the synthesis of
PVA/GO-based hydrogel for skin healing applications and found
enhanced mechanical, self-healing, and super stretchable
properties (Pan et al., 2020).

In this study, we present the development of composite
hydrogels: the GO-functionalized arabinoxylan was cross-
linked with PVA via TEOS (cross-linker) using a simple
blending method to develop readily available economical
composite hydrogel. According to the best of our knowledge,
these formulations have never been reported in the open

several
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literature. The structural, morphological, mechanical, and
wetting analyses were investigated by FTIR, SEM, UTM, and
water contact angle, respectively. Swelling and biodegradation
were carried out to determine physicochemical properties. The
antibacterial and anticancer activities, and biocompatibility of
composite hydrogel were found effective against bacteria, U-87
and MC3T3-El. In vivo, a wound-healing mouse model was
employed to investigate healing. These composite hydrogels
have the potential to heal skin wounds and would be a
potential biomaterial for wound dressings.

MATERIALS AND METHODS

Materials
Graphite powder, TEOS, PBS solution, HCl, H,SO,, absolute
ethanol, glacial acetic acid, nutrient broth, and nutrient agar were
purchased from Sigma Aldrich, Malaysia. These chemicals were
analytically graded and used without any purification.
Preosteoblast (MC3T3-EI) cell lines and alpha-MEM (a-
MEM) were supplied by ATCC and Hyclone Laboratories Inc.,
respectively. Fetal bovine serum (FBS) and L-glutamine
penicillin/streptomycin were purchased from ThermoFisher
Scientific. Male albino mice (BALB/c) weighing 23-25 g (aged
5-7 weeks) were supplied by the National Institute of Health.
Approval from the Animal Ethical Committee was obtained to
carry out experiments on mice.

Methods

Extraction of Arabinoxylan From Ispaghula Seed Husk
The Ispaghula seed husk was obtained from a local market in
Johor Bahru, Malaysia, as a by-product. Igbal et al. used a well-
known method to extract arabinoxylan from the husk of
Ispaghula seed (Saghir et al., 2008). The dust and stones from
50 g of seed husk were removed and dispersed in 500 ml of
deionized water for 24 h. The pH of the swollen mixture was then
raised to 12 by slowly adding a 2.5% solution of sodium hydroxide
(NaOH). The husk was separated from the gel by vacuum
filtration, and the filtrate was coagulated at pH 3 by adding
acetic acid dropwise. The coagulated gel was washed with
deionized water to remove acetic acid and freeze-dried to get
dried powder of ARX.

Hydrogel Fabrication

Arabinoxylan was functionalized with GO via the hydrothermal
method. ARX (2g) and GO (0.03mg) were added to the
autoclave and kept in an oven at 50°C overnight to get the
composite gel, and the proposed schematic is shown in
Scheme 1A. The composite gel was dispersed into 25ml
deionized water and stirred with PVA (0.3 g), which is
dissolved in 10 ml deionized water at 80°C, for 1h at 55°C.
Different concentrations of TEOS (100, 150, 200, and 250 uL)
were dissolved into 5ml ethanol and added dropwise into the
whorl loop of the mixture as a cross-linker. The polymeric
mixture was homogenized for 1h at the same temperature.
Then, potassium persulfate (0.2 g) was dissolved in deionized
water and added dropwise to the polymeric mixture and allowed
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SCHEME 1 | (A) Proposed chemical mechanism of GO functionalized arabinoxylan via covalent bond interaction by hydrothermal method. (B) Proposed chemical
mechanism of GO functionalized arabinoxylan and polyvinyl alcohol via TEOS cross-linker.
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to stir for 3 h at 55°C for successful cross-linking. After 3 h, the
mixture was poured into Petri plates and dried in the oven at 50°C
overnight. Different codes were assigned after different
concentrations of TEOS AGP-1 (100 ml), AGP-2 (150 ml),
AGP-3 (200 ml), and AGP-4 (250 ml). The proposed reaction
cross-linked composite hydrogel is shown in Scheme 1B.

Characterizations

The structural and functional group identification of composite
hydrogels was analyzed by Fourier-transform infrared
spectroscopy (Nicolet 5,700, Waltham, MA, United States).
The range was 4,000-400 cm™' with 150 scans. The surface
morphology of the composite hydrogel was observed by a
scanning electron microscope (JEOL-JSM 5410 LV) with an
accelerating 10kV voltage. The well-dried film of composite
hydrogels was gold-supported before analysis. The wetting
analysis of the composite hydrogel was performed using a
water contact angle system (JY-82, Dingsheng, Chengde,
China) to investigate the hydrophilicity and hydrophobicity.
The mechanical testing of composite hydrogels was conducted
by tensile tests, and hydrogel samples were shaped into strips. The
tensile testing (length 55 mm, width 15 mm, and thickness 2 mm)
and tests were conducted with 10 mm/min speed by ASTM D638
(Standard, 2003).

Gel Fraction

Weighing small pieces of composite hydrogels was used to
conduct the gel fraction analysis. These small composite
hydrogel pieces were submerged in deionized water for 12 h at
room temperature. These hydrogel samples were then taken out
and dried in an oven at 40 °C until they reached a consistent
weight (Eq. 3).

!

Gel fraction (%) = —

o 1)
where M is the oven-dried hydrogel weight and M’ is the initial
hydrogel weight.

Swelling and Biodegradation

At 37°C, the pH sensitivity of composite hydrogels was tested in
an aqueous and PBS medium at various pH (1-13). All composite
hydrogel samples were cut into squares and properly weighed at
50 mg as an initial weight (W,). After soaking in various
conditions, the hydrogel samples were removed, and surface
water was removed with a tissue paper before being weighed
as the final weight (Wp). Eq. 2 was used to calculate the swelling
behavior.

We-W;
Swelling (%) = fT x 100

2

At pH 7.4, 37°C, in PBS media, in vitro biodegradation of
well-dried composite hydrogels was investigated. All hydrogel
samples were carefully cut into squares with a 50 mg weight
and placed in PBS media to see how much weight was lost over
time. Eq. 3 was used to calculate the biodegradation of the
hydrogel samples.

Hydrogel for Wound Healing

W,- W,
———x 100
W

i

Weight loss (%) (3)

where W; = initial weight, Wy = final weight, and W, = weight at
time “t.”

In Vitro Assay

Antibacterial Activities

The antibacterial potential of the composite hydrogels was
determined using the disc diffusion method. In the disk
diffusion method, nutrient broth, nutrient agar, and all the
apparatus used for the assay were first autoclaved to avoid any
additional bacterial growth. The bacterial strains were refreshed
by using 2 loop-full of bacteria in nutrient broth in test tubes and
incubated for 24 h. The nutrient agar was poured into the Petri
dish and allowed to settle. The bacterial strains were spread over
nutrient agar using a glass rod. Then 75 pL hydrogel samples was
placed by micropipette, and the Petri dishes were incubated for
12 h. The antibacterial behavior was recorded in terms of zone
inhibition.

Hemocompatibility Assay

A hemocompatibility assay was carried out to find the compatibility
of the hydrogel polymer with the blood. Hydrogels were assayed at
different concentrations ranging from 500 to 100 ug with 5-10%
solution of blood cells in PBS. After getting the blood, it was
immediately mixed in EDTA solution to prevent the clotting of
blood; 500 ul of blood was taken in each Eppendorf and centrifuged
at 14,000 rpm for 15 min. Blood cells settled down, and serum was
discarded. Blood cells were washed with PBS by adding 1 ml of
phosphate buffer saline in this Eppendorf and centrifuged for 15 min.
The supernatant was discarded, and the process was repeated 3 times.
Isolated red blood cells were then mixed into PBS solution to make a
5% solution of red blood cells. Different concentrations of hydrogel
were placed in each Eppendorf followed by the addition of 500 ul of
RBC solution. It was then incubated at 37°C for 30 min, then
centrifuged again at 14000 rpm for 10 min, 200 ul of supernatant
was then collected in 96-well plates, and absorption was measured at
541 nm wavelength.

Cytotoxicity and Cell Proliferation
The cytocompatibility and cell proliferation of composite
hydrogels with different concentrations have been studied
against Uppsala (U87) and mouse pre-osteoblast (MC3T3-EI)
cell lines at different intervals of time (24, 48, and 72 h). The well
plates were coated with gelatin (0.1%), which is taken as a positive
control. These plates were incubated under standard in vitro
conditions. Cytotoxicity was conducted using the Neutral Red
assay as reported by Repetto (Repetto et al., 2008). The optical
density was recorded by absorbance at 540 and 550 nm via a
microplate reader for MC3T3-E1 and U87, respectively. The cell
viability was calculated by Eq. 3.
oo OD;
Cell vaibility = oD

(4

x 100

(4)

where OD is the sample optical density and OD, is the controlled
optical density.
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FIGURE 1 | FTIR spectrum of composite hydrogels.
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FIGURE 2 | Surface morphology of composite hydrogels at different scales (300 and 70 um): red arrows indicate GO flakes and red circles indicate embedded GO

In Vivo Wound Contraction

Mice were kept in the animal facility of the Department of
Pharmacy, Quaid-i-Azam University, and acclimatized for
1 week in standard environmental conditions. After ensuring
that the mice are acclimatized to the environment and are of
standard weight, 60 pl of tramadol (25 mg/kg) was orally fed to
the mice using a feeding tube and syringe. Hair was removed from
the dorsum side of the mice (3 cm down from the neck and
between the shoulder blades) by a clipper. Hair removing cream

was applied lightly for no longer than 2 min. After 2 min,
depilatory cream and fur were removed by using wetted gauze.
Mice were placed in a jar for just 5s, containing cotton wetted
with chloroform to give them anesthesia. After cleaning the skin,
they were disinfected with 70% alcohol. The skin was lifted from
the dorsal side at the midline with the help of the index finger and
thumb cranially and caudally. The mice were then placed in a
lateral position, and two-layer skin was removed with the help of
a sharp biopsy punch to make an excisional wound of 6 mm in
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FIGURE 3 | Wetting behavior of composite hydrogels at ambient.
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diameter. After excision, the mice were placed in a warm area to
maintain their body temperature and observed until they
recovered from anesthesia. When it gets normal, mice were
transferred into their cage. Wound size was measured on
alternate days by using a Vernier caliper, and percent wound
closure was measured.

Statistical Analysis

The obtained data were statistically analyzed by statistical
software (IBM, SPSS Statistics 21); standard error (S.E.) in the
figures was represented as Y-error bars. The two-way ANOVA
has been used with post hoc multiple comparisons (*p < 0.05,
#xp < 0.01, and **xp < 0.001 size of sample, n = 3).

RESULTS AND DISCUSSION

FTIR Analysis

The FTIR spectrum of composite hydrogels with different
formulations of composite hydrogels is shown in Figure 1.
The broadband peak at 3,750-3,200 cm™" is due to inter/intra
hydrogen bonding. It confirms the hydrogen bond of composite
hydrogels between arabinoxylan and PVA/GO (Aslam Khan
et al, 2021). The stretching bands that were observed at
2,918-2,848 cm™! are attributed to the aliphatic saturated C-H
bond. It has different transmittance that is increased with an
increased degree of cross-linking. The peak positions at 1,635 and
1,575 cm ™" indicate the presence of ~C=0 stretching band and
C=C functional group of graphene oxide. The pyranose ring and
saccharine structure peaks were observed at 864 and 1,146 cm ™",
respectively, which are fundamental peaks of arabinoxylan
(Adorinni et al, 2021; Khan et al, 2021c). The stretching
band 1,110-1,000 cm ™" is due to the presence of TEOS (cross-
linker) and it confirms the presence of —Si-O—C and —Si-O-Si
functional groups. The increasing transmittance intensities of the
stretching band 1,110-1,000 cm ™' confirm the increasing amount

of TEOS (Fan et al,, 2021). Hence, the functional groups and
variable transmittance confirm the successful development of a
different formulation of composite hydrogels.

Morphological Analysis

The surface morphology of the generated hydrogel was examined
using scanning electron microscopy as shown in Figure 2. The
morphology of the hydrogels was investigated at various scales.
According to the morphological analysis, the hydrogel’s surface
morphology is tight, thick, rough, and wavy. It possesses high
toughness and dense cross-linking because of the enhanced TEOS
amount. It also has a wrinkled, rough lamellar shape, which could
be attributed to the presence of GO. This surface is rougher than
typical, which helps to increase the surface area. By boosting ion
transport and polymer chain mobility, it will improve the self-
healing ability of hydrogels (Khan et al., 2021d; Zhao et al., 2022).
It was also observed that increasing TEOS amount caused GO to
cause more GO clustering at 300 um as presented with red
arrows. However, nano-GO and embedded GO flakes can also
be observed in red circles. Hence, the rough surface morphology
helps cell adherence and proliferation, while the close packing is
formed due to the increasing cross-linker amount that retains its
structure after containing substantial biofluids.

Wetting

One of the most significant features of all biomaterials is surface
wettability because it depicts the true structure and chemical
surface properties. Many features of therapeutic drugs, such as
biocompatibility, adhesion, lubricity, selective absorption, and
controlled release, are determined by wetting (Khan et al., 2021e).
Soft hydrogels, which are made primarily of water and a
hydrophilic polymeric network, are naturally hydrophilic.
Because of their hydrophilic nature, they have a low water
contact angle with their surfaces. The wetting behavior
changed from hydrophilic to hydrophobic as the cross-linker
quantity was increased, owing to increased and close packing that
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changed surface characteristics. Because of the dense packing and
higher cross-linking, there is less hydrogen bonding available to
create functional groups (Sala et al, 2021). As a result, the
hydrogel sample (AGP-1) was found to have the highest
hydrophilicity (64.50°) with minimal cross-linking and the
highest hydrophobicity (AGP-4) with maximal cross-linking
(110.80°) as presented in Figure 3. The required properties of
the hydrogel can be attained by adjusting the cross-linking
degree. As a result, we created hydrogels with varying degrees
of cross-linking to provide distinct formulations with varying
physicochemical properties to address various wound healing
applications in various wound environments.

Mechanical Testing and Gel Fraction

The mechanical behavior of composite hydrogel was analyzed by
stress—strain curves as shown in Figure 4A; it presents the substantial
improvement in mechanical strength by increasing the cross-linking
degree (from AGP-1 to AGP-4). The structural and mechanical
properties of composite hydrogels were investigated by changing the
amount of TEOS to obtain different formulations for wound healing
applications. The mechanical behavior will aid in determining
structural integrity and cross-linker (TEOS) quantity optimization.
After absorbing wound exudate, the composite hydrogel swells
during application. An ideal hydrogel material with optimized
cross-linking will preserve structural integrity without dissolving
or breaking, allowing it to absorb the maximum amount of

biofluid and thereby guard against bacterial attack (Lin et al,
2021). The mechanical strength of composite hydrogels can be
optimized by cross-linker amount. The elastic modulus of samples
AGP-2 to AGP-4 is in the range of the elastic modulus of skin. The
cross-linking degree increased by increasing the TEOS amount that
will allow consistent adhesion when the composite hydrogel is
removed from the skin. The mechanically stable composite
hydrogels with bioactive properties could be excellent wound
dressings for skin wound healing applications. The cross-linking
degree is governed by the gel fraction, and the gel fraction percentage
of the composite hydrogels has been calculated as shown in
Figure 4B. It can be noticed that hydrogel sample AGP-1 has the
lowest gel fraction percentage (64.25%) and hydrogel sample AGP-4
has the highest gel fraction percentage (89.67%). The increasing gel
fraction % is attributable to an increase in the amount of cross-linker
used to bind the polymeric chains together, or to a higher degree of
cross-linking. As a result, increased cross-linking promotes covalent
bonding, which improves the gel fraction (%) and may facilitate the
physicochemical interaction between the functionalized polymer and
the cross-linker.

Swelling and Biodegradation Analysis

When the hydrogel comes into contact with the wound, it
absorbs the exudate and begins to swell, which protects
against bacterial infection. As demonstrated in Figure 4C,
the swelling hydrogel was performed in different media with a
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FIGURE 7 | In vivo assay (animal model) has presented the wound healing by using a single dose of plan composite hydrogel (control sample) to compare with
drug-loaded composite hydrogel.

pH of 7.4 at 37°C. Composite hydrogels swelled the most in
aqueous media, the least in PBS media, and the least in NaCl
(electrolyte) media, according to the findings. The highest
swelling in aqueous media may be attributed to the deionized
nature of the media, while PBS and NaCl media show less
swelling due to ion deposition, which may limit hydrogel
porosity and prevent additional solution uptake. It was also
discovered that AGP-1 has the most swelling and AGP-4 has
the least swelling, which could be attributed to the increasing
degree of cross-linking. Because AGP-1 has the least cross-
linking, it has more open spaces to retain more solutions than
AGP-4, which has fewer broad spaces accessible. After
absorbing a significant volume of biofluids, biodegradation
is an important occurrence for hydrogels because it allows for
the prolonged release of therapeutic agents. As shown in
Figure 4D, the biodegradation of composite hydrogel in
PBS media at 37°C was determined. The least degraded
AGP-4 was discovered, while the most degraded AGP-1
was observed. It could be related to varying levels of cross-
linking. As a result, the degree of cross-linking can be used to
maximize the biodegradation of composite hydrogels.
However, because GO has a large surface area and multiple
distinct oxygen-based functional groups, it cannot be ignored
in the swelling and biodegradation of composite hydrogels. It
conducts cross-linking behavior by interacting with the

polymeric matrix of hydrogels in a variety of ways,
including weak van Der Waal’s forces of attraction and
hydrogen bonding (Khan et al., 2021a; Khan et al., 2021f).
Swelling and biodegradation can thus be regulated by
adjusting the TEOS concentration to achieve the optimal
formulation for the environment because we sometimes
require distinct swelling that is not destroyed to keep the
wound moist. These composite hydrogel degrees can be used
in a variety of wound healing applications in a variety of
environments to moisten the wound by absorbing biofluids
and speed wound healing. After absorbing biofluid or wound
exudate, these composite hydrogels would maintain a
moisture environment with controlled biodegradation.

In Vitro Assay

Antibacterial Activities

The antimicrobial properties of any biomaterial are very
important in medical applications to provide a
biocompatible and protective environment. We have
conducted antibacterial activities against Gram-positive and
Gram-negative severe infection-causing pathogens, that is, P.
arginase, S. aureus, and E. coli, as shown in Figure 5A. The
antibacterial activities were presented in terms of zone
inhibition. It was observed that increasing cross-linking
caused increased antibacterial activities as AGP-1 presented
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least and AGP-4 maximum. It may be due to the optimized
degree of cross-linking that tailored physicochemical
properties of the composite hydrogels that interact with
pathogens differently. The role of GO cannot be denied;
the sharp edges of GO may rupture the bacterial membrane
to hinder its activity and replication (Liang et al., 2021; Duan
et al., 2022; Kailasa et al., 2022). The polymeric part of the
composite hydrogel may interact with the bacterial membrane
due to different functional groups and transfer its electrostatic
charge. It may interact with bacterial DNA and take over the
charge for further replication (Khan et al, 2021f). The
synergically composite hydrogels exhibit antibacterial
activities for further bacterial replication and growth.
Hence, the synergic effect of the composite hydrogel may
protect the wound from severe pathogens for proper and
quick wound healing.

Hemocompatibility Assay

The hemocompatibility of all samples of composite hydrogels
has been conducted against healthy human blood, as shown in
Figure 5B. A hemocompatibility assay was used to determine
the hydrogel polymer’s blood compatibility. Biocompatibility
is usually the most significant factor because the materials are
used in living beings. The hydrogels aid to speed up the
healing process by coming into direct contact with cells
and tissues during wound healing. They should not be
hemotoxic as a result. According to hemocompatibility
data, hydrogel formulations did not tear the membrane of
red blood cells, and the cells remained intact. These samples
have a hemolysis rate of less than 1%, making them the most
blood compatible. It can be seen that these composite
hydrogels have different hemocompatibility behavior with
different concentrations. Increasing concentration can
cause more hemolysis, but the rate is less than 1%.
Possibly, the caused hemolysis is due to the GO-sharp
edges that may rupture membranes of red blood cells
(Duan et al., 2022). Hence, it is confirmed from the results
that our composite hydrogels are hemocompatible. These may
not cause any serious hemolysis during topical application for
skin wound care and treatment.

Anticancer Activities

The anticancer activities of composite hydrogels against U87
have been studied at different time intervals (24, 48, and
72 h), as can be seen in Figure 5C. It is worth mentioning that
increasing cell incubation time and TEOS amount caused
more anticancer activities. Composite polymeric system
(ARX-f-GO) and TEOS may have a synergetic effect on the
U87 cell lines, as GO has sharp edges and ruptures cell
membrane to cause cell death. Sample AGP-4 has
maximum cell death or less cell viability; however, AGP-1
has more cell viability or less cell death. The polymeric part of
the composite hydrogel may take control for further cell
proliferation (Ou et al, 2017). Moreover, the longer
contact time may also cause cell death to have better
anticancer activities (Kumari et al., 2010). It is also
observed that initially, the composite hydrogel did not
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exhibit any prominent anticancer activities. But later, they
became more toxic toward U87 cell lines and performed
better anticancer activities (Santhosh et al., 2017). This
behavior may be due to the optimum amount of
polymeric, TEOS, and GO that interact differently with
U87 cell lines. These composite hydrogels might be
considered potential biomaterials for anticancer applications.

Cell Viability and Proliferation

Figure 6 shows the vitality and proliferation of MC3T3-E1 cell
lines in vitro when exposed to various concentrations of
composite hydrogels. Cell survival and proliferation have
been demonstrated in these composite hydrogels.
Furthermore, it has been demonstrated that when
concentration and duration increase, cell viability and
proliferation also increase. It could be related to the
interaction time of MC3T3-EI cell lines with composite
hydrogels. It is possible that boosting TEOS and optimizing
GO quantity provides the required functionality to assist cell
adhesion, which promotes cell viability and proliferation (Hu
et al., 2021). The GO has an electroconductive response, and
the right amount of GO in a composite hydrogel’s polymeric
matrix can produce electroconductive behavior. Since GO
contains numerous oxygen-based functional groups,
H-bonding aids cell adhesion to hydrogels. GO also has a
larger surface area and a variety of functions that may improve
cell survival and proliferation by facilitating cell adhesion
(Yang et al.,, 2021). APG-4 >APG-3>APG-2>APG-1 was the
order of cell viability and optical density behavior of MC3T3-
E1 cells on the hydrogel scaffold. These findings suggest that
raising TEOS and optimizing GO concentrations enhance cell
adhesion and proliferation while avoiding cytotoxicity.

Wound Contraction

A wound is a disruption in the continuity of the normal anatomy
of the skin. Modern methods of wound healing have advantages
over traditional methods. Polysaccharide hydrogel polymers have
reduced mechanical strength. Hydrogel polymer composite
cross-linked with graphene oxide has tissue regenerative and
antimicrobial activity. Hydrogel polymers have their wound
healing activity, and when cross-linked, it increases their
mechanical strength, and when combined with the drug, it
reduces the healing time of the wound. The area of the wound
was measured using a scale, and wound closure was noted on days
1, 2,4, 6, and 8 as shown in Figure 7. Wound contraction of mice
showed that hydrogels showed a noteworthy wound healing
process, but bergenin-loaded hydrogel had a more significant
effect in the wound healing process and helped in the prompt
healing process as compared to using hydrogel alone.

CONCLUSION

We have reported novel formulations of composite hydrogels
with enhanced antibacterial, biodegradable, and bioactivity
properties. Arabinoxylan was functionalized with GO via the

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

81

April 2022 | Volume 10 | Article 865059


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

Khan et al.

hydrothermal method and cross-linked with PVA using
different TEOS amounts to optimize the properties of the
hydrogel. FTIR confirms the successful cross-linking, and
rough surface morphology was observed by SEM. The
wetting behavior was shifted from hydrophilic to
hydrophobic by increasing the TEOS amount, while
mechanical properties and biodegradation also increased.
The multifunctional behavior of GO has tuned the
composite hydrogel to have synergic effects on
antibacterial, cell viability, and proliferation. It was also
found that increasing TEOS amount also enhances cell
adherence and proliferation due to increased structural
orientation and integrity. The wound healing was observed
within 7 days with loading a potential wound-healing drug
and plan hydrogel. Amazing wound healing was observed
with a single dose of hydrogels loaded on the first day.
Therefore, from the results, it is concluded that the
composite hydrogel can be a promising biomaterial for
healing without any prominent inflammation within a week.
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Chitosan and its derivatives are bioactive molecules that have recently been used in various
fields, especially in the medical field. The antibacterial, antitumor, and immunomodulatory
properties of chitosan have been extensively studied. Chitosan can be used as a drug-
delivery carrier in the form of hydrogels, sponges, microspheres, nanoparticles, and thin
films to treat diseases, especially those of the skin and soft tissue such as injuries and
lesions of the skin, muscles, blood vessels, and nerves. Chitosan can prevent and also
treat soft tissue diseases by exerting diverse biological effects such as antibacterial,
antitumor, antioxidant, and tissue regeneration effects. Owing to its antitumor properties,
chitosan can be used as a targeted therapy to treat soft tissue tumors. Moreover, owing to
its antibacterial and antioxidant properties, chitosan can be used in the prevention and
treatment of soft tissue infections. Chitosan can stop the bleeding of open wounds by
promoting platelet agglutination. It can also promote the regeneration of soft tissues such
as the skin, muscles, and nerves. Drug-delivery carriers containing chitosan can be used
as wound dressings to promote wound healing. This review summarizes the structure and
biological characteristics of chitosan and its derivatives. The recent breakthroughs and
future trends of chitosan and its derivatives in therapeutic effects and drug delivery
functions including anti-infection, promotion of wound healing, tissue regeneration and
anticancer on soft tissue diseases are elaborated.

Keywords: chitosan, soft tissue disease, biological property, drug-delivery carrier, regenerative medicine

1 INTRODUCTION

Chitosan is a naturally occurring, newly identified cationic polysaccharide, which is a deacetylation
product derived from chitin (Wang W. et al,, 2020). Chitosan has been widely used in the medical field as
a wound dressing because of its appreciable antibacterial activity (Matica et al.,, 2019). However, chitosan
is poorly soluble and unstable in water; thus several chitosan derivatives have been developed (Shahid Ul
and Butola, 2019). These derivatives were obtained by chemical modifications, which retained the
effective biological properties of the parent chitosan while improving its physical and chemical properties
(Ardean et al, 2021). Chitosan and its derivatives have been processed into hydrogels, sponges,
microspheres, nanoparticles, and thin films for use as medical materials. These are widely used to
treat different diseases, especially those of the skin and soft tissues, owing to the diverse properties of these
compounds (Ma et al., 2017; Zhang N. et al., 2020; El Kadib, 2020; Hou et al., 2020; He et al., 2021).
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Skin and soft tissue diseases include trauma, infections, and
tumors of the skin, subcutaneous tissue, and fascia (Endo et al,,
2019; Peetermans et al., 2020). Trauma to the skin, muscles, blood
vessels, and nerves can be treated with chitosan and its derivatives
as they promote wound healing (Guo et al, 2019; Alven and
Aderibigbe, 2020; Rao F. et al., 2020; Zhao et al., 2021). Given that
soft tissue infections such as those of the skin and subcutaneous
tissues are caused by bacteria or fungi, chitosan and its derivatives
can be used as dressings to treat infected wounds (Matica et al.,
2019; Watkins and David, 2021). Soft tissue sarcomas are the
most common malignancies of fat tissue, fascia, muscles, lymph
nodes, and blood vessels, which always lead to a poor prognosis
due to their insidious onset and rapid metastasis to distant
organs. Chitosan and its derivatives exert antitumor activities
and can, therefore, be potentially used in drug-delivery systems
for the treatment of sarcoma (Maleki Dana et al., 2021). Besides,
chitosan-based nanoparticles, sponges, films, hydrogels, and
scaffolds have been used for soft tissue injury treatment
(Oryan and Sahvieh, 2017; Hemmingsen et al, 2021; Rashki
etal,2021; Sun et al., 2021). Although chitosan and its derivatives
have broad application prospects in the skin and soft tissue
diseases, there is still a lack of review on this aspect. This
summarizes the sources, structures, biological
characteristics, and different forms of drug carriers of chitosan
and its derivatives. It also discusses the recent breakthroughs in
the application of chitosan and its derivatives in preventing and
treating trauma, infection, and tumor of skin and soft tissues.

review

2 PREPARATION OF CHITOSAN AND ITS
DERIVATIVES

Chitin is mainly obtained from the corneum of crustaceans, such
as shrimp and crab shells, which are purified by chemical and
biological extraction to remove protein and precipitate calcium
carbonate (Younes and Rinaudo, 2015). Chemically, chitosan
consists of 2-amino-2-deoxy-D-glycopyranose units linked by
(1—4) glycosidic bonds and is obtained by the chemical and
enzymatic deacetylation of chitin (Supplementary Figure S1)
(Santos et al., 2020). The unique structure of chitosan makes it
insoluble in water and most organic solvents, limiting its scope of
applications (Muxika et al., 2017). Chitosan has been chemically
and biologically modified by acylation, carboxylation, alkylation,
and quaternization to improve its solubility and prepare
derivatives for comprehensive applications.

The biocompatibility and anticoagulation effects of N-acylated
chitosan have been significantly improved over the years and can
be used as a sustained-release drug in a clinical setting (Wang W.
et al., 2020). A previous study confirmed that the antibacterial
activity of water-soluble N-alkylated disaccharide chitosan
derivatives against Escherichia coli and Staphylococcus aureus
was significantly higher than natural chitosan at pH 7.0 (Yang
et al., 2005). Carboxymethyl chitosan can affect its solubility in
water across different pH by affecting the degree of
carboxymethylation, thus prolonging the reaction time of the
drug-delivery system (Shariatinia, 2018). Therefore, modifying
chitosan through quaternization could significantly improve its
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water solubility, antibacterial effects, mucosal adhesion, and
permeability, which are beneficial for designing medical
dressings and drug carriers (Freitas et al., 2020). Chitosan and
its derivatives exert antibacterial, antioxidant, and anticancer
effects in vivo as drug carriers, highlighting their potential
application in clinical diseases.

3 BIOLOGICAL CHARACTERISTICS OF
CHITOSAN AND ITS DERIVATIVES

3.1 Antibacterial Activity

The amino group in the chitosan structure can be converted to a
positively charged ammonium ion, which confers cationic
properties to chitosan (Fakhri et al., 2020). The cell walls of
Gram-positive bacteria are mainly composed of teichoic acid,
which is negatively charged and can react with chitosan via
electrostatic interactions, leading to the destruction of the
bacterial cell wall, loss of cellular function, and ultimately cell
death (Abd El-Hack et al., 2020). The ammonium ions in
chitosan interact with the anions of lipopolysaccharides
present on the outer membrane of Gram-negative bacteria,
leading to a bacteriostatic effect (Ardean et al, 2021).
Additionally, chitosan can cross bacterial cell membranes and
interfere with the transcription and translation of genetic
material, thus affecting the normal cellular function
(Figure 1A) (Verlee al, 2017). The antibacterial
performance of chitosan against Staphylococcus epidermidis
significantly increased when the compound was functionalized
with catechol, as demonstrated by a decrease in the minimum
inhibitory concentration of the polymer (Amato et al., 2018). The
antibacterial properties of chitosan when formulated as
hydrogels, films, sponge wound dressings make it a good
wound-treatment material for the prevention and treatment of
infections. A novel lignin-chitosan-PVA composite hydrogel
designed as a wound dressing shows good adsorption capacity
and bacterijostatic effects (Zhang Y. et al., 2019). Chitosan films
containing glycerin as a strengthening agent can be used as a
wound dressing to inhibit bacterial infections (Ma et al., 2017).
The composite sponge prepared using hydroxybutyl chitosan and
chitosan combined the hydrophilic properties of hydroxybutyl
chitosan and the antibacterial properties of chitosan, highlighting
its potential as a wound dressing (Hu S. et al, 2018). The
successful use of these preparations in treating skin and soft
tissue infections is indicative of the antibacterial effects of
chitosan.

et

3.2 Antioxidant Activity

The body maintains an oxidation balance under normal
physiological conditions. When the antioxidant capacity is not
adequate to combat the sudden increase in free radicals, the
surplus free radicals lead to cell injury, metabolic disorders of the
cellular macromolecules, and the occurrence of skin and soft
tissue diseases (Sztretye et al., 2019). The antioxidant properties
of chitosan are attributed to the amino and hydroxyl groups in its
molecular chain, which can effectively scavenge excessive free
radicals in the human body (Muthu et al., 2021). The antioxidant
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FIGURE 1 | (A) Electrostatic interaction of the positively charged ammonium ion with the negatively charged teichoic acid in Gram-positive bacteria. The positively
charged ammonium ion interacts electrostatically with the negatively charged phospholipid molecule in Gram-negative bacteria. Chitosan molecules enter through
protein channels on the bacterial membrane and interfere with physiological functions. Electrostatic interaction of the positively charged ammonium ion with the
negatively charged nucleic acid group. (B) Chitosan wound dressings allow the permeation of oxygen and water to keep the wound moist while preventing bacterial
contamination and wound infection. (C) Chitosan promotes nerve regeneration by promoting Schwann cell proliferation. (D) Chitosan promotes erythrocyte aggregation
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activity of chitosan mainly depends on its relative molecular
weight and the level of acetylation (Abd El-Hack et al., 2020;
Cabanas-Romero et al., 2020). Chitosan shows a greater ability in
scavenging free radicals having relatively low molecular weights
and higher levels of acetylation (Negm et al., 2020). Chitosan
derivatives obtained by chemical modification can improve the
antioxidant capacity of polymers and increase their application
over a range of fields (Hao et al., 2021). Chitosan composite films
prepared with ascorbate have stronger DPPH radical-scavenging
ability and improved ability in resisting ultraviolet-visible light
and visible light (Tan et al, 2020). Chitosan derivatives
containing Schiff's base and a quaternary ammonium salt
exhibit stronger antioxidant capability than chitosan due to
the presence of hydroxyl and halogen groups (Wei et al,
2019). Novel chitosan derivatives containing sulfur salts have
DPPH-, hydroxyl-, and superoxide radical-scavenging capacities
of higher than 90%, without any associated cytotoxicity (Sun
et al., 2020). Chitosan nanoparticles synthesized by doxorubicin
can significantly enhance the scavenging ability of free radicals
and reduce the cell viability of liver, stomach, lung, and breast
cancer cells, which can be used as a potential drug carrier for
tumors (Mi et al., 2021). The antioxidant capacity of chitosan can
be regulated by adjusting its molecular weight, acetylation level,

and the extent of chemical modification, thereby conferring
tremendous application prospects in medical cosmetology and
the treatment of soft tissue diseases and tumors.

3.3 Anticancer Activity

Cancer is one of the most challenging conditions to cure, with
surgical resection being the most efficient and -effective
management technique. The development of targeted drugs
provides new ideas to treat cancer; however, several drugs
have poor bioavailability, low selectivity, and poor stability in
tumor tissues (Kandra and Kalangi, 2015). Chitosan derivatives
incorporated into the nano drug-delivery systems have emerged
as one of the most advanced delivery systems in the biomedical
field. This technology is associated with minimum systemic
toxicity and maximum cytotoxicity to the tumors and cancer
cells and is the most promising targeted therapy in cancer (Verlee
et al., 2017). Chitosan can directly inhibit the growth of tumor
cells, induce cell necrosis and apoptosis, and enhance immunity
to achieve its antitumor effect (Yu et al., 2022). The chitosan-
based nanoparticles could selectively permeate cancer cells and
precisely exert their effects by continuously releasing the loaded
drugs while maintaining drug stability (Kamath and Sunil, 2017).
N, O-carboxymethyl chitosan/multialdehyde Guar hydrogels can
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continuously release antitumor drug doxorubicin and possess
injectable and self-healing biological properties (Pandit et al,
2021). A novel amphiphilic chitosan micelle reported to protect
75% of an anticancer drug from hydrolysis is now being used as a
promising drug-delivery system (Almeida et al, 2020). The
chitosan- and saline-based nanoparticles are used to deliver
the pro-oxidant drug piperlongumine to prostate cancer cells
due to their prostate cancer cells killing properties (Choi et al.,
2019). The antitumor properties of chitosan make it a potential
antitumor drug carrier for treating melanoma and sarcoma of
skin and soft tissues.

3.4 Immunomodulatory Effects

Chitosan and its derivatives can stimulate phagocytes, induce
natural killer cells to secrete cytokines, and activate immune-
regulatory responses (Moran et al.,, 2018). The hydrolysate of
chitosan can increase the phagocytic activity of macrophages and
promote the proliferation of splenocytes and Payer’s patch
lymphocytes, thereby exerting unique immunomodulatory
properties (Chang et al., 2019). Polymers containing chitosan
can promote the polarization of primary bone marrow-derived
macrophages to  anti-inflammatory  activity = carrying
macrophages (Papadimitriou et al, 2017). Acidified chitosan
can provide an immune microenvironment for osteogenic
differentiation by promoting crosstalk between the immune
cells and stem cells to induce angiogenesis and bone
regeneration (Shu et al., 2018). Hydrogels containing chitosan
can promote the wound healing capacity of the skin of diabetic
rats by downregulating the pro-inflammatory factors like tumor
necrosis factor-a and interleukin (IL)-1p (Chen et al, 2021).
Chitosan oligosaccharides can promote the phagocytic activity of
RAW?264.7 cells, produce reactive oxygen species, release pro-
inflammatory factors through the NF-KB pathway, and
significantly enhance the immunomodulatory effect (Deng
et al., 2020). Chitosan can induce and regulate immune cells
by altering the microenvironment of the immune system to
achieve therapeutic effects by regulating immune function in
the skin and soft tissues.

4 DRUG CARRIERS PREPARED USING
CHITOSAN AND ITS DERIVATIVES

Chitosan has been used to synthesize several drug carriers for
drug-delivery systems, such as nanoparticles, films, sponges,
hydrogels, and scaffolds. The design of these carriers is based
on the biological properties of chitosan and its derivatives. Some
of these carriers are currently used in a clinical setting
(Supplementary Figure S2).

4.1 Nanoparticles

In recent years, nanomaterials have gained increasing attention in
the biomedical field (Zhang E. et al, 2019). Chitosan
nanoparticles retain the biological properties of chitosan while
improving the stability of the loaded drugs and controlling the
drug-release rate (Rizeq et al, 2019). There is evidence that
chitosan nanoparticles loaded with anticancer drugs could be
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used to target malignant tumors, thereby prolonging the drug
action duration, enhancing the anticancer effect, and reducing
toxicity (Assa et al, 2017). Chitosan nanoparticles are safe,
biodegradable, and easy to form DNA or protein complexes
for use as a potential gene delivery system (Bowman and
Leong, 2006). Chitosan-coated silica nanoparticles have been
shown to induce a strong immune response in vivo and can
be used for oral delivery of protein vaccine (Wu et al., 2021).
Chitosan nanoparticles retain the biocompatibility and
biodegradability of chitosan, which is a valuable property and
a promising therapeutic approach in targeted therapy when used
in combination with anticancer drugs.

4.2 Film

The chitosan-based films possess good permeability, a large
surface area, and unique antibacterial properties, thus making
them a potential alternative to artificial skin and an important
material for wound dressings (Vivcharenko et al., 2020). The
surface hydrophobicity, permeability, and sensitivity of gamma
ray—-irradiated chitosan films can be increased without significant
changes in the original chemical structure (Salari et al., 2021).
Introducing montmorillonite-copper chloride into chitosan films
can increase their tensile strength and elongation at break and
also confer higher antibacterial activity against foodborne
pathogens, further highlighting their use as a wound dressing
to combat infections (Nouri et al., 2018). Additionally, chitosan
films containing human epidermal growth factors can protect
against enzymatic hydrolysis and endocytosis and significantly
accelerate the rate of wound healing in mice (Umar et al., 2021).
These antibacterial properties and regenerative effects of chitosan
make it a suitable material for wound dressing.

4.3 Sponges

The porous structure, biocompatibility, and liquid-absorption
properties of the chitosan sponge make it a suitable biomaterial
for hemostasis (Zhang K. et al., 2020). Chitosan composite
sponges can absorb water in the blood and increase blood
viscosity. Moreover, they are non-toxic and biodegradable,
hold antibacterial drugs, and promote blood coagulation in
wounds (Hu S. et al,, 2018). Chitosan composite sponges rich
in andrographolide possess a large pore size and expansion rate
and can effectively promote wound healing and reduce scar
formation when used as a wound care material (Sanad and
Abdel-Bar, 2017). Chitosan sponge provides a moist
environment, allows gas exchange and blocks out
microorganisms, suitable for burn wound dressing to keep
away from contamination and dehydration (Jayakumar et al.,
2011). Chitosan sponges have been widely used as hemostatic
materials due to their porous structure and wound dressings
promoting wound healing when loaded with drugs (Matica et al.,
2019).

4.4 Hydrogels

Hydrogels are hydrophilic polymers with high water content and
good biocompatibility. They can be loaded with chitosan and
used as wound dressings to keep the wound moist and to
continuously absorb exudates (Song et al, 2021). Chitosan
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hydrogels loaded with metal ions can improve the imbalance in
metal ions that cause delayed wound healing. Moreover, they
inhibit infections and accelerate healing by regulating the
expression of inflammatory factors and macrophages
polarization (Xiao et al., 2021). An imbalance in metal ions
can also lead to scar growth. Modulating the cation in
chitosan hydrogel or adding aloe gel can lead to effective scar
inhibition (Zhang N. et al., 2020). Chitosan hydrogels can also be
used as hemostatic dressings. Thermal-responsive chitosan/
DOPA hydrogels improve the adhesion and show a good
hemostatic effect in rats (Shou et al., 2020). Chitosan sponges
are often used as a hemostatic material. Hydrogels are commonly
used as antibacterial dressings because their hydrophilicity and
absorbability can suitably isolate infections from foreign
substances and keep the wound moist.

4.5 Scaffolds

Tissue engineering is a research hotspot in regenerative medicine.
Functional scaffolds composed of natural polymers have been
widely used in surgical reconstruction (Rodriguez-Vazquez et al.,
2015). Collagen/chitosan scaffolds made using 3D printing
technology show remarkable therapeutic effects in vivo with
complete spinal cord transection, and significantly improve
sensory and motor recovery (Sun et al, 2019). Chitosan
scaffolds surrounded by microcellulose arranged with twisted
polylactic acid can simulate the extracellular matrix of tendons,
provide structural support for tendon regeneration, and facilitate
tendon-cell attachment and proliferation (Nivedhitha Sundaram
et al,, 2019). Composite chitosan-gelatin scaffold with a double-
tubular structure having large internal pores and nonporous
outer layers simulate blood vessels and significantly promote
the proliferation of human dermal fibroblasts after being
inoculated, and can be used for angiogenesis reconstruction
(Badhe et al., 2017). Nano-scaffolds made of chitosan,
sulfonated chitosan, polycaprolactone, and phosphoric acid
can enhance the activity and adhesion of osteoblasts, making
them excellent materials for bone tissue regeneration (Ghaee
et al, 2017). Chitosan scaffolds have plastic structure and the
ability to promote adhesion and proliferation of tissue cells,
improving soft tissue and bone tissue regeneration.

5 APPLICATIONS OF CHITOSAN AND ITS
DERIVATIVES TO TREAT SOFT TISSUE
DISEASES

5.1 Promotion of Wound Healing

Soft tissue injury refers to laceration and contusion of the skin,
subcutaneous tissue, and muscle caused by an external force,
bleeding, and local swelling. Wound healing depends on the
nature and degree of tissue defects, whereas age, nutritional
status, and underlying diseases are systemic factors affecting
wound healing (Wilkinson and Hardman, 2020). Promoting
wound healing and reducing scar formation are urgent
medical problems to be solved for patients with wounds and
defects in body function. The antibacterial properties of chitosan
and its ability to promote tissue regeneration have increased its
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usage in wound dressings combined with different materials,
which have the overall effect of promoting wound healing
(Figure 1B).

Impregnating chitosan hydrogels with silver nanoparticles can
significantly improve antibacterial and antioxidant properties
and enhance wound healing in vivo (Masood et al,, 2019). The
anti-biofilm formation ability of chitosan-immobilized ficin can
inhibit S. aureus infections and promote the formation of
smoother epithelial tissue (Baidamshina et al, 2020).
Vaccinin-chitosan nanoparticles can promote vascular tissue
production by upregulating IL-13 and PDGF-BB, thereby
highlighting its potential in wound healing (Hou et al., 2020).
The curcumin-loaded chitosan membranes can effectively inhibit
bacterial pathogens in wounds by increasing the formation of
fibrous connective tissue. Additionally, they have an obvious
healing effect on wounds resulting from second-degree burns
(Abbas et al., 2019). A study reports that macrophage dysfunction
can lead to chronic inflammation and inhibit diabetic wound
healing (Chen et al, 2021). Chitosan sulfate can improve
macrophage function by inducing the polarization of Ml
macrophages to M2 macrophages and promoting the
production of anti-inflammatory factors, thus effectively
promoting diabetic wound healing (Shen et al, 2020).
Chitosan has antibacterial, antioxidant, and
immunomodulatory effects that can prevent the infection of
wounds and promote healing through soft tissue regeneration,
making it a natural wound-dressing material.

5.2 Anti-Infective Effects in Skin and Soft
Tissue

Soft tissue infection is an inflammatory condition caused by
pathogenic bacteria that invade the skin and subcutaneous
tissue. Elimination of necrotic tissue and pathogenic bacteria is
the cornerstone of treatment in such infections (Burnham and
Kollef, 2018). The effectiveness of different wound dressings in
controlling and treating infection has been clearly demonstrated,
highlighting their wide use in clinical practice (Simoes et al.,
2018). Chitosan is an effective carrier of anti-infective drugs due
to its mucous membrane dependence and the ability to prolong
drug activity by retarding the biodegradation rate (Rajitha et al.,
2016). The inhibitory effects of antibacterial materials based on
chitosan and its derivatives on different pathogens are listed in
Table 1.

5.3 Promotion of Soft Tissue Regeneration
5.3.1 Skin Regeneration

Skin injuries or necrosis caused by crush, burn, or cut injuries are
medical problems warranting urgent care. Common treatment
methods include autogenous skin transplantation and free or
pedicled skin-flap transplantation, which can cause problems,
such as graft tissue necrosis, scar contracture, and poor cosmetic
appearance (Przekora, 2020; Li et al., 2021). The tissue-repair
function of chitosan provides a novel solution for skin
reconstruction (Wei et al., 2022). Hydrogels synthesized from
chitosan and cellulose can accelerate epithelial tissue formation
on wounds and mimic skin structure, induce skin regeneration,
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TABLE 1 | Antibacterial effect of chitosan and its derivatives on different microorganisms.
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Chitosan-sodium phytate nanoparticles
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Chitosan-silver nanocomposite
Chitosan/Alkynyl chitosan

PAN-chitosan
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CMCh/CuO
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Chitosan-silver nanoparticles
Chitosan-g-eugenol/zwitterionic copolymer
N-phosphonium chitosan
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Chitosan-silver nanoparticles
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N, N, N-Trimethyl Chitosan

Quaternary ammonium chitosan
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Surface-quaternized chitosan particles
O-acetyl-chitosan-N-2-hydroxypropy! trimethyl ammonium chloride
Carboxymethyl chitosan/ZnO

Chitosan-silver nanocomposites
NAM-CMCS-ZnO

MDAACS

Chitosan-gold nanocomposites
Carboxymethyl chitosan-zinc supramolecular hydrogels
Ferulic acid-grafted chitosan

Chitosan-g-poly acrylonitrile/silver nanocomposite
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aureus
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TABLE 1 | (Continued) Antibacterial effect of chitosan and its derivatives on different microorganisms.

Polymer

Quaternized carboxymethy! chitosan
Carboxymethyl chitosan
Boc-D-Phe-y 4 -L-Phe-PEA/chitosan
Chitosan-gold nanocomposites
Ferulic acid-grafted chitosan
B-chitosan

Ferulic acid-grafted chitosan
Carboxymethyl chitosan

MDAACS

CTs@Ag/Sep
Chitosan-glutaraldehyde
PAN-chitosan

CuS/PVACS

Quaternary ammonium chitosan
CNPs

and can be loaded with antibacterial agents to prevent wound
infections  (Alven and  Aderibigbe, 2020).  Lithium
chloride-loaded chitosan hydrogels can significantly reduce
wound inflammation, promote angiogenesis, and accelerate
epithelial regeneration, thereby showing a potential dressing
for skin regeneration (Yuan et al, 2020). Chitosan wound
dressings containing exosomes derived from overexpressed
miRNA-126 synovial mesenchymal stem cells can promote
epithelium formation, angiogenesis, and collagen maturation
in diabetic rats (Tao et al.,, 2017). Chitosan can promote skin
regeneration by promoting angiogenesis and epithelium
formation.

5.3.2 Tendon Regeneration

Tendons are one of the major components responsible for
maintaining the movement of various joints in the body.
Tendon rupture due to trauma can lead to irreversible
impaired movement. The tendon structure simulated by poly
(L-lactic acid) nanofibers can promote the regeneration of the
broken flexor tendons and alginate gel, a novel natural biological
scaffold suitable for tendon repair in the outer layer, and can
prevent tendon adhesion (Deepthi et al., 2016). Asymmetric
chitosan scaffolds have been developed to encapsulate rat
tendon stem/progenitor cells and promote tendon
regeneration (Chen et al., 2018). The polycaprolactone/
chitosan nanofiber biocomposite prepared using the
electrostatic spinning process can promote the adhesion and
proliferation of human osteoblasts and be used for tendon and
ligament regeneration (Wu et al., 2018). Biomaterials based on
chitosan and its derivatives can promote tendon healing and
prevent adhesion around tendons, which is beneficial for
treating patients with tendon rupture.

5.3.3 Nerve Regeneration

Peripheral nerves are the nerves outside the brain and spinal
cord. Damage to these nerves can lead to motor and sensory
impairments. The biological materials with chitosan as the
primary polymer are effective in nerve-injury repair. The
related mechanisms are shown in Figure 1C. Chitosan

Microbial

S. aureus

Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Listeria innocua

Listeria innocua

Klebsiella Pneumoniae
Klebsiella Pneumoniae
Aspergillus niger
Burkholderia cepacia
Micrococcus luteus
Streptococcus pneumonia
Botrytis cinerea

N. gonorrhoeae
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nanofiber hydrogels prepared by electrospinning and
mechanical  stretching can  stimulate  brain-derived
neurotrophic factor and vascular endothelial growth factor,
promote Schwann cell proliferation, and secrete neurotrophic
silver to repair sciatic nerve defects in the sciatic nerve—defect
model of mice (Rao F. et al., 2020). Additionally, sciatic nerve
defects in rats were repaired using a nerve catheter containing
chitosan reinforced with chitosan membrane in the longitudinal
direction, and the result was anastomosed with autologous
nerve transplantation (Meyer et al., 2016). Heparin/chitosan
scaffolds loaded with nerve growth factors through electrostatic
interaction can significantly promote the morphological
development of Schwann cells and exhibit good stability (Li
et al, 2017). The effective proliferation of Schwann cells
accelerates the rate of nerve regeneration. Chitosan
derivatives can  affect nerve regeneration through
immunomodulatory effects. As a degradation product of
chitosan, chitosan oligosaccharides can promote nerve
regeneration by regulating the microenvironment of
macrophages infiltrating around injured sciatic nerves (Zhao
et al, 2017). Compared with traditional surgical repair
techniques, chitosan and its derivatives are more coherent for
soft tissues regeneration, with less damage, easier acquisition,
and more satisfying outcomes.

5.4 Promotion of Coagulation

Bleeding due to trauma is a serious symptom that needs
immediate attention during surgical emergencies. Chitosan
can promote coagulation by enhancing red blood cell
agglutination and platelet adhesion and is a potential
hemostatic material (Figure 1D) (Hu Z. et al, 2018).
Composite sponges containing alginate/carboxymethyl
chitosan/kangfuxin are biodegradable materials that
accelerate blood clotting and promote wound closure (He
et al,, 2021). Carboxymethyl chitosan sponges grafted with
marine collagen peptides can promote coagulation both in vivo
and in vitro through the synergistic effect of the collagen
peptide and carboxymethyl chitosan (Cheng et al., 2020).
Chitosan/diatom-biosilica aerogels are associated with large
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surface areas and excellent water absorption capabilities and hence,
show the shortest clotting time and the lowest amount of blood loss
in a hemorrhage model of rats (Li J. et al., 2020). Chitosan/cellulose
composite sponges with LIOH/KOH/urea solvent in the shell show
better clotting ability, antibacterial effect, and good absorbability
than traditional gauze and gelatin sponges (Fan et al, 2020).
Different chitosan materials exhibit varying absorbability and
coagulation-promoting effects and serve as convenient and
effective hemostatic materials to arrest acute bleeding of the
skin and soft tissues.

5.5 Targeted Therapy for Soft Tissue

Malignancy

Soft tissue malignancy or sarcomas are tumors that originated from
the mesenchymal tissue and mainly occur in the muscles, ligaments,
periosteum, fat, and other sites. The efficacy of chitosan in drug-
delivery systems for the targeted therapy of malignant tumors in
sarcoma has been well documented (Tan et al., 2010). Methylglyoxal-
conjugated chitosan nanoparticles can enhance the anticancer effect
of methylglyoxal alone in tumor-bearing mice and protect it from
enzymatic degradation in vivo by upregulating cytokines and surface
receptors of macrophages (Chakrabarti et al., 2014; Pal et al,, 2015).
Thus, the immunomodulatory effects of macrophages should be
activated to achieve the antitumor effect. Low-molecular-weight
chitosan obtained through enzymolysis can increase the natural
killing activity of tumor-bearing intestinal intraepithelial
lymphocytes in mice and inhibit tumor growth by activating their
intestinal immune function (Maeda and Kimura, 2004), suggesting
that chitosan can achieve antitumor effects by regulating the immune
system. Additionally, chitosan can reduce gastrointestinal tract injury
caused by adriamycin in sarcoma-180-bearing mice without affecting
the tumor-inhibition effect (Kimura et al., 2001). Chitosan can be
used to prevent weight loss and spleen weight loss caused by cisplatin
in tumor-bearing mice without reducing the antitumor activity of the
drug (Kimura et al., 2000). Therefore, chitosan can be considered to
alleviate the toxic and side effects of chemotherapy in individuals with
sarcoma. Chitosan can increase the anticancer effect of drugs, reduce
damage to the body, and achieve antitumor effects through immune
regulation when used as a targeted drug carrier. These factors
highlight its usage as a curative material in treating soft tissue tumors.

6 DISCUSSION

Chitosan and its derivatives exhibit good biocompatibility. They are
biodegradable, nontoxic, and also exert antibacterial, antioxidant,
antitumor, and immunomodulatory effects. Chitosan can be used to
synthesize different types of drug carriers based on the intended use,
as it plays a significant role in soft tissue diseases treatment
(Supplementary Table S1) (Wang W. et al, 2020). Chitosan
nanoparticles can improve drug stability while retaining the
biological properties of chitosan, thereby rendering them suitable
as carriers of targeted drugs (Aibani et al, 2021). Chitosan
nanoparticles are associated with fewer drug-loading and
biological distribution limitations compared with lipid-based
nanoparticles. Moreover, chitosan nanoparticles are nontoxic and

Chitosan and Soft Tissue Disease

not radioactive as inorganic nanoparticles (Dadfar et al, 2019;
Alphandéry, 2020; Plucinski et al., 2021). Chitosan films can be
made into antibacterial dressings to enhance the antibacterial effect
of chitosan (Rashki et al., 2021). Skin irritation or local side effects are
rare due to the biodegradability and biocompatibility of chitosan.
Thus, the incidence of contact dermatitis is lesser with the use of
chitosan than with the use of traditional antibacterial agents
(Homaeigohar and Boccaccini, 2020; Zheng et al, 2020).
Chitosan sponges possess good absorbability and a porous
structure and are not associated with immunogenicity and virality
compared with other thrombin- and fibrin-based products (Yu and
Zhong, 2021). Chitosan sponges are degraded in vivo after exerting
their hemostatic role; these sponges are less toxic and exhibit fewer
side effects than mineral hemostatic materials (Hickman et al., 2018).
Chitosan hydrogels have a high-water content, which can keep
wounds moist and prevent secondary damage caused by
traditional gauze while changing dressings (Thapa et al, 2020).
The drug-loaded chitosan hydrogels can slowly release drugs and
prevent tissue damage caused by the burst effect due to sudden drug
release (Teixeira et al, 2021). The ductility and absorbability of
chitosan hydrogels render them suitable for application to limb
injuries and avoid sliding of the dressing and wound exposure
caused by joint movement (Zhang A. et al, 2020). Chitosan
scaffolds are important components in bone tissue engineering.
They can be used to repair bone defects and carry mesenchymal
stem cells for nerve and tendon regeneration, which is a major
breakthrough in regenerative medicine (Cofano et al., 2019; Zhang L.
et al, 2019; Vijayavenkataraman, 2020; Russo et al, 2022).
Compared with other drug carriers, chitosan and its derivatives
could be a potential approach for preventing and treating of skin and
soft tissue diseases.

Bacterial resistance limits the systemic effects of antibiotics and is
one of the major factors delaying the healing of chronic infections of
the skin and soft tissues (Theuretzbacher et al., 2020). Chitosan can
directly interact with bacteria at the site of infection to exert
antibacterial effects and eradicate the infection at the site (Jyoti
et al,, 2020). Chitosan can regulate the immune microenvironment
of the body, activate immune cells, and exert anti-infective effects by
enhancing immunity (Moran et al., 2018). Compared with silver
nanoparticles, chitosan exhibits better antibacterial properties while
promoting tissue regeneration (Tang and Zheng, 2018), making it
more suitable as an antibacterial agent to treat skin and soft tissue
infections. For bleeding caused by skin and soft tissue trauma,
compression or tourniquet is often used to stop bleeding.
However, this method has limited hemostatic effect and is easy
to form thrombus and hematoma (Weiskopf, 2009). Chitosan and
its derivatives can stop bleeding by inducing erythrocyte
agglutination and platelet adhesion, thereby accelerating blood
coagulation and promoting wound healing (He et al, 2021).
However, there is little evidence on whether chitosan hemostatic
material can induce thrombosis. At present, soft tissue sarcomas
treatment relies on surgery. For patients who cannot suffer from
surgery, radiotherapy and chemotherapy become the first choices
(Hoefkens et al., 2016). Chitosan and its derivatives can carry anti-
tumor drugs to achieve a targeted treatment of soft tissue sarcoma,
which can increase the anti-tumor efficiency of drugs and reduce the
toxicity and side effects (Kimura et al., 2000). The role of chitosan in

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

91

May 2022 | Volume 10 | Article 894667


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

Xia et al.

bone tissue engineering has been widely studied, but there is little
evidence of the skin and soft tissue regeneration (Ghaee et al., 2017).
Therefore, studies should pay more attention to the chitosan
regeneration on the skin and soft tissue, especially peripheral
nerves, as nerves take a long time to regenerate and are more
prone to secondary rupture.

In conclusion, as a natural polymer, chitosan and its
derivatives have been isolated from a wide range of sources.
The advantages include ease of preparation and good biological
characteristics, which are useful attributes in the prevention and
treatment of soft tissue diseases.
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Premature ovarian failure (POF) and intrauterine adhesion (IUA) that easily lead to reduced
fertility in premenopausal women are two difficult diseases to treat in obstetrics and
gynecology. Hormone therapy, in vitro fertilization and surgical treatments do not
completely restore fertility. The advent of hydrogels offers new hope for the treatment
of POF and IUA. Hydrogels are noncytotoxic and biodegradable, and do not cause
immune rejection or inflammatory reactions. Drug delivery and stem cell delivery are the
main application forms. Hydrogels are a local drug delivery reservoir, and the control of
drug release is achieved by changing the physicochemical properties. The porous
properties and stable three-dimensional structure of hydrogels support stem cell
growth and functions. In addition, hydrogels are promising biomaterials for increasing
the success rate of ovarian tissue transplantation. Hydrogel-based in vitro three-
dimensional culture of follicles drives the development of artificial ovaries. Hydrogels
form a barrier at the site of injury and have antibacterial, antiadhesive and antistenosis
properties for IUA treatment. In this review, we evaluate the physicochemical properties of
hydrogels, and focus on the latest applications of hydrogels in POF and IUA. We also found
the limitations on clinical application of hydrogel and provide future prospects. Artificial
ovary as the future of hydrogel in POF is worth studying, and 3D bioprinting may help the
mass production of hydrogels.

Keywords: hydrogel, premature ovarian failure, intrauterine adhesion, mesenchymal stem cells, artificial ovary

INTRODUCTION

In obstetrics and gynecology, both premature ovarian failure (POF) and intrauterine adhesion (IUA)
are difficult diseases that often cause infertility in premenopausal women. POF is defined as a
primary ovarian defect characterized by premature follicular depletion or impaired folliculogenesis
before the age of 40 years (Beck-Peccoz and Persani, 2006). Known causes of POF mainly include
autoimmune diseases, chromosomal abnormalities, radiation and chemotherapy for tumors,
infections, and surgical injuries, these causes are difficult to avoid (Goswami and Conway,
2005). POF patients experience early menopause and are susceptible to cardiovascular disease,
type 2 diabetes and osteoporosis, and this susceptibility may be related to a decrease in estrogen (Wu
et al., 2014). Hormone replacement therapy (HRT) replenishes ovarian hormone deficiencies and
improves menopausal syndrome, but may increase the risk of breast cancer and stroke (Sullivan et al.,
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2016). A low pregnancy rate (5%-10%) is the biggest problem for
POF patients (van Kasteren and Schoemaker, 1999). HRT and
gonadotropin-releasing hormone agonists are not effective in
restoring fertility (Demeestere et al., 2016; Ishizuka et al,
2021). In vitro fertilization (IVF) may allow POF patients to
have healthy children, but the success rate is low especially after
the age of 35 (Ishizuka et al., 2021).

IUA is defined as adhesion in uterine cavity resulting from
endometrial damage, characterized by amenorrhea, infertility,
pregnancy loss and abnormal placentation (Dreisler and Kjer,
2019). IUA is mainly due to surgical operations in the uterine
cavity, and extensive fibrosis of the uterine cavity leads to failure of
decidualization and embryo implantation (Hou et al, 2019).
Transcervical resection of adhesion (TCRA) is a standardized
treatment that loosens adhesion and improves fertility. TCRA
itself is also an intrauterine surgical operation, adhesion in the
uterine cavity can be removed by TCRA, but there is also a risk
of damage to the endometrium caused by the operation of TCRA,
and the risk of re-adhesion after surgery is difficult to minimize
(March 2011). The recurrence rate of severe IUA patients even
exceeds 60% after TCRA (Capella-Allouc et al., 1999). The clinical
pregnancy rate of IUA patients does not exceed 20% after TCRA
(20%) (Wang Z. et al, 2021), transdermal estrogen treatment
(16.67%) (Chi et al., 2018) and IVF (15.3%) (Mao et al., 2020).

Hydrogels are a cross-linked form of hydrophilic polymers
(Tibbitt and Anseth, 2009). The structure and composition of
hydrogels are similar to those of the extracellular matrix; thus,
hydrogels show great potential for biological and medical
applications ~ (Slaughter et al, 2009). Hydrogel-based
treatments have emerged in many diseases, including bone
injury, skin injury, kidney diseases, heart failure, etc
(Mohapatra et al, 2021). Hydrogels have been extensively
studied in skin injury. To date, at least 43 clinical trials have
reported that hydrogel dressings increased the cure rate of skin
injury and relieved pain, and in these trials no adverse effects were
found (Zhang et al., 2019). The safety and efficacy in the
treatment of skin injury has driven the application of
hydrogels in other diseases. The application of hydrogels in
other diseases is still at the stage of animal experiment. In
animal experiment the therapeutic effects and safety of
hydrogels have been exhibited. Both drug-loaded and stem
cell-loaded hydrogels promoted the regeneration of bone tissue
(Hasani-Sadrabadi et al., 2020; Zuo et al., 2022). IL-10-loaded
hydrogels reduced the fibrosis of chronic kidney disease (Rodell
etal., 2015), and mitigated the local and systemic inflammation of
acute kidney injury (Soranno et al, 2016). After myocardial
infarction, necrotic cardiomyocytes are replaced by fibroblasts,
resulting in impaired electrical signal conduction. Conductive
hydrogels effectively improved electrical signal transmission and
protected ventricular function (Bao et al.,, 2017; Zhang, C et al,,
2020).

In obstetrics and gynecology, the main application of hydrogel
is in the treatment of POF and IUA. Hydrogels have been studied
for ovarian tissue transplantation and artificial ovary, and the
three-dimensional structure of hydrogels provides support for
follicle growth and morphology maintenance, making ovarian
tissue and follicle autologous transplantation possible (Shikanov

Hydrogels in POF and IUA

et al., 2009; Yoon et al., 2021). The application of hydrogels in
IUA is mainly focused on drug delivery and stem cell delivery
therapy (Mettler et al, 2008; Xue et al., 2019). Hydrogels are
capable of controlling drug release and extending stem cell
retention (Zhang S. et al, 2017; Huang et al, 2022). In this
review, we discuss the physicochemical properties of hydrogels
and the latest applications of hydrogels in POF and IUA.
Applications of hydrogels in POF and IUA were studied
mainly in animal models, and hydrogels have shown
therapeutic effects in animal models, but we still have a long
way to go for clinical application; hence, we discuss the limiting
factors that hinder clinical application and we highlight the future
prospects for the applications of hydrogels.

PHYSICOCHEMICAL PROPERTIES

Swelling is a phenomenon whereby the volume of hydrogels
rapidly increases after they absorb a solvent. The dried hydrogels
were immersed in phosphate buffer solution (PBS) (Qi et al.,
2020), medium (Qi et al., 2020), double-distilled water (DDW)
(Zheng et al.,, 2021) or deionized water (Sutthasupa et al., 2021)
according to different experimental designs. Then swollen
hydrogels were removed from the solvent at a certain time,
and weighed after gently blotting water on the surface. The
swelling ratio (SR) was calculated by the following equation:
SR=(W,-W,;)/W;x100 (W;: the weight of initial dried hydrogel;
W,: the weight of swollen hydrogels) (Qi et al., 2020; Sutthasupa
etal., 2021; Zheng et al., 2021). SR is associated with the hydroxyl
groups, hydrophilic groups and carboxyl groups (Lv et al., 2021),
and the pH and ionic strength of solutions also affect the SR
(Ganguly et al., 2017). The swelling property confers a swollen
three-dimensional (3D) structure resembling the extracellular
matrix in which cells physiologically live; therefore, researchers
increasingly regard hydrogels as novel cell culture media (Jackson
et al.,, 2009; Xu et al., 2009; West et al., 2007a). Traditional 2D
culture achieve the survival of follicles in vitro, but cannot
maintain the normal morphology of follicles (Desai et al.,
2012; Choi et al, 2013), the 3D structure of the swollen
hydrogels maintains the normal morphology of the follicles
in vitro. Hydrogels are promisingly applied to treat IUA,
because hydrogels are not easily expelled due to the strong
adhesion to uterine walls (Zhang, W et al., 2020; Yang et al,
2020), and the stable 3D structure due to swelling prevents
adjacent uterine walls from directly contacting (Mettler et al.,
2008; Wang, Z. et al,, 2021).

Rheology, which is defined by Eugene Bingham, is the study of
the flow and deformation of materials under applied forces
(Dawn and Kumari,, 2018; Wilson, 2018). The rheology of
hydrogels is measured by a rheometer. The storage modulus
(G') and the loss modulus (G") parameters are always used, the
storage modulus (G') reflects viscous behavior and loss modulus
(G") reflects elastic behavior (Miiller et al., 2011; Zheng et al.,
2021). The viscous behavior facilitates the injection of the
hydrogel from the syringe into the uterine cavity and adhesion
to the uterine cavity; moreover, the elastic behavior facilitates the
retention of the hydrogel in the uterine cavity (Xu HL. et al,
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2017). Hydrogels that exhibit more viscous behavior under large
frequency and exhibit more elastic behavior under low frequency
are appropriately applied to IUA (Miller et al, 2011).
Thermosensitive hydrogels exhibit more viscous behavior at
4°C. After the hydrogels are injected into the uterine cavity,
the temperature increases gradually and reaches the gelation
temperature, and hydrogels exhibit more elastic behavior (Xu
HL. et al,, 2017).

Biocompatibility is the ability of biomaterials to perform
without adverse host responses in their application (Naahidi
et al., 2013). Sterility is a prerequisite for clinical applications,
and the assurance of no introduced pathogens is imperative after
hydrogels are implanted. Hydrogels are sterilized by high
pressure steam, 75% ethanol and UV light according to their
physicochemical properties (Miiller et al., 2011; Zheng et al,
2021). Some hydrogels, such as antibacterial electroactive self-
healing hydrogels, have antibacterial and antioxidant properties
in their own composition, but aseptic operation is also necessary
in the preparation process (Zhao X. et al, 2017). Cell-loaded
hydrogels are applied to treat diseases; however, encapsulated
cells may lead to host immune rejection. MHC molecules are the
critical bridge for the recognition of allogeneic cells through host
lymphocytes; therefore, host immune rejection can be examined
by detecting the expression of MHC molecules (Yuan et al., 2011).
In addition, the one-way mixed lymphocyte reactions (MLR)
assay can also detect host immune rejection (Yuan et al., 2010).
The cytotoxicity of hydrogels to encapsulated cells and host cells
is not negligible, and the migration and viability of cells reflect
whether hydrogels are cytotoxic to cells (Zhao X. et al., 2017; Cui
etal., 2019). In addition, the growth of encapsulated cells requires
the hydrogels to complete the exchange of oxygen, nutrients and
metabolites (Slaughter et al., 2009). Many factors affect the
biocompatibility of hydrogels; for natural hydrogels, natural
may contain heavy metals, endotoxins, and
polyphenolic compounds (Lee and Mooney, 2012), and the
purification process (Kong et al, 2002), the structure and
formulation of the biomaterials affect biocompatibility (Tabata
et al., 1999).

Biodegradability provides space for cell growth and new tissue
formation (Li et al., 2012). High-quality hydrogels require proper
biodegradability, and the degradation products are not harmful to
tissues and cells. Nondegradable biomaterials accumulate in the
mononuclear phagocytic system and are difficult to excrete; this
accumulation is permanent and may be potentially harmful to the
body (Owens and Peppas, 2006). Natural hydrogels, such as
chitosan, alginate, gelatin and heparin, are mainly derived
from natural sources and are readily degraded by cells in vivo
(Yamaguchi et al., 2007). The following factors affect hydrogel
degradability: different crosslinking methods (Jeon et al., 2009),
water content (Tabata et al., 1999) and the ratio of each
component (Yu et al., 2010).

sources

PREMATURE OVARIAN FAILURE

Premature ovarian failure (POF) is defined as amenorrhea due to
ovarian hypofunction before the age of 40 years (Goswami and

Hydrogels in POF and IUA

Conway, 2005). A wide range of causes lead to POF, including
chemotherapy, autoimmune diseases, infection and genetic
aberrations; however, most causes are not clear and known
causes are difficult to avoid (Goswami and Conway, 2005).
The most difficult problem of POF is the reduced fertility of
premenopausal women; in addition, the dyspareunia due to
decreased sexual function and frequent night sweats due to
abnormal vasodilation also cause distress in patients (Schover,
2008). Hormone replacement therapy (HRT) is the main
treatment strategy for POF, but hormone therapy may lead to
an increased probability of breast cancer and stroke (Rossouw
et al., 2002); moreover, HRT only relieves the uncomfortable
symptoms of POF and cannot fully restore the function of the
ovaries (Sullivan et al, 2016). In vitro oocyte maturation
successfully restores fertility in POF patients, but these are
case reports, and more statistical data are needed to confirm
the efficiency of this technique (Grynberg et al., 2020; Lucie et al.,
2021). The fertility rate after IVF is low, and the success rate is
related to age and disease duration (Ishizuka et al, 2021);
therefore, novel treatment strategies are urgently needed.

THE APPLICATION OF HYDROGELS IN POF

Hydrogels are introduced in POF treatment in the following four
ways (shown in Figure 1). The first method is transplantation of
ovarian tissues. POF may occur in cancer patients after radiation
and chemotherapy, and the autologous transplantation of ovarian
tissue that are frozen before radiation and chemotherapy
improved the patient’s menopausal symptoms (Fabbri et al,
2019); however, the patient’s pregnancy rate is low. One
report showed only seven pregnancies in 21 patients who
received autologous transplantation (Jadoul et al., 2017), and
fertility was not fully restored despite orthotopic transplantation
of ovarian tissue (von Wolff et al, 2009). Hydrogel-coated
ovarian tissue transplantation was superior to autologous
transplantation alone in promoting follicular proliferation in
animal models; however, there are no reports of fertility
restoration due to the difficulty of achieving orthotopic
transplantation in animal models. Tavana et al. (2016)
encapsulated ovarian tissues in a hyaluronic acid (HA)
hydrogel containing VEGF and fibroblast growth factor
(bFGF), and the hydrogel promoted follicle proliferation and
restoration of ovarian function and inhibited apoptosis after
transplantation. Tanaka et al. (2018) wrapped human ovarian
tissues in a gelatin hydrogel containing bFGF and transplanted
them into immunodeficient mice, found that primordial and
primary follicular density significantly increased. Ovarian
tissue allotransplantation may be achieved by hydrogel
encapsulation because hydrogel-encapsulated ovarian tissue
transplantation did not cause follicle apoptosis or immune
rejection. Gao et al. (2013) performed allotransplantation with
fibrin hydrogels containing bFGF-coated ovarian tissues, and
found that the number of apoptotic follicles was significantly
reduced. Day et al. (2019) demonstrated that poly (ethylene-
glycol) (PEG) hydrogel-coated ovarian tissue prevents
allotransplantation immune rejection.
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FIGURE 1 | The application of hydrogels in POF. Hydrogel can be used as a carrier for ovarian tissue transplantation (A). Hydrogel 3D culture is characterized by
maintenance of follicle morphology, aggregation of cytokines and maintenance of nutrients and PH; thus, hydrogel can be used as a material for artificial ovaries (B). Stem
cells can be encapsulated in hydrogel to wrap ovaries in POF patients to exert therapeutic effects; Stem cells can also be encapsulated in hydrogel along with ovarian
tissues for ovarian transplantation (C). Hydrogels surrounding ovaries control the rate of drug release (D).

The second method of hydrogel application is artificial ovary.
Artificial ovary mainly consists of isolated follicles and
biocompatible and biodegradable biomaterials. Transplanting
ovarian tissues is a major method through which to restore
fertility in cancer patients, but tissue transplantation easily
reintroduces tumor cells (Camboni et al., 2013). Follicular
basal lamina does not have capillaries and nerves from the
granulosa layer; thus, tumors metastasis to the follicles is not
possible (Rodgers et al, 2003). Isolated follicles may be
transplanted into patients instead of ovarian tissue, and the
storage and culture of follicles in vitro is the foundation for
artificial ovary feasibility (See The Application of Hydrogels in
Follicle Culture for details). Studies have shown that the
transplantation of artificial ovaries promotes the survival and
maturation of follicles in vivo (Rios et al., 2018), improves local
vascularization (Rajabzadeh et al., 2020), and restores hormones
to a level at which the endometrium regenerates (Yoon et al,
2021).

The third method is stem cell delivery. Mesenchymal stem
cells (MSCs) treatment in POF increased the number of follicles,
restored plasma sex hormone levels (Zhang et al., 2021b), reduced
ovarian inflammation and reduced granulosa cell apoptosis (Ling
etal, 2017; Deng et al., 2021). Stem cells are mainly administered
by caudal intraperitoneal injection or ovarian orthotopic
injections (Zhang, Q et al, 2017; Woo et al, 2012). These
traditional injection methods are associated with problems of
low efficiency and growth restriction in target organs (Liu, S et al.,
2016). Hydrogels enrich stem cells in the target organ and provide

a suitable environment for the growth of stem cells. A study found
that co-transplantation of fibrin-collagen hydrogel-coated MSCs
and ovarian tissue increased the transplantation success rate
(Mehdinia et al., 2020). Huang et al. (2021) embedded human
amniotic epithelial cells (hAECs) in sodium alginate-bioglass
(SA-BG) hydrogel and wrapped ovarian tissues with the
hAECs-loaded hydrogel in POF mice. The SA-BG hydrogel
not only enhanced the viability of hAECs in ovary, but also
with the help of hAECs restored follicle development and
enhanced angiogenesis in POF ovaries. To date, there are
insufficient studies on the treatment of hydrogels combined
with stem cells for POF; thus, whether this combination
enhances efficacy for POF is worth investigating.

The fourth method is drug delivery. Hydrogels enrich drugs in
the local tissue. This local delivery maintains the high
concentration of drugs in the local tissue and reduces adverse
effects (Bhattarai et al., 2010). Drugs are released from hydrogels
in a controlled manner, avoiding burst release (Jiang et al., 2014).
The long-term sustained release avoids multiple-dose regimens.
Drug release is determined by molecular mass, degradation rate
and affinity between drugs and hydrogels (Li and Guan., 2011). In
addition, environment-stimulated release can also modulate the
drug release. Temperature-responsive hydrogels are a good
example, drug release is slow when the temperature is below
the thermal transition temperature of the hydrogel. Once the
temperature rises above the thermal transition temperature, the
drug is released rapidly due to hydrogel contraction (Li and Guan,
2011). Electricity-response and magnetism-response hydrogels
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control the “on” and “off” of drug release by applying and
withdrawing electric and magnetic fields (Murdan 2003;
Ganguly and Margel, 2021). activation  of
mammalian target of rapamycin (mTOR) induces POF (Reddy
et al., 2008). Rapamycine, a mTOR inhibitor, prolongs ovarian
lifespan (Dou et al., 2017), but mTOR inhibitors may have
adverse effects on the immune system (Araki et al, 2009).
Ala-Glu-Ala-Ala-Leu-Tyr- Lys-Asn-Leu-Leu-His-Ser-OH (Inh),
a  peptide  sequence,  competitively  inhibits  the
autophosphorylation of receptor tyrosine kinases (RTKs),
which are the upstream kinases of mTOR (Thommes et al.,
1999). Hydrogels are able to control the release and ensure the
enrichment of Inh, and Shi et al. (2021) reported that the Inh
embedded in hydrogels delayed ovarian aging.

Excessive

THE APPLICATION OF HYDROGELS IN
FOLLICLE CULTURE

Hydrogel-based in vitro three-dimensional (3D) culture is
significantly superior to traditional two-dimensional (2D)
culture, promoting the development of follicle science and
advancing the emergence of artificial ovary. The advantages of
3D culture are shown in Figure 1. Traditional 2D culture fail to
fully simulate the ovarian microenvironment for the following
reasons: 1) The 3D structure of follicle cannot be easily
maintained in 2D culture. Granulosa cells and theca cells
attach to the dish surface and lose physiological morphology,
and flat follicle disrupt intercellular communication (Desai et al.,
2012; Choi et al., 2013); 2) Endogenous autocrine and paracrine
factors are diluted, which affects cell development (West et al.,
2007a); 3) Consumption of nutrients and accumulation of
metabolites lead to pH fluctuations in the medium (Duval
et al, 1992). Regular medium changes improve the culture
environment, but increase the possibility of contamination and
culture cost. The 3D structure of hydrogels simulates the native
microenvironment and maintains follicle morphology. The
follicular cavity, a closed and filled-fluid cavity, is an indicator
of progressive follicular maturation. The normal morphology and
expansion of the follicular cavity have been demonstrated in a
fibrin-alginate hydrogel (Shikanov et al, 2009). The limited
volume of the hydrogels slows down the escape of cellular
secretions (West et al., 2007a), and the porous property of the
hydrogels ensures the exchange of cellular secretions. The
nutrients necessary for cell development can be encapsulated
in a responsive polyurea hydrogel based on organic sol-gel
chemistry, and the nutrients are constantly released to
compensate for cellular consumption, thus maintaining a
dynamic balance of nutrients. In addition, this hydrogel is able
to simultaneously neutralize lactic acid and maintain pH (Skory
et al., 2015).

Natural hydrogels are the most commonly used hydrogels for
follicle culture. Alginate, mainly obtained from brown algae cell
walls, is a linear water-soluble high swelling natural source. With
the goal of facilitating better water solubility in cell culture and
disease treatment, alginates are commonly converted into the
form of monovalent salts, such as sodium alginates or calcium

Hydrogels in POF and IUA

alginates (Kang et al., 2021). The concentration and stiffness of
alginates influence follicle growth and development. Min Xu. et al
isolated mouse follicles and demonstrated that 0.25% (w/v) and
0.5% (w/v) alginates promoted secondary follicle growth and
follicular cavity expansion more rapidly than 1.0% (w/v) and
1.5% (w/v) alginates, and 0.25% (w/v) alginate was the optimal
concentration given the high production of estradiol and mature
oocytes (Xu et al., 2006). Alginates (0.3% w/v) are suitably applied
in human follicle culture. More than half of the preantral follicles
were viable and most of them were in a fast growing state in a
0.3% (w/v) alginate hydrogel (Yin et al, 2016); moreover, for
primary and secondary follicles, steroid and peptide hormone
secretion patterns similar to those observed in vivo were induced
after the sequential addition of follicle-stimulating hormone
(FSH), human chorionic gonadotrophin (hCG) and epidermal
growth factor (EGF) (Skory et al, 2015). Erin R West. et al
reduced the stiffness of alginate via radiation and chemical
oxidation, and found that cell differentiation, steroid
production and oocyte quality were superior when follicles
were grown on low-stiffness alginates (West et al., 2007b). In
addition to follicle culture, alginates are also applied in follicle
cryopreservation. Vanacker et al. (2013) showed that human
preantral follicles embedded in alginate hydrogel were
successfully cryopreserved and that the viability of frozen
follicles was comparable to that of fresh follicles in in vitro
culture; moreover, ME,SO was found to be superior to
ethylene glycol for cryopreservation of follicles embedded in
alginate hydrogel (Camboni et al, 2013). Jamalzaei et al.
(2020) compared the effects of three hydrogels (hyaluronic
acid-alginate hydrogel, alginate and fibrin-alginate hydrogel) in
preantral follicles cultures and demonstrated that hyaluronic
acid-alginates hydrogel has more advantages over the other
two in terms of follicle-secreted estradiol levels and the
expression of differentiation genes .

Collagen is abundant in ovarian tissues; thus, collagen
hydrogels are biocompatible and biodegradable (Berkholtz
et al, 2006). Anthony Atala. et al encapsulated follicles in
collagen hydrogels from 1% to 7% (w/v) and demonstrated
that follicles had the best viability in 5% collagen hydrogels
and 17 p-estradiol levels remained increasing during 20-days
culture; therefore, 5% may be the optimal concentration for
follicle growth (Joo et al, 2016). Gelatin is derived from
collagen, Laronda et al. (2017) found that the shape of pores
in gelatin hydrogels affected the survival of the follicle. 3D
printing can control the advancing angle to change the shape
of the pores, and advancing angles of 30° and 60° were more
favorable for follicle survival than 90°.

INTRAUTERINE ADHESION

Traumatic intrauterine adhesions were reported in 1894 (Fritsch,
1894). Asherman linked amenorrhea to IUA in 1948 by observing
29 patients, and in 1950 Asherman found that miscarriages and
menstrual disorders also were caused by IUA (Asherman, 1950).
Later, I[UA with symptoms (e.g., amenorrhea, chronic pain,
menstrual disorders) is called Asherman’s syndrome. Although
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FIGURE 2 | The applications of hydrogels in IUA. The swollen hydrogels form a physical barrier to prevent adhesions. Hydrogels control the release of drugs in the
uterine cavity, and drugs exert different therapeutic effects. Hydrogels prolong the retention time of MSCs in the uterus, giving MSCs the opportunity to exert its
therapeutic effects. The therapeutic effects are dependent on migration, differentiation, and paracrine function of MSCs. MSCs, mesenchymal stem cells; bFGF, basic
fibroblast growth factor; SDF-1a, stromal cell-derived factor-1a; KGF, Keratinocyte growth factor; L-Phe, L-Phenylalanine; E,, p-estradiol.
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some researchers agreed that Asherman’s syndrome should be
distinguished from asymptomatic IUA (Dreisler and Kjer, 2019),
the Asherman’s syndrome and IUA are interchangeable in the
clinic. In addition to mechanical injuries (e.g., curettage,
hysteroscopy), infection, genetic susceptibility and uterine
malformation may also cause IUA (Yu et al, 2008).
Histologically, fibrosis, which is not conducive to embryo
implantation, occurs after the endometrium is damaged.
Numerous fibroblasts replace endometrial mesenchymal cells,
resulting in a decreased decidualization in response to hormonal
stimulation (Hou et al,, 2019). The demarcation between the
functional and basal layers becomes unclear, and fibrotic
endometrium is usually avascular and exhibits a reduced gland
number (Foix et al., 1966).

Transcervical resection of adhesions (TCRA) is a primary
choice for IUA (March 2011), but TCRA itself may cause damage
to the uterine cavity and lead to re-adhesion; thus, adjuvant
treatments are often used in conjunction with TCRA to prevent
postoperative  re-adhesion in clinical treatment. Oral
administration of 9 mg/diet estrogen before TCRA and 10 mg/
diet after TCRA improved pregnancy rates and menstrual cycles
in patients with moderate or severe [IUA (Liu AZ et al., 2016);
however, estrogen therapy may increase the risk of cancer
(Rossouw et al., 2002) and venous thrombosis (Bracamonte
and Miller, 2001). Balloon dilatation after TCRA and early
second-look hysteroscopy improved pregnancy outcomes (Sun
etal., 2020), and the appropriate delay of balloon placement in the
uterine cavity prevented re-adhesion but was not effective in
severe ITUA (Zhang et al, 2021a). The dilated balloon is a
nonvariable sphere that is not able to be plasticized according
to the shape of the uterine cavity, resulting in ineffective
improvement of adhesions in the uterine horns (Sun et al,

2020). IVF after TCRA improved reproductive outcomes, but
increased the miscarriage rate (Wang, Y et al., 2021).

THE APPLICATION OF HYDROGELS
COMBINED WITH DRUGS IN IUA

Drug and cell delivery are two main hydrogel applications in [UA
(shown in Figure 2). Hydrogels maintain the shape of the uterus
after being introduced into the uterine cavity, and hydrogels cling
more completely to the uterine wall compared with balloons,
supporting every part of the uterus and effectively preventing re-
adhesion. Natural hydrogels, such as collagen and chitosan, have
the ability to carry drugs. Leukemia inhibitory factor (LIF) is
increased at the site of injury and may be associated with tissue
regeneration. LIF/collagen hydrogel restored uterine structure
and function of uterine in rat models with full-thickness injury
(Xue et al., 2019). Basic fibroblast growth factor (bFGF) plays an
important role in wound repair and angiogenesis. The bFGF/
collagen hydrogel partially restored endometrial thickness and
fertility in IUA infertile patients in a clinical trial (Jiang et al.,
2019). Chitosan is a nature polysaccharide, The chitosan-heparin
hydrogel carries stromal cell-derived factor-la (SDF-1a) and
releases it at the site of injury, accelerating the repair of the
damaged endothelium (Qi et al, 2020). The exact
biocompatibility and biodegradability are advantages for
natural hydrogels, but achieving controlled drug release is
difficult. Synthetic hydrogels are capable of controlling drug
release by changing the type and ratio of materials.
Keratinocyte growth factor (KGF) is a factor associated with
epithelial repair. The binding of KGF to thermosensitive heparin-
poloxamer (HP) hydrogels prolonged the retention of KGF in the
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uterus, and the KGF-HP hydrogel promoted the proliferation of
epithelial cells (Xu HL et al., 2017). e-polylysine (EPL) was added
as a functional excipient to the HP hydrogel, and the release rate
of KGF and the rheology of the hydrogel were easily changed by
adjusting the concentration of EPL; moreover, angiogenesis was
also significantly increased compared with the KGF-HP hydrogel
group (Xu H et al,, 2017). HP released B-estradiol (E,) at a
constant rate in vivo, resulting in a significantly longer retention
time of E, in the uterine cavity compared to the E2 solution
injection (Zhang S et al., 2017). The E,-HP hydrogel effectively
improved the fertility rate, and the effect may be due to the
expression of kisspeptin through the MAPK p38 and ERK1/2
signaling pathways (Zhang S et al., 2020). Wang B et al. (2021)
synthesized  injectable  poly  (ethylene  glycol)-b-poly
(L-phenylalanine)  (PEBP)/poly (ethylene glycol) (PEG)
hydrogel according to the m—m accumulation effect, and the
ratio of methoxy-poly (ethylene glycol)-amine (MeO-PEG-
NH?2) and r-phenylalanine N-carboxy anhydride (L-Phe-NCA)
in PEBP affected the release of L-Phe. At a ratio of two to eight
(feed mass ratio of MeO-PEG-NH2 via L-Phe NCA), most L-Phe
was released; however, considering the extended retention time of
the PEBP/PEG hydrogel in the uterus, a ratio of three to seven is
considered more appropriate. The L-Phe released by the PEBP/
PEG hydrogel effectively reduced the area of fibrosis in the
damaged endothelium in a rat model . The release of E, in the
injectable aloe/poloxamer (AP) hydrogel is independent of pH;
thus, the E,-AP hydrogel is suitable for administration in the
presence of cervical mucus. The E,-AP hydrogel restored the
number of estrogen receptors and promoted endometrial
regeneration (Yao et al., 2020).

THE APPLICATION OF HYDROGELS
COMBINED WITH MSCS IN IUA

Hydrogels are a good three-dimensional medium to meet the
growth needs of cells, allowing cells to be maintained at the site of
injury for a long time. Proliferation and connectivity were not
inhibited when cells were encapsulated in hydrogels (Sara et al.,
2021; Kim Y et al.,, 2019), and hydrogels prolonged cell retention
in the uterus compared with cell injection alone (Xiao et al,
2019). Therefore, the combination of hydrogels and MSCs is
receiving increasing attention, and many animal and clinical trials
have shown that the combination of both effectively treats IUA
and restoresfertility.

Mesenchymal stem cells (MSCs) are capable of promoting the
proliferation of glands and blood vessels, reducing the area of
fibrosis and restoring fertility (Nagori et al., 2011; Santamaria et al.,
2016; Wang et al, 2016; Zheng et al, 2020). This successful
treatment stems from the low antigenicity, pleiotropic
differentiation, strong migration, and paracrine signaling of
MSCs. Low antigenicity is the key for clinical application,
making allogeneic transplantation possible. MSCs express low
levels of major histocompatibility complex class I (MHC I)
molecules and hardly express major histocompatibility complex
class IT (MHC IT) and costimulatory molecules (Kim K et al., 2019;
Tsuchiya et al, 2019). A meta-analysis showed that allogeneic

Hydrogels in POF and IUA

MSCs did not cause significant adverse effects (Lalu et al., 2012).
Multidirectional differentiation is a characteristic of stem cells, and
MSCs can be induced to differentiate into osteoblasts,
chondrocytes, adipocytes and neurons in vitro (Ding et al,
2014; Yang et al, 2021). MSCs differentiate into epithelial and
endothelial cells in the injured uterus, providing a cellular source
for vascular and endometrial renewal (Shao et al,, 2019; Zheng
et al, 2020). MSCs are capable of accumulating in the injured
uterus by tail vein injection or intraperitoneal injection in rats
(Wang et al.,, 2016; Liu et al., 2018; Zheng et al, 2020), and
migration allows MSCs to localize to the injured uterus for
multidirectional differentiation and paracrine signaling.

Researchers believe that the repair function of MSCs is mainly
derived from paracrine signaling (Bao and He, 2021; Zhou et al,,
2022). MSCs secrete a variety of cytokines (e.g., VEGF-A, TGF-
B1, FGF-2) to promote glandular and vascular growth and
degradation of fibrous scars (Ding et al., 2014; Xin et al., 2019;
Xu, L et al,, 2017). Collagen increases the number of endometrial
glands and endometrial thickness, reduces the area of fibrosis and
improves pregnancy rates in a rat model (Ding et al., 2014; Liu
et al, 2020). Compared with collagen alone, combining
hUCMSCs more significantly increased the number of glands
and reduced the area of fibrosis (Liu et al., 2020), and combining
BMSCs was more effective in improving pregnancy rates, as well
as in myometrium recovery and revascularization (Ding et al.,
2014). These significant improvements may be due to the
secretion of factors that promote vascular and glandular
neogenesis by MSCs. Poly (glycerol sebacate) (PGS) restored
soft tissue deformation without causing mechanical damage
and porous PGS favored the attachment and growth of cells
(Mi et al, 2017). Xiao et al. (2019) found that although no
difference in pregnancy rates was observed between the PGS/
BMSCs group and the collagen/BMSCs groups, higher
concentrations of growth factors (e.g., bFGF, IGF-1, TGF-f1,
VEGF) were detected in the endometrium treated with PGS/
BMSCs than with collagen/BMSCs.

The beneficial effects of autologous stem cell therapy and
hydrogel-encapsulated autologous cell therapy in clinical patients
have been reported (shown in Table 1). Autologous cell therapy is
effective in avoiding autoimmune system attacks, but the extraction
of autologous cells is always invasive and difficult to extract in large
quantities. hUCMSC:s are derived from discarded umbilical cords
and can be easily and abundantly extracted; Therefore, hUCMSCs
are a potential alternative in allogeneic cell therapy. In clinical trials,
synthetic hydrogels are rarely used in IUA treatment. researchers
mostly chose natural hydrogels to encapsulate the cells, probably
because the safety of synthetic hydrogels in clinical IUA treatment is
still difficult to guarantee and ethical approval is difficult to pass.
Future experiments on the application synthetic hydrogels in IUA
should pay more attention to safety assessments.

LIMITATIONS AND FUTURE PROSPECTS
Artificial Ovary

The development of artificial ovary can be divided into three
stages, cellular experiment stage, animal experiment stage, the
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TABLE 1 | Clinical trials of stem cell therapy for IUA.

Type of cells Hydrogel Number of Main results References
patients
Autologous No 1 Patient had an increase in endometrial thickness and restore fertility Nagori et al. (2011)
BMSCs
Autologous MNCs ~ No 6 6 patients had a significant increase in endometrial thickness and 5 patients resumed Singh et al. (2014)
normal menstrual cycles
CD133" BMSCs No 11 7 patients were successful to be pregnant and 1 healthy baby was born Santamaria et al.
(2016)
Autologous Collagen 10 5 patients achieved successful pregnancies and live births Zhao et al., 2017
BMNCs
Allogeneic No 26 8 patients delivered healthy babies without placenta complications Cao et al. (2018)
hUCMSCs

IUA, intrauterine adhesion; BMSCs, bone marrow stem cells; MNCs, mononuclear stem cells; hUCMSCs, human umbilical cord mesenchymal stem cells.

TABLE 2 | Animal experiments on artificial ovary.

Material Follicle source Grafting Location Grafting Main results References
time
Collagen Mouse preantral follicles Kidney capsule 12 days Antral follicles; No ovulation; Blood vessels; Telfer et al. (1990)
Embryo (IVF)
Fibrin Mouse primordial follicle Ovarian bursa 3 weeks Antral follicles; FSH level was restored Smith et al.
(2014)
Alginate Mouse Preantral follicles Peritoneal pocket 1 week Antral follicles; Blood capillaries; Endothelial cells; Vanacker et al.
No inflammation (2014)
Fibrin; Fibrin-alginate; Mouse primordial and Ovarian bursa 20 weeks  Antral follicles; Ovulation; Offspring (VEGF-fibrin); Kniazeva et al.
Fibrin-collagen; VEGF- primary follicles The normalized follicle number was highest in fibrin ~ (2015)
fibrin group
PL-loaded fibrin Mouse Preantral follicles Subcutaneous 2 weeks Antral follicles; blood vessels; The normalized follicle  Rajabzadeh et al.
pocket of neck number was highest in 15% PL-loaded fibrin group  (2015)
PEG-VS Mouse primordial follicles Ovarian bursa 60 days Antral follicles; Blood vessels; HPG axis was Kim et al. (2016)
restored
Fibrin Mouse Preantral follicles and ~ Peritoneal pocket 1 week Antral follicles Chiti et al. (2016)
ovarian stromal cells
Fibrin; Fibrin-HA human preantral follicles Peritoneal pocket 1 week Antral follicles Paulini et al.
(Cryopreserved) (2016)
Gelatin (3D print) Mouse preantral follicles Ovarian bursa 10 weeks  Antral follicles; Blood vessels; Ovulation; Offspring  Laronda et al.
(2017)
Alginate Mouse Preantral follicles Ovarian bursa 1 week Antral follicles; Embryo (IVF) Rios et al. (2018)
15% PL-loaded Fibrin Mouse Preantral Follicle Subcutaneous 2 weeks Significantly decreased antral follicles in Rajabzadeh et al.
(Cryopreserved) pocket of neck cryopreserved grafts compared to fresh grafts (2020)
PNIPAM-gelatin Mouse theca and granulosa  Ischemia leg 8 weeks Endometrium regeneration; Endocrine function was ~ Yoon et al. (2021)
cells restored

IVF, in vitro fertilization; FSH, follicle-stimulating hormone; VEGF, vascular endothelial growth factor; HA, hyaluronic acid; PL, platelet lysate; PEG-V'S, poly(ethylene glycol) vinyl sulfone;

HPG, hypothalamus-pituitary—gonad; PNIPAM, poly(N-isopropylacrylamide).

clinical experiment stage. The current development is in the first
two stages, and these two stages is not mature enough to support
the development of the clinic stage. Follicle isolation and in vitro
culture has been established. Hydrogel 3D culture is significantly
better than traditional 2D culture (See The Application of
Hydrogels in Follicle Culture for details), maintenance of
follicular morphology has been achieved in hydrogel 3D
culture; however, ovulation in vitro 3D culture was rarely
reported. Preantral follicles can develop into antral follicles in
artificial ovary, but ovulation and natural-mating offspring is
unsatisfactory (see Table 2). Ovulation is the key to pregnancy.
Successful ovulation is difficult to achieve without the help of
other cells of the ovary (Ren et al,, 2016). In the ovarian cortex,

stromal cells, vascular endothelial cells and epithelial cells were
the top 3cell types (approximately 83%, 10%, and 5%,
respectively) (Wagner et al., 2020). Artificial ovary was created
mainly to ensure that cancer patients preserve fertility after
radiotherapy. In order to avoid reintroduction of tumor cells,
most previous studies only added follicles in the artificial ovary,
and removed the stromal cells, vascular endothelial cells, and
epithelial cells (see Table 2). To make the artificial environment
of the follicles closer to the physiological environment and avoid
reintroduction of tumor cells, adding allogeneic stromal cells,
vascular endothelial cells, and epithelial cells to artificial ovary
may be alternative. Hydrogels exhibited the ability to prevent
allotransplantation immune rejection in ovarian tissue
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transplantation (Day et al., 2019); thus, allogeneic transplantation
of artificial ovary is not a pipe dream.

The presence of blood vessels in the graft is essential for the
long-term survival of the artificial ovary. Neovascularization in
artificial ovary has been reported (Telfer et al., 1990), adding pro-
angiogenic  factors to  hydrogels is  beneficial for
neovascularization (Kniazeva et al, 2015; Rajabzadeh et al,
2015), but whether a complete blood circulation system can be
developed is unclear due to short grafting time. How to prolong
the degradation time is the problem to achieve long-term artificial
ovary. Fibrin, collagen, gelatin, hyaluronic acid and alginate are
common materials used to build artificial ovaries (see Table 2).
Doxycycline, a matrix metalloproteinase (MMP) inhibitor,
effectively prolonged the degradation of fibrin and collagen in
vivo (Wassenaar et al, 2016). Integrating photocuring 3D
bioprint and lyophilization techniques successfully decreased
the degradation rate of gelatin and hyaluronic acid (Xia et al,
2018). Integrating alginate into N,0O-18 carboxymethyl chitosan-
aldehyde hyaluronic acid network significantly prolonged
degradation time (Le et al., 2020). Collagen and alginate were
added to fibrin hydrogel to slow down degradation, but these
additions were detrimental to follicle survival and development
(Kniazeva et al., 2015); thus, balancing hydrogel degradation and
follicle survival is important in exploring long-term artificial
ovaries.

Fresh follicles were used in majority of animal experiments,
and cryopreserved follicles do not develop as well as fresh follicles
in hydrogel (see Table 2). Cryopreserved follicles, however, are
more readily available than fresh follicles in clinic; hence, how to
build artificial ovary using cryopreserved follicles is worth
studying. More research is needed on which hydrogel is best
for follicle growth and development. Some additives may help
cryopreserved follicle recovery. Cryopreservation has an
inhibitory effect on the expression of estrogen receptor P
(Depalo et al.,, 2009); thus, adding estrogen to hydrogels may
help estrogen receptor recovery. FSH alleviated depletion of the
resting follicle pool in cryopreserved ovary (von Schonfeldt et al.,
2012); thus, Follicle stimulating hormone (FSH) is also a
promising additive. Addressing the above problems may
advance the development of artificial ovaries to the clinical stage.

3D Bioprinting in Hydrogel Synthesis
Although there are numerous studies of hydrogels in regenerative
medicine, and most of them suggest good therapeutic effects,
there are few hydrogel products on the market available for
clinical applications. The biosafety of hydrogels in clinical
applications cannot be fully guaranteed (Tonbul et al., 2014).
In addition, hydrogels are synthesized in small batches at the pre-
clinical stage, and to realize the clinical application of hydrogels,
achieving large-batch production of high-quality hydrogels is an
inevitable problem (Mandal et al., 2020).

3D bioprinting, which allows for controllable material

structure  through  computer-controlled  formation  of

Hydrogels in POF and IUA

continuous layers of material, has been used for the synthesis
of cell-loaded hydrogels (Elkhoury et al., 2021). 3D bioprinting
technology is developing rapidly. Compared with traditional
inkjet 3D bioprinting, microextrusion 3D bioprinting is
suitable for high viscosity materials and yields higher cell
density  (Billiet et al, 2014; Pedde et al, 2017).
Stereolithography (SLA) 3D bioprinting has a higher
resolution and higher speed, and cells are not damaged by
external forces during the printing process, ensuring higher
cell viability (Wang et al, 2018). 3D bioprinting enables
mechanical controllability of the hydrogel synthesis process, a
reduction in human errors and a more uniform distribution of
cells in hydrogels; thus, 3D printing is a potential method for
large-batch production of cell-loaded hydrogels and may
advance the clinical application of hydrogels in POF and IUA
therapy.

CONCLUSION

Suitable swelling and rheology as well as good biocompatibility
and degradability are the key physicochemical properties of
hydrogels for the application in POF and IUA treatment.
Hydrogels are involved in POF treatment in four ways:
transplantation of ovarian tissues, artificial ovary, stem cell
delivery and drug delivery. 3D hydrogels mimic the
physiological environment of the follicle and are more
suitable for in wvitro culture of follicles than the
traditional 2D culture, providing a basis for the
development of artificial ovaries. Hydrogels are involved in
IUA treatment in two main ways: drug delivery and cell
delivery. Hydrogels control the release of drugs and increase
the retention time of drugs in the uterine cavity. MSCs
themselves are capable of improving tissue repair through
differentiation and paracrine secretion, and the therapeutic
effect of MSCs combined with hydrogels may be more
remarkable. The effect of hydrogels in POF and IUA
treatment has been confirmed in many animal experiments,
but there are still many stumbling blocks to the clinical
application of hydrogels; thus, more safety evaluations and
efficacy validations are needed.
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To prevent the migration of retinal pigment epithelium (RPE) cells into the vitreous cavity
through retinal breaks after the pars plana vitrectomy for the repair of rhegmatogenous
retinal detachment (RRD), sealing retinal breaks with an appropriate material appears to be
a logical approach. According to a review of ocular experiments or clinical trials, the
procedure for covering retinal breaks with adhesives is complex. A commercially available
cross-linked sodium hyaluronic acid (HA) hydrogel (Healaﬂow®) with the injectable property
was demonstrated to be a perfect retinal patch in RRD clinical trials by our team. Based on
the properties of Healaflow”, a linearly cross-linked sodium HA hydrogel (HA-engineered
hydrogel) (Qisheng Biological Preparation Co. Ltd. Shanghai, China) with the injectable
property was desighed, whose cross-linker and cross-linking method was improved. The
purpose of this study is to report the characteristics of an HA-engineered hydrogel using
Healaflow” as a reference, and the biocompatibility and efficacy of the HA-engineered
hydrogel as a retinal patch in the rabbit RRD model. The HA-engineered hydrogel exhibited
similar dynamic viscosity and cohesiveness and G’ compared with Healaflow”. The G’ of
the HA-engineered hydrogel varied from 80 to 160 Pa at 2% strain under 25°C, and
remained constantly higher than G” over the range of frequency from 0.1 to 10 Hz. In the
animal experiment, clinical examinations, electroretinograms, and histology suggested no
adverse effects of the HA-engineered hydrogel on retinal function and morphology,
confirming its favorable biocompatibility. Simultaneously, our results demonstrated the
efficacy of the HA-engineered hydrogel as a retinal patch in the RRD model of rabbit eyes,
which can aid in the complete reattachment of the retina without the need for expansile gas
or silicone oil endotamponade. The HA-engineered hydrogel could play the role of an
ophthalmologic sealant due to its high viscosity and cohesiveness. This pilot study of a
small series of RRD models with a short-term follow-up provides preliminary evidence to
support the favorable biocompatibility and efficacy of the HA-engineered hydrogel as a
promising retinal patch for sealing retinal breaks in retinal detachment repair. More cases
and longer follow-up studies are needed to assess its safety and long-term effects.
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INTRODUCTION

The vitreous gel is a transparent ocular tissue located between the
lens and the retina, composed of 98-99% water and a framework
of collagen fibers and hyaluronic acid (HA). Aging leads to
vitreous liquefaction and detachment of the vitreous from the
retinal surface, which may induce retinal breaks. The liquefied
vitreous can pass through these breaks and accumulate in the
subretinal space between the neurosensory retina and the retinal
pigment epithelium (RPE) leading to a rhegmatogenous retinal
detachment (RRD) (Figure 1) (Feltgen and Walter, 2014; Lumi
etal,, 2015). Attachment of the retina is mandatory for its proper
functioning. The principles for managing RRD include treating
all retinal breaks and weakening or eliminating vitreous traction
using one or more of the following surgical techniques:
pneumatic retinopexy, scleral buckling, and pars plana
vitrectomy (PPV) (Kuhn and Aylward, 2014). PPV involves
surgical removal of the vitreous, thus releasing vitreoretinal
traction, and subsequent filling of the vitreous cavity with
long-lasting substitutes (expansile gas or silicon oil) to prevent
the connection between the subretinal space and vitreous cavity
through the break; moreover, laser photocoagulation is used to
build chorioretinal adhesion around the retinal breaks, and the
surface tension of vitreous substitutes keeps the neurosensory
retina attached to the RPE until the chorioretinal adhesion
becoming sufficiently strong to seal the retinal edge around
the breaks; last, after the expansile gas has been absorbed in
2 weeks-2 months or the silicon oil has been removed by a second
surgery (Wagenfeld et al., 2010; Chen et al., 2015; Kontos et al.,
2017; Raczynska et al., 2018; Tetsumoto et al., 2020), the vitreous
cavity is filled with aqueous humor produced by the eyeball itself,
which has a refractive index approximately identical to natural
vitreous (Popovic et al., 2022). With the advancement of the
microinvasion system, PPV combined with expansile gas or
silicon oil endotamponade is gaining popularity as a first-line
procedure for the repair of RRD, but the first retinal reattachment
rates range from 74 to 96.3% (Bourla et al., 2010; Oshima et al.,
2010; Kobashi et al., 2014; Haugstad et al., 2017; Romano et al,,
2017). Proliferative vitreoretinopathy (PVR) is the major cause of
surgical failure in retinal detachment, in which RPE cells migrate
to the vitreous cavity through retinal breaks (Figure 1) and
undergo cellular proliferation and epithelial-mesenchymal
transition (EMT), resulting in the formation of a proliferative
membrane on the retinal surface, whose contraction property
causes a tractional retinal detachment (Pastor et al., 2016). Hence,
sealing retinal breaks with an appropriate material appears to be a
logical approach to prevent migration, proliferation, and EMT of
RPE cells, thereby preventing PVR.

Currently, there are two major categories of clinical adhesives:
synthetic glues (such as cyanoacrylate, polyethylene glycol (PEG)
derivatives, and HA derivatives) and biological glues (such as
fibrin). However, as a retinal patch, each has its own set of
limitations, such as potential ocular toxicity, difficulty in

intraocular delivery, poor adhesive force, inflammatory
response, and granulomatous tissue reaction. For these and
other reasons, the use of glue in the treatment of retinal
detachment has not yet become a standard procedure (Hoshi
et al., 2015). Nevertheless, a commercially available cross-linked
sodium HA hydrogel (Healaflow") (Anteis S.A., Plan Les Ouates,
Switzerland) has been shown to be an ideal retinal patch. Cellular
experiments and animal studies have demonstrated its favorable
biocompatibility, strong and durable adhesion (Barth et al., 2014;
Barth et al.,, 2016; Barth et al., 2019). A clinical trial conducted by
our team also confirmed its strong and durable adhesion, safety,
and efficacy; ease of acquisition, preservation, and delivery to the
retina; and simple procedure of covering retinal breaks (Ren et al.,
2020). Based on the properties of Healaflow ", a linearly cross-
linked sodium HA hydrogel (HA-engineered hydrogel) (Qisheng
Biological Preparation Co. Ltd. Shanghai, China) was designed, in
which both the cross-linker and cross-linking methods were
improved. The HA-engineered hydrogel was developed using
the patented technology, which utilizes the fluid characteristics of
HA and guides the molecular structural rearrangement of cross-
linked HA by providing a certain direction of stress (Wei et al.,
2019). Compared with the most commercially available cross-
linked HA products, this patented technology does not include
fragmentation or the sieving process (Wongprasert et al., 2022),
thus protecting the molecular structure’s integrity and improving
the resistance to gel degradation effectively (Wei et al., 2019). The
resulting HA-engineered hydrogel was homogeneous and
monophasic, showing oriented-arranged morphology. It

Retinal break

Retinal pigment epithelium ’;“'

Neurosensory retina
/
/

~__ Subretinal space

Vitreous gel

FIGURE 1 | The schematic diagram of RRD. The traction of vitreous gel

onto the retina created the retinal break, and liquefied vitreous penetrated the
subretinal space through the retinal break to induce retinal detachment (yellow
arrow). Retinal pigment epithelial cells could migrate to the vitreous cavity
through the retinal break (blue arrow).
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FIGURE 2 | The photograph of the HA-engineered hydrogel extruded
from the syringes through an 18-gauge cannula.

possessed good viscoelasticity, injectability, and cohesion, which
benefits in vivo tissue integration Gpost -implantation (Tran et al,

2014). Different from Healaflow which uses 1, 4-butanediol
diglycidyl ether (BDDE) as the cross-linker, the HA-engineered
hydrogel was cross-linked by divinylsulfone (DVS). Both BDDE and
DVS are the well-acknowledged industry-standard cross-linkers of
the market-leading cross-linked HA products, whose stability and
metabolism have been studied in detail, and their long-term safety
has been verified by numerous studies and clinical practice over the
years (Pérez et al., 2021). The purpose of this study is to report the
characteristics of the HA-engineered hydrogel using Healaflow asa
reference, and the biocompatibility and efficacy of the HA-
engineered hydrogel as a retinal patch in the rabbit RRD model.

MATERIALS AND METHODS

HA-Engineered Hydrogel

The HA-engineered hydrogel is a commercially available transplant,
a smooth and cohesive hydrogel manufactured by Shanghai Qisheng
Biological Preparation Co., Ltd. (Figure 2). It is composed of
balanced salt solution (BSS), phosphate and NaCl salts, and non-
animal sodium HA (16 mg/ml) that has been linearly cross-linked
with DVS. Whereas the concentration of HA is 22.5 mg/ml and the

Biocompatibility and Efficacy of Hydrogel

TABLE 1 | Comparison of physicochemical properties between the HA-
engineered hydrogel and Healaflow®.

Properties HA-engineered hydrogel Healaflow® (Anteis
(Qisheng Biological S.A., Plan Les Ouates,
Preparation Co. Ltd. Switzerland)

Shanghai, China)

Cross-linker DVS BDDE

HA concentration 16 mg/ml 22.5 mg/ml

pH 7.3 7.0

Osmolarity 300 mOsm/kg 305 mOsm/kg

Specific gravity 1.01 1.03

Refractive index 1.341 1.341

Dynamic viscosity 252170 mPa-s 258000 mPa s

Table footer. HA, hyaluronic acid; DVS, divinyl sulfone; BDDE, 1, 4-butanediol diglycidy!
ether

cross-linker is BDDE in Healaflow . The improved process of linear
cross-linking in the HA-engineered hydrogel makes the sodium HA
molecules exhibit linear tropism that could prolong the structural
integrity. The properties of the HA-engineered hydrogel are similar
to those of Healaflow (Barth et al., 2014). Table 1 summarizes their
physical and chemical properties.

Comparison of Characteristics Between

HA-Engineered Hydrogel and Healaflow”
Rheology

The rheologlcal properties of HA-engineered hydrogel and
Healaflow~ were measured using a rheometer (Thermo Scientific
HAAKE MARS III) equipped with a P35 TiL measuring geometry
with a gap of 1 mm at 25°C. The applied strain was 2% and the
frequency sweep was from 0.1 to 10 Hz. The storage modulus (G') and
the loss modulus (G") of the HA-engineered hydrogel were recorded.

Cohesiveness

We tested the cohesiveness of HA-engineered hydrogel and
Healaflow~ by two previously published methods. 1) The
drop-weight method (Edsman et al,, 2015). Three samples in
each group were loaded into 1-ml glass syringes with an 18-gauge
cannula and centrifugated to eliminate air bubbles. Then the
samples were extruded using a mechanical testing instrument
(GOTECH, China) at a constant speed. While the stress was
stable, 10 drops of each sample were collected and weighed, and
the average drop weight was calculated. 2) The stained hydrogel
dispersion method (Edsman et al., 2015). The 1-ml gels were first
stained with 30 pL of 1% toluidine blue solution between two
syringes for 3 min. The gel with air removed by centrifugation
was then filled into a 1-ml BD glass syringe (Becton, Dickinson
and Company, Franklin Lakes, NJ, United States). Three 1000-ml
beakers filled with 700 ml water were placed on a magnetic stirrer
with a magnetic stirring bar at 170 revolutions per minute. The
stained gel in the syringe was placed with the orifice 2 cm above
the surface of the water and pushed out of the syringe at a speed of
400 mm/min with Zwick BTC-FR 2.5 TH.D09 (ZwickRoell, Ulm,
Germany). Photographs were taken at 15, 75, and 90 s after the gel
hit the surface. We also tested the cohesiveness of two other HA-
based hydrogels, Matrifill” and Janlane", which were cross-linked
by DVS and BDDE, separately.
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Animal Preparation
The left eyes of 24 pigmented rabbits (Dutch, weighing

2.0-3.0kg) were tested in our study. The biocompatibility of
retinal covering with the HA-engineered hydrogel was tested in 8
rabbits, and the efficacy of the HA-engineered hydrogel was
tested in the remaining 16 rabbits, which were divided into
two groups of 8 each: the RRD-hydrogel group and the RRD
group. We certify that all applicable institutional and
governmental regulations concerning the ethical use of
animals were followed during this research. All procedures
were performed in the left eyes of rabbits using sterile
techniques. The rabbits were anesthetized with an intravenous
injection of 5.0 ml midazolam (1 mg/ml) and an intramuscular
injection of 1.0 ml xylazine hydrochloride (10 mg/ml). Topical
anesthesia (0.4% oxybuprocaine hydrochloride drops) was also
administered to the eyes. The pupils were dilated using
tropicamide phenylephrine eye drops.

Biocompatibility of HA-Engineered

Hydrogel Onto Retina

Vitrectomy and Application of HA-Engineered
Hydrogel

The conjunctiva was prepared using a 5% povidone-iodine
solution. Using three ports 1 mm from the corneoscleral limbus,
25-gauge PPV was performed in all study rabbits using a
Constellation system (Alcon Laboratories, Inc., Fort Worth, TX,
United States) by an experienced vitreoretinal surgeon (X.R.); one
port was used for the infusion cannula, while the other two ports
were used for the vitreous cutter and endoilluminator optical fiber.
Sclerotomy was performed via biplanar entry using a trocar and
cannula, initially tangential to the sclera and then perpendicular, to
create a self-sealing incision. The lens was not removed. Core
vitrectomy was performed under a surgical microscope with a
fundus wide-angle viewing system (Volk Mini Quad XL; Volk
Optical, Inc., Mentor, OH, United States), and posterior vitreous
detachment (PVD) was created using triamcinolone acetonide.
Fluid-air exchange was performed, and 0.1 ml HA-engineered
hydrogel was applied with a 27-gauge needle through a trocar
and cannula to cover the retina at 2 disc diameters (DD) below the
optic disc. The microcannulas were removed after vitrectomy, and
the sclerotized area was gently massaged with a cotton-tipped
applicator to prevent leakage. The surgical eyes received eye drops
containing antibiotics and dexamethasone for 1 week after surgery.

Clinical Examination

Slit lamp microscopy, indirect ophthalmoscopy, and iCare
tonometer were used with the pupils dilated preoperatively,
and at 1, 3, and 5days; 1 and 2weeks; and 1 month
postoperatively. Intraocular pressure (IOP) was assessed using
repeated measures analysis of variance.

Electroretinogram

Under general and topical anesthesia and with the pupils dilated,
an electroretinogram (ERG) was recorded before and 1 month after
the application of the HA-engineered hydrogel. Contact lens
electrodes (ChongQing IRC Medical Equipment Co., Ltd,

Biocompatibility and Efficacy of Hydrogel

Chongqing, China) were placed on the corneas of both eyes; a
needle electrode was attached to the occipital region at the
midpoint of the two ears, and a ground electrode was attached
to the tail. The ERG was recorded from both eyes simultaneously
using an ERG recording system (RetiMINER-C; ChongQing IRC
Medical Equipment Co., Ltd.). This apparatus combines a stimulus
instrument, an amplifier, and a recorder. The frequency band
ranges from 0.3 to 300 Hz. The luminance values of the stimuli
were 0.01, 3.0, and 30 cds/m’. The recording started with the
weakest stimulus after 30 min of dark adaptation. No background
light was applied. The light stimulus interval was 30's, and three
responses were averaged for each eye. Amplitude and implicit
times were recorded for both eyes. The differences between the pre-
and post-operation in the left eyes were analyzed.

Histology

The rabbits were killed with an overdose of pentobarbital 1 month after
vitrectomy, and their eyes were enucleated for histological analysis.
After enucleation, all eyes were fixed in 2% paraformaldehyde and
2.5% glutaraldehyde solution, dehydrated in a series of increasing
alcohol concentrations, and embedded in paraffin. Sections cut at a
thickness of 4 um were stained with hematoxylin and eosin (H&E) and
examined under a light microscope.

Immunofluorescence

Sections of samples embedded in paraffin were deparaffinized in a
xylene ethanol series, placed in Tris-EDTA buffer for antigen retrieval
(10mM Tris, 1 mM EDTA, 0.05% Tween, pH = 9.0), and then
blocked in 5% bovine serum albumin. Sections were immunostained
for rhodopsin (rod photoreceptors) (Ab 5417; Abcam,
United Kingdom; diluted 1:100). Detection of the primary
antibodies was performed using fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse IgG secondary antibody (F-
2761; Thermo Fisher Scientific, United States; diluted 1:400). Nuclei
were detected using 4',6'-diamino-2-phenyl inodole (DAPI), which
was included in the mounting solution (Solarbio; Beijing, China).

Efficacy of HA-Engineered Hydrogel as a

Retinal Patch in RRD Repairment

RRD Model

Complete vitrectomy and PVD were performed as previously
described, and a retinal break, approximately 1/2 DD in size, was
created 2 DD inferior to the optic disc using the vitreous cutter.
BSS was gently infused into the subretinal space through the
retinal break to create a localized retinal detachment, which was
approximately 2 DD in size. Fluid-air exchange was performed to
reattach the retina. In the RRD-hydrogel group, the HA-
engineered hydrogel was applied with a 25-gauge syringe
through a trocar and cannula to completely cover the retinal
break (Figure 3). The RRD group underwent the same
procedures as the RRD-hydrogel group, except for the HA-
engineered hydrogel application. The microcannulas were
removed after vitrectomy, and the sclerotized area was gently
massaged with a cotton-tipped applicator to prevent leakage. The
surgical eyes received eye drops containing antibiotics and
dexamethasone for 1 week after surgery.
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FIGURE 3 | Retinal detachment and HA-engineered hydrogel coverage. (A) After vitrectomy and PVD in the rabbit eye, the vitreous cutter was used to make a
retinal break that was approximately 1/2 DD in size (blue arrow). The break was made 2 DD inferior to the optic disc. (B) The HA-engineered hydrogel (yellow arrow) was
gently applied over the retinal break with a 25-gauge syringe through a trocar cannula in the RRD-hydrogel group.

Clinical Examination

Slit lamp microscopy, indirect ophthalmoscopy, and iCare
tonometer were used with the pupils dilated preoperatively,
and at 1 and 7days, and 1 and 3 months postoperatively.
B-mode ultrasound and fundus photography were used to
evaluate the state of the retina in both groups before surgery
and at 7 days and 1 and 3 months after surgery.

Statistical Analysis

Descriptive data were shown as mean + standard deviation, and
the difference between groups or pre- and post-operation was
analyzed with paired t-tests or repeated measures analysis of
variance. Qualitative data were presented as numbers and
percentages, and were compared with the chi-square test (or
Fischer’s exact test if the criteria for the chi-square test were not
fulfilled). p < 0.05 indicated that the difference was statistically
significant.

RESULTS

The Physicochemical Properties of
HA-Engineered Hydrogel Were Similar With

Those of Healaflow”

Rheology

The HA-engineered hydrogel sealant and Healaflow~ exhibited a
higher G’ than G” over a wide range of frequency from 0.1 to
10 Hz (Figure 4A), indicating that both the two hydrogels were
gel-like rather than the sol-like in nature. The G* of the HA-
engineered hydrogel varied from 80 to 160 Pa at 2% strain under
25°C, which was similar to that of Healaflow™ (100-190 Pa). In
addition, as shown in Table 1, the dynamic viscosity was
252,170 mPa s at 0.25Hz under 25°C, which was similar to
that of Healaflow (258,000 mPa s).

Cohesiveness

As shown in Figure 4B, the stretched height of the HA-
engineered hydrogel gel extruded from the syringe was about
4.5 cm, which was similar to that of the Healaflow sample. The
drop weight of the HA-engineered hydrogel was 0.038 + 0.002 g,
which was also similar to that of the Healaflow" sample (0.037 +
0.004 g) (Figure 4C).

As shown in Figure 4D, both HA-engineered hydrogel and
Healaflow” remained intact at the time point of 15s, while
dispersed into obvious small strips gradually afterward. By
comparison, the Matrifill” and Janlane” samples dispersed
quickly once stirred in the water, and scattered into barely
visible particles (Supplementary Figure S1). The dispersion
degree of HA-engineered hydrogel and Healaﬂow was much
lower than that of Matrifill” and ]anlane .

The aforementioned results indicated that the cohesiveness of
the HA-engineered hydrogel was 51m11ar to that of Healaﬂow
and much higher than those of Matrifill” and ]anlane .

HA-Engineered Hydrogel Showed
Favorable Biocompatibility With Retina

During the 1-month follow-up, no inflammatory reaction was
observed in the eyes on which the HA-engineered hydrogel was
applied to the retina. Slit lamp and indirect ophthalmoscopy
examinations showed normal conjunctivae, corneas, aqueous
humor, crystalline lenses, vitreous humor, and retinas at all
time points. No cells or flares were observed in the anterior
chamber or vitreous chamber. There was no significant change in
IOP of the left eyes pre- and post-operation throughout the
observation period (Figure 5A and Supplementary Table S1).

The ERGs of the left eyes before and 1month after the
operation showed the typical components of an ERG, an
a-wave followed by a rapidly rising b-wave. Figures 5B-F and
Supplementary Table S2 show that there was no significant
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FIGURE 4 | Comparison of characteristics between HA-engineered hydrogel and Healaflow”. (A) G’ and G of HA-engineered hydrogel and Healaflow” at 2%
strain over the frequency sweep from 0.1 to 10 Hz under 25°C. (B,C) Cohesiveness characterization of HA-engineered hydrogel and Healaflow” using the drop-weight
method. (B) The photographs of HA-engineered hydrogel and Healaflow” when they were about to break. (C) The average drop weight of the collected HA-engineered
hydrogel and Healaflow” hydrogels (n = 3). (D) Cohesiveness characterization of HA-engineered hydrogel and Healaflow” using the stained hydrogel dispersion
method. The images were captured at the time point of 15, 75, and 90 s after the gel hit the surface.

difference in the pre- and postoperative implicit times and
amplitudes of a-waves and b-waves of the ERGs at any
stimulus intensity level on the left eyes.

Compared with a normal healthy right eye, H&E and
immunofluorescence revealed no significant abnormality or
inflammation in the left eye, such as the presence of
inflammatory cells, epiretinal membrane, retinal edema,
disorganization, or atrophic changes of the retinal layers
(Figure 6).

HA-Engineered Hydrogel Significantly
Improved the Retinal Reattachment Rates

as Retinal Patch in RRD Repairment

There was a significant statistical difference in the retinal
reattachment rates between the RRD-hydrogel and RRD
groups (100 and 25%, respectively, p = 0.007, ¥* = 9.6); all
retinas were reattached in the eight eyes of the RRD-hydrogel
group, while the retina was reattached in two eyes and detached in
six eyes in the RRD group throughout the 3-month follow-up.
Fundus examination before surgery and typical fundus
photography of retinal reattachment in the RRD-hydrogel
group and B-mode ultrasound of retinal detachment in the
RRD group are shown in Figure 7.

DISCUSSION

In this study, the HA-engineered hydrogel, a transparent,
smooth, and cohesive ophthalmic hydrogel manufactured
using a novel linearly cross-linking technology, showed not
only its favorable biocompatibility during one-month follow-
up, but also high viscosity and cohesiveness as the retinal
patch in the RRD model of rabbit eyes during 3-month
follow-up.

HA is a naturally occurring linear anionic polysaccharide,
which has applications in diverse areas. In clinical
ophthalmology, HA has been employed as an artificial tear
ingredient for the treatment of dry eyes and a viscoelastic

agent for cataract surgery. However, without further
modification ~ or  functionalization, = some  inherent
disadvantages, such as poor mechanical properties and

restricted cell adhesion, have limited its wider application in
its natural state. Implementing a cross-linking approach can
compensate for these unsatisfactory shortcomings. Cross-
linking is a stabilization process in polymer chemistry that
results in a network structure depending on a multi-
dimensional extension of a chain polymer. By cross-linking,
HA is transformed into a gel-like substance that differs from
its raw sol-like nature. Hydrogels are classified into two types
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FIGURE 5 | Variation of IOP and function before and 1 month after the operation in the eye with HA-engineered hydrogel coverage. (A) The IOP fluctuated within

1 week after the operation and recovered spontaneously within 1 month, with no statistical difference. (B) A splicing ERG diagram of the left eye was recorded before
(green line) and 1 month after the retina coverage with the HA-engineered hydrogel. Scale bar: 200 uv and 20 ms. (C-F) Left eyes’ implicit time and amplitude of the
a-wave and b-wave before and 1 month after the retina coverage with the HA-engineered hydrogel.
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FIGURE 6 | Variation of morphology before and 1 month after the operation in the eye with HA-engineered hydrogel coverage. H&E staining images and
immunostaining images of the normal retina (A-E) and the retina with HA-engineered hydrogel coverage (F-J). The magnification of immunostaining images was 20 x *,
rod photoreceptor layers. **, outer nuclear layer; ***, inner nuclear layer. The scale bar for the 10 x magnification was 100 um and that for the 20 x magnification was

based on the type of cross-link junctions: physically cross-linked
and chemically cross-linked. Physical cross-linking has high
biocompatibility and is not toxic, but the junction is reversible
via hydrogen bonds, hydrophobic interactions, and chain
entanglements. On the other hand, chemical cross-linking has
irreversible junctions, in which covalent bonds are present
between different polymer chains, thus leading to excellent
mechanical strength (Lu et al, 2018). The mechanical
property, biological function, and degradation behaviors of the

hydrogel are strongly dependent on the cross-linker
concentration in the chemical cross-linking, for instance,
Figure 4D and Supplementary Figure S1 illustrate that the
cohesiveness of the HA-engineered hydrogel is similar to that
of Healaflow', and much higher than those of Matrifill” and
Janlane, though both the cross@—linkers are DVS in HA-
engineere% hydrogel and@Matriﬁll , while it is BDDE in both
Healaflow and Janlane . But the cross-linker may induce
cytotoxicity that the human body cannot tolerate when the
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FIGURE 7 | Pre- and postoperative fundus examination. (A-C) Preoperative fundus examination via indirect ophthalmoscopy, fundus photography, and B-mode
ultrasound, respectively. The optic disc (yellow arrowheads) and myelinated nerve fibers (green arrowheads) were well-marked. The vitreous cavity was clear, and the
retina was attached (white arrowhead) in the ultrasound image. (D-F) Retinal reattachment in the RRD-hydrogel group at 7 days and 1 and 3 months after surgery,
respectively. Pigmentation around the retinal break was apparent. (G-I) Retinal detachment (blue arrows) in the RRD group at 7 days and 1 and 3 months after
surgery, respectively. The localized retinal detachment (G) extended (H) and gradually became stiff from a soft state over time ().

concentration is too high (Jeon et al, 2007; Lai, 2014). For
example, cyanoacrylate is a synthetic gel that provides strong
permanent adhesion and continuous seal in seconds in a vast
number of experiments and general surgical trials (Guhan et al,
2018). However, localized but definite retinal toxicity in rabbit
eyes 1 month after implantation was validated by histological
examinations (Hida et al., 1988). Therefore, the evaluation of the
biocompatibility of biomaterial is the most important
prerequisite before clinical application.

An ideal retinal patch must have certain characteristics on the
premise of favorable biocompatibility. First, it must remain firmly
adhered and compliant to the retina long enough to allow the
development of chorioretinal adhesion induced by classic
retinopexy. Second, it should be biodegradable to avoid the
need for a second surgical procedure to remove it. Finally, it
must be delivered to the eye with miélimal or no trauma via a
simple procedure. The Bio-Alcamid showed strong adverse
effects on the retina in an in vitro study, preventing further
effectiveness studies (Barth et al., 2014). PEG gel elicited reactions
similar to the control retinas in the in vitro study. In the in vivo
study, the PEG gel was not toxic to the eye, could successfully

close the retinal breaks, and maintain retinal reattachment.
However, the PEG sealant requires the illumination of a xenon
arc lamp (450-500 nm, blue-green) for 40-60s before it can
polymerize to form a clear, flexible, and firmly adherent hydrogel
(Hoshi et al., 2015; Hoshi et al., 2018). With further technological
advancements, the PEG-derived polymer is now stored in powder
form, and it needs to be mixed with methylcellulose for 150 s to
polymerize before use (Hubschman et al., 2017). The procedure is
more complex compared to the injectable properties of
Healaflow’ and  our HA-engineered  hydrogel.  The
commercially available bioresorbable translucent membrane
Sepraﬁlm®, composed of sodium HA and
carboxymethylcellulose, presented favorable biocompatibility
and powerful adhesion in the in vitro and in vivo studies and
clinical trials. But the sclerotomy site needs to@be expanded to
3 mm to deliver a 5 x 2 mm sheet of Seprafilm onto the retina
(Sueda et al., 2006; Teruya et al., 2009; Haruta et al., 2017). The
biological glues, such as representative fibrine glue, are composed
of separate glue A and glue B. Retinal breaks must be covered with
glue A first, followed by a quick and precise mixture of glue B to
form the membrane. Thus, there is a risk of glue migration to the
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subretinal space due to the fluidity of the glue before membrane
formation and the spherical shape of the eyeball(Kwon et al,
2019; Tyagi and Basu, 2019; Wang et al., 2020; Mamlouk et al,,
2021). Healaflow is a slow resorbable and self- degrading
viscoelastic agent. In the in vitro investigation, it exhibited
strong and lasting adhesion, and protection from culture-
induced trauma; in the animal experiment, it did not
negatively affect retinal morphology or function, indicating
favorable biocompatibility; and in a clinical trial, it was found
to be beneficial to patch retinal breaks with vitrectomy (Barth
et al., 2014; Barth et al., 2016; Ren et al., 2020). According to the
review of the current literature on ocular experiments or clinical
trials, most adhesives have good biocompatibility and strong
tissue adhesiveness, but the manipulation of delivery or
covering retlnal breaks is complex. The injectable gel property
of Healaflow" presents obvious advantages.

Herein, our novel ophthalmic HA-engineered hydrogel is
similar to Healaflow in terms of pH, osmolarity, specific
gravity, and refractive index (Table 1), suggesting that the HA-
engineered hydrogel exhibits the basic physicochemical properties
required as an ideal ophthalmic sealant. In comparison to other
tissue adhesives, the HA-engineered hydrogel appears to be a better
candidate for use as a retinal patch because its injectable property
eliminates the need for expanded sclerotomies for delivery and
additional procedures to mix or polymerize. Importantly, the HA-
engineered hydrogel displays high dynamlc viscosity and
cohesiveness, which is similar to Healaflow (Figure 4). The
viscosity and cohesiveness are two curtail properties, which
have a close relationship with the biocompatibility and efficacy
of the hydrogel sealant. To prevent the migration of RPE cells into
the vitreous cavity through retinal breaks, the sealant should
possess a high viscosity to ensure its tight adhesion to the
surrounded tissues of the breaks (Barth et al., 2016). According
to our results, the dynamic viscosity of the HA-engineered
hydrogel is similar to that of Healaflow (252,170 mPa-s for the
HA-engineered hydrogel and 258,000 mPa-s for Healaflow” at
0.25Hz, respectively), both of which are significantly higher
than that of PEG (700-1,400 mPa-s) in the previously published
reports (Hoshl etal,, 2015). Our group has previously verified that
Healaflow~ could remain adherent for at least 14 days in the culture
flask filled with a balanced solution, and could effectively adhere to
the retina in RRD patients (Ren et al., 2020). Based on the fact that
HA-engineered hydrogel and Healaflow~ share almost identical
physical and chemical properties, it is assumed that the HA-
engineered hydrogel sealant possesses sufficiently high viscosity
to meet the need for break sealing. After sealing the breaks, a high
cohesiveness keeps the sealant intact and not dissociating under the
infiltration of aqueous humor after the sterile air was absorbed in a
few days; thus, a prolonged retention time of the sealant and a
better clinical effect could be achieved. Our results showed that the
HA-engineered hydrogel exhibited similar cohesiveness as
compared with Healaﬂow and much higher cohesiveness than
Matrifill” and Janlane . The discrepancy of cohesiveness was also
reflected in the morphologg of hydrogels, as the HA-engineered
hydrogel and Healaflow appeared to be smooth and
homogeneous, while Matrifill” and Janlane” appeared to be firm
and particulate. The high cohesiveness of the HA-engineered

Biocompatibility and Efficacy of Hydrogel

hydrogel contributed to a stable and prolonged retinal
attachment during the 3-month follow-up period in the animal
studies. In addition, the HA-engineered hydrogel exhibited a
relatively higher G’ (80-160 Pa at 2% strain under 25°C) than
the native vitreous body (1-7 Pa), (Tram et al,, 2020), indicating
the ability of the HA-engineered hydrogel to rebound to its original
shape when acted on by dynamic forces. The G’ of the HA-
engineered hydrogel was similar to that of Healaflow ,
indicating similar resistance to deformation of the two gels.

In the development of any biomaterial, the evaluation of
potential inflammatory or toxic responses in vivo is critical.
The laser-induced chorioretinal adhesion takes about 3 weeks
to be strong enough, according to the results of rabbit eyes
(Smiddy and Hernandez, 1992), during which time the eyeball
is relatively unstable. For instance, the cyanoacrylate tissue
adhesive showed retinal toxicity 1month after the
implantation; however, no identifiable distant toxic effects or
electrophysiologic changes were observed during the 6-month
follow-up period (Hida et al., 1988). Consequently, many studies
choose approximately 3 weeks after surgery as the cutoff to report
the biocompatibility of tissue adhesives (Sueda et al., 2006; Teruya
et al., 2009; Hoshi et al., 2015). In this study, our ERG records,
H&E, and immunofluorescence one month after the operation
suggested no adverse effects of the HA-engineered hydrogel on
retinal function and morphology, confirming its favorable
biocompatibility. Simultaneously, our results demonstrated the
efficacy of the HA-engineered hydrogel as the retinal patch in the
RRD model of rabbit eyes with a 3-month follow-up, which can
aid in the complete reattachment of the retina without the need
for expansile gas or silicone oil endotamponade. Sterile air as
endotamponade combined with the HA-engineered hydrogel as
the retinal patch avoids the adverse complications of long-acting
gas and silicone oil, discomfort from the strict postoperative face-
down position, and the long-term poor visual quality caused by
the higher (silicone oil) or lower (long-acting gas) refractive index
compared to the natural human vitreous (Hoshi et al., 2019). The
IOP fluctuated significantly within 1 week after the operation and
recovered spontaneously within 1 month in our study, with no
statistical ~difference. Transient hypotony is a common
phenomenon after 25-gauge vitrectomy (Bamonte et al., 2011);
thus, the 25-gauge vitrectomy was assumed to be the main risk
factor of transient postoperative hypotony in this study.

There are some limitations to this study. First, during the
manipulation of the RRD model, the size of the retinal break was
small, and the localized retinal detachment only lasted a few
seconds; hence, there were few or no RPE cells migrating to the
vitreous cavity, and the RRD model failed to fully mimic the
pathological processes of human RRD. Second, unlike in human
RRD, we did not use endolaser photocoagulation around the
retinal break in the RRD model. It is unclear whether the HA-
engineered hydrogel eliminates the need for laser retinopexy in
clinical trials, despite animal experiments showing 100% retinal
reattachment without laser retinopexy. Finally, the behavior of
rabbits was uncontrollable during the recovery period.

In conclusion, the HA-engineered hydrogel could play the role
of an ophthalmologic sealant via its high viscosity and
cohesiveness. This pilot study of a small series of RRD models
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with a short-term follow-up provides preliminary evidence to
support the favorable biocompatibility and efficacy of the HA-
engineered hydrogel as a promising retinal patch for sealing
retinal breaks in retinal detachment repair. More cases and
longer follow-up studies are needed to assess the safety and
long-term effects of the HA-engineered hydrogel.
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Natural polymer-based scaffolds
for soft tissue repair
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Hangzhou, Zhejiang

Soft tissues such as skin, muscle, and tendon are easily damaged due to injury
from physical activity and pathological lesions. For soft tissue repair and
regeneration, biomaterials are often used to build scaffolds with appropriate
structures and tailored functionalities that can support cell growth and new
tissue formation. Among all types of scaffolds, natural polymer-based scaffolds
attract much attention due to their excellent biocompatibility and tunable
mechanical properties. In this comprehensive mini-review, we summarize
recent progress on natural polymer-based scaffolds for soft tissue repair,
focusing on clinical translations and materials design. Furthermore, the
limitations and challenges, such as unsatisfied mechanical properties and
unfavorable biological responses, are discussed to advance the development
of novel scaffolds for soft tissue repair and regeneration toward clinical
translation.

KEYWORDS

soft tissue repair, natural polymers, scaffolds, clinical translation, materials processing

Introduction

Soft tissue injury is generally caused by traumatic or pathological lesions where
muscle or connective tissues get damaged (Henriksen et al., 2017). Biomaterials are used
to replace the impaired soft tissue or function as scaffolds to facilitate tissue regeneration
to repair the damaged soft tissue (Keane and Badylak, 2014; Gaharwar et al., 2020).
Though the direct replacement of the damaged soft tissue using inert implants or
autologous grafts is still commonly applied in current clinical practices, some adverse
effects exist, such as chronic pain and implant-related complications (Entekhabi et al.,
2021; Liang et al., 2021; Rodrigues and Raz, 2022). In comparison, scaffolds in two-
dimensional or three-dimensional forms can be used as templates for tissue regeneration.
The cells can bind to the scaffolds and then proliferate and differentiate (Avolio et al.,
2017; Turnbull et al., 2020; Abdollahiyan et al., 2021; Bianchi et al., 2021; Masson-Meyers
and Tayebi, 2021). In addition, growth factors can be incorporated into the scaffolds to
advance tissue regrowth and repair (Hormozi et al., 2017; Kakudo et al., 2020; Gonzalez-
Pérez et al., 2021). To meet the clinical needs, the scaffolds for soft tissue repair should
have tissue-matching mechanical properties, excellent biocompatibility, and appropriate
biodegradability. Both synthetic polymers and natural polymers have been used to
fabricate scaffolds. The synthetic polymers include polylactic acid (PLA), polyglycolic
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TABLE 1 Status of natural polymer-based scaffolds in clinical use/translation.

Trade name/Product
name

Chongshu ® composite hernia
patch

Haiao ® oral repair membrane

GenossDES™

BEGO® collagen membrane
Mucograft

Collagen Graft and Collagen
Membrane

PACG-GelMA Hydrogels

PEG silk composite hydrogel

Elastin-silk fibroin double
raschel knitted vascular graft

Chondrotissue®

IC scaffold
C2CI1H scaffold

Chitosan-modified PLCL
scaffold

CSMA/PECA/GO (S2)
scaffold

Hyalofast®
ChondroGide®

Cartipatch®
Silk Voice®
NOVOCART® 3D

Materials

Fibrinogen; poly (lactide-co-epsilon-
caprolactone)

Collagen

Cobalt-chromium platform scaffolds
containing sirolimus biodegradable
polymers

Collagen membrane

Collagen types I and IIT
Collagen Membrane, Collagen Graf

Poly (N-acryloyl 2-glycine)/
methacrylated gelatin hydrogels
Silk

Silk

PGA, HA

PLGA, COL

PLA, COL, CH

PLCL, CH

CSMA, MPEG-PCL-AC (PECA), GO

Benzyl ester of hyaluronic acid

Type I/III collagen

Agarose and alginate
Silk

Type I collagen, chondroitin sulfate

Company/Institution

Shanghai Pine and Power Technology
Co., LTD

Yantai Zhenghai Biotechnology Co. LTD

Genoss Company Limited, Suwon, Korea

BEGO Implant Systems

Geistlich Pharma AG, Wolhusen, Switzerland

Genoss Company Limited, Suwon, Korea

Tianjin Key Laboratory of Composite and
Functional Materials

Research Institute of Agriculture and Life
Sciences, Seoul National University, Seoul,
South Korea

Tokyo University of Agriculture and
Technology, Fuchu, Japan

Chondrotissue, BioTissue AG, Zurich,
Switzerland)

Tissue Engineering Research Center, AIST
Kansai, Amagasaki Site

BioMediTech, Institute of Biosciences and
Medical Technology, Tampere, Finland

Tissue Engineering Program, Life Sciences
Institute, National University of Singapore,
Singapore

State Key Laboratory of Biotherapy and
Cancer Center, West China Hospital, Sichuan
University

Anika Therapeutics Inc., Bedford,
Massachusetts, United States

Geistlich Biomaterials, Wolhusen, Switzerland

Tissue Bank of France, TBF, Lyon, France
Sofregen, United States
TETEC, Reutlingen, Germany

10.3389/fbioe.2022.954699

Applications

Hernia repair

Periodontal tissue repair

Coronary stent
implantation

Tissue engineering

Gingival recession

Cleft palate repair

Osteochondral
Regeneration

Articular cartilage repair

Artificial blood vessel

Cartilage tissue
engineering

Cartilage tissue
engineering

Cartilage tissue
engineering

Cartilage tissue
formation

Cartilage tissue
engineering

Osteochondral Injury

Cartilage defects of the
knee joint

Knee cartilage injury
Wound healing

Isolated retro patellar
cartilage defects

References

Gang et al,, (2021)

Lee and Park.,
(2020)

Al-Maawi et al.,
(2019)

Rokn et al., (2020)
Ha et al., (2020)

Gao et al, (2019)

Kim et al., (2021)

Tanaka et al.,
(2020)

Kanatl: et al,,
(2017)

Eviana Putri et al.,
(2020)

Haaparanta et al.,
(2014)

Yang et al,, (2012)

Liao et al., (2015)

Bajuri et al,, (2021)

Niemeyer et al.,
(2008)

Clavé et al., (2016)

Kayaalp et al.,
(2021)

CH, chitosan; COL, collagen; CSMA, methacrylated chondroitin sulfate; HA, hyaluronic acid; PCL, polycaprolactone; PLA, polylactic acid; PLLA, poly (I-lactide); PGA, poly (glycolic acid);
PLGA, polylactic-co-glycolic acid; ECM, extracellular matrix; PLCL, poly (I-lactide-co-e-caprolactone); AC, acryloyl chloride; GO, graphene oxide.

acid (PGA), poly (lactic-co-glycolic acid) (PLGA), and poly-e-
caprolactone (PCL), while the natural polymers include proteins
and polysaccharides (Janouskovd, 2018; Rao et al, 2018).
Compared with synthetic polymers, natural polymers such as
collagen, fibrin, silk protein, chitosan, and hyaluronic acid
generally present better biocompatibility but limited
processability (Naghieh et al., 2017; Caillol, 2020; Taghipour
et al, 2020). With the rapid development of processing
technology in recent years, more natural polymer-based
scaffolds have been successfully fabricated and applied in
biomedical applications. This mini-review summarizes the
status of the natural polymer-based scaffold in clinical
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translation and the advanced processing techniques used for
making scaffolds for soft tissue repair.

Current status of natural polymer-
based scaffolds in clinical translations

Over the past decades, many natural polymer-based scaffolds
for soft tissue repair have been developed for biomedical
applications and some of them are commercially available.
Table 1 summarizes the natural polymer-based scaffolds either
commercially available or in clinical trials. These developed
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scaffolds are primarily composed of fibrinogen, collagen, silk, and
alginate. Through advanced processing, these materials can be
fabricated into functional scaffolds for various applications,
including wound repair, hernia repair, cartilage repair, and
blood vessel grafting. In some cases, the repairing efficacy can
be improved by incorporating bioactive materials such as growth
factors and antibacterial agents in the scaffolds. In recent years,
silk-based scaffolds have attracted much attention due to their
excellent mechanical properties and biocompatibility (Zhao and
Li, 2011; Zhou et al., 2018; Mao et al., 2021; Zhao et al., 2021).

Fabrication of natural polymer-based
scaffolds

An ideal scaffold for soft tissue repair should meet the

requirements for specific applications, including good
biocompatibility, suitable mechanical properties, satisfied
porosity, and controlled degradability. (Arbade et al., 2020)
(Janouskova, 2018) The satisfied pore size for soft engineering
is ~5-200 uM. (Janouskova, 2018) Regarding the mechanical
properties, constructing scaffolds with matching mechanical
properties to native soft tissues is very critical. Human tissues
span a broad spectrum of mechanical properties, where stiffness
of soft tissues typically ranges from 1 kPa (e.g., brain) to ~1 MPa
(e.g., nerve and cartilage). (Guimaraes et al., 2020) Over the past
decades, numerous approaches have been developed for
scaffolds,

electrospinning, freeze-drying, and 3D printing. In this

fabricating natural polymer-based such as
section, we provide a general overview of these approaches
and discuss their use in processing natural polymers into

functional scaffolds.

Electrospinning

Electrospinning offers a convenient approach to fabricate
fiber-based scaffolds for soft tissue repair. Nanofibers can be
fabricated through electrospinning from polymer solutions
under a high electrical field and further organized into
porous nanofiber-based mats. When designing an ideal
electrospun scaffold for soft tissue repair, some critical
factors need to be considered. These factors include
biocompatibility, mechanical properties, porosity, and the
ability to regulate cellular behavior (Zhong et al., 2022).
Many studies have been reported on fabrication of natural
polymer-based scaffolds using electrospinning. Lee et al.
fabricated

investigated

electrospun  nanofibrous sheets and
the

irradiation doses on the molecular weight, morphology, pore

gelatin
influence of electron beam (e-beam)

structure, and cell proliferation profiles of the sheets (Lee et al.,

2017). In addition, electrospinning using a core-shell nozzle
was employed to make collagen/polyvinylpyrrolidone (PVP)
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core-shell nanofibers where the collagen was encapsulated
within a shell of PVP. The PVP shell was then washed away
in a basic ethanol solution to yield anisotropic collagen
nanofibers which mimics the structures of the native
extracellular matrix (Wakuda et al, 2018). It is worth
mentioning here that the structure of the nanofiber-based
mats mimics the structure of the natural extracellular matrix,
providing a biomimetic microenvironment for cells to
proliferate and differentiate (Nie et al., 2020). Moreover,
some strategies have been developed to enhance the physical
properties and biofunctions of the scaffolds. These scaffolds
have been widely used in several soft tissue engineering, such as
skin, vascular tissue, cavernous nerve (CN) and cardiac tissues
(Ehrmann, 2021). For instance, Uibo et al. demonstrated that
the scaffold composed of salmon fibrinogen and chitosan could
promote wound healing without any complications (Laidmae
et al., 2018). Jadbabaei et al. developed a novel approach to
enhance the electrospinnability of sodium alginate and made
alginate-PVA polymeric scaffolds for skin tissue engineering
applications (Jadbabaei et al., 2021). Zhang et al. successfully
fabricated silk-based scaffolds for cavernous nerve (CN)
regeneration using coaxial electrospinning. The scaffolds
with a core of RSF-VEGF and a shell of RSF-BDNF
promoted the regeneration of cavernous nerves and were
able to converse into nerve guidance conduit to facilitate
nerve regeneration (Figure 1A) (Zhang et al, 2016).
Recombinant spider silk protein (pNSR32) and gelatin (Gt)
were also used to enhance the cytocompatibility of electrospun
PCL scaffolds. The pNSR32/PCL/Gt composite scaffolds show
potential for small-caliber vascular tissue engineering (Xiang
et al,, 2018). Wu et al. designed a scaffold for cardiac tissue
regeneration to guide the orientation of the cells by mimicking
the anisotropic cardiac structure (Wu Y. et al, 2017). The
scaffold within a hydrogel shell was composed of aligned
(NEYs-NET) which
contained the polycaprolactone, silk fibroin, and carbon

electrospun  conductive nanofibers
nanotubes. Cardiomyocytes (CMs) were aligned along the
nanofibers on each layer of the 3D nanofibrous scaffold in
the stable hydrogel environment (Figure 1B). Overall, the
electrospinning technique allows researchers to fabricate
ECM-mimic scaffolds  with fiber

diameters, surface areas, porosity depending on different

nanofibrous tunable
technique factors, such as solution viscosity and work
voltage. Furthermore, electrospinning provides the feasibility
for introducing and incorporating bioactive molecules for soft
tissue repair and regeneration (Arbade et al., 2019).

Freeze-drying
Freeze-drying is an easy and eco-friendly method that can be

readily used to fabricate 3D scaffolds with microporous
structures. For fabrication of natural polymer-based scaffolds,
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The fabrication of natural polymer-based scaffolds via various methods: (A,B) Electrospinning. (C) Freeze-drying and (D) 3D printing. The
pictures got permissions from (Zhang et al., 2016), (Wu Y. et al., 2017), (Feng et al., 2021), (Luo et al,, 2022), respectively.

natural polymers were first dissolved in water to obtain aqueous
solutions, followed by freeze-drying. During freeze-drying, the
water in the frozen sample undergoes sublimation under a high
vacuum, leading to the scaffolds with porous structures. The pore
size in the scaffolds depends on the type of natural polymers and
the concentration of the solution. The porous structures
generated via freeze-drying benefit the cells to attach,
differentiate, proliferate, and mass transport. Indurkar et al.
showed that the physical parameters of the scaffolds, such as
surface roughness, porosity, interconnectivity, and contact angle
influence the transport of nutrition and waste products (Indurkar
et al., 2020). Furthermore, Afjoul et al. prepared alginate-gelatin
scaffolds through freezing dry and revealed that the ratio of
alginate to gelatin affects swelling, biodegradation, cell culture,
and mechanical properties of the scaffolds. The optimized
scaffolds showed good biocompatibility and satisfied outcomes
of wound healing in rats (Afjoul et al., 2020). In another study,
Chen et al. prepared a hybrid cobalt-doped alginate/waterborne
polyurethane 3D porous scaffold with nano-topology of a “coral
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reef-like” rough surface via two-step freeze-drying (Chen et al.,
2021). The
bioactive cobalt dopant synergistically promote the neurite

“coral reef-like” rugged surface topology and
outgrowth and up-regulate the synaptophysin expression of
neuron-like cells PC12 on the scaffold. In addition, two types
of
carboxymethyl cellulose (CMC), were mixed with collagen to

cellulose-derived  materials, oxidized cellulose and
fabricate scaffolds through freeze drying. The prepared scaffolds

showed good mechanical properties, hemostasis, and
antibacterial properties (Kacvinskd et al., 2022). Protein-based
scaffolds have also been developed. For example, dual-
crosslinked silk fibroin scaffolds with EGDE have been
developed, where the researchers showed that an appropriate
dosage of crosslinking agent was critical to achieve good
mechanical properties, in vivo degradability, and mild
immune responses in soft tissue engineering (Mao et al,
2021). The

response of microglial cells BV2 with the transformation from

scaffold notably relieved the inflammatory

pro-inflammatory (M1) to anti-inflammatory (M2) phenotype.
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Regarding better control of the structure, morphology, and
density of scaffolds, Jiang et al. developed chitosan scaffolds
with tunable microchannels by combining a 3D printing-assisted
microfiber templates-leaching approach and a freeze-drying
approach (Jiang et al., 2021). Moreover, Feng et al. fabricated
a novel chitosan scaffold with lamellar structures by mimicking
the layered structure of the attached gingiva using a bidirectional
freeze-drying method (Feng et al, 2021). The bio-inspired
lamellar chitosan scaffold (LCS) with ordered porous structure
showed excellent mechanical properties, good cell-compatibility
and could promote the vessel formation and gingival tissue
regeneration in vivo. In addition, the LCS is found to be
of
M2 macrophages, which is thought to play an important role

capable inducing  macrophage differentiation  to
in tissue regeneration (Figure 1C). Also, the microstructure of the
scaffolds could be controlled by optimizing the mold and freezing
parameters for a certain application. Brougham et al. developed
organ-specific collagen-based scaffolds geometries for tissue
engineering applications, where the geometries of the scaffolds
could be tailored by adjusting the mold patterns and freezing
parameters (Brougham et al., 2017). In a brief summary, freeze-
drying is a good method for natural polymer-based scaffold
fabrication since it is easily applied to obtain porous
structures without a high temperature or a washing step

though the fabrication time is relatively long (Boffito et al., 2014).

3D printing

Three-dimensional (3D) printing is a technique that can be
used to fabricate biomedical scaffolds in a controlled way
(Pérez-Kohler et al, 2021). Compared with traditional
thermal-based 3D printing, 3D bioprinting combines 3D
printing with living cells or other non-living biological
materials (e.g., growth factors, drugs) to construct scaffolds
for tissue engineering and tissue regeneration. 3D bioprinting
allows researchers to design 3D tissue-mimicking scaffolds
which provide tailored cellular environments to facilitate the
growth and proliferation of cells (Kim et al., 2016; Perez-
Puyana et al, 2020). A broad range of natural polymer-
based scaffolds have been fabricated using 3D bioprinting
and some studies have been reported. Regarding the
materials used for making the bioinks, a variety of materials
have been used including collagen, gelatin, alginate, silk fibroin,
and extra cellular matrix (ECM). For example, Jang et al.
fabricated the artificial skin based on decellularized ECM
derived from porcine skin via 3D bioprinting method (Jang
et al., 2021). The 3D printed artificial skin exhibited rapid re-
epithelialization and facilitate tissue regeneration on a mouse
chimney wound model, showing great potential of clinical
translation. In addition, alginate-based scaffolds with the
features of high cell viability and low concentration alginate
for potential nerve tissue engineering application were
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developed (Naghieh et al., 2019). Moreover, Tijore et al.
developed a 3D bioprinting microchannel gelatin hydrogel
that promoted human mesenchymal stem cells (hMSCs)
myocardial commitment and supports native cardiomyocytes
(CMs) contractile functionality (Tijore et al., 2018). Luo et al.
scaffolds  with
microporous structures and interconnected microchannels
using 3D bioprinting (Figure 1D) (Luo et al, 2022). The
fabricated scaffold could support vascularization and growth

used gelatin and alginate to fabricate

of new tissues, promoting wound healing. Furthermore, Wang
et al. fabricated a hybrid hydrogel system using a combination
of decellularized extracellular matrix (dECM-G) and photo-
(GelMA)
regeneration (Wang et al., 2022). The system showed good

crosslinkable gelatin methacrylate for nerve
printability and structural fidelity for facilitating neurite growth
and cell migration. Fabrication of scaffolds with designed
microstructures to guide cell growth also attracts a lot of
Wu
architectures of micro-structured and stretchable chitosan
hydrogels for guided cell growth (Wu Q. et al, 2017). The

hybrid bioink prepared with gelatin, sodium alginate, and

attention  recently. et al. precisely controlled

carbon nanotubes were used to fabricate cylindrical scaffolds
through a combination of the vertical directional extrusion of
printing nozzle and axial rotation of stepper motor module for
blood vessel regeneration (Li et al., 2020).

Challenges and opportunities

Natural scaffolds have been

developed and applied in soft tissue repair in the past few

polymer-based rapidly
decades. Some products are now commercially available and in
clinical use. However, some limitations are associated with the
current products, such as unsatisfied mechanical properties,
uncontrolled degradability, and unfavorable immune response.
Some critical points need to be considered when developing
high-performance scaffolds that better meet clinical needs.
Firstly, advanced processing approaches are required to
achieve high-quality processing of natural polymers. For
collagen-based materials, how to maintain their bioactivity
during processing is a challenge. Secondly, rational materials
design and advanced fabrication technologies are needed since
the structures and properties of the scaffolds should be tailored
for different applications. For instance, for treating pelvic organ
prolapse, porous scaffolds with robust mechanical properties
and controlled biodegradability are required. In some
applications, an aligned scaffold is preferred to allow the
the

biocompatibility and mimicking the biological functions of

cells to grow directionally. Moreover, enhancing
the extracellular matrix should be considered. Integrins and
cadherins can be grafted to the scaffolds since they are serving
as adhesion molecules for migration and localization of cells.
scaffold design with the

Furthermore, patient-oriented
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assistance of the 3D printing fabrication technique is of great
potential to offer precise repair. Thirdly, scaffolds with
bioresponsiveness or biofunctions are promising since such
scaffolds allow better tissue repair control. For example,
scaffolds with the incorporation of antibiotics can effectively
prevent infections during the tissue regeneration process. In
addition, growth factors can be incorporated into scaffolds to
facilitate tissue repair. Lastly, a comprehensive understanding
of the materials-cell interactions is needed to support the
development of novel functional scaffolds. The fundamental
research would lay a solid foundation for novel material
designs, the development of advanced fabrication techniques,

and clinical translations.
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Polysaccharides are natural polymers widely present in animals, plants, and
several microorganisms. Polysaccharides have remarkable properties, including
easy extractions, degradability, and renewability, and have no apparent toxicity,
making them ideal for biomedical applications. Moreover, polysaccharides are
suitable for repairing oral tissue defects and treating oral diseases due to their
excellent biocompatibility, biosafety, anti-inflammatory, and antibacterial
properties. The oral cavity is a relatively complex environment vulnerable to
numerous conditions, including soft tissue diseases, hard tissue disorders, and
as well as soft and hard tissue diseases, all of which are complex to treat. In this
article, we reviewed different structures of natural polysaccharides with high
commercial values and their applications in treating various oral disease, such as
drug delivery, tissue regeneration, material modification, and tissue repair.

KEYWORDS

natural polysaccharide, oral disease, tissue repair, tissue regeneration, biomaterials

Introduction

Oral diseases are a global public health concern, often affecting the aesthetics and diet
of patients, and in some cases, they cause systematic diseases (P aradowska-Stolarz et al.,
2021; Wong et al., 2019). Treating oral diseases require many biological materials. Dental
caries treatment requires filling the dental pulp with resin (Malkondu et al., 2014), pulp
capping agent (Kunert and Lukomska-Szymanska, 2020), and gutta percha (Del Fabbro
et al., 2016). Also, denture restoration, impression, and dental implant materials are
required for tooth loss treatment (Roumanas, 2009). Tissue-guided regeneration and
defect repair materials are necessary for oral surgery (Frassica and Grunlan, 2020; Niu
etal, 2021). Toothpaste, floss, and mouthwash are needed to prevent oral diseases (Zhang
et al.,, 2021). The common materials used in dentistry include polymethylmethacrylate
(PMMA), vulcanized rubber, celluloid, phenol-formaldehyde, and polyvinyl chloride
(PVC) (P aradowska-Stolarz et al., 2021). Ideal dentistry materials should possess high
biocompatibility as well as good biofunction and mechanical properties (Abdelhamid and
Mathew, 2022). In stomatology, natural polysaccharides are used to modify materials
repairing chewing organs, and improve oral health (Vergnes and Mazevet, 2020).

Polysaccharides are natural branched or non-branched polymers, usually composed
of more than 10 monosaccharides joined together via glycosidic bonds (Yu et al., 2018).
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FIGURE 1
The sources and structures of the commonly used polysaccharides.

Polysaccharides are widely present in plants, microorganisms
and animals. They possess anti-tumor, anti-oxidation, and anti-
inflammatory properties, favouring their in
2021).

polysaccharides and their derivatives have been widely used in

application
biomedicine (Silva et al, In recent years, natural
packaging, food and pharmaceutical industries, and dentistry,
given their sustainability, renewability, biodegradability, and
non-toxicity. Also, the wide application of polysaccharides in
the above-mentioned industries is attributed to their structural
diversity (Torres et al., 2019). Materials used in the oral cavity are
in direct contact with human tissue; thus, they should be
biocompatible and non-toxic. Moreover, they should promote
efficient healing of the mouth to perform its main functions,
including chewing, breathing and talking (Whitters et al., 1999).
In addition, given the role of the mouth on the facial outlook, the
materials used in the oral cavity need special consideration.
Previous reports have shown that natural polysaccharides have
numerous advantages in treating oral diseases. In this review, we
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discussed several natural polysaccharides with high commercial
values and their applications in treating different oral diseases.

Classification of polysaccharides

Polysaccharides can be broadly classified into homogeneous

and heterogeneous polysaccharides. Homogeneous

polysaccharides  are  derived from  joining  several

monosaccharide molecules of the same kind, including starch,
cellulose, and chitosan. Heterogeneous polysaccharides are
of different The
common heterogeneous polysaccharides include hyaluronic

derivatives monosaccharide molecules.
acid and chondroitin sulfate. Since they are naturally available,
biodegradable,

biocompatible, polysaccharides are suitable for the oral cavity

easy to obtain, non-toxic, cheap, and

environment (Prajapati et al., 2014). The most commonly used
polysaccharides are shown in Figure 1.
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The applications of chitosan in dentistry.

Chitosan

Chitosan is a linear, semi-crystalline natural

polysaccharide derived from chitin, readily available in
crustaceans and fungal cell walls. The U.S. Food and Drug
Administration (FDA) has approved chitosan for food and
drug use (Wang et al., 2020). Chitosan contains random
glucosamine (deacetylation unit) and N-acetylglucosamine
(acetyl unit) units linked to the primary chain through f§
(1-4) glycosidic bonds. Chitosan is positively charged due to
the presence of the amino group (Abd El-Hack et al., 2020).
The molecule has a straight-chain structure, and weighs
between 10 and 1,000 kDa (Kou et al., 2021). Chitosan is
widely utilized for antibacterial purposes (Muxika et al,
2017), drug release (Hudson and Margaritis, 2014), target
therapy (Mushtaq et al., 2021; Narmani and Jafari, 2021), and
drug delivery in stomatology (Ahsan et al., 2018). Studies have
shown that it effectively inhibits the biofilm formation and the
acid production capacity of Streptococcus mutans, the main
causal agent of dental caries (Kawakita et al., 2019). Several
delivery systems that carry drugs for anti-inflammatory
purposes, tissue, and periodontitis treatment have been
2019; Baranov et al.,,
2021). Chitosan has been used for modifying nanomaterials

modeled around chitosan (Sah et al,,
and hydrogel, and its derivatives for treating oral diseases have

been gradually developed (Wang et al.,, 2020; Shivakumar
et al., 2021) (Figure 2).
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Cellulose is one of the most abundant biological polymers on
Earth (Lynd et al., 2002). Plant cellulose is present in most green
plants and algae. Bacterial cellulose is naturally secreted by
several non-pathogenic bacteria, including acetobacter,
agrobacterium, and rhizobium. Cellulose has a well-arranged
three-dimensional fiber network, 3.0-3.5 um thick (Klemm et al.,
2005). Compared with plant cellulose,

bacterial cellulose, excluding lignin and hemicellulose, contains

2005; Svensson et al.,

small fibers (100 times lower than plant cellulose) and has a
highly crystalline structure. Heat, steam, ethylene oxide gas, and
radiation will not destroy the inherent physicochemical
properties and structural integrity of cellulose (de Oliveira
Barud et al,
cellulose is very similar to the extracellular matrix (ECM) of

2020). The three-dimensional structure of

living tissues and, thus, suitable for preserving oxygen and
nutrients, providing a favourable environment for the growth
and proliferation of cells in stomatology (Halib et al., 2019).
Moreover, cellulose can be used for tissue engineering as scaffolds
and implants for wound healing, drug delivery, and dental
2016; de Oliveira Barud
2020; Klinthoopthamrong et al, 2020). Studies have
shown that restorable BC could be used in GBR to improve

materials (de Oliveira Barud et al,
et al,

bone generation. Moreover, the electron beam irradiation (EI)

can sever the BC glucose bonds to increase biodegradation (An
et al., 2017).
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Hyaluronic acid

Hyaluronic acid (HA) is a glycosaminoglycan composed of
repeated N-acetyl D-glucosamine and D-glucuronic acid units
(Marinho et al., 2021). It is the main skin extracellular matrix
(ECM) component and participates in inflammatory responses,
angiogenesis, and tissue regeneration. Given its anti-
inflammatory property, HA is often used to treat oral ulcers
(Graca et al., 2020). HA is also a good drug delivery system, given
its mucosal adhesion and ease of chemical modification (Huang
and Huang, 2018; Salari et al, 2021). Notably, a local
administration strategy is preferred for treating oral diseases
than systemic administration. HA does not affect other body
organs and tissues when used for drug delivery. Moreover, the
local treatment ensures better delivery of drugs to soft
periodontal tissue, gingiva, periodontal ligament, and hard
tissues, such as alveolar bone and cementum. Catechol (Cat)-
modified chitosan/hyaluronic acid nanoparticles (NPs) is a newly
developed system for delivering doxorubicin (DOX) to oral
squamous cell carcinoma. It displays excellent adhesion to the
oral mucosa and delivery of DOX to the target tissues in a
sustained manner (Pornpitchanarong et al., 2020). HA has good
biocompatibility, biodegradability, and hydrophilicity and can
alleviate inflammatory pain. These desired biological properties

promote the use of HA in the oral cavity (Figure 3).

Marine algae polysaccharides

Seaweed polysaccharides, including alginate, agar,

carrageenan, galactan, fucoidan, urfan, and laver
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polysaccharides, are widely used in pharmaceutical industry
(Rahmati et al., 2019; Beaumont et al., 2021). Marine algae
polysaccharides possess numerous physical and chemical
properties. These types of polysaccharides are soft and
expansible (Bilal and Igbal, 2019). Sodium alginate and
agarose, widely used in treating oral diseases, are the
common marine algae polysaccharides. Sodium alginate
was included on the list of Pharmacopoeia products in the
United States as early as 1938. Sodium alginate is a by-product
of kelp (B-D-
mannuronic, m), and a- L-guluronic acid (a-L-guluronic,

or sargassum, f3-pD-mannuronic acid
g), joined together via the 1 — 4 linkages. The compound
is stable, soluble, viscous, and safe, suitable for pharmaceutical
use (Sanchez-Ballester et al., 2021). Furthermore, it contains
numerous -COO- units that give it its polyanionic behavior in
an aqueous solution, facilitating drug attachment and
adhesion to the mucosal membrane (Amin and Boateng,
2022). Some studies have suggested that sodium alginate
could treat recurrent aphthous ulcers. The compound can
alleviate the pain and improve the persistence of a drug in the
oral mucosa (Laffleur and Kuppers, 2019; Suharyani et al,,
2021). In addition, alginate is mainly used for stomatology as
an impression of oral materials (Cervino et al., 2018).
Obtaining an oral model is an important step before
orthodontics and prosthodontics treatment. Alginate
impression materials have remarkable fluidity, resilience,
plasticity, and high drug delivery accuracy, promoting their
clinical use.

Agarose is a linear polymer polysaccharide extracted from
kelp (Zucca et al., 2016), composed of alternating 1—3-linked
and 1—4-linked 3,6

B3-Dgalactopyranose anhydro-a-
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L-galactopyranose units, designated as G and A residues, floor of the mouth on the lower side. Together, these parts
respectively (Trivedi et al, 2015). Agarose is a potential form the cavitas oris propria (Tuominen and Rautava, 2021).
hydrogel for the controlled release of bioactive substances, Dental caries is an idiopathic disease of the oral cavity
given its good biocompatibility and natural biodegradability (Akintoye and Mupparapu, 2020). The teeth structure is
(Kim et al., 2019). In the oral cavity, agarose gel regulates the different from that of bones and includes the enamel,
size and shape of hydroxyapatite crystals (Ling et al., 2019). A dentin, pulp, and cementum. Enamel is the hardest tissue
new biomimetic mineralization system containing agarose gel in the body that has neither blood vessels nor nerves and
can induce a dense hydroxyapatite layer on the surface of cannot regenerate. The dentin is softer than the enamel and
demineralized dentin to block dentin tubules for dentin can regenerate or repair itself to a certain degree. However,
remineralization, a potentially new method for treating excessive teeth damage can create irreversible defects. If
dentin hypersensitivity and dental caries (Ning et al., 2012). dental caries is not treated on time, the enamel is
These two algal polysaccharides are highly biocompatible and continually eaten up, causing bacteria infection in the
have broad dental applications, including treating oral pulp and periapical tissue. This eventually causes pulpitis,
diseases. periapical periodontitis, jaw osteomyelitis, and other

concurrent diseases, inducing severe pain and tissue
damage. Moreover, dental caries not only destroy the

Applications Of natural pOlymers in integrity of the chewing organs but also affects the
StomatOlogy digestive function, seriously affecting an individual’s
overall health. Natural polysaccharides, which have
The oral cavity is located in the lower 1/3 of the antibacterial, drug delivery, and material modification
maxillofacial region, starting from the lips. It has several capability with remarkable biocompatibility, are suitable
sections, including the buccal, the inner lining of the cheeks, for different dental functions to prevent oral diseases of
the pharynx at the back, the palate on the upper side, and the soft and hard tissues or a combination of both (Figure 4).
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Treatment of oral hard tissue diseases

Oral hard tissue diseases include dental caries, maxillofacial
fractures, and bone defects (Melo et al, 2013). In dentistry,
chitosan and alginate are used to improve the property of
adhesive material. A combination of chitosan and triclosan
supplemented with resin inhibits biofilm formation and
improves the stability between dentin and adhesive interface,
promoting long-term edge sealing (Machado et al., 2019). A
mixture of chitosan and glass ionomer cement (GIC) can be
another repair material that allows the slow-release of fluoride
(Ibrahim et al., 2020). Chitosan reacts with the GIC to generate a
compound with a better ion release rate, which is important for
tooth structure (Mulder and Anderson-Small, 2019). Moreover, a
formulation of type I collagen (Col),
hydroxyapatite (HAp), and alginate (Alg) is suitable for 3D

nanocrystalline

printing of scaffolds with properties similar to those of natural
dentin. The formulation effectively treats tooth sensitivity by
blocking the dentin microtubules (Naseri et al., 2021). On the
whole, polysaccharides could be modified to generate desired
products suitable for treating hard tissue diseases in dentistry.

Treatment of oral soft tissue diseases

Diseases of the soft mouth tissues include pulpitis, periapical
periodontitis, gingivitis, and other oral mucosal diseases. Infected
dental pulp is very painful, significantly affecting the normal life
of patients. The infection can spread to periapical tissues, causing
periapical periodontitis. Gingivitis is an inflammation of teeth
gums caused by accumulated dental plaque and some physical
stimulation in the papillary. The disease can cause periodontitis
and loss of the alveolar bone. Therefore, removing the root canal
infection and dental plaque is important in treating oral soft
tissue diseases. Given the unique anatomy, histology, and
microbial environment of the oral cavity, materials for oral
cavity uses should possess anti-bacterial properties, adhere on
the oral cavity, be easy to apply, and should allow slow release of
important molecules (Karolewicz, 2016; Timur et al, 2019).
Natural polysaccharides can be modified to possess good
adhesion, repair, and mechanical properties suitable for
treating oral soft tissue diseases.

Chitosan inhibits the growth of Porphyromonas gingivalis
and Actinomyces aggregatum and can modulate inflammation in
human gingival fibroblasts by regulating the of
PGE2 through the JNK pathway. Chitosan is well tolerated by
gingival fibroblasts and can stimulate cell proliferation via the

level

ERK1/2 signaling pathway. Furthermore, the synergistic effect of
chitosan and growth factors such as PDGF-BB stimulates the
proliferation of gingival fibroblasts and inhibits the growth of
Porphyromonas gingivalis and Actinomyces aggregatum (Silva
et al., 2013). Bacterial cellulose fastens the solidification of
diatomite and enhances the biological activity of the mineral.
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Moreover, it has good biocompatibility and promotes the
proliferation and adhesion of mesenchymal stem cells (Voicu
etal., 2017). In addition, it does not generate oxidative stress and
is, therefore, an excellent material in endodontics. Compared
with the ordinary absorbent paper tips, bacterial cellulose has a
higher moisture absorption rate, expansion rate, tensile strength,
and biocompatibility. Moreover, it is hard and causes no obvious
allergic reactions (Yoshino et al., 2013). HA and platelet lysates’
complex increase the metabolism of dental pulp mesenchymal
stem cells and repair damaged dental pulp/dentin tissue by
stimulating the deposition of mineralized matrix (Almeida
et al,, 2018; Schmidt et al., 2020). A combination of bacterial
cellulose (BC) and photoactivated carbene-based biological
adhesive (PDZ) forms a flexible film platform that can repair
soft tissue in the ever-wet mouth environment. The shear
strength and adhesion of the composite have been
significantly improved, making it suitable for treating oral
(Singh 2021).

polysaccharides can be used as antibacterial, root canal

mucosal  wounds et al., Therefore,
therapy materials and tissue treating oral patches, underlining

the novel application prospects of these materials.

Treatment of a combination of oral soft
and hard tissue diseases

Diseases involving soft and hard tissues in the mouth include
cancer and periodontitis. Both diseases can cause lesions,
gingival, buccal and lingual mucosa recession, and even
alveolar bone and jaw bone loss. Gingival recession and the
alveolar bone defect caused by periodontitis are irreversible and
greatly affect a person’s facial appearance. In serious cases, it
causes tooth loss and facial deformity, affecting eating and
talking. Therefore, periodontitis should be promptly treated.
The periodontium repair involves using multiple materials to
prevent further damage and restore bone and periodontal losses.
scaffolds the of
cementoblasts (CB) and periodontal ligament cells (PDLCs),

Pure chitosan promote proliferation
the alkaline phosphatase activity, and mineralization level. The
CS scaffolds, combined with other polymer biomaterials and
bioceramics, promote rapid periodontal regeneration (Lauritano
et al,, 2020). Mesoporous hydroxyapatite/chitosan (MHA/CS)
composite scaffolds promote periodontal tissue regeneration,
inhibit the growth of

Porphyromonas  gingivalis, promote the differentiation of

Clostridium  nucleatum and

periodontal ligament stem cells into osteoblasts, and

upregulate the ALP activity, and the expression of RUNX-2,
OPN, and DLX-5 in vitro. Moreover, MHA/CS composite
the
demonstrating its potential for periodontal tissue regeneration

induces cementum-like tissue formation in vivo,

(Liao et al., 2020). Mice models with bone defects comparing

bacterial cellulose and collagen biofilms regarding guided bone
regeneration during periodontal tissue repair revealed that
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bacterial cellulose biofilms only promote soft tissue repair in
skulls but do not induce bone regeneration (Farnezi Bassi et al.,
2020). However, hydrolyzed cellulose biofilm through strontium
apatite modulates inflammation at the wound site and promotes
the formation of connective tissue and the increase of calcium
and magnesium, important elements that promote the bone
generation and calcification (Luz et al., 2020). In general, the
natural polysaccharides can effectively induce periodontal tissue
regeneration, supporting periodontitis treatment.

Oral cancer is another disease of oral soft and hard tissues.
Oral cancer is a life-threatening disease, whether local or
Natural
adhesion property, which is suitable for the wet oral

metastatic. polysaccharides have remarkable
environment. The polysaccharide sticks to the oral tissues,
ensuring precise and sustained delivery of antibiotics.
Combining bacterial cellulose, alginate, gelatin, and
curcumin forms a multifunctional biopolymer film material
that can release curcumin in saliva and has no obvious toxicity
to human keratinocytes and human gingival fibroblasts.
However, the biopolymer inhibits the growth of oral cancer
cells and has good antibacterial activity against Escherichia coli
and Staphylococcus aureus and, thus, is suitable for topical
wound care and periodontitis and oral cancer treatment
(Chiaoprakobkij et al., 2020). TQ/Ca-alg-PVA, a product of
loading with calcium alginate and polyvinyl alcohol onto
thymoquinone (TQ), inhibits early-stage oral cancer in 7,12-
Dimethylbenz [a]anthracene (DMBA) painted hamster by
downregulating the expression of NF-kB p50/p65, and PI3K/
AKT/mTOR mRNA (Pu et al, 2021). In summary, natural
polysaccharides can achieve precise treatment and reduce the

drug resistance of oral cancer.

Oral care

Caries and periodontal disease, the most common disease in
the oral cavity, is primarily prevented through oral hygiene.
Mouthwash containing natural polysaccharides such as
chitosan is a safe and effective natural product for reducing
harmful oral microorganisms (Farias et al., 2019). Chitosan
mouthwash has been proven safe, and its cytotoxicity is lower
than that of commercial mouthwash, and effectively inhibits
Streptococcus spp. And Enterococcus spp, preventing oral diseases
(Costa et al.,, 2014). Paper-like nanofiber materials made from
bacterial cellulose and chitosan inhibit the growth of bacteria and
yeast, biofilm formation, and oxidation (Cabanas-Romero et al.,
2020). Given that polysaccharides are biodegradable, they are
Chitosan-based

erosion

environmentally  friendly ~ biomaterials.
tooth

Toothpaste supplemented with chitosan and Sn*' prevents

toothpaste prevents enamel and wear.
corrosion and abrasion of teeth gums (Schluet er et al., 2014).
In addition, chitosan-containing chewing gum reduces enamel

demineralization and maintains bacteriostatic levels in saliva
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(Hayashi et al., 2007). Thus, the polysaccharides can be
supplemented in the oral care products to prevent oral diseases.

Alveolar ridge preservation after tooth extraction remains an
oral implant challenge. A mixture of DBBM-C and HA covered
in a collagen membrane prevents dimensional shrinkage and
increases bone formation after tooth extraction (Lee et al., 2021).
Colonization of the bacteria is a major cause of implant failure
(Jiang et al., 2020). Studies have shown that chitosan reduces
colonization of Fusobacterium nucleatum on the implant surface,
plaque biofilm formation, and decrease periimplantitis,
increasing the success of implanting (Vaz et al, 2018).
Therefore, chitosan is a remarkable antibacterial material that
can improve the success of oral implants. Generally, the natural
polysaccharide has good biocompatibility and is non-toxic and,
thus, an attractive oral care material in stomatology.

Discussion

In recent years, natural polysaccharides extracted from
animals, plants, and microorganisms have attracted the
attention of researchers because of their good degradability,
non-toxicity, and renewability (Zhao et al.,, 2020). At present,
the modifiable,
regeneration, and drug carrier potential of polysaccharides

antibacterial, anti-inflammatory, tissue
have been investigated (Cui et al., 2018; Serrano-Sevilla et al.,
2019; Hou et al., 2020; Layek and Mandal, 2020; Zhai et al., 2020).
Different polysaccharides are used for treating different oral
diseases (Table 1). Natural polysaccharides have attracted
greater attention than synthetic materials because they are
biocompatible, biodegradable, and ecological.

Despite the advantages of natural polysaccharides in
dentistry, these molecules have certain disadvantages in
biomedical applications; 1) They have poor mechanical
properties. The inferior adhesiveness and the short-term in
vivo stability of natural polysaccharides limit their therapeutic
efficacy (Kim et al., 2021). 2) The quality of polysaccharides is
limited to their original material. The method of extraction and
purification affects controlled the products’ reliability (Luo et al.,
2021). 3) Natural polysaccharides are highly moisture sensitive.
They undergo hydrolysis during processing and are unstable in
the oral cavity (Imre et al.,, 2019).

Natural polysaccharides are generated through natural
processes. However, researches are needed to explore
strategies for modifying the chemical structure of these
molecules to broaden their biomedical applications. Moreover,
the natural polysaccharides are made to the namomaterials
(Georgouvelas et al, 2021), which might improve their
inherent properties to enhance drug delivery efficacy (Ahmed
and Aljaeid, 2016) and applied in wound healing (Yang et al,
2020). In future, natural material could be brought to clinical
practice and their effect to environment should be valued. It is

believed that advances in the development of biomaterials and
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TABLE 1 The applications of polysaccharide in oral diseases.

Polysaccharides
Chitosan dispersion
Bacterial cellulose
Hyaluronic acid

Hyaluronic acid

Alginate

Alginate

Bacterial cellulose

Chitosan

Agarose

Chitosan

Chitosan

Chitosan

Chitosan

Bacterial cellulose

Bacterial cellulose

Bacterial cellulose/
Alginate

Alginate
Chitosan
Chitosan

Chitosan

Hyaluronic Acid

Dental Specialties
Dental caries
Bone regeneration
Oral squamous cell carcinoma

Oral candidiasis

Recurrent aphthous stomatitis

Tooth sensitivity

Pulpitis

Periodontitis

Dentin hypersensitivity and dental
caries

Mouthwash

Dental caries filling materials

Modify glass ionomer restorative
cements

The nano hydroxyapatite/chitosan
composite scaffold for periodontal
regeneration

The guided bone regeneration (GBR)
membranes

The guided bone regeneration (GBR)
membranes

Oral mucoadhesive patches for
periodontitis or oral cancer treatment

Oral cancer
Mouthwash
Toothpaste

Chewing gum

Ridge preservation

Models

In vitro
In vivo rat calvarial

defect models

Ex vivo porcine oral
mucosal tissues

In vivo sheep buccal
mucosa

In vitro

In vitro

In vivo

Sprague-Dawley rat

In vitro

In vitro

In vitro

In vitro

In vitro

In vivo

BALB/c mice

In vivo

Rats

In vivo
Swiss albino mice
In vitro porcine mucosa

In vivo hamster buccal

In vitro

10.3389/fbioe.2022.970041

Biological Activity/Application

Exert antimicrobial effect against mature S. mutans
biofilms

The BC biofilms exhibited significantly larger new
bone area in vivo

Deliver DOX to HN22 with a low IC50

Hyaluronic acid hydrogel delivers a
nanotransfersome with fluconazole entrapped,
which exert enhanced antifungal efficacy

Adhesion time was improved and the AL. Ambroxol
was controlled release

The 3D printing dentin mimics is of good
cytocompability and could block the dentinal tubule
effectively

BC showed higher absorption and expansion than
paper points, and maintained a high tensile strength
even wet.

Chitosan induces the proliferation of human gingival
fibroblasts by activating of the ERK1/2 signaling
pathway

Induced a layer of tightly packed hydroxyapatite on
the surface of demineralized dentine and the dentinal
tubules was occluded

The chitosan mouthwash inhibits the streptococci
and enterococci and cause no major reductions to the
normal oral microflora viability

Triclosan-loaded chitosan showed antibacterial
activity and induced dentin/adhesive interface
stability

Chitosan modifications increase the ion release of
aluminium, sodium, silicon and strontium for
materials

mHA/CS could promote periodontal regeneration

Promoting soft tissue repair in rat skulls

Modulates inflammation, promotes the formation of
connective tissue and the increase of calcium and
magnesium

Showing anticancer activity against oral cancer cells
(CAL-27), but non-cytotoxicity to HaCaT and
GF cells

Inhibits early-stage oral cancer
Antimicrobial effectiveness and toxicological safety

Chitosan enhanced the efficacy of the Sn**-
containing toothpaste as an anti-erosive/anti-
abrasive agent

Chitosan-containing gum chewing has a better
antibacterial effect and increases salivary secretion

Prevents dimensional shrinkage and increases bone
formation after tooth extraction

References
Kawakita et al. (2019)
Coelho et al. (2019)
Pornpitchanarong et al.

(2020)
Alkhalidi et al. (2020)

Laffleur and Kuppers
(2019)

Naseri et al. (2021)

Yoshino et al. (2013)

Silva et al. (2013)

Ning et al. (2012)

Costa et al. (2014)

Machado et al. (2019)

Mulder and Anderson-

Small (2019)

Liao et al. (2020)

Farnezi Bassi et al.
(2020)

Luz et al. (2020)

Chiaoprakobkij et al.
(2020)

Pu et al. (2021)
Farias et al. (2019)
Schlueter et al. (2014)

Hayashi et al. (2007)

Lee et al. (2021)

Frontiers in Bioengineering and Biotechnology

137

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.970041

Yang et al.

molecular biology-related technologies will enhance the

application of natural polysaccharides in stomatology.
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Department of Orthopedics, Union Hospital, Tongji Medical College, Huazhong University of Science
and Technology, Wuhan, China, ?Division of Plastic Surgery, Brigham and Women's Hospital, Harvard
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Multiple rib fractures caused by trauma are common injuries and the internal
fixation methods of these injuries have been paid more and more attention by
surgeons. Absorbable plates and screws are the effective way to treat rib
fractures, but there are no reports on which type of screw fixation method
is most effective. In this study, finite element analysis was used to study the
effects of five different types of screw fixation methods on anterior rib, lateral rib
and posterior rib. The finite element model of the ribs was reconstructed from
CTimages, and the internal pressure (40 kPa) and intercostal force (30 N) on the
surfaces of the ribs were simulated accordingly. An intercostal force of 30 N was
applied to the upper and lower surfaces of the ribs to simulate the effect of
intercostal muscle force. The pressure of 40 kPa was applied to the inner
surface of the ribs, and the normal direction was applied to the inner
surface of the ribs. The positive direction was considered inspiratory
pressure, and the negative direction was considered expiratory pressure. The
results indicate the optimal type of screw fixation on the absorbable plate for rib
fractures, and provide a basis and reference for clinical application.

KEYWORDS
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Introduction

Rib fracture is a relatively common injury, and multiple rib fractures can disrupt
normal life of the affected patients (Baiu and Spain, 2019; Coary et al., 2020). In addition,
as the global population continues to age, the incidence of rib fractures has increased
significantly. At present, a variety of techniques have been used for the surgical fixation of
rib fractures with varying recovery effects (Leinicke et al., 2013). The development of
absorbable bone plates has received great attention for the treatment of rib fractures and
maintenance of normal respiratory functions in the affected patients (Hur et al., 2016;
Oyamatsu et al, 2016). The main rib fixation methods include anterior plate,
intramedullary fixation, U-shaped plate and absorbable bone plate (Pieracci et al.,
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FIGURE 1

The finite element model of the rib. Anteroposterior and lateral thoracic models were reconstructed from CT data.
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FIGURE 2
Five different screw fixation methods for the rib fractures with
absorbable bone plates.

2017; Zhang et al., 2019). Nevertheless, the surgical fixation of rib
fractures still needs further improvement. Some remain reluctant
to surgically fix fractured ribs because of the poor results of
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internal fixation, the need for secondary removal, and the lack of
strong evidence for this approach.

Biodegradable and absorbable bone plates have been used in a
wide range of clinical applications, including cranial and
maxillofacial fractures, metacarpal and phalanx fractures, ribs and
ankle fractures (Chalidis et al., 2020). About 30% of fracture patients
treated with traditional metal fixation experience serious
complications, including nonunion, exposed plate, infection, and
tendon rupture (Marasco et al., 2010). While metal implants help
patients with early mobility, less strong implants may facilitate
formation of more callus at the fracture site and improve the
healing rates. Stress shielding is also a well-known complication
of metal plate fixation, which can be mitigated by the use of a less
rigid absorbable plate (Denard et al., 2018; Liverani et al., 2021).
Similarly, the use of absorbable plates can reduce the risk of infection
associated with traditional metal plate fixation. Several studies
evaluating the use of absorbable plates and screws for surgical
fixation of rib fractures in flail chest patients have shown that
the technique is safe and effective (Nolasco-de la Rosa et al,
2015; Waseda et al, 2019). The slow absorption of absorbable
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TABLE 1 Mechanical properties of physiological structures and internal fixation implants used to simulate finite element models.

Component/Materials

Cortical bone 9000
Cancellous bone 450
Cartilage 8
Absorbable plate/screw 5500

plates gradually transfers pressure to the bone, preventing
osteoporosis at the fracture site and promoting fracture healing.
Although there are more and more studies on rib internal
fixation, to our knowledge, no previous studies have been
published on the effect of rib absorbable screw position on
fixation. Previous rib models have incorporated some
respiratory ~ muscle  mechanics, intercostal  muscle
movement, and fixation failures, but the optimal fixation
type of rib fractures with screws on absorbable plates is yet
to be examined. To date, there has been no study that
simulates the effect of different screw fixation methods for
rib fracture fixation using absorbable plates. Therefore, the
purpose of this study was to establish a finite element model of
the rib fracture and to analyze the optimal fixation position of
the screws on the absorbable plate. These results will enable us
to improve the internal fixation of rib fractures and provide a

valuable reference for clinical work.

Materials and method
Clinical data and finite element modeling

A patient with a rib fracture sustained in a car accident
underwent a CT examination and modeling after admission. In
order to better characterize the injured site of the patient, Mimics
software was used to reconstruct the thoracic rib model
according to the CT data (Figure 1). A common fracture of
the sixth rib was taken as an example to analyze the force of the
anterior, lateral and posterior ribs fixed by absorbable plates and
screws. Therefore, this part of the study involves construction of a
computer finite element model that takes into account the
geometry of ribs and plates, material properties and boundary
conditions, as well as the respiratory muscle forces.

Firstly, the CT scan image was imported by selecting New Project
Wizard on Mimics 20.0 software, and a model was initially generated.
The pixels that affect the analysis and the bones that were not used in
this analysis were then removed. Calculate 3D tool was used to build a
3D model for each layer, and a rib model was obtained and saved in
STL format. Using the Geomagic Studio 2015 software, STL file saved
in the previous step was opened and a x4 mesh subdivision of the
model polygon was performed to ensure that no serious deformation
would occur during the model processing. The excess deformation
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Poisson ration

0.29
0.29
0.40
0.30

features and sharp spikes were removed to obtain an accurate rib
model. The precise surface module was used to detect the contour of
the model, and the deformed or unreasonable contour was edited. The
contour was added appropriately to generate regular surface pieces for
the subsequent model processing. After the successful generation of
surface slices, the surface slices were fitted, and the fitted surface model
was derived into a general Step geometric model format. The Step
geometric model file of the rib saved from Geomagic Studio
2015 software was opened with SolidWorks2017 software, and the
geometric model was identified and surface was diagnosed according
to the software, then the problematic surface was repaired, and the
model was saved. The anterior, middle, and posterior fracture models
of the ribs were established using a split command, while the ligament
force area was cut to facilitate the subsequent loading.

Experimental conditions and
biomechanical analysis

We set up five types of screw fixation methods on absorbable
plates to analyze the stress (Figure 2). Referring to previous literature,
in order to facilitate the simulation of real stress state on the ribs, the
pressure of respiratory movement was set at 40 kPa, and the force of
intercostal muscle was set at 30 N' (Marasco et al.,, 2010; Kang et al,,
2018). Establishment of the absorbable plate model: The bone plate
and screw were established according to the model parameters
(Table 1), and the plate and screw were assembled to the fracture
area using the assembly command. After the assembly, the analysis
model was saved and imported into ANSYS for finite element
analysis. The geometric model was imported into ANSYS19.2, and
isotropic material attribute parameters were established respectively,
and related materials were assigned to each model. In order to ensure
that accuracy of the calculation met the requirements of the analysis,
the grid type and size were controlled, and the mesh type was set as the
second-order tetrahedral mesh. After the mesh was set, the model was
loaded and submitted for calculation according to the pressure and
muscle force generated by human respiration.

Results

In this study, finite element analysis was used to simulate the
screw distribution during the fixation of rib fracture with
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FIGURE 3

The maximum stress and displacement during inhalation and exhalation with anterior rib fracture in 5 different screw modes after plate fixation.
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absorbable plate, and the optimal screw fixation form was
determined to provide a reference for clinical application. In
the analysis of the anterior rib fracture, as shown in Figure 3,
the maximum stress of the absorbable plate on inhalation and
exhalation ~ with  the  first  screw  fixation  was
45.593 MPa-43.288 MPa, and the maximum displacements
during inhalation and exhalation were 2.9784 mm-2.7678 mm,
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respectively. In the second screw fixation method, the maximum
stress of the absorbable bone plate on inspiration was 44.889 MPa
and the maximum displacement was 2.6733 mm. During
exhalation, the maximum stress of the absorbable bone plate
4268 MPa and the maximum displacement was
24907 mm. In the third screw fixation method, the maximum
stress of the absorbable plate was 45.172 MPa and the maximum

was
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displacement was 2.7342 mm on inhalation, while the maximum
stress was 42.973 MPa and the maximum displacement was
2.5483 mm on exhalation. In the fourth screw fixation method,
the maximum stress of the absorbable bone plate was 55.001 MPa
on inhalation and 51.403 MPa on exhalation, and the
corresponding maximum displacement of the absorbable plate
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The maximum stress and displacement during inhalation and exhalation after the lateral rib fracture with different screw fixation methods.

on inhalation is 1.2923 mm and the maximum displacement on
exhalation is 1.2006 mm. In the fifth screw fixation method, the
maximum stress and maximum displacement of the absorbable
plate on inhalation were 51.363 MPa and 1.2021mm, and the
maximum stress and maximum displacement on exhalation were
48.399 MPa and 1.117 mm.
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and screws.

In the analysis of lateral rib fracture (Figure 4), the
maximum inspiratory stress corresponding to 1-5 screw
fixation methods 25.005, 24.607, 24.638, 25.650,
25.825 MPa respectively. The maximum stress corresponding
to expiratory stress was 26.657, 26.406, 26.412, 27.484,
27.656 MPa, respectively. In the analysis of displacement, the
maximum displacements corresponding to the 1 to 5 screw

was
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fixation modes were 1.5468, 1.4947, 1.4997, 1.4927 and
1.4994 mm during inspiratory, and 1.3612, 1.3203, 1.3242,
1.3186 and 1.3242 mm, respectively during expiratory.

In the stress analysis of the rear rib fracture (Figure 5), the
maximum stress of the absorbable bone plate upon inspiration in
the 1-5 screw fixation modes was 19.82,22.054, 21.807, 22.694, and

22.592 MPa. The maximum stress corresponding to exhalation is
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18.741, 20.726, 20.341, 21.528, and 21.21 MPa respectively. In the
analysis of the displacement of the rear rib fracture, the maximum
displacements corresponding to the 1-5 screw fixation modes were
1.8204, 1.6893, 1.7144, 1.681 and 1.6945 mm during inspiration,
and 1.6525, 1.5775, 1.5656, 1.5707 and 1.5815 mm respectively
during expiration.

Discussion

The incidence of rib fractures is high, and patients with stable
fractures can be treated conservatively with external fixation. In
recent years, the treatment of multiple rib fractures has gradually
shifted from conservative treatment to surgical internal fixation
(Marasco et al., 2012). Early surgery can effectively restore the
integrity of the thoracic structure, reduce respiratory energy
consumption, accelerate the recovery of patients, and reduce
complications (Shen et al., 2008). At the same time, the medical
instruments for the fixation of rib fracture are constantly
updated, from the early Kirschner wire, intramedullary nail,
memory alloy bone graft to claw rib plate and absorbable
bone plate, so that the operation is less complicated and the
fixation effect is more optimized. The absorbable bone plate is
expected to be an ideal rib fixation material because it does not
require secondary removal and can eliminate stress masking
(Vddndnen et al., 2008; Al-Tamimi et al, 2020). Currently,
although there are commercial absorbable bone plates for
metacarpal, phalangeal, rib and ankle fractures, there is no
unified standard for the fixation of screws on bone plates.

In this study, the rib fractures were divided into anterior, lateral
and posterior ribs and absorbable plates were fixed according to the
five different screw fixation methods described above. In the lateral
rib fracture, the screw fixation methods of 1, 4, 5 showed greater
stress on the fixed plate, while the 2 and 3 types of screw fixation
showed less stress. Except for the displacement of the first fixation
method being slightly larger, the displacement gaps of the other four
types of screw fixation were not obvious. In the posterior rib fracture,
the first type of screw fixation showed less stress, and the other four
types of screw fixation showed no significant difference. In the
analysis of displacement, the displacement of the first fixed model
was more obvious than the other four modes, which was similar to
the results of stress analysis.

Compared with the fracture of the lateral rib and the posterior
rib, the anterior rib has a weaker structure because of the presence of
cartilage, and the bone plate bears most of the force when stressed, so
the stress of the anterior rib is relatively large (Holcombe et al., 2020).
The analysis results showed that the displacement of the side ribs
was relatively small, which may be because the ribs are curved and
the structure is relatively stable in the middle of the arc when
subjected to internal and external stresses, so the displacement of the
lateral ribs fixed with absorbable plates is relatively small.

In summary, the conclusion is that the bone plate with
anterior rib fracture has the largest stress, while the bone
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plates with 4 and 5 type screw fixation methods have the
largest stress and the best fixation effect. The 1, 2 and 3 types
of screw fixation have less stress, but the fixation effect is not
adequate. Based on this, it can be inferred that the fixation
effect of the fourth and fifth types of screw is better. Compared
with the fourth type, the fifth type uses the least number of
screws, so the optimal screw fixation form overall is the
fifth type.

Conclusion

According to the method of finite element analysis evaluating
different types of screw fixations of absorbable bone plate,
anterior rib fracture fixation showed relatively higher stress
values than lateral and posterior rib fractures, especially in the
4th and 5th types of screw fixation methods. Interestingly, 4 and
5 types of screw fixation methods displayed the least
displacement for the largest stress value regardless of the type
of rib fracture, and the best fixation effect when the stress of the
absorbable bone plate was simulated. The fifth fixation method
uses fewer screws and therefore can be considered the best
fixation method among the five types examined.
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Biomaterial, College of Life Sciences, Mudanjiang Medical University, Mudanjiang, China, “College of
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Chemical Engineering, Fujian Normal University, Fuzhou, China

Bacterial infections of wounds significantly increase the occurrence of
complications, which have become a public health problem and pose a
serious threat to human health. Therefore, an ideal wound dressing should
not only possess suitable mechanical strength and a moist environment, but
also instant disinfection and antibacterial properties. Owing to their high water
content and permeability, hydrogels have great potential for the application in
wound dressing. In this study, we developed an injectable hyaluronic acid (HA)/
oxidized chitosan (OCS) hydrogel with good biocompatibility, self-healing, and
tissue adhesive properties. Moreover, the slow release of micro hypochlorous
acid (HCIO), which is a common bactericide during hydrogel formation, can
lead to instant disinfection; and the positive charge of OCS in this hydrogel can
achieve a sustainable antibacterial effect. Thus, this hydrogel is a promising
wound dressing material in clinical treatments.

KEYWORDS

hydrogel, injectable, hypochlorous acid, antibacterial effects, biocompatibility

Introduction

Bacteria are highly adaptable and ubiquitous in natural environments and bacterial
infections of wounds are quite common in daily life (Li et al., 2018; Ahmed et al., 2020;
Jamaledin et al., 2020). For instance, skin injuries caused by mechanical damage,
undesirable temperatures, and chemicals are easily infected by bacteria when one fails
to clean potentially infectious microbiological and necrotic tissues in time. Currently,
various antibacterial strategies have been proposed, including photodynamic
antimicrobial therapy (Hu et al., 2019; Chandna et al., 2020), hydrophilic antifouling
coatings (Knowles et al., 2017; Tian et al., 2019), and metallic nanomaterials (Vimbela
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et al., 2017; Rehman et al., 2018). However, the aforementioned
strategies also have some limitations, such as the complex
operation and release of harmful ions. Therefore, it is still a
challenge to develop a convenient wound dressing material with
effective antibacterial properties.

The process of wound healing provides the inspiration for
antibacterial wound dressing design (Makvandi et al, 2019;
Zhang et al, 2019). Wound healing, a complex process of
natural restoration and tissue growth progression, involves the
following four different phases: the coagulation and hemostasis
phase, inflammatory phase, proliferation period, and maturation
phase (Derakhshanfar et al., 2019; Abdollahi et al., 2021). These
phases must occur in a proper sequence and penetrate each other
in a well-connected cascade to create optimal wound healing. The
pathological conditions of the wound and the type of dressing
material significantly affect the progress of these phases. Inspired
by the progress of moist wound healing, we envision hydrogels to
be the ideal wound dressing material because of their three-
dimensional (3D) polymer network structure, which is similar to
an extracellular matrix (Smithmyer et al, 2014; Gaspar-
2019). their
biocompatibility, absorption capability, and biodegradability,

Pintiliescu et al, Owing to excellent
natural polymers containing alginate (Aikawan et al, 2015;
Emami et al.,, 2018; Zhang et al., 2018), collagen (Cho et al.,
2017; Wakuda et al., 2018; Lin et al., 2019), chitosan (CS) (Wang
et al, 2018; Shariatinia, 2019; Bagheri et al, 2021), and
hyaluronic acid (HA) (Li et al.,, 2018; Zhu et al., 2018; Kim
et al,, 2019; Wolf and Kumar, 2019), derived from animals,
plants, and microorganisms are widely used to prepare
antibacterial hydrogels applied in wound dressings.

CS is the product of the N-deacetylation of chitin with
widespread applications in biomaterials owing to its non-
toxicity, ease of modification, and antibacterial activity. Its
unique antibacterial effect is based on the abundant positively
charged primary amine groups, garnering increasing attention
from researchers in the design of CS-derived antibacterial
biomaterials. Bagheri et al., designed and fabricated CS/
(PEO)

antibacterial silver and zinc oxide nanoparticles. These

polyethylene oxide nanofibers conjugated with

nanocomposites showed a good antioxidant effect and
coli, and P.
aeruginosa (Bagheri et al., 2021). For the application of CS, its

antibacterial activity against S. aureus, E.

poor water solubility is the main obstacle (Pelld et al., 2018).
Fortunately, the oxidation of CS can solve this problem and
simultaneously provide CS with a new reactivity. Another natural
polymer, HA, is an acidic glycosaminoglycan consisting of
N-acetyl-D-glucosamine and D-glucuronic acid units. Because
HA has super water absorption and retention properties, HA has
been applied in a wide range from cosmetic materials to
bioengineering scaffolds (Litwiniuk et al., 2016; Park et al., 2019).

Recently, diverse injectable antibacterial hydrogels have been
developed using various methods, such as physical crosslinking
(hydrogen bond, hydrophobic interactions, and electrostatic
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interactions) (Shao et al, 2017; Deng et al, 2018; Liang et al,
2019; Wang J et al, 2020), and chemical crosslinking (Michael
addition, Schiff-base reaction, and click reaction) (Jalalvandi et al.,
2017; Huang et al,, 2018; Du et al,, 2019; Pupkaite et al., 2019; Pérez-
Madrigal et al, 2020). The Schiff-base reaction has primarily
garnered particular interest owing to its short gelling time and
gentle gelling condition. Therefore, we designed and prepared this
hydrogel, which is based on the Schiff-base reaction of oxidized
chitosan (OCS) and hydrazine-modified HA (HA-ADH). Although
hypochlorous acid (HCIO) is an efficient antibacterial agent (Chen
et al,, 2016; Raval, et al,, 2021), it is limited in application to clinical
treatment owing to its instability. To address this issue, we utilized
the reaction between calcium hypochlorite and salicylic acid to
produce hypochlorous acid along with the formation of the
hydrogel. During hydrogel formation, through the mixing of
OCS and HA-ADH solutions, HCIO is released simultaneously
owing to the reaction between salicylic acid (SA) and calcium
hypochlorite that are previously dissolved in the OCS and HA-
ADH solutions, respectively.

In this article, we present a novel hydrogel system that can in
situ gel on the surface of a wound to be used as an antibacterial
wound dressing material. This new hydrogel dressing is able to
achieve a desirable “instant disinfection and antibacterial”
therapeutic effect. Moreover, this hydrogel shows good
biocompatibility, mechanical, and tissue-adhesive properties.
All these characterizations demonstrate that this hydrogel has
great potential to be used as an antibacterial wound dressing
material to accelerate wound healing.

Experimental
Materials

Chitosan (CS, molecular mass of ~50 kDa, deacetylation degree
of  95%), (NalO,  99.0%), N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC), sodium hydroxide (NaOH), agarose, methylene blue,
methyl orange, and propidium iodide (PI) were purchased were

sodium  periodate

purchased from Macklin and were used directly. Sodium hyaluronate
(HA, molecular mass of 92000 Da) was purchased from Shandong
Focuschem Biotech Co., Ltd. 1-Hydroxybenzotriazole (HOBt) and
adipic acid dihydrazide (ADH) were purchased from J&K Chemical.
PBS (pH = 7.4), fetal bovine serum (FBS), penicillin-streptomycin
(PS) solution, Dulbecco’s modified Eagle medium (DMEM)
L-glutamine, and calcein AM were purchased from Gibco Co.,
Ltd. (Carlsbad, CA, Uniteed States).

Synthesis and characterization of OCS

For the synthesis of OCS, 2 g chitosan was first dissolved in
200 ml 0.5 wt% dilute glacial acetic acid aqueous solution. 1.325 g
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sodium periodate (NalO,4) was added into the mixture to oxide
the chitosan polymer. The reaction was stirred for 24 h in the
dark at room temperature. Subsequently, the mixture solution
was dialyzed against deionized water (DI water) for 4 days to
remove the unreacted small NalO, molecule (14 kDa cutoff
dialysis membrane). The obtained purified product was freeze-
dried by a lyophilizer and stored at —20°C in the freezer. The OCS
samples were analyzed by Fourier transform infrared (FT-IR)
spectroscopy. In detail, the KBr pellet method was used in the
range of 500-4,000 cm™ at 25°C, recorded with a Nicolet
5700 spectrophotometer (Thermo Fisher Scientific Inc., MA).

Synthesis and characterization of HA-ADH

First, 2 g of HA (M = 920000 Da) was dissolved in 200 ml of
the buffer solution (pH = 6.5). Afterward, 2.5 g EDC and 1.78 g
HOBT were added into the HA solution and kept stirring at room
temperature. After 1 h, 9 g adipic dihydrazide (ADH) was added
into the mixture solution and the reaction was further stirred and
kept for 24 h at room temperature to obtain the crude product.
The product was purified against DI water for 4 days by a dialysis
membrane (14 kDa cutoff dialysis membrane), and the product
was lyophilized, and then stored at- 20°C in the freezer. The HA-
ADH samples were also analyzed by Fourier transform infrared
(FT-IR) spectroscopy with a similar protocol as that of OCS.

Preparation of injectable OCS/HA
hydrogels

An injectability test was performed as described (Makvandi
etal,, 2019; Makvandi et al., 2021). In the first step, the HA-ADH
solution and OCS solution was prepared separately by dissolving
in PBS at different concentrations. Then, these two solutions
were subsequently mixed at a volume ratio of 1:1 by using a
double-barrel syringe. The hydrogels with different component
concentrations were labeled as OCS,/HA hydrogels meaning that
the concentration of HA-ADH was fixed at 3% and the
concentration of OCS was signed as y % (4%, 5%, 6%, and 7%).

Preparation of injectable OCS/HA-HCLO
hydrogels

Based on the preparation of the OCS/HA hydrogel, we
further developed the OCS/HA-HCIO hydrogel. Briefly, HA-
ADH was dissolved in the PBS buffer with 125 mg/L of a
Ca(ClO), solution and OCS was dissolved in the PBS buffer
of 2.5mM salicylic acid (SA), respectively. Then, these two
precursor solutions were added into the two independent
cavities of the double-barrel syringe. Through the mixed
injection of these prepared two solutions into models or in
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the surface of skin with the volume ratio of 1:1, a series of
OCS/HA-HCIO hydrogels was formed with the in situ gelation
method.

Gelation time test of the OCS/HA
hydrogels

The gelation time was measured by a tube-inversion method
(Jommanee et al., 2018; Wang Y et al., 2020). Briefly, HA-ADH
and OCS were separately dissolved in the PBS solution. These
two kinds of solutions were mixed with a double-barrel syringe to
obtain the HA/OCS hydrogels, and the gel time was denoted as
the time when the hydrogels showed no ability to flow. The gel
time of OCS/HA-HCIO hydrogel was determined by a similar
method.

Swelling ratio measurement of the OCS/
HA hydrogels

To evaluated the swelling kinetics behavior of the OCS/HA
hydrogels, all samples (100 pL, n = 5) were prepared in a PTFE
mold (10 mm in diameter, 1 mm in height), respectively. All
samples were immersed in 500 ul of the PBS buffer for 24 h at
room temperature. Then, the hydrogels were removed from the
PBS buffer and weighted at specific time intervals (0.5, 1, 3,7, 12,
and 24 h) after removing the liquid around the samples. This
weight was marked as W. Hydrogels were subsequently freeze-
dried to obtain the dry weight (Wy).

The following formulation is used to calculate the swelling
ratio of hydrogels:

W,-W,

Swelling ratio (%) = 4 % 100%.

d

Degradation properties’ measurement of
hydrogels

The degradation rate of hydrogels was also characterized. OCS,/
HA, OCSs/HA, OCS¢/HA, and OCS;/HA (100 pl, n = 5) were
immersed in 1 ml of the PBS buffer for 12 h at room temperature to
reach the swelling equilibrium. We marked this time point as 0 h
and the weight of the hydrogel samples were recorded as WO0. Then,
these swelled hydrogel samples were immersed in 1 ml PBS buffer at
37°C for the degradation test. At specific time intervals (1, 4, 10h, 1d,
2d, 4d, and 7d), the hydrogel samples were weighed as WI.
Therefore, the degradation remaining ratio was calculated as W1/
WO x 100%.2.9 Rheological test of hydrogels.

All rheological experiments were carried out on a TA
Discovery DHR-2 rheometer equipped with a parallel plate
with an 8 mm diameter and a 1mm gap size at 25°C.
Oscillation strain sweep was performed with fixed oscillation
frequency 1 Hz and variable applied strain from 1 % to 1,000%.
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Scheme of the antibacterial activity of the OCS/HA-HCIO hydrogel.

Alternating strain sweep was measured with a fixed oscillation
frequency of 1 Hz and sequential strains with 1% (100 s) and
500% (100 s) for 3 cycles.

Self-healing, injectable, and tissue-
adhesive properties’ observation

The self-healing, injectable, and adhesion behaviors were
measured by a macroscopic experiment. In detail, in order to test
the self-healing performance of hydrogels, two triangular pieces
(10 mm sides, 1 mm thickness) of a hydrogel were stained with
methylene blue and methyl orange, respectively. These behaviors of
hydrogels were monitored by digital photographs with specific time
intervals. As for the injectable behavior test, the dyed hydrogel is
directly injected into the PVC mold of the pentacle successively.
Porcine skin was purchased to test the adhesive of the hydrogel, and
the hydrogel was stained with methylene blue.

In Vitro antibacterial activity test of
hydrogels

E. coli (Gram-negative) and S. aureus (Gram-positive) were
used to assess the antibacterial activity of hydrogels. Antibacterial
activity of the OCS/HA hydrogel and the OCS/HA-HCIO
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hydrogel were evaluated in vitro by agar plate diffusion tests.
During antibacterial activity tests, the OCS/HA hydrogel and the
OCS/HA-HCIO hydrogel were selected as the experimental
groups. Then the as-prepared bacterial suspensions, which
contained approximately 1 x 10° CFU ml™, were added into
the following groups: 1) PBS buffer (990 ul); 2) agarose hydrogel
coated 48-well plate; 3) OCS/HA hydrogel coated 48-well plate;
4) OCS/HA-HCIO hydrogel coated 48-well plate; and 5)
penicillin-streptomycin (PS) solution (990 pL). All samples
were incubated at 37°C for 2 h, and the bacterial was re-
suspended in 1ml of PBS buffer. The diluent bacterial
suspension solution (10* CFUml™") was seeded onto the
Luria-Bertani (LB) agar surface and then incubated for 24 h at
37°C. The samples were measured with macroscopic digital
photographs.

In Vitro biocompatiblity test of hydrogels

In order to test the biocompatibility of our OCS/HA-HCIO and
OCS/HA-HCIO hydrogels, we used 3T3 cells as the model cells. The
OCS/HA and OCS/HA-HCIO hydrogels (total volume for per
hydrogel is 200 pl, #n = 4) were formed in the bottom of 24-well
plates, respectively. Then, 1 ml of a growth media containing 2 x 10°
3T3 cells were added into the 24-well plate. After 2d or 5d of
culture, the OCS/HA and OCS/HA-HCIO hydrogels were taken out
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Fabrication of the OCS/HA-HCIO hydrogel based on the reversible Schiff-based reaction.

from the 24-well plate to test the cell viability of 3T3 cells on the
surface of the hydrogels by live/dead staining.

After 2d or 5d of culture as described previously, the cell
viability assay was performed. The cells were cultured without
hydrogels as the control group. 90 pl culture medium of each
group was taken out and added into the 96-well plates. Then,
10yl of a CCK-8 kit solution was added to each well and the
plates were incubated at 37°C for about 2 h. Next, a microplate
reader was used to measure the optical density (OD) at 450 nm. The
survival rate of cells = (experimental group OD value—blank group
OD value)/(control group OD value—blank group OD value).

Results and discussion

Fabrication of the OCS/HA-HCIO
hydrogels

In this study, we developed an injectable, self-healing, bioadhesive,
and antibacterial hydrogel that is based on the natural polymer
materials of CS and HA to overcome the challenge of covering
irregular wounds and subsequently providing an antibacterial
protection of the wounds (Scheme 1 and Figure 1).

The synthetic routes of HA-ADH and OCS are shown in
Figures 2A,B. HA was conjugated with ADH in the presence of
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EDC and HOBT. CS reacted with NaIO, to form the OCS. The
successful modification of natural HA and CS polymers was then
(FT-IR)
spectroscopy. Compared with HA, the FT-IR spectra of the
HA-ADH shows characteristic peaks at 1,130 cm™ that are
attributed to the hydrazide group, indicating that HA-ADH
was successfully prepared (Figure 2C). In the FT-IR spectra of
OCS, the clear peaks at 2,900 and 3,010 cm™ indicate the
satisfactory formation of the aldehyde groups in the OCS

characterized by Fourier transform infrared

backbone (Figure 2D). Two types of precursor solutions were
obtained by dissolving HA-ADH and OCS in Ca(ClO), and SA
solutions, respectively. Notably, the acidity of SA can improve the
solubility of OCS. The prepared solution A (HA-ADH/Ca(ClO),
solution) and the solution B (OCS/SA solution) were separately
sucked into two independent syringes. We used a tee cock valve
to connect these two syringes and a 27G needle, and subsequently
performed the mixing injection to form the OCS/HA-HCIO
hydrogel on the surface of the wound directly. This hydrogel
is mildly but rapidly formed within minutes after mixing
(Supplementary Figure S1 and Supplementary Table S1). As
shown in Supplementary Figure SI, the gelation time
the increase of the OCS
The crosslinkings of the OCS/HA-HCIO
hydrogel are formed based on the spontaneous Schiff-base

decreases accompanied by

concentration.

reaction of the aldehyde groups in OCS and the hydrazide

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.935096

Chen et al. 10.3389/fmats.2022.935096

A
HOOC OH HOOC
HOH Houd! Hoyd! Ho ! ADH
O'HOHNHOHHO
H
e Spy W BT EDC,HOBT
B
NalO3
R
Dark, 24h i
(o] (o]
C D ocs
HA-ADH
1130
B / R
< c
] 2
G [ &
E 1350 £
[72] 1 2
s S
S
[ = W.H
/ 1580
1670
4000 35‘00 JOIGO 25‘00 20'00 15'00 ID")O 500 4000 35'00 30'00 25'00 20'00 15'00 10'00 500
Wavenumbers (cm) Wavenumbers (cm-')
FIGURE 2

Fabrication and structural characterization of HA-ADH and OCS. The synthetic route of (A) HA-ADH and (B) OCS. FT-IR spectra of (C) HA, HA-
ADH, (D) CS, and OCS.

w
o

—_ )

25 %100*

S4 & 901 s |

- o] L

c3 £ 80 |

{)] © L

£2 E 704

= &

g 10004 v OCS/HA -m- OCSgHA £ 60+  OCS/HA -8~ OCSgHA

& 0 o OCSyHA — OCSyHA S -~ OCSJHA - OCSHA
T r T T r 1 g N—"——71—T7—T—F7T T
0 10 20 30 > 40 60 80 100 120 140 160 180

Time(h) Time(h)

FIGURE 3

Swelling and degradation properties of the OCS/HA hydrogels with different OCS concentrations. (A) Photographic illustration of the OCS/HA
hydrogels before and after reaching swelling equilibrium in a phosphate-buffered saline (PBS) buffer after 24 h: (i) OCS4/HA, (ii) OCSs/HA, (i) OCSe/

HA, and (iv) OCS;/HA. The square grid is 1 X 1 cm. (B) Swelling profiles of OCS/HA hydrogels over 24 h in PBS at 37°C. (C) Degradation ratio of the
OCS/HA hydrogel in PBS at 37°C for 7 days in vitro.
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groups in HA-ADH. Simultaneously, the predissolved Ca(ClO),
in solution A and SA in solution B react with each other to release
bactericide HCIO (Scheme 1). The fresh HCIO functions as an
oxidizer to oxidate the protein on the surface of the bacteria to
timely kill the bacteria in the wound. After the instant
disinfection, the positive charges of the OCS/HA-HCIO
hydrogels from the protonated amino groups of OCS provide
antibacterial protection for the wound. During gelation, some
aldehyde groups of OCS also react with the amino groups of the
wound tissue, such that the OCS/HA-HCIO hydrogel can adhere
to the wound tightly to offer all-around protection for the wound.

Swelling and degradation profiles of the
OCS/HA hydrogels

Comparing the photographs of the OCS/HA hydrogels
before and after immersing in the PBS buffer for 24 h, we
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discovered that the swelling ratio of the OCS/HA hydrogel
decreases with increasing OCS concentration (Figure 3A). The
swelling profile of this series of OCS/HA hydrogels in Figure 3B
also indicates this phenomenon and further shows that when the
OCS concentration is greater than 6%, the swelling ratio remains
basically unchanged at 1.5 times of the hydrogels’ original
weights. All groups of the OCS/HA hydrogels reach the
10h in PBS,
demonstrating the good water-absorbing quality of the OCS/
HA hydrogels. Therefore, the OCS/HA hydrogel is able to absorb
the exudate promptly and efficiently. Furthermore, the

swelling equilibrium after soaking for

degradation behavior was determined in Figure 3C. The
degradation rate of hydrogels decreases with the increase in
the OCS concentration and reaches the maximum value when
the OCS concentration exceeds 6%. The aforementioned results
indicate that the changing trends of the swelling ratio and
degradation speed are highly similar. This is because both the
swelling and degradation behaviors are closely related to the
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FIGURE 5

Self-healing, injection, and adhesion performance of the OCS/HA-HCIO hydrogels. (A) Photo illustration of the self-healing process. (B)
Schematic of self-healing of the OCS/HA-HCIO hydrogels. Photo illustration of (C) injection and (D) adhesion of hydrogels.

crosslinking density of the hydrogel. A high crosslinking density
implies a dense 3D hydrogel structure that prevents the
permeation of water into the hydrogel and the degradation of
the hydrogel framework. Therefore, these results illustrate that
the crosslinking density of the OCS/HA hydrogel is improved
through the increment in the OCS concentration and does not
change after the OCS concentration reaches 6%. This is because
the hydrazide group number of HA-ADH is more than the
aldehyde group number of OCS in OCS4/HA and OCSs/HA
groups, and the excess OCS can lead to the further formation of
crosslinkings. When the OCS concentration was raised to 6%, all
hydrazide groups of HA-ADH were utilized to form
crosslinkings; thus, a further increment of OCS concentration
did not affect the crosslinking density of the OCS/HA hydrogel.

Rheological properties of the OCS/HA and
OCS/HA-HCILO hydrogels

The time sweep results of OCS/HA in Figure 4A show that
the storage modulus (G') is higher than the loss modulus (G") for
all groups of the OCS/HA hydrogels, demonstrating the
successful gelation of the OCS/HA hydrogels. It also proves

Frontiers in Materials

156

that the increasing amount of OCS in the OCS/HA hydrogels
leads to the increment of both G’ and G” until the OCS
6% 4A). the
changing trend of the modulus is similar to those of the

concentration reaches (Figure Therefore,
swelling and degradation ratios. This finding confirms our
speculation that when the OCS concentration reaches 6%, all
the hydrazide groups of HA-ADH are consumed to form the
crosslinking inside the hydrogel; thus, increasing the OCS
concentration to 7% no longer improves the modulus of the
OCS/HA hydrogels. We subsequently performed the rheological
time sweep test for the OCS/HA-HCIO hydrogels. The results
prove that the addition of SA and Ca(ClO), has no negative
effects on the formation of hydrogels (Figure 4B). Considering
the swelling ratio, degradation rate, and rheological modulus
results, we selected the OCS;/HA-HCIO hydrogel for all the
subsequent tests. Accordingly, the redundant aldehyde groups of
OCS can react with the amino groups of wound tissue to help the
OCS/HA-HCIO hydrogel adhere to wounds tightly.

Through the strain sweep of the OCS/HA-HCIO hydrogel in
Supplementary Figure S2, we observe that the intersection of G’
and G” curves is approximately 200%, implying that the strain
higher than 200% could break the large proportion of
crosslinkings inside the OCS/HA-HCIO hydrogels. Therefore,
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Antibacterial performance and biocompatibility of the OCS/HA and OCS/HA-HCIO hydrogels. (A) Antibacterial performance of hydrogels
against E.coli and S.aureus. (B) Quantitative data of A. In this experiment, the PBS group is the blank control; the Agarose group is the negative
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HCIO hydrogels after 2 d and 5 d of in vitro culture, respectively (n = 4, scale bar: 100 um).(D) Anti-proliferation effect of the OCS/HA and OCS/
HA-HCIO hydrogels at 2 d and 5 d. ns: no significant, p > 0.05.
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we selected 500% as the high train in the subsequent alternating
straining sweep test. Figure 4C demonstrates that the OCS/HA-
HCIO hydrogel has a satisfactory “sol-gel” transition with cyclic
changing of the high/low strain. The OCS/HA-HCIO hydrogel is
transferred to the “sol” state (G” > G') under the high shear strain
and reverts to the original “Gel” state (G’ > G”) owing to the
in the OCS/HA-HCIO
hydrogel. The compressive test (Figure 4D) also demonstrates

reversible dynamic crosslinkings
the enhancement of the mechanical properties of the OCS/HA-
HCIO hydrogel with the increase of the OCS concentration.
These strongly indicate that the OCS/HA-HCIO hydrogel has a
good injection and self-healing property, which is proved in our
subsequent studies.

Self-healing, injection, and adhesion
performance of the OCS/HA and OCS/HA-
HCIO hydrogels

The self-healing, injection, and tissue-adhesive properties of
hydrogels play a critical role for its application in wound
dressing. The photographs in Figure 5A show the injectable
behavior of the OCS/HA-HCIO hydrogel. The HA-ADH
solution dyed using methylene blue is mixed and injected into
the left half of the polytetrafluoroethylene (PTFE) mold with the
OCS solution. Thereafter, the methylene orange-dyed HA-ADH
solution is mixed and injected into the right half of the same mold
with the OCS concentration. Finally, the OCS/HA-HCIO
hydrogel is removed from the PTFE mold and assumes the
perfect pentacle shape. These results reveal that the OCS/HA-
HCIO hydrogel has the ability to match various wound shapes
perfectly. Macroscopic photographic evidence of the self-healing
behavior is presented in Figure 5B. The cylindrical hydrogel was
cut to two semi-cylindrical ones after the compressive test. The
compressive test was performed after 1h of self-healing. As
shown in Supplementary Figure S3, there is no significant
difference between these two results, indicating the efficient
self-healing property of the OCS/HA-HCIO hydrogel. The
injectability test was performed as described (Makvandi et al.,
2019; Makvandi et al., 2021). Two triangle hydrogels, blue and
orange, come into contact and become an integrated rhomboid
hydrogel after 15 min. The color of the contact interface between
these two hydrogels becomes light green, demonstrating the good
coalescence between these two triangular hydrogels and
indicating their excellent self-healing performance, which is
attributed to the reversible dynamic Schiff-base reaction
between the hydrazide group of HA-ADH and the aldehyde
group of OCS (Figure 5C). Moreover, the OCS/HA-HCIO
hydrogels exhibit a strong tissue adhesion to wet pig skin,
even under sustained folding and twisting (Figure 5D),
indicating that after the OCS/HA-HCIO hydrogel covers the
wound it can adhere to the wound tightly to offer an all-round
protection for the wound.
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In Vitro antibacterial and biocompatibility
of the OCS/HA-HCIO hydrogels

Antibacterial ~resistance to antibiotics, e.g, Penicillin-
Streptomycin (PS), has become a global healthcare problem. New
strategies against the antibiotic-resistant are urgent to be developed.
Numerous articles address the effects of HCIO as a treatment for the
pathogens and infection. HCIO is an effective antimicrobial
chemotherapeutic agent which is non-irritating and non-
sensitizing due to its less cytotoxicity to eukaryotic cells. It can be
generated by the body’s immune system to fight invading microbes
(Wang et al,, 2007). HCIO can oxidize the microbial amino acids
containing amines and sulfurs, and then cleave to the microbial
DNA after it is transformed into a hydroxyl radical (Baek et al.,
2020). The in vitro antibacterial experiment indicates that the OCS/
HA hydrogel has a clear antibacterial effect, which is because of the
positive charge in the OCS backbone (Figures 6A,B). Notably, the
OCS/HA-HCIO hydrogel group reaches 100% bacterial mortality,
which is at the same level as the antibiotics PS positive control
group. These results demonstrate our assumption for this
antibacterial hydrogel that the fresh release of HCIO during the
OCS/HA-HCIO hydrogel formation is responsible for the instant
disinfection, whereas the positive charges in the OCS/HA-HCIO
hydrogel are responsible for the antibacterial effect. We also tested
the biocompatibility of the OCS/HA and OCS/HA-HCIO hydrogels
by using the 3T3 cells as the model cells. The live/dead results in
Figure 6C show that the 3T3 cells on the surface of the OCS/HA and
OCS/HA-HCIO hydrogels remain largely viable with no significant
differences to the positive group, indicating the good
biocompatibility of the OCS/HA and OCS/HA-HCIO hydrogels.
Last, we examined the anti-proliferation effect of 3T3 cells with the
OCS/HA and OCS/HA-HCIO hydrogels or without hydrogel as the
control. Compared with the control group, both the OCS/HA and
OCS/HA-HCIO hydrogel groups demonstrate no significantly
suppressed proliferation of the 3T3 cells after 2 d and 5d
(Figure 6D). These results indicate the good biocompatibility of
the OCS/HA and OCS/HA-HCIO hydrogels.

Conclusion

In conclusion, we present an injectable, self-healing, and
tissue adhesive hydrogel mainly based for the convenient and
efficient Schiff-base reaction between HA-ADH and OCS.
Moreover, during the in situ gelation, the HCIO originated
from the reaction between the predissolved SA and Ca(ClO),.
The hydrogel possesses an outstanding instant sterilization
capacity. Meanwhile, the hydrogel is capable of maintaining
an antibacterial effect owing to positive charge of OCS. Based
on these outstanding properties, the OCS/HA-HCIO hydrogel
can easily fill and cover the irregular wound, disinfect the wound
promptly, and thereafter provide an all-around wound
antibacterial protection consistently. This OCS/HA-HCIO
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hydrogel should be a promising material that can be used for
clinical wound dressing.
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Collagen is a natural polymer expressed in the extracellular matrix of the
peripheral nervous system. It has become increasingly crucial in peripheral
nerve reconstruction as it was involved in regulating Schwann cell behaviors,
maintaining peripheral nerve functions during peripheral nerve development,
and being strongly upregulated after nerve injury to promote peripheral nerve
regeneration. Moreover, its biological properties, such as low immunogenicity,
excellent biocompatibility, and biodegradability make it a suitable biomaterial
for peripheral nerve repair. Collagen provides a suitable microenvironment to
support Schwann cells’ growth, proliferation, and migration, thereby improving
the regeneration and functional recovery of peripheral nerves. This review aims
to summarize the characteristics of collagen as a biomaterial, analyze its role in
peripheral nerve regeneration, and provide a detailed overview of the recent
advances concerning the optimization of collagen nerve conduits in terms of
physical properties and structure, as well as the application of the combination
with the bioactive component in peripheral nerve regeneration.

KEYWORDS

collagen, peripheral nerve injuries, peripheral nerve repair, nerve regeneration, nerve
conduit

1 Introduction

Peripheral nerve injury (PNI) is a commonly encountered clinical issue with varying
severity worldwide, reported in approximately 2.8% of all trauma patients (Noble et al.,
1998). Despite relatively low incidence, the frequency of PNI is increasing worldwide and
creating a severe economic burden (Grinsell and Keating, 2014). PNT is usually caused by
direct mechanical trauma (Jiang et al, 2020a). Patients with peripheral neuropathy
typically have severe motor or sensory deficits, innervation regions dysfunction, and
neuropathic pain due to the destruction of the peripheral nerve plexus, nerve trunk, or its
branches (Li et al., 2014; Sullivan et al., 2016).
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Repairing severe PNI has always been one of the most
challenging clinical practices in neurosurgery (Faroni et al., 2015).
Large nerve defects are often difficult to recover due to the extremely
slow process of axon regeneration (Holmquist et al., 1993). Currently,
autologous nerve transplantation (ANT) remains the most
efficacious microsurgical approach for repairing long peripheral
nerve gaps (Ladak et al, 2011; Bassilios Habre et al., 2018; Choi
et al,, 2018). However, the application of ANT is plagued by damage
to the donor site and limited donors (Nectow et al., 2012). Moreover,
more than half of patients treated with ANT have failed to achieve
successful recovery (Ruijs et al., 2005). Artificial nerve conduits, as an
alternative to ANT, can act to connect the proximal and distal ends of
the nerve defect, providing physical and biological guidance for
axonal regeneration (Zhang et al, 2020). Various materials with
excellent biocompatibility and biodegradability have been explored to
prepare artificial nerve conduits, such as natural and synthetic
biodegradable polymers (Boni et al., 2018).

Collagen is a natural polymer approved for clinical use as a
nerve conduit (Boni et al., 2018). It is the main fibrous structural
protein widely expressed throughout all organs and tissues and is
therefore readily available (Karsdal et al., 2017). Further, collagen
is known to exhibit low immunogenic properties and offers a
porous structure, good biocompatibility, and biodegradability
(Dong and Lv, 2016). Advanced understanding of these
properties makes this natural polymer a novel biomaterial that
can mimic the physiological property of nervous tissue and is
widely used in peripheral nerve repair.

Previous preclinical and clinical studies have investigated the
therapeutic effects of collagen-based nerve conduits on nerve
regeneration (Okamoto et al, 2010; Cao et al, 2013; Lu et al,
2015). Functionalized collagen nerve conduits further enhanced
nerve regeneration and functional recovery through improved
physical properties, structural optimization, and incorporation of
various bioactive components (Pereira Lopes et al., 2006; Yao et al,
2010a; Fujimaki et al., 2017). Collagen nerve conduits filled with
growth factors-loaded collagen filaments have been successfully used
to repair 35-mm nerve defects in large animal models (Cui et al,,
2014; Yao et al, 2018), suggesting the potential applicability of
collagen nerve conduits in bridging critical-sized defects in
peripheral nerves. Given the breakthrough in peripheral nerve
repair, this review summarizes the characteristics of collagen and
its role in peripheral nerve regeneration, focusing on the research
progress in using collagen as a nerve conduit biomaterial to repair
peripheral nerve defects.

2 Characteristics of collagen as a
biomaterial

2.1 The structure of collagen

As the most abundant protein in mammals, collagen constitutes
approximately 30% of total protein mass (Ricard-Blum, 2011). To
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date, 40 collagen genes have been identified to encode 29 collagen
molecules, from collagen types I to XXIX (Sorushanova et al., 2019),
which can be divided into fibril-forming collagens, fibril-associated
collagens,  network-forming  collagens,  anchoring  fibrils,
transmembrane collagens, basement membrane collagens and
others with unique functions (Gelse et al, 2003). Among them,
type I collagen is the major fibril-forming collagen in tissues and
organs, and its wide range of sources makes it in great demand in
tissue engineering. The collagen molecule consists of a triple-helical
region and two non-helical regions at either end of the helix. The
three left-handed a-chains are woven together around a central axis
into a triple helix of procollagen. The amino acid sequence Gly-X-Y
is the predominant repeating peptide triplets in trimeric collagen. As
the minor amino acid, glycine residue is located in the center of the
triple helix during the a chain assembly, while other bulky amino
acid residues occupy the outer positions. The X and Y positions are
usually occupied by proline and hydroxyproline, respectively (Gelse
etal, 2003) (Figure 1). To stabilize the structure of the triple helix in
collagen molecules, two hydrogen bonds per triplet are formed: one
hydrogen bond is formed between the N-H group of Gly and the
hydroxyl group of the adjacent chain X residue, another is an
intramolecular hydrogen bond formed by hydroxyproline residues
(Sorushanova et al., 2019). The non-collagenous domains flanking
the central helical part are also essential collagen components in
cross-linking and fibril formation (Koopmans et al., 2009). The triple
helix structure of collagen prevents hydrolysis by most proteases and
increases the stability of the collagen structure (Chung et al., 2004).

In addition, fibril-forming collagens can self-assemble into a
fibril structure. The C- and N-propeptides of procollagen must be
cleaved off by special enzymatic hydrolysis to initiate
spontaneous assembly (Holmes et al, 2018). The fibril
structure of collagen is achieved by covalent cross-linking,
which depends on the hydroxylation state of telopeptide lysine
residues (Yamauchi and Sricholpech, 2012). The fibrillar collagen
has high mechanical resilience and plays a key role in providing
mechanical support for connective tissues such as skin, tendons,
and bones (Avila Rodriguez et al., 2018). It interacts with cells in
connective tissues to regulate cell anchorage migration,
proliferation, differentiation, and survival (Yang et al., 2004).
As the major mechanical component in the extracellular matrix
(ECM), its mechanical resilience structure gives collagen the
ability to maintain the structural integrity of tissues and organs.

2.2 Biological characteristics of collagen

Collagen is considered a safe biomaterial due to its low
immunogenicity. Despite concerns that it may induce an
immune response as a material of animal origin, collagen is
still considered a weak antigen (Furthmayr and Timpl, 1976).
The presence of non-collagenous proteins (Delustro et al., 1986),
cells and cell remnants (Esses and Halloran, 1983), and residues
of cross-linking (Speer et al., 1980) all may be the cause of the
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immune response. Studies have shown that the terminal non-
helical regions might be the sites for inducing immune responses
(Michaeli et al., 1969; Lynn et al., 2004). To reduce the immune
response of collagen, the terminal non-helical regions could be

enzyme
atelocollagen (Vizarova et al, 1994). The immune response

removed by proteolytic treatment, known as
can also be avoided by selecting an appropriate source of
collagen and the method of extracting collagen.

The excellent biodegradability and biocompatibility are also
advantages of collagen as a biomaterial. Although collagen has a
tight and firm triple helical structure that prevents hydrolysis by
most proteases (Fields, 2013), the collagen degradation process
can be achieved by cleaving the intact collagen fibers through
special proteolytic hydrolysis (Jablonska-Trypuc et al., 2016).
The members of the matrix metalloprotease (MMP) family
(Amar et al., 2017) and cathepsin K (Drake et al., 2017) were
two well-known mammalian interstitial collagenolytic enzymes,
which could recognize and bind collagen fibrils, then cleave the
individual strands of the triple helix after unwinding the collagen

fibril (Aguda et al., 2014; Sprangers and Everts, 2019). The

generated collagen fragments could be taken wup by
micropinocytosis or receptor-mediated endocytosis and
subsequently degraded by lysosomal cysteine proteases

(Sprangers and Everts, 2019). Furthermore, collagen is non-
cytotoxic and biocompatible with various cells, supporting cell
growth and cell differentiation in vitro (Zhang et al., 2021a;
Hinman et al., 2021). Based on these biological characteristics,
collagens have potential properties for tissue engineering
applications.
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2.3 Sources and extraction of collagen

Collagen is abundant in sources due to its widely existed in
the dermis, tendons and bones of animals (Dong and Lv, 2016). It
can be extracted from human tissues such as peripheral nerve
tissue (Fujii et al., 1986) or placenta (Spira et al., 1994), as well as
from traditional animal sources, generally rat, bovine, porcine,
and sheep (Vidal et al, 2020). Among them, rat-tail tendon
collagen has been widely used in early work due to its high purity
and relatively simple extraction process (Gonzalez-Masis et al.,
2020). Recently, marine animals are an emerging source of
collagen extraction, which has the advantages of low cost, easy
availability, and low risk of disease transfer (Liu et al., 2022b).

As an insoluble macromolecular structure in vivo, animal-
derived collagen could be extracted by various methods, usually
using chemical reagents to extract collagen, such as dilute acetic
acid, neutral salt solution and alkali treatment (Matinong et al.,
2022). Dilute acetic acid is an ideal collagen extraction reagent
that results in higher extraction and retains the triple helix of
collagen with non-helical regions. It is often combined with
enzymatic hydrolysis to cleave the highly cross-linked bonds
(Sorushanova et al., 2019). In addition, physical methods such as
ultrasonic and microwave irradiation (MWI) could improve
collagen extraction by accelerating chemical reactions (Jin
et al,, 2019; Petcharat et al., 2021).

Although natural collagen has a wide range of sources and
an evolving extraction process, animal-derived material still
carries the risks of inducing immune responses, batch-to-
batch variability and disease transmission (Lee et al., 2021). To
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avoid these concerns, a few safer methods have been proposed
to synthesize collagen. Protein recombination is an emerging
approach to the mass production of collagen. Various types of
collagen could be produced in mammalian cells, insect cells,
bacteria and yeast, transgenic animals, and transgenic plants
(Dong and Lv, 2016; Avila Rodriguez et al., 2018). Advanced
genetic engineering techniques facilitate efficient transgenic
system for recombinant collagens co-expressed with both the
alpha- and beta-subunits of a recombinant Prolyl 4-
hydroxyprolin (P4H) to stabilize the triple-helix structure
of collagen (Xu et al,, 2011; Yu et al,, 2014). In addition,
collagen-like peptides can be achieved using synthetic
strategies. This material resembles native collagen in its
protein structure and folding (O’Leary et al., 2011; Kumar
etal., 2014). Extensive sources of collagen and optimization of
the extraction process ensure the great demand for collagen in
tissue engineering.

3 The role of collagen in peripheral
nerve regeneration

Axons in the peripheral nervous system can regenerate after
damage. Peripheral nerve repair is a diverse and complex process
(Figure 2). Schwann cell (SC) behaviors (such as migration,
proliferation, differentiation, and myelination), recruitment
and polarization of macrophages, and release of growth
factors are critical for the regeneration of peripheral nerves
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after injury (Bassilios Habre et al, 2018). Growing evidence
suggests that several members of the collagen played key roles
in the peripheral nervous system, where they affected the
behaviors of SCs and maintained the physiological function of
peripheral nerves (Sund et al., 2001; Chernousov et al., 2006; Rasi
et al., 2010; Chen et al.,, 2014). For instance, collagen a4 type V
has promoted SC adhesion, spreading, and migration by binding
its N-terminal domain to heparin, mediated by syndecan-3,
induced actin cytoskeleton assembly, tyrosine
phosphorylation, and activation of Erkl/Erk2 protein kinases
of SCs (Chernousov et al., 2001; Erdman et al, 2002). The
of VI resulted the

hypermyelination of the peripheral nervous system, induced

absence collagen in  mice in
the activation of myelin-related signaling pathways, such as
P-FAK, P-AKT, P-ERK1, P-ERK2, and P-p38,
accompanied by inhibition including P-JNK and P-c-Jun
(Chen et al, 2014). These results consistently imply that

collagens have functions in peripheral nerve regeneration.

and

Indeed, collagen contributes to the regeneration of
peripheral nerves regeneration (Figure 3). After nerve injury,
the expression of various collagen types was upregulated in
peripheral nerves, such as collagen VI and IV (Gantus et al.,
2006; Chen et al., 2015; Isaacman-Beck et al., 2015). Collagen VI
was identified as a novel regulator for peripheral nerve
regeneration that promoted macrophage migration and
polarization via AKT and PKA pathways (Chen et al., 2015).
The sustained release of collagen enhanced macrophage
toward the

recruitment and polarized macrophages
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M2 phenotype, thereby promoting nerve regeneration and
functional recovery after sciatic nerve injury (Lv et al., 2017).
Evidence has found that collagen VI also participated in
regulating nerve bundle formation, mediated by direct
binding to the FNIII domain of neural cell adhesion
molecule 1 (NCAM1) in the extracellular space (Fang and
Zou, 2021; Sun et al, 2022). As the substrate of lysyl
hydroxylase 3, collagen4a5 destabilizes mistargeted axons to
ensure target-selective regeneration in vivo, possibly via slitla
(Isaacman-Beck et al., 2015). Moreover, collagen XIIT has been
reported to affect synaptic integrity by binding the ColQ tail of
acetylcholine esterase (Haronen et al., 2017). Further studies
have confirmed its critical role in neuromuscular synapse
regeneration and functional recovery after PNI (Zainul et al,,
2018). Collectively, these observations suggest that collagen was
required for the recruitment and polarization of macrophages,
formation of nerve bundles, destabilization of mistargeted
axons, and regeneration of neuromuscular synapses after PNI.

In particular, type I collagen is the most abundant and well-
studied collagen among the various collagen types. It is the
predominant type of collagen that exists in the peripheral
nerve (Deal et al, 2012). After peripheral nerve injury, the
endoneurial fibroblast is responsible for producing type I
collagen (Siironen et al., 1992), which is thought to provide
mechanical support for axonal growth and regeneration
(Koopmans et al, 2009). In addition to the properties of
natural polymers, such as excellent biocompatibility and
degradability, type I collagen can be easily extracted from
various animal sources and prepared into several physical
forms according to special requirements. Thus, type I collagen
is the most commonly used type of collagen in peripheral nerve
reconstruction.
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4 Design principles for advanced
collagen-based nerve conduits

Based on the characteristics of collagen and its role in
peripheral nerve development and regeneration, collagen is
currently considered a suitable biomaterial for preparing nerve
conduits to repair peripheral nerve injuries. However, their
therapeutic effect is still not comparable to ANT. Thus, many
attempts have been made to improve the physical properties,
structure, and biological functions of collagen nerve conduits to
mimic the in vivo microenvironment.

4.1 Improved physical properties

The physical properties of nerve conduits are known to
strongly influence the regeneration process of peripheral
nerves after transplantation (Salvatore et al.,, 2014). The nerve
conduit must be able to provide mechanical support for the
regenerated axon under pressure from surrounding tissues, and
its degradation rate should also match the regeneration rate of the
peripheral nerve (Harley et al., 2004). However, despite attracting
great interest in nerve tissue engineering due to its excellent
biological properties, natural collagen is limited by its poor
mechanical strength and faster degradation rate in vivo (Itoh
et al., 2002). Damage to assembly structure and natural cross-
linking in the extraction process will lead to poorer mechanical
properties and stability of extracted collagen than collagen in its
natural state (Gu et al., 2019a). Therefore, cross-linked strategies
were developed to improve the mechanical strength and stability
of collagen (Bozkurt et al., 2009). Increased intermolecular cross-
links between collagen molecules reduce the degrees of freedom
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of its a-chains, thereby improving the thermal stability of
collagen (Harrington and Von Hippel, 1961). Besides, the
cleavage site of collagen can be masked by intermolecular
cross-linking and enhance the ability of collagen to resist
enzymatic degradation (Aldahlawi et al., 2016).

Based on the characteristics of various cross-linking
methods, which can be defined into three classes: chemical,
physical and enzymatic cross-linking. Chemical cross-linking
is the most effective and widely used strategy due to its
uniform and high degree of cross-linking. However,
residues of chemical agents in collagen molecule, such as
the cross-linking agent glutaraldehyde (GA), which was
widely used in previous studies, might lead to cytotoxicity
(Salvatore et al., 2014). The later proposed 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide
(EDC/NHS) became the most widely used cross-linking
method for collagen nerve conduits due to the removal of
activated intermediates (Yao et al., 2010a; Yao et al., 2010b;
Cao et al, 2013). Physical cross-linking is generally
considered a simple and safe method, such as UV
irradiation, MWI, and dehydro-thermal treatment (DHT)
(Itoh et al., 2002; Ahmed et al., 2004; Haugh et al., 2009).
It can avoid the introduction of exogenous toxic chemicals
into tissues and cytotoxicity. Moreover, enzymatic cross-
linking is promising as an effective method for collagen
due to its precise kinetics of reaction and non-cytotoxic.
Compared with chemical and physical cross-linking,
enzymatic cross-linking is the most expensive strategy. In
general, different cross-linking methods have different effects
on the degree of cross-linking and safety performance (Itoh
et al.,, 2002; Ahmed et al., 2005; Salvatore et al., 2014), and the
time and temperature during the cross-linking process will
also affect the physical properties of collagen (Harley et al.,
2004). In vivo studies using nerve guides with varying degrees
of cross-linking showed that the degree of cross-linking could
significantly affect the ability of peripheral nerve regeneration
(Bozkurt et al., 2012). Thus, for peripheral nerve injuries with
varying degrees, mechanical properties and degradation rates
need to be accurately controlled by cross-linking methods.

4.2 Various physical forms of collagen in
nerve conduits

To optimize the structure of nerve conduits, collagen in
various physical forms was used to prepare the walls or as an
internal filler of nerve conduits for peripheral nerve repair,
and fibers, films
membranes (Figure 4). Different physical forms of collagen

including hydrogels, filaments and
have their advantages. To achieve better therapeutic effect,
functional composite nerve conduits are often used in studies
to combine the advantages of different physical forms of

collagen.
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Various physical forms and design of collagen in nerve
conduit. This figure was created with BioRender.com.

4.2.1 Hydrogels

Hydrogels are semi-solid structures containing networks
formed by water-insoluble polymers, which serve as a three-
dimensional (3D) substrate for nerve cell culture and have shown
promise as scaffolds for nerve tissue engineering. As the
ubiquitous structural component in the ECM, type | collagen
can self-assemble into a fibrillar gel under physiological
temperature and pH, providing cell adhesion, support, and
structural networks (Drzewiecki et al., 2014). Its fibrillar
structure and major role in ECM make collagen a suitable
hydrogel material for mimicking the properties of neural
tissue in vivo. Compared with conventional cultures, collagen
hydrogels are more physiologically relevant to the structure and
ECM in vivo, could provide adequate space for neural cell growth
and migration, and ensure efficient cell-cell and cell-ECM
communication (Antoine et al., 2014). The physical properties
of collagen hydrogel, such as elasticity and mechanical strength,
can also be tuned to match the particular physiological property
of nerve cells or tissue (Mori et al., 2013; Antoine et al., 2014).
Changes in the mechanical properties of collagen hydrogels
significantly affected the morphological patterns, phenotypic
progression and behaviors of nerve cells (East et al, 2009;
Ribeiro et al.,, 2012; Balasubramanian et al., 2016). Therefore,
these excellent biological and physiological properties of collagen
hydrogels make them suitable as an inner filler for nerve conduits
to provide a suitable growth environment for loaded cells. Stem
cell-based therapy has received much attention in cell-
PNL The soft 3D-collagen
hydrogel drove the conversion of mesenchymal stem cells
(MSCs) into neuronal lineage by the activation of NOTCH

transplantation therapy for
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and PI3K-Akt signaling pathway (Zhang et al., 2021a; He et al,,
2021), as well as contributed to the enhanced expression of neural
phenotypes and release of neurotrophic factors in umbilical cord
blood (UCB) cells and MSCs (Lee et al., 2014; Park et al., 2014).
Further in vivo studies using collagen hydrogels loaded with
human MSCs (Zhang et al, 2021a), SCs (Muangsanit et al.,
2020), and bioactive molecules (Midha et al., 2003; Masand et al.,
2012; Gonzalez-Perez et al, 2017; Samadian et al, 2019)
significantly improved functional recovery and axonal
regeneration. These results suggest that collagen hydrogel
promoted the regeneration of peripheral nerves by providing
support for the supportive cells and bioactive molecules within

nerve conduits.

4.2.2 Filaments and fibers

Collagen fibers have often been used as nerve conduits’
inner filler to load growth factors (Hayakawa et al., 2021). A
previous study reported a new method for preparing linear-
ordered collagen (LOC) fibers and considered it a good nerve
guidance material (Lin et al., 2006). Compared to extracted
collagen, collagen fibers prepared from aponeuroses could
maintain the natural fiber structure and avoid the
introduction of exogenous toxic compounds (Lin et al,
2006). Subsequent studies have achieved the combination of
linear-ordered collagen scaffold (LOCS) and neurotrophins by
fusing a collagen-binding domain (CBD) (Han et al., 2009) or
laminin-binding domain (LBD) (Cao et al., 2011) in the
N-terminal of neurotrophins. The sustained delivery of
neurotrophins ~ may  provide a  more favorable
microenvironment for axon regeneration. These functional
composite nerve conduits exhibited favorable mechanical
properties and strongly promoted nerve regeneration and
functional recovery in rodent and large animal models (Cao
etal., 2013; Cui et al., 2014; Ma et al., 2014a; Yao et al., 2018). As
well as an inner architecture for nerve guides, collagen fibers
can be used to produce fibrous nerve conduits using many novel
techniques. Single collagen fibers exhibited poor mechanical
properties, while collagen microfibers fabricated by a
microfluidic approach had excellent mechanical stability and
thermal characteristics and showed excellent biocompatibility
and growth-directing properties on the culture of neuronal
NG108-15 cells, which indicates potential applications in
peripheral nerve repair (Haynl et al, 2016). Moreover,
collagen could be blended with synthetic polymers to
improve mechanical properties and produce nanofibrous
using electrospinning, 3D nanofibrous nerve conduits with
highly longitudinal aligned nanofibers provided an optimal
environment for axonal regeneration (Ouyang et al.,, 2013).
Collagen fibers with additional topographical guidance further
facilitated the neuronal response to injury and showed superior
guidance for cell growth and neurite extension along the fibers
(Hoffman-Kim et al., 2010).
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4.2.3 Films and membranes

To avoid the destruction of the physical structure of natural
collagen during the extraction process, several methods have
been reported to prepare collagen membranes with oriented
fibers structure from tendons (Dai et al., 2012; Alberti and Xu,
2013). The prepared collagen membranes could be wound
around a tubular rod to form a nerve conduit, retaining the
native triple-helix structure and strength of collagen fibers
(Alberti et al, 2014). This collagen conduit supported
directional nerve growth, resulting in a more mature SC
phenotype, and may promote the formation of the correct
connections in re-growing axons (Alberti et al, 2014).
Collagen conduits prepared from flow-oriented collagen
fibrils exhibited highly porous and mechanically robust
properties. In vivo results confirmed the directing role of its
micro-patterned structure in the adherence and proliferation of
sprouting axons (Ahmed et al., 2004). Furthermore, a bilayer
collagen membrane has been used to fabricate nerve conduits
(Zhuang et al., 2016). This collagen membrane was composed
of loosely arranged collagen fibers in the inner layer and dense
tight fibers in the outer layer. Its unique structure could
effectively prevent the growth of soft tissue into the conduits
without affecting cell adhesion and the exchange of nutrients
and metabolites, which is similar to the design of nerve conduits
with gradient pores (Cerri et al., 2014). These collagen
membranes with an oriented-fiber structure contributed to
the directed growth of axon regeneration.

4.3 Design of collagen nerve conduits

Collagen nerve conduits have been wused in nerve
regeneration for over 40 years (Colin and Donoff, 1984). It
has evolved from single conduits to functional composite
nerve conduits. Several designs of collagen-based nerve
conduits have been proposed to promote axon regeneration in
PNI, including hollow conduits, multichannel conduits,
micropatterned conduits, and lumen-filled conduits (Figure 4).

4.3.1 Hollow conduits

The hollow collagen conduit is the simplest design in the
manufacturing process of nerve conduits. Its limitations include
poor permeability of nutrient and growth factors and an inability
to guide axonal growth (Yao et al., 2010b; Vijayavenkataraman,
2020). To optimize the structure of the hollow conduit, several
modifications have been reported to make hollow collagen nerve
conduits with porous properties, such as unidirectional freezing
(Bozkurt et al., 2009), electrospinning (Ouyang et al., 2013), and
freeze-drying (Lowe et al., 2016). The collagen scaffold with
longitudinal guidance channels guided neurite outgrowth from
adult DRG (Bozkurt et al., 2007) and facilitated the formation of
“bands of Biingner” in vitro (Bozkurt et al., 2009). In vivo studies
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using this collagen scaffold seeded with SC could effectively
repair a 20-mm-long sciatic nerve gap in rats using an
epineurial sheath tube (EST) technique (Bozkurt et al., 2011),
with somatosensory and motor neurons extending their axons
across the implant, similar to autografts (Bozkurt et al., 2012;
Bozkurt et al., 2016). Moreover, 3D nanofibrous collagen nerve
conduits formed by electrospinning not only have sufficient
mechanical properties to support cell growth but also guide
SC growth and axonal
(Ouyang et al.,, 2013).

alignment during regeneration

4.3.2 Multichannel conduits

Multichannel conduits with structural stability were designed
to limit axonal dispersion and provide better guidance for nerve
growth. A novel multistep process was reported to generate
multichannel collagen conduits using cylindrical molds,
followed by cross-linking with EDC and NHS (Yao et al,
2010a; Yao et al., 2010b). In vitro studies showed that 4- and
7-channel nerve conduits possessed favorable properties for
nerve regeneration applications (Yao et al., 2010a). Further
evaluation of nerve morphometry and the accuracy of
regeneration in a l-cm sciatic nerve gap indicated that 4-
channel collagen conduits were considered the most suitable
structure for peripheral nerve regeneration (Yao et al., 2010b).
Furthermore, collagen conduits with a multichannel structure
facilitated the loading of neurotrophic factors and supportive
cells (Yao et al., 2013; Liu et al.,, 2021). The limitation of axonal
dispersion on the multichannel structure combined with
supportive cells or growth factors will be more beneficial to
the regeneration of peripheral nerves.

4.3.3 Micropatterned conduits

Neurons could respond to topography in specific ways
(Hoffman-Kim et al., 2010). Many studies have proved that
porous scaffolds with micropatterns were important for
arranging cells in predesigned locations and directing the
regeneration of complex networks (Rieu et al, 2019; Yu
et al, 2021; Zhang et al., 2022). Several novel approaches
have been reported to prepare micropatterned collagen for
PNI. A spinning technique could be used to produce highly
porous tubular constructs. The micropatterned collagen
scaffold (MPCS) has been reported to be prepared by a
spinning technique (Harley et al., 2006), characterized by a
radially oriented pore structure in the wall of the conduit. The
special structure with a small outer and large inner pore ensured
that cells could grow and migrate inside the conduits without
infiltrating outside. In vivo studies using MPCS confirmed the
enhanced nerve morphogenesis in a 10-mm sciatic nerve
traumatic injury, and gene expression profiles revealed that
known genes related to PNS regeneration were regulated with
MPCS (Cerri et al., 2014). Furthermore, the gradient collagen
micropatterns played different regulatory effects on SCs (Li
et al., 2019), which indicate that micropatterns of collagen can
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be extended to different patterned structures to promote nerve
regeneration.

4.3.4 Lumen-filled conduits

Collagen nerve conduits filled with fibers or hydrogel were
more suitable for cell growth and incorporation of bioactive
molecules (Li et al., 2018). LOC fibers were most widely filled
in collagen nerve conduits, facilitating cell migration and
guided nerve growth along the fibers. The collagen conduits
filled with longitudinal collagen filaments successfully
repaired a 30-mm sciatic nerve gap in dogs (Okamoto
et al., 2010). The combination of this functional collagen-
based nerve conduit with neurotrophin was further
investigated (Cao et al., 2011; Shi et al.,, 2014): filled LOC
fibers contributed to the sustained release of neurotrophin and
strongly enhanced nerve regeneration and functional recovery
(Cao et al., 2013; Ma et al., 2014a; Lu et al.,, 2015). Hydrogel
was beneficial to the sustained release of neurotrophin. The
axonal regeneration and functional recovery were similar to
the autologous group using GelMA hydrogel-loaded glial cell-
line derived neurotrophic factor (GDNF) (Zhuang et al,
2016).
environment for the growth of supportive cells. Collagen

Hydrogels could also provide an excellent

conduits filled with fibrin-agarose hydrogels for loading
(ADMSCs)
recovery and nerve

adipose-derived mesenchymal stem cells

resulted in enhanced functional
regeneration in the rat sciatic nerve gap (Carriel et al,
2013). The design of the inner filling of collagen nerve
conduits provides a more permissive environment for cell
growth and the binding of neurotrophic factors, thereby

promoting axonal regeneration.

4.4 Collagen-based nerve conduits
combined with bioactive components

4.4.1 Supportive cells

Collagen-based nerve conduit loaded with supportive cells is
an effective way to promote nerve regeneration and functional
recovery. Research mainly focuses on the beneficial effects of SCs
and stem cells on PNI (Table 1).

4.4.1.1 Schwann cells

SCs are the principal glial cells that support neurons in the
peripheral nervous system (PNS) and play a central role in
peripheral nerve repair. After nerve transection, SCs from
both proximal and distal nerve stumps dedifferentiated into
repair SCs through the reprogramming process, followed by
the release of neurotrophins (Madduri and Gander, 2010;
Nocera and Jacob, 2020), proliferated and migrated into the
nerve bridge, formed bands of Biingner to guide axon
regeneration, and finally re-differentiated into myelinating SCs
and remyelinated the regenerated axons (Jessen et al.,, 2015;
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TABLE 1 Supportive cells fill in collagen material to repair PNI.

Cell type

Schwan cells (SCs)

Bone marrow-
derived
mesenchymal stem
cells (BDMSCs)

Adipose-derived
mesenchymal stem
cells (ADMSCs)

Human umbilical
cord mesenchymal
stem cells (hUC-
MSCs)

Gingiva-derived
mesenchymal stem
cells (GMSCs)

Dental pulp stem
cells (DPSCs)

Olfactory
ensheathing cells
(OECs)

Neural stem cells
(NSCs)

Mechanism

® Recruit macrophages
(Zigmond and Echevarria
2019)

® Secrete neurotrophic factors
(Madduri and Gander, 2010)

® Form Biingner to guide the
axonal regrowth (Nocera and
Jacob, 2020)

® Re-myelinate the regenerated
axon (Nocera and Jacob, 2020)

e Differentiate into SC-like cells
(Mimura et al. 2004, Cai et al.
2017)

® Increase production of trophic
factors (Novikova et al., 2011)

e Differentiate into SC-like cells
(Liu et al., 2022a)

® Secrete neurotrophin
(Lopatinaet al., 2011)

e Differentiate into SC-like cells
(Xiao and Wang, 2015)

® Secrete various neurotrophic
factors and deposit
extracellular matrix proteins
(Guo et al. 2015)

® Differentiate into neural crest
stem-like cells (NCSC) (Zhang
et al. 2018), neural progenitor-
Like Cells ((iINPCs) (Zhang
et al. 2017) and Schwann cell
precursor-like (SCP) cells
(Zhang et al. 2021a)

® Upregulation of
NOTCH3 signaling pathway
(Zhang et al. 2021a)

® Differentiate into NCSC and
SC-like cells (Al-Zer and
Kalbouneh, 2015)

® Remove degenerating axons
via phagocytosis (Wewetzer
et al. 2005, Bock et al. 2007)

® Secrete neurotrophic factors
(Brouch et al., 2001)

e Differentiate into cells of the
neural lineage and SC-like cells
(Tong et al., 2010)
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Strategies

Collagen conduit with
inner collagen skeleton
(Keilhoff et al. 2003)

Collagen-based nerve
guide with longitudinal
guidance channels
(Bozkurt et al. 2009,
Bozkurt et al. 2012)

NeuraGen 3D collagen
matrix conduits (Burks
et al. 2021)

Biodegradable collagen
tube (Pereira Lopes et al.
2006)

Collagen conduits filled
with differentiated
mesenchymal stem cells
(MSCs) (Ladak et al. 2011)

Collagen nerve guide
conduits containing a
natural fibrin-agarose
material (Carriel et al.,
2013)

Collagen conduit filled
with longitudinally aligned
collagenous fibers (Cui

et al., 2018)

3D-collagen hydrogel
(Zhang et al. 2021a)

Collagen conduits
(Yamamoto et al. 2016)

Collagen-chitosan
conduits filled with a
“PFTBA-OECs” enriched
fibrin hydrogel (Zhu et al.,
2014)

Biphasic collagen and
laminin functionalized
hyaluronic acid-based
nerve guidance conduit
(Roche et al., 2017)

Collagen sponge (Gu et al.,
2019b)

NT-3-supplemetned HA-
Collagen composite
conduit (Zhang et al.,
2008)

169

Outcomes

Axon regeneration similar
to autograft (Bozkurt et al.
2012, Burks et al. 2021)

Improved myelination
(Berrocal et al. 2013, Burks
et al. 2021)

Decreased muscle atrophy
(Burks et al., 2021)

Improved myelination and
motor function recovery
(Pereira Lopes et al. 2006)

Improved neurite
outgrowth in vitro and
motoneurons regeneration
in vivo (Ladak et al. 2011)

Improved myelination and
recovery of sensory and
motor functions (Carriel
et al., 2013)

Improved regeneration and
functional recovery (Cui
et al., 2018)

Improved functional
recovery and axonal
regeneration (Zhang et al.
2021a)

Improved myelination and
revascularization
(Yamamoto et al. 2016)

Overcome the hypoxic
status within nerve
scaffolds (Zhu et al., 2014)

Improved axonal
regeneration and
functional recovery (Zhu
et al,, 2014, Gu et al.,
2019b)

Improved clinical and
electrophysiological
outcomes (Roche et al.,
2017)

Re-innervations of
damaged facial nerve
(Zhang et al., 2008)

10.3389/fbioe.2022.973301

Nerve

Sciatic nerve
(Keilhoff et al. 2003,
Bozkurt et al. 2012,
Berrocal et al. 2013,
Burks et al. 2021)

Sciatic nerve
(Pereira Lopes et al.
2006, Ladak et al.
2011)

Sciatic nerve
(Carriel et al., 2013)

Sciatic nerve (Cui
et al., 2018)

Facial nerve (Zhang
et al. 2021a)

Sciatic nerve
(Yamamoto et al.
2016)

Sciatic nerve (Zhu
et al. 2014; Roche
et al. 2017)

Facial nerve (Gu et
al,, 2019b)

Facial nerve (Zhang
et al., 2008, Ma et al.
2017)

Animal models

Rat (Keilhoff et al.
2003, Bozkurt et al.
2012, Berrocal et
al. 2013, Burks et
al. 2021)

Mice (Pereira
Lopes et al. 2006)

Rat (Ladak et al.
2011)

Rat (Carriel et al.,
2013)

Dog (Cui et al,,
2018)

Rat (Zhang et al.
2021a)

Rat (Yamamoto
et al. 2016)

Rat (Zhu et al.
2014, Roche et al.
2017, Gu et al.
2019b)

Rabbit (Zhang
et al., 2008)

(Continued on following page)
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TABLE 1 (Continued) Supportive cells fill in collagen material to repair PNI.

Cell type Mechanism Strategies

10.3389/fbioe.2022.973301

Outcomes Nerve Animal models

® Secrete various neurotrophic
factors (Llado et al., 2004)
al,, 2017)

Nocera and Jacob, 2020). Thus, additional SC-seeding may
provide a unique opportunity to promote axonal regeneration
further.

The development of techniques for culturing SCs from
adult rat and human materials make it possible to add SCs
to neural grafts (Keilhoff et al., 1999; Keilhoff et al., 2000;
Calderon-Martinez et al., 2002). Collagen nerve guide conduits
containing SCs were used for a longer nerve gap. In vivo results
showed that collagen nerve conduits supported SCs behaviors,
such as adhered, survived, and proliferated on the inner surface,
which suggests that collagen conduits seeded with SCs may be
applied to repair extended nerve gaps (Keilhoff et al., 2003). In
addition, the SCs’” behaviors were regulated by the micropattern
of collagen (Li et al, 2019). Collagen scaffolds with
longitudinally oriented channels not only supported SC
growth and migration but also guided SCs to align
longitudinally along the channels, their framework highly
supportive of peripheral nerve regeneration (Bozkurt et al.,
2009; Bozkurt et al, 2012; Zhang et al, 2013). Further
optimization of collagen nerve guide structure could provide
a more suitable environment for SC growth and migration,
thereby promoting axonal regeneration.

4.4.1.2 Stem cells

The limitations of in vitro culture of SCs led to the
investigation of other cell types that may present similar
SC phenotypes or provide neurotrophic support to promote
axonal regeneration. Stem cells represent a class of cells
capable of self-renewal, proliferation, and differentiation
(Thomson et al., 1998). Previous studies have shown that
stem cells promoted nerve regeneration through
differentiating into specific cell types (Kingham et al., 2007;
Arthur et al., 2008; Berrocal et al., 2013) and sustained
releasing of neurotrophic factors (Sowa et al., 2012). These
properties make stem cell-based therapies widely used in
preclinical peripheral nerve repair. The roles of various
types of stem cells in peripheral nerve regeneration have
been investigated in collagen-based nerve conduits (Ladak
et al., 2011; Sowa et al., 2012; Ma et al., 2017).

The most comprehensively studied stem cells in collagen
nerve conduits are MSCs (Zhang et al., 2021b), which could
differentiate into SC-like cells (Dezawa et al., 2001; Zhang

etal.,, 2021a). MSCs exhibited an equivalent efficacy on neurite
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® Rat-tail collagen gel with
the anchored bFGF (Ma et

170

® Rat (Ma et al.,
2017)

® Functional recovery and
nerve growth similar to
autograft (Ma et al., 2017)

outgrowth and axon regeneration as SCs (Ladak et al., 2011).
Various derived MSCs have been filled in collagen nerve
conduits to investigate the efficacy in nerve regeneration,
such as bone marrow-derived mesenchymal stem cells
(BMSCs) (Pereira Lopes et al., 2006), ADMSCs (Carriel
et al,, 2013), human umbilical cord mesenchymal stem cells
(hUC-MSCs) (Cui et al., 2018), and dental pulp stem cells
(Yamamoto et al., 2016). Further in vivo studies using stem
cells-loaded collagen conduits significantly improved the
nerve regeneration and recovery of sensory and motor
functions (Carriel et al, 2013), and the longitudinally
aligned collagenous fibers loaded with hUC-MSCs resulted
in greater myelin sheath formation and functional recovery
(Cui et al., 2018).

Olfactory ensheathing cells (OECs) are specialized glial cells
between SCs and astrocytes. The therapeutic efficacy of various
collagen-based nerve conduits seeded with OEC for peripheral
nerve injury has been investigated (Li et al., 2010; Guerout et al.,
2011). Nerve regeneration and functional recovery were
significantly improved using OEC therapy (Gu et al,, 2019b).
Increased nerve fibers, myelinated fibers, and myelin area were
observed in the OEC group (Goulart et al, 2016). Increased
oxygen levels within the nerve conduit contributed to the
enhanced therapeutic effect of OECs on nerve regeneration
(Zhu et al., 2014).

Furthermore, neural stem cells (NSCs) can differentiate
into neurons and promote locomotor recovery in spinal
cord-injured mice (Cummings et al., 2005). Various collagen
scaffolds loaded with NSCs have shown remarkable therapeutic
effects in spinal cord injury (Cummings et al., 2005; Jiang et al.,
2020b). To improve the therapeutic effect after transplantation,
basic fibroblast growth factor (bFGF) was anchored on
heparinized collagen nerve conduits to promote neural stem/
progenitor cell (NS/PC) proliferation. NS/PCs-bFGF conduits
exhibited similar therapeutic effects to ANT in 8-mm rat facial
nerve gaps (Ma et al., 2017). The internal environment of
collagen nerve conduits suitable for stem cell growth needs
to be further optimized.

4.4.2 Growth factors

Growth factors are involved in the regulation of various cellular
processes. Combining collagen-based nerve conduits with growth
factors could create a more appropriate microenvironment for nerve
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TABLE 2 Growth factors fill in collagen material to repair PNI.

Growth factors

Basic fibroblast
growth factor
(bFGF)

Ciliary
neurotrophic factor
(CNTF)

Brain-derived
neurotrophic factor
(BDNE)

Glial cell line-
derived
neurotrophic factor
(GDNF)

Nerve growth
factor (NGF)

Mechanism

® Promotes neurite
extension (Fujimoto et al.,
1997)

Stimulates SCs
proliferation (Wang et al.,
2003)

Stimulate neurite
outgrowth (Hartnick et
al., 1996)

Increase the number of
elongating axon tips
(Sahenk et al., 1994)

Promote
neurotransmitter
synthesis (Cao et al.,
2011)

Promote neuronal growth
and differentiation (Yang
et al., 2015)

Neuronal survival
(Hartnick et al., 1996)

Neuronal plasticity
(Castren and Kojima, 2017)

Promote axonal
elongation (Madduri et
al., 2009)

Promote survival of both
motor and sensory nerves
(Ma et al., 2018)

Support neuron survival
and direct neurite
outgrowth (Kemp et al.,
2011)

Induced extensive axonal
branching (Madduri et
al., 2009)

Regulate the receptivity of
axons to myelination
(Chan et al., 2004)

Frontiers in Bioengineering and Biotechnology

Strategies

Linear ordered collagen scaffold
(LOCS) filled with collagen
binding bFGF (CBD-bFGF) (Ma
et al. 2014a, Cui et al. 2014)

Oriented collagen tubes
(Fujimaki et al., 2017)

Collagen conduits filled with
CBD- bFGF (Wang et al., 2020)

Combine with CNTF (Cui et al.,
2014)

LOCS filled with laminin binding
CNTF (LBD-CNTF) (Cao et al.,
2011)

LOCS filled with CBD-CNTF
(Cui et al. 2014; Lu et al., 2015) or
LBD-CNTF (Cao et al., 2013)

Combine with bFGF (Cui et al.
2014), BDNF (Cao et al. 2013)

LOCS filled with CBD-BDNF or
LBD-BDNF; Combine with
CNTF (Cao et al., 2013)

Collagen nerve conduits coated
with layers of PLGA (Madduri et
al., 2010b)

Bilayer collagen conduit filled
with GDNF-loaded microspheres
(Zhuang et al., 2016)

Immobilized on collagen nerve
conduits by chemical conjugation
(Ma et al., 2018)

Combine with NGF (Madduri et
al., 2010b)

Longitudinally oriented collagen
conduit (Yao et al,, 2018)

Combine with GDNF (Madduri
et al., 2010b)

171

Outcomes

Sustained release (Ma et al.
2014a, Cui et al. 2014)

Guide axon growth, promote
nerve regeneration and
functional restoration (Ma
et al. 2014a, Cui et al. 2014)

Improved nerve repair and
recovery of motor function
(Fujimaki et al., 2017)

Promote functional facial nerve
recovery (Wang et al,, 2020)

Synergistic effect (Cui et al.,
2014)

Sustained release (Cao et al.
2011, Cao et al. 2013)

Guide axon growth, promote
nerve regeneration and
functional restoration (Cao
et al., 2011)

Guide axon growth and
improve nerve functional
recovery (Cao et al,, 2013)

Improved axon regeneration,
SCs cell migration,
remyelination and recovery
rate (Lu et al., 2015)

Synergistic effect (Cao et al.
2013, Cui et al. 2014)

Sustained release (Cao et al.,
2013)

Guided axon growth,
promote functional
restoration (Cao et al., 2013)

Synergistic effect (Cao et al.,
2013)

Sustained release (Madduri
et al. 2010b, Ma et al. 2018,
Zhuang et al. 2016)

Improved axonal outgrowth
and Schwann cell migration
(Madduri et al., 2010b)

Axonal regeneration and
functional recovery similar to
autograft (Zhuang et al.,
2016, Ma et al. 2018)

Synergistic effect (Madduri
et al., 2010b)

Improved recovery of
regenerated axons and
muscle weight (Yao et al,,
2018)

Synergistic effect (Madduri
et al., 2010b)

10.3389/fbioe.2022.973301

Nerve

® Sciatic nerve
(Ma et al. 2014a,
Fujimaki et al.,
2017)

® Facial nerve (Cui
et al. 2014,
Wang et al.
2020)

® Sciatic nerve
(Caoetal.,, 2011)

® Facial nerve
(Cao et al. 2013,
Cui et al. 2014,
Lu et al. 2015)

® Facial nerve
(Cao etal., 2013)

® Sciatic nerve
(Madduri et al.,
2010b, Zhuang
et al. 2016)

® Facial nerve (Ma
et al., 2018)

® Sciatic nerve
(Madduri et al.
2010b, Yao et al.
2018)

Animal models

® Rat (Ma et al.
2014a, Fujimaki et
al, 2017)

® Minipigs (Cui
et al. 2014)

Rabbit (Wang et
al,, 2020)

® Rat (Cao et al.
2011, Cao et al.
2013)

® Minipigs (Cui
etal. 2014, Lu et al.
2015)

® Rat (Cao et al,,
2013)

Rat (Madduri et al.
2010b, Zhuang

et al. 2016, Ma

et al. 2018)

Rat (Madduri et
al., 2010b)

® Dog (Yao et al,
2018)

(Continued on following page)
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TABLE 2 (Continued) Growth factors fill in collagen material to repair PNI.

Growth factors Mechanism Strategies

Vascular
Endothelial Growth
Factor (VEGF)

® Vasculogenesis and
angiogenesis (Lu et al,
2019)

® Induced extensive neurite
growth and branching
(Guaiquil et al.,, 2014)

VEGF-immobilized collagen
Fibers (Ma et al., 2014b)

regeneration. Recently, multiple concepts have focused on collagen
as a nerve conduit with growth factors for nerve regeneration
(Table 2). growth could be immobilized on collagen by chemical
conjugation (Ma et al., 2018), heparin cross-linking (Ma et al., 2017;
Zhang et al, 2021c), and fusion binding domain, such as the
laminin-binding domain and collagen-binding domain (Cao
et al,, 2013). At present, the use of recombinant DNA technology
to fuse a binding domain at the N/C-terminus of growth factors is a
more popular method (Fujimaki et al., 2020).

4.4.2.1 Basic fibroblast growth factor

The bFGF is a member of the fibroblast growth factor family and
is abundantly expressed in neural tissue. It played a crucial role in the
mitogenesis and proliferation of SCs (Davis and Stroobant, 1990)
and DRG neurons in vitro (Li et al., 2002) and stimulated persistent
angiogenesis in vivo (Chu et al,, 2011). Moreover, bFGF is involved
in the early peripheral nerve regeneration by activating autophagy to
accelerate myelin debris clearance (Li et al., 2020), and further in vivo
study confirmed that the regulation of bFGF in autophagy was
achieved by activating the PAK1 pathway in SCs (Hu et al., 2022).
Therefore, it is considered as a growth factor that is beneficial for
nerve regeneration. In vivo studies have confirmed the effect of
collagen conduits combined with bFGF on axonal regeneration and
functional recovery (Fujimaki et al., 2017). However, bFGF cannot
play a long-term effect after transplantation due to its poor
immobilization on collagen nerve conduits, so various strategies
have been proposed to ensure its sustained release in vivo. Based on
its high affinity for heparin (Sakiyama-Elbert and Hubbell, 2000;
Yang et al,, 2010), bFGF was immobilized on nerve conduits cross-
linked with heparin, which facilitated the local sustained release of
bFGF in vivo (Ma et al., 2017). A novel approach to improving the
affinity of bFGF for collagen was also previously reported. The
N-terminal of native bEGF was fused with a CBD, TKKTLRT, which
could specifically bind to collagen (Li et al., 2011; Ma et al,, 2014a).
The sustained release of the bFGF further improved nerve
regeneration in vivo (Cui et al., 2014; Wang et al., 2020).

4.4.2.2 Neurotrophins

Neurotrophins are a protein family associated with the survival
of sensory and sympathetic neurons. They participate in regulating
various aspects of neuronal development and function (Reichardt,
2006). Damage to peripheral nerves induces active cellular
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® Collagen tube filled with CBD-
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Outcomes Nerve Animal models

® Sciatic nerve
(Ma et al,,
2014b)

Sustained release (Ma et al.,
2014b)

® Rat (Ma et al.,
2014b)

Guided axon growth,
morphological and
functional improvements
similar to autograft (Ma et
al,, 2014b)

mechanisms that lead to the synthesis of neurotrophins in
neurons and SCs to promote nerve regeneration (Richner et al.,
2014). The two main receptors were tropomyosin receptor kinase
(TrkA, Trk-B, and Trk-C) and P75NTR. Neurotrophins could
activate the downstream targets of various signaling cascades by
binding with their corresponding receptors to exert their multiple
effects on neurorestoration. The signaling pathways involved in
neurotrophins after nerve injury include PI3K/Akt, MAPK/ERK,
JNK/c-Jun, and Rho A/ROCK (Li et al, 2020). Various
neurotrophins were loaded on collagen scaffolds to investigate
their promoting effects on peripheral nerve regeneration, such as
brain-derived neurotrophic factor (BDNF) (Cao et al, 2013),
ciliary neurotrophic factor (CNTF) (Cao et al, 2011; Lu et al,
2015), nerve growth factor (NGF) (Yao et al, 2018; Long et al,
2021), GDNF (Zhuang et al., 2016). To ensure the sustained release
of neurotrophins in vivo, LBD (Cao et al., 2011), CBD (Cui et al.,
2014), and chemical conjugation (Ma et al., 2018) were proposed
for their immobilization on collagen. The combination of
synergistic effect
regeneration. For instance, GDNF and NGF were functionally

neurotrophins may have a on nerve
complementary in promoting axonal elongation and axonal
branching (Madduri et al.,, 2009). Their combination exerted a
synergistic effect on axonal growth (Madduri et al, 2010a;
Madduri et al,, 2010b). The combination of CNTF and BDNF
within LOCS showed enhanced facial nerve regeneration and
functional recovery (Cao et al, 2013). Thus, combining
multiple neurotrophins and collagen nerve conduits may be a

better treatment to repair PNI in the future.

5 Discussion

Nerve conduits prepared from several biomaterials offer a
promising approach to promoting peripheral nerve regeneration,
such as the natural polymers collagen, chitosan, and silk and the
synthetic polymers poly-e-caprolactone (PCL), poly-lactic-co-
glycolic acid (PLGA), and poly-glycolic acid (PGA) (Pinho et al,
2016). Compared with synthetic biomaterials, natural polymeric
exhibit biocompatibility ~ and
biodegradability, and evoke a minimal inflammatory reaction after

proteins more  excellent

transplantation (Jiang et al, 2020a). Thus, natural polymers have
attracted great attention in tissue engineering. The peripheral nerve is
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surrounded by ECM in vivo, and its repair is a complicated process
that requires cell-cell and cel-FECM interactions. Thus, simulating
neural tissue in the natural microenvironment is an important factor
in designing nerve conduits (Sarker et al, 2018). As the major
component in the ECM of peripheral nerve, the fibrous structure
of collagen can simulate native nerve tissue, creating a suitable
microenvironment for nerve regeneration (Hosseinkhani et al,
2013). Compared with other natural polymers, collagen exhibited
higher affinity for nerve cells (Cheng et al., 2003). Its semipermeable
membrane structure allows the exchange of nutrients and metabolites
while preventing the outward migration of cells within the conduits.
In addition, collagen is the major component of FDA-approved
artificial nerve conduits for the surgical reconstruction of the
peripheral nerve due to its low antigenicity and immunogenicity
(Kornfeld et al,, 2019). Commercially available collagen nerve guides
showed potential therapeutic effects for bridging larger nerve gaps
(Bozkurt et al, 2017) and functional recovery in the clinic
(Wangensteen and Kalliainen, 2010). Therefore, collagen is an
extensively used natural polymer in preclinical in vivo studies,
second only to chitosan (Gregory and Phillips, 2021). Collagen is
considered a promising material for the preparation of nerve
conduits as an alternative to autografts for PNL

Over recent years, collagen nerve conduits have evolved from
single hollow conduits to functional composite nerve conduits.
Collagen nerve conduits loaded with bioactive components have
shown improved biological performance due to mimicking biological
processes following nerve injury in vivo (Carriel et al., 2013; Zhuang
et al, 2016; Ma et al.,, 2017). However, some concerns remain to be
considered. The emergence of stem cells overcame the poor
proliferation and differentiation capacity of SCs, and collagen
nerve conduits loaded with differentiated stem cells could induce
more sciatic motoneurons regenerating axons in vivo (Ladak et al,
2011). protocols the
transdifferentiation of stem cells. It is challenging to maintain the

However,  nonscalable control
differentiated state of the stem cells in vitro under dynamic in vivo
(Uz et al, 2018). More efficient and scalable

transdifferentiation procedures are required to precisely control

conditions

the final fate of implanted stem cells loaded in collagen nerve
conduits. In addition, although the sustained release of growth
factors in vivo has been greatly improved by CBD, LBD, or
chemical conjugation, more precise control methods still need to
be investigated to control the release of growth factors in different
stages of peripheral nerve repair. Furthermore, the combination of
growth factors and supportive cells in collagen nerve conduits
showed synergistic effects on PNI. For instance, anchored bFGF
on collagen exhibited sustained mitogenic and anti-apoptotic effects
on NS/PCs, the combination of bFGF and NS/PCs showed
synergistic therapeutic effect in the restoration of facial nerve
defects, similar to ANT (Ma et al, 2017). NGF is involved in
stem cell growth. Incorporating HuMSCs and NGF further
enhanced the repair effect of collagen scaffolds on recurrent
laryngeal nerve injury (Pan et al,, 2017). Thus, the combination of
various bioactive components is a promising therapeutic strategy.

Frontiers in Bioengineering and Biotechnology

173

10.3389/fbioe.2022.973301

In conclusion, we summarize the characteristics of collagen as
biomaterial and the roles of extensively studied collagen types in
peripheral nerve regeneration. The optimization of collagen nerve
conduits in terms of physical properties, structure and
combination of bioactive components was further investigated.
With the successive proposals of various therapeutic strategies, the
therapeutic effects of collagen nerve conduit have been greatly
improved, even similar to ANT (Ma et al., 2017; Burks et al., 2021;
Long et al., 2021). However, it should be mentioned that the major
clinical challenge is the repair of large nerve gaps. There are only a
few studies on applying collagen nerve conduits in large animal
models of PNI (Cui et al., 2014; Cui et al., 2018). Compared with
rodent models, large animal models can be used to create longer
gaps for preclinical evaluation, which is more closely applicable to
the challenge of artificial nerve conduits in PNI. Therefore, the
application of large animal models to evaluate the effects of
functional collagen nerve conduits on peripheral nerve
regeneration may accelerate the transition to the clinic in the
future.
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