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Editorial on the Research Topic

Engineered tissues using bioactive hydrogels

Tissue damage, dysfunction and organ failure remain great challenges to cure, which

have been the major causes of human morbidity and mortality. According to studies, the

global cost associated with organ dysfunction and failure has been projected to

hundreds of billions of dollars every year. Therefore, the regeneration of human

tissues and organs have been widely explored to repair or replace defective tissues and

organs while restoring their functions, thereby improving health and life quality.

Several technologies including surgical reconstruction, organ transplant, in situ

induced regeneration and tissue engineering have been employed to achieve

regeneration of tissues and organs. Among these approaches, tissue engineering

holds the promising approach to engineer various tissues and organs with the

potential to meet the future needs of patients requiring the repair, replace and

regeneration of tissues and organs.

Hydrogels have been proven to be promising candidates in tissue engineering field

due to the distinct three-dimensional network structure and excellent biocompatibility,

which could provide extracellular matrix like microenvironments and stimulus response

properties in human tissues and organs. Consequently, endeavor has been pursued on the

investigation of hydrogels for mimicking human tissues such as bone, skin, muscle, and so

on. However, the clinical applications of hydrogels are still hampered owing to the

intrinsic characteristics including poor mechanical performances, low bioactivity,

uncontrollable degradation process, which leaves a huge gap compared to real human

tissues. Among these drawbacks, insufficient bioactivity is the primary obstacle to be

overcome for researchers, which exert a significant influence on tissue regeneration. To

address this thorny issue, plenty of strategies such as introducing cells and bioactive

molecules into hydrogels have been conducted. Even though bioactivity of the hydrogels

has been improved, there still remain a large number of challenges that restrict their
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application in clinics. A variety of factors, such as the loading

efficiency of cells and bioactive molecules, the interaction

between hydrogels and bioactive molecules, the biostability of

hydrogel-based engineered tissues system, etc., should be

considered in hydrogel-based engineered tissues before their

clinical application.

In this Research Topic, we present a number of interesting

studies related to the development of bioactive hydrogels for

mimicking tissues to facilitate the repair and regeneration of

defective tissues. Broadly, there are two approaches towards

recreating engineered tissues in vitro. One is development and

fabrication of bioactive hydrogels. For example, Sun et al. have

designed a composite hydrogel with antibacterial property for

skin repair. They have fabricated decellularized ECM-based bio-

scaffolds to promote remodeling of skin tissues. Similarly, Wu

et al. have constructed injectable small extracellular vesicles laden

hydrogel for accelerating bone regeneration. While Xu et al. have

developed hybrid aerogel scaffold for osteonecrosis repair, Yu

et al. have synthesized bio-hydrogel cell delivery system for

retarding intervertebral disc degeneration. Furthermore, Wang

et al. have summarized the application of bioactive hydrogels in

intrauterine adhesion treatment and Lv et al. have summarized

new treatment ideas in spinal cord injuries using hydrogels.

The other approach is utilization of different technologies.

For instance, Sun et al. have shown the promising prospects of

exosome-laden hydrogels in bone repair and Xin et al. have

introduced versatile design strategies of bioactive hydrogels

against osteomyelitis. Furthermore, Liu et al. have

demonstrated the merits of 3D printing technology-based

hydrogel in bone repair and reconstruction. With the

encouraging strategies and approaches, we believe that the

new paradigm will be introduced into tissue engineering field

using bioactive hydrogels, which will advance the engineering of

tissues and organs in vitro for their use in clinics.
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Application of Bioactive Hydrogels for
Functional Treatment of Intrauterine
Adhesion
Jingying Wang, Chao Yang, Yuxin Xie, Xiaoxu Chen, Ting Jiang, Jing Tian, Sihui Hu and
Yingli Lu*

Department of Obstetrics and Gynecology, The Second Hospital, Jilin University, Changchun, China

Intrauterine adhesion (IUA) is a common endometrial disease and one of the main causes
of infertility in women of childbearing age. Current treatment strategies, such as
hysteroscopic adhesion resection, hysteroscopic transcervical resection of adhesion
(TCRA), the use of local hormone drugs, and anti-adhesion scaffold implantation, do
not provide a satisfactory pregnancy outcome for moderate-severe IUA, which presents a
great challenge in reproductive medicine. With the development of material engineering,
various bioactive and functional hydrogels have been developed using natural and
synthetic biomaterials. These hydrogels are not only used as barely physical barriers
but are also designed as vectors of hormone drugs, growth factors, and stem cells. These
characteristics give bioactive hydrogels potentially important roles in the prevention and
treatment of IUA. However, there is still no systematic review or consensus on the current
advances and future research direction in this field. Herein, we review recent advances in
bioactive hydrogels as physical anti-adhesion barriers, in situ drug delivery systems, and
3D cell delivery and culture systems for seeded cells in IUA treatment. In addition, current
limitations and future perspectives are presented for further research guidance, which may
provide a comprehensive understanding of the application of bioactive hydrogels in
intrauterine adhesion treatment.

Keywords: bioactive hydrogel, reproductivemedicine, drug delivery system, stem cell therapy, intrauterine adhesion

INTRODUCTION

The uterus is composed of three tissue layers, namely, the endometrium, myometrium, and
perimetrium (Mancini and Pensabene, 2019). The endometrium is the innermost layer
composed of epithelial and stromal components; it is a unique tissue that undergoes a repetitive
cycle of cell proliferation, differentiation, and shedding during the reproductive years of a woman’s
life, providing the “fertile ground” for embryo implantation (Lv et al., 2021). Intrauterine adhesion
(IUA) is a result of endometrial injury and infection caused by unsafe abortion and poor maternal
care, which can lead to partial or complete occlusion of the uterine cavity, resulting in periodic
abdominal pain, oligomenorrhea, amenorrhea, even infertility (Liao et al., 2021). A normal
endometrium is a determinant of fertility, and IUA is recorded to be the second most common
cause of female infertility after fallopian tube obstruction (Wei et al., 2020). As for IUA treatment,
current therapies include hysteroscopic adhesiolysis, TCRA, hormonal therapy, and anti-adhesion
material implantation, including the intrauterine device (IUD) (Huang et al., 2020a; Han et al., 2020).
Although current treatment strategies have achieved positive effects in some cases, the prognosis of
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patients with severe IUA is unsatisfactory, and the incidence of
re-adhesion after the operation is still high (Young and Evans-
Hoeker, 2014). Thus, patients always accept adjuvant therapy
after operation to avoid the recurrence of re-adhesion after
surgery (Li et al., 2021). To date, clinicians have already
applied biomaterials such as hyaluronic acid (HA) and
INTERCEED®—an absorbable adhesion barrier made of
oxidized regenerated cellulose—after surgery in IUA patients
to prevent postoperative re-adhesion (Zhang et al., 2020a). In
addition, numerous adjuvant therapies and biomaterials,
including bioactive hydrogels, can be selected for those
patients who suffer from severe IUA. With the rapid
development of regenerative medicine and tissue engineering,
in addition to applying traditional adjuvant therapy to IUA
patients, clinicians are also seeking the potential of
endometrial regeneration through tissue engineering.

Hydrogels are formed by water-soluble or hydrophilic
polymers through certain chemical or physical cross-linking,
and are composed of a hydrophilic three-dimensional (3D)
network structure. The hydrogels swell rapidly in water and
can retain a large volume of water without dissolving in this
swollen state, which is very similar to soft tissue (Milcovich et al.,
2017; Manna et al., 2019). Hydrogels are widely applied in the
field of tissue engineering owing to their excellent properties in
drug release, 3D cell culture, and simulation of an extracellular
matrix (Chang et al., 2018). In the treatment of IUA, the bioactive
hydrogels show potential in anti-adhesion and endometrial
reconstruction. In order to improve the biocompatibility,
reduce the potential cytotoxicity, and adapt to the special
pathological microenvironment of the IUA, researchers have
further constructed and optimized hydrogels (Tang et al.,
2018). Although hydrogels have performed outstandingly in
tissue regeneration, cell culture, and drug delivery, their
application in the field of reproductive medicine is still in the
exploratory stage. Only a limited number of hydrogel products
and technologies have been successfully used in humans (Huang
and Ding, 2019).

In this review, we summarize the latest advances in hydrogels
as a therapeutic option for IUA. This article focuses on the latest
research regarding hydrogels as physical anti-adhesion barriers,
in situ drug delivery systems, and 3D cell delivery and culture
systems, in order to improve their application in IUA (Scheme 1).

THE DESIGN OF HYDROGELS FOR IUA

The design of hydrogels for biomedical applications needs to
consider the purpose of the application and the disease-specific
microenvironment. IUA can be characterized as endometrial
fibrosis, where the intrauterine walls partially or completely
adhere to each other, thus resulting in narrowing or
disappearance of the uterine cavity (Carbonnel et al., 2021).
The characteristic pathological change of IUA is endometrial
injury, which has become a primary factor resulting in
oligomenorrhea and related complications (Xu et al., 2020).
During natural repair of an endometrial lesion, the luminal
epithelial cells are largely lost and are replaced by inactive

columnar endometrial epithelium, the stroma is replaced by
fibrous tissue, the endometrium becomes significantly thinner
and loses response to estrogen and progesterone (Zhao et al.,
2016). As mentioned previously, the major aim of the application
of bioactive hydrogels is to prevent the recurrence of adhesion
and to promote endometrial regeneration. To be an ideal
biomaterial for patients with IUA, biocompatibility,
immunogenicity, mechanics, degradability, the possibility of
infection and transmission of disease, the ability to promote
stem cell recruitment, intimal repair and reproductive function
recovery, drug-controlled release, availability and even ethical
issues should be taken into consideration (López-Martínez et al.,
2021). Therefore, the design strategy for bioactive hydrogels
should consider the purpose of the application and the
disease-specific microenvironment of IUA.

Firstly, one of the main characteristics of the hydrogels used
for anti-IUA barrier materials is its ability to form a mechanical
intrauterine cavity to decrease the formation of fibrous tissue. The
uterine cavity is surrounded by a muscular layer of interlacing
smooth muscle fibers, which usually causes the uterine cavity to
collapse during the postoperative healing process unless it is
mechanically distended. Since the uterine cavity is varied in size
and shape, the bioactive hydrogels which can adjust themselves to
different uterine cavities may fully promote endometrium
regeneration. Moreover, the speed of degradation of the
hydrogels needs to be manageable to avoid rapid degradation
because they must remain in the uterine cavity for a certain time
to resist adhesion recurrence (Wang et al., 2020a). After the
healing process is completed, the bioactive hydrogels as barriers
must be degraded or absorbed naturally, rather than remaining as
a foreign body. Among the hydrogel systems sensitive to stimuli,

SCHEME 1 | Advances in bioactive hydrogels as a therapeutic option
for IUA.
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thermosensitive hydrogels are the most extensively studied.
Depending on the properties, thermosensitive matrices are
divided into systems showing lower critical solution
temperature (LCST) or upper critical solution temperature
(UCST) (Kasiński et al., 2020). In this field, temperature-
responsive hydrogels have attracted the attention of
researchers; especially the hydrogels that are liquid at room
temperature and can be rapidly gelled at physiological
temperature around specific tissues (Kapoor and Kundu,
2016). The most important hydrogels for biomedical
applications are systems with LCST close to the physiological
temperature. This type of hydrogel is widely used in anti-
adhesion materials because of the ease of its control and its
rapid response to physical and chemical changes (Keskin et al.,
2019). Compared to other hydrogels, temperature-responsive
hydrogels can mechanically help shape the normal uterine
cavity and prevent postoperative IUA (Han et al., 2016).

Secondly, hydrogels applied in IUA treatment should have
controllable release profiles. As a simple and efficient platform for
controlled release and delivery, the ideal bioactive hydrogels
embed growth factors, drugs, and stem cells with therapeutic
functions within their 3D structure. These drugs are released
through the pores, hydrolysis of bonds, or self-degradation of the
hydrogels, allowing the drugs to be applied to the uterine cavity
wound after surgery with a sustained profile to promote
regeneration of the endometrium (Sheth et al., 2019).
Chemically crosslinked hydrogels usually provide a stable
polymer network with slow degradation kinetics. For patients
with severe IUA, where there is almost no normal functional
endometrial tissue in the uterine cavity, stem cell transplantation
is a potential option for the promotion of endometrial
regeneration. Under such circumstances, the ideal bioactive
hydrogels need to create a 3D cell delivery and culture system
that is conducive to transplanted stem cell survival, proliferation,
and directed differentiation (Cervelló et al., 2015).

Depending on the source, hydrogels can be divided into
natural hydrogels and synthetic hydrogels. Natural hydrogels
(e.g., HA, alginate, chitosan, collagen, and polyethylene glycol)
have already been widely used in the field of regenerative
medicine (Liu et al., 2020a). They are generally highly
biocompatible, as reflected in their successful use in the
peritoneum and other sites in vivo (T et al., 2016). Their
biocompatibility is promoted by a high-water content and a
physiochemical similarity to the native extracellular matrix,
both compositionally (particularly in the case of carbohydrate-
based hydrogels) and mechanically (Larrañeta et al., 2018). The
naturally derived materials often have desirable biological
properties and can influence cell function, but some natural
hydrogels are limited by poor mechanical strength and fast
degradation profiles (Rastogi and Kandasubramanian, 2019).
In contrast, synthetic polymers provide appropriate 3D
environments and have the desired mechanical strengths.
However, they lack the bioactive properties of natural
materials. Therefore, it is necessary to produce hybrid
materials by combining synthetic and natural polymers, and to
retain the desirable characteristics of both materials (Liu et al.,
2018).

To date, hydrogels used in clinical settings can only achieve
physical anti-adhesion. Bioactive hydrogels with controlled
release and suitable culture microenvironment have not been
widely used in the treatment of IUA. Hydrogels have been widely
exploited with the aim of achieving drug delivery directly into the
vaginal mucosa for hormone therapy, owing to their attractive
features such as the increased drug residence time at the targeted
sites and control of drug release rates after hysteroscopic
transcervical resection of adhesion (TCRA) (Shamloo et al.,
2018).

THE APPLICATION OF BIOACTIVE
HYDROGELS IN IUA

The excellent biocompatibility, controllable mechanical
properties, the ability of incorporating therapeutic agents for
sustained release, and encapsulating seed cells at physiological
conditions make bioactive hydrogel an ideal option for IUA
treatment and endometrial regeneration. Several factors should
be considered carefully, such as vascularization, native cell
recruitment, and scar inhibition (Owusu-Akyaw et al., 2019).
In the field of IUA treatment, hydrogels are broadly applied as
space-filling agents, delivery vehicles for bioactive substances, and
3D structures that organize cells and present stimuli to ensure the
repair of the damaged endometrium (Grover et al., 2012). Herein,
we summarize the progress in hydrogel research for endometrial
regeneration and IUA treatment from the following three aspects;
namely, bioactive hydrogels as physical anti-adhesion barriers, in
situ drug delivery systems, and 3D cell delivery and culture
systems.

Bioactive Hydrogels as Absorbable Physical
Anti-Adhesion Barriers in IUA
Generally speaking, the main methods for the treatment of IUA
are transabdominal or hysteroscopic resection of the adhesion;
but while the former creates appreciable tissue injury, the latter
has a high risk of recurrence, and postoperative uterine cavity
wounds often quickly form new adhesions (Bhandari et al., 2015).
Therefore, positive preventive measures should be taken for IUA
after operation. Currently, strategies to reduce the rate of
recurrence and improve reproductive outcomes in cases of
severe IUA include the use of an IUD, Foley balloon (FB),
amnion graft applied over a FB, and an oxidized and
regenerated cellulose adhesion barrier (INTERCEED®), with
the aim of maintaining the uterine lumen (Ugboaja et al.,
2017). However, there are several shortcomings of IUD and
FB in preventing the recurrence of IUA. IUD has a potential
risk factor of infection (Sun et al., 2018a), and is only effective in
preventing re-adhesion (Chi et al., 2018). To solve the problem,
some studies investigated the potential benefits of hydrogels as
physical anti-adhesion barriers to prevent recurrence in IUA after
hysteroscopic adhesiolysis (Table 1).

Compared with patients using an IUD alone, the combination
of an oxidized, regenerated cellulose adhesion barrier
(INTERCEED®) and an IUD could regain an adhesion-free
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uterine cavity and significantly shorten the conception interval
(Cai et al., 2017). A comprehensive treatment strategy of
intrauterine injection of HA hydrogel combined with a
balloon urinary catheter and IUD insertion, and oral estrogen
following hysteroscopic adhesiolysis, was investigated in
moderate-severe IUA patients (Xiong et al., 2020). The results
indicated that this combined strategy prevented the recurrence of
IUA to a certain extent. Moreover, evidence indicated that the
combination of IUD and anti-adhesion hydrogel had a more
satisfactory effect than applying an IUD alone (Can et al., 2018; Li
et al., 2019). Lin et al. (Lin et al., 2013) found that the insertion of
an intrauterine balloon or IUD was more effective than the use of
HA gel alone in the prevention of IUA reformation. Furthermore,
Pabuçcu et al. (Pabuçcu et al., 2019) found that endometrial
thickness was significantly enhanced when applying a new
crosslinked hyaluronan gel with an IUD after hysteroscopic
adhesiolysis. Although many studies have shown that an IUD
combined with hydrogels can reduce IUA recurrence, in some
cases the clinical pregnancy rate of these patients is not improved.
Therefore, in-depth research is needed to explore whether the
application of hydrogels can improve pregnancy outcomes for
infertile patients. It may be that the pure hydrogels only play an
anti-adhesion role, and are unable to promote the regeneration
and functional recovery of the endometrium. Therefore, it is
necessary to optimize the design to prepare functional bioactive
hydrogels that are conducive to endometrial repair and functional
regeneration of the endometrium.

Huang et al. (Huang et al., 2020b) tested patented intrauterine
scaffolds made of amino acids as a barrier in the treatment of
recurrent IUA with poor prognosis. The results showed that the
menstrual volume returned to normal, and the recovery rate of
amenorrhea increased significantly after scaffold implantation.
However, the recurrence rate of IUA was still up to 25%, which
indicated that although intrauterine scaffolds may be an effective
therapy, they still need to be further optimized.

In addition, although ordinary HA gel can mechanically
support the uterine cavity, because of its rapid degradation it
cannot stay inside the uterine cavity for a prolonged duration,
therefore the anti-adhesion effect is not satisfactory (Azumaguchi
et al., 2019). A meta-analysis addressing the use of HA gel to
prevent IUA after intrauterine surgery showed that HA gel can

reduce the incidence of re-adhesion in mild cases following
intrauterine surgery (Fei et al., 2020; Zheng et al., 2020).
While there was also research showed that the application of
auto-cross-linked HA gel was unable to reduce the recurrence
rate of IUA following hysteroscopic adhesiolysis (Zhou et al.,
2021). ABT13107, a newly developed thermo-responsive sol-gel
made from non-animal derived HA and synthetic poloxamers,
had been studied regarding preventing the recurrence of IUA (Lee
et al., 2020). Moreover, a randomized double-blind controlled
clinical trial (RCT) was conducted to evaluate the efficacy and
safety of auto-crosslinked HA gel for preventing IUA after
hysteroscopic adhesiolysis; the results indicated that auto-
crosslinked HA gel may be able to reduce IUA, decrease
adhesion severity, and improve menopause postoperatively
(Xiao et al., 2015). A meta-analysis exploring whether the
application of HA gel can reduce the recurrence rate of IUA
after hysteroscopic adhesiolysis showed that HA gel could reduce
the recurrence rate of IUA, but had no significant effect on
postoperative pregnancy rate (Fei et al., 2019). In addition,
another study compared the effect of adjuvant therapy on the
prevention and treatment of IUA and found that an alginate
hyaluronate-carboxymethylcellulose membrane (ACH) was most
effective in preventing IUA progression (Yan and Xu, 2018).
Chenite et al. indicated that sodium hyaluronate or a hydrogel
prepared using hydroxybutyl chitosan (HBC) and polyphosphate
can reduce the occurrence of postoperative IUA. However, owing
to the lack of viscosity of sodium hyaluronate or HBC hydrogel,
they are not easily retained in the uterine cavity. Thus, it cannot
completely isolate uterine wounds, which affects its ability to
prevent IUA. Therefore, after developing and optimizing
hydrogels with potential anti-adhesion ability combined with a
physical anti-adhesion barrier for IUA, bioactive hydrogels
overcome some drawbacks of original natural hydrogels, the
prevention and treatment have great clinical significance
(Kowalski et al., 2019).

Bioactive Hydrogels as in situ Drug Delivery
Systems for Endometrial Regeneration
With the development of tissue engineering, it is possible to use
biomaterials to repair and replace damaged tissues and organs

TABLE 1 | Summary of bioactive hydrogels as physical barriers used in IUA.

Physical
barrier

Biomaterial Model Strength References

IUD + Hydrogel New crosslinked
hyaluronan gel

Human The application of new crosslinked hyaluronan gel significantly reduces IUA formation Li et al. (2019)

Hydrogel New crosslinked
hyaluronan gel

Human New crosslinked hyaluronan gel appears to be able to reduce the formation of IUA Can et al. (2018)

IUD + Hydrogel New crosslinked
hyaluronan gel

Human Better endometrial thickness values were observed in those who received new
crosslinked hyaluronan gel either alone or in combination with an IUD

Pabuçcu et al.
(2019)

Hydrogel ABT13107 Human ABT13107 is non-inferior to the highly viscous hyaluronic acid anti-adhesive barrier in IUA
formation after hysteroscopic surgery

Lee et al. (2020)

FB + Hydrogel Auto-crosslinked hyaluronic
acid gel

Human Auto-crosslinked HA gel could be able to reduce IUA, decrease adhesion severity, and
improve menopause postoperatively

Xiao et al. (2015)

Hydrogel Hyaluronic acid gel Human Reduce the risk of postoperative IUA Tafti et al. (2021)
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(Kwon et al., 2018). The application of bioactive hydrogels in IUA
endometrial tissue regeneration is still in the exploratory stage.
However, the use of bioactive hydrogels as a local drug delivery
system to release specific drugs for regulating the specific
pathological environment of IUA has great potential for
application in endometrial regeneration. Hydrogels have
attracted noticeable interest for their use in drug delivery
owing to their unique physical properties. The high porosity
that characterizes hydrogels can easily be adjusted by controlling
the density of cross-links in their matrix and their affinity to water
(Ávila-Salas et al., 2019). Their porous structure also allows drugs
to be loaded and then released. The topical application of
hydrogels can effectively be used in drug delivery that can
help to alleviate the symptoms of many pathological
conditions. In situ drug delivery systems have become a
popular treatment owing to their combination of a physical
barrier and controlled drug release. Hydrogels made of
hydrophilic polymers with large amounts of water are suitable
for drug delivery when applied to IUA patients. Drugs such as
β-estradiol can be delivered by hydrogel scaffolds for various
purposes including endometrial regeneration (Lam et al., 2014).
Furthermore, the use of stimuli-responsive hydrogels brings
many possibilities in drug delivery systems.

Bioactive Hydrogels as in situ Drug Delivery Systems
Through Vaginal Administration
The large surface area and abundant blood flow in the vagina are
excellent for promoting drug absorption (Ci et al., 2017). Vaginal
administration has no first-pass effect and has low enzyme
activity; therefore, drugs can perform local treatment, and can
also enter the systemic circulation. Thermosensitive hydrogels are
easily administered vaginally, and are administered in a low
viscous form at room temperature (Domiński et al., 2019).
After entering the vagina, the hydrogel spreads rapidly into
the folded area of the vaginal mucosa and forms a gel at body
temperature (Liu et al., 2017). Stromal cell-derived factor-1α
(SDF-1α) is a chemokine protein with the ability of recruiting
endogenous cells, that can accelerate the regeneration of multiple
tissues. In order to obtain a superior effect, Qi et al. (Wenbo et al.,
2020) prepared an SDF-1α-loaded-chitosan-heparin hydrogel
with controlled drug release ability. Seven days after treatment,
uteri treated with SDF-1α incorporating a hydrogel gave both
mechanical support to the uterine cavity and also initiated
regeneration of the endometrium by recruiting c-kit positive
stem cells to the injury site. Cai et al. (Cai et al., 2019) studied
the incorporation of SDF-1α within a silk fibroin-bacterial
cellulose (SF-BC) membrane that promoted the regeneration

FIGURE 1 | An overview of E2@uECMNPs/AP hydrogel system with multi-therapeutic effects to promote endometrial regeneration for the prevention of IUA. (A)
Schematic graphs of E2@uECMNPs/AP hydrogel system. (B) TEM images of E2@uECMNPs. (C) Comparison of ultrasound images of the injured endometrium with or
without E2@uECMNPs treatment. (D) H&E staining (HE) and Masson staining (MT) of the uterus from IUA rat’s uteri and IUA rats uteri receiving different treatments on
day 3 and 7 after injury. Reproduced with permission (Yao et al., 2020). Copyright 2020, Elsevier Ltd.
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of a full-depth uterine injury and also improved the pregnancy
outcome of the damaged uterus.

Aloe has been reported as an ideal organic component to mix
with poloxamer to form a more biologically friendly
thermosensitive hydrogel system (Baghersad et al., 2018).
Aloe-poloxamer (AP) hybrid hydrogel has been fabricated for
treating IUA, which can achieve a better therapeutic effect with
prolonged retention time within the uterine cavity compared to
poloxamer gel. This study showed that AP hydrogel can serve as a
biologically active delivery carrier for β-estradiol and that it can
synergistically promote morphological, structural, and functional
repair of the injured uterus (Yao et al., 2020) (Figures 1A–D).
The E2@uECMNPs/AP hydrogel itself acts as a physical barrier
during the early stage of the injury. Its multiple components,
including β-estradiol, synergistically exert pro-healing effects and
promote endometrial regeneration. From the perspective of anti-
adhesion therapy and sustained drug release, hydrogels have

potential implications for vaginal administration in the
treatment of IUA.

Drug Delivery Through Injectable Bioactive Hydrogels
The use of injectable hydrogels, where the solution–gel transition
occurs at the site of administration, may shorten the duration of
treatment, reduce the risk of infection of the implanted site, and
prevent scarring (Asai et al., 2012). To date, various studies have
investigated the possibility of this therapy in animal models (Sun
et al., 2018b; Jian et al., 2018; Jiang et al., 2019). The injectable
SDF-1α release hydrogel exhibited long-term recruiting of
hematopoietic stem cells (HSCs) and achieved better effects
than a one-off injection of SDF-1α solution. This hydrogel
could be a candidate for uterine injury healing and other
wound dressing drug delivery systems. Because of their
biocompatibility, biodegradability, and tissue adhesion,
chitosan and HA are also suitable as a matrix for injectable in

FIGURE 2 | Construction of E2-HP hydrogel and in-situ administration effect. (A) Schematic diagram of E2-HP hydrogel as an in-situ administration drug for the
treatment of IUA. (B) The penetration and retention of different FITC-E2 formulations in the uterus after in-situ administration. (C) Comparison of H&E staining (HE) and
Masson’s staining (MT) of endometrium at 14 days after different treatments. (D) Ultrasound images of the endometrium after E2-HP hydrogel treatment. Reproduced
with permission (Zhang et al., 2017). Copyright 2021 Dove Press Ltd.
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situ hydrogels for drug, gene delivery, and tissue repair through
invasive surgery (Lu et al., 2019).

The role of new bioactive hydrogel scaffolds, such as heparin-
poloxamer (HP), and gelatin meth acryloyl (GelMA), in uterine
cavity repair has attracted growing attention, and they can be
used as sustained-release drug delivery systems to effectively
promote endometrial repair in IUA animal models (Wu et al.,
2019). Zhang et al. (Zhang et al., 2017) injected the combination
of different drugs (hormone or growth factor) with
thermosensitive, sustained drug delivery systems based on HP
hydrogels to rat’s uteri (Figures 2A–D). The study demonstrated
that the encapsulation of 17 β-estradiol into HP hydrogels can
increase the drug concentration at the injured area while reducing
the blood concentration, because it can be administered by in situ
injection. Keratinocyte growth factor (KGF), a potent repair
factor for epithelial tissues, had been encapsulated into HP
hydrogels, and the KGF-loaded HP hydrogel delivered a
sustained release of long duration and prolonged retention of
the encapsulated KGF in the injured endometrium, thus
improving endometrial recovery in a rat model compared to
the administration of KGF alone (Figures 3A–E) (Xu et al., 2017).
However, at present, the above synthetic biological scaffolds are
generally expensive and have not been widely used in clinical
settings. In animal experiments, most injectable bioactive
hydrogels are administrated through the myometrium rather

than the cervical canal. However, gynecologists usually apply
anti-adhesion hydrogel through the cervical canal for IUA
patients after hysteroscopic adhesiolysis. Though these
hydrogels are all injectable, different administrations make it is
not clear whether these patients can benefit from injectable
bioactive hydrogels.

Bioactive Hydrogels as 3D Cell Delivery and
Culture Systems in IUA
Stem cell therapies have been demonstrated to be promising and
multifunctional alternatives to traditional drug therapy. To date,
numerous maladies have been modeled in animals to test the
efficacy and safety of a range of cellular therapies. However, the
difficulty lies in the normal expansion of stem cells in cell
therapy. There are two crucial factors that influence stem cell
expansion, which are biochemical composition and the physical
properties of the matrix (Madl et al., 2018). One crucial physical
regulator of stem cell fate is matrix stiffness. Interestingly,
bioactive hydrogels can be fabricated as culture systems with
a tunable stiffness that encompasses a physiological range.
Owing to their high-water content, porosity, and soft
consistency, bioactive hydrogels can closely simulate natural
living tissue. In addition, by adjusting the biochemical
composition of the hydrogel or encapsulated drugs, they can

FIGURE 3 | Construction of KGF-loaded HP hydrogel and its curative effect. (A) The temperature-dependent appearance of KGF-loaded HP hydrogel. (B) SEM
images of the lyophilized KGF-loaded HP hydrogel. (C) The cumulative release profile of free KGF solution and KGF-HP hydrogel. (D) Representative fluorescence
images of an intact rat uteri after treatment with FITC-labeled KGF or KGF-loaded HP hydrogel. (E) Representative images of embryo implantation for rats treated by
different formulations. Reproduced with permission (Xu et al., 2017). Copyright 2017 Taylor & Francis Group.
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also regulate the fate of stem cells. Therefore, functional
bioactive hydrogels make it easier to transport stem cells to
injured the endometrium with good vitality and differentiation
potential. At present, there are ongoing studies on the
advantages and disadvantages of different bioactive hydrogels
applied in stem cell therapies in IUA. A summary of bioactive

hydrogels in stem cell therapy in IUA is listed. The advantages of
the mentioned hydrogels are also listed (Table 2). According to
Table 2, the endometrium regeneration associated molecules
are well improved. Another highlight of bioactive hydrogel used
in stem cell therapy is that it can decrease uterine fibrosis rate
and promote endometrial glands growth.

TABLE 2 | Summary of bioactive hydrogels in cell therapy in IUA.

Cell Biomaterial Model Molecule/pathway Strength References

- Chitosan-heparin
hydrogels

Sprague-
Dawley rats

Downregulated expression of TGF-β SDF-1α/CXCR4 axle secreted cytokine to
regulate the tissue regeneration

Wenbo et al.
(2020)Upregulated expression of VEGF

- E2@uECMNPs/AP
hydrogel

Sprague-
Dawley rats

Upregulated Ki67, cytokeratin, and ER-β Increased morphological recovery and
decreased uterine fibrosis rate

Yao et al.
(2020)Decreased TGF-β1 and TNF-α

- E2-Heparin-Poloxamer
Hydrogel

Sprague-
Dawley rats

Kisspeptin; ERK1/2 and MAPKs p38
pathways

Facilitate the regeneration Zhang et al.
(2020b)Inhibiting the cell apoptosis in IUA model

dEMSCs Hyaluronic acid
fibrinogen/thrombin
hydrogel (HA + F +
T50 gel)

Sprague-
Dawley rats

Increased expression of PECAM and IGF-1 Expression and secretion of molecules
essential for embryonic implantation

Kim et al.
(2019)

VEGF and LIF expression are also increased Shortens time window between cell
transplantation and embryo transfer

MSC-Sec Crosslinked hyaluronic
acid gel

Sprague-
Dawley rats

- Creates a sustained release system Liu et al.
(2019)Thicker endometrium and more glands were

observed after treatment
BMSCs Pluronic F-127-vitminC

hydrogel
Sprague-
Dawley rats

Restored cytokeratin, von Willebrand
Factor (vWF)

Vc promoted the survival and health of PF-
127-encapsulated BMSCs in vitro

Yang et al.
(2017)

Decreased interleukin-1β (IL-1β) Thicker endometrium membrane
More glands and fewer areas of fibrosis

Oral mucosal
epithelial cells

Lyophilized amniotic
membrane

Sprague-
Dawley rats

VEGF expression is increased Effective in preventing fibrosis with improved
regeneration of endometrium and
endometrial glands in the rat model of IUA

Chen et al.
(2019)

OMECs
hUCMSC Collagen Sprague-

Dawley rats
Increased the expression of HuNu and
vimentin in a IUA-induced rat model

Increased number of endometrial glands and
reduced area of fibrosis

Liu et al.
(2020b)

Protein levels of the p-transcriptional co-
activator with PDZ-binding motif, stromal
cell-derived factor-1, and C-X-C chemokine
receptor type 4 were upregulated

UC-MSCs Collagen Human - 38.4% participants had a successful
pregnancy

Cao et al.
(2018)

UC-MSC-
derived
exosomes

Collagen Sprague-
Dawley rats

Increased the expression of the estrogen
receptor α/progesterone receptor

Endometrium regeneration Xin et al.
(2020)Collagen remodeling

Increased the expression of the estrogen
receptor α/progesterone receptor
Restored fertility
Reduced inflammation, and increased anti-
inflammatory responses

hiMSCs Alginate and gelatin Sprague-
Dawley rats

Integrin αv β3 and LIF were significantly
higher in the cell-loaded scaffold group

Promoted the recovery of the endometrial
histomorphology (endometrial tissue and
gland regeneration) and the regeneration of
endometrial cells (stromal cells and epithelial
cells) and endothelial cells

Ji et al. (2020)

Improved endometrial receptivity functional
indicators

ADSCs-
derived
exosomes

PEG Sprague-
Dawley rats

Significant increases in VEGF, LIF, avβ3,
and IGF-1 expression

Promote HUVEC proliferation, migration, and
tube formation in vitro

Pan et al.
(2020)

Exhibited a robust ability to induce
neovascularization and tissue regeneration
while suppressing localized fibrosis in vivo
Regenerated endometrial tissue was more
receptive to embryos, leading to higher rates
of pregnancy

hAECs: human amnion epithelial cells; bFGF: basic fibroblast growth factor; VEGF: vascular endothelial growth factor; IGF-1: insulin-like growth factor-1; COL1A1: collagen type I alpha 1;
TIMP-1: tissue inhibitor of metalloproteinase-1; TGF-β: transforming growth factor-β; PDGF-C: platelet-derived growth factor-C; THBS1: thrombospondin-1; CTGF: connective tissue
growth factor; ER-β: estrogen receptor β; E2@uECMNPs/AP hydrogel: nanoparticulate decellularized uterus (uECMNPs) encapsulated β-estradiol thermosensitive aloe-poloxamer
hydrogel; MenSCs: menstrual blood stem cells; BMSCs: bone marrow-derived stem cells; dEMSCs: decidualized endometrial stromal cells; MSC-Sec: mesenchymal stem cell-
secretome; UC-MSCs: umbilical cord-derived mesenchymal stromal cells; ADSCs: adipose stem cells.
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Hyaluronic Acid
HA may be an appropriate hydrogel for endometrial regeneration
therapeutics. Nevertheless, HA gels have a natural half-life of just
1–2 days (Carruthers and Carruthers, 2007). Moreover, the half-life
may be even shorter in the uterus owing to aqueous dilution. In
order to optimize the short half-life of natural HA, Kim et al. (Kim
et al., 2019) constructed endometrium-tailored HA/fibrin
composite hydrogel and demonstrated the significant
regenerative effects of the in vitro processed isotopic cells
encapsulated in composite scaffold materials. The expression of
PECAM and IGF-1, which are neovascularization- and decidua-
specific genes, were significantly increased. Vascular endothelial
growth factor (VEGF) and leukemia inhibitory factor (LIF)
expression were also increased in the HA-fibrin-thrombin 50mg
(HA-F-T50) composite hydrogel. Moreover, an attempt at
pregnancy was possible as early as 2 weeks after treatment, and
successful in vivo embryonic implantation and development in the
regenerated recipient model was confirmed at 7 days after embryo
transformation in a murine uterine synechiae model. Despite
limited evidence of its efficiency in the human body, further
studies should be carried out to optimize this promising technology.

Liu et al. (Liu et al., 2019) fabricated a control-released,
intrauterine-administered mesenchymal stem cell-secretome
(MSC-Sec)-loaded, crosslinked HA gel, that was developed as a
therapy to restore injured endometrial morphology and fertility in
a rat model of AS (Figures 4A–D). This crosslinked HA gel can be
used in stem cell therapy because it can bypass the tumorigenic
risks associated with stem cell therapies and help maintain the
promising effect of MSC-Sec on endometrial and endothelial cells.

Other Hydrogels
Apart from HA hydrogel, Pluronic F-127 is a synthetic Food and
Drug Administration (FDA)-approved compound which has
several advantages, including low toxicity, biocompatibility,
and thermo-reversibility. It is widely used in drug delivery and
in vivo tissue engineering because it can form into a hydrogel at
physiological temperatures. BMSCs and Vitamin C encapsulated
Pluronic F-127 hydrogel was prepared to promote restoration of
damaged IUA endometrium in vivo; the vitamin C promoted
BMSCs survival and growth in the hydrogel (Yang et al., 2017).

In another study, Liu et al. (Liu et al., 2020b) used collagen
scaffold loading with human umbilical cord mesenchymal stem

FIGURE 4 | Fabrication and characterization of MSC-Sec-loaded crosslinked HA gel. (A) Schematic showing the synthesis of MSC-Sec-loaded, crosslinked HA
gel and the state of HA gel at room temperature when the bottle is upside down. (B) Representative SEM and color-depth projection confocal images of MSC-Sec/non-
crosslinked HA and MSC-Sec/crosslinked HA; green represents MSC-Sec, red represents HA. (C)MSC-Sec/HA gel injection and a rodent model of endometrial injury.
(D) The tube-formation ability of human umbilical vein endothelial cells is enhanced in the MSC-Sec-treated group. Reproduced with permission (Liu et al., 2019).
Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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cells (hUCMSCs) to increase the number of endometrial glands
and reduced the area of fibrosis, suggesting that the combination
of the collagen scaffold and hUCMSCs may be an alternative
approach for treating IUA. Moreover, the hUCMSCs-collagen
scaffold had passed through a phase I clinical trial and obtained a
satisfactory outcome, where around 38.4% of participants
underwent a successful pregnancy without complications
associated with stem cell therapy (Cao et al., 2018).

In terms of 3D bioactive hydrogel scaffolds, chitosan is a
biopolymer with a unique set of biological and
physicochemical properties (Pan et al., 2020). Thus, Ksenia
et al. (Carruthers and Carruthers, 2007) successfully formed
different scale structures of chitosan and further tested their
biomechanical quality and biocompatibility to demonstrate
the prospects of their broad biological application

(Figures 5A–D). Furthermore, Ji et al. (Ji et al., 2020)
studied the application of 3D bioprinting of a human iPSC-
derived MSC-loaded scaffold for repair of the uterine
endometrium. The results showed that the endothelial cells
and endometrial cells regenerated, and the dysfunctional
endometrium was partially restored (Figures 6A–E).

Recently, bioactive hydrogels laden with stem cell exosomes
have been developed for endometrial regeneration. The
advantages of hydrogel treatment include the potential for
sustained exosome release, resulting in the maintenance of
higher local concentrations of pharmacologically important
compounds for extended periods, and reducing the need for
repeated dosing in a clinical setting, thus making them a
promising candidate for use in exosome-based endometrial
repair applications (Pan et al., 2020). Lin et al. (Lin et al.,

FIGURE 5 | Scheme of the experimental work and the tissue reaction to the 3D scaffold. (A) Scheme of the experimental work. (B) 3D porous allylchitosans scaffold
(the chitosan sponges) after freeze drying. (C) Tissue reaction to the porous 3D scaffolds based on allylchitosans. c1) 30 days: the chitosan sponge (CHS) material was
oxyphilic; c2) 60 days: a basophilic focus (yellow arrows) in the surface septa of the CHSmaterial; and c3) 90 days: deep CHS sections: most of the scaffold septa were
moderately basophilic. (D) The structure of the synthesized allylchitosans. Reproduced with permission (Bardakova et al., 2019). Copyright 2021, Elsevier Ltd.
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2021) developed a microenvironment-protected exosome-
hydrogel for endometrial regeneration (Figures 7A–C). This
PEG hydrogel was injectable, antibacterial, and facilitated
controlled ADSC-exo release in order to promote endometrial
regeneration.

CURRENT LIMITATIONS AND FUTURE
PERSPECTIVES

Despite their many advantageous properties, hydrogels also have
several limitations. With the continuous progress of related
research, the disadvantages of natural hydrogels are being
gradually revealed. Although some natural hydrogels such as
HA and alginate have already shown superiority over other

hydrogels, the opportunity to improve current hydrogel
implementations is still very promising. Researchers are
gradually improving the structure of hydrogels by changing
the polymer type and optimizing fabrication methods. The low
tensile strength of many hydrogels limits their use in load-bearing
applications, resulting in displacement of the hydrogel from a
targeted local site. Because the hydrophobic compounds have
limited loading quantity and homogeneity in hydrogel matrices,
hydrogels are limited to carrying hydrophilic drugs (Zagórska-
Dziok and Sobczak, 2020).

Physical Anti-Adhesion Barriers
According to the published research (Du et al., 2020), anti-
adhesion hydrogels are usually placed in the uterine cavity to
prevent recurrence after operation. However, the effect of anti-

FIGURE 6 | Whole overview of 3D bioprinting a human iPSC-derived MSC-loaded scaffold. (A) The whole preparation procedure of an alginate–gelatin hydrogel
scaffold and scaffold implantation. (B) Picture of the original alginate-gelatin hydrogel and cell-loaded scaffold at 24 h and 7 d (C)H&E stain of the endometrium after cell
implantation, scaffold implantation, and cell-loaded scaffold implantation. (D–E)Outcome of endometrial receptivity after cell-loaded scaffold implantation. Reproduced
with permission (Ji et al., 2020). Copyright 2021, Elsevier Ltd.
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adhesion hydrogels alone is less satisfactory than that of a
combination of hydrogels and IUD. The reason why hydrogels
cannot become the first-line therapy in endometrial regeneration
is that most hydrogel applications in the prevention of IUA are
still less satisfactory than a traditional IUD. Moreover, hydrogels
do not have sufficient mechanical strength to shape a normal
uterine cavity throughout a complete treatment. Unlike
traditional IUD, some hydrogels in liquid are able to
transform to sodium gel after entering uteri, which may help
more efficient formation of the uterine cavity in various sizes. It is
known that most IUA patients in childbearing age hope to
improve fertility through IUA treatment. However, some
bioactive hydrogels as physical barriers cannot assist in the
formation of a normal functional endometrium for embryo
implantation because they cannot meet the requirement of
excellent cell culture system and sufficient mechanical
strength. Therefore, future research needs to address the
optimization of bioactive hydrogels as physical barriers to
increase their strength in shaping a normal uterine cavity
while still maintaining the capacity of controllable degradation.

Drug Delivery Systems
As mentioned previously, hydrogels can be applied as in situ
drug delivery systems for sustained release drugs to promote
endometrial regeneration in patients with IUA. Compared
with traditional hormone replacement therapy, this method
may reduce the incidence of related risks like breast
hyperplasia caused by oral estrogen in treating IUA. Several
experiments that demonstrate that the effectiveness of a
hydrogel-based drug delivery model in treating IUA have
used animal models, and there has been limited evidence of
clinical practice in human (Wang et al., 2020b). Whether
hydrogels as in situ drug delivery systems are more
beneficial than traditional drug delivery is still not clear in
humans. Moreover, the hydrated nature of hydrogels can make
terminal sterilization difficult and time-consuming (Lima
et al., 2020). In the future, hydrogels with multiple
concurrent functions may be a satisfactory way of treating
IUA, which can provide both mechanical structure in forming
the uterine cavity, and also be a stable in situ drug delivery
system.

FIGURE 7 | Whole overview of ADSC-exosome-hydrogel. (A) Preparation procedures of ADSCs-exosome hydrogel. (B) Performance of ADSC-exosome-
hydrogel in endometrial regeneration. (C) Performance of ADSC-exosome-hydrogel in endometrial receptivity. Reproduced with permission (Lin et al., 2021). Copyright
2021 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Stem Cell Therapy
Because of their structural features, bioactive hydrogels are widely
used as 3D cell culture systems. With the recent broader
understanding that stem cells and stem cell derivatives can
promote endometrial repair, the value of 3D hydrogel scaffolds
that can simulate the living environment of cells and promote the
transmission of stem cells and their secretions has become
particularly prominent. Therefore, some studies have explored
the application of hydrogels in IUA cell therapy. Many animal
experiments have shown that, compared with traditional cell
therapy, the application of hydrogels as a 3D culture environment
produces superior outcomes in endometrial regeneration, and the
improvement of endometrial receptivity is evident. However,
despite exhibiting promising results in animal experiments, the
application of hydrogels in stem cell therapy is still largely
restricted to the experimental stage owing to its critical pitfalls
and drawbacks such as safety issues, poor cell survival, and
high cost.

Currently, one of the biggest concerns regarding stem cell
therapy is the tumorigenic complications caused by
uncontrollable stem cell implantation. Thus, the future study
of hydrogels used in stem cell therapy could focus on controllable
cell growth offering a better therapeutic approach while avoiding
related complications. Moreover, the existing cell loaded
hydrogels face the problem that the supply of oxygen and
nutrients is limited by diffusion kinetics. For example, 3D
printed hydrogels still require surface modification, such as
chemical methods to carry integrin (for endometrial cells) and
increase the survival rate of the seeded cells, by inducing cell-
oriented differentiation, or by maturing the scaffold in a
bioreactor before implantation (Wen et al., 2019). Therefore,
selecting and optimizing bioactive hydrogels is important in
obtaining better results and for their application in treating IUA.

CONCLUSION

IUA is a common endometrial disease and one of the main
causes of infertility in women of childbearing age. Owing to

their excellent properties—such as good biocompatibility,
degradability, and controlled drug release—bioactive
hydrogels play an important role in the prevention and
treatment of IUA and have great potential for application in
the clinical setting. Bioactive hydrogels can be used as physical
anti-adhesion barriers, and can also act as drug delivery systems
for hormone drugs, multiple factors, and 3D cell delivery and
culture systems in IUA treatment. These characteristics show
that a combination of hydrogels and traditional intrauterine
adhesion treatment can have a significant therapeutic effect on
IUA and improve pregnancy success rates. While most
researches ongoing are based on animal experiments, the
mechanism behind the therapeutic effect of bioactive
hydrogel in IUA treatment is not clear. The optimization on
the safety and effectiveness of bioactive hydrogels is valuable to
researchers in the future.
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Genipin Cross-Linked Decellularized
Nucleus Pulposus Hydrogel-Like Cell
Delivery System Induces
Differentiation of ADSCs and Retards
Intervertebral Disc Degeneration
Lei Yu1†, Yi Liu1†, Jianxin Wu2†, Shuang Wang1, Jiangming Yu3, Weiheng Wang1* and
Xiaojian Ye3*

1Department of Orthopedics, Second Affiliated Hospital of Naval Medical University, Shanghai, China, 2Department of
Orthopedics, First Affiliated Hospital of Naval Medical University, Shanghai, China, 3Department of Orthopaedics, Tongren
Hospital, Shanghai Jiaotong University, Shanghai, China

Intervertebral disc degeneration (IDD) is the pathological basis of disc degenerative
diseases (DDD). Reduction in the number of cells and degeneration of the extracellular
matrix (ECM) in the nucleus pulposus (NP) are characteristics of IDD. Bio-hydrogel
combined with stem cell transplantation is a promising treatment. Injectable ECM
hydrogels have good biological activity and in-situ gelatinization. However, its
biomechanics and stability are insufficient to provide adequate mechanical support for
intervertebral discs and to maintain the long-term differential stimulus for seeded stem
cells. In our study, we developed genipin cross-linked decellularized nucleus pulposus
hydrogel (GDH) as delivery system. We evaluated the mechanical properties, stability,
biocompatibility, and differentiation induction of GDH cross-linked with different
concentrations of genipin in vitro. The GDH-loaded adipose-derived mesenchymal
stem cells (ADSCs) (GDHA) were injected into the rat degenerated coccygeal
intervertebral disc. The effect of intervertebral disc regeneration in vivo was evaluated.
The results showed that GDH with 0.02% of genipin had similar elastic modulus to human
nucleus pulposus, good biocompatibility, and inducibility of expressing NP-related genes.
In vivo studies showed that GDHA improved the survival of ADSCs and improved the
intervertebral height, MRI index, and histological grading score. In conclusion, GDH, as an
outstanding bio-hydrogel cell delivery system, has the therapeutic potential for
retarding IDD.

Keywords: intervertebral disc degeneration, genipin, nucleus pulposus, ADSC, tissue engineering

INTRODUCTION

It is reported that low-back pain is currently the second leading cause of hospitalization and disability
for elders, placing a serious financial burden on individuals and society (Cieza et al., 2021).
Intervertebral disc degeneration (IDD) is the primary pathological basis of low-back pain. The
etiology of IDD is complicated and multifaceted involving genetic, environmental, mechanical, age,
and other risk factors (Henry et al., 2018). Intervertebral discs (IVDs) are composed of a central
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nucleus pulposus (NP), surrounded by the annulus fibrosus and
cartilaginous endplates (Eyring, 1969). The NP, usually
considered the origin of IDD, is the inner part and the most
hydrated region (rich in proteoglycans and collagen II) of IVD
transferring axial loads radially (Fontana et al., 2015). Besides the
extracellular matrix (ECM) which is enzymatically degenerated
during IDD, nucleus pulposus cells (NPCs) are remarkably
replaced by cells of fibroblast-like phenotype (Lipson and
Muir, 19801981; Lama et al., 2021). Current clinical
treatments for IDD-caused low-back pain include medication
intervention, surgical depression, and fusion. However, both of
them cannot reverse the pathological process of IDD.
Furthermore, surgical treatment accelerates the degeneration of
adjacent vertebral body segments, finally leading to adjacent
vertebral disease. Therefore, there is an urgent need for a
satisfactory solution to reengineer the natural properties of
IVD (Benneker et al., 2014).

Bioengineering of hydrogels has become a focused researching
area of rebuilding the anatomy and histological structure of IVD,
being deemed as a promising therapeutic method for IDD
(O’Halloran and Pandit, 2007). According to the origin of
composites, hydrogels are commonly classified into natural
hydrogels and synthetic hydrogels. Naturally derived hydrogels
are generally composed of chitosan, alginate, hyaluronan,
collagen, and agarose, which can be easily acquired from
various renewable bio-tissues (Mano et al., 2007; Leyva-Gómez
et al., 2018). Compared with synthetic hydrogels, natural
hydrogels possess inherent biocompatibility and
biodegradability, while they do not have satisfactory tunability
for functional facile fabrication as fine as that of synthetic
hydrogels (Tang et al., 2020). Among the natural hydrogels,
injectable ECM hydrogels are particularly appealing because
their 3D structure and biochemical composition are highly
compatible for each distinctive tissue type. ECM has been
mimicking aspects of the ECM structure and composition to
host tissues which have been demonstrated to dynamically and
reciprocally regulate cell behavior, such as migration,
proliferation, and differentiation (Geiger et al., 2001) (Cheng
et al., 2014) (Young et al., 2011). In addition, ECM hydrogels can
reduce immune rejecting reactions and intrinsic enzymes that
allow materials to effectively integrate with surrounding tissues
(Chua et al., 2016). In our previous study, we have previously
developed and reported the decellularized nucleus pulposus
hydrogel (DNPH), which shows good potential in NP
regeneration (Yu et al., 2020). Although DNPHs have excellent
biological activity, the poor mechanical properties limited their
wide use in organizations with high mechanical strength
requirements, such as NP (Chan et al., 2013). Moreover,
current ECM hydrogels seem to not possess sufficient
mechanical properties which could match the requirement of
an NP biomechanical environment (Moya and Halder, 2019).
Without proper mechanical properties, there would be an
absence of mechanical signals from ECM bio-scaffolds such as
stiffness and elasticity to stimulate host cells and transplanted
cells for proliferation and differentiation (Loebel et al., 2019;
Moya and Halder, 2019). Due to the mechanical properties of the
IVD, stable ECM hydrogels with good mechanical properties for

supporting the survival and maturation of NP are needed
urgently.

A variety of mesenchymal stem cells (MSCs) have been
widely used in stem cell-based IVD engineering, including
cartilage or bone marrow-derived MSCs and adipose-derived
MSCs (ADSCs) (Li et al., 2021). Compared with other kinds of
MSC, ADSCs are especially suitable as seed cells for tissue
engineering of IVD, because they are easily accessible from
renewable adipose tissue and have potential to differentiate
into different cells, such as NP-like cells in specific conditions
(Zuk et al., 2001; Tapp et al., 2008). In addition, the prominent
paracrine secretion of ADSCs is also beneficial to modulate
the microenvironment of a degenerative NP environment.
However, without specific exogenous stimuli, the
differentiation of ADSCs is inhibited in varying degrees,
especially in various hydrogels or scaffolds (Virdi and
Pethe, 2021). Among those different factors affecting MSC
differentiation into NP-like cells, mechanical stimuli are
essential which induce MSC transformation and secretion
of NP-specific ECM (Liu et al., 2021). Therefore, in the
application of ADSCs in ECM-hydrogel based IVD tissue
engineering, adjusting the mechanical properties of
hydrogel to an appropriate degree is important for
inducing ADSC differentiation and finally rebuilding the
normal structure of IVD.

Genipin, a new type of natural cross-linking agent, has the
advantage of having low toxicity, having a mild cross-linking
process, and the cross-linking products having a good stability
and biological compatibility (Ma et al., 2014; Dupont, 2016).
Particularly, some studies have shown that genipin can improve
the stability and mechanical strength of scaffold. Therefore, it is
rational to assume that the modification of DNPH with genipin
could improve its stability and biomechanical properties for
better inducing the differentiation of seed cells. In this
research, we developed genipin cross-linked DNPH (GDH) as
a delivery system. We evaluated the mechanical properties,
stability, biocompatibility, and differentiation induction of
GDH with different concentrations of genipin in vitro to
determine the proper GDH similar to the properties of NP.
Then, we verified the inducing NP-like differentiation of
ADSCs exerted by GDH. Finally, we injected GDH loaded
with ADSCs (GDHA) into the rats’ degenerated coccygeal
IVD and evaluated the rebuilding effect of GDHA on
degenerated IVD in vivo. Our research will provide new
insights and methods for exploring ECM-based injectable cell
delivery systems to treat IDD.

MATERIALS AND METHODS

Extraction, Cultivation, and Identification of
ADSCs
All the animals were obtained from the Animal Center of Naval
Medical University (Shanghai, China), and all procedures were
approved by the Institutional Animal Care and Use Committee of
the Second Military Medical University. Male SD rats of 60-g
weight were anesthetized and executed to extract primary ADSCs.
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The sheared adipose tissue from the groin of rats was transferred
into a working solution containing 0.1% collagen type I (Sigma,
St. Louis, MO, USA) and 1% BSA (MP, Santa Ana, CA, USA) for
digestion (37°C, 1 h). The residue and supernatant were removed
by filtering and centrifuging, respectively. Then, the cells were
collected and cultured. The culture medium was completely
replaced once every 2 days. The third-generation ADSCs were
used for subsequent experiments. The surface antigen (CD29,
CD105, CD45, and CD90) positive rates of third-generation
ADSCs were evaluated by flow cytometry (BD, San Jose, CA,
USA) to identify the cell purity.

An induced differentiation medium (Cyagen Biosciences Inc.,
Santa Clara, CA, USA) was used to culture ADSCs for 3 weeks.
Cell adipogenesis differentiation was verified by Oil Red O
staining. Osteogenic differentiation was verified by alizarin red
staining. Chondrogenic differentiation was verified by Alcian
blue staining.

Preparation of GDH and GDHA
A DNPH precursor was prepared, as reported in our previous
study (Yu et al., 2020). Briefly, fresh bovine NP was subjected to a
freeze-thaw cycle and 1% SDS for decellularization, followed by
freeze-drying and grinding to powder. Firstly, the powder was
digested with pepsin for 72 h at room temperature, then the pH
and electrolyte were balanced at 4°C. Secondly, the DNPH
precursor was cross-linked by genipin (with or without
ADSCs) to form GDH at 37°C for 48 h. Notably, ADSCs and
genipin were mixed at the same time (final cell concentration is
4 × 106/ml) to form ADSC 3D culture in GDHA. Both GDH and
GDHA were divided to four groups according to the
concentration of genipin: 0% group (without genipin), 0.01%
group, 0.02% group, and 0.04% group. The properties of the
hydrogels, such as mechanical properties, stability,
biocompatibility in vitro, and differentiation of ADSCs into
NPCs, were tested.

Detection of GDH Cross-Linking Degree
The cross-linking process was reflected by gelation kinetics
(within 1 h) and ninhydrin experiments, respectively. The
gelation kinetics experiment was as follows: 50-μl precooled
gel precursors were placed in 96-well plates, and the
absorbance was measured every 2 min for a total of 60 min at
405 nm at 37°C using a Synergy HT pacemeter (BioTek,
Winooski, VT, USA). The data were normalized according to
Eq. 1. The ninhydrin experiment was follows: growth hormone
deficiency (GHD) with different cross-linking times was added to
a ninhydrin solution (solution of ethylene glycol monomethyl
ether with 8.5/ml mg of ninhydrin and 1.5 ml/mg of
hydrindantin) and incubated in boiling water for 15 min,
followed by cooling to room temperature and diluting with
60% ethanol. The absorbance of the solution at 570 nm was
recorded with the Synergy HT pacemeter (BioTek,Winooski, VT,
USA). The amount of free amino is proportional to the
absorbance of the solution. The cross-linking degree is
calculated as shown in Eq. 2.

normalized absorbance � A − A0/Amax A0 (1)

A is the absorbance, A0 is the initial absorbance, and Amax is
the maximum absorbance.

cross − linking degree � 1 − OD(cross − linking)/

OD(uncross − linking) × 100%
(2)

Mechanical Determination of GDH
The GDH in each group was trimmed into cylinders with a
diameter of 0.7 cm and height of 0.5 cm. An Instron 4455
universal material testing machine (Biomedical Center,
Donghua University, Shanghai, China) was used to perform
mechanical testing. The maximum stress σ (kPa) and
maximum strain (%) of each sample were measured according
to the instrument specification, and the elastic modulus E (kPa) of
the samples was calculated. The calculation formula is E � σ/ε.

Biodegradation of GDH in vitro
The type I collagenase solution (50 U/ml) with double antibodies
(Thermo Fisher Scientific, Waltham, MA, USA) was used as the
degradation solution, and the ratio of hydrogel volume (ml):
degradation solution (ml) is 1:20 (Butterfield et al., 2011). The
mixture was subjected to vibration and at constant temperature of
37°C. The total time of complete degradation was recorded.

Microstructure
GDH in each group was frozen quickly with liquid nitrogen and
cross-cut by a blade. The hydrogel was observed via cryogenic
scanning electron microscopy (SEM, FEI, USA). The average
mesh area was measured and calculated by software of ImageJ.

Biocompatible Assay
GDHAs, also divided into 0%, 0.01%, 0.02%, and 0.04% groups,
were prepared for three-dimensional culture. GDHAs (200 μl)
were seeded in 12-well plates, and the complete medium was
changed every 2 days. The monolayer culture was used as a
control group. Cell proliferation and cytotoxicity were detected
respectively by CCK-8 staining (Dojindo, Kumamoto, Japan) at 1,
3, and 7 days and live/dead staining at 5 days (R37601 Life
Technologies, Carlsbad, CA, USA) according to the
manufacturer’s protocol. The number of living cells was
measured by software of ImageJ, and the living cell ratio was
calculated to reflect the cell viability.

NP Phenotype Expression of ADSCs
Encapsulated in GDHA
We chose 0% and 0.02% groups of GDH for ADSC 3D culture,
and the monolayer culture was used as a control group. The
expression levels of NP phenotype genes (collagen I, collagen II,
aggrecan, sox-9) were detected at 7 and 14 days. The primers used
for RT-PCR are shown in Table 1. The procedures were carried
out as described in our previous report. Briefly, total RNA was
extracted using TRIzol reagent (Thermo Fisher Scientific). cDNA
was synthesized by reverse transcription, followed by real-time
PCR utilizing the SYBR Premix qPCR Kit (Takara, Shiga, Japan).
GAPDH was used for normalization. Relative gene expression
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data were conducted by the 2-ΔΔCT method. Each sample was
tested in triplicate.

After being 2D cultured on the surface of 0% or 0.2% GDH,
ADSCs were scraped off and lysed by RIPA buffer. After being
quantified with a BCA protein assay kit (Thermo Fisher Scientific
Inc., Waltham, MA), the proteins were separated by SDS-PAGE
and transferred onto polyvinylidene fluoride (PVDF)
membranes. After being blocked with 5% bovine serum
albumin (BSA), the PVDF membranes were incubated with
primary antibodies: collagen I (ab260043, Abcam, Cambridge,
MA, USA) (ab205718); collagen II (GB11021, Servicebio,Wuhan,
China); aggrecan (sc166951, Santa Cruz, Dallas, TX, USA); sox9
(ab185966, Abcam, USA); and GAPDH (ab8245). Then, the
membranes were washed and incubated with species-matched
peroxidase-conjugated secondary antibodies (Beyotime,
Shanghai, China) at room temperature for 2 h, and an ECL kit
(Millipore, Bedford, MA, USA) was used to visualize the
immunoreactive bands. Finally, ImageJ software was used to
calculate the band density.

Animal and Surgical Procedures
Eighty male SD rats 3 months old were used in this experiment.
When the rats hit 3 months, skeletal maturity was reached and the
IVD remodeling proved irrelevant to animal growth (Hughes and
Tanner, 1970). The disc degenerative disease (DDD) model was
established as described byRousseau et al. (2007). After rat anesthesia,
the vertebral bodies of Co7-9 were found by palpation and confirmed
byX-ray. Needles (20G)were inserted (parallel to the end plates) into
the center of the NP, rotated to 360°, and held for 30 s. After 2 weeks,
2 μl of injection in each group was injected using a microsyringe
attached to a 31-G needle into the disc, and the rats were kept still (for
gel in situ) formore than 30min.We defined the injection time as the
starting time (0 weeks). These rats were divided into 5 groups
randomly: sham group (without needle puncture and treatment),
control group (needle puncture and DMEM injection, ADSC group
(needle puncture andADSC injection), GDHgroup (needle puncture
and 0.02% GDH injection), and GDHA (needle puncture and 0.02%
GDHA injection). Then, the degeneration of the rat tail IVD was
evaluated at 0, 4, 8, and 12 weeks after injection.

X-Ray and MRI
At the time of 0, 4, 8, and 12 weeks after injection, the rats were
anesthesia by pentobarbital sodium (50 mg/kg, intraperitoneal
injection) and placed on the platform in prone position. The
radiographic beam (GE Medical Systems, Buckinghamshire, UK)
was adjusted to focus at the 2 target discs. Radiographs and disc
height index (DHI) were obtained using the image unit with a

collimator-to-film distance of 66 cm, exposure of 63 mA, and
penetration power of 35 kV. At 0 and 12 weeks after injection, T2
weighting with a 7.0-T MRI scanner (GE Medical Systems, UK)
was used to reveal the water content and the structure of the IVD.
The parameter settings were as follows: spin echo repetition time,
2,275 ms; echo time, 80 ms; number of excitations, 8; field of view,
5 cm; slice thickness, 1.5 mm; and no phase wrap. The MRI index
(NP area × T2 signal intensity) was measured by Sante DICOM
free software.

H and E and Safranin O Fast Green Stain
At the time of 0, 4, 8, and 12 weeks after injection, the rats were
executed. The harvested samples were fixed by 4%
paraformaldehyde, followed by de-calcification and paraffin-
embedded sectioning (5 μm). The standard sagittal position is
maintained during section. H and E stain and Safranin O-fast
green stain were performed respectively. The histologic scores
were evaluated according to the cellularity and morphology of the
IVD (Table 2) (Han et al., 2008).

Evaluation of the Survival and Migration of
the Transplanted ADSCs
To track the ADSCs in degenerative discs, GFP-ADSCs were used
in the ADSC group and the GDHA group. GFP-ADSCs were
obtained from 10 green fluorescent protein (GFP)-transgenic
female SD rats [50–60 g, SD-Tg (CAG-enhanced GFP) CZ-
004Osb, Sina-British SIPPR/BK Lab, Animal Ltd., Shanghai,
China]. The animal model established was as mentioned
above. The samples were collected and cross-sectioned (5 μm)
with a freezing microtome (Leica, Wetzlar, Germany) at 0, 4, 8,
and 12 weeks, respectively. Then, the specimens were stained with
DAPI (Servicebio, Wuhan, China) for 3 min. The survival of
GFP-ADSCs excited green fluorescence under a fluorescence
microscope (Leica, Wetzlar, Germany).

Statistical Analysis
Continuous variables are presented as the mean ± SD, while
categorical variables are presented as quartiles. Student’s t test was
used for two-group comparison, while one-way ANOVA test was
used for multiple groups and intergroup comparison was assessed
by the LSD t-test. p < 0.05 was considered statistically significant.
All data were analyzed using SPSS 20.0 (IBM, Armonk, NY, USA)
software. GraphPad Prism 6.0 was used for data conversion and
generating the statistical graph.

RESULTS

Characterization of ADSCs
The results of the flow cytometry detection of cell surface antigen
of ADSCs showed that the expressions of CD29 and CD90 were
positive (positive rate >90%), while the expressions of CD44 and
CD45 were negative (positive rate <5%, Supplementary Figures
S1A–C). The ADSCs were cultured under different induced
differentiation conditions and stained accordingly. After
2 weeks of adipogenic induction, a large number of red-stained

TABLE 1 | Primers used for RT-PCR analysis.

Gene Forward primer (59–39) Reverse primer (59–39)

Collagen I GCTCCTCTTAGGGGCCACT ATTGGGGACCCTTAGGCCAT
Collagen II GGGTCACAGAGGTTACCCAG ACCAGGGGAACCACTCTCAC
Aggrecan AGGTGTCGCTCCCCAACTAT CTTCACAGCGGTAGATCCCAG
sox-9 AGTACCCGCATCTGCACAAC ACGAAGGGTCTCTTCTCGCT
GADPH AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA
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fat droplets were observed in the cytoplasm after oil Red O
staining. After 2 weeks of osteogenic induction, alizarin red
staining showed red calcium nodules. After chondrogenic
induction for about 3 weeks, Alcian blue staining showed the
blue matrix inside and outside the cells (Supplementary Figures
S1D–G). Both flow cytometry and differentiation experiments
proved that most of the obtained cells were stem cells with good
differentiation potential, which can be used for further
experiments.

Observation and Cross-Linking Degree
Detection of GDH
The precursor of DNPH was mixed with different concentrations
of genipin evenly and placed at 37°C. After 30 min, all groups
were presented as opalescent translucent gel (GDH). Over time,
GDH became blue and deepens gradually. After 48 h, the color of
GDHwas basically no longer deepened. At 48 h, the 0% group is a
milky white and semi-fluid gel with a low cross-linking degree
(Figure 1A). In the 0.01% group, the appearance was light blue
and the cross-linking degree increased (Figure 1B); the 0.02%
group with blue appearance has a higher cross-linking degree
(Figure 1C). The 0.04% group has a dark blue appearance with
the highest cross-linking degree (Figure 1D).

The gelation kinetics curve was obtained, and the trend of
curve in each group was roughly similar (Figure 1E). The 0%
group completed the cross-linking in about 30 min, while other
groups were still cross-linking slowly after 30 min. The time-
variant degree of cross-linking was measured for 48 h (once an
hour) by the ninhydrin experiment (Figure 1F). The 0% group
was basically stable within 1 h, while other groups showed a slow
rise until 48 h. At the same time point, the cross-linking degree of
GDH increased significantly with the increase in the
concentration of genipin (p < 0.05%).

Microstructure
Hydrogels in each group appeared as a grid under a freezing
microscope. The microstructure of the 0% group was porous with

a smooth and regular skeleton (Figure 2A). With the addition of
genipin, the microstructure of GDH became twisted and tough,
and the pores became more irregular. GDH formed a new cross-
linking on the basis of the original grid structure of DNPH. As the
concentration of genipin increased, the microstructural
transformation of the hydrogel became more and more
obvious (Figures 2B–D). The average grid area, measured by
software ImageJ, decreased significantly with the increase in
genipin concentration (p < 0.05%, Figure 2E).

Mechanical and Stability Test
All groups completed the mechanical test except the 0% group,
which was a too loose structure to test. The maximum stress,
maximum strain, and elastic modulus of GDH at the inflection
point (when the hydrogel was destroyed) were obtained
according to the corresponding stress–strain curve
(Figure 3A). Results showed that the maximum strain of
the 0.01%, 0.02%, and 0.04% groups was (82.36 ± 2.50)%,
(76.57 ± 5.09)%, and (68.82 ± 2.73)%, respectively; the
maximum stress of each group was (4.63 ± 0.29) kPa,
(8.18 ± 0.33) kPa, and (9.40 ± 0.73) kPa; and the elastic
moduli were (5.62 ± 0.28) kPa, (10.70 ± 0.28) kPa, and
(13.64 ± 0.63) kPa. Therefore, with the increase in genipin
concentration, the maximum strain of GDH decreased
significantly (p < 0.05, Figure 3B), and the maximum stress
and elastic modulus increased significantly (p < 0.05, Figures
3C,D). This suggested that the elastic modulus of the
corresponding GDH increased with the increase in the
concentration of genipin.

The biodegradation of GDH in vitro was also tested. The
volume of each gel gradually decreased due to the action of
collagenase, and the complete degradation time of each group is
shown in Figure 3E. The stability of GDH increased significantly
with the increase in cross-linking degree (p < 0.05%).

Biocompatibility in vitro
Live/dead staining showed that the vast majority of cells in the
control group (2D monolayer culture) and the 0%, 0.01%, and

TABLE 2 | Histological grading scale.

Cellularity and morphology Grade

Cellularity of the AF 1. Fibroblasts comprise more than 75% of the cells
2. Neither fibroblasts nor chondrocytes comprise more than 75% of the cells
3. Chondrocytes comprise more than 75% of the cells

Morphology of the AF 1. Well-organized collagen lamellae without ruptured or serpentine fibers
2. Inward bulging, ruptured, or serpentine fibers in less than one-third of the annulus
3. Inward bulging, ruptured, or serpentine fibers in more than one-third of the annulus

Border between the AF and NP 1. Normal, without any interruption
2. Minimal interruption
3. Moderate or severe interruption

Cellularity of the NP 1. Normal cellularity with stellar-shaped nuclear cells evenly distributed throughout the nucleus
2. Slight decrease in the number of cells with some clustering
3. Moderate or severe decrease (>50%) in the number of cells with all the remaining cells clustered and separated by dense
areas of proteoglycans

Morphology of the NP 1. Round, comprising at least half of the disc area in mid-sagittal sections
2. Rounded or irregularly shaped, comprising one quarter to half of the disc area in mid-sagittal sections
3. Irregularly shaped, comprising less than one quarter of the disc area in mid-sagittal section
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0.02% groups were green stained (live cells); few cells were red
(death cells, Figures 4A–E). After counting the live/dead cells, the
living cell ratios were 91%, 90%, 87%, and 88%, respectively, with
no significant difference between groups (control, 0%, 0.01%,
0.02% group), while a large number of red-stained cells were
observed in the 0.04% group, and the living cell ratio was 52%,
which was significantly lower than that in the other groups (p <
0.05%, Figures 4F). The CCK-8 test showed that there were no
significant differences of cell proliferation between the control
and 0%, 0.01%, and 0.02% groups (p > 0.05). However, the cell
proliferation in the 0.04% group was much lower than that in
other groups (p < 0.05, Figures 4G). Giving a comprehensive
consideration to the stability and biocompatibility of GDH, we
determined that the proper concentration of genipin for cross-
linking was 0.02%.

NP-like Differentiation
As shown in Figure 5A–D, the expression of NP-related genes,
collagen type I (Col-1), collagen type II (Col-2), aggrecan (Acan),
and sox9 showed significant differences in each group (p < 0.05)
at 7 and 14 days, while there were no significant differences in
Col-1 between each group’s expression at various time-points
(p > 0.05). The comparison of aggrecan expression between the
0% and 0.02% groups showed no statistical difference (p > 0.05) at
7 days but increased significantly at 14 days in the 0.02% group
(p ＜ 0.05). The Col 2 and sox-9 expression levels in the 0.02%
group were higher than those of other groups at each time. The
expression of NP-related phenotype genes in ADSCs was highest
in group 0.02%, followed by the 0% group, and lowest in the
control group. In addition, the distinct effects of GDH with
different concentrations of genipin in inducing differentiation

FIGURE 1 | The appearance and cross-linking degree of the GDH cross-linked by different concentrations of genipin for 48 h. The morphology and color of GDH
shown in the 0% (A), 0.01% (B), 0.02% (C), and 0.04% (D) groups. (E): Gelation kinetics curve; (F): time-variant degree of cross-linking measured by the ninhydrin
experiment. Data represented mean ± SD (n � 5); *p < 0.05, vs. 0% group; #p < 0.05, vs. 0.1% group; &p < 0.05, vs. 0.02% group. Scale bar � 1 cm.
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of ADSCs to NP-like cells were confirmed by Western blot
(Figures 5E–I).

X-Ray
The changes in X-ray and DHI in each group are shown in
Figure 6. DHIs in the control group, ADSC group, GDH group,
and GDHA group were significantly lower than that in the sham
group at week 0 (p < 0.05). Compared with the control group,
ADSC group, and GDH group, the DHI in the GDHA group was
significantly higher at 4, 8, and 12 weeks (p < 0.05). Compared
with the control group, DHIs in GDH group and GDHA group
were much higher at 0, 4, 8, and 12 weeks (p < 0.05).

MRI
The MRI reflects the structure and water content of the IVD
(Figure 7). In the sham group, the structure of the IVDwas intact,
while in other groups, the disc was damaged to varying degrees
accompanied by the T2 signal change of the NP. TheMRI indexes
were compared and sorted. Compared with the sham group, the
MRI indices of the control group, ADSC group, GDH group, and
GDHA group were significantly lower at 0, 4, 8, and 12 weeks (p <
0.05), respectively. The structure and T2 signal of IVD in the
ADSC group, GDH group, and GDHA group were improved

compared with the control group (p < 0.05), while the MRI
indices of the GDHA group at 4, 8, and 12 weeks were much
higher than those in the control group, ADSC group, and GDH
group (p < 0.05).

Histological Staining and Grading
As shown in HE staining (Figure 8) and S and O staining
(Figure 9), the histological structure of IVD (distribution of
NP cells, NP content and disc height) in the sham group was
regular, and the corresponding histological grading score was 5.
In other groups, the disordered structure of NP and annulus
fibrosus was presented. The degeneration site was occupied by
fibrocartilage tissue and cells with different cell morphology or
even the scar tissue. The histological grading score in each group
over time is shown in Figure 8B. At the advanced stage
(8–12 weeks), the cell distribution and tissue structure of the
GDHA group were more regular and the histological grading
score was significantly improved compared with other groups
(except the sham group).

Cell Tracing
For detecting the living ADSCs in GDH, we applied GFP-tagged
ADSCs in building GDHA. As shown in Figure 10A, a small
number of GFP-ADSCs with limited migration were observed, in
the single ADSC group at 1 and 4 weeks. The number of cells
reached the maximum at 4 weeks while it significantly decreased
at 8 weeks and almost vanished at week 12 (p < 0.05, Figure 10C).
In the GDHA group, GFP-ADSCs could survive in the
degenerative disc and migrate to the surrounding area at
weeks 1, 4, 8, and 12 (Figure 10B). The number of GFP-
positive cells was highest at 1 and 4 weeks while it decreased
gradually at 8 and 12 weeks (p < 0.05, Figure 10C).

DISCUSSION

The NP-derived ECM hydrogels offered the possibility of
regeneration to degenerate NP (Collin et al., 2011; Wang
et al., 2014). However, the low elastic modulus and poor
stability of the ECM hydrogels may suffer no stress and
cannot sustain cells for long-term survival in degenerated IVD
(Chung and Burdick, 2008).Wachs et al. (2017) andMercuri et al.
(2013) reported the study of NP ECM hydrogels in vitro but
neglected the critical mechanical properties in IVDs (Setton and
Chen, 2004). It is of great significance to improve the stability and
mechanical properties of the ECM hydrogel and to clarify its
effects on cell behavior and relative mechanisms. In the present
study, we constructed ECM-based DNPH scaffold and made it be
cross-linked with genipin to improve the mechanical mechanics
and stability. Afterward, we figured out a suitable genipin cross-
linking concentration (0.02%) and developed a novel genipin
cross-linked decellularized NP hydrogel-like cell delivery system
(DNPH) to deliver ADSCs into IVD. We demonstrated that this
ADSC–genipin-DNPH complex could retard IDD significantly.

Cross-linking is a well-established technique in materials
science and bioengineering, through which two or more
molecules are chemically connected to enhance the mechanical

FIGURE 2 | The GHD microstructure observation and grid area
measurement by a cryoelectron microscope. Cryoelectron microscope
images of GHD in the (A) 0%, (B) 0.01%, (C) 0.02%, and (D) 0.04% groups.
(E) The quantification of the average grid area of GHD cross-linked with
genipin. Data represented mean ± SD (n � 5); *p < 0.05, vs. 0% group; #p <
0.05, vs. 0.1% group; &p < 0.05, vs. 0.02% group.
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strength of tissues or biomaterials. In recent years, cross-linking
has been gradually applied in the research of IDD and repair and
continuously developed as a novel therapeutic strategy for the
restoration of NPCs and ECM. As an essential factor for chemical
cross-linking, the current available agents include glutaraldehyde,
glyceraldehyde, ribose, and glucose (Wollensak and Spoerl, 2004).
The biological toxicity of chemical cross-linking agents cannot be

ignored during the cross-linking process, which limits their
further clinical application (Sung et al., 1999). As an extract
from traditional Chinese medicine, Eucommia ulmoides, genipin
is a natural biological cross-linking agent with low toxicity. Due to
its mechanical-enhancing properties and biocompatibility of the
matrix (Muzzarelli et al., 2016), genipin has been widely used in
the bioengineering research of sclera, articular cartilage, tendon,

FIGURE 3 | Effect of genipin concentration on GDH cross-linking rule and stability. (A) The stress–strain curves of the GDH hydrogels with different genipin
concentrations; (B,C) the maximum strain and maximum stress of the GDH hydrogels with different genipin concentrations; (D) the elastic modulus of the GDH
hydrogels with different genipin concentrations; (E) the stability of GDH reflected by the time of complete degradation in vitro. Data represented mean ± SD (n � 5); *p <
0.05, vs. 0% group; #p < 0.05, vs. 0.1% group; &p < 0.05, vs. 0.02% group.
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and bone (Kim et al., 2010; Yan et al., 2010; Muzzarelli et al., 2015;
Zhu et al., 2016). In the field of bioengineering repair for IDD, the
application of genipin is still in the initial stage (Zhou et al., 2018a;

Zhou et al., 2018b; Fujii et al., 2020). Zhou et al. produced the
genipin cross-linked type II collagen/chondroitin sulfate
composite scaffold, which had the property of in-situ gelation

FIGURE 4 | Cytocompatibility measurement of the hydrogels in vitro. (A–E) Live/dead cell staining and cell morphology observed at 5 days in the 2D-cultured
control group and 0%, 0.01%, 0.02%, and 0.04% groups; (F) the living cell ratio showing the viability of cells; (G) the cell proliferation tested by the CCK-8 test. Data
represented mean ± SD (n � 5); *p < 0.05, vs. 0% group; #p < 0.05, vs. 0.1% group; &p < 0.05, vs. 0.02% group. Scale bar � 100 μm.

FIGURE 5 |Nucleus pulposus-related gene expression levels of ADSCs. Gene expression levels of Acan (A), Col-I (B), Sox9 (C), and Col-II (D)weremeasured at 7
and 14 days. Verification of Western blot for NP-related gene expression at 7 days is shown in (E–I). Data represented mean ± SD (n � 5); *p < 0.05, vs. 0% group; #p <
0.05, vs. 0.2% group.
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and induced adipose-derived stem cells differentiating to an NP-
like phenotype in vitro (Zhou et al., 2018b). In addition, Zhou
et al. developed a genipin-cross-linked type II collagen scaffold
and found that it can promote the differentiation of adipose-
derived stem cells into NP-like cells (Zhou et al., 2018a).
However, whether GDH has the therapeutic effect on IDD is

hitherto unclear. In the present study, the gelation kinetics and
ninhydrin detection showed that the GDHwas initially self-cross-
linking rapidly at the first half hour, then slowed down by genipin,
and finally completed in around 48 h. The cross-linking degree,
elastic modulus, and resistance to enzymatic hydrolysis of the
GDH were positively correlated with genipin concentration. SME

FIGURE 6 | Radiographs of the caudal vertebra and change of the DHI tested by X-ray at 0 (A), 4 (B), 8 (C), and 12 (D) weeks after injection. Data represented
mean ± SD (n � 5); *p < 0.05, vs. sham group; #p < 0.05, vs. control group; &p < 0.05, vs. ADSCs group; $p < 0.05, vs. GHD group.
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showed that the mesh area in the hydrogel decreased with the
increase in genipin concentration, suggesting that genipin may
establish more solid cross-linking to the hydrogel. When the
concentration of genipin is 0.02%–0.04%, the elastic modulus of
GDH is close to human NP (about 11 kPa) (Iatridis et al., 1996).

The CCK-8 test showed that there was no significance between
different groups (expect the 0.04% genipin group) at various
time-points. Meanwhile, the dead/live test showed that most of
the ADSCs cultured on the GDH with low concentrations of
genipin (0%–0.02%) were living, which account for about 90%.

However, in the 0.04% group, it showed a significant increase of
dead cells, and the ratio of living cells was only 50% as well.
According to these results, we deduced that the optimum
concentration of genipin is 0.02%.

The gene expression of NP-related phenotypic molecules
(aggrecan, Sox-9, collagen I, and collagen II) represents the
matrix synthesis and reflects the NP-like differentiation of
ADSCs. The RT-PCR and Western blot showed there were no
significant between different groups in the expression of Col-1
(NP-negative maker) at various time-points. Compared with the

FIGURE 7 | Typical MRI andMRI index change in the tail discs at 0 (A), 4 (B), 8 (C), and 12 (D)weeks after injection. Data representedmean ± SD (n � 5); *p < 0.05,
vs. sham group; #p < 0.05, vs. control group; &p < 0.05, vs. ADSCs group; $p < 0.05, vs. GHD group.
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control group, gene expression levels of NP-positive markers
(Col-2, Acan, and Sox-9) were increased in the DNPH group and
reached to the highest level in the 0.02% genipin–DNPH group.
This suggested that DNPH promoted the NP-like differentiating
induction of DNPH which could be enhanced by genipin cross-
linking. There might be several potential mechanisms
contributing to this phenomenon. Firstly, ECM cross-linked by
genipin leads to variations in stiffness and roughness, while its
proteic composition remains unchanged (Yoo et al., 2011). Its
inherent collagen II could improve the differentiation of ADSCs
into NP cells (Yin et al., 2018) and promote the synthesis of ECM

(Tao et al., 2016; Zhou et al., 2018b). Secondly, the stiffness of the
ECM leads to the differentiation of MSCs. The mechanically
related transcription coactivator (YAP/TAZ) with a PDZ-binding
motif has been shown to influence the behavior of MSC by
transducing signals originated from ECM mechanical cues
(Dupont, 2016). Previous studies showed that MSCs have
robust osteogenic capacity on a rigid matrix with a modulus
of 40 kPa (Ye et al., 2015; Ye et al., 2016), while on a soft matrix
(0–1 kPa) they contribute to adipogenic differentiation (Engler
et al., 2006). In this study, the modulus of GDH (with 0.02%
genipin) was about 11 kPa, contributing to chondroid

FIGURE 8 | Typical HE staining and histologic score change in the tail discs at 0 (A), 4 (B), 8 (C), and 12 (D)weeks after injection. Data represented mean ± SD (n �
5); *p < 0.05, vs. sham group; #p < 0.05, vs. control group; &p < 0.05, vs. ADSC group; $p < 0.05, vs. GHD group. Scale bar � 500 μm.

FIGURE 9 | Typical Safranin O–fast green (S–O) staining in the tail discs at 0 (A), 4 (B), 8 (C), and 12 (D) weeks after injection. Scale bar � 500 μm.
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differentiation (Akhmanova et al., 2015). Thirdly, the secondary
structure and surface properties of ECM were changed in GHD
(Qiu et al., 2013). SEM showed that loose mesh in DNPH
changed into denser mesh in GDH. In the perspective of
topological structure, surface characteristics and pore size may
affect the differentiation of stem cells (Ma et al., 2018).

Nevertheless, the molecular mechanism in which GDH (with
0.02% genipin) exerted specific NP differentiation–induction on
ADSCs needs to be explored in further studies.

Given the differences between in vitro and in vivo environments,
whether ADSCs can survive and maintain the same cytoactivity in
degenerated IVD as the in vitro culture needs to be clarified. In the
present study, the in vivo cell tracing showed that a few ADSCs in the
ADSCs groupwere alive at 1 and 4 weeks, while in the GDHA group,
more cells were still alive at 8 weeks and kept cytoactive, indicating
that GDH could provide vital support for surviving ADSCs in IVD.
Moreover, our results also showed that GDHA significantly restored
the histological characteristics of degenerated IVD. Compared with
the degenerative group, the intervertebral height and structure in the
ADSC groupwere improved, while they were still worse than those in
the GDHA group. Some studies have shown that the degraded NPs
possess a detrimental environment (low oxygen tension, limited
nutrition, acidic pH, high osmotic pressure), which has a negative
impact on the function and viability of transplanted cells (Henry
et al., 2018). As abovementioned, only a few ADSCs survived at
4 weeks. Considering that related ECM can be synthesized by ADSCs
in the early stage, it is difficult to make ADSCs survive in the long
term in harsh environments and hardly achieve continuous
restoration of the IVD physiological structure. The cell tracer
showed that the cells in the GDHA group could survive longer,
combined with a higher elastic modulus. The DHI, MRI index, and
degeneration index were improved in the GDHA group, but they
were still inferior to those in the sham group. In addition, due to the
improved elastic modulus and better anti-enzymatic hydrolysis
performance, the intervertebral height and T2 signal values in the
GDH group were higher than those in the degenerative group.
Therefore, GDHA possesses superior mechanical properties and
can prolong the survival time of ADSCs, which is an ideal
biomaterial for IVD regeneration.

CONCLUSION

In the present research, we developed a novel genipin cross-
linked decellularized NP hydrogel-like cell delivery system to
deliver ADSCs into IVD. The GDH is cross-linked with 0.02%
genipin and has the ability of in situ gelation after injection. The
GDHA cross-linking degree is moderate with an increased bio-
stability and solid-like properties after gelation. Our in vitro
results demonstrated the bio-safety of the GDHA and the
stimulating effects of the GDHA on the differentiation of
ADSCs to NP-like cells. We further studied the pro-
regenerative effects of the GDHA delivery system on the IDD
in the rat model, and we demonstrated that it could partly
promote the regeneration of the degenerated NP. We hope
our study can provide new clinical application of stem cell-
based tissue engineering for the treatment of IDD.
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BoneMesenchymal StemCell-Derived
sEV-Encapsulated Thermosensitive
Hydrogels Accelerate Osteogenesis
and Angiogenesis by Release of
Exosomal miR-21
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Medical Sciences and Peking UnionMedical College, Beijing, China, 5Institute ofMicrosurgery on Extremities, Shanghai Jiao Tong
University Affiliated, Shanghai Sixth People’s Hospital, Shanghai, China

Angiogenesis has been recognized to play an essential role in remodeling new bone
(osteogenesis). Small extracellular vesicles (sEVs), the endogenously secreted
nanovesicles by cells, exhibit great potential in the regeneration of bone defects and
the realization of cell-free therapy. Chitosan, a natural polysaccharide, can form a
thermosensitive injectable hydrogel through the addition of β-glycerophosphate.
Herein, we developed injectable thermosensitive hydrogel-encapsulated sEVs derived
from bone mesenchymal stem cells, which significantly prolonged delivery and release and
synergistically enhanced bone regeneration. sEVs were isolated and characterized, and
the physicochemical properties, release kinetics, and biocompatibility of the hydrogels
were analyzed. In vitro experiments were performed to investigate osteogenic
differentiation, cell proliferation and migration, and tube formation. Thereafter, sEVs
were added to the chitosan/β-glycerophosphate hydrogel (sEV@CS/β-GP composite)
to repair calvarial defects in rats. The results showed that sEV-loaded hydrogels were
biocompatible, exhibiting excellent thermosensitive properties and enhancing bone
regeneration. Furthermore, mechanistic studies revealed that exosomal miR-21
targeted SPRY2, thereby promoting angiogenesis. Our study provides new insights on
the repair of bone defects with multifunctional controlled-sEV-release hydrogels, which
shows great potential in the repair of tissues in the future.

Keywords: thermosensitive hydrogel, small extracellular vesicle, release, bone regeneration, angiogenesis

INTRODUCTION

Bone defects often arise from trauma, infections, tumors, congenital malformations, or skeletal
diseases, and they can heal slowly or not at all, thereby leading to life-long disabilities (Zaidi, 2007;
Huey et al., 2012). Currently, the “gold standard” in the treatment of bone defects is autologous and
allogeneic transplantation (Crane et al., 1995; Lopes et al., 2018). In recent years, the introduction of a
variety of reconstructive materials has provided new tools for orthopedic surgeons; however, the
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most important aspect of bone regeneration still lies in the
identification of safe, effective, and aesthetic means for filling
structural defects (Kawai et al., 2011; Bose et al., 2012; Zhang
et al., 2019). Several studies on the modulatory processes of bone
healing have demonstrated that angiogenesis plays an important
role in bone regeneration. As such, bone tissue engineering
combines the use of different cells, biological factors, scaffolds,
and bone substitutes to improve osteogenic and angiogenic
activities (Langer and Vacanti, 1993; Khademhosseini and
Langer, 2016).

The use of bone mesenchymal stem cells (BMSCs) is an
attractive approach to promote osteogenesis and angiogenesis
in patients with bone defects (Fu et al., 2019). BMSCs can be
easily harvested from donors, maintain osteogenic properties,
and offer a low incidence of graft-versus-host disease. However,
the direct transplantation of BMSCs associates with several
challenges such as time- and dose-requirements, the low
survival rate of locally transplanted cells, tumor formation,
and immune rejection (Sissung and Figg, 2020). In addition,
the role of BMSCs in tissue regeneration involves paracrine
mechanisms, which stimulate immunomodulatory pathways,
and small extracellular vesicles (sEVs) have been implicated in
these processes (Li et al., 2018).

sEVs are membranous structures (diameter, 50–150 nm),
namely, exosomes and microvesicles that are released from
cells into the extracellular environment, and they participate in
cell-to-cell communication (Tkach and Thery, 2016; van Niel
et al., 2018; Xu et al., 2018). sEVs have important roles in the
protection of their contents, such as mRNAs, miRNAs, and
proteins, from degradation, as well as in the delivery of their
contents to recipient cells, which are needed for cell function (He
et al., 2018; Kalluri and LeBleu, 2020). sEVs possess stem cell-like
pro-regenerative properties, and the application of sEVs may
prevent many of the adverse effects of stem cell transplantation
therapy. More importantly, sEVs do not contain MHC-I or
MHC-II proteins; as such, they overcome the disadvantages of
stem cell transplantation therapy and seldom induce overt
immune reactions (Roccaro et al., 2013). Previous studies have
demonstrated that BMSC-derived sEVs (BMSC-sEVs) exhibit
similar or identical therapeutic roles to those of BMSCs used
in the treatment of bone defects, and miRNAs may induce
osteoblast differentiation and bone formation (Tan et al., 2020;
Wang and Thomsen, 2021). For example, Liu et al. reported that
BMSC-sEVs expressing miR-130a can stimulate the PTEN/AKT
signaling pathway during angiogenesis and bone remodeling (Liu
et al., 2019), whereas Liao et al. demonstrated that BMSC-sEVs
expressing miRNA-122–5p can promote osteoblast proliferation
during osteonecrosis of the femoral head (Liao et al., 2019b).
Taken together, these findings suggest that exploring the
underlying mechanisms of bone regeneration induced by
exosomal miRNAs may improve our understanding of
osteogenesis and angiogenesis, thereby promoting the
development of new treatment strategies.

Recently, hydrogels have generated considerable interest in the
field of bone repair, as they involve a minimally invasive injection
and form into a solid-like object in situ (Ingavle et al., 2019; Kocak
et al., 2020). Polymer-based hydrogels have been used in tissue

repair due to their structural uniformity, biodegradability, high
permeability, biocompatibility, improved mechanical strength,
and application ease (Hoffman et al., 2013). Chitosan (CS), a type
of endogenous polysaccharide, has been widely used due to its
many properties, including antibacterial activity and exogenous
biomineralization capability (Petit et al., 2020). Among chitosan-
based hydrogels, chitosan (CS)/β-glycerophosphate (β-GP)
hydrogels have received much interest because of their
thermosensitive properties and injectability (Wasupalli and
Verma, 2020). Thermosensitive hydrogels exist as liquids at
room temperature but form gels at body temperature, that is,
most thermally-responsive hydrogels are soluble below a specific
temperature, which is known as the lower critical solution
temperature (LCST), but they are insoluble above this
temperature (Bhattarai et al., 2010).

To our knowledge, the effects of sEV-loaded CS/β-GP
hydrogels on angiogenesis, which is critical for bone
regeneration, have not yet been investigated (Wang et al.,
2020). Here, an effort was made to fabricate a novel type of
injectable hydrogel system (sEV@CS/β-GP composite) consisting
of the CS/β-GP hydrogel and sEVs that was capable of forming a
gel in situ at body temperature. The sEVs were released in a
sustained and controlled manner, and the hydrogel was gradually
degraded and internalized by human umbilical vein endothelial
cells (HUVECs) and human BMSCs. Furthermore, the absorbed
sEVs exhibited osteogenic and angiogenic properties. Previous
studies have also reported that angiogenic activity was also
promoted by miR-21 overexpression in BMSC-sEVs (Wu
et al., 2020; Li G.-Q. et al., 2021; Zhang et al., 2021). In
summary, sEV@CS/β-GP hydrogels can promote bone
regeneration, which was likely mediated by miR-21
overexpression. These findings provide new insights on a
promising therapeutic strategy for cell-free bone repair.

MATERIALS AND METHODS

Cell Culture
BMSCs, HUVECs, and HEK-293 cells were obtained from the cell
bank of the Chinese Academy of Medical Sciences (Beijing,
China). BMSCs were cultured in basal media (Cyagen
Biosciences, Santa Clara, CA, United States), and HUVECs
and HEK-293 cells were cultured in high-glucose Dulbecco’s
modified Eagle’s medium (DMEM, Gibco BRL, Grand Island,
NY, United States) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin–streptomycin.

Isolation and Characterization of sEVs
sEV Isolation and Purification
sEVs were isolated and purified from BMSC supernatants by
ultracentrifugation as previously described (Colombo et al.,
2014). Before isolation, BMSCs were incubated for 48 h in
medium supplemented with 10% sEV-depleted FBS (Umibio,
Shanghai, China). The supernatant was collected and centrifuged
at 300 × g for 10 min, 2000 × g for 20 min, and 10,000 × g for
30 min to discard the cell debris, and centrifuged at 100,000 × g
for 70 min to collect the sEVs. The pelleted sEVs were washed two
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times with PBS and centrifuged at 110,000 × g for 70 min to
remove the contaminating proteins. All procedures were
performed at 4°C, and the sEVs were resuspended in PBS.

sEV Identification and Internalization
The size distribution of sEVs was determined by nanoparticle
tracking analysis (NTA) with the NanoSight NS500 system
(Malvern Instruments, Malvern, United Kingdom), and the
morphology of sEVs was observed by transmission electron
microscopy (TEM, Hitachi, Tokyo, Japan) as previously
described (Wu et al., 2021). Western blotting was used to
detect the expression of sEV-specific surface markers,
including CD63, CD81, and TSG101.

The uptake of sEVs by BMSCs and HUVECs was examined by
labeling sEVs with the fluorescent dye PKH26 or PKH67 (Sigma-
Aldrich, Darmstadt, Germany), according to the manufacturer’s
instructions, which were then incubated with BMSCs or
HUVECs at 37°C for 24 h. Subsequently, the cells were fixed
with 4% paraformaldehyde, stained with DAPI for 10 min, and
observed by confocal microscopy (Nikon, Tokyo, Japan).

Impact of sEVs on Osteogenic
Differentiation
Alizarin Red Staining (ARS) and Alkaline Phosphatase
(ALP) Activity
The osteogenic differentiation of BMSCs was carried out 24 h
after the incubation of sEVs or transfection of miRNA mimic or
inhibitor. Briefly, the medium was replaced with osteogenic
differentiation medium (Cyagen Biosciences), which was
refreshed every 72 h, supplemented with PBS (200 μL) or
different concentrations of BMSC-sEVs (50 or 100 μg/ml). To
assess mineralization, ARS was performed on day 14 after
osteoinduction. Cells were stained with 2% ARS solution
(Sigma-Aldrich) for 10 min and then washed with distilled
water. To quantitatively determine matrix calcification, the
cells were de-stained with 10% cetylpyridinium chloride in
10 mM sodium phosphate for 30 min, and the absorbance was
measured at 562 nm.

To assess ALP activity, the ALP assay kit (Beyotime, Jiangsu,
China) was used. BMSCs were cultured in osteogenic
differentiation medium and lysed on days 7 and 14 with 0.1%
Triton X-100 in Tris-HCl for 2 h at 4°C. p-Nitrophenyl phosphate
was added to the cell lysates, and the samples were incubated at
37°C for 15 min. The normalized ALP activity was obtained by
determining the total intracellular protein concentration with the
Pierce BCA Protein Assay kit (Thermo Fisher Scientific,
Waltham, MA, United States).

Impact of sEVs on Angiogenesis
Cell Proliferation Assay
Three groups were prepared according to the BMSC-sEVs
concentration (0, 50, and 100 μg/ml), with each group
consisting of quadruplicate wells. HUVECs (5 × 103 cells/well)
were inoculated into 96-well plates and treated with the different
BMSC-sEVs concentrations. The medium was changed every
2 days. To assess cell viability, the Cell Counting kit-8 (CCK-8;

Dojindo, Tokyo, Japan) was used. On days 1, 3, 5, and 7, the
absorbance was measured at 450 nm, and the growth curve was
generated. CCK8 assay was also performed to test the promoting
effect of gradient concentrations (400, 200, 100, 50, 25, and 0 μg/
ml) of sEVs on cell proliferation.

Cell Migration Assay
HUVECs (1 × 104 cells/well) were resuspended in serum-free
medium and seeded into the upper chamber of Corning 8-μm
pore size transwell units (Corning, NY, United States) that were
housed in 24-well plates. The lower chamber was filled with
DMEM supplemented with 10% sEV-depleted FBS that was pre-
incubated with PBS (200 μL), BMSC-sEVs (50 μg/ml), or BMSC-
sEVs (100 μg/ml). The plates were incubated at 37°C for 24 h.
Thereafter, the cells attached to the upper surface of the filter
membranes were removed, and those attached to the lower
surface were stained with 0.1% crystal violet. Cell migration
was observed by light microscopy (Leica, Solms, Germany).

Tube Formation Assay
The in vitro angiogenesis assay was conducted using Matrigel
basement membrane matrix (BD Biosciences, San Jose, CA,
United States), according to the manufacturer’s instructions.
Briefly, Matrigel was thawed overnight at 4°C and added to
96-well plates (50 μL/well), which were then incubated at 37°C.
Thereafter, HUVECs (2 × 104 cells/well) were resuspended in
complete medium supplemented with 10% sEV-depleted FBS
pre-incubated with PBS (10 μL), BMSC-sEVs (50 μg/ml), or
BMSC-sEVs (100 μg/ml). The plates were incubated at 37°C
for 6 h, and tube formation was observed by inverted
microscopy. Five fields from each well were randomly selected,
and the total tube length was measured with ImageJ software
(National Institutes of Health, Bethesda, MD, United States).

Quantitative Real-Time PCR (RT-qPCR) Analysis
TRIzol (Invitrogen, Carlsbad, CA, United States) was used to
isolate total RNA, and the Revert Aid First-Strand cDNA
Synthesis kit (Vazyme, Jiangsu, China) was used to reverse
transcribe RNA, according to the manufacturer’s instructions.
The sEV RNA Purification kit (Umibio, Shanghai, China) was
used to extract miRNA, and the SYBRGreenmicroRNAAssay kit
(Applied Biosystems, Foster City, CA, United States) was used to
synthesize cDNA. Real-time PCR was performed with the ABI
PRISM 7900 H T system using the SYBR Green Master-Mix kit
(Applied Biosystems). GAPDH and U6 were used to normalize
mRNA andmiRNA expression levels, respectively, and the 2−ΔΔCt

method was used to quantify the relative expression levels. All
primer sequences are listed in Table 1.

Western Blotting
The total protein concentrations in cells and sEVs were
determined using the BCA Protein Assay kit. Proteins were
separated by 10% SDS-PAGE, transferred to PVDF
membranes, and probed with the appropriate primary and
secondary antibodies. Immunoreactive bands were visualized
using enhanced chemiluminescence reagents (Thermo Fisher
Scientific) and quantified using ImageJ software. Primary
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antibodies against CD63, CD81, TSG101, Calnexin, OCN, OPN,
Runx2, VEGF, bFGF, ANG-1, and CD31 were obtained from
Abcam (Cambridge, United Kingdom).

Preparation and Characterization of
Hydrogels
Hydrogel Preparation
Thermosensitive CS/β-GP hydrogels were prepared as previously
described (Wu et al., 2019). Briefly, 0.2 g of CS (degree of
deacetylation, 95%; Sigma-Aldrich) was added to an acetic
acid solution (0.1 mol/L, 10 ml) to obtain the 2% (w/v) CS
solution, followed by the dropwise addition of 1 ml of 56% (w/
v) β-GP solution (Merck, Darmstadt, Germany) while stirring.

Thermosensitivity
The sol-to-gel transition behavior of the hydrogels at 37 °C was
determined by the test tube inversion method (Park et al., 2012),
which uses flow (sol) or no-flow (gel) criteria to assess flow when
sample tubes are inverted for 30 s at a controlled temperature.
The gelation time was determined by inverting the vial every 30 s.
Five independent duplicate tests were performed. The gelation
time was recorded, and the average value was used.

Scanning Electron Microscopy (SEM)
Hydrogels were frozen at −80°C for 24 h and lyophilized at −40°C
for 48 h in a freeze-dryer. Thereafter, the samples were cut with a
sharp blade to obtain cross-sections and sputter-coated with a
gold-platinum layer. Cross-sections were observed by SEM
(XL30, PHILIPS, Eindhoven, Netherlands). The pore size was
analyzed by ImageJ software, and the average pore size was
calculated based on 50 pores in five randomly selected areas
per sample.

Viscosity
A rheometer (Kinexus Ultra, Malvern, United Kingdom)
equipped with a parallel plate with a diameter of 20 mm and a
gap distance of 0.5 mm was used to measure the rheological
properties of the hydrogel solution. The variations in the storage
(G′) and loss (G″) moduli of the samples were measured under
constant strain (0.1%) and frequency (1.0 Hz). The hydrogel
solution was added to the parallel plate using a temperature
range of 25–45°C and a heating rate of 0.5°C/min.

Swelling and Degradation Behaviors
Hydrogels (n � 3) were dried, weighed (Wd), and rehydrated in
PBS for 24 h at 37°C. Samples were removed from PBS and
weighed again (Ws) at different time points after blotting the
surface with filter paper (Yuan et al., 2019). The swelling ratio was
calculated as follows (Ws – Wd)/Wd × 100%

The degradation of the hydrogels was reflected in the weight
loss, which was also studied in PBS at 37°C. At given time points
(days 1, 4, 7, 10, 14, and 21) after blotting the surface with filter
paper, the hydrogel weight was measured. The weight loss ratio
was defined as follows (W0 – Wt)/W0 × 100%, where W0 is the
initial weight of the sample, and Wt is the weight of the sample at
a specific time point.

Mechanical Properties Test
Themechanical properties of the hydrogels were determined with
a universal mechanical analyzer (Instron, Norwood, MA,
United States). Photo-crosslinked cylindrical hydrogels (n � 4)
with a height of 5 mm and a diameter of 10 mm were placed on
the lower plate at a speed of 1 mm/min, and the compressive force
was recorded until the hydrogels were deformed by the
upper plate.

Ability of sEVs/Gel Composites to Release sEVs
sEVs (1 × 108 particles/mL) were added to the composited
hydrogels, and the release of sEVs from hydrogels was
measured using the BCA Protein Assay kit. Briefly, the
hydrogels were immersed in PBS in 24-well plates. At specific
time points, the liquid on the surface of the hydrogels was
collected, and the PBS in the wells was replaced. sEVs release
was quantified and expressed as a percentage. Data were
presented as mean ± SD of three replicates.

In Vivo Animal Experiments
Surgical Procedures
All procedures were approved by the Animal Research
Committee of Peking Union Medical College Hospital
(XHDW-2020-040), and all surgical procedures were
performed in a sterile environment. Rats were anesthetized
with an intraperitoneal injection of pentobarbital sodium
(50 mg/kg). Thereafter, a 1.0–1.5-cm midline sagittal incision
was made on the scalp, and the calvarium was exposed by blunt
dissection. Two full-thickness critical-size calvarial defects with a

TABLE 1 | List of primers used.

Gene Primer sequence, 59–39

Forward Reverse

OCN CACTCCTCGCCCTATTGGC CCCTCCTGCTTGGACACAAAG
OPN GAAGTTTCGCAGACCTGACAT GTATGCACCATTCAACTCCTCG
Runx2 TCAACGATCTGAGATTTGTGGG GGGGAGGATTTGTGAAGACGG
VEGF AGCGCCGAAGTCCAGAAAAC AGGGTCTCGATTGGATGGCA
bFGF AGAAGAGCGACCCTCACATCA CGGTTAGCACACACTCCTTTG
ANG-1 AGCGCCGAAGTCCAGAAAAC TACTCTCACGACAGTTGCCAT
GAPDH CAGGGCTGCTTTTAACTCTGG TGGGTGGAATCATATTGGAACA
U6 TGGAACGCTTCACGAATTTGCG GGAACGATACAGAGAAGATTAGC
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diameter of 5 mm each were created with a drill with a sterile bit,
and 18 male rats at 8 weeks-of-age were randomly allocated into
three groups as follows: PBS (control), CS/β-GP hydrogel, and
CS/β-GP hydrogel with 200 μg sEVs (sEV@CS/β-GP).
Thereafter, the bone defects were closed and sutured with
degradable silk thread. All rats were housed individually and
provided food and water in a temperature-controlled
environment with regular use of prophylactic antibiotics.

Micro-CT Analysis
Rats were euthanized at 12 weeks after surgery, and the skulls
were explanted and fixed in 4% (w/v) paraformaldehyde. The
morphology of the skulls was assessed using micro-computed
tomography (CT) to determine the bone volume. The percentage
of new bone volume to tissue volume (BV/TV), bone mineral
density (BMD), trabecular number (Tb.N), and trabecular
thickness (Tb.Th) were determined using Mimics software
(Materialise, Leuven, Belgium).

Histological, Immunohistochemical, and
Immunofluorescence Analysis
Specimens were fixed with 4% (w/v) paraformaldehyde solution,
decalcified with 5% (w/v) EDTA, dehydrated in a graded series of
alcohol solutions, and embedded in paraffin. Thereafter, 5-μm-
thick cross-sections from mid-defect cranial regions were stained
with hematoxylin and eosin (H&E) and observed by light
microscopy. Masson’s trichrome staining was used to evaluate
the degree of collagen maturation.

For immunohistochemical analysis, the cross-sections were
treated with antigen retrieval buffer and incubated with a CD31
primary antibody (1:100) at 4°C overnight. Thereafter, the cross-
sections were incubated with a secondary antibody (1:250) at
room temperature, followed by staining with DAB and
counterstaining with hematoxylin. CD31 immunofluorescence
staining was performed to examine new capillary formation.
Cross-sections were incubated a CD31 primary antibody (1:
100) at 4 °C overnight and a secondary antibody (1:250) at
room temperature for 1 h in the dark.

Exosomal miR-21-Mediated Angiogenesis
by Targeting SPRY2
Luciferase Reporter Assay
The 3′untranslated region (UTR) of wild-type (wt) and mutant
(mut) SPRY2 was amplified by PCR and individually inserted
into the pGL3 plasmid. HEK293 cells (5 × 104) were seeded in 48-
well plates and co-transfected with the wt or mut luciferase
reporter (100 ng) and miR-21 mimics (20 nM) or negative
control (NCs) as indicated. At 48 h after transfection, the
relative luciferase activity was detected with the Bright-Glo
luciferase Assay system (Promega, Madison, WI, United States).

Cell Transfection
To examine the function of miR-21, HUVECs were transfected
with miR-21 mimic or inhibitor and the respective NC (RiboBio,
Guangzhou, China) using Lipofectamine 3000 reagent
(Invitrogen). For SPRY2 overexpression, HUVECs were

transfected with SPRY2 cDNA (Genechem, Shanghai, China)
using Lipofectamine 3000 reagent.

Statistical Analysis
All experiments were performed at least in triplicate. All the data
are presented as the mean ± standard deviation (SD). Multiple
group comparisons were performed by two-way analysis of
variance with Tukey’s post hoc test. Statistical analysis was
carried out with GraphPad Prism 7.0 (GraphPad Software, La
Jolla, CA, United States), and statistical significance was taken at
(*) p < 0.05 and (**) p < 0.01.

RESULTS

Characterization of sEVs
sEVs were successfully isolated from BMSCs, and BMSC-sEVs
were characterized by NTA analysis, TEM analysis, and western
blotting. NTA analysis revealed the size distribution of the sEVs
to consist of a single bell-shaped curve with a peak at
approximately 120.0 nm, and the percentage of the sEVs with
a diameter in the range of 30–150 nm was >99% (Figure 1A).
TEM images showed the sEVs to be round or cup-shaped with a
diameter in the range of 100–150 nm (Figure 1B). Western
blotting analysis (Figure 1C) showed that sEVs, and not
BMSCs, expressed CD63, CD81, and TSG101 but not calnexin
(negative control). Representative fluorescence microscopy
images (Figure 1D) showed that sEVs were observed in the
cytoplasm, which was indicative of their attachment and
internalization by BMSCs and HUVECs. In addition,
immunoreactive PKH26 (red) and PKH67 (green) were
observed around the nucleus (blue).

Pro-Osteogenic and Pro-angiogenic Effects
of BMSC-sEVs in vitro
The promoting proliferative effect was enhanced as the
concentrations of sEVs increased, while this effect was
significantly reduced or faded when sEVs were more than
200 μg/ml (Supplementary Figure S1). Compared with
controls, the results of ARS showed that the different
concentrations of sEVs could enhance mineral deposition by
BMSCs on day 14, and the highest concentration of sEVs could
induce matrix mineralization and calcified nodule formation
(Figure 2A). In quantitative analysis, there was significantly
more calcium accumulation in the group treated with sEVs at
100 μg/ml than that in the group treated with sEVs at 50 μg/ml or
the untreated group (p < 0.05; Figure 2B). ALP activity, an
indicator of early-stage osteogenic differentiation of BMSCs, was
significantly higher in cells exposed to both concentrations than
that in control cells on days 7 and 14 (p < 0.05; Figure 2C), and
the effects were dose-dependent. The mRNA levels ofOCN,OPN,
and Runx2 gradually increased in cells exposed to sEVs from days
7–14, and the protein levels of OCN, OPN, and RUNX2
significantly increased on day 14 (Figure 2D), indicating that
BMSC-sEVs can upregulate the expression of osteogenic genes
(p < 0.05). The most significant increases in mRNA expression
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were observed in cells treated with the highest concentration of
sEVs (Figure 2E), revealing that the effects were dose-dependent.

As shown in Figures 3A–D, the migratory capability of
HUVECs exposed to sEVs for 24 h was greater than that in
control cells, and the effects were dose-dependent. Furthermore,
tube formation was increased in cells treated with sEVs at a
concentration of 100 μg/ml compared with those treated at a
concentration of 50 μg/ml or PBS. Compared with the control
group, the proliferation of HUVECs exposed to BMSC-sEVs at
both concentrations was also increased on days 1, 3, 5, and 7 (p <
0.05), and the effects were dose-dependent (Figure 3E).
Compared with controls, the protein levels of VEGF, bFGF,
and ANG-1 increased in cells exposed to sEVs, with the
highest concentration showing the most significant changes
(Figure 3F). Likewise, compared with controls, the mRNA
levels of VEGF, bFGF, and ANG-1 increased in cells exposed
to sEVs on days 4–7, and the effects were dose-dependent
(Figure 3G). These findings indicate that BMSC-sEVs can
dose-dependently promote angiogenesis.

Characterization of sEV Release From CS/
β-GP Hydrogels
As shown in Figure 4A, the CS/β-GP hydrogel was a colorless
and transparent liquid at room temperature (25°C). It underwent
a sol-to-gel transition as the temperature increased, and at
physiological temperature (37°C), the CS/β-GP hydrogel
transformed into a non-flowing hydrogel. SEM results revealed
that the hydrogel was porous and encased in a dense, thick
polymeric wall (Figure 4B). Figure 4C shows the process by
which hydrogels were loaded with sEVs. To verify the sol-to-gel
transition, the viscosity was examined as a function of the
temperature. The hydrogels had low elastic (G′) and viscous
(G″) moduli at 25°C and the intersection of G′ and G″, which was
characterized as G′ < G″ (Figure 4D), indicating their viscous
nature, while the intersection of G′ and G″ (G′ � G″) clearly
revealed their gelation. Furthermore, the gap between the G′
curve and the G″ curve for sEV-loaded hydrogels was slightly
smaller compared with unloaded hydrogels. These results

FIGURE 1 | Characterization and internalization of sEVs (A) Particle size distribution of sEVs detected by NTA and the mean diameter is 120.0 nm (B)
Representative images of the morphology of sEVs by TEM. The yellow arrows indicate sEVs. Scale bar � 200 nm (C)Western blotting analysis of the exosomal proteins
CD63, CD81, TSG101 and the negativemarker Calnexin (D)Uptake of green fuorescent dye (PKH67)-labeled and red fuorescent dye (PKH26)-labeled sEVs by HUVECs
and BMSCs, respectively.
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indicate that the hydrogel behaved as a liquid before gelation and
as a gel after gelation, that is, at physiological temperature
and pH.

Both CS/β-GP and sEV@CS/β-GP had good biodegradability
and swelling behavior (Figure 4E). The swelling ratio of the
hydrogel increased with time, reaching equilibrium at
approximately 6 h, and there was no significant difference
between the two hydrogels. Likewise, there was no difference
in the weight loss of the two hydrogels, and the hydrolysis of
imine bonds within the hydrogel in PBS was the likely
mechanism. As shown in Figure 4F, there was a slight but
non-significant increase in the gelation time when sEVs were
added to CS/β-GP hydrogels (508 ± 21 and 569 ± 26 s). The
maximal stress and strain of hydrogels were obtained from
compressive curves, and the results indicated that both
hydrogels had similar maximal stress and strain (Figure 4G).
FTIR spectra revealed the addition of sEVs did not cause
significant structural changes (Figure 4H), as the sEVs may
have interacted with certain functional groups to reduce the

formation of hydrogen chemical bonds. A slight increase in
wavelengths (from 4,254 to 4,268 cm−1 and 928 to 937 cm−1)
indicated that sEVs had no impact on the thermosensitive
hydrogels. Moreover, the sEV@CS/β-GP hydrogel showed
good slow-release performance (Figure 4I), with 80% of the
sEVs releasing on day 8 and the release rate slowing after this
time point.

BMSC-sEVs Promote the Repair of Calvarial
Defects in vivo
The 3D reconstruction of micro-CT images of rat calvarial defects
at 12 weeks are shown in Figure 5A. Compared with the control
group, the formation of new bone, which filled the calvarial
defects, was observed in CS/β-GP and sEV@CS/β-GP groups,
with the sEV@CS/β-GP group showing a greater area of newly
formed bone. The repair of these bone defects was further
examined using quantitative approaches, and the BMD, BV/
TV ratio, and Tb.N in CS/β-GP and sEV@CS/β-GP groups

FIGURE 2 | Enhanced osteogenic effect of sEVs in vitro (*) p < 0.05 (**) p < 0.01 (A) ARS results from stimulation of sEVs on BMSCs after 14 days of culture. Scale
bar � 200 μm (B)Quantitative analysis of ARS (C)Quantifcation of ALP staining after incubation of BMSCs with sEVs for 7 and 14 days (D)Western blotting assay for the
protein expression of OCN, OPN, and Runx2 (E) mRNA level of pro-osteogenic-related genes (OCN, OPN, and Runx2) in BMSCs exposed to different treatments.
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were all significantly higher than those in the control group,
indicating that the release of sEVs from hydrogels and the
thermosensitive property of hydrogels improved the bone
healing capacity, whereas there was no difference in the Tb.Th
(Figure 5B). The results of histological staining indicated that the
bone defects in the control group were mainly filled with fibrotic
connective tissue, whereas newly formed bone was observed both
along the border and in the center of the calvarial defects after
application of CS/β-GP hydrogels, with sEV@CS/β-GP hydrogels
showing a greater area of newly formed bone (Figures 5C,D,
Supplementary Figure S2,3). These results were similar to those
of micro-CT analysis. The results of CD31 immunohistochemical
staining of right bone defect sections indicated that there were
more CD31-positive cells in the sEV@CS/β-GP group compared

with the CS/β-GP group, which was indicative of new vessel
formation within the bone defect (Figure 5E), which was further
verified by quantitative analysis (Figures 5F,G). These results
reveal that sEVs promoted calvarial defect repair and enhanced
angiogenesis and osteogenesis.

BMSC-Derived Exosomal miR-21 Promotes
Angiogenesis by Targeting SPRY2
Previous studies have reported that miR-21 is expressed at a
high level in sEVs derived from BMSCs (Lv et al., 2017). As
such, we analyzed miRNA expression in BMSCs using an
existing GEO dataset (GSE78865) and predicted the
candidate target genes of miR-21 that contributed to

FIGURE 3 | Enhanced angiogenic effect of sEVs in vitro (*) p < 0.05 (**) p < 0.01 (A) Transwell assay and quantitative analysis (B) of the cell migration rate (C) Tube
formation by HUVECs and quantitative analysis (D) of the average tube length (E) CCK8 assay for the proliferation of HUVECs exposed to different treatments (F)
Western blotting assay for the protein expression of VEGF, bFGF, and ANG-1 (G) mRNA level of pro-angiogenic-related genes (VEGF, bFGF, and ANG-1).
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angiogenesis by exploring online databases, including
TargetScan, miRanda and miRWalk. KEGG pathway
enrichment analysis was performed for candidate target
genes related to angiogenesis. To confirm the direct binding
between miR-21 and the 3ʹ-UTR of its predicted target gene
SPRY2, we performed reporter assays using a luciferase
reporter plasmid containing the wt or mut SPRY2 3ʹ-UTR
with the miR-21 binding site (Figure 6A). Transfection of
HUVECs with the miR-21 mimics could reduce luciferase
activity compared to transfection with the control mimic,
which was indicative of direct binding between miR-21 and
the SPRY2 3-ʹUTR (Figure 6B).

To further explore the relationship between exosomal miR-
21 and SPRY2, rescue experiments were conducted. We
transfected the miR-21 mimics or miR-NC into HUVECs,
followed by co-transfection with a SPRY2-overexpressing
plasmid (pcDNA-SPRY2). The results revealed that the
migratory capacity of cells co-transfected with the miR-21
mimics and pcDNA-SPRY2 was enhanced compared with cells
co-transfected with the miR-NC and pcDNA-SPRY2 (Figures
6C,D). The levels of angiogenic proteins in cells transfected
with the miR-21 mimics were higher than those in control
cells, and pcDNA-SPRY2 could abolish the effect of the miR-
21 mimics on angiogenesis (Figure 6E), indicating that

FIGURE 4 | Characterization and the sEV release ability of the CS/β-GP hydrogel. ns: no significant difference (A) Sol-to-gel transition: a photograph of CS/β-GP
thermosensitive hydrogel at 25 and 37°C (B) SEM photomicrographs of the morphological structure of CS/β-GP hydrogel (C) Schematic representation of the
combination of sEVs and CS/β-GP hydrogel (D) Typical temperature-dependent functions of G′ and G″ for CS/β-GP and sEV@CS/β-GP hydrogels (E) Swelling rate and
mass-remaining profiles of CS/β-GP and sEV@CS/β-GP hydrogels (F)Gelation time of CS/β-GP and sEV@CS/β-GP hydrogels (G) The compressive module of CS/
β-GP and sEV@CS/β-GP hydrogels (H) FTIR (Fourier-transform infrared) spectra of CS/β-GP and sEV@CS/β-GP hydrogels (I) release profiles of sEVs from the sEV@CS/
β-GP hydrogel.
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exosomal miR-21 can promote HUVEC migration and
angiogenesis by targeting SPRY2.

DISCUSSION

Angiogenesis and osteogenesis are highly coupled processes that
are indispensable for bone repair (Kusumbe et al., 2014). Large
bone defects caused by trauma and certain diseases may not heal
naturally and require regenerative scaffold implantation to
promote tissue reconstruction (Dimitriou et al., 2011).
Although a variety of bioengineering techniques that promote
tissue regeneration with optimized materials are currently
available, vascularization after scaffold implantation is still a
major challenge (Potente et al., 2011; Rouwkema and
Khademhosseini, 2016; Eelen et al., 2020). The osteogenic
function of cells that promote bone regeneration requires a
network of microvessels, which mediate the transport of
circulating of cells, oxygen, nutrients, and waste products
(Laschke and Menger, 2015). Besides, Zhao et al. modified the
tetrahedral framework nucleic acid (tFNA) with aptamers to form
aptamer-tFNA nanostructures, tFNA-Apt02 and tFNA-

AptVEGF, and they exhibited stronger angiogenesis, further
provided a new and efficient proangiogenic approach (Zhao
et al., 2021). Therefore, newly formed microvessels within
grafts are critical for successful bone tissue engineering.

Mesenchymal stromal/stem cells (MSCs) have been widely
applied because they can be obtained easily from adult tissues, as
well as proliferate and differentiate into bone, adipose, or cartilage
(Grayson et al., 2015). However, the direct use of MSCs for
therapeutic purposes remains limited by many risk factors, such
as tumor formation, thrombosis, and unwanted immune
responses. Furthermore, the stimulation of localized healing by
MSCs involves paracrine mechanisms (Gnecchi et al., 2005;
Caplan and Correa, 2011), and the application of sEVs may
overcome these limitations. Because of their ideal characteristics,
sEVs are also favorable nanoscale drug carriers for the
regeneration of tissues and the treatment of certain diseases
(Liao et al., 2019a; Elsharkasy et al., 2020). For example, Dong
et al. revealed that the use of fetal bovine serum-derived sEVs to
carry Icariin could promote osteoblast proliferation and bone
regeneration more effectively than Icariin alone (Dong et al.,
2021). Wu et al. demonstrated that BMSC-derived sEVs and
Fe3O4 nanoparticles under conditions of a static magnetic field

FIGURE 5 | sEV@CS/β-GP hydrogel promoted bone formation in critical-sized rat calvarial defects (*) p < 0.05 (**) p < 0.01, ns: no significant difference (A)Micro-
CT images of bone defects in each group after 12 weeks. Scale bar � 5 mm (B)Quantitative analysis of BMD, BV/TV ratio, Tb.N and Tb.Th in the diferent groups (C)H&E
staining and Masson’s trichrome staining (D) in the three groups. C, cranium. NB, new bone (E) Immunohistochemical staining and immunofuorescence analysis (F) of
the angiogenic marker CD31. Dark brown granules indicating positive staining are marked by black arrows, and yellow arrows mark the newly formed vessels (G)
Quantitative analysis of newly formed vessels.
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could facilitate bone regeneration and enhance wound healing
(Wu et al., 2020; Wu et al., 2021). In the present study, we
manufactured thermosensitive hydrogels loaded with BMSC-
derived sEVs that could promote bone regeneration.

Hydrogels have been widely used in tissue bioengineering,
drug delivery, and cell-based therapy. A recent study reported a
biphasic hydrogel for osteochondral defect regeneration, which
was fabricated via a thermally reactive, rapid cross-linking
method (Liao et al., 2017). CS is an excellent excipient because
it is non-toxic, stable, biodegradable, and sterilizable, which
makes it a versatile material with application potential in

biomedical and biotechnological fields (Kumar et al., 2004). CS
can form a thermosensitive injectable hydrogel through cross-
linking with β-GP via ionic interactions between the ammonium
groups of CS and the phosphate groups of β-GP, which can
increase the gelation temperature and pH to the physiological
range and restrict the immediate precipitation/deformation of the
hydrogel (Bhattarai et al., 2010). The thermosetting of hydrogels
has an added advantage, that is, once the homogeneous solution is
injected into the tissue defect, the hydrogel forms and strengthens
mechanically with time. In addition, the ability of polymer matrix
hydrogels to expand and degrademakes them suitable vehicles for

FIGURE 6 | Exosomal miR-21 promoted angiogenesis by targeting SPRY2 (*) p < 0.05 (**) p < 0.01, ns: no significant difference. wt, wild-type; mut, mutant; NC,
negative control (A) The miR-21 binding sequence in the 3ʹ-UTR of SPRY2 (B) The miR-21 mimics transfection reduced luciferase activity when compared to control
mimics transfection, which confirms that SPRY2 are the target genes of miR-21 (C) The transwell assay showing the cell migration when HUVECs were co-transfected
with miR-21 mimics and pcDNA-SPRY2, and the quantitative analysis (D) indicated overexpression of SPRY2 suppressed the upregulation of the migration rate of
HUVECs by miR-21 mimics (E) Western blotting assays showing that overexpression of SPRY2 prevented the upregulation of VEGF, bFGF, and ANG-1 protein
expression by miR-21 mimics.
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the encapsulation and delivery of numerous therapeutic agents,
such as cells, growth factors, drugs, and proteins, to sites of tissue
damage (Xu et al., 2019; Amiryaghoubi et al., 2020). These
properties are ideal for sustained drug delivery applications,
and CS/β-GP hydrogels are attractive biomaterials because of
their temperature sensitivity. The results of rheological
experiments have revealed that the gelation time and
temperature could be modulated by sEVs, as they slightly
decreased the gelation time and temperature. As such, after
sEV loading, the resulting sEV@CS/β-GP hydrogels are
attractive biomaterials for bone repair. Petit et al. reported that
thermosensitive chitosan-based stain-loaded hydrogels decreased
soft tissue inflammation and induced new bone formation (Petit
et al., 2020), whereas Kocak et al. demonstrated that CS and
hydroxyapatite composite materials loaded with low
concentrations of heparin could stimulate angiogenesis and
promote bone regeneration (Kocak et al., 2020).

MiRNAs regulate gene expression and biological functions by
binding to the 3ʹ-UTR or amino acid coding sequence of target
genes (Thomou et al., 2017). MiR-21, one of the most studied
miRNAs, is involved in many biological processes (Kumarswamy
et al., 2011). For example, Geng et al. reported that miR-21 can
induce angiogenic differentiation of MSCs and promote blood
vessel and bone formation (Geng et al., 2020). The role of SPRY2
in angiogenesis and the regulation of SPRY2 by the miR-23/27
cluster has been previously demonstrated (Zhou et al., 2011), as
well as the regulation of SPRY2 by miR-21 (Thum et al., 2008). Li
et al. fabricated the resultant bioswitchable nanocomposite by
integrating the sticky-end tFNA (stFNA) and miRs (miR-21,
miR-124, miR-335, and miR-2861), further promoting bone
regeneration via inhibiting the expression of HDAC5 (Li S.
et al., 2021). A similar research reported that exosomal miR-
21 derived from umbilical MSC-sEVs promoted angiogenesis by
upregulating the NOTCH1/DLL4 pathway (Zhang et al., 2021).
In this study, the results of luciferase assays revealed that SPRY2
expression was increased by the miR-21 mimics. Furthermore,
SPRY2 significantly inhibited HUVEC migration and
proliferation and mediated the negative feedback of major
growth factors such as VEGF, bFGF, and ANG-1. The results
of gain-of-function and loss-of-function assays indicated that
SPRY2 overexpression in HUVECs could attenuate, but not
entirely abolish, the effects of the miR-21mimics on angiogenesis.

CONCLUSION

In summary, we developed an injectable homogeneous CS/β-GP
hydrogel solution, with gelation occurring at body temperature.
The hydrogel had desirable structural and physical properties that
promoted bone healing, and it served as a scaffold for sEVs. The
sEV-loaded hydrogel could effectively promote bone healing in a

rat model by enhancing angiogenesis, which may have been
mediated by the upregulation of miR-21 expression in sEVs
and the regulation of SPRY2 by miR-21. This study provides a
new strategy for repairing bone defects with multifunctional
controlled-sEV-release hydrogels, and this sEV-based therapy
shows great potential in the future.
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In vitro and in vivoRepair Effects of the
NCF-Col-NHA Aerogel Scaffold
Loaded With SOST Monoclonal
Antibody and SDF-1 in
Steroid-Induced Osteonecrosis
Bing Xu1,2†, Zeyu Luo1†, Duan Wang1, Zeyu Huang1, Zongke Zhou1 and Haoyang Wang*,1

1Department of Orthopaedic, West China Hospital, Orthopedic Research Institute, Sichuan University, ChengDu, China,
2Department of Orthopaedic Surgery, Chengdu Second People’s Hospital, ChengDu, China

In the current study, we synthesized nanocellulose (NCF)-collagen (Col)-nano
hydroxyapatite (NHA) organic-inorganic hybrid aerogels loaded with stromal cell
derived factor-1 (SDF-1) and sclerostin monoclonal antibody (SOST McAb) and
investigated their ability to repair steroid-induced osteonecrosis. Rabbit bone
marrow mesenchymal stem cells (BMSCs) and human vascular endothelial cells
(HUVECs) were used for the in vitro study. A rabbit steroid-induced osteonecrosis
model was used for the in vivo study. The best elastic modulus reached 12.95 ±
4.77 MPa with a mean compressive property of 0.4067 ± 0.084 MPa for the scaffold
containing 100% mass fraction. The average pore diameter of the aerogel was 75 ±
18 µm with a porosity of more than 90% (96.4 ± 1.6%). The aerogel-loaded SDF-1 and
SOST were released at 40–50% from the material within the initial 3 h and maintained a
stable release for more than 21 days. The in vitro study showed osteogenesis and
vascularization capabilities of the scaffold. The in vivo study showed that rabbits
received implantation of the scaffold with SOST McAb and SDF-1 showed the best
osteogenesis of the osteonecrosis zone in the femoral head. Imaging examination
revealed that most of the necrotic area of the femoral head was repaired. These results
suggest that this hybrid aerogel scaffold could be used for future steroid-induced
osteonecrosis repair.

Keywords: aerogel, steroid-induced osteonecrosis, bone repair, sost, bone regenaration

INTRODUCTION

Steroid-induced osteonecrosis of the femoral head (ONFH) is due to long-term use or a high dose of
glucocorticoids in a short time (Wang et al., 2018). Great health-related burdens, including pain and
work ability loss, were caused by the disease. Because of the sclerotic zone around the necrotic area of
the femoral head, it is difficult for conventional drugs to reach the necrotic area through blood
circulation, and which is one of the reasons why there are currently no effective therapeutic drugs for
ONFH (García-Gareta et al., 2015; Wang et al., 2016). Through drilling, decompression is the most
commonly used surgical method for head protection treatment for osteonecrosis, and two-thirds of
patients seek total hip arthroplasty at the end stage (Peng et al., 2018).
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An aerogel is a type of special gel that uses gas to replace the
liquid in the gel without essentially changing the network
structure or volume of the gel itself (Moon et al., 2011). It has
the characteristics of a micrometer porous structure, high
porosity, and ultralow density. In addition, it has the
maximum internal surface area of the same volume in the
material at present (Cai et al., 2014; Barrios et al., 2019).
Nanocellulose has a wide range of sources, low price,
nontoxicity, biodegradability, excellent mechanical properties,
and biocompatibility and can serve as an ideal raw material
for the synthesis of aerogels (Long et al., 2018). Inorganic-
organic hybrid nanocellulose has or exceeds the performance
advantages of single-component nanomaterials: 1) Inorganic-
organic hybrid nanocellulose aerogel has the advantages of
traditional aerogel properties (low density, superior strength).
That is, the pore size, strength, and elastic modulus of the material
can be adjusted by changing the content of the composition so
that it has a wider control range of elastic modulus and excellent
mechanical properties, and has the natural advantage of
becoming a hard tissue repair material (Kontturi et al., 2018;
Wu et al., 2018). 2) Inorganic-organic hybrid nanocellulose
aerogels have high biocompatibility and degradability. Cai
et al. used natural nanocellulose aerogel microspheres as the
medium for coculture with 3T3NIH cells, and the cells were
colonized and grew well in the medium in which nanofiber
aerogel microspheres were used as the growth skeleton (Cai
et al., 2014). 3) The high porosity and specific surface area of
inorganic-organic hybrid nanocellulose aerogels can carry more
drugs, and the controllable and adjustable drug release rate
enables them to be used as carriers of drugs or bone-induced
cytokines. The maximum drug-carrying capacity and stable drug
release capacity were achieved at a constant volume. Studies have
demonstrated that the drug release of aerogel scaffolds can reach a
peak quickly and maintain the peak drug dose for a long time
(Zhao et al., 2015; Bhandari et al., 2017; Kéri et al., 2020). These
superior properties provide a theoretical basis for the application
of inorganic-organic hybrid cellulose aerogels in the field of bone
defect repair.

In the repair of bone defects, it is necessary to recruit stem cells
to gather in the defect area and differentiate in a direction
conducive to bone formation. SDF-1 (stromal cell-derived
factor-1) is an important chemokine secreted by bone marrow
stromal cells that play an important role in progenitor cell
homing, hematopoiesis, angiogenesis, and immunity. Studies
have shown that SDF-1 binds to CXC chemokine receptor-4
(CXCR4) to activate CXCR4 receptor coupled G protein, to
activate the P13K/PKC/NF-kb pathway and other pathways to
recruit BMSCs, to promote BMSCs to secrete II collagen and
glycosaminoglycan, to induce BMSCs to differentiate into
osteoblasts, and to promote new bone formation. SDF-1 can
also recruit vascular endothelial progenitor cells (EPCs) to
promote angiogenesis and provide support for the repair of
bone defects (Takahashi et al., 2020; Tamari et al., 2020). The
coding gene of sclerostin encodes a protein polypeptide secreted
by osteocytes that inhibits the growth of bone tissue because the
expression of SOST is highly tissue specific. Inhibiting the
secretion of sclerostin and weakening its activity can increase

osteogenesis. At present, it has been confirmed that a specific
antibody against SOST can antagonize the effect of SOST, ensure
the normal transduction of the classical WNT signaling pathway
and the normal physiological function of BMP, and make bone
formation activity proceed smoothly (Korn et al., 2019; Scheiber
et al., 2019). Nanohydroxyapatite (NHA) and type I collagen are
components of bone tissue, and a large number of basic and
clinical studies have confirmed the role of nanohydroxyapatite
and type I collagen in the process of bone tissue repair.
Nanocellulose has a large number of carboxyl groups that can
be combined with any organic or inorganic particles through
covalent or noncovalent bonds (Dong et al., 2013). Some
researchers have successfully prepared new nanocellulose-
based hybrid materials with uniform NHA distribution and
have shown excellent biocompatibility and biomechanical
properties (Jiang et al., 2013; Wang et al., 2019).

In the current study, we aimed to synthesize elastic aerogel
scaffolds containing nanocellulose, nanohydroxyapatite, and type
I collagen. Meanwhile, we used nanocellulose to carry SDF-1 and
SOST McAb to observe the effect of this new material on the
proliferation and differentiation of BMSCs and HUVECs in vitro
and the repair of steroid-induced ONFH in vivo.

MATERIALS AND METHODS

Reagents
Information on the reagents used in the current study is listed in
Supplementary Table S1.

Preparation of Scaffolds
Our previous studies showed that when the ratio of nanocellulose
(NCF): collagen (Collagen, Col) = 2: 1, a uniform and stable
three-dimensional porous scaffold was formed, the pore structure
of the scaffold changed little, and the pore diameter was uniform.
NCF and Col at 2:1 were arranged into a 1.0% (w/v) suspension in
deionized water, the pH was adjusted to 4, and different contents
of NHA (NHA: NCF/Col = 50, 100, 150, and 200%) were added to
the NCF/Col mixture and then stirred at 1,000 rpm/min until
there was no granular NHA in the mixture. Then, under stirring
at 300 rpm/min, γ-(2.3 epoxide) propyltrimethoxysilane was
added dropwise to the mixed solution of NCF-Col-NHA, and
the cross-linking reaction was continuously stirred for 48 h. The
mold rested at 0–44°C for 4 h and then was replaced in tert-
butanol solvent for 24 h, during which tert-butanol was replaced
every 8 h. Finally, the sample was freeze-dried at −20°C for 48 h to
obtain the NCF-Col-NHA aerogel scaffold (Figure 1A).

Mechanical Properties and
Characterization of NCF-Col-NHA Aerogel
The NCF-Col-NHA aerogels were treated with a hairdryer, and a
copper sulfate dryer was placed to adjust humidity. The
compressive strength of aerogel scaffolds with different NHA
contents was tested by a constant loading pressure tester
(compression speed 10 N per second, Instron, United States),
and NCF-Col-NHA aerogel scaffolds with good mechanical
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strength were selected to carry SOST McAb + SDF-1. The NCF-
Col-NHA aerogel with excellent mechanical strength was packed
in separate bags and disinfected with ethylene oxide, and then
40 μl SOST McAb (1 μg/ml), 40 μl SDF-1 (1 μg/ml), 40 μl SOST
McAb (1 μg/ml) and 40 μl SDF-1 (1 μg/ml) were dripped under
aseptic conditions. After freeze-drying, aerogels loaded with
SOST McAb, aerogels loaded with SDF-1, and aerogels loaded
with SOST McAb + SDF-1 were obtained. The porosity of the
aerogel scaffolds with different NHA contents was measured by
the anhydrous ethanol replacement method. The sample was
immersed in silica gel in a dryer for 48 h. The specific steps were
as follows: the NCF-Col-NHA aerogel was immersed in

anhydrous ethanol and weighed 24 h later, and five parallel
groups were established to take the average value and calculate
the standard deviation. The calculation formula is (W andW0 are
the initial mass and 24-h mass of the sample, respectively; V and
V0 are the initial volumes and 24-h volume of anhydrous ethanol,
respectively).

The micromorphology and internal structure of the NCF-Col-
NHA aerogel were observed by scanning electron microscopy
(SEM, Nova SEM450, FEI, United States): longitudinal sections of
the NCF-Col-NHA aerogel scaffold were obtained after rapid
extraction with liquid nitrogen at low temperature. After drying,
the sample was set on the sample table to spray gold. The

FIGURE 1 | The fabrication process, characterization of the NCF-Col-NHA aerogel scaffold (A). The fabrication process and appearance of NCF-Col-NHA aerogel
scaffolds. I) show the manufacturing process of aerogel scaffolds: NCF and Col were mixed at a ratio of 2:1, stirred under PH4 conditions, and then added NHA, to get
NCF-Col-NHA hydrogel. After replacing the water in the hydrogel with tert-butanol, the NCF-Col-NHA aerogel scaffold was obtained by freeze-drying at-20 °C for 48 h. II)
is the finished product of the aerogel scaffold, which is the white porous scaffold (B). The shape of NCF-Col-NHA aerogel scaffolds could be restored after
compression. (C) Morphological observation and elemental analysis of NCF-Col-NHA aerogel scaffolds. Observed under an electron microscope, NCF-Col-NHA
aerogel is a porous structure with large and small pores connected (D). The elemental analysis of aerogel scaffold, phosphorus (P), calcium (Ca), oxygen (O), and carbon
(C) are the main element.
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acceleration voltages of desktop SEM and field emission SEM are
5 and 20 kV, respectively. After SEM scanning, the selected area
was scanned by an energy dispersive spectrometer (XSAM800,
Kratos), and the surface morphology (pore diameter, porosity)
and element composition of the NCF-Col-HA scaffold were
analyzed. Aerogel scaffolds with excellent mechanical
properties and characterization were selected for follow-up
experiments.

Detection of Degradation and Drug Release
Rate of Aerogel Scaffolds in vitro
The NCF-Col-NHA aerogel scaffolds were immersed in a
polyethylene plastic pipe containing SBF at a material: liquid
ratio of 1:30 (g/ml). The polyethylene plastic pipe was made
airtight and placed on a constant temperature shaker at 37°C
at a rate of 120 rpm. The degradation experiments were
performed in vitro for 120 days. The samples were removed
and washed with deionized water ultrasound and anhydrous
ethanol 3 times at 1, 7, 14, 21, 28, 42, 84, and 110 days. The
samples were placed in a vacuum drying oven at 50°C for 12 h and
weighed with an electronic balance. The weight of the scaffold is
(W0) before drying and (W1) after drying. The weight loss rate
(WL%) was calculated according to the mass loss of the scaffold
before and after immersion:

The NCF-Col-NHA aerogel with excellent mechanical
strength was packed in separate bags and disinfected with
ethylene oxide, and then 40 μl SOST McAb (1 μg/ml), 40 μl
SDF-1 (1 μg/ml), 40 μl SOST McAb (1 μg/ml) and 40 μl SDF-1
(1 μg/ml) were dripped under aseptic conditions. After freeze-
drying, aerogels loaded with SOST McAb, aerogels loaded with
SDF-1, and aerogels loaded with SOST McAb + SDF-1 were
obtained. The same volume of materials with different drugs
(aerogels loaded with SOST McAb only, aerogels loaded with
SDF-1 only, and aerogels loaded with SOST McAb + SDF-1) and
the control group (aerogel scaffold without drug-loaded) were
placed in a centrifuge tube containing 1 ml PBS and placed in a
constant temperature concussion box at 37°C with a vibration
frequency of 60 times per minute. At the predetermined time, the
leach liquor was taken to detect the concentration of SDF-1 and
SOST monoclonal antibodies, and the drug release curve
was drawn.

Biological Properties of Aerogel Scaffolds
in vitro
BMSCs from New Zealand rabbits were isolated according to
established protocols and cultured in DMEM supplemented with
10% fetal bovine serum and 1% penicillin-streptomycin at 37°C in
a 5% CO2 incubator. The confluent cells were detached with a
0.25% trypsin mixture, and the isolated cells were subcultured in
equal parts. Third-passage cells were employed to conduct the
following experiment.

The same amount of aerogel scaffold with different drugs was
placed into the DMEM culture, shaken in a constant temperature
concussion box at 37°C for 72 h, and then filtered with a 22 μm
filter to obtain the extracts. The cytotoxicity test was carried out

according to the biological evaluation of GB/T16886.5-2003
medical devices. A BMSC suspension with a density of 1 ×
104 cells/ml was added to a 96-well cell culture plate, and
different aerogel scaffold extracts were added to the culture
medium after cell attachment. Group I was aerogel extract
without loading drugs, Group II was the extract of aerogel
loaded with SOST McAb, Group III was the extract of aerogel
loaded with SDF-1, Group IV extracted from aerogel loaded with
SOST McAb + SDF-1, and Group V was the control group, with
just the DMEM culture medium. There were ten holes in each
group. The cells were cultured at 37°C, 5% CO2 saturated
humidity constant temperature incubator, and the culture
medium was refreshed every 2 days. Quantitative analysis was
performed with the CCK-8 kit on the 1st, 3rd, 5th, and 7th days,
and the absorbance (OD value) of each well at 450 nmwavelength
was detected by an automatic enzyme labeling instrument
(Bio–Rad, United States). The relative growth rate (RGR) of
BMSCs was estimated according to the OD value to evaluate
cytotoxicity. RGR calculation formula: (Ren et al., 2008).
According to the methods in the literature, the live/dead assay
was carried out in each group after 3 days of culture (Zhang et al.,
2019).

BMSCs and HUVCs were seeded on different scaffolds placed
in 12-well culture plates at a density of 1 × 105 cells/well,
incubated at a constant temperature of 37°C, 5% CO2, and
saturated humidity in an incubator for 5 h, allowing the cells
to adhere to the scaffolds. Group I was the scaffold not loaded
with drugs, Group II was the scaffold loaded with SOST McAb,
Group III was the scaffold loaded with SDF-1, and Group IV was
the scaffold loaded with SOST McAb + SDF-1. Four days later,
the scaffolds were placed in 2.5% glutaraldehyde solution, moved
to the refrigerator at 4°C for 24 h, and then gently rinsed with PBS
solution three times. The material was gradient dehydrated with
different concentrations of tert-butyl alcohol solution (50, 70, 90,
95, and 100%) and then vacuum freeze-dried for 24 h. Dried
scaffolds were sprayed with gold, and the growth of cells on the
surface of aerogel scaffolds was observed by electron microscopy.
After being treated according to the standard process, the BMSCs
and HUVCs were stained with iFluor555-labeled phalloidin and
diaminphenyl indoles (DAPI). The cell morphology was observed
by laser confocal microscopy, and the image was analyzed by
ImageProPlus software. The cell spreading area and nuclear area
of intact cells in the visual field were measured. The ratio of the
cell spreading area to the nuclear area was calculated.
Transwell Test.

The effect of scaffolds on the migration ability of BMSCs and
HUVECs was examined by Transwell experiments. Group I was
aerogel without drug loading, Group II was aerogel loaded with
SOSTMcAb, Group III was aerogel loaded with SDF-1, Group IV
was scaffold loaded with SOST McAb + SDF-1, and Group V was
a simple culture medium group. The extract of each group was
put into the Transwell chamber. The BMSC or HUVEC
suspension (1 × 105 cells/ml, 100 µl) was dripped into the
chamber. After 24 h of incubation, the Transwell chamber was
removed, and the number of cells migrating through the floor
membrane of the small ventricle was calculated. The test was
repeated three times.
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HUVEC Tubule Formation Assay
A tubule formation assay was used to determine the ability of
extracts of different scaffolds to induce HUVEC tubule
formation. The grouping was the same as 2.6. Matrigel was
spread in a 15-well plate for tubule formation at 50 µl per well
and incubated for 30 min. The HUVEC suspension was prepared
with 1.5 × 104 cells per well, and 30 µl of 1% scaffold extract was
added. There were 3 wells in each group, and they were incubated
for 12 h. Five random visual fields were taken under a light
microscope, and the tube volume was analyzed by ImageJ. The
upper layer of liquid in the well was carefully absorbed, 50 µl of
calcein was added to stain the cells in each well, and the cells were
incubated at room temperature for 30 min away from light. Then,
a fluorescein isothiocyanate (FITC) filter was used to collect the
pictures.

ALP Activity and Cell Mineralization
P3 rabbit BMSCs were cocultured with different aerogel
scaffolds for 7 days (Group I was aerogel without drug
loading, Group II was aerogel loaded with SOST McAb,
Group III was aerogel loaded with SDF-1, and Group IV
was aerogel scaffold loaded with SOST McAb + SDF-1).
One milliliter of 0.1% Triton X-100 cell lysate was added to
each well and frozen-thawed repeatedly at 37°C and −20°C
three times. The obtained cell lysate was transferred into a
centrifuge tube and centrifuged at 15,000 r/minute for 5 min.
Each group absorbed 30 µl of the supernatant from the
centrifuge tube. The ALP measurement was performed
according to the operating instructions of the ELISA kit, the
OD value was measured at 450 nm by an enzyme labeling
instrument, and the OD values in each group were compared.

In the mineralization experiment, we had five groups: Group I
was aerogel extract without a drug, Group II was aerogel extract
loaded with SOST McAb, Group III was aerogel extract loaded
with SDF-1, Group IV was aerogel extract loaded with SOST
McAb + SDF-1, and Group V was FBS medium. A third-
generation rabbit BMSC suspension with a concentration of
1 × 105 cells/ml was added to the wells (1 ml per well) and
cultured at 37°C, 5% CO2, and saturated humidity. The culture
medium was changed every 2 days, and alizarin red staining was
performed after 14 days. Calcium nodules were observed under
the microscope.

In vivo Study
The experimental scheme was approved by the Ethics Committee
of West China Hospital of Sichuan University (Ethical approval
No. 2020379A, 12.31.2020), and the experimental process strictly
complied with the requirements of “Guiding opinions on being
kind to Experimental Animals”.

The modified lipopolysaccharide and hormone modeling
method was used to establish a model of hormone-induced
osteonecrosis in rabbits (Zhao et al., 2020). Firstly, the rabbits
were injected with 10 μg/kg of lipopolysaccharide (LPS; Sigma)
intravenously. After 24 h, they were injected once a day
intramuscularly with 40 mg/kg of methylprednisolone (MPS)
for the following 3 days. Penicillin 4,00,000 U was injected
intramuscularly into each rabbit before treatment and then

continued for 5 days. Four weeks later, the success of the
model was assessed by imaging (X-ray, micro-CT) and
histological examination. After successful modeling, the rabbits
were randomly divided into five groups. After anesthesia, the
rabbits were fixed on the operating table. Open the hip joint
capsule near the greater trochanter to expose the femoral head,
then use a 3.5 mm Kirschner wire to drill a 5 mm depth hole in
the junction area of the femoral head and neck toward the
necrotic area in the femoral head. The corresponding aerogel
scaffold was implanted into the hole by a tweezer according to the
experimental design. Aerogel scaffolds without drugs were
implanted in Group I, aerogel scaffolds with SOST
monoclonal antibody were implanted in Group II, aerogel
scaffolds with SDF-1 were implanted in Group III, aerogel
scaffolds with SOST monoclonal antibody + SDF-1 were
implanted in Group IV, and nothing was implanted in Group
V. The implant material was 0.4 cm in diameter with a 0.5 cm
high cylinder (Figure 8A). All aerogel scaffolds were disinfected
with ethylene oxide at low temperature (Disinfection Center of
West China Hospital of Sichuan University). Each rabbit was
injected with 4,00,000 U penicillin intramuscularly for three
consecutive days. The samples were taken 12 weeks after the
operation.

The specimens of the proximal femur were scanned using
X-ray andmicro-CT (SCANCOMedical AG vivaCT80). The area
of the aerogel scaffold was selected as the region of interest (ROI)
to form a three-dimensional image. The analysis parameters
included bone mineral density (BMD), number of trabeculae
(Tb. N), trabecular thickness (Tb. Th.3D), trabecular space (Tb.
Sp.3D), and bone volume/tissue volume (BV/TV) (Bodnyk et al.,
2020). The NCF-Col-NHA aerogel region in the scanned layer is
reconstructed according to the scaffold, the part of bone growth
in the material, and the density of the cavity with different
grayscale and marked with different colors.

The removed femoral head was fixed with 10%
paraformaldehyde solution and then cut and polished with a
slicer to obtain thin slices with a thickness of approximately
20–30 μm, which were stained with HE and methylene blue-
magenta. After vacuum critical drying, the tissue sections of each
group were sprayed with gold. The bonding degree between the
implanted aerogel scaffold and the host bone was observed
bySEM.

Osteogenic and Angiogenic Gene
Expression
Quantitative real-time polymerase chain reaction (qRT-PCR) was
conducted to determine osteogenic and angiogenic gene
expression. Total RNA was extracted from the femoral head
using TRIzol reagent and then reverse-transcribed according to
the synthesizedVEGF,ALP, and BMP-2 gene primers by a reverse
transcription kit (Supplementary Table S2). Then, qRT-PCR
detection was carried out. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as an internal reference for
data standardization. Compared with the normal femoral head,
the relative expression level of target gene mRNA was analyzed
and calculated, and the expression of VEGF, ALP, and BMP-2
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protein was detected by Western blot according to the
standard flow.

Health Status of Organs
12th weeks after the operation, the liver, spleen, and kidney
tissues of each group were taken and stained with HE, and the
health status of each organ was observed.

Statistical Analysis
All of the experiments were conducted in triplicate. One-way
ANOVA followed by the least significant difference (LSD) test
and Student–Newman–Keuls (SNK) test were performed to
determine significant differences using IBM SPSS 20.0. p <
0.05 was considered statistically significant.

RESULTS

Mechanical Properties and
Characterization of the NCF-Col-NHA
Aerogel Scaffold
Aerogels with different mass fractions of NHAs have different
compressive properties (50% HA: 0.3550 ± 0.0353 MPa; 100%
HA: 0.4067 ± 0.084 MPa; 150% HA: 0.3641 ± 0.0506 MPa; 200%
HA: 0.4262 ± 0.0209 MPa) and elastic modulus (50% HA: 4.25 ±
0.41 MPa; 100% HA: 12.95 ± 4.77 MPa; 150% HA: 8.16 ± 2.80
MPa; 200%HA: 9.36 ± 2.48 MPa). The composite aerogel scaffold
with 100% NHA content recovered 95% of its deformation after
compression (Figure 1B). Under the electron microscope, the
NCF-Col-NHA composite scaffold materials with different HA
contents are all through-pore structures with large pores and
small pores coexisting. With increasing HA mass ratio, the pore
size of the NCF-Col-NHA composite materials gradually
decreased (50% HA: 90 ± 15 μm; 100% HA: 75 ± 18 μm;
150% HA: 60 ± 11 μm; 200% HA: 40 ± 13 µm). When the

mass ratio of NHA was 50 and 100%, the material maintained
a relatively good porous structure, but with the increase in the HA
mass ratio, the pore structure of the material gradually deformed
or even collapsed, and the porosity of the NCF-Col-NHA aerogel
with 150 and 200% HA contents showed an obvious downward
trend (50% HA: 97.3 ± 1.5%; 100% HA: 96.4 ± 1.6%; 150% HA:
89 ± 3.2%; 200% HA: 80 ± 2.3%). The composite scaffold with a
100% NHA ratio has the best mechanical strength and good
porous structure, so we chose it for follow-up experiments. EDS
elemental analysis showed that the main components of aerogel
scaffolds included phosphorus (P), calcium (Ca), oxygen (O), and
carbon (C) (Figures 1C,D).

Degradation of Aerogel Scaffolds in vitro
The degradation rate of scaffolds decreased with increasing
NHA content. The early stage of scaffold degradation is
mainly swelling and cellulose disintegration. When the
proportion of NHA is 50%, it is degraded to a certain
extent, and cracks appear on the surface and interior of the
material so that a large number of NCFs come into contact
with simulated body fluids and swell rapidly, but the
disintegration value is not reached within the range of
degradation research. When the proportion of NHA was
100%, the degradation rate decreased slowly with
increasing time, the NCF swelling and the degradation of
Col and NHA were almost synchronized, and the degradation
rate was relatively slow. For the NCF-Col-NHA aerogel with
150 and 200% NHA content, because of a large number of
Ca2+ ions in NHA, NHA reacted with -OH in NCF to form Ca-
O bonds or O-Ca-O bonds, which made the tight combination
of NCF and HA difficult to disintegrate. At the same time,
NHA reduced the hydrophilicity of NCF, prevented the water
molecules in SBF from entering the interior, and reduced the
degradation rate and degradation amount. The aerogel
scaffold with 100% NHA had the most suitable degradation
rate (Figure 2A).

FIGURE 2 | The degradation curve and drug release curve of the NCF-Col-NHA aerogel scaffolds in vitro. (A) In vitro degradation curve of NCF-Col-NHA aerogel
scaffolds with different NHA content. The less NHA content, the faster the material degrades (B). Drug release curve of aerogel scaffolds loaded with different drugs.
There was no difference in release rate between SOST McAb and SDF-1, whether co-loaded or individually loaded on aerogel scaffolds.
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Drug Release Rate in vitro
There was no significant difference in the appearance of aerogel
scaffolds loaded with different drugs, and all of them were milky
white porous scaffolds. The drug release curve of the loaded NCF-
Col-NHA aerogel in vitro shows that 40–50% of the SDF-1 and

SOST McAbs were released from the material within 3 h and
maintained a stable release rate in the following 21 days, and
70–80% of the drugs were involved in drug release on the
21st day. Drug release could be maintained for a longer time
after Day 21. There was no difference in the release rate of SOST

FIGURE 3 | The cell activity evaluation and the result of live/dead assay of the NCF-Col-NHA aerogel scaffold in vitro. Cell activity evaluation. When the extract of
NCF-Col-NHA aerogel scaffolds with different drugs was co-cultured with BMSCs, the relative proliferation rate of BMSCs was between 97% and 113% (A), these
aerogel scaffolds had no cytotoxicity (B–D). The result of live/dead assay. The BMSCs and HUVECs grow well on the aerogel scaffolds, the ratio of dead/living cells is
lower than 10%. Group I, aerogel scaffold without loading drugs; Group II, aerogel scaffold loaded with SOSTMcAb; Group III, aerogel scaffold loaded with SDF-1;
Group IV, aerogel scaffold loaded with SOST McAb + SDF-1. BMSCs, bone marrow mesenchymal stem cells; HUVECs, Human umbilical vein endothelial cells. #, p
＜ 0.05.
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FIGURE 4 | The biocompatibility of the NCF-Col-NHA aerogel scaffold with BMSCs and HUVECs in vitro. (A)Under the electron microscope, BMSCs and HUVECs
can adhere to the surface of aerogel scaffolds loaded with different drugs (B–D). Observation on the morphology of cells on the surface of NCF-Col-NHA aerogel
scaffolds. The results of iFluor555 labeled phalloidine and diaminphenyl indoles stain and cell area/nuclear area calculation showed that SDF-1 was beneficial to the
adhesion and growth of BMSCs and HUVECs on the surface of the scaffolds. Group I, aerogel scaffold without loading drugs; Group II, aerogel scaffold loaded with
SOST McAb; Group III, aerogel scaffold loaded with SDF-1; Group IV, aerogel scaffold loaded with SOST McAb + SDF-1. BMSCs, bone marrow mesenchymal stem
cells; HUVECs, Human umbilical vein endothelial cells. #, p＜0.05.
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McAb and SDF-1 coloaded or separately loaded with the scaffolds
(Figure 2B).

In vitro Biological Performance
After coculture of BMSCs and the extract of different aerogel
scaffolds, the RGR measured by the CCK-8 method was between
97 and 113%, and the scaffolds of each group met the toxicity
requirements of biological implant materials. After BMSCs and
HUVECs were grown on different groups of NCF-Col-NHA
aerogels for 4 days, the living and dead cells on the materials
were observed by live/dead assay. The dead cells were stained red,
and the live cells were stained green. Both BMSCs and HUVECs
grew well on the NCF-Col-NHA aerogel, and the ratio of dead
cells was less than 10%. The ratio of HUVEC-dead cells in the
aerogel group loaded with SOST monoclonal antibody was 9.94 ±
3%, which was slightly higher than that in the other groups (p <
0.05). There was no significant difference in the ratio of live/dead
cells among the groups (p > 0.05) (Figure 3).

After BMSCs and HUVECs were cultured on different NCF-
Col-NHA aerogels for 4 days, SEM revealed that both BMSCs and
HUVECs could adhere to the aerogel scaffolds and grow
pseudopodia. Compared with HUVECs, BMSCs had more and
longer pseudopodia. The aggregation of cells on drug-loaded
aerogel scaffolds was more obvious. There were more cells
attached to SDF-1 aerogels and SOST McAb + SDF-1 aerogels,

which may be related to the effect of SDF-1 on cell homing
(Figure 4A). The area ratio of cytoplasm to nucleus was analyzed
by Image software. The area ratio of cytoplasm to the nucleus in
the aerogel group loaded with SDF-1 and SOST McAb + SDF-1
was 14.88 ± 3.39 and 16.95 ± 4.58, respectively, which was higher
than that without drug loading (8.07 ± 0.20) and that loaded with
SOSTMcAb (9.30 ± 2.42). The cytoplasmic/nuclear area ratios of
HUVECs loaded with SDF-1 and SOST McAb + SDF-1 aerogels
were 10.30 ± 5.07 and 9.22 ± 4.83, respectively, which were higher
than those of HUVECs loaded with unloaded drugs (6.02 ± 2.11)
and SOST McAb (3.76 ± 1.38) (Figures 4B–D).

Four hours after inoculation, the cells passing through the
Transwell chamber could be seen in all groups. The average
number of cells passing through the small ependyma in the group
without drug aerogel was 122 ± 16 and 85 ± 9, respectively, which
was lower than that in the group with drugs (p < 0.05). There was
no significant difference between aerogel scaffolds loaded with
different drugs.

Six hours after inoculation, HUVECs were arranged into a
network structure. The areas of aerogels loaded with SDF-1
and SOST McAb + SDF-1 were 1650287.00 ± 99375.23 and
1768436.67 ± 29859.84, respectively, which were higher than
those of the SOST McAb group (1231132.75 ± 570126.52)
and unloaded drug group (1289030.50 ± 369031.77)
(Figure 5).

FIGURE 5 | The results of Transwell test and tubule formation assay. (A,B) Results of cell staining and cell count in Transwell test. The Transwell test shows that the
extracts of aerogel scaffolds containing drugs were better than that of aerogel without drugs and common culture medium. Each bar represents a group, better Transwell
test results were obtained in the extract of drug-loaded aerogel scaffolds (C,D). The result of HUVECs tubule formation Assay. Calcein staining results showed that the
aerogel scaffold with SDF-1 had the best effect of forming tubules, and the histogram of analysis of meshes area showed the same results, the difference between
groups was statistically significant. Group I, aerogel scaffold without loading drugs; Group II, aerogel scaffold loaded with SOSTMcAb; Group III, aerogel scaffold loaded
with SDF-1; Group IV, aerogel scaffold loaded with SOST McAb + SDF-1; Group V, the control group with simple culture medium. BMSCs, bone marrow mesenchymal
stem cells; HUVECs, Human umbilical vein endothelial cells. #, p＜0.05.
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Osteogenic Differentiation
ELISA kits were used to detect the ALP content of cell lysates after
coculture of aerogel scaffolds and BMSCs in each group. The OD
value measured by the enzyme labeling instrument showed that
the unloaded drug aerogel group was 0.16 ± 0.02, which was lower
than those aerogel scaffolds with drugs (p < 0.05). The OD values
of the McAb and McAb + SDF-1 aerogel groups were 0.23 ± 0.01
and 0.247 ± 0.02, respectively, which were higher than those of
the SDF-1 aerogel scaffold (p < 0.05). The results of alizarin red
staining showed that there were more calcium nodules in the
SOST McAb and SOST McAb + SDF-1 groups (Figure 6).

In vivo Experiments
To further study the biological performance of the aerogel
scaffolds, we conducted an in vivo animal test for 12 weeks to
confirm the bone regeneration ability of the scaffolds. In this
study, 80 New Zealand rabbits were injected intramuscularly to
induce steroid-induced ONFH. On the 2nd day after drug
injection, most rabbits showed lethargy, reduced food intake,
hair removal, and reduced activity, and some rabbits began to
develop diarrhea. One week later, the mental state of the rabbit
began to recover, and the intake of food gradually increased, but
the activity of the rabbit was still less than that before the drug
injection. Within 4 weeks, 20 rabbits died of upper
gastrointestinal ulcers, perforation, diarrhea, and so on. When
taking the model rabbit specimens, osteoporosis was found
around the femoral head, the femoral cortex became thinner,
and the color of the femoral head was darker than that of the

normal rabbit, but there was no collapse of the femoral head. The
X-ray results showed that the density of the femoral head in the
model group was uneven, the trabeculae were blurred, and the
trabeculae were partially interrupted. Micro-CT showed that the
number of trabeculae in the model rabbits decreased, the width
between the trabeculae increased, the cortex of the femoral neck
became thinner, and the femoral head and trochanter were
osteoporotic. The number of trabeculae (2.45 ± 0.04 /mm3)
and the bone volume/tissue volume (0.31 ± 0.04) were lower
than those in the normal control group (p < 0.05). The trabecular
space (0.38 ± 0.02 mm) was higher than that of the control group
(0.28 ± 0.02) (p < 0.05), and there was no significant difference in
the mineral density between the two groups. HE staining showed
that the cartilage matrix and cells in the model group were
normal, and the number of adipocytes and inflammatory cells
in the bone trabeculae increased. In addition, the number and
density of empty bone lacunae increased. The empty bone lacuna
rate in the model group was 52.88 ± 1.19%, higher than that in the
control group (22.73 ± 3.87%), p < 0.05. Steroid-induced
osteonecrosis was successfully created in New Zealand rabbits
to establish the animal model (Figure 7).

12th weeks after the operation, there was no collapse of the
femoral head in any of the groups. There were still bone defects of
the femoral head in the group without an aerogel scaffold
implant, and the bone defects were repaired in the other four
groups. X-ray and micro-CT showed that the bone defect was not
completely repaired in the femoral head of the group without
implanted materials. There were different degrees of high-density

FIGURE 6 | The result of ALP activity and cell mineralization. (A) The results of alizarin red staining (B) alkaline phosphatase detection. The results showed that the
aerogel scaffold with SOSTMacb had a better osteogenic differentiation effect on BMSCs. Group I, aerogel extract without loading drugs; Group II, the extract of aerogel
loaded with SOST McAb, Group III, the extract of aerogel loaded with SDF-1; Group IV, extracted from aerogel loaded with SOST McAb + SDF-1; Group V the control
group with simple culture medium. #, p＜0.05.
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osteogenic images in the drilling area of the femoral heads in the
other four groups. The area of aerogel implanted into the femoral
head was selected as the ROI, and the analysis results showed that
in the SOSTMcAb + SDF-1 aerogel group, the BMDwas 742.14 ±
3.83 mg/ml, the trabecular thickness was 0.14 ± 0.02 mm, and the
BV/TV was 0.33 ± 0.01, which was higher than those in other
groups (p < 0.05), while the trabecular space (0.35 ± 0.01 mm)
was lower than that in the other groups (p < 0.05). The number of
bone trabeculae in the SOST McAb aerogel group and the SOST
McAb + SDF-1 aerogel group was 3.04 ± 0.10/mm3 and 3.51 ±
0.06/mm3, respectively, which was higher than that in the other
three groups (p < 0.05) (Figures 8B,C).

The results of HE staining showed that there was obvious new
bone formation at the junction between the aerogel scaffold and
host bone. In the group with the SOST McAb + SDF-1 aerogel
scaffold, the bone grew deeper, and new bone could be observed
in the center of the aerogel scaffold. However, in the group
without aerogel scaffold implantation, there was only

granulation tissue filling in the drilled tunnel but no
discernible new bone formation. After methylene blue acid
fuchsin staining, the aerogel containing hydroxyapatite was
stained purplish red, the new bone tissue was light red, and
the host bone tissue was red. The group implanted with the SOST
McAb + SDF-1 aerogel scaffold had much more new bone
formation, and the ability to encourage bone formation and
repair bone defects was significantly stronger than that of the
other groups (Figure 9A). SEM observation showed that the
growth of new bone could be seen at the junction between aerogel
scaffolds and host bone, and the aerogel scaffold with SDF-1 and
aerogel scaffold with SOST McAb + SDF-1 was the most obvious
(Figure 8B). The PCR results showed that the VEGF gene
expression in the simple drilling decompression group and
unloaded drug aerogel group was 0.002 ± 0.001 and 0.005 ±
0.001, respectively, which was lower than that in the other three
groups (p < 0.05). The expression of the ALP gene in the simple
drilling decompression group and the unloaded drug aerogel

FIGURE 7 | The results of modeling of the steroid-induced osteonecrosis model in New Zealand rabbits. (A) After modeling, there was no collapse of the femoral
head. Compared with the normal rabbits, the X-ray, Micro CT and HE staining showed that the trabeculae in the femoral head became thinner and the empty lacunae
increased (B). Statistical results of regions of interest. The number of trabeculae and the bone volume/tissue volumewas significantly lower than that in the normal group,
the trabecular space was higher than the normal group but there was no significant difference in the mineral density between the two groups. The empty bone
lacuna rate in the model group was more than 50%, which was significantly higher than that in the control group. HE, hematoxylin-eosin staining; BMD, bone mineral
density; Tb. N, number of trabeculae; Tb. Th.3D, trabecular thickness; Tb. Sp.3D, trabecular space; BV/TV, bone volume/tissue volume. VEGF, vascular endothelial
growth factor; BMP2, Bone Morphogenetic Protein 2; ALP, alkaline phosphatase. #, p＜0.05.
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FIGURE 8 | The process and the results in vivo experiments. (A) the process in vivo experimental operation. The aerogel scaffold was implanted after drilling holes
at the junction of the head and neck of the femur in rabbits. a) shows the 4 mm diameter of the hole; b) shows the implantation of the aerogel scaffold at the drill hole; c) is
the diameter of the implanted aerogel stent, which is 5 mm (B). Observation of New Zealand rabbits implanted with different aerogel scaffolds. There was no obvious
collapse of the femoral head in all groups. X-ray and Micro CT showed that there were different degrees of new bone formation in the osteonecrosis area in the
aerogel scaffold implanted group (I-IV), while in the group only drilled without aerogel implantation (V), only a small amount of new bone formed at the beginning of the

(Continued )
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group was 0.143 ± 0.001 and 0.015 ± 0.001, respectively, which
was also lower than that in the other three groups (p < 0.05). The
expression of BMP-2 in the SOSTMcAb-loaded group and SOST
McAb + SDF-1 aerogel group was 2.63 ± 0.09 and 3.07 ± 0.02,
respectively, which was higher than that in the other groups (p <
0.05). Analogous results were obtained byWestern blot detection.
The aerogel scaffold loaded with SOST McAb + SDF-1 had the
best effect on promoting new bone and neovascularization
(Figure 10).

At 12 weeks after the operation, there were no pathological
abnormalities in the liver, spleen, or kidney of rabbits with aerogel
scaffolds compared with rabbits without aerogel scaffolds and
rabbits without surgery. It was confirmed again that the NCF-
Col-NHA aerogel scaffold loaded with SOST McAb and SDF-1
had good biosafety (Figure 9B).

DISCUSSION

The main purpose of this study was to design and make a porous
composite scaffold with elasticity, basic recovery of deformation
after compression, and the ability to induce osteogenesis and
angiogenesis. This aerogel scaffold composed of
nanohydroxyapatite, collagen, and nanocellulose was fabricated
by improving the aerogel manufacturing process. Compared with
traditional bone substitute materials, this new aerogel scaffold has
the characteristics of traditional bone substitute materials; that is, it
has a three-dimensional porous structure, bone conduction, and
bone induction, so it is suitable for bone growth. The ideal scaffold
for bone regeneration should obtain good mechanical properties.
The compressive strength of the new composite scaffold developed
in this study is 12.95 ± 4.77MPa, which is within the range of
compressive strength of cancellous bone (2–220MPa) (Bose et al.,
2012) and is suitable for filling cancellous bone defects of the femoral
head. In our previous study, it was found that the higher the content
of NHA was, the stronger the mechanical properties of the scaffold,
but it affected the anti-deformation ability and porosity of the
material. When the ratio of NHA to NCF-Col was 1:1, the
scaffold had better mechanical strength and pore structure. The
related results will be emphasized in another paper of our team.
Previous studies have considered that the pore size of the most
suitable material for bone growth is 100–4,400 μm, but some recent
research results challenge these data. They think that micropores
with pores lower than 100 µm or even nm are also suitable for bone
growth, and smaller pores even show a better ability to induce bone
growth (Eggli et al., 1988; Itälä et al., 2001; Bose et al., 2012). The
average pore size of this newmaterial is 75 ± 18 µm. The in vitro and
in vivo results confirmed that pore sizes lower than 100 µm are
suitable for bone growth. In addition, this innovative material has

two outstanding characteristics: one is that it can quickly restore
deformation after compression and has good plasticity, and the
shape of the material can be restored to approximately 95% after
compression. The scaffold can quickly restore deformation after
being compressed and implanted into the bone defect area through a
small orifice, and the volume of the material will be expanded to a
certain extent after absorbing water or blood, fully filling the bone
defect area. Second, nanocellulose acetate has a large number of
carboxyl groups and a large internal surface area, which can carry
more osteogenic and angiogenic drugs at the same volume (Ulker
and Erkey, 2014). Our scaffolds can bind SDF-1 and SOST
antibodies well and can be confirmed to have long-term and
stable release, which is helpful to promote the repair of bone defects.

Excellent bone regeneration materials should have good
histocompatibility. The nanocellulose acetate, nanohydroxyapatite,
and collagen we selected are all materials with appropriate safety,
and hydroxyapatite and type I collagen are the normal components
of bone tissue (Liu et al., 2016). In vitro, it was found that BMSCs and
HUVECs could adhere, aggregate, and exert their respective
biological activities on the surface of the materials. Depending on
the CCK-8 results, the proliferation of BMSCs increased on the
composite aerogel scaffolds loaded with SOSTmonoclonal antibody
and SDF-1. BMSCs andHUVECs were cocultured with scaffolds for
4 days, and the staining results of live/dead cells also showed that the
scaffolds had good biocompatibility. Aerogel scaffolds loaded with
SOST monoclonal antibody and SDF-1 are more conducive to cell
adhesion, which provides a helpful beginning for local osteogenesis,
angiogenesis, and bone defect repair centered on scaffold materials.
In addition, the results of the Transwell experiment and tubule
formation experiment also confirmed that the aerogel scaffold
loaded with SOST monoclonal antibody + SDF-1 was more
conducive to cell growth and biological activity expression than
the control scaffold. This is of great importance to the repair of bone
defects. In vitro, whether cocultured with SOST McAb + SDF-1
composite aerogel scaffold or adding composite scaffold extract to
the culture medium, BMSCs showed better osteogenic activity than
other groups. In this study, to more intuitively observe the effect of
aerogel scaffolds with drugs on the osteogenic differentiation of
BMSCs, we did not choose an osteogenic culture medium but used a
common culture medium. After 14 days of culture, alizarin red
staining of the five groups showed that the aerogel scaffolds carrying
SOSTmonoclonal antibody and SOSTmonoclonal antibody + SDF-
1 had a better effect on promoting the differentiation of BMSCs into
osteoblasts than the other three groups.

One of the problems in repairing large bone defects is that it is
difficult to form blood vessels in the central area of bone defects.
Through the bone conduction of scaffold materials, the new bone
tissue can repair and reconstruct the bone defect area while the
scaffold is degraded gradually. However, due to insufficient blood

FIGURE 8 | hole, and the osteonecrosis area was not repaired. Under the electronmicroscope, there were different degrees of integration between aerogel scaffolds and
host bone in the I-IV group, among which the group III and IV were the most obvious. There was no new bone formation in the osteonecrosis area of the group without
aerogel scaffolds (C). Results of Micro CT region of interest analysis. The bar graph shows that the group of aerogel scaffolds with SOST McAb + SDF-1 has the best
bone quality. Group I aerogel scaffold without loading drugs, Group II aerogel scaffold loaded with SOST McAb, Group III aerogel scaffold loaded with SDF-1, Group IV
aerogel scaffold loaded with SOST McAb + SDF-1, Group V the control group without scaffold implant, Group VI rabbit without surgery. H marked as the host bone, T
marked as the aerogel scaffold, and N marked as the tunnel with granulation tissue. BMD, bone mineral density; Tb. N, number of trabeculae; Tb. Th.3D, trabecular
thickness; Tb. Sp.3D, trabecular space; BV/TV, bone volume/tissue volume. #, p＜0.05.
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supply in the central area of the bone defect, it is unable to provide
enough nutrition for the new bone and eventually leads to the failure
of bone defect repair (Wendt et al., 2006; Johnson et al., 2011). SDF-1
can recruit stem cells such as bonemarrow stromal cells and vascular
progenitor cells through the homing effect, and SOST can increase
osteogenesis through the osteogenic effect (Suen et al., 2015; Janssens
et al., 2018). The results showed that the aerogels loaded with SDF-1

had an obvious effect on themigration of HUVECs and BMSCs, and
the aerogels loaded with SOST had an observable osteogenic effect.
The aerogel scaffold loaded with SOST monoclonal antibody and
SDF-1 can cause stem cells with osteogenic and angiogenic abilities
to gather at the aerogel scaffold and differentiate in a direction
conducive to osteogenesis and angiogenesis. Neovascularization
provides sufficient nutritional support for the central area of the

FIGURE 9 | The results of HE and methylene blue acid fuchsin staining and safety monitoring. (A) There were obvious bone formation and new bone formation at
the junction between the aerogel scaffold and host bone. The ability of the aerogel scaffold carrying SOST McAb + SDF-1 to promote new bone formation was
significantly higher than that of other groups (B). Results of HE staining of visceral organs. 12 weeks after the operation, no pathological abnormality was found in the
liver, spleen, and kidney of the rabbits in each experimental group (I-IV) compared with the group without scaffold unimplanted (V) and the of the unoperated group
(VI). Group I aerogel scaffold without loading drugs, Group II aerogel scaffold loaded with SOST McAb, Group III aerogel scaffold loaded with SDF-1, Group IV aerogel
scaffold loaded with SOSTMcAb + SDF-1, Group V the control group without scaffold implant, Group VI rabbit without surgery. Hmarked as the host bone, Tmarked as
the aerogel scaffold, N marked as the tunnel with granulation tissue. HE, hematoxylin-eosin staining.
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FIGURE 10 | Results of PCR andWestern blot detection. (A) The results of PCR of VEGF, BMP2, and ALP (B,C). The results of Western blot of VEGF, BMP2, and
ALP. The bar graph showed that the aerogel loaded with SOST McAb and SDF-1 had the best effect on promoting new bone and neovascularization. Group I aerogel
scaffold without loading drugs, Group II aerogel scaffold loaded with SOST McAb, Group III aerogel scaffold loaded with SDF-1, Group IV aerogel scaffold loaded with
SOST McAb + SDF-1, Group V the control group without scaffold implant. VEGF, vascular endothelial growth factor; BMP2, Bone Morphogenetic Protein 2; ALP,
alkaline phosphatase. #, p＜0.05.
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bone defect and timely transport of metabolic waste, which is
beneficial to the repair of bone defects, providing sufficient
evidence for in vivo research.

There are a few difficulties in establishing a model of steroid-
induced osteonecrosis in New Zealand rabbits. The combined use
of lipopolysaccharide and high-dose glucocorticoids caused
diarrhea, digestive tract ulcers, and death in some
experimental animals (Powell et al., 2011; Xi et al., 2017). In
our study, we reduced the death of experimental animals by
giving proton pump inhibitors to the rabbits. After the
establishment of the model, we confirmed the success of the
model of ONFH by imaging and histological examination. The
successful femoral head was drilled, and the scaffold material was
implanted. This new composite scaffold perfectly realizes the
assumption of implanting large-diameter filling materials
through small diameter holes in the experiment. We utilized a
4 mm electric drill to obtain a decompressed bone tract and
implanted composite scaffolds with a diameter of 5 mm to
achieve good filling of bone defects. 12th weeks after the
operation, no collapse of the femoral head was discovered in
the rabbits by specimen observation and X-ray examination,
indicating that the drilling operation controlled the disease
progression of ONFH to a certain extent. The MicroCT results
showed that there were more new bones in the femoral head of
the experimental animals with aerogel scaffolds than in those with
simple drilling. The results of RIO analysis showed that the bone
repair effect of the composite aerogel scaffolds with SOST
monoclonal antibody and SDF-1 was the best. Histological
staining (HE staining and methylene fuchsin staining)
confirmed that there was more new bone formation in the
bone defect area when implanted with the SOST monoclonal
antibody + SDF-1 composite aerogel scaffold. SEM showed that
the fresh bone grew staggered at the interface between the aerogel
scaffold and the host bone, and the bone grew deeper in the
composite aerogel scaffold group with SOST monoclonal
antibody + SDF-1. To further confirm that the SOST
monoclonal antibody + SDF-1 composite aerogel scaffold has
better osteogenic and angiogenic effects, we removed tissues from
the target area to detect the osteogenic and angiogenic genes ALP,
BMP2, and VEGF by fluorescence quantitative PCR andWestern
blot. The results showed that compared with the control and the
scaffold with a single drug, the composite aerogel scaffold with
SOST monoclonal antibody + SDF-1 had more advantages in
osteogenesis and angiogenesis.

CONCLUSION

In this study, an NCF-Col-NHA aerogel scaffold was
successfully prepared, which has a three-dimensional porous

structure, excellent anti-deformation ability, and good
biomechanical properties, and successfully loaded with
SOST monoclonal antibody and SDF-1, which can promote
osteogenesis and angiogenesis and achieve sustained and
effective drug release. The scaffold showed good osteogenic
and angiogenic effects in vitro and in vivo. Tissue repair can be
realized in the osteonecrosis area of steroid-induced ONFH.
These results indicate that the NCF-Col-NHA aerogel scaffold
with SOST McAb + SDF-1 is a promising substitute for bone
repair.
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Exosome-Laden Hydrogels: A Novel
Cell-free Strategy for In-situ Bone
Tissue Regeneration
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1Institute of Translational Medicine, Shanghai University, Shanghai, China, 2Department of Orthopedics, Shanghai Zhongye
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In-situ bone tissue regeneration, which harnesses cell external microenvironment and their
regenerative potential to induce cell functions and bone reconstruction through some
special properties of biomaterials, has been deeply developed. In which, hydrogel was
widely applied due to its 3D network structure with high water absorption and mimicking
native extracellular matrix (ECM). Additionally, exosomes can participate in a variety of
physiological processes such as cell differentiation, angiogenesis and tissue repair.
Therefore, a novel cell-free tissue engineering (TE) using exosome-laden hydrogels has
been explored and developed for bone regeneration in recent years. However, related
reviews in this field are limited. Therefore, we elaborated on the shortcomings of traditional
bone tissue engineering, the challenges of exosome delivery and emphasized the
advantages of exosome-laden hydrogels for in-situ bone tissue regeneration. The
encapsulation strategies of hydrogel and exosomes are listed, and the research
progress and prospects of bioactive hydrogel composite system for continuous
delivery of exosomes for in-situ bone repair are also discussed in this review.

Keywords: hydrogels, exosomes, exosome-laden hydrogels, in-situ bone tissue engineering, bone regeneration

INTRODUCTION

Currently, bone replacements for skeletal defects are highly required by a majority of patients who
suffered accidents or age-related diseases in clinic. It is estimated that more than two million bone
grafting procedures are operated per year around the world, with more than a quarter of them
operated in the United States (Campana et al., 2014). Moreover, bone grafts need over 600,000 cases
in the US caused by cancer and traumatic injuries, which cost about $2.5 billion (Laurencin et al.,
2006).

As we all know, autologous bone grafting is always considered as a “gold standard”.
(Ho-Shui-Ling et al., 2018) for clinical treatments of bone defects while its source is limited

(Zhang et al., 2019) and secondary surgery caused infection (Laurencin et al., 2006). After that,
allografts was developed (Vanderstappen et al., 2015) but the immunological rejection was caused
(Dimitriou et al., 2011; Zhang et al., 2019). Therefore, the limitations of autograft and allograft result
in alternative bone repair strategies was highly desired and widely developed (Kempen et al., 2009; De
Witte et al., 2018).

In recent years, bone tissue engineering strategy, which utilizes the cell culture and
functional differentiation in vitro to construct bioactive bone-grafts, has been deeply
developed for bone regeneration (Figure 1A) (Kempen et al., 2009). Among them, the
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major elements of bone tissue engineering are seeding cells,
growth factors and biomaterial scaffolds (Petta et al., 2016; Yu
et al., 2018).scaffold is a crucial factor to bone tissue
engineering, which offered the space for cell growth,
proliferation and differentiation (Zhang et al., 2010). To
promote the three-dimensional attachment, growth and
tissue regeneration of cells, the scaffold needs a large
specific surface area and interconnected pores (Yu et al.,
2018; Zhu et al., 2021). The biomaterials which can be used
for fabricating porous scaffolds consist of inorganic ceramic,
polymer and metal materials (Yan et al., 2018; Wei et al.,
2022). Patients with diabetes mellitus (DM) suffer from poor
bone healing ability, the 3D-printed enzyme-functionalized
scaffold showed anti-inflammatory and osteogenic effects
under diabetic conditions (Yang et al., 2021b). Another
study also reported a novel 3D composite scaffold not only
triggered the ablation of osteosarcoma via high temperature
generated by near-infrared II light, but also promoted
vascularized bone regeneration in vivo by the controlled
release of bioactive ions (Sr, Cu, and Si) (Yang et al.,
2021a). The scaffold could offer the cells the 3D space,
mechanical support and so on. Recently, hydrogels with a
3D network structure, high water absorption and mimicking
cell microenvironment have been widely developed. It can be
used for the cell encapsulation and ingrowth, thereby
promoting their uniform distribution and slightly higher
loading densities (Hölzl et al., 2016). Also, bone tissue
engineering generally concentrates on fully elastic materials
as a result of their superior mechanical strength and stiffness,
whereas bone tissue is characteristically viscoelastic.
viscoelastic material, which has features such as direct cell

behavior and stress relaxation influence, complete with
mineralized matrix deposition and osteogenic
differentiation (Wang and Yeung, 2017). So, hydrogels
with tunable stress-relaxation behavior tend to be a key to
direct bone tissue regeneration in non-load-bearing
conditions. Mechanically stable 3D constructs can be
produced and an excellent biomimetic environment similar
to the natural ECM can be provided, in terms of adding
hydrogels to robust macroporous scaffolds, while their pores
are filled with soft cell-containing hydrogels (Visser et al.,
2015; Ovsianikov et al., 2018). However, the limitations of ex
vivo tissue engineering are noteworthy. This includes donor
tissue morbidity, the need for a great number of immune-
acceptable cells to fill synthetic scaffold, and the challenges
posed by the expansion of large numbers of cells in vitro, such
as lack and loss of reliable, reproducible cell sources and
cellular phenotype (Gaharwar et al., 2020).

Recently, a novel method called in-situ tissue regeneration,
which leverages the body’s innate regenerative potential, as well as
eliminates the need for ex vivo cell manipulation, was introduced
in (Figure 1B). It has several ways in in-situ tissue engineering,
such as bioactive cues can be incorporated into biomaterials, to
repair the place of injury. In situ tissue engineering has
advantages over ex vivo tissue engineering, because it does not
need the process of harvesting cells, thus, reducing regulatory
hurdles. In addition, ex vivo ways need complex cell culture
conditions to obtain functional tissues but in situ approaches
don’t. Finally, the shelf life of synthetic scaffolds over the cell-
laden scaffolds. Therefore, the in situ methods have an excellent
performance than ex situ methods for clinical application
(Gaharwar et al., 2020).

FIGURE 1 | In-situ tissue engineering. (A) Traditional tissue-engineering approaches require the pre-seeding of engineered scaffolds and ex vivo conditioning
before implantation into the body. (B) In situ tissue regeneration uses bioresponsive materials that harness the innate regenerative ability of the body. These materials are
loaded with biochemical and biophysical cues to recruit endogenous cells for tissue healing (Gaharwar et al., 2020). Copyright 2020, Gaharwar, A.K., Singh, I. &
Khademhosseini.
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In this review, we aim to outline the recent advances of
exosome-laden hydrogels for in-situ bone tissue regeneration.
The advantages of in-situ bone tissue engineering compared
with traditional tissue engineering were summarized.
Moreover, the development and challenges of hydrogels
and exosomes for tissue regeneration was elaborated.
Besides, the encapsulation strategies of exosome-laden
hydrogels are listed, and the research progress and
prospects of bioactive hydrogel composite system for
continuous delivery of exosomes for in-situ bone repair are
also discussed in this review.

HYDROGELS USED FOR IN-SITU BONE
TISSUE REGENERATION

Types and Development of Hydrogels
Hydrogelsare three-dimensional (3D) structures formed by
physical or chemical cross-linking between hydrophilic
polymer chains. It is well known that hydrogels are
hydrophilic polymers, with the property of highly-crosslinked
water-swollen networks and the ability to swell in water without
dissolving. Due to its profound biocompatibility, it could be
used in numerous disease treatments as well as play an
important role in tissue remodeling (Buwalda et al., 2014).
During the biomimetic systems, the hydrogel is a soft
material similar to the extracellular matrix, which could
generate artificial organs. The material sources of hydrogels
can be divided into natural hydrogels and synthetic hydrogels
(Zhu and Marchant, 2011). There are four main types of natural
polymers including proteins, polysaccharides, protein/
polysaccharide hybrid polymers and DNA, could be used to
fabricate natural hydrogels. While the polymer types made of
synthetic hydrogels were divided into non-biodegradable,
biodegradable, and bioactive polymers (Zhu and Marchant,
2011). Natural materials including chitosan, alginate,
hyaluronic acid (HA), collagen and gelatin, with the inherent
performance of biodegradable and always have integrin binding
sites to adhere and coordinate cell responses (Dimatteo et al.,
2018). The natural polymers or synthetic polymers used in
hydrogels could determine some properties and application
of hydrogels. Natural protein polymers are suitable for the
preparation of biocompatible hydrogels, while synthetic
hydrogels are suitable for various biomedical applications,
such as controlled drug release. Moreover, the mechanical
property of synthetic hydrogels could be adjustable (Gyles
et al., 2017).

Requirement and Characterization of
Hydrogels for Bone Tissue Regeneration
For bone tissue regeneration, hydrogels can be considered as very
attractive scaffolds and very promising alternative materials (Bai
et al., 2018). And the marked advantage of injectable hydrogels is
that they can be implanted in the desired area of tissue through
minimally invasive techniques (Staruch et al., 2017). This is
because of their suitable properties, including their excellent

elasticity, biocompatibility, biodegradability and mechanical
properties (Huang et al., 2017; Pishavar et al., 2021). Injectable
hydrogels can promote in situ tissue regeneration by the way of
filling irregular defects.

Also, the different characteristics of hydrogels can be gained
through changing the chemical feature of bonds, degree of
cross-linking and molecular weight of the polymer (Xue et al.,
2022). Moreover, we are facing a huge challenge, for example,
the need to combine with the desired characteristics of
hydrogels. Because the hydrogel functions explored are
sometimes interdependent and sometimes mutually
exclusive. For instance, increasing the degree of chemical
cross-linking can gain higher stiffness hydrogels. On the
contrary, hydrogels with the potential to heal by themselves
can be obtained through introducing dynamic cross-linking.
Apart from hydrogel structure is required to be adjusted,
adding appropriate fillers becomes a strategy to control and
manipulate the nano and macro properties of materials
(Piantanida et al., 2019). Another factor that should take
into consideration is the degradation of hydrogels while
designing tissue regeneration scaffolds.

In terms of injectable hydrogels, which have highly
concentrated structures including nano-sized pores, micron-
level proliferating cells cannot penetrate them without
degrading the covalent bonds that bind them together.
Therefore, the regeneration of damaged tissue needs to
maintain an accurate balance between tissue integration rate
and scaffold degradation rate (Deng et al., 2019). On the one
hand, slow degradation of materials always leads to an increase
in the inflammatory response and can promote fibrosis
(Alijotas-Reig et al., 2013). On the other hand, materials
that degrade too fast provide insufficient scaffolds to
maintain the infiltration and batch arrangement of
proliferating cells. To solve these problems, the injectable
microporous scaffolds have been designed by some research
groups (Bencherif et al., 2012; Griffin et al., 2015), which not
only adapt to tissue regeneration but also keep bulk stability.
These systems’ widely adoption, provides an ideal design
method with scaffold adjustability so that the scaffold can
meet the precise physical and chemical requirements of the
wound site (Dimatteo et al., 2018; Wu et al., 2021). Moreover,
tissue regeneration is closely associated with biomaterials in
situ degradation. The rate of tissue generation for optimal
tissue growth is the same as the biomaterials degradation rate
(Gaharwar et al., 2020).

Application and Prospect of In-Situ Bone
Tissue Regeneration
Zhang and his group fabricated a bioactive nanocomposite
hydrogel to regulate the delivery in the local and regeneration-
specific release of dexamethasone (Dex). The nanocomposite
hydrogel with excellent injection performance and efficient
stress relaxation, so it can be easily injected and adapted to
irregular bone defects. The release of Mg2+ from hydrogel can
promote osteogenic differentiation, encapsulate human
mesenchymal stem cells (hMSCs), and activate alkaline
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FIGURE 2 | Injectable HA-Pam-Mg nanocomposite hydrogel promotes the healing of bone defects. (A) Schematic representation of “smart” hydrogels and
injections of hMSC-laden nanocomposite hydrogels promote in situ bone regeneration. (B) Demonstration of the injectability and formability of nanocomposite
hydrogels. (C)HA-Pam-Mg nanocomposite hydrogels encapsulating MSCs promote healing of rabbit femur defects (Zhang et al., 2018b). Copyright 2018, WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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FIGURE 3 | Schematic diagram of MgO/MgCO3@PLGA(PMM) hydrogel promoting bone defect repair. (A) Schematic diagram of the mechanism of injectable
PMM hydrogel promoting bone defect regeneration. (B) SEM images of PLGA and PM scaffolds loaded with MgO/MgCO particles with different weight ratios. (C) The
relative expression levels of marker genes related to osteogenic differentiation were analyzed. (D) Reconstructed 3D micro-CT images of rat crania with the treated
defects labeled with rectangular box (gray: PLGA, blue: PMM). (E)Histological evaluation of bone defect regeneration using H&E, Masson’s trichrome, and Safranin
O-Fast Green staining (*represents residual materials showing the blank area; red arrows indicate new bone, and black arrows indicate host bone) (Zhou et al., 2021).
Copyright 2021, American Chemical Society.
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phosphatase (ALP) (Figure 2). For the sake of promoting hMSCs
osteogenesis further, the activated ALP catalyzes the
dephosphorylation of Dex phosphate results in releasing Dex
from hydrogel quickly. With an emphasis on the bone
regeneration rate is better than previous in terms of the
positive feedback circuit controlling the activation and release
of Dex at the hydrogel implantation sites. The report reveals that
injectable nanocomposite hydrogel regulates diverse therapeutic
cargoes released in an optimization way and promotes in situ
bone regeneration through minimally invasive surgery (Zhang
et al., 2018b).

Hang reported an excellent injectable MgO/MgCO3@PLGA
(PMM) hydrogel to improve bone regeneration. PMM hydrogel
not only has good injectable properties, but also can form porous
scaffolds in situ by solid-liquid transformation, and fill irregular
bone defects through its huge shape adaptability. As shown in
Figure 3, the injectable PMM hydrogel was investigated for rat
calvarial defect repair. Injectable PMM hydrogels can form
porous scaffolds in situ, through controlled release of Mg2+,
can meaningfully promote bone regeneration (Zhou et al.,
2021). Another study reported an in situ-forming biomaterial,
which mixed montmorillonite (MMT) with photopolymerizable
methacrylated glycol chitosan (MeGC) hydrogel, could promote
bone regeneration. And the nanocomposite hydrogels have great
potential to recruit native cells and promote bone formation.
Nanosilicate-loaded MeGC hydrogel, which provides a new
material design strategy with cell-free and free of growth
factors (Cui et al., 2019).

To exploit the potential of hydrogels in various bone
regeneration strategies, further research should also focus on
developing better compatible nanoparticles (Mehrali et al., 2017).
Additionally, one of the biggest challenges still facing bone tissue
engineering is that, unlike natural tissues, biomaterials lack the
ability to repair themselves (Koons et al., 2020).

EXOSOMES: A CELL-FREE TISSUE
ENGINEERING STRATEGY FOR BONE
REGENERATION
Biogenesis and Composition of Exosomes
Extracellular vehicle (EV) is a phospholipid bilayer spherical
structure with substantial dynamic heterogeneity, which is
released by almost all mammalian cells and plays a vital role
in cell-to-cell communication (Robbins and Morelli, 2014). The
exosome is a saucer-shaped vesicle with a diameter of 40–160 nm
(Figure 4), which can float in sucrose gradients with a density of
1.13–1.19 g ml−1. Plenty of cell types can secret and absorb
exosomes, such as endothelial cells, immune cells, tumor cells
and mesenchymal stem cells (MSCs) (Huang et al., 2021). Since
diverse cells with different characteristic exosomes, this reflects
the sorting process of exosomes not just related to the donor cells
(van Niel et al., 2006). Some studies have found that both inside
and surfaces of exosomes contain cargo, which refers to various
proteins and nucleic acids, including DNA, mRNA, miRNA,
lipids and small molecules (Mathivanan et al., 2010; D’Asti
et al., 2012). It has been demonstrated that some proteins
originate from cells or tissue while others are existing in all
exosomes by proteomic analysis (Valadi et al., 2007). Generally,
the various function of proteins are contained by exosomes such
as heat shock proteins (HSP70 and HSP90) not only take part in
the stress response but also connect with antigen binding and
delivery; tetraspanins such as CD9, CD63, CD81 and CD82,
which are involved in cell penetration, fusion and invasion. In
addition, in exosome secretion, MVB (Multivesicularbody)
formation proteins (Alix, TSG101) and proteins (Annexin and
Rab) were found to possess the capacity of membrane
transplantation and fusion (Cordonnier et al., 2017). Among
the above proteins, some of them are involved in exosome
biogenesis, such as fotilin, TSG101 and Alix. These proteins

FIGURE 4 | Biogenesis and composition of exosomes. Exosome formation is initiated by invagination of the plasma membrane to form EEs, which fuse to form
MVBs. Then, MVBs fuse with the plasma membrane to release exosomes into the extracellular matrix, or fuse with lysosomes for degradation. The composition of
exosomes includes lipids, DNA, RNA and proteins (Huang et al., 2021). Copyright 2021, The Royal Society of Chemistry.
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are secreted during plasma membrane spillage, while others exist
specifically in exosomes and can be regarded as exosome marker
proteins, such as HSP70, TSG101, CD63 and CD81 (Cordonnier
et al., 2017; Elkhoury et al., 2020).

Exosomes are involved in the regulation of different signaling
pathways in neighboring and distant recipient cells by delivering
kinds of biomolecules, including mRNAs, miRNAs, proteins and
lipids (Akbari et al., 2020; Hu et al., 2021). As a cell-free
biomaterial, exosomes can solve some problems encountered
in the clinical application of regenerative medicine, such as the
source, quantity and immune rejection of seed cells. Thus,
combining exosomes with tissue engineering scaffolds can
provide a new generation of scaffold biomaterials that are
more suitable for tissue repair (Huang et al., 2021).

Separation and Extraction Strategies for
Exosomes
The limitation of nano-sized and distributing in complex body
fluids leads to difficulty to isolate exosomes in high yield (Willms
et al., 2018). At the moment, ultracentrifugation is one of the
most feasible strategies for exosome isolation due to its high yield,
but the high levels of protein aggregates and lipoprotein
contamination present in exosome samples prepared by this

method are critical for quantitative and functional analysis
have a large impact (Li et al., 2017). Since it is impossible for
a single way to adapt to diverse sample sources, efforts have been
made to explore the different physicochemical and biochemical
properties of exosomes. At present, six kinds of methods have
been used in exosome separation (Table1), including
ultracentrifugation, immunoaffinity capture, ultrafiltration,
charge neutralization polymer precipitation, microfluidic
technology and size exclusion chromatography. Each method
has its unique special advantages and disadvantages (Yang et al.,
2020). Exosomes isolated by different methods can usually be
identified by detecting their surface morphology, particle size,
and surface markers. Commonly used morphological-based
identification methods include transmission electron
microscopy (TEM) (Manda et al., 2018), scanning electron
microscopy (SEM) (Singh et al., 2014), cryo-electron
microscopy, and atomic force microscopy (AFM) (Misumi
et al., 2018). Identification methods based on exosome size
include nanoparticle tracking analysis (NTA) and dynamic
light scattering (DLS) (Sitar et al., 2015). Exosome-based
identification of various specific or non-specific markers. They
contain the same fusion proteins and membrane transport
proteins (Annexins, Flotillin, GTPases), Tetraspannins (CD9,
CD82, CD81 and CD63) (Zhang et al., 2012). Exosomes

TABLE 1 | Current strategies for exosome separation (Yang et al., 2020).

Isolation technique Advantages Disadvantages

Sequential ultracentrifugation • Low cost and • High equipment requirement
• Low contamination risk with extra isolation

reagents
• Time consuming
• Labor intensive

• Suitable for large volume preparation • Protein aggregation
• Low portability

Ultrafiltration • Low equipment cost • Moderate purity
• Fast procedure • Possible loss due to clogging and membrane trapping
• good portability

Gradient ultracentrifugation • High purity of products • Lower volume process ability
• Allowing separation of subpopulation of

exosomes
• High equipment requirement
• Time consuming
• Labor intensive
• Low portability

Size-exclusion
chromatography

• High purity • High device costs
• Fast preparation • Additional method for exosome enrichment is required
• Keep native state of exosomes
• Good reproducibility
• Potential for both small and large sample

capacity
Immunoaffinity capture • Suitable for separating exosomes of specific

origin
• High-cost antibodies

• High-purity exosomes • Exosome markers must be optimized
• Easy to use • Low processing volume and yields
• No chemical contamination

Microfluidics-based
techniques

• Highly efficient • Low sample capacity
• Cost-effective
• Portable
• Easily automated and integrated with diagnosis

Polymer Precipitation • Easy to use • Contaminants of protein aggregates, other extracellular vesicles and polymeric
contaminants

• Using ordinary equipment • Extended processing time
• Suitable for both small and large sample volume • Require complicated clean-up steps
• High efficiency
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derived from MSCs could be stored at −20°C or −70°C, and can
maintain biological activity for a long time (Sokolova et al., 2011;
Lee et al., 2016).

Recent Advances of Exosomes for Bone
Tissue Regeneration
Recently, compared with other cell-based therapies, the secretion
of MSCs have received considerable attention as a regeneration
tool (Liu et al., 2017). First discovered in the 1960s, MSCs were
originally described as spindle cells derived from bone marrow,
which regulate the quiescence and self-renewal of hematopoietic
stem cells via the release of paracrine factor (Pluchino and Smith,
2019). These cells with the feature of heterogeneous, apart from
bone marrow, have been successfully isolated from the placenta,
amniotic fluid, adipose and other tissues. Exosomes, which are
derived from MSCs, have a vital influence on the function of
endothelial cells and promote tube formation and thus play a role
in angiogenesis and vascular network maturation (Li et al., 2016).
It is easy to isolate bone marrow mesenchymal stem cells from
adult tissues and have great expansion ability in vitro. Several
evidence has been shown that MSCs with an outstanding
therapeutic role in plenty of diseases (Khayambashi et al., 2021).

There is no doubt that the MSC-based tissue engineering
method is an innovative strategy for clinical treatment (Lin
et al., 2017). Nevertheless, it has been found that they are
instability and with the potential to form cancer (Carson et al.,
2006). These findings lead the research community to reconsider
the biosafety of stem cell therapy. With the development of cell-
free therapies, exosome has gradually become a tool for tissue
repair, which is better than traditional stem cell therapy because it
conquers risks and limitations.

Zhang et al. (Zhang S. et al., 2018) reported that MSC-derived
exosomes with the potential to repair osteochondral defects
through a way that contains increased migration, matrix
synthesis and proliferation, decreased apoptosis and regulated
immunoreaction. Cui et al. (Cui et al., 2016) reported that
mineralized osteoblasts derived exosomes affected the miRNA
profile of recipient bone marrow cells, thus promoting
differentiation into osteoblasts. Owing to a change in miRNA
profile, the expression of Axin 1 was inhibited, whereas the
expression of ß-catenin was increased as well as the Wnt
signaling pathway was activated (Gu et al., 2021).

Studies have shown that exosomes from MSCs with similar
functions to MSCs, including tissue regeneration and repair,
inhibition of inflammation, regulation of immunity and so on
(Askenase, 2020). Some advantages of using exosomes for tissue
regeneration rather than MSCs are as follows. First of all, the
immune risks associated with stem cell transplantation are
avoidable. And exosomes cannot self-replication without the
potential to form endogenous tumors (Lener et al., 2015). A
report showed that a spinal cord–injured patient, who
transplanted olfactory mucosal stem cells, formed tumors at
the injured site (Dlouhy et al., 2014), emphasizing stem cell
therapy with potential risks. Second, compared with MSCs,
exosomes can be stored for a longer time and can be used
more conveniently. Third, differ from exosomes, MSCs are too

big to circulate through capillaries. Especially, exosomes can
promote lung repair by entering the lungs after infecting
Corona Virus Disease 2019 (COVID-19) (Askenase, 2020).
Finally, in contrast with MSCs, the biogenesis and functional
characteristics of exosomes can be defined more correctly. The
function of MSCs can be reprogrammed by environmental
factors, but not exosomes (Lener et al., 2015). All of these
advantages make MSC exosomes can be administered easily
and treat kinds of diseases safe (Shiue et al., 2019).

A study reported that exosomes secreted by human
mesenchymal stem cells (hMSCs) could induce osteogenesis of
hMSCs through osteogenic pre-differentiation at different times,
and the extracted exosomes were combined with 3D printed
titanium alloy scaffolds for cell-free bone regeneration (Figure 5).
The results showd that the bone tissue regeneration efficiency of
cell-free exosome scaffolds was comparable to that of hMSC-
seeded scaffolds, so replacing stem cells with osteogenic exosomes
secreted by pre-differentiated stem cells was expected to become a
new cell-free bone regeneration pathway (Zhai et al., 2020).

Limitation and Prospect of Exosomes for
In-Situ Bone Regeneration
Although we all know the benefits of exosomes, the shortcomings
of delivering a therapeutic dosage of exosomes, peculiarly via
systemic injections, may over their advantages (Riau et al., 2019).
The common ways to administer exosomes are intravenous,
subcutaneous, and intraperitoneal injections. When it comes
to the exosomes’ biological effects, the crucial factor that must
be considered is the target cell, which could internalize exosomes
through endocytosis, if not, exosomes will enter the blood
circulation and be quickly removed. Since the short half-life
exosomes possess, which exist only 2–4 min (Saunderson et al.,
2014), and will be quickly removed from the blood vessels. Then
exosomes will enter the organs (Schiffelers et al., 2000). For
example, exosomes isolated from B16-BL6 mouse melanoma
cells rapidly disappeared after intravenous injection with a
half-life of 2 min (Takahashi et al., 2013). Further study has
been demonstrated that after 2 h systemic injection, exosomes
can be found in the liver, lung, spleen and gastrointestinal
significantly (Takahashi et al., 2013; György et al., 2015).
Generally, these exosomes are mainly phagocytosed by
macrophages in the spleen or liver (Huang et al., 2021). On
the one hand, the injection ways of exosomes like direct
intravenous, subcutaneous and intraperitoneal injection, can
cause a macrophages response in the reticuloendothelial
system, leading to rejection. When applied systemically or
locally (skin or eye), exosomes have shown a short half-life
after interacting with sweat, tears and the epithelial barrier
(Riau et al., 2019). On the other hand, it is difficult to purify
and produce exosomes on a large scale due to the demand for
consistency of nanometer-sized exosomes by the costly protocols
(Riau et al., 2019).

To solve this problem, the exosome therapy research with
emphasis on the combination of exosomes and biomaterials. The
durability and stability of exosomes can increase significantly
while combined with diverse biomaterials as scaffolds.
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FIGURE 5 | Overview of stem cell-derived exosomes for bone tissue regeneration. (A) Exosomes from hMSCs were isolated and complexed with Ti scaffolds and
implanted into the radial defect of the rat. (B) Immunofluorescence staining of osteogenic markers (COL-1[a-e]; OPN[f-j]) in hMSCs showing osteogenic exosome-
induced osteogenic differentiation. (C) Real-time PCR of osteogenic markers (COL-1, Runx2, ALP, and OPN) showed exosome-induced osteogenesis of hMSCs. (D)
Intensity of Alizarin Red after induction in various exosomes. (E) H&E staining demonstrated new bone formation in vivo (Zhai et al., 2020). Copyright 2020 The
Authors. Published by Wiley-VCH GmbH.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org April 2022 | Volume 10 | Article 8662089

Sun et al. Exosome-Laden Hydrogels

76

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


Furthermore, the ideal biomaterial should with the capacity of
maintaining the bioactivity of exosomes and controlling the
release kinetics of exosomes in terms of the expected release
schedule. In addition, the characteristic of biomaterials must be
taken into consideration, which can influence the efficiency of
loading or releasing exosomes. Thus, when it comes to materials
design, porosity is a fundamental element that needs to be
emphasized, which can promote substance transport in the
injured tissue owing to highly connected porous networks.
Through the micro or nanoscale porosity can release bioactive
agents, move gasses, nutrients, and waste products better than
materials of other sizes. Tissue engineering biomaterials as similar
to the natural ECM, which can supply migration, growth and
survival of MSCs with a scaffold. As biomaterials for bone tissue
repair, with proper stability and integrity, and have appropriate
stiffness and mechanical properties like bone tissue look
necessary. Undoubtedly, the scaffold needs the potential to be
biodegradable, and the degradation rate should match the
regeneration of new tissue so that the scaffold could be
replaced. When cleavable groups need to incorporate into the
scaffold, the rate of degradation should be controlled primarily.
What important most is the biocompatibility of biomaterial, the
potential to perform without causing adverse host reactions, and
it should not accumulate in the body, thus the biomaterial and
degradation products should be bio-absorbable (Safari et al.,
2021).

As we all know, natural ingredients obtained from biological
sources with inherent biocompatibility can be well applied in the
body and can also be degraded by enzymatic cleavage easily.
However, synthetic biomaterial with more fantastic functions
and structures. The biomaterials will be more universal if
change the molecular composition gain new properties and
optimize the existing properties and so on. Beyond that,
kinds of membranes, nanoparticles and hydrogels have been
used to promote the controlled release of bioactive molecules in
tissue repair (Ding et al., 2014; Xu et al., 2015; Liang et al., 2019;
Safari et al., 2021).

Without encapsulation, exosomes can be cleared from the
body through fluids at a quick speed (Riau et al., 2019). Thus,
delivering exosomes needs a more powerful way to avoid
clearance by the host (Khayambashi et al., 2021).

EXOSOMES LADEN HYDROGELS FOR
INDUCING IN-SITU BONE REGENERATION

Hydrogel as a Vehicle for Exosome Delivery
It is a popular choice to apply hydrogels as a delivery system and
scaffold materials owing to hemostatic ability, antibacterial
activity, injectability, tissue adhesion, self-healing and so on
(Li et al., 2015; Huang W. et al., 2016; Lokhande et al., 2018;
Safari et al., 2021). Hydrogel encapsulated exosomes can protect
them without degradation and supply therapeutic effects with
persistent exosomes delivery (Riau et al., 2019). Currently, the
local continuous drug delivery of exosomes is available through
hydrogels as carriers. For instance, previous studies reported that
the MSC-EVs combined with chitosan and silk fibrin-synthesized

hydrogels showed a sustained release and long-term wounding
healing for up to 2 weeks (Shi et al., 2017). The property of
hydrogels, such as hydrophilic and cross-linking behavior, have
promoted the capability of controlled drug release. Besides, it has
demonstrated that hydrogels with important effects on the fields
of bone formation, angiogenesis, immunology and oncology
(Mantha et al., 2019). It has been studied that the purified,
unformulated exosomes biodistribution in animal models. The
vary of administrations including intravenous, subcutaneous,
intraperitoneal, intranasal and retro-orbital, were used to
evaluate disposal and exosome kinetics in vivo (Zhang et al.,
2018a).

In comparison with stem cells, exosomes with more
advantages in tissue regeneration can maintain biological
activity and are highly stable for some time. Additionally,
exosomes have the capability for targeting organs, initiating
tissue regeneration, and protecting plenty of bioactive
ingredients without degradation (Lou et al., 2017). Owing to
exosomes do not have self-replicating characteristics, exosomes
can reduce the danger of iatrogenic tumor formation and can
reduce the formation of embolism when MSCs are injected.
However, purified unformed exosomes can be cleared from
the host at a short period after being absorbed by the
reticuloendothelial system (Conlan et al., 2017). To conquer
these limitations, hydrogels with the property of degradation
can play a crucial role in protecting exosomes and take for a
carrier and delivery depots of exosomes in the entry site so that a
more durable therapeutic effect will obtain.

In addition, the high concentration of therapeutic molecules
involved in exosomes can be delivered locally when exosomes are
combined with hydrogels and applied near or in the target tissue
site (Riau et al., 2019). Because of the structural or
physicochemical characteristics of the hydrogel, the
degradation rate of the hydrogel matrix can be adjusted, and
the release and functional characteristics of the embedded
exosomes can be controlled.

Furthermore, biodegradable hydrogel should be taken into
consideration as an outstanding candidate for exosomes
encapsulation in plenty of treatments, because they have the
ability of biocompatible and are similar to the intracellular
matrix. These advanced hydrogel-exosome formulation
platforms could offer special formations to tissue engineering,
for example, bone repair (Liu et al., 2019). To a certain degree, the
treatment effect of exosomes depends on the design and function
of hydrogels (Pishavar et al., 2021).

Approaches of Hydrogel-Exosome
Encapsulation
At present, there are several methods to transport exosomes to
target tissues and organs, which can be divided into systematic
and local. Systemic ways of administration include intravenous,
oral, intranasal, intraperitoneal, and subcutaneous, while local
administration can be realized by directly loading exosomes
suspension or loading exosomes into biomaterials (Pinheiro
et al., 2018; Alqurashi et al., 2021). The therapeutic benefit
process of using exosomes is enhanced by the use of hydrogels
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in bone tissue engineering. Generally, there are three ways to
encapsulate exosomes into a hydrogel matrix (Riau et al., 2019).

The first means is that exosomes are combined with the
polymer, and then a cross-linking agent is added to induce
gelation (Figure 6A). Studies have reported this method,
which uses hyaluronic acid (HA), gelatin and heparin to form
a polymer. Exosomes derived from bone marrow stem cells are
incorporated into this polymer, and polyethylene glycol
diacrylate (PEGDA) is used as the gelling agent of the system
(Ghosh et al., 2005; Qin et al., 2016). This method is based on the
active precursor for covalent cross-linking. Since this technology
provides hydrogels with adjustable properties, controllable
mechanical properties and degradation rates, it is an attractive
strategy for exosomes and cell encapsulation (Nicodemus and
Bryant, 2008). Nevertheless, a universal problem that exists is that
when new compounds are added, such as cross-linking agents,
they may be potentially cytotoxic to biomolecules. The advantage
of this method is the use of macromonomers, which are usually
derived from biocompatible polymers (Khayambashi et al., 2021).

The second way is the physical combination of hydrogel or
“breathing” technology (Figure 6B). This technique has twomain
steps. First, the water in the hydrogel is removed by putting the
swollen hydrogel in a solvent. The second step is to put the
hydrogel in an aqueous solution containing exosomes so that the
porous hydrogel is absorbed into the exosomes (Thomas et al.,
2009). According to the principles of smart hydrogels, the method
has been developed. That is, the hydrogel will form a swelling
structure when in water, and the hydrogel will even collapse and
undergo a phase change in a low-polar solvent (Shipway and
Willner, 2001). Nevertheless, to use the method, the pore size of

the hydrogel needs to be adjustable, and there is no doubt that the
pore size needs to be larger than the encapsulated exosomes. Once
inside the cell, loosely attached exosomes will effusion when
exposed to the target (Thomas et al., 2009).

The last method is to mix the polymer and the crosslinker in
the solution with the exosomes at the same time (Figure 6C). A
study used this method, which resulted in situ gelation, enabling
targeted delivery of exosomes to the site of action. They used fat-
derived exosomes and peptides for wound healing (Wang et al.,
2019). In general, this strategy requires the use of a dual-cavity
syringe, which has the ability to inject the hydrogel with exosomes
directly into the defect site (Ghosh et al., 2005; Riau et al., 2019).
There are a variety of mechanisms that can be used for in-situ
gelation, such as ultraviolet radiation, ion exchange, pH changes,
and temperature changes (Ruel-Gariépy and Leroux, 2004). This
strategy is very significant in filling the critical size defects of
complex shapes, allowing the combined biomolecules to have
good viability. This type of injectable scaffold has the required
inherent tissue properties, so it can work alone without external
induction (Sargeant et al., 2012; Khayambashi et al., 2021).

Advances and Development of
Exosome-Laden Hydrogels for In-Situ Bone
Regeneration
The interaction between exosomes and biological materials
determines the effective concentration of exosomes in
biological materials. Electrostatic interaction and biologically
active adhesion are the main ways to combine exosomes with
biological materials. The mutual attraction or repulsion between

FIGURE 6 | Approaches to encapsulate exosomes in hydrogels: (A) Combining the exosomes with polymers followed by the addition of crosslinkers to induce
gelation. (B) Physical incorporation of the hydrogels, or the “breathing” technique. (C) Mixing of the exosomes with both the polymers in solution and crosslinkers
simultaneously (Khayambashi et al., 2021). Copyright 2021, MDPI, Basel, Switzerland.
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FIGURE 7 | Schematic diagram of uMSCEXOs combined with HA-Gel and nHP scaffolds to promote the repair of skull defects. (A) Hydrogel composite exosomes
scaffold promotes angiogenesis to repair critical size skull defects in rats. (B) The micro-CT scan image and quantitative analysis of the Masson’s trichrome (40 × ) image
after 8 weeks of repairing the critical size skull defect in vivo in the rat, showing the skull defect area. (C) Transwell migration analysis of endothelial progenitor cells in
different treatments. (D)CCK-8 shows that uMSCEXOs can promote EPCs proliferation. (E)Quantitative analysis of the migration rate (Zhang et al., 2021). Copyright
2021, American Chemical Society.
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FIGURE 8 | HucMSC-derived exosomes combined with CHA/SF/GCS/DF-PEG hydrogel for the treatment of femoral condyle defects in rats. (A) The separation
and identification of HucMSC-derived exosomes and the preparation of CHA/SF/GCS/DF-PEG hydrogel are used for testing on SD rats with induced femoral condyle
defects. (B) 0, 30 and 90 days after implantation of CHA/SF/GCS/DF-PEG hydrogel or CHA/SF/GCS/DF-PEG hydrogel combined with hucMSC-derived exosomes,
gross observation (C) X-ray (D) Micro-CT imaging results (Wang et al., 2020). Copyright 2020, Frontiers in Bioengineering and Biotechnology.
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exosomes and biological materials depends on the negatively
charged phospholipid membrane of exosomes and the charged
residues of glycocalyx (Gerlach and Griffin, 2016). For example, a
cation delivery system containing chitosan hydrogel retains
exosomes through electrostatic force. The exosomes derived
from MSC express adhesion molecules, for example, CD44
and a integrins. Therefore, exosomes have biological activity
on extracellular matrix ingredients, for instance, type I
collagen, fibronectin and hyaluronic acid and so on (Huang
C.-C. et al., 2016; Brennan et al., 2020; Safari et al., 2021).

Zhang has reported that a nanoparticle composite was
prepared by encapsulating umbilical MSC-derived exosomes
(uMSCEXOs) in hyaluronic acid hydrogel (HA-Gel), and
combining them with nanohydroxyapatite/poly-ε -caprolactone
(nHP) scaffold combined to repair rat skull defects (Figure 7).
The methods of imaging and histological evaluation have shown
that the uMSCEXOs/Gel/nHP composite material significantly
promotes bone regeneration in vivo, and uMSCEXOs may be
essential in the bone repair pathway. In addition, in vitro
experiments have shown that uMSCEXOs have the potential to
make endothelial progenitor cells (EPCs) proliferate, migrate, and
angiogenesis, but have little effect on the osteogenic
differentiation of bone marrow mesenchymal stem cells. It
cannot be ignored that mechanism studies have shown that
exosomal miR-21 is a potential intercellular messenger, which
promotes angiogenesis by up-regulating the NOTCH1/DLL4
pathway. In summary, the results of the study show a way to
use exosomes to repair bone defects, which may be regulated by
the miR-21/NOTCH1/DLL4 signal axis (Zhang et al., 2021).

Another research has been reported that a self-healing
coralline hydroxyapatite (CHA)/silk fibroin (SF)/glycol
chitosan (GCS)/difunctionalized polyethylene glycol (DF-PEG)
hydrogel was successfully prepared (Figure 8), which has perfect
comprehensive properties. Moreover, it is expected to be an
excellent material that will be used in bone graft. The better
bone repair effect will be if add hucMSC-derived exosomes to this
hydrogel (Wang et al., 2020).

FUTURE AND PROSPECTS

In the past few decades, bone tissue engineering has gradually
developed, especially in the past few years due to the rise of in-
situ tissue engineering. In this context, the composite of various
types of hydrogels and nanoparticles that are similar to natural
extracellular matrixes has obvious advantages in the treatment
of bone tissue repair. There is no doubt that the evaluation of the
main properties of hydrogel composite nanoparticles, such as
biocompatibility and biodegradability, is necessary. In addition,
their interaction with surrounding tissues is also an important
factor that must be considered. Seed cells are widely used as a
key element in regenerative medicine. For example,
mesenchymal stem cells (MSCs) derived from various sources
have good prospects in clinical research as cell-based therapies.
As the core of tissue repair, seed cells are widely used in various

fields of regenerative medicine. However, the use of stem cells
for treatment always has problems such as low cell survival rate
and immune rejection. Therefore, the use of stem cells for tissue
regeneration has safety issues that cannot be ignored (Hofer and
Tuan, 2016). And most of the therapeutic benefits of MSCs
come from the release of paracrine factor exosomes with anti-
inflammatory activity. The exciting discovery of exosomes
contributes to cell-free therapy in tissue regeneration.
Exosomes are nanoscale extracellular vesicles that contain
biologically active molecules such as RNA and proteins;
therefore, exosomes have similar functions to parent cells.
Although the size of exosomes is similar to liposomes,
naturally derived exosomes have many natural advantages
over other nanoparticles. Naturally derived exosomes have
outstanding biocompatibility, biodegradability, low toxicity
and immunogenicity. The major limitations of exosome
extraction was the purity and mass production, which
restricted the wide clinical application (Aheget et al., 2020).
Moreover, exosomes had their own inherent limitations
including low targeting capacity, low circulating half-life and
low concentration of functional molecules, which affected the
clinical effectiveness (Jafari et al., 2020). The separation of
exosomes is also a key issue. At present, ultracentrifugation
is the most common method for extracting exosomes, but it also
has disadvantages such as lipoprotein contamination. If we want
to make progress in the field of exosomes research, we must
develop efficient exosomes separation technology. A large
number of studies have shown that the compounding of
exosomes and hydrogel can improve the stability of
exosomes and provide a continuous treatment environment
for tissue defects. In addition, it contributes to maintaining
the content of exosomal protein and miRNA in the body.
However, many current treatment strategies to promote bone
tissue repair also have shortcomings. These limitations include
how the biomimetic scaffold is optimized to be like natural
tissues and how bioactive molecules can deliver and maintain
activity more efficiently. With the comprehensive disclosure of
exosomes and their functions, the combination of exosomes and
hydrogels will have more applications that cannot be ignored in
clinical practice.
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3D-Printed Hydrogels in Orthopedics:
Developments, Limitations, and
Perspectives
Zhen Liu1†, Weiwei Xin1†, Jindou Ji2†, Jialian Xu1, Liangjun Zheng1, Xinhua Qu1* and
Bing Yue1*

1Department of Bone and Joint Surgery, Department of Orthopedics, Renji Hospital, School of Medicine, Shanghai Jiao Tong
University, Shanghai, China, 2The First Clinical Medical College, Shandong University of Traditional Chinese Medicine, Jinan,
China

Three-dimensional (3D) printing has been used in medical research and practice for several
years. Various aspects can affect the finished product of 3D printing, and it has been
observed that the impact of the raw materials used for 3D printing is unique. Currently,
hydrogels, including various natural and synthetic materials, are the most biologically and
physically advantageous biological raw materials, and their use in orthopedics has
increased considerably in recent years. 3D-printed hydrogels can be used in the
construction of extracellular matrix during 3D printing processes. In addition to
providing sufficient space structure for osteogenesis and chondrogenesis, hydrogels
have shown positive effects on osteogenic and chondrogenic signaling pathways,
promoting tissue repair in various dimensions. 3D-printed hydrogels are currently
attracting extensive attention for the treatment of bone and joint injuries owing to the
above-mentioned significant advantages. Furthermore, hydrogels have been recently
used in infection prevention because of their antiseptic impact during the perioperative
period. However, there are a few shortcomings associated with hydrogels including
difficulty in getting rid of the constraints of the frame, poor mechanical strength, and
burst release of loadings. These drawbacks could be overcome by combining 3D printing
technology and novel hydrogel material through a multi-disciplinary approach. In this
review, we provide a brief description and summary of the unique advantages of 3D
printing technology in the field of orthopedics. In addition, some 3D printable hydrogels
possessing prominent features, along with the key scope for their applications in bone joint
repair, reconstruction, and antibacterial performance, are discussed to highlight the
considerable prospects of hydrogels in the field of orthopedics.

Keywords: bone joint repair, reconstructive implant, antibacterial and anti-infection characteristics, 3D printing,
hydrogel

1 INTRODUCTION

Without effective intervention and treatment, existing injuries and defects can lead to new
complications, such as severe infections, which can subsequently result in severe necrosis of the
bone and joint, and ultimately the complete loss of bone and joint function. Existing clinical
approaches to bone and joint surgery include allogeneic and autologous bone grafts and metal
substitute grafts (Levato et al., 2017), with autologous bone grafts being limited by the scarcity of
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donors; allogeneic bone grafts are limited in that they may lead to
immune rejection. A significant issue associated with metal
substitute grafts is that they are prone to wear and tear.
Therefore, the life span of metal substitutes is generally short
and there is a possibility that the individual may have to undergo
secondary surgery. In fact, according to the literature (Canovas
and Dagneaux, 2018), a survey showed that up to 30% of patients
were dissatisfied after total knee arthroplasty.

Hydrogel-based three-dimensional (3D) printing technology
has emerged as an effective treatment option for bone and joint
injury problems, and its comprehensive advantages are being
gradually unfolded. 3D-printed hydrogel materials not only
possess most repair properties of existing repair materials
(Perera et al., 2021), but also have unique ductility,
hydrophilicity, and histocompatibility; moreover, there are
extensive material choices as a considerable number of 3D-
printed hydrogel materials have been discovered. Thus, owing
to their unique advantages, hydrogels hold a huge potential in
bone and joint tissue repair, anti-infection, and even tumor
treatment.

From the 1990s to the 2010s, researchers experimented with
various properties of 3D-printed hydrogels in the laboratory;
thus, there has been significant progress in hydrogel-based 3D
printing technology. In this paper, we will briefly introduce 3D-
printed hydrogels and summarize the main and latest scientific
findings in the field of 3D hydrogels in orthopedics to help gain a
holistic and intuitive understanding of all aspects of 3D-printed
hydrogels. The existing 3D printing technologies applicable to
hydrogel materials are also presented. This review not only
demonstrates the progress and technologies that have been
achieved but also reflects on the problems that exist in order
to promote the advancement of hydrogel-based 3D printing
technology in the field of orthopedics and its early application
in the practical treatment of bone and joint tissue repair.

2 HYDROGELS

2.1 Introduction to Hydrogels
Currently, hydrogels are popular biomaterials for 3D printing
and are considered to be the core of 3D bioprinting. They are 3D
mesh structures that are composed of highly absorbent cross-
linked polymer chains, which swell rapidly in water and retain a
large amount of water without dissolving in the swollen state
(Abdollahiyan et al., 2020). They are cross-linked by
physicochemical means, and the degree of cross-linking
determines the water absorption; the higher the degree of
cross-linking, the lower the water absorption. Therefore, the
water content of hydrogels can vary considerably, from less
than 10% to more than 95%, which makes it possible for
hydrogels to exhibit both solid and liquid behavior (Gungor-
Ozkerim et al., 2018). The solid nature of the hydrogel allows it to
maintain a certain volume and form under certain conditions,
whereas the liquid nature refers to its ability to allow solutes to
diffuse and permeate through the hydrogel. The ability to
maintain a certain volume and morphology ensures the
feasibility of hydrogels as 3D printing scaffold materials

(Turnbull et al., 2018), whereas the ability to allow solutes to
diffuse within it makes it possible to add various inorganic and
organic solutes to hydrogels.

2.2 Hydrogel Classification
2.2.1 Macro and Micro Hydrogels
Hydrogels can be classified according to their size and shape into
macroscopic and microscopic gels (microspheres) (Nikolova and
Chavali, 2019). Macroscopic hydrogels can be further classified
into columnar, porous sponge, fibrous, membrane, spherical, etc.
according to their shapes, while microscopic hydrogels can be
classified into micron and nanoscale gels according to their
diameters.

Nanocomposite biomaterials are a relatively new class of
materials that combine biopolymers and biodegradable matrix
structures with nanoscale bioactive and easily absorbed fillers
(Bharadwaz and Jayasuriya, 2020). The nanofillers induced into
polymeric matrices present important physical and chemical
properties, such as large surface area, improved mechanical
strength and stability, improved cell adhesion, proliferation
and differentiation, and tissue regeneration compatibility for
biomaterials (Zhai et al., 2017).

2.2.2 External Stimulation
Hydrogels can be divided into two categories according to their
response to external stimuli: conventional and environment-
sensitive hydrogels. Conventional hydrogels are insensitive to
changes in the environment, such as temperature or pH.
Environment-sensitive hydrogels are a class of polymer gels
that can sense small changes or stimuli in the external
environment (such as temperature, pH, light, electricity,
pressure, etc.) and produce corresponding changes in physical
structure and chemical properties or even mutations (Zhang
et al., 2021). An impressive feature of such hydrogels is that
their solvation behavior changes significantly during the response
to the environment; this stimulus response property enables these
hydrogels to be used as sensors, controlled release switches, etc.,
which is the focus of considerable current research (Jing et al.,
2021).

An example is a hydrogel with a photothermal agent as its
component, which converts light energy into heat under near
infrared (NIR) irradiation. Its target temperature can be adjusted
by changing the concentration and ratio of the photothermal
agent, the irradiation time, and the laser intensity (Zhang et al.,
2021). Mild local heat (41–43 °C) promotes cell proliferation,
angiogenesis, wound healing, and bone regeneration, while
higher temperatures (>50 °C) can effectively inhibit bacterial
proliferation in infected wounds (Ji et al., 2020). Therefore, the
photothermal effect can be adapted to different applications by
using different temperatures.

2.2.3 Constituent Materials
Based on materials, hydrogels can be divided into natural
polymeric hydrogels and synthetic polymeric hydrogels. The
primary natural materials are currently agarose, alginate, gelatin,
hyaluronic acid, and fibrin, and the main artificial materials are
polyvinyl alcohol and polyethylene glycol (Naranda et al., 2021).
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Polysaccharide hydrogel materials (Sahai et al., 2021) are
carbohydrate macromolecules that are constructed by
repeating monosaccharide units linked by glycosidic bonds.
The family of polysaccharide hydrogels is extremely large; it

includes agarose, chitin (Demirtas et al., 2017; Yadav et al.,
2021), heparin, chondroitin sulfate, etc. Gelatin is a product of
collagen degradation. It is cost-effective and promotes cartilage
and bone regeneration. Hyaluronic acid is an important

TABLE 1 | Properties of typical composite 3D-printed hydrogels.

Hydrogel composition Cross-
linking
method

3D printing
method

Generating
organizations

Advantages Limitations References

Hyaluronic acid (HA)/alginate/
polylactic acid (PLA)

Physical
cross-linking

Extrusion-based
printing method/
droplet-based
printing

Cartilage Biocompatibility Low mechanical
strength

Bio-inspired hydrogel composed
of hyaluronic acid and alginate as
a potential bioink for 3D
bioprinting of articular cartilage
engineering constructs. Acta
Biomater. 2020 Apr

Methacrylated poly [N-(2-
hydroxypropyl)methacrylamide
mono/diacrylate] (pHPMA-lac)/
polyethylene glycol (PEG)/
methacrylated hyaluronic acid
(HAMA)/polycaprolactone
(PCL) co-printing

Chemical
cross-linking

Extrusion-based
printing

Cartilage Biocompatibility Higher HAMA
concentrations are
detrimental to
chondrogenesis

Development of a
thermosensitive HAMA-
containing bio-ink for the
fabrication of composite cartilage
repair constructs. Biofabrication.
2017 Mar

Alginate/Gelatin/Chondroitin
Sulfate/Graphene Oxide Nano

Physical
cross-linking,
chemical
cross-linking

Extrusion-based
printing (micro-
extrusion)

Cartilage Printability High preparation cost Chondroinductive Alginate-
Based Hydrogels Having
Graphene Oxide for 3D-Printed
Scaffold Fabrication. ACS Appl
Mater Interfaces. 2020 Jan

Gelatin/alginate/nanosilicate Physical
cross-linking

Extrusion-based
printing

Bone Mechanical
strength

-- 3D-bioprinted functional and
biomimetic hydrogel scaffolds
incorporated with nanosilicates to
promote bone healing in rat
calvarial defect model. Mater Sci
Eng C Mater Biol Appl. 2020 Ju

Gelatin methacrylate (GelMA)/
vascular endothelial generating
factor (VEGF)/silicate
nanosheets

Chemical
cross-linking

Extrusion-based
printing (stitching
of cylindrical
structures)

Bone Promotes bone
tissue production
capacity

Complex printing
process

Bioprinted Osteogenic and
Vasculogenic Patterns for
Engineering 3D Bone Tissue. adv
Healthc Mater. 2017

Silk protein/nano
hydroxyapatite/nano silver ion/
nano gold ion

Chemical
cross-linking

Extrusion-based
printing

Bone Antibacterial
activity

Higher cost of raw
materials

Antibacterial silk fibroin/
nanohydroxyapatite hydrogels
with silver and gold nanoparticles
for bone regeneration.
nanomedicine. 2017 Jan

Hydroxyapatite (HA)/
polydopamine (PDA)/
carboxymethyl chitosan
(CMCS)

Chemical
cross-linking

Extrusion-based
printing

Bone Osteogenesis -- Bifunctional scaffolds of
hydroxyapatite/poly (dopamine)/
carboxymethyl chitosan with
osteogenesis and anti-
osteosarcoma effect. Biomater
Sci. 2021 May

Alginate/Methylcellulose/
Magnesium silicate clay
(Laponite)

Physical
cross-linking

Extrusion-based
printing

Bone/Cartilage Drug release effect -- Development of a clay based
bioink for 3D cell printing for
skeletal application.
Biofabrication. 2017 Jul

Chondroitin methacrylate-
sulfate (CSMA)/
thermosensitive poly (N-(2-
hydroxypropyl)methacrylate-
mono/diacrylate)/polyethylene
glycol triblock copolymer (MP)

Chemical
cross-linking

Extrusion-based
printing
(microvalve)

Cartilage Thermal
Controllability

Difficult to apply
clinically

A thermo-responsive and photo-
polymerizable chondroitin
sulfate-based hydrogel for 3D
printing applications. Carbohydr
Polym. 2016 Sep
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component of the extracellular matrix of cartilage, and it
effectively activates signaling pathways that promote cell
differentiation and proliferation, thus enabling efficient
cartilage or bone repair and reconstruction (Haung et al., 2021).

Natural polymers have better biocompatibility and
environmental sensitivity, and they are abundantly available
and inexpensive compared to artificial materials (Wang et al.,
2019). However, natural polymers have lesser stability and are
prone to degradation. Synthetic polymer hydrogels, conversely,
have relatively better stability and mechanical strength. We have
summarized the emerging 3D-printed composite hydrogels
enlisted in this paper in Table 1.

Hydrogel materials composed of decellularized extracellular
matrix have recently attracted significant attention in the
experimental field. The decellularized extracellular matrix
contains almost all the natural materials for the
microenvironment required for cell growth (Kabirian and
Mozafari, 2020). Furthermore, the matrix is loose and porous
with extremely superior biocompatibility and degradability. Qiu
et al. investigated decellularized extracellular matrix hydrogel
materials based on the periosteal matrix (PEM) (Qiu et al.,
2020). This matrix is a highly vascularized tissue that is deeply
involved in the bone healing process; previous studies have shown
that bio-scaffolds composed of periosteal matrix undergo
spontaneous biomineralization and play an active role in bone
defect repair. Hydrogels derived from a porcine decellularized
periosteum were generated and characterized. The experimental
results indicate that this hydrogel material promoted macrophage
chemotaxis and M2 polarization associated with constructive
bone remodeling and did not trigger adverse immune
responses. It also promotes vascular formation and migration,
osteogenic differentiation, and bone biomineralization. This
illustrates the dynamic involvement of PEM hydrogels in all
phases of the fracture repair process, thereby promoting bone
regeneration in vivo.

2.2.1 Cross-Linking Methods
Hydrogels can be classified into physical and chemical gels based
on the cross-linking method of the hydrogel. Physical gels are
hydrogels that are formed by cross-linking through physical forces
such as electrostatic interactions, hydrogen bonding, hydrophobic
interactions, and other non-covalent bonds (Unagolla and
Jayasuriya, 2020), which are non-permanent and mostly
reversible. Thus, they are also known as pseudogels. However,
many natural polymers, such as agar, can permanently maintain
this gel state at room temperature. Among synthetic polymers,
polyvinyl alcohol (PVA) also possesses such characteristics After
the freeze–thaw treatment, PVA hydrogels that remain stable
below 60°C can be obtained (Suzuki and Sasaki, 2015) (Figure 1).

Chemical cross-linking occurs mainly through covalent
bonding and free-radical polymerization to form the 3D
structure of the hydrogels. The cross-linking methods mainly
include free radical polymerization, thiol-based Michael
reactions, Schiff base reactions, and enzymatic cross-linking
reactions. All these cross-linking methods are permanent
(Unagolla and Jayasuriya, 2020), and thus, chemically cross-
linked hydrogels are also called true gels.

Currently, the cross-linking methods most commonly used in
printing go beyond the above-mentioned methods (Zhao et al.,
2021). For example, methylated hydrogels with photosensitizers
can rapidly form cross-links under blue light and UV light and
thus gelatinize. Furthermore, sodium alginate can swiftly be
cross-linked and gelatinized in a calcium chloride solution.
Environmentally sensitive hydrogels are also capable of self-
crosslinking in response to changes in external conditions. For
instance, a temperature-sensitive hydrogel that is in a liquid state
when the temperature is above 25 °C and rapidly gelatinizes when
the temperature falls below 25 °C, has been reported.

Currently, the trendy research direction is composite hydrogel
materials, which usually involve multiple types of crosslinking
mechanisms. In this way, hydrogels can be fabricated with the
desired properties. For example, the crosslinking of GelMA/
alginate bioinks involves free radical polymerization of GelMA
and electrostatic interactions of alginate (Stanco et al., 2020)to
form interpenetrating networks.

2.3 Basic Properties of Hydrogels
2.3.1 Biocompatibility and Degradability
Biocompatibility is a significant factor for 3D bioprinting
materials. It refers to the functional capabilities of a hydrogel
material in vivo and in vitro without causing any adverse
biological reactions (You et al., 2017). Specifically, a
biocompatible material does not produce any toxic side effects
on the cells and the body, does not cause hypersensitivity in the
body, and does not produce toxic by-products when degraded in
vivo and in vitro. Some properties of the 3D-printed hydrogels
such as material temperature could be changed throughout the
entire 3D printing process (Hölzl et al., 2016); the
biocompatibility of the material during the entire process
under different conditions is another important criterion to
consider. Under the modulation of the experimental means of
the experimental staff, it is desirable that the 3D-printed
hydrogels are decomposed and reabsorbed in vivo.
Degradation depends mainly on volumetric dissolution based
on several mechanisms, such as hydrolysis (ester or enzyme),
photolysis, untwisting, and combinations of these mechanisms.
The degradation of 3D-printed hydrogel materials creates more
space for cell proliferation (Ouyang et al., 2016), migration, and
vascular infiltration.

2.3.2 Mechanical Strength
The mechanical strengths of hydrogels can be considered based
on many different perspectives. In some cases, tissue formation
mainly depends on the mechanical properties of the hydrogel.
Hydrogel materials should ideally possess good mechanical
strength throughout the 3D printing process. The rheological
properties in printing will be discussed specifically in the next
section. The mechanical strength here refers mainly to the ability
to maintain its own structure after printing (Gómez et al., 2016).
Hydrogel materials are exposed to pressures and stresses from all
angles, whether they are in vitro or later implanted in the body,
and therefore, they need to have good resistance to compression.
In addition to the compressive capacity, tensile resistance is
essential (Yue et al., 2020).
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For example, the human knee joint cartilage–bone interface
can bear compressive stresses of 1 MPa and an interfacial
toughness of approximately 800 J m−2 over 1 million cycles of
loads per year (Zhao et al., 2021). In order for the hydrogel
structure to attain this strength, a few methods have been used,
including supplementing the hydrogel with mineral particles
such as hydroxyapatite to produce a composite hydrogel, co-
printing by combining printed polycaprolactone (PCL)
scaffolds (Mouser et al., 2017), and exploiting cross-linking
mechanisms (Bi et al., 2019). For example, alginate hydrogels
are cross-linked using a three-step process to improve elastic
stiffness.

2.3.3 Viscosity
Viscosity refers to the intrinsic resistance of a fluid to flow in
response to an external force. The molecular weight,
concentration, and prevailing temperature of a hydrogel
together determine its viscosity. In general, the higher the
molecular weight and concentration, the higher is the
corresponding viscosity (Han et al., 2021). Particularly, in
extrusion-based 3D bioprinting, the hydrogel should possess a
high viscosity, because it will help counteract the surface tension
of the hydrogel. Further, the hydrogel droplets can be extruded
more smoothly from the nozzle and further form continuous
lines (Daly et al., 2017), which ensures that the two adjacent
hydrogel chains do not bond together. However, high
concentrations of hydrogels cannot form a good extracellular
microenvironment, and thus, low concentrations of high-
molecular-weight hydrogels are preferable.

2.3.4 Shear Dilution
Shear dilution refers to the ability to decrease viscosity as the
shear rate increases. Normally, the higher the concentration of the

hydrogel system, the more pronounced is the shear dilution.
Hydrogels are exposed to high shear rates from within the device
during 3D bioprinting, and the viscosity decreases, which ensures
the survival of cells and therefore, the adaptability of 3D
bioprinting.

2.3.5 Printability
Most existing 3D bioprinting techniques adopt a layer-by-layer
approach, and thus, it is necessary that hydrogel materials
maintain their original structure and morphology during the
entire process of 3D printing (Kyle et al., 2017). This means that
they need to have structural fidelity and integrity. This property
may be related to the viscosity, surface tension, rheological
properties, and cross-linking mechanisms of the hydrogels; it
can be measured quantitatively using standardized tests. The
primary method for assessing printability is to analyze the fiber
diameter and pore size exhibited by 3D-printed hydrogel
materials under varying printing pressures, printing speeds,
and programmed fiber spacing.

Currently, the main method for enhancing the printability of
hydrogels is to add easy-to-print components to the hydrogel to
form a composite hydrogel (Chen et al., 2020). For example,
nano-inorganic salt materials such as alginate are evenly
incorporated into the hydrogel so that its overall
microstructure remains stable and printable.

The first layer formation is a special consideration for hydrogel
3D bioprinting. It plays a crucial role in the formation and
refinement of the overall 3D-printed structure. The first layer
of printed bioink and the underlying structure maintain a larger
contact angle, which is conducive to maintaining the upright and
stable state of the bioink hydrogel material (Abdulghani and
Morouco, 2019). The organic interaction between the 3D-printed
hydrogel and the substrate facilitates both the overall positional

FIGURE 1 | Cross-linking methods for hydrogels.
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anchoring of the 3D-printed structure and the effective avoidance
of abnormal deformation and movement during the subsequent
layer-by-layer printing process.

3 3D BIOPRINTING

The 3D bioprinting technology has become an extremely
popular research direction in the field of medical tissue
repair. This approach maximizes multiple biomaterials for
tissue fabrication (Zamborsky et al., 2019). Bioprinting
technology can also be described as the spatial patterning of
living cells using bioinks. It involves three main components: a
polymer solution, living cells, and a 3D printer. Bioprinting is
known to be an additive manufacturing technique that
assembles materials layer by layer and is, therefore, cost-
effective. The popular 3D bioprinting techniques in
orthopedics include extrusion, droplet/inkjet, and laser
printing techniques, as well as other techniques such as
printing based on stereoscopic laser scales such as UV
(Huang J. et al., 2021). Other 3D scaffold manufacturing
methods that are widely used in the field of tissue
engineering include fused deposition modeling (FDM) and
direct ink writing (DIW).

3.1 Extrusion-Based 3D Printing
Extrusion-based 3D printing is mainly based on the intrinsic
pressure of the 3D printer; it uses nozzles to eject the hydrogel
adhesive strips and arrange them on a 3D structure according to
a computer-aided design model, relying mainly on the shear
dilution of the bioink in this process (Dhawan et al., 2019). This

technique can be driven in various ways, such as pneumatic,
electromagnetic, or mechanical drives (Figure 2). This is
achieved by using screws, pneumatic pumps, and pistons to
distribute long filaments of hydrogel onto the substrate through
nozzles, which become the skeletal structure of the bone or
cartilage tissue. Subsequently, the stem cells encased in the
hydrogel materials proliferate and differentiate in the 3D-
printed structure, thereby generating an appropriate graft
replacement.

Such techniques have high printing speeds and are also more
conducive to the formation of porous structures such as hydrogels
(Zhang et al., 2019). This 3D printing approach also offers unique
advantages in printing high-cell-density bioinks and has the
ability to build complex 3D structures with multiple cell types
and materials. Nevertheless, the high shear force used during the
printing process can easily damage and kill the cells (Zhang et al.,
2019), which causes the elimination of more stem cells during the
printing process and may impair viability of the surviving cells.
Hence, the subsequent proliferation and differentiation processes
may take more time or even fail to achieve the desired results (Cui
et al., 2020). Furthermore, this 3D printing technology still has a
low printing accuracy; therefore, the 3D graphics printed in this
way may not precisely generate the desired bone and cartilage
structures.

3.2 Droplet-Based 3D Printing
The droplet-based bioprinting method involves inkjet, acoustic
droplet jetting, and microvalve bioprinting. It is mainly based on
a traditional 2D bioprinter with a modified print head and print
head control. This type of printing achieves a certain degree of
control of the droplets produced by the printer, mainly by means

FIGURE 2 | Extrusion-based 3D printing schematic. (Schematic of extrusion-based bioprinting using various crosslinking mechanisms (You et al., 2017).
Reproduced from (You et al., 2017) with permission from Copyright 2021 MDPI).
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of electric and ultrasonic energy, to eject droplets from the
prepolymer solution onto the platform in a predefined pattern
(Mora-Boza and Lopez-Donaire, 2018).

For example, thermal inkjet printers mainly use heat to
generate pressure pulses in the print head in a short time,
thus resulting in the ejection of bioink droplets (Turnbull
et al., 2018). Other inkjet printing systems rely on piezoelectric
crystals, which are mechanically stressed by the application of a
voltage, which subsequently results in a change in shape. This
approach further generates an acoustic wave, which creates
sufficient pressure to eject the droplets from the nozzle.

This 3D printing technology has high printing accuracy and
controllability because very small droplets can be manipulated as
printing units. However, it also has apparent disadvantages in
that the form of the bioink is severely restricted and must be in
liquid form (Mora-Boza and Lopez-Donaire, 2018); additionally,
it is difficult to control the droplet size consistently, there is
uneven dispersion of cells in the droplet, and printer nozzles are
prone to clogging.

3.3 Laser-Assisted 3D Printing
The laser printing approach, which is a relatively new technology,
initiates the release of droplets mainly through the guidance of a
laser. The main mode involves a two-layer approach, where the
top layer is the energy-absorbing donor layer and the bottom
layer is the bioink layer. When the top layer receives the laser
pulse wave, bubbles are generated at the interface, thus pushing
the droplets onto the substrate to achieve the release of the bioink.
Using the high energy of the laser, the printer can operate without
any direct contact with the model. This printing technology,
similarly to the droplet-based printing technology, encompasses
different modalities, including the Stereo Lithography Apparatus
(SLA), Digital Light Processing (DLP), and two-photon
polymerization (2 PP).

The SLA technology involves focusing a specific-wavelength
and -intensity laser on the surface of a light-cured material,
causing its sequential solidification from point to line and
from line to surface, printing one layer, and then moving the
lift table in the vertical direction by the height of that layer and
subsequently curing another layer (Huang J. et al., 2021). The
layers are thus stacked to form a three-dimensional structure.
This technology displays high precision and speed and is already
popular among laser-based 3D printing technologies.

The DLP modality is a variant of SLA. In this process, digital
micromirror elements are used to project product cross-sectional
shapes onto the surface of a liquid bright resin (Turnbull et al.,
2018), light-curing it layer by layer. DLP 3D printing is faster than
SLA owing to the slide/sheet-like curing of each layer. This
technology is ideal for high-resolution molding.

Meanwhile, the 2 PP technology is a “nano-optics”
application. This technology is similar to light-curing additive
manufacturing, but 2 PP can achieve thinner layer thicknesses
and X and Y axis resolutions between 100 and 200 nm (Mora-
Boza and Lopez-Donaire, 2018). In contrast to the ordinary 3D
printing optical polymerization with an ultraviolet laser, 2 PP
uses a near-infrared long laser. As near-infrared wavelength
photon energy, linear absorption, and Rayleigh scattering are

low, and penetration in the medium is high, 2 PP enables the
production of a wider variety of bone and cartilage replacement
implants.

Laser-assisted 3D printing is highly effective for the utilization
of bioinks with low viscosity. As a result, it only prints relatively
thin structures. Although this printing method has high accuracy
and resolution, its high cost and demanding requirements for
bioinks limit its wide application.

4 CARTILAGE REPAIR AND
RECONSTRUCTION

3D printing based on hydrogels can solve many of the problems
and shortcomings of the restorative treatment of articular
cartilage injury that is currently used in mainstream clinical
practice. First, bone marrow mesenchymal stem cells or cell
clusters with differentiation capacity are added into hydrogels,
such as chondrogenic cells (ACPCs), whose differentiation
capacity and characteristics have been demonstrated by
Riccardo et al. (Levato et al., 2017). These differentiated cell
tissues are added into the biocarrier hydrogel, and then the
hydrogel units that are wrapped with cell clusters are
deposited into the already constructed cartilage design model.
In this case, the initial skeletal shape and volume of the 3D-
printed implant material are fixed at the beginning. These
hydrogel materials basically mimic the extracellular matrix and
microenvironment in the human body, wherein the stem cell
clusters can naturally and rapidly divide and differentiate.
Eventually, the cells constitute the volume and morphology of
the scaffold by continuously differentiating and proliferating and
eventually migrating to the various components of the scaffold
(Vega et al., 2017), at which point the ideal hydrogel material will
begin to degrade naturally. In order to better promote cell
differentiation and proliferation, a series of cytokines, such as
BMPs and TGF, can be added based on the liquid behavior of the
hydrogel (Gibbs et al., 2016), in addition to suitable nutritional
conditions, to further promote the differentiation and growth of
cartilage tissue.

4.1 Single Material Hydrogels
Some natural hydrogel materials inherently have the ability to
promote chondrogenesis, such as collagen; Wincent et al. showed
that mesenchymal stem cells, articular chondrocytes, etc. can
undergo specific chemical reactions with collagen, microcurrent
change sensing, etc. (Maisani et al., 2018), thus promoting cellular
differentiation and regeneration. In addition to alginate and
collagen, there are a series of natural materials with high
biocompatibility, such as agarose, fibrin (Noori et al., 2017),
and hyaluronic acid (Noori et al., 2017).

Polysaccharide hydrogel materials (Sahai et al., 2021) play a
crucial role in living systems. These abundant polysaccharides
inherently possess ideal properties such as biocompatibility,
biodegradability, and functional groups that contribute to
simple chemical modifications for customizability,
cytocompatibility, and organized macrostructural features,

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org April 2022 | Volume 10 | Article 8453427

Liu et al. 3D Printed Hydrogels in Orthopedics

91

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


which makes them promising biomaterials (Radhakrishnan et al.,
2017). Alginate is also a type of polysaccharide; specifically,
alginate, or sodium alginate (in its original form) is an anionic
polysaccharide of algal origin, consisting of mannoglycan
aldehyde and gulonate units. The structure of alginate is
similar to that of natural ECM, and properties such as good
biocompatibility, high viscosity, and easy gelationmake it an ideal
material for 3D bioprinting (Radhakrishnan et al., 2017).
Polysaccharide-based hydrogel materials are widely used in 3D
hydrogel printing of cartilage and bone.

The biocompatibility of gelatin itself is due to the fact that the
Arg-Gly-Asp (RGD) sequence in collagen is better preserved in
gelatin (Gu et al., 2018), which allows gelatin to effectively
promote cartilage tissue cell generation and migration.

Hyaluronic acid not only possesses excellent biocompatibility
and the ability to promote chondrocyte differentiation and
proliferation but also has good adhesion and ductility (Antich
et al., 2020). Therefore, it is also used extensively in hydrogel-
based 3D-printed cartilage repair techniques.

Apart from natural hydrogel materials, an increasing number
of synthetic hydrogels are being used in large quantities for 3D
printing of cartilage repair and reconstruction (Kundu et al.,
2015). The utilization of synthetic hydrogel materials in cartilage
repair and reconstruction has unique advantages (Lin et al., 2017;
Yang et al., 2021).

4.2 Emerging Composite Hydrogels
To obtain more ideal bioprinting materials, researchers have
combined different hydrogel materials to create composite
hydrogel materials with more comprehensive characteristics
and have made progress in 3D-printed cartilage repair
engineering.

Antich et al. combined hyaluronic acid with alginate to obtain
a new composite hydrogel material for the 3D printing of
articular cartilage repair (Antich et al., 2020). The authors
analyzed the properties of these HA/PLA composite hydrogels,

such as viscosity, degradability, cell viability; moreover, they
performed the karyotype analysis of new cartilage formation,
by combining hyaluronic acid with alginate in the presence of
calcium ions to form physical cross-links (Figure 3).

Cartilage formation in hybrid 3D-bioprinted constructs
after 1 month in culture. Quantitative analysis of type II
collagen 1) and GAG 2) in the total extract per scaffold (in
1 ml). 3) Gene expression levels of hyaline-specific
chondrogenic marker genes (COL2A1, ACAN, and SOX9),
fibrotic maker (COL1A1) and hypertrophic marker
(COL10A1) in bioprinted 3D hybrid construct (mean ± SD,
n = 3, Student’s t-test, *p < 0.05, **p < 0.01). Reproduced from
Creative Commons license.

Similar experiments for the development of bioinks were
carried out by Mouser et al. They added methacrylated
hyaluronic acid (HAMA) to a thermosensitive hydrogel
composed of methacrylated poly [N-(2-hydroxypropyl)
methacrylamide mono/diacrylate] (pHPMA-lac)/polyethylene
glycol (PEG) triblock copolymer, to improve the printability of
the bioink and guarantee the shape and volume of the generated
cartilage tissue (Mouser et al., 2017). Moreover, they co-printed
the bioink with polycaprolactone (PCL) to improve the
mechanical stability of the bioink. Finally, the performance of
the formulations was evaluated by in vitro incubation. The
experimental results showed that the concentration of HAMA
has a significant impact on the ability of chondrocytes to produce
cartilage matrix, which shows a positive correlation at a certain
concentration. However, an extremely high concentration can
also lead to poor fibrocartilage formation. The final results of the
experiment showed that the concentration of HAMA between
0.25 and 0.5% was the most favorable for the formation of the
cartilage matrix. Moreover, the experimental results also showed
that the synergistic printing of this triblock copolymer composed
of thermosensitive hydrogel and PCL could produce 3D
structures with mechanical strength almost identical to that of
natural cartilage.

FIGURE 3 | A new composite hydrogel material for the 3D printing of articular cartilage repair (Antich et al., 2020) (Reproduced from Creative Commons license).
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These studies mainly focused on improving the
biocompatibility of 3D-printed hydrogels. Studies have also
considered improving the physical properties of 3D-printed
hydrogels to make them more suitable as printed bioinks. For
example, Olate-Moya et al. intended to improve the mechanical
properties and processability of hydrogels by compounding them.
For this purpose, they combined the nanoparticle material
graphene oxide with alginate (Olate-Moya et al., 2020) and
added chondroitin sulfate from glycosaminoglycans to ensure
the histocompatibility of the hydrogel material. The study and
analysis of the characterization of the newly synthesized bioink,
the water content and swelling rate of the 3D-printed scaffold, the
rheological properties of the ink, the mechanical properties of the
hydrogel, the biological interaction between the scaffold and
BMSCs, and the histological and cytological studies of the new
cartilage revealed several benefits. They showed that the new
hydrogel material has enhanced printability, superior rheological
properties, and a robust scaffold morphology retention. In
addition, the new material also has good histocompatibility
owing to the addition of chondroitin sulfate.

Most of the current trials and studies are based on this model.
When natural or artificial hydrogel materials with different
properties are combined through different cross-linking
methods, a composite hydrogel material with all the superior
properties of its components is obtained. Therefore, this model
has the potential to create hydrogel materials with good
biocompatibility, good mechanical properties and printability,
and the ability to promote the proliferation and differentiation of
cartilage.

You et al. targeted calcified cartilage in the deeper layers of
articular cartilage, which is an important transition location for
the repair of calcified cartilage; repair of this damage is difficult to
achieve with most current regenerative engineering as the
osteochondral interface is critical for maintaining the
structural integrity of the joint (Yang et al., 2017). Therefore,
in order to fully mimic the structure and generation process of
calcified cartilage, homogeneous hydroxyapatite was mixed with
alginate hydrogel, the resulting hydrogel was used for 3D
bioprinting, and the printed material implanted
subcutaneously in mice (You et al., 2018). The cellular activity,
proliferation, and secretion of cartilage matrix were evaluated in
the experiment, and the potential for cartilage tissue
mineralization was quantified by assaying alkaline phosphatase
activity. The rheology and print fidelity of the composite formed
hydrogels were also considered. The final experimental results
showed that the addition of HAP to the alginate hydrogel did not
impair the activity and proliferation capacity of the cells, and it
did not affect their secretion of cartilage matrix. Furthermore, it
stimulated the secretion of mineralized matrix by chondrocytes,
thus promoting mineral deposition in vivo, provided that the
HAP particles were well dispersed. This experimental result
illustrates the promising application and characteristics of this
material in promoting calcified cartilage formation and ensuring
the integrity of bone and joint repair.

Once the articular cartilage generated by hydrogel-based 3D
bioprinting has been printed, its clinical application is another
significant challenge. Only a few are currently used for humans.

Preliminary tests have been performed in small animals, and very
few preliminary applications have been performed in vivo in large
organisms. In a more recent study by Shim et al., 3D-printed
chondrocytes were implanted into the knee joints of rabbits,
where evidence of fusion of bone and cartilage growth, the
generation of new joints, and the production of cartilage
surface membranes was observed (Ge et al., 2009). Zhang
et al. conducted an in vivo study in rhesus monkeys, where
electron beam melting was used to develop a porous titanium
cage filled with simvastatin/poloxam 407 hydrogel and bone
inward growth and spinal fusion were evaluated. This
experiment was performed in larger animals (monkeys),
providing a preliminary lead for experiments in humans
(Zhang et al., 2020). These experiments and studies illustrate
the massive potential of hydrogel-based 3D-printed cartilage
structures implanted in vivo as a replacement therapy for bone
joints, thus offering a new approach to articular cartilage repair.

5 BONE REPAIR AND RECONSTRUCTION

5.1 Special Nature of Bone Requirements
Infections caused by bone and joint injuries not only damage the
articular cartilage but also inevitably affect the bone when the
lesions have progressed to a certain level or when they are in a
very specific location. Osteoarthritis, fractures, traumatic bone
tumors, and other conditions directly affect the quality of long
bones. Therefore, 3D-printed hydrogels have been extensively
investigated, and to some extent, used for the repair and
reconstruction of bone tissue (Feng et al., 2021).

The bone has unique characteristics compared to cartilage,
and therefore also has some unique requirements for 3D-printed
hydrogel materials, including some functions and characteristics
of higher standards (Hernandez et al., 2017). First, 3D-printed
hydrogels for bone tissue repair and reconstruction need to
possess higher strength and hardness compared to that used
for cartilage (Chen C. Y. et al., 2021). 3D-printed hydrogels have
sufficient mechanical strength not only for maintaining human
mechanics but also for maintaining the mechanical stability of the
3D-printed structure itself (Huang K.-H. et al., 2021). The
angiogenesis of bone tissue is more important than the
cartilage tissue (Son et al., 2015). The structure of bone tissue
is complex, and it is mainly composed of various skeletal cells and
blood vessels that penetrate them. The blood vessels provide the
necessary oxygen and nutrition for bone tissue cells. Therefore, it
is essential for 3D-printed hydrogels to possess pro-angiogenic
properties in bone tissue.

5.2 Composite 3D-Printed Hydrogels
By organically combining different hydrogel materials, hydrogel
materials can possess good mechanical strength while combining
the original biocompatibility and viscosity properties. The
current mainstream approach to increase the mechanical
strength of hydrogels is to add inorganic molecules, such as
silicates, to the hydrogels. Liu et al. developed a composite
hydrogel material based on gelatin and alginate and further
added nanoscale silicate materials to the original composite
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hydrogel material (Liu et al., 2020), with the aim of retaining the
original properties of the composite hydrogel and further
increasing the mechanical strength. Hydration tests,
microstructural and elemental analyses, rheological analyses,
and uniaxial compression tests were performed to evaluate the
newly synthesized hydrogel materials, and cryo-transmission
electron microscopy and Fourier transform infrared
spectroscopy (FT-IR) were used specifically for mechanical
strength and cell proliferation assays and in vitro osteogenesis
analyses. An in vivo model of cranial defects in rats was also
established to evaluate the in vivo experimental effects of this
hydrogel material. The final results showed that the mechanical
strength of the hydrogel material was significantly enhanced by
the addition of nanosilicate to the composite hydrogel material,
and the excellent properties of the hydrogel were retained.

Besides silicates, research has been conducted on carbon
materials (Cheng et al., 2018); graphene oxide materials are of
great use in bone and cartilage repair (Cheng et al., 2020). For
example, Dr. Qi Zhao’s team prepared a new composite hydrogel
material by preparing serine as a methacrylate hydrogel material
and then combining it with graphene oxide. This hydrogel
material was used for the repair of rat cranial bone in certain
in vivo experiments. During the experiments, the density of the
generated bone was assessed by X-ray, histological, and
cytological analyses, and finally, RNA sequencing analysis was
performed for a deeper assessment (Qi et al., 2020). The
experimental results showed that the addition of graphene
oxide to the hydrogel material significantly increased the
mechanical strength of the hydrogel structure; moreover, the
addition had no impact on the biocompatibility of the hydrogel.
However, the addition of graphene oxide reduced the
degradability of the hydrogel material to some extent. In a
comparative analysis with the control group, the effectiveness
of the hydrogel for osteogenic treatment was demonstrated by
measuring bone density and analyzing bone tissue histology. A
further RNA sequencing was performed to analyze the activation
of the relevant osteogenic cytokine signaling pathways in the
context of the hydrogel treatment. In the experimental results, it
was observed that the relevant signaling pathways such as BMP
showed more activities, thus reinforcing the potential of the new
composite 3D-printed hydrogel as a bone tissue repair material.
There are many other compounds that can be used to enhance the
mechanical strength of hydrogels, and many similar hydrogel
materials have been explored and fabricated based on these
compounds (Pathmanapan et al., 2020).

In addition to the pressure resistance, the mechanical strength
of hydrogel materials also includes tensile resistance. It is
important that the hydrogel structure maintains its original
physical structure and morphology in the face of external
pressure and possess good tensile resistance against stretching
(Bouler et al., 2017). Therefore, double network gels (DN gels),
which are composite hydrogels formed by combining two
polymers with different physical properties, have been studied
and developed. Here, one is a rigid network and the other is a
flexible network; such a structure ensures that the hydrogel
material maintains its structural resistance to pressure and also
ensures its resistance to stretching. Bi et al. combined two

materials, chitosan and polyvinyl alcohol (PVA), to form a
double network hydrogel material; to further enhance its
mechanical strength and osteogenic differentiation, hydrogel
surface mineralization was introduced, and based on this, the
hydrogel material was combined with inorganic compounds. This
was done by repeatedly soaking the double-mesh hydrogel in
aqueous solutions of calcium chloride and potassium hydrogen
phosphate alternately, which yielded mineralized crystals on the
surface of the hydrogel (Bi et al., 2019). The surface mineralized
double-network hydrogel material obtained through this process
was evaluated under several physical conditions, along with its
histological and cytological analyses. These analyses
demonstrated that this material clearly possesses a certain
degree of enhanced physical and mechanical strength and
better histocompatibility and osteogenic differentiation
induction.

The rheological properties of hydrogels have also been a
significant challenge in the field of 3D-printed bone tissue
engineering. An ideal hydrogel material ensures that the
encapsulated cells can be uniformly distributed and should
migrate efficiently for growth during the 3D printing process.
To address this challenge, Bendtsen et al. explored novel
hydrogel composites by experimenting with two natural and
synthetic materials, alginate and polyvinyl alcohol, to form a
base composite hydrogel, and then adding hydroxyapatite to the
hydrogel material as a base (Bendtsen et al., 2017).
Hydroxyapatite (HA) is the main inorganic component of
natural bone (Yao et al., 2021), and its incorporation into
polyvinyl alcohol (PVA) suspensions was used to increase the
viscosity of the hydrogel formulation and increase the
biocompatibility and osteoconductivity of the printed
scaffold. A variety of solution formulations was also used for
the study to identify an optimal formulation system. The final
results confirmed that the composite hydrogel material
incorporating calcium hydroxyphosphate has good
viscoelasticity at the appropriate concentration and is fully
adaptable to the extrusion process in 3D printing and can
later form a high-fidelity scaffold structure. The hydrogel
provides favorable conditions for the regeneration of bone
structures and has the ability to promote bone tissue
generation in vitro.

Therefore, it can be seen that combining organic hydrogel
materials with good biocompatibility and inorganic compounds
with certain mechanical strength in an appropriate way (Heid and
Boccaccini, 2020) can effectively combine the advantages of both
materials and create hydrogel materials with more promising
applications in the field of bone tissue repair and reconstruction.
These inorganic compounds are mainly the aforementioned
silicate-based inorganic materials, calcium phosphate-based
inorganic materials (Dhivya et al., 2015), and newly discovered
inorganic materials containing metallic strontium. The inorganic
materials containing metallic strontium can integrate with bone
hydroxyapatite and reduce bone resorption by increasing the
number of bone formation sites and decreasing the number of
active osteoclasts. Therefore, strontium-doped bioactive glasses,
hydroxyapatite, and calcium phosphate (scaffolds) show great
promise as bone graft replacement materials.
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The microscopic hydrogel materials (Chen et al., 2020) have
also been used extensively in hydrogel-based 3D-printed bone
repair and reconstruction experiments. The charged properties of
the hydrogel microstructure, volume size, and shape of the
microstructure are important determinants of bone tissue
generation. Prof. Cui Zhang’s group focused on studying
composite hydrogels with nanomaterials, starting with
chitosan as the most primitive raw material, and used
methylated polyethylene glycol chitosan as the base plate
material, wherein they introduced montmorillonite (MMT).
The MMT particles are usually plate-shaped with a thickness
of approximately 1 nm and a diameter of approximately
0.2–2 μm; the repeating structural unit of MMT consists of an
alumina octahedral plate sandwiched between two silica
tetrahedral layers (Cui et al., 2019). Because the surface of
MMT is dominated by oxide anions, its overall surface charge
is shallowly negative, which facilitates the mixing of this
nanohydrogel material with cationic agents. Therefore, the
introduction of this material into the hydrogel enables the
nanostructure of the composite hydrogel to be cross-linked
and sparsely porous. This porous structure can mimic the
microenvironment of bone proliferation and differentiation in
a highly reductive manner; this ensures that the composite 3D-
printed hydrogel nanomaterial is highly induced by osteogenic
differentiation. Therefore, by focusing on the development of 3D-
printed hydrogel microstructures, the improved hydrogel
materials from the molecular and cellular levels of osteogenic
differentiation could be used in a large number of bone tissue
engineering applications in the future.

Another major challenge in the field of bone tissue repair is the
repair of large segmental bone defects that exceed a critical size
(Chen et al., 2019). Yu et al. have made some attempts in this field
by applying 3D printing hydrogel technology. The primary
materials that were used included preosteoblast-derived matrix
(Yu et al., 2020) (a special decellularized extracellular matrix
material) and gelatin methacrylate (GelMA) hydrogel. Bone
marrow mesenchymal stem cells (BMSCs) were inoculated to
grow on the prepared composite hydrogel material to study
properties for in vitro experiments. in vivo experiments were
also performed on rabbits by artificially creating large-stage bone
defects of 15 mm and using the implants generated from this
hydrogel material for in vivo experiments. Their experimental
results showed that in vitro, pODM exhibited some degree of
chemotaxis and osteogenic induction of bone marrow
mesenchymal stem cells (BMSCs). The implantation of
pODM/gelatin methacrylate (GelMA) structures as engineered
periosteal bone substitutes effectively repaired critical-sized
segmental bone defects in the radius of rabbits. What’s more,
the hydrogel material of the extracellular matrix we have already
mentioned in the previous introduction of hydrogel material itself
is very loose and porous, which facilitates cell growth and
migration.

5.3 Angiogenesis
An additional feature required for hydrogel materials for bone
tissue reconstruction and repair is the ability of angiogenesis, as
blood supply is the primary factor for the survival of new bone

tissue without necrosis (Kuss et al., 2018). Current research has
proposed twomain strategies for generating vascular tissue; one is
the artificial creation of vascular tissue through the distribution of
vascular endothelial cells and the other is the formation of
neovascularization through the self-assembly of the organism
itself (Koç et al., 2014; Deng et al., 2017; Lin et al., 2019). Professor
Batzaya Byambaa’s group has studied and explored several levels
and dimensions of angiogenesis in bone tissue engineering. First,
to study the structure of the microenvironment, they created
cylindrical bio-skeletal units of hypomethacrylic gelatin
hydrogels and combined the hydrogel material with vascular
endothelial generating factor (VEGF) to form gels of
conjugated compounds (Byambaa et al., 2017). This hydrogel
was then applied to bone tissue engineering, and its osteogenic
induction and angiogenic ability were evaluated by cytological
and histological methods. The results showed that after
microenvironmental modifications and the addition of VEGF,
this particular hydrogel had a good angiogenic effect, which
improved bone tissue recovery and reconstruction, resulting in
a more complete and comprehensive bone tissue repair. In
addition, the hydrogel material with photothermal effect,
which was mentioned before, has good potential in
angiogenesis by quantitatively regulating the temperature of
the hydrogel and thus controlling the physical state,
microenvironmental temperature, and release of embedded
cytokines.

6 ANTI-INFECTION PROPERTIES OF
3D-PRINTED HYDROGELS

Currently, 3D-printed hydrogels are one of the most popular
materials for bone tissue engineering, and their antibacterial and
anti-infection effects are excellent properties. Furthermore,
studies on the antimicrobial properties of hydrogels are also
one of the most popular research directions today. A
significant portion of articular cartilage and bone damage is
caused by infection and inflammation, and severe infection
can cause irreversible damage to the bone and joint. Other
causes of osteoarthritic injury, such as external mechanical
violence, inevitably cause secondary infections. There are also
a large number of medical operations, cartilage and bone repair
and reconstruction, and the implants themselves may cause
infection, and thus, the problem of infection will continue
throughout the process of bone and joint repair and
reconstruction. The hydrogel materials currently studied in the
laboratory have shown good potential in terms of antibacterial
and anti-infective properties (Li et al., 2017).

The hydrogel materials with antimicrobial activity are divided
into three main categories. The first category is hydrogel materials
containing inorganic antimicrobial metal ions or metal oxide
nanoparticles, such as silver (Lu et al., 2016), copper and other
metal ions, zinc oxide, nickel oxide, and other metal oxides. The
second category is hydrogel materials containing antibiotic
antimicrobial agent drugs, which are mainly combined with
hydrogel and wrapped inside the hydrogel material, relying on
the liquid behavior of the hydrogel, which is released at the
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appropriate time to play an antibacterial and anti-infective role
(Chen Z.-Y. et al., 2021). The last category is the hydrogel whose
material itself has antibacterial and anti-infective ability, which is
rare. It also has very obvious advantages; it is bactericidal and
effective with almost no toxic side effects.

6.1 Addition of Antimicrobial Inorganic
Metals
The antibacterial ability of silver-containing materials has been
widely demonstrated in clinical practice, and silver-containing
dressings are now commonly used in clinical surgery to treat
wounds and prevent infection. Thus, biohydrogel materials
containing silver ions in nanoparticles (Xu et al., 2018) are a
common combination of anti-infective metal ions and hydrogel
materials, and nanoparticles of silver ions can bind to natural
hydrogel materials such as polysaccharides. Furthermore, they
possess the ability to bind to many synthetic hydrogel materials.
Silver ions have good efficacy in dealing with the anti-infective
effects of Gram-negative bacteria. In a recent study (Ribeiro et al.,
2017), Marta Ribeiro et al. incorporated particles of silver and
gold nanoparticles into filamentous protein/hydroxyapatite
nanogels to synthesize 3D-printed hydrogel materials with
good antibacterial properties and the ability to promote bone
tissue repair. During their experiments, they characterized the
presence of AgNPs and AuNPs in the hydrogels using UV
spectrophotometry, transmission electron microscopy, and
thermogravimetric analysis. The in vitro antibacterial studies
showed that hydrogels containing AgNPs and AuNPs
exhibited significant inhibition of both Gram-positive and
Gram-negative bacteria. The cytocompatibility studies using
osteoblasts showed that the hydrogels had a significant
effective antibacterial ability at a concentration of 0.5% for
AgNPs, but for AuNPs and the hydrogels containing AuNPs
were effective as antibacterial materials at almost all
concentrations within the normal range without affecting cell
behavior. In this experiment, it can be seen that besides silver
ions, gold ions also have good antimicrobial properties. Some
other experiments demonstrated that copper ions can also be
added to 3D-printed hydrogel materials for antimicrobial activity
(Zou et al., 2020).

In addition to these metal ions, researchers have also explored
emerging rare metal ion materials, such as strontium metal
(Tommasi et al., 2016) and lanthanum metal, which may
possess a greater antibacterial potential and may also have
more osteogenic activity. Moreover, when these metal ions are
compounded with other hydrogel materials, the newly generated
hydrogel materials may have a better ability to promote bone and
cartilage tissue production in addition to antibacterial properties.
For example, Professor Chen et al. introduced lanthanum metal
ions into double-physical cross-linked hydrogel materials. In the
experiments, the experimentalists created a network of dual
physically cross-linked hydrogel materials from two materials,
alginate, a natural hydrogel material, and polyvinyl alcohol, a
synthetic material, and then added lanthanum metal (Hu et al.,
2017). The mechanical properties, luminescence properties,
biocompatibility, and antibacterial activity of this composite

hydrogel were comprehensively evaluated in the experiments.
It was found that this hydrogel material has excellent compressive
and tensile resistance and excellent biocompatibility due to the
double physical cross-linked structure, and most importantly
owing to the introduction of lanthanum metal ions. These
ions not only possess good photosensitive properties but also
facilitate the detection and regulation of the hydrogel material in
various biological microenvironmental situations; they also have
a good antibacterial effect (Yang et al., 2016). Compared to silver
ion materials, lanthanum metal ions showed good inhibitory
effects on Staphylococcus aureus and Escherichia coli in the
experiments. The discovery of this unexpected antibacterial
effect may be of great reference value for the development of
antibacterial hydrogels containing metal ion nanoparticles.

In addition, inorganic materials and metal oxide particles
possess good bactericidal effects, mainly through the
mechanism of photocatalytic reaction to kill microorganisms
in a relatively short period of time, and zinc oxide is currently
the most widely used metal oxide. It has shown good bactericidal
activity in experiments and has almost no cytotoxicity. The
antimicrobial properties of the material were investigated by
experimentalists who formed ZnO nanorods in situ in a cross-
linked carboxymethyl chitosan (CMCh) matrix, treated the
CMCh hydrogels with zinc nitrate solution, and then oxidized
the zinc ions with an alkaline solution to successfully prepare
antimicrobial carboxymethyl chitosan/ZnO nanocomposite
hydrogels (Wahid et al., 2016). We focused on the point
where the researchers investigated the antibacterial activity of
CMCh/ZnO hydrogels against Escherichia coli and
Staphylococcus aureus by CFU assay. The experimental results
showed that the synthesized CMCh/ZnO nanocomposite
hydrogels exhibited excellent antibacterial activity.

6.2 Addition of Antibiotics
The incorporation of antibiotics into hydrogel materials is also a
common method used. Currently, the primary methods include
the use of hydrogel material as a carrier for antibiotic drugs. Here,
antibiotics are added to the microstructural units of the hydrogel
to be released at the right time, and also by surface nanomaterial
engineering, wherein the antibiotic drugs are infiltrated on the
surface of the hydrogel. Some of the antibiotics that are often
incorporated into hydrogel materials in research include
ciprofloxacin and vancomycin (Jung et al., 2019). Salma et al.
constructed a nano-hydrogel material containing doxycycline
with the aim of enhancing its anti-infective ability by using
3D-printed hydrogels for drug delivery. The base material of
this hydrogel material is a composite of three materials: gelatin,
polyvinyl alcohol, and hyaluronic acid. The specific method used
was to first prepare doxycycline/hydroxyapatite nanoparticles
(DX/HAp) by mixing followed by solution centrifugation, etc.,
and then by mixing the manufactured particles into
polycaprolactone (El-Habashy et al., 2021), and finally, fusing
them with gelatin and hyaluronic acid materials to form
doxycycline 3D-printed composite hydrogel material with
relatively uniform dispersion. The in vitro experiments
performed on this hydrogel material were aimed at
determining the physicochemical characterization and in vitro
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drug release ability of the hydrogel material. The in vivo
experiments were conducted to construct a rabbit injury
model and to repair and reconstruct bone tissue using this
3D-printed hydrogel material, which was eventually analyzed
by histological and cytological measurements of the repaired
tissue. The experimental results also largely met the
expectations because this newly synthesized hydrogel material
not only has good rheological properties and biocompatibility,
but most importantly, it can release doxycycline both in vivo and
in vitro.

In addition to inorganic metal ion oxidation and antimicrobial
agents, scientists have also explored other substances added to
hydrogel materials to play a certain antimicrobial role. For
example, some biological extracts with special antibacterial
effects, such as curcumin, honey, and lignin (Yang et al.,
2018), as well as carbon materials and lysozyme (Wu et al.,
2018), have shown some degree of antibacterial and antimicrobial
effects against both S. aureus and E. coli when added to 3D-
printed hydrogels.

6.3 Inherent Antibacterial Activity
The main hydrogel materials with inherent antimicrobial
activity are synthetic polymeric antimicrobial materials
(Chang et al., 2021), for example, redox-generated iron-based
silane macromolecular hydrogels and some materials
containing antimicrobial peptides, which are still relatively
rare and have not been widely studied or applied in the field
of orthopedics.

7 CURRENT SHORTCOMINGS OF
3D-PRINTED HYDROGELS

Hydrogel-based 3D printing technology has been extensively
explored, and impressive results have been achieved in
experimental research. However, there are still several
shortcomings in this technology that need to be addressed.

7.1 Insufficient Mechanical Strength
In addition to the diversity of hydrogel properties and the
mechanical strength of hydrogels alone, there are a few other
problems that need to be overcome. The mechanical strength of
hydrogels includes resistance to compression, tensile properties,
and shear dilution capabilities. Firstly, the 3D-printed hydrogel
bio-skeleton should possess the ability to retain its own
morphology and structure and resist pressure from outside.
Moreover, the hydrogel could also be stretched and pulled
during the process of 3D printing, and the ductility of the
material with compressive ability may not be as ideal as the
compressive ability. A hydrogel material with sufficient and
comprehensive capabilities to cope with various experimental
and clinical environments is needed for practical clinical
applications.

7.2 Angiogenic Capacity
The 3D-printed bone tissue engineering using hydrogels needs to
be further investigated and solved by establishing vascular

networks in the generated bone and cartilage replacement
tissues. The survival and long-term maintenance of new tissues
can only be ensured by establishing a vascular network in new
tissues and structures to maintain the blood supply to the new
tissues. Currently, there are relatively poor coping strategies to
solve the problem of vascular network generation and
establishment, and it is still in the preliminary experimental and
testing stage (Chen et al., 2018). Therefore, a certain volume and
scale of 3D-printed bone tissue replacement have hardly been
tested because this problem of vascular generation and vascular
network establishment needs to be solved before we can further
consider a certain scale of regenerated tissues and structures.

7.3 Insufficient Intrinsic Antibacterial
Activity
The sterility and antibacterial ability mentioned previously are also
worthy of attention. Several existing materials with antimicrobial
activity are not satisfactory in other aspects of performance and
have not received widespread attention. Therefore, the main
approach taken to solve the antimicrobial problem is the
addition of metallic substances or antibiotics, which are
antimicrobial substances in hydrogel materials; because they are
added substances, they have to consider the problem of uniform
dispersion and long-term release similar to the cytokinesmentioned
previously. In addition to the antimicrobial properties, we must also
ensure the sterility of the 3D-printed hydrogel material itself during
the whole process and not only in the experimental environment.
For practical applications, the process flow of the production and
the surgical self-contained whole process to ensure the sterility of
the 3D-printed implant material needs to be chosen according to
the hydrogel’s own characteristics.

7.4 Degradability and Cytotoxicity of
Degradation Products
The degradability and cytotoxicity of hydrogels are major
criteria for consideration of hydrogels, and are one of the
current shortcomings. Once the hydrogel material constitutes
the 3D-bioprinted biological skeleton, the real need for clinical
treatment is to implant the new bone and cartilage tissues
formed into the human body to achieve clinically effective
bone and cartilage tissue repair and reconstruction (Ma
et al., 2018). However, whether and when the hydrogel
material will eventually need to be degraded in this process
(Gao et al., 2019), and whether the material generated after
degradation is cytotoxic are questions that must be considered.
If we create a repair material that is implanted in the human
body for a long time together with the hydrogel, then we need to
consider the maintenance of the hydrogel in the body. When the
cartilage and bone cells have proliferated and migrated
sufficiently in the bio-scaffold material to constitute the
whole tissue, the hydrogel is no longer needed to maintain
the structure. Further concerns include the degradation of
hydrogels and how we should regulate the time of its
degradation in order to avoid degradation before tissue
repair is generated (Gao et al., 2019) or a delayed
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degradation occurs. It is also important to note that even though
most hydrogels are biocompatible and almost non-cytotoxic,
once decomposed, whether the decomposition products can be
guaranteed to be absolutely non-cytotoxic and persistent in the
human body are issues that need to be further explored and
considered.

7.5 Lack of Adequate in Vivo Experiments
There have not been sufficient in vivo experiments, and most
existing ones do not involve 3D-printed implants. Most of these in
vivo experiments have been performed on small animals such as
mice and rats, with some degree of implantation on the surface of
the body, and there have been no real cases of repair and
replacement of a section of bone or a specific joint. One of the
main in vivo experimental models used is the repair of cranial
defects in mice; however, there is a difference between the repair
and reconstruction of cranial bones and the repair of knee and hip
injuries. In addition to the lack of further experiments on large
animals, in addition tomice, we can also see the establishment of in
vivo models of rabbits (Jiang et al., 2021), lack of in vivo
experiments, and models of large mammals such as pigs and
cattle, and thus, the practical application of 3D-printed hydrogel
in vivo still should be comprehensively studied.

7.6 Lack of Systematic Scientific
Consideration and Evaluation Criteria
The use of 3D-printed hydrogel materials in clinical applications
also requires technical, regulatory, and ethical considerations and
justifications. First, a set of strict manufacturing and use standards
must be established for 3D-printed hydrogel materials to ensure
the reliability and safety of the materials and implants themselves.
The safety of the implant during implantation and the certainty of
its repair ability need to be ensured. The use of this technology in
the clinical setting will certainly be challenged by ethical
considerations (Abbadessa et al., 2016b). In addition to a
rigorous ethical review, we need to strictly regulate and review
the scope of use of hydrogel 3D printing as a technology.

8 OUTLOOK AND CONCLUSION

The combination of bioprinting and (Kang et al., 2015)
computer-aided algorithms, which allows the computer to
recognize and analyze the CT, MRI, and other examination
results by inputting them into the computer, and eventually
generate a personalized design that fits the patient’s actual
situation through built-in algorithms, is a key focus area in
hydrogel-based 3D printing technology. Such a combination
can effectively screen and select a suitable hydrogel material
for the case and use it for appropriate reconstruction. The
computer recognizes and analyzes the results of CT and MRI
examinations, and eventually generates a personalized design that
is tailored to the patient’s situation through built-in algorithms.

The 3D bioprinting with electronic computers combined with
various control systems to achieve high precision is a popular
future direction for the use of 3D-printed hydrogel materials at the

micron or even nanometer level (Xu et al., 2018), thereby allowing
a more favorable formation microenvironment for bone tissue.

In the future, it is almost certain that 3D bioprinting will
transition into 4D bioprinting, which would involve the addition
of a new dimension to the original one, that is, time. The shape
and function of hydrogels can follow time, mainly referring to the
hydrogel materials that are sensitive to the response to external
stimuli. Control of hydrogel materials by changing external
conditions such as light intensity, temperature (Ji et al., 2020),
pH value, magnetic field, and electric field (Mei et al., 2021) has
been achieved. Based on further in-depth research on this aspect,
future hydrogel materials could possess memory functions
(Abbadessa et al., 2016a); they could be able to adjust their
physicochemical properties on their own, following the
external environment and our objective needs.

However, there are many shortcomings that need to be
addressed, such as more comprehensive and stable mechanical
strength. Single hydrogel materials have distinctive qualities, but
they are not sufficiently comprehensive; for example, gelatin,
hyaluronic acid, and other materials with high biocompatibility
and osteogenic–chondrogenic induction (Daly et al., 2016) have
low mechanical strength (Ahlfeld et al., 2017). Furthermore,
materials such as alginate and polyvinyl alcohol lack the
ability to induce cell proliferation and differentiation as much
as gelatin and hyaluronic acid; hence, certain cytokines and other
substances need to be added to simulate the extracellular
microenvironment to the possible extent. Furthermore,
hydrogel materials with good intrinsic antibacterial ability are
still very rare, and the antibacterial properties of the few existing
ones are yet to be fully evaluated. Finally, the composite hydrogel
preparation process is sophisticated and expensive. Although
there is a wide variety of composite hydrogels, none of them
have been widely accepted because they do not meet the
standards specified for clinical use.

Therefore, we can see that 3D-printed hydrogel materials in
orthopedics, especially in the field of bone and joint repair,
possess a very wide range of potential applications and
prospects, and a considerable part of the results have been
achieved in experiments. Some researchers have also explored
the clinical applications. Many materials have the ability to
induce cellular osteogenesis into cartilage differentiation and
proliferation; after a certain degree of improvement, they
possess a certain degree of mechanical strength and
antibacterial activity. Thus, it is bound to be a popular focus
of future research. It is believed that after more research and
future discoveries, 3D-printed hydrogel materials will be applied
in the near future in osteochondral tissue repair and
reconstruction to solve bone and joint injury problems.

AUTHOR CONTRIBUTIONS

ZL,WX, and JJ wrote the draft manuscript. LZ,WX, JJ, JX, and LZ
performed the literature review and data collection. BY and XQ
conceived the general idea and revised the manuscript. All
authors contributed to the article and approved the submitted
version.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org April 2022 | Volume 10 | Article 84534214

Liu et al. 3D Printed Hydrogels in Orthopedics

98

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


FUNDING

This work was supported by the National Natural Science
Foundation of China (Grant Nos 82172464, 82172453, and
81972086); National Key Research and Development Project
of China (Grant Nos 2020YFC1107500 and
2020YFC1107503); The Shanghai Rising-Star Program
(21QA1405500); Shanghai “Rising Stars of Medical Talent”

Youth Development Program (Youth Medical Talents -
Specialist Program) (Grant No. 2019-72); “Technology
Innovation Action Plan” Key Project of Shanghai Science
and Technology Commission (Grant No. 19411962800);
Shanghai municipal education commission—Gaofeng
clinical medicine grant support (Grant No. 20161423);
NSFC Advancing Targeted Projects (RJTJ-JX-005 and
RJTJ22-RC-011).

REFERENCES

Abbadessa, A., Blokzijl, M. M., Mouser, V. H. M., Marica, P., Malda, J., Hennink,
W. E., et al. (2016a). A Thermo-Responsive and Photo-Polymerizable
Chondroitin Sulfate-Based Hydrogel for 3D Printing Applications.
Carbohydr. Polym. 149, 163–174. doi:10.1016/j.carbpol.2016.04.080

Abbadessa, A., Mouser, V. H. M., Blokzijl, M. M., Gawlitta, D., Dhert, W. J. A.,
Hennink, W. E., et al. (2016b). A Synthetic Thermosensitive Hydrogel for
Cartilage Bioprinting and its Biofunctionalization with Polysaccharides.
Biomacromolecules 17, 2137–2147. doi:10.1021/acs.biomac.6b00366

Abdollahiyan, P., Oroojalian, F., Mokhtarzadeh, A., and De La Guardia, M. (2020).
Hydrogel-Based 3D Bioprinting for Bone and Cartilage Tissue Engineering.
Biotechnol. J. 15, e2000095. doi:10.1002/biot.202000095

Abdulghani, S., and Morouco, P. G. (2019). Biofabrication for Osteochondral
Tissue Regeneration: Bioink Printability Requirements. J. Mater. Sci. Mater.
Med. 30, 20. doi:10.1007/s10856-019-6218-x

Ahlfeld, T., Cidonio, G., Kilian, D., Duin, S., Akkineni, A. R., Dawson, J. I., et al.
(2017). Development of a clay Based Bioink for 3D Cell Printing for Skeletal
Application. Biofabrication 9, 034103. doi:10.1088/1758-5090/aa7e96

Antich, C., De Vicente, J., Jiménez, G., Chocarro, C., Carrillo, E., Montañez, E.,
et al. (2020). Bio-inspired Hydrogel Composed of Hyaluronic Acid and
Alginate as a Potential Bioink for 3D Bioprinting of Articular Cartilage
Engineering Constructs. Acta Biomater. 106, 114–123. doi:10.1016/j.actbio.
2020.01.046

Bendtsen, S. T., Quinnell, S. P., and Wei, M. (2017). Development of a Novel
Alginate-polyvinyl Alcohol-hydroxyapatite Hydrogel for 3D Bioprinting Bone
Tissue Engineered Scaffolds. J. Biomed. Mater. Res. 105, 1457–1468. doi:10.
1002/jbm.a.36036

Bharadwaz, A., and Jayasuriya, A. C. (2020). Recent Trends in the Application of
Widely Used Natural and Synthetic Polymer Nanocomposites in Bone Tissue
Regeneration. Mater. Sci. Eng. C 110, 110698. doi:10.1016/j.msec.2020.
110698

Bi, S., Wang, P., Hu, S., Li, S., Pang, J., Zhou, Z., et al. (2019). Construction of
Physical-Crosslink Chitosan/PVA Double-Network Hydrogel with Surface
Mineralization for Bone Repair. Carbohydr. Polym. 224, 115176. doi:10.
1016/j.carbpol.2019.115176

Bouler, J. M., Pilet, P., Gauthier, O., and Verron, E. (2017). Biphasic Calcium
Phosphate Ceramics for Bone Reconstruction: A Review of Biological Response.
Acta Biomater. 53, 1–12. doi:10.1016/j.actbio.2017.01.076

Byambaa, B., Annabi, N., Yue, K., Trujillo-De Santiago, G., Alvarez, M. M., Jia,
W., et al. (2017). Bioprinted Osteogenic and Vasculogenic Patterns for
Engineering 3D Bone Tissue. Adv. Healthc. Mater. 6 (16). doi:10.1002/
adhm.201700015

Canovas, F., and Dagneaux, L. (2018). Quality of Life after Total Knee
Arthroplasty. Orthop. Traumatol. Surg. Res. 104 (1S), S41–S46. doi:10.1016/
j.otsr.2017.04.017

Chang, K.-C., Chen, W.-C., Chen, C.-H., Ko, C.-L., Liu, S.-M., and Chen, J.-C.
(2021). Chemical Cross-Linking on Gelatin-Hyaluronan Loaded with
Hinokitiol for the Preparation of Guided Tissue Regeneration Hydrogel
Membranes with Antibacterial and Biocompatible Properties. Mater. Sci.
Eng. C 119, 111576. doi:10.1016/j.msec.2020.111576

Chen, Y.-W., Shen, Y.-F., Ho, C.-C., Yu, J., Wu, Y.-H. A., Wang, K., et al. (2018).
Osteogenic and Angiogenic Potentials of the Cell-Laden Hydrogel/mussel-

Inspired Calcium Silicate Complex Hierarchical Porous Scaffold Fabricated by
3D Bioprinting.Mater. Sci. Eng. C 91, 679–687. doi:10.1016/j.msec.2018.06.005

Chen, X., Gao, C., Jiang, J., Wu, Y., Zhu, P., and Chen, G. (2019). 3D Printed Porous
PLA/nHA Composite Scaffolds with Enhanced Osteogenesis and
Osteoconductivity In Vivo for Bone Regeneration. Biomed. Mater. 14,
065003. doi:10.1088/1748-605x/ab388d

Chen, T., Zou, Q., Du, C., Wang, C., Li, Y., and Fu, B. (2020). Biodegradable 3D
Printed HA/CMCS/PDA Scaffold for Repairing Lacunar Bone Defect. Mater.
Sci. Eng. C 116, 111148. doi:10.1016/j.msec.2020.111148

Chen, C. Y., Shie, M. Y., Lee, A. K., Chou, Y. T., Chiang, C., and Lin, C. P. (2021a).
3D-Printed Ginsenoside Rb1-Loaded Mesoporous Calcium Silicate/Calcium
Sulfate Scaffolds for Inflammation Inhibition and Bone Regeneration.
Biomedicines 9, 907. doi:10.3390/biomedicines9080907

Chen, Z.-Y., Gao, S., Zhang, Y.-W., Zhou, R.-B., and Zhou, F. (2021b).
Antibacterial Biomaterials in Bone Tissue Engineering. J. Mater. Chem. B 9,
2594–2612. doi:10.1039/d0tb02983a

Cheng, Z., Landish, B., Chi, Z., Nannan, C., Jingyu, D., Sen, L., et al. (2018). 3D
Printing Hydrogel with Graphene Oxide Is Functional in Cartilage protection
by Influencing the Signal Pathway of Rank/Rankl/OPG. Mater. Sci. Eng. C 82,
244–252. doi:10.1016/j.msec.2017.08.069

Cheng, Z., Xigong, L., Weiyi, D., Jingen, H., Shuo, W., Xiangjin, L., et al. (2020).
Potential Use of 3D-Printed Graphene Oxide Scaffold for Construction of the
Cartilage Layer. J. Nanobiotechnol. 18, 97. doi:10.1186/s12951-020-00655-w

Cui, Z.-K., Kim, S., Baljon, J. J., Wu, B. M., Aghaloo, T., and Lee, M. (2019).
Microporous Methacrylated Glycol Chitosan-Montmorillonite Nanocomposite
Hydrogel for Bone Tissue Engineering. Nat. Commun. 10, 3523. doi:10.1038/
s41467-019-11511-3

Cui, X., Li, J., Hartanto, Y., Durham, M., Tang, J., Zhang, H., et al. (2020). Advances
in Extrusion 3D Bioprinting: A Focus on Multicomponent Hydrogel-Based
Bioinks. Adv. Healthc. Mater. 9, e1901648. doi:10.1002/adhm.201901648

Daly, A. C., Critchley, S. E., Rencsok, E. M., and Kelly, D. J. (2016). A Comparison
of Different Bioinks for 3D Bioprinting of Fibrocartilage and Hyaline Cartilage.
Biofabrication 8, 045002. doi:10.1088/1758-5090/8/4/045002

Daly, A. C., Freeman, F. E., Gonzalez-Fernandez, T., Critchley, S. E., Nulty, J., and
Kelly, D. J. (2017). 3D Bioprinting for Cartilage and Osteochondral Tissue
Engineering. Adv. Healthc. Mater. 6. doi:10.1002/adhm.201700298

Demirtas, T. T., Irmak, G., and Gumusderelioglu, M. (2017). A Bioprintable Form
of Chitosan Hydrogel for Bone Tissue Engineering. Biofabrication 9, 035003.
doi:10.1088/1758-5090/aa7b1d

Deng, Y., Jiang, C., Li, C., Li, T., Peng, M., Wang, J., et al. (2017). 3D Printed
Scaffolds of Calcium Silicate-Doped β-TCP Synergize with Co-cultured
Endothelial and Stromal Cells to Promote Vascularization and Bone
Formation. Sci. Rep. 7, 5588. doi:10.1038/s41598-017-05196-1

Dhawan, A., Kennedy, P. M., Rizk, E. B., and Ozbolat, I. T. (2019). Three-
dimensional Bioprinting for Bone and Cartilage Restoration in Orthopaedic
Surgery. J. Am. Acad. Orthop. Surg. 27, e215–e226. doi:10.5435/jaaos-d-17-
00632

Dhivya, S., Saravanan, S., Sastry, T. P., and Selvamurugan, N. (2015).
Nanohydroxyapatite-reinforced Chitosan Composite Hydrogel for Bone
Tissue Repair In Vitro and In Vivo. J. Nanobiotechnol. 13, 40. doi:10.1186/
s12951-015-0099-z

El-Habashy, S. E., El-Kamel, A. H., Essawy, M. M., Abdelfattah, E.-Z. A., and
Eltaher, H. M. (2021). 3D Printed Bioinspired Scaffolds Integrating
Doxycycline Nanoparticles: Customizable Implants for In Vivo

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org April 2022 | Volume 10 | Article 84534215

Liu et al. 3D Printed Hydrogels in Orthopedics

99

https://doi.org/10.1016/j.carbpol.2016.04.080
https://doi.org/10.1021/acs.biomac.6b00366
https://doi.org/10.1002/biot.202000095
https://doi.org/10.1007/s10856-019-6218-x
https://doi.org/10.1088/1758-5090/aa7e96
https://doi.org/10.1016/j.actbio.2020.01.046
https://doi.org/10.1016/j.actbio.2020.01.046
https://doi.org/10.1002/jbm.a.36036
https://doi.org/10.1002/jbm.a.36036
https://doi.org/10.1016/j.msec.2020.110698
https://doi.org/10.1016/j.msec.2020.110698
https://doi.org/10.1016/j.carbpol.2019.115176
https://doi.org/10.1016/j.carbpol.2019.115176
https://doi.org/10.1016/j.actbio.2017.01.076
https://doi.org/10.1002/adhm.201700015
https://doi.org/10.1002/adhm.201700015
https://doi.org/10.1016/j.otsr.2017.04.017
https://doi.org/10.1016/j.otsr.2017.04.017
https://doi.org/10.1016/j.msec.2020.111576
https://doi.org/10.1016/j.msec.2018.06.005
https://doi.org/10.1088/1748-605x/ab388d
https://doi.org/10.1016/j.msec.2020.111148
https://doi.org/10.3390/biomedicines9080907
https://doi.org/10.1039/d0tb02983a
https://doi.org/10.1016/j.msec.2017.08.069
https://doi.org/10.1186/s12951-020-00655-w
https://doi.org/10.1038/s41467-019-11511-3
https://doi.org/10.1038/s41467-019-11511-3
https://doi.org/10.1002/adhm.201901648
https://doi.org/10.1088/1758-5090/8/4/045002
https://doi.org/10.1002/adhm.201700298
https://doi.org/10.1088/1758-5090/aa7b1d
https://doi.org/10.1038/s41598-017-05196-1
https://doi.org/10.5435/jaaos-d-17-00632
https://doi.org/10.5435/jaaos-d-17-00632
https://doi.org/10.1186/s12951-015-0099-z
https://doi.org/10.1186/s12951-015-0099-z
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Osteoregeneration. Int. J. Pharmaceutics 607, 121002. doi:10.1016/j.ijpharm.
2021.121002

Feng, Y., Zhu, S., Mei, D., Li, J., Zhang, J., Yang, S., et al. (2021). Application of 3D
Printing Technology in Bone Tissue Engineering: A Review. Curr. Drug Deliv.
18, 847–861. doi:10.2174/1567201817999201113100322

Gao, F., Xu, Z., Liang, Q., Li, H., Peng, L., Wu, M., et al. (2019). Osteochondral
Regeneration with 3D-Printed Biodegradable High-Strength Supramolecular
Polymer Reinforced-Gelatin Hydrogel Scaffolds. Adv. Sci. 6, 1900867. doi:10.
1002/advs.201900867

Ge, Z., Tian, X., Heng, B. C., Fan, V., Yeo, J. F., and Cao, T. (2009). Histological
Evaluation of Osteogenesis of 3D-Printed Poly-Lactic-Co-Glycolic Acid
(PLGA) Scaffolds in a Rabbit Model. Biomed. Mater. 4, 021001. doi:10.
1088/1748-6041/4/2/021001

Gibbs, D.M. R., Black, C. R.M., Dawson, J. I., and Oreffo, R. O. C. (2016). A Review
of Hydrogel Use in Fracture Healing and Bone Regeneration. J. Tissue Eng.
Regen. Med. 10, 187–198. doi:10.1002/term.1968

Gómez, S., Vlad, M. D., López, J., and Fernández, E. (2016). Design and Properties
of 3D Scaffolds for Bone Tissue Engineering. Acta Biomater. 42, 341–350.
doi:10.1016/j.actbio.2016.06.032

Gu, Y., Zhang, L., Du, X., Fan, Z., Wang, L., Sun, W., et al. (2018). Reversible
Physical Crosslinking Strategy with Optimal Temperature for 3D Bioprinting of
Human Chondrocyte-Laden Gelatin Methacryloyl Bioink. J. Biomater. Appl.
33, 609–618. doi:10.1177/0885328218805864

Gungor-Ozkerim, P. S., Inci, I., Zhang, Y. S., Khademhosseini, A., and Dokmeci, M.
R. (2018). Bioinks for 3D Bioprinting: an Overview. Biomater. Sci. 6, 915–946.
doi:10.1039/c7bm00765e

Han, X., Chang, S., Zhang, M., Bian, X., Li, C., and Li, D. (2021). Advances of
Hydrogel-Based Bioprinting for Cartilage Tissue Engineering. Front. Bioeng.
Biotechnol. 9, 746564. doi:10.3389/fbioe.2021.746564

Haung, S. M., Lin, Y. T., Liu, S. M., Chen, J. C., and Chen, W. C. (2021). In Vitro
Evaluation of a Composite Gelatin-Hyaluronic Acid-Alginate Porous Scaffold
with Different Pore Distributions for Cartilage Regeneration.Gels 7, 165. doi:10.
3390/gels7040165

Heid, S., and Boccaccini, A. R. (2020). Advancing Bioinks for 3D Bioprinting Using
Reactive Fillers: A Review. Acta Biomater. 113, 1–22. doi:10.1016/j.actbio.2020.
06.040

Hernandez, I., Kumar, A., and Joddar, B. (2017). A Bioactive Hydrogel and 3D
Printed Polycaprolactone System for Bone Tissue Engineering. Gels 3, 26.
doi:10.3390/gels3030026

Hölzl, K., Lin, S., Tytgat, L., Van Vlierberghe, S., Gu, L., and Ovsianikov, A. (2016).
Bioink Properties before, during and after 3D Bioprinting. Biofabrication 8,
032002. doi:10.1088/1758-5090/8/3/032002

Hu, C., Wang, M. X., Sun, L., Yang, J. H., Zrínyi, M., and Chen, Y. M. (2017). Dual-
Physical Cross-Linked Tough and Photoluminescent Hydrogels with Good
Biocompatibility and Antibacterial Activity. Macromol. Rapid Commun. 38.
doi:10.1002/marc.201600788

Huang, J., Xiong, J., Wang, D., Zhang, J., Yang, L., Sun, S., et al. (2021a). 3D
Bioprinting of Hydrogels for Cartilage Tissue Engineering. Gels 7. doi:10.3390/
gels7030144

Huang, K.-H., Chen, C.-Y., Chang, C.-Y., Chen, Y.-W., and Lin, C.-P. (2021b). The
Synergistic Effects of Quercetin-Containing 3D-Printed Mesoporous Calcium
Silicate/calcium Sulfate/poly-ε-Caprolactone Scaffolds for the Promotion of
Osteogenesis in Mesenchymal Stem Cells. J. Formos. Med. Assoc. 120,
1627–1634. doi:10.1016/j.jfma.2021.01.024

Ji, X., Yuan, X., Ma, L., Bi, B., Zhu, H., Lei, Z., et al. (2020). Mesenchymal Stem
Cell-Loaded Thermosensitive Hydroxypropyl Chitin Hydrogel Combined
with a Three-Dimensional-Printed Poly(ε-Caprolactone)/nano-
Hydroxyapatite Scaffold to Repair Bone Defects via Osteogenesis,
Angiogenesis and Immunomodulation. Theranostics 10, 725–740. doi:10.
7150/thno.39167

Jiang, G., Li, S., Yu, K., He, B., Hong, J., Xu, T., et al. (2021). A 3D-Printed PRP-
GelMA Hydrogel Promotes Osteochondral Regeneration through M2
Macrophage Polarization in a Rabbit Model. Acta Biomater. 128, 150–162.
doi:10.1016/j.actbio.2021.04.010

Jing, Z., Ni, R., Wang, J., Lin, X., Fan, D., Wei, Q., et al. (2021). Practical Strategy to
Construct Anti-osteosarcoma Bone Substitutes by Loading Cisplatin into 3D-
Printed Titanium alloy Implants Using a Thermosensitive Hydrogel. Bioactive
Mater. 6, 4542–4557. doi:10.1016/j.bioactmat.2021.05.007

Jung, S. W., Oh, S. H., Lee, I. S., Byun, J.-H., and Lee, J. H. (2019). In Situ Gelling
Hydrogel with Anti-Bacterial Activity and Bone Healing Property for
Treatment of Osteomyelitis. Tissue Eng. Regen. Med. 16, 479–490. doi:10.
1007/s13770-019-00206-x

Kabirian, F., and Mozafari, M. (2020). Decellularized ECM-Derived Bioinks:
Prospects for the Future. Methods 171, 108–118. doi:10.1016/j.ymeth.2019.
04.019

Kang, H.-W., Yoo, J. J., and Atala, A. (2015). Bioprinted Scaffolds for Cartilage
Tissue Engineering. Methods Mol. Biol. 1340, 161–169. doi:10.1007/978-1-
4939-2938-2_11

Koç, A., Finkenzeller, G., Elçin, A. E., Stark, G. B., and Elçin, Y. M. (2014).
Evaluation of Adenoviral Vascular Endothelial Growth Factor-Activated
Chitosan/hydroxyapatite Scaffold for Engineering Vascularized Bone Tissue
Using Human Osteoblasts: In Vitro and In Vivo Studies. J. Biomater. Appl. 29,
748–760. doi:10.1177/0885328214544769

Kundu, J., Shim, J.-H., Jang, J., Kim, S.-W., and Cho, D.-W. (2015). An Additive
Manufacturing-Based PCL-Alginate-Chondrocyte Bioprinted Scaffold for
Cartilage Tissue Engineering. J. Tissue Eng. Regen. Med. 9, 1286–1297.
doi:10.1002/term.1682

Kuss, M. A., Wu, S., Wang, Y., Untrauer, J. B., Li, W., Lim, J. Y., et al. (2018).
Prevascularization of 3D Printed Bone Scaffolds by Bioactive Hydrogels and
Cell Co-culture. J. Biomed. Mater. Res. 106, 1788–1798. doi:10.1002/jbm.b.
33994

Kyle, S., Jessop, Z. M., Al-Sabah, A., and Whitaker, I. S. (2017). ’Printability’ of
Candidate Biomaterials for Extrusion Based 3D Printing: State-Of-The-Art.
Adv. Healthc. Mater. 6. doi:10.1002/adhm.201700264

Levato, R., Webb, W. R., Otto, I. A., Mensinga, A., Zhang, Y., Van Rijen, M., et al.
(2017). The Bio in the Ink: Cartilage Regeneration with Bioprintable Hydrogels
and Articular Cartilage-Derived Progenitor Cells. Acta Biomater. 61, 41–53.
doi:10.1016/j.actbio.2017.08.005

Li, P., Zhao, J., Chen, Y., Cheng, B., Yu, Z., Zhao, Y., et al. (2017). Preparation and
Characterization of Chitosan Physical Hydrogels with Enhanced Mechanical
and Antibacterial Properties. Carbohydr. Polym. 157, 1383–1392. doi:10.1016/j.
carbpol.2016.11.016

Lin, Y.-H., Chiu, Y.-C., Shen, Y.-F., Wu, Y.-H. A., and Shie, M.-Y. (2017). Bioactive
Calcium Silicate/poly-ε-Caprolactone Composite Scaffolds 3D Printed under
Mild Conditions for Bone Tissue Engineering. J. Mater. Sci. Mater. Med. 29, 11.
doi:10.1007/s10856-017-6020-6

Lin, Y.-H., Chuang, T.-Y., Chiang, W.-H., Chen, I.-W. P., Wang, K., Shie, M.-Y.,
et al. (2019). The Synergistic Effects of Graphene-Contained 3D-Printed
Calcium Silicate/poly-ε-Caprolactone Scaffolds Promote FGFR-Induced
Osteogenic/angiogenic Differentiation of Mesenchymal Stem Cells. Mater.
Sci. Eng. C 104, 109887. doi:10.1016/j.msec.2019.109887

Liu, B., Li, J., Lei, X., Cheng, P., Song, Y., Gao, Y., et al. (2020). 3D-bioprinted
Functional and Biomimetic Hydrogel Scaffolds Incorporated with Nanosilicates
to Promote Bone Healing in Rat Calvarial Defect Model.Mater. Sci. Eng. C 112,
110905. doi:10.1016/j.msec.2020.110905

Lu, H., Liu, Y., Guo, J., Wu, H., Wang, J., and Wu, G. (2016). Biomaterials with
Antibacterial and Osteoinductive Properties to Repair Infected Bone Defects.
Int. J. Mol. Sci. 17, 334. doi:10.3390/ijms17030334

Ma, H., Feng, C., Chang, J., and Wu, C. (2018). 3D-printed Bioceramic Scaffolds:
From Bone Tissue Engineering to Tumor Therapy. Acta Biomater. 79, 37–59.
doi:10.1016/j.actbio.2018.08.026

Maisani, M., Ziane, S., Ehret, C., Levesque, L., Siadous, R., Le Meins, J. F., et al.
(2018). A New Composite Hydrogel Combining the Biological Properties of
Collagen with the Mechanical Properties of a Supramolecular Scaffold for Bone
Tissue Engineering. J. Tissue Eng. Regen. Med. 12, e1489–e1500. doi:10.1002/
term.2569

Mei, Q., Rao, J., Bei, H. P., Liu, Y., and Zhao, X. (2021). 3D Bioprinting Photo-
Crosslinkable Hydrogels for Bone and Cartilage Repair. Int. J. Bioprint 7, 367.
doi:10.18063/ijb.v7i3.367

Mora-Boza, A., and Lopez-Donaire, M. L. (2018). Preparation of Polymeric and
Composite Scaffolds by 3D Bioprinting. Adv. Exp. Med. Biol. 1058, 221–245.
doi:10.1007/978-3-319-76711-6_10

Mouser, V. H. M., Abbadessa, A., Levato, R., Hennink, W. E., Vermonden, T.,
Gawlitta, D., et al. (2017). Development of a Thermosensitive HAMA-
Containing Bio-Ink for the Fabrication of Composite Cartilage Repair
Constructs. Biofabrication 9, 015026. doi:10.1088/1758-5090/aa6265

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org April 2022 | Volume 10 | Article 84534216

Liu et al. 3D Printed Hydrogels in Orthopedics

100

https://doi.org/10.1016/j.ijpharm.2021.121002
https://doi.org/10.1016/j.ijpharm.2021.121002
https://doi.org/10.2174/1567201817999201113100322
https://doi.org/10.1002/advs.201900867
https://doi.org/10.1002/advs.201900867
https://doi.org/10.1088/1748-6041/4/2/021001
https://doi.org/10.1088/1748-6041/4/2/021001
https://doi.org/10.1002/term.1968
https://doi.org/10.1016/j.actbio.2016.06.032
https://doi.org/10.1177/0885328218805864
https://doi.org/10.1039/c7bm00765e
https://doi.org/10.3389/fbioe.2021.746564
https://doi.org/10.3390/gels7040165
https://doi.org/10.3390/gels7040165
https://doi.org/10.1016/j.actbio.2020.06.040
https://doi.org/10.1016/j.actbio.2020.06.040
https://doi.org/10.3390/gels3030026
https://doi.org/10.1088/1758-5090/8/3/032002
https://doi.org/10.1002/marc.201600788
https://doi.org/10.3390/gels7030144
https://doi.org/10.3390/gels7030144
https://doi.org/10.1016/j.jfma.2021.01.024
https://doi.org/10.7150/thno.39167
https://doi.org/10.7150/thno.39167
https://doi.org/10.1016/j.actbio.2021.04.010
https://doi.org/10.1016/j.bioactmat.2021.05.007
https://doi.org/10.1007/s13770-019-00206-x
https://doi.org/10.1007/s13770-019-00206-x
https://doi.org/10.1016/j.ymeth.2019.04.019
https://doi.org/10.1016/j.ymeth.2019.04.019
https://doi.org/10.1007/978-1-4939-2938-2_11
https://doi.org/10.1007/978-1-4939-2938-2_11
https://doi.org/10.1177/0885328214544769
https://doi.org/10.1002/term.1682
https://doi.org/10.1002/jbm.b.33994
https://doi.org/10.1002/jbm.b.33994
https://doi.org/10.1002/adhm.201700264
https://doi.org/10.1016/j.actbio.2017.08.005
https://doi.org/10.1016/j.carbpol.2016.11.016
https://doi.org/10.1016/j.carbpol.2016.11.016
https://doi.org/10.1007/s10856-017-6020-6
https://doi.org/10.1016/j.msec.2019.109887
https://doi.org/10.1016/j.msec.2020.110905
https://doi.org/10.3390/ijms17030334
https://doi.org/10.1016/j.actbio.2018.08.026
https://doi.org/10.1002/term.2569
https://doi.org/10.1002/term.2569
https://doi.org/10.18063/ijb.v7i3.367
https://doi.org/10.1007/978-3-319-76711-6_10
https://doi.org/10.1088/1758-5090/aa6265
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Naranda, J., Bračič, M., Vogrin, M., andMaver, U. (2021). Recent Advancements in
3D Printing of Polysaccharide Hydrogels in Cartilage Tissue Engineering.
Materials (Basel) 14. doi:10.3390/ma14143977

Nikolova, M. P., and Chavali, M. S. (2019). Recent Advances in Biomaterials for 3D
Scaffolds: A Review. Bioactive Mater. 4, 271–292. doi:10.1016/j.bioactmat.2019.
10.005

Noori, A., Ashrafi, S. J., Vaez-Ghaemi, R., Hatamian-Zaremi, A., andWebster, T. J.
(2017). A Review of Fibrin and Fibrin Composites for Bone Tissue Engineering.
Int. J. Nanomedicine 12, 4937–4961. doi:10.2147/ijn.s124671

Olate-Moya, F., Arens, L., Wilhelm, M., Mateos-Timoneda, M. A., Engel, E., and
Palza, H. (2020). Chondroinductive Alginate-Based Hydrogels Having
Graphene Oxide for 3D Printed Scaffold Fabrication. ACS Appl. Mater.
Inter. 12, 4343–4357. doi:10.1021/acsami.9b22062

Ouyang, L., Yao, R., Zhao, Y., and Sun, W. (2016). Effect of Bioink Properties on
Printability and Cell Viability for 3D Bioplotting of Embryonic Stem Cells.
Biofabrication 8, 035020. doi:10.1088/1758-5090/8/3/035020

Pathmanapan, S., Periyathambi, P., and Anandasadagopan, S. K. (2020). Fibrin
Hydrogel Incorporated with Graphene Oxide Functionalized Nanocomposite
Scaffolds for Bone Repair - In Vitro and In Vivo Study. Nanomedicine
Nanotechn. Biol. Med. 29, 102251. doi:10.1016/j.nano.2020.102251

Perera, K., Ivone, R., Natekin, E., Wilga, C. A., Shen, J., andMenon, J. U. (2021). 3D
Bioprinted Implants for Cartilage Repair in Intervertebral Discs and Knee
Menisci. Front. Bioeng. Biotechnol. 9, 754113. doi:10.3389/fbioe.2021.754113

Qi, C., Deng, Y., Xu, L., Yang, C., Zhu, Y., Wang, G., et al. (2020). A Sericin/
Graphene Oxide Composite Scaffold as a Biomimetic Extracellular Matrix for
Structural and Functional Repair of Calvarial Bone. Theranostics 10, 741–756.
doi:10.7150/thno.39502

Qiu, P., Li, M., Chen, K., Fang, B., Chen, P., Tang, Z., et al. (2020). Periosteal
Matrix-Derived Hydrogel Promotes Bone Repair through an Early Immune
Regulation Coupled with Enhanced Angio- and Osteogenesis. Biomaterials 227,
119552. doi:10.1016/j.biomaterials.2019.119552

Radhakrishnan, J., Subramanian, A., Krishnan, U. M., and Sethuraman, S. (2017).
Injectable and 3D Bioprinted Polysaccharide Hydrogels: From Cartilage to
Osteochondral Tissue Engineering. Biomacromolecules 18, 1–26. doi:10.1021/
acs.biomac.6b01619

Ribeiro, M., Ferraz, M. P., Monteiro, F. J., Fernandes, M. H., Beppu, M. M.,
Mantione, D., et al. (2017). Antibacterial Silk Fibroin/nanohydroxyapatite
Hydrogels with Silver and Gold Nanoparticles for Bone Regeneration.
Nanomedicine Nanotechn. Biol. Med. 13, 231–239. doi:10.1016/j.nano.2016.
08.026

Sahai, N., Gogoi, M., and Tewari, R. P. (2021). 3D Printed Chitosan Composite
Scaffold for Chondrocytes Differentiation. Curr. Med. Imaging 17, 832–842.
doi:10.2174/1573405616666201217112939

Son, S.-R., Sarkar, S. K., Linh, N.-T. B., Padalhin, A. R., Kim, B. R., Jung, H. I., et al.
(2015). Platelet-rich Plasma Encapsulation in Hyaluronic Acid/gelatin-BCP
Hydrogel for Growth Factor Delivery in BCP Sponge Scaffold for Bone
Regeneration. J. Biomater. Appl. 29, 988–1002. doi:10.1177/0885328214551373

Stanco, D., Urban, P., Tirendi, S., Ciardelli, G., and Barrero, J. (2020). 3D
Bioprinting for Orthopaedic Applications: Current Advances, Challenges
and Regulatory Considerations. Bioprinting 20, e00103. doi:10.1016/j.bprint.
2020.e00103

Suzuki, A., and Sasaki, S. (2015). Swelling and Mechanical Properties of Physically
Crosslinked Poly(vinyl Alcohol) Hydrogels. Proc. Inst. Mech. Eng. H 229,
828–844. doi:10.1177/0954411915615469

Tommasi, G., Perni, S., and Prokopovich, P. (2016). An Injectable Hydrogel as
Bone Graft Material with Added Antimicrobial Properties. Tissue Eng. A 22,
862–872. doi:10.1089/ten.tea.2016.0014

Turnbull, G., Clarke, J., Picard, F., Riches, P., Jia, L., Han, F., et al. (2018). 3D
Bioactive Composite Scaffolds for Bone Tissue Engineering. Bioactive Mater. 3,
278–314. doi:10.1016/j.bioactmat.2017.10.001

Unagolla, J. M., and Jayasuriya, A. C. (2020). Hydrogel-based 3D Bioprinting: A
Comprehensive Review on Cell-Laden Hydrogels, Bioink Formulations, and
Future Perspectives. Appl. Mater. Today 18. doi:10.1016/j.apmt.2019.100479

Vega, S., Kwon, M. Y., Kwon, M., and Burdick, J. (2017). Recent Advances in
Hydrogels for Cartilage Tissue Engineering. eCM 33, 59–75. doi:10.22203/ecm.
v033a05

Wahid, F., Yin, J.-J., Xue, D.-D., Xue, H., Lu, Y.-S., Zhong, C., et al. (2016).
Synthesis and Characterization of Antibacterial Carboxymethyl Chitosan/ZnO

Nanocomposite Hydrogels. Int. J. Biol. Macromol. 88, 273–279. doi:10.1016/j.
ijbiomac.2016.03.044

Wang, W., Junior, J. R. P., Nalesso, P. R. L., Musson, D., Cornish, J., Mendonça, F.,
et al. (2019). Engineered 3D Printed Poly(ε-Caprolactone)/graphene Scaffolds
for Bone Tissue Engineering. Mater. Sci. Eng. C 100, 759–770. doi:10.1016/j.
msec.2019.03.047

Wu, T., Huang, J., Jiang, Y., Hu, Y., Ye, X., Liu, D., et al. (2018). Formation of
Hydrogels Based on Chitosan/alginate for the Delivery of Lysozyme and Their
Antibacterial Activity. Food Chem. 240, 361–369. doi:10.1016/j.foodchem.2017.
07.052

Xu, H., Zhang, G., Xu, K., Wang, L., Yu, L., Xing, M. M. Q., et al. (2018). Mussel-
inspired Dual-Functional PEG Hydrogel Inducing Mineralization and
Inhibiting Infection in Maxillary Bone Reconstruction. Mater. Sci. Eng. C
90, 379–386. doi:10.1016/j.msec.2018.04.066

Yadav, L. R., Chandran, S. V., Lavanya, K., and Selvamurugan, N. (2021). Chitosan-
based 3D-Printed Scaffolds for Bone Tissue Engineering. Int. J. Biol. Macromol.
183, 1925–1938. doi:10.1016/j.ijbiomac.2021.05.215

Yang, Y., Yang, S., Wang, Y., Yu, Z., Ao, H., Zhang, H., et al. (2016). Anti-infective
Efficacy, Cytocompatibility and Biocompatibility of a 3D-Printed
Osteoconductive Composite Scaffold Functionalized with Quaternized
Chitosan. Acta Biomater. 46, 112–128. doi:10.1016/j.actbio.2016.09.035

Yang, J., Zhang, Y. S., Yue, K., and Khademhosseini, A. (2017). Cell-laden
Hydrogels for Osteochondral and Cartilage Tissue Engineering. Acta
Biomater. 57, 1–25. doi:10.1016/j.actbio.2017.01.036

Yang, W., Fortunati, E., Bertoglio, F., Owczarek, J. S., Bruni, G., Kozanecki, M.,
et al. (2018). Polyvinyl Alcohol/chitosan Hydrogels with Enhanced
Antioxidant and Antibacterial Properties Induced by Lignin
Nanoparticles. Carbohydr. Polym. 181, 275–284. doi:10.1016/j.carbpol.
2017.10.084

Yang, X., Wang, Y., Zhou, Y., Chen, J., and Wan, Q. (2021). The Application of
Polycaprolactone in Three-Dimensional Printing Scaffolds for Bone Tissue
Engineering. Polymers (Basel) 13, 2754. doi:10.3390/polym13162754

Yao, M., Zou, Q., Zou, W., Xie, Z., Li, Z., Zhao, X., et al. (2021). Bifunctional
Scaffolds of Hydroxyapatite/poly(dopamine)/carboxymethyl Chitosan with
Osteogenesis and Anti-osteosarcoma Effect. Biomater. Sci. 9, 3319–3333.
doi:10.1039/d0bm01785j

You, F., Eames, B. F., and Chen, X. (2017). Application of Extrusion-Based
Hydrogel Bioprinting for Cartilage Tissue Engineering. Int. J. Mol. Sci. 18,
1597. doi:10.3390/ijms18071597

You, F., Chen, X., Cooper, D. M. L., Chang, T., and Eames, B. F. (2018).
Homogeneous Hydroxyapatite/alginate Composite Hydrogel Promotes
Calcified Cartilage Matrix Deposition with Potential for Three-
Dimensional Bioprinting. Biofabrication 11, 015015. doi:10.1088/1758-
5090/aaf44a

Yu, Y., Wang, Y., Zhang, W., Wang, H., Li, J., Pan, L., et al. (2020). Biomimetic
Periosteum-Bone Substitute Composed of Preosteoblast-Derived Matrix and
Hydrogel for Large Segmental Bone Defect Repair. Acta Biomater. 113,
317–327. doi:10.1016/j.actbio.2020.06.030

Yue, S., He, H., Li, B., and Hou, T. (2020). Hydrogel as a Biomaterial for Bone
Tissue Engineering: A Review. Nanomaterials (Basel) 10, 1511. doi:10.3390/
nano10081511

Zamborsky, R., Kilian, M., Jacko, P., Bernadic, M., and Hudak, R. (2019).
Perspectives of 3D Printing Technology in Orthopaedic Surgery. BLL 120,
498–504. doi:10.4149/bll_2019_079

Zhai, X., Ma, Y., Hou, C., Gao, F., Zhang, Y., Ruan, C., et al. (2017). 3D-Printed
High Strength Bioactive Supramolecular Polymer/Clay Nanocomposite
Hydrogel Scaffold for Bone Regeneration. ACS Biomater. Sci. Eng. 3,
1109–1118. doi:10.1021/acsbiomaterials.7b00224

Zhang, L., Yang, G., Johnson, B. N., and Jia, X. (2019). Three-dimensional (3D)
Printed Scaffold and Material Selection for Bone Repair. Acta Biomater. 84,
16–33. doi:10.1016/j.actbio.2018.11.039

Zhang, W., Sun, C., Zhu, J., Zhang, W., Leng, H., and Song, C. (2020). 3D Printed
Porous Titanium Cages Filled with Simvastatin Hydrogel Promotes Bone
Ingrowth and Spinal Fusion in Rhesus Macaques. Biomater. Sci. 8,
4147–4156. doi:10.1039/d0bm00361a

Zhang, X., Tan, B., Wu, Y., Zhang, M., and Liao, J. (2021). A Review on Hydrogels
with Photothermal Effect in Wound Healing and Bone Tissue Engineering.
Polymers (Basel) 13, 2100. doi:10.3390/polym13132100

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org April 2022 | Volume 10 | Article 84534217

Liu et al. 3D Printed Hydrogels in Orthopedics

101

https://doi.org/10.3390/ma14143977
https://doi.org/10.1016/j.bioactmat.2019.10.005
https://doi.org/10.1016/j.bioactmat.2019.10.005
https://doi.org/10.2147/ijn.s124671
https://doi.org/10.1021/acsami.9b22062
https://doi.org/10.1088/1758-5090/8/3/035020
https://doi.org/10.1016/j.nano.2020.102251
https://doi.org/10.3389/fbioe.2021.754113
https://doi.org/10.7150/thno.39502
https://doi.org/10.1016/j.biomaterials.2019.119552
https://doi.org/10.1021/acs.biomac.6b01619
https://doi.org/10.1021/acs.biomac.6b01619
https://doi.org/10.1016/j.nano.2016.08.026
https://doi.org/10.1016/j.nano.2016.08.026
https://doi.org/10.2174/1573405616666201217112939
https://doi.org/10.1177/0885328214551373
https://doi.org/10.1016/j.bprint.2020.e00103
https://doi.org/10.1016/j.bprint.2020.e00103
https://doi.org/10.1177/0954411915615469
https://doi.org/10.1089/ten.tea.2016.0014
https://doi.org/10.1016/j.bioactmat.2017.10.001
https://doi.org/10.1016/j.apmt.2019.100479
https://doi.org/10.22203/ecm.v033a05
https://doi.org/10.22203/ecm.v033a05
https://doi.org/10.1016/j.ijbiomac.2016.03.044
https://doi.org/10.1016/j.ijbiomac.2016.03.044
https://doi.org/10.1016/j.msec.2019.03.047
https://doi.org/10.1016/j.msec.2019.03.047
https://doi.org/10.1016/j.foodchem.2017.07.052
https://doi.org/10.1016/j.foodchem.2017.07.052
https://doi.org/10.1016/j.msec.2018.04.066
https://doi.org/10.1016/j.ijbiomac.2021.05.215
https://doi.org/10.1016/j.actbio.2016.09.035
https://doi.org/10.1016/j.actbio.2017.01.036
https://doi.org/10.1016/j.carbpol.2017.10.084
https://doi.org/10.1016/j.carbpol.2017.10.084
https://doi.org/10.3390/polym13162754
https://doi.org/10.1039/d0bm01785j
https://doi.org/10.3390/ijms18071597
https://doi.org/10.1088/1758-5090/aaf44a
https://doi.org/10.1088/1758-5090/aaf44a
https://doi.org/10.1016/j.actbio.2020.06.030
https://doi.org/10.3390/nano10081511
https://doi.org/10.3390/nano10081511
https://doi.org/10.4149/bll_2019_079
https://doi.org/10.1021/acsbiomaterials.7b00224
https://doi.org/10.1016/j.actbio.2018.11.039
https://doi.org/10.1039/d0bm00361a
https://doi.org/10.3390/polym13132100
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Zhao, X., Chen, X., Yuk, H., Lin, S., Liu, X., and Parada, G. (2021). Soft Materials by
Design: Unconventional Polymer Networks Give Extreme Properties. Chem.
Rev. 121 (8), 4309–4372. doi:10.1021/acs.chemrev.0c01088

Zou, F., Jiang, J., Lv, F., Xia, X., and Ma, X. (2020). Preparation of Antibacterial and
Osteoconductive 3D-Printed PLGA/Cu(I)@ZIF-8 Nanocomposite Scaffolds for
Infected Bone Repair. J. Nanobiotechnol. 18, 39. doi:10.1186/s12951-020-00594-6

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.

The reviewer WC declared a shared affiliation, with no collaboration, with several of
the authors ZL, JX, XQ, and BY to the handling editor at the time of the review.

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.

Copyright © 2022 Liu, Xin, Ji, Xu, Zheng, Qu and Yue. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org April 2022 | Volume 10 | Article 84534218

Liu et al. 3D Printed Hydrogels in Orthopedics

102

https://doi.org/10.1021/acs.chemrev.0c01088
https://doi.org/10.1186/s12951-020-00594-6
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Recent Advances in Multifunctional
Hydrogels for the Treatment of
Osteomyelitis
Weiwei Xin, Yingjian Gao and Bing Yue*

Department of Orthopedics, Renji Hospital, School of Medicine, Shanghai Jiao Tong University, Shanghai, China

Osteomyelitis (OM), a devastating disease caused by microbial infection of bones, remains
a major challenge for orthopedic surgeons. Conventional approaches for prevention and
treatment of OM are unsatisfactory. Various alternative strategies have been proposed,
among which, hydrogel-based strategies have demonstrated potential due to their unique
properties, including loadable, implantable, injectable, printable, degradable, and
responsive to stimuli. Several protocols, including different hydrogel designs, selection
of antimicrobial agent, co-administration of bone morphogenetic protein 2 (BMP 2), and
nanoparticles, have been shown to improve the biological properties, including
antimicrobial effects, osteo-induction, and controlled drug delivery. In this review, we
describe the current and future directions for designing hydrogels and their applications to
improve the biological response to OM in vivo.

Keywords: hydrogel, osteomyelitis, infection, drug-loaded materials, in vivo

1 INTRODUCTION

1.1 Osteomyelitis
Osteomyelitis (OM) is a catastrophic disease caused by a pathogen infection. The incidence of OM
varies from 0.1 to 30% in different subspecialties, costing the health care system between
$15,000–$17,000 per patient (Schwarz et al., 2019). Staphylococcal infections account for 75% of
cases (Arciola et al., 2005; Walter et al., 2012). The most common pathogen is Staphylococcus aureus
(S. aureus) (Darouiche, 2004; Arciola et al., 2005; Pulido et al., 2008), and over 50% of the infections
are caused by methicillin-resistant Staphylococcus aureus (MRSA) (Kaplan, 2014). The invasive
capability of S. aureus is attributed to its virulence factors and resistance mechanisms, including toxin
secretion (Otto, 2014), adherence (Otto, 2008), the slow-growing small colony variant (SCV)
subpopulation (Sendi et al., 2006; Tuchscherr et al., 2010), intracellular persistence in bone cells
(Masters et al., 2019), the development of antimicrobial resistance (Kaplan, 2014), and biofilm
formation (de Mesy Bentley et al., 2017; de Mesy Bentley et al., 2018; Ricciardi et al., 2018; Masters
et al., 2019). These mechanisms enable bacteria to endure in hostile environments (Mah and
O’Toole, 2001; Savage et al., 2013; deMesy Bentley et al., 2017; deMesy Bentley et al., 2018) and cause
damage to the surrounding host tissue via various mechanism (Redlich and Smolen, 2012; Junka
et al., 2017; Putnam et al., 2019).

Currently, no ideal classification and treatment strategies for OM are available. Due to the
refractory nature of OM, its costly and long-term treatment, and high rate of disability, improved
treatment strategies are urgently needed. Although some therapeutic strategies have been
investigated, such as vaccines and monoclonal antibodies (mAbs) (Fowler and Proctor, 2014;
Rouha et al., 2015; Thammavongsa et al., 2015; Varshney et al., 2018), the identification of bacterial
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species and sensitive antibiotics, removal of the implants,
extensive debridement, and systemic antibiotic administration
for 4–6 weeks remain the standard treatment strategies for OM.
Irrigation with antiseptic and implantation of antibiotic-laden
spacers in the dead space are adjuncts to this standard procedure
(Peng et al., 2010).

Under all treatment scenarios, the key to success is the
thorough debridement of infected and necrotic tissue, and
eliminating patient risk factors (such as smoking, diabetes
mellitus, and immunosuppressants). Unfortunately, it is not
possible to completely debride the infectious tissues (Varshney
et al., 2018). Clinically, bone debridement is performed by
visually distinguishing necrotic “white” bone from healthy
“red” bone. In this way, bacteria colonized in biofilms,
especially in the osteocyte-lacuno canalicular network (OLCN)
(deMesy Bentley et al., 2017; deMesy Bentley et al., 2018), remain
in the “red” bone, thereby causing a recurrence of infection
following multiple extensive debridement. The rate of failure
for the staged revision approach against MRSA orthopedic
device-related infections (ODRI) ranges between 11% and 52%
(Parry and Duncan, 2014), which indicates the necessity for
research on novel treatment strategies (Varshney et al., 2018).

Moreover, the effectiveness of the current treatments against S.
aureus colonized in the bone matrix are currently unknown,
although long-term use of systemic antibiotics is the current
standard of care. Impaired local blood supply and multiple
bacterial resistance mechanisms result in insufficient local
concentrations of antibiotics following systemic administration.
Meanwhile, a high dose of systemic antibiotic administration over
an extended period is not recommended due to the potential
systemic toxicity, including ototoxicity and nephrotoxicit
(Naughton, 2008; Elyasi et al., 2012; Kubin et al., 2012).

To address these issues, topical antibiotic delivery, which can
offer higher concentrations at the target site with fewer side
effects compared to systemic administration (Hake et al., 2015), is
a promising approach to manage the dead space due to the local
drug infusion and its barrier effect on preventing biofilm
formation (Pan et al., 2018).

1.2 Polymethylmethacrylate
Antibiotic-Laden Bone Cement
As an antibiotic carrier, polymethylmethacrylate (PMMA) bone
cement has been used to treat OM and ODRI. Implanted in the
dead space, antibiotic-laden bone cement (ALBC) delivers a high
concentration of antibiotics locally to the infection site without
off-target systemic toxicity. However, as a local antibiotic vehicle,
PMMA also has several drawbacks.

One limitation of PMMA is its poor drug-release kinetics. The
molecular structure of PMMA and its tight packing influence the
diffusion of drugs, and hence the release rate of the laden
antibiotics. A large amount remains encapsulated within the
polymer and is not released (Frutos Cabanillas et al., 2000;
Kuehn et al., 2005). In vitro and in vivo findings have
demonstrated that only 5%–18% of the incorporated drug is
eluted from PMMA (Masters et al., 2019). Furthermore, the
antibiotic release from PMMA presents a burst pattern within

the first 24 h followed by a rapid decrease in release that lowers
drug concentrations to below the minimum inhibitory
concentration (MIC) (Guelcher et al., 2011). Clinically, cement
spacers remain in situ for up to 6 weeks. The sustained elution of
antibiotics at such low concentrations can induce the formation
of antibiotic resistance and small colony variants (SCVs) (Sendi
et al., 2006; Masters et al., 2019). Additionally, the non-eluting
surface of spacers and beads provides a site for pathogen
colonization and biofilm formation (Barth et al., 2011; Ma
et al., 2018). Weber and Lautenbach (1986) showed that
gentamicin ALBC increased the percentage of drug-resistant
bacteria from 29% preoperatively to 41% postoperatively.
Furthermore, the exothermic reaction inactivates heat-sensitive
antibiotics during polymerization of bone cement (Boot et al.,
2021). The limited antibiotics that can be loaded in PMMA are
not fully effective against the microorganisms. Moreover,
unreacted methacrylate monomers can induce toxicity issues
(Yoshii, 1997). Finally, beads and spacers require additional
surgeries for removal.

These drawbacks of PMMA bone cements have prompted the
development of novel vehicles for topical drug delivery and dead
space management, with the following criteria: 1)
biocompatibility, 2) biodegradability, 3) suitable drug elution
kinetics (i.e., burst release followed by sustained release at
concentrations higher than the MIC), and 4) osteo-
conductivity (Sarigol-Calamak and Hascicek, 2018). Various
materials have potential for delivering antibiotics directly to
complex microenvironments at desired concentrations,
including calcium sulfates or phosphates, demineralized bone
matrix, natural polymers, and synthetic polymers (Bibbo and
Patel, 2006; Rupprecht et al., 2007; Borkhuu et al., 2008; Ferguson
et al., 2014; Romano et al., 2014; Cho et al., 2018; Masters et al.,
2019; Li et al., 2020b; Boot et al., 2020; Boot et al., 2021; Eltawila
et al., 2021; Sun et al., 2021). Furthermore, studies have also
investigated the delivery of alternative antimicrobial agents,
combinations of antimicrobial agents, and osteoinductive
adjuvants that are not effectively carried or eluted by PMMA
(Inzana et al., 2016). Hydrogel-based release system have
demonstrated potential due to their unique properties, such as
high water absorption capacity, high porosity, almost free
diffusible interconnectivity, and stimulus-responsive. Different
agents or techniques have been evaluated in the complex
microenvironment of OM. However, the in vivo data on
hydrogels for the treatment of OM are limited. In this review,
we describe the current and future directions for the design of
hydrogels and their applications in vivo to improve the treatment
of OM (Figure 1).

2 HYDROGELS

Hydrogels are water-swollen polymer networks. For drug
delivery, hydrogels combine the advantages of minimally
invasive application, in situ polymerization, inherently
adhesiveness, and sustained drug release (De Witte et al.,
2018). Moreover, the protease-degradable nature of hydrogels,
suitable for bone biological engineering, such as collagen,
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hyaluronic acid (HyA), also allows the host to degrade and
replace them with repair tissue. Additional surgeries are not
required to remove hydrogels, as is the case for non-
degradable scaffolds (Johnson et al., 2018). These properties
confer the significant therapeutic versatility of hydrogels for
topical drugs delivery in heterogeneous and anatomically
complex conditions, such as OM (Slaughter et al., 2009).
Natural polymers, synthetic polymers, and the composite
biomaterials have been used as drug vehicles in in vivo studies
on OM (Supplementary Table S1).

2.1 Natural Polymers
Natural polymer-based hydrogels, such as collagen, HyA, and
chitosan (CS), are both biocompatible and biodegradable, making
them suitable for drug delivery (Liu et al., 2020).

2.1.1 Collagen
Collagen is the most widely used natural polymer in
orthopedic applications, among which Type I collagen is the
most abundant structural protein in the body. As an important
extracellular matrix protein of bone, Type I collagen can
induce tissue regeneration. The early deposition of collagen
matrix is essential for bone repair and remodeling, which
forms a guiding structure for regeneration process. The
interaction of collagen matrix with heterodimeric integrin
receptors activates intracellular signal transduction
pathways to induce various cellular proliferation,
differentiation, and other functions. Thus, osteoblastic
phenotypes are affected by collagen; cells migrate to
collagen, where they organize and remodel the cytoskeleton
(Rupprecht et al., 2007). For most local drug delivery systems
using collagen, the collagen products are impregnated with an

antibiotic solution, and the drugs are absorbed by the
hydrophilic matrix (Inzana et al., 2016).

In a rabbit mandibular OM model with spontaneous oral
bacterial contamination induced by arsenic trioxide, a single
intra-lesion injection of gentamicin-collagen (GNT-COLL)
hydrogels was more efficient at suppressing of OM than
multidose systemic gentamicin. The OM was successfully
halted, without recurrence for up to 12 weeks, where a
significant increase in ridge length preservation percentage
(RLP%) in the GNT-COLL hydrogel group was observed.
These results showed up clinically as a slight displacement of
the adjacent incisors. This regeneration phenomenon was
enhanced by the mixture of hydroxyapatite nanoparticles
(NPs) in the hydrogel (Eltawila et al., 2021).

2.1.2 Hyaluronic Acid
Hyaluronic acid (HyA), also known as hyaluronan, is a natural
polysaccharide found in the body with excellent biocompatibility,
biodegradability, and gelling features due to its ability to rapidly
bind to water. Some aqueous formulations based on HyA or its
derivatives can be injected and subsequently gelate in situ,
according to their molecular weight and local
microenviroment. HyA can cross-link or conjugate with
various biomacromolecules and efficiently load various drugs,
even nanoparticles. As such, it is widely used in biomedical
applications, and has high potential as a controlled drug-
delivery material (Kartika et al., 2021; Zhang et al., 2022). The
cytocompatibility of HyA has been confirmed in an in vitro study
using human dermal fibroblasts. After autoclaving, the chemical
derivatization of HyA with poly lactic acid retains its chemical
structure of the starting copolymers, rheological characteristics,
and drug-release properties (Pitarresi et al., 2013). The

FIGURE 1 | Schematic illustration of hydrogel-based release system for the treatment of osteomyelitis. OM, osteomyelitis; CS, Chitosan; PEG-4MAL, four-arm poly
(ethylene glycol)-maleimide; HA-pNipam, Hyaluronic acid -poly (N-isopropylacrylamide); AMPs, Antimicrobial peptides; Ag, Silver; BMP, bone morphogenetic protein.
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rheological features ensure that hydrogel is mostly retained on the
roughness titanium prosthesis surface, despite the intense shear
stress experienced during insertion (Pitarresi et al., 2013; Drago
et al., 2014). These illustrate its potential use in orthopedics,
especially for the antimicrobial coatings of orthopedic devices for
the prevention and/or treatment of OM (Boot et al., 2017; Boot
et al., 2020).

Disposable Antibacterial Coating (DAC®) (Novagenit Srl,
Mezzolombardo, Italy) hydrogel consists of hyaluronan and poly
D, L-lactide via covalent linkage. It is used as a disposable, rapidly
bioresorbable antimicrobial coating for orthopedic implants. In
2014, a study addressed the following concerns regarding this
HyA hydrogel: 1) Can it be used for the controlled release of
antimicrobial agents in vitro? 2) Can this hydrogel (alone or
antimicrobial-laden) coating reduce pathogen colonization on
implants? And 3) what is the feasibility of intraoperative
manufacture of coating and its resistance to the intense stress
generated during the insertion? (Drago et al., 2014). The authors
showed that all tested antibacterial compounds (gentamicin,
vancomycin, amikacin, tobramycin, N-acetylcysteine, and sodium
salicylate) were completely released in less than 96 h. The drug-laden
DAC® hydrogel presented bactericidal and antibiofilm effects in vitro
[against MRSA, methicillin resistant Staphylococcus epidermidis
(MRSE), E. coli, Pseudomonas aeruginosa, Acinetobacter
baumannii, and vancomycin-resistant Enterococcus faecalis].
Intraoperative preparation of hydrogel prosthesis coating is
feasible. Almost 80% of the hydrogels are retained on the surface
of the implants, after the press-fit insertion of the coated implants in
rabbit tibias or human femurs (Drago et al., 2014). In vivo, loaded or
unloaded with 2% (w/v) vancomycin, the hydrogel coating on
titanium rods implanted into rabbit tibias had no effect on the
volume or timing of bone apposition. In addition, no inflammation
was observed (Boot et al., 2017). Meanwhile, Vancomycin-laden
DAC® reduced the local bacterial burden (MRAS or MRSE) with
more bone implant contact (Lovati et al., 2016; Boot et al., 2020).
Recently, a multi-center matched case–control study revealed no
infection or adverse events (0/43) in a mega-prosthesis treatment
group with antimicrobial-laden DAC® hydrogel coating, compared
with the infection rate of 14% (6/43) in a control group without
coating, at a mean follow-up of 2 years (Zoccali et al., 2021). Those
findings suggest that this treatment strategy could be used safely to
prevent early surgical site infections of arthroplasty.

HyA-poly (N-isopropylacrylamide) (HA-pNipam) hydrogel is
another common delivery system used in OM research.
Gentamicin and vancomycin can be loaded into this thermo-
responsive HyA-based hydrogel, and are subsequently released in
an initial burst followed by a more sustained release pattern. The
drugs could be detected for more than 14 days in vitro and
10 days in vivo (Boot et al., 2021; Foster et al., 2021). This
sustained antibiotic-release system markedly increases
treatment efficacy (Ter Boo et al., 2016; Ter Boo et al., 2018;
Vallejo Diaz et al., 2020; Boot et al., 2021; Foster et al., 2021)
without hepatorenal toxicity (Foster et al., 2021).

2.1.3 Chitosan
Chitosan (CS), another polysaccharide biopolymer produced by
chitin deacetylation, mainly exists in the shells of crustaceans,

insects, and fungal cell walls (Bakshi et al., 2020). Multiple special
properties of CS have been reported, including biocompatibility,
biodegradability, bioadhesion, low toxicity and immunogenicity,
plasticity, modifiability, and printability (Tao F. et al., 2020; Tao
et al., 2021). The polycationic nature allows CS to interact with
the polyanionic molecules on the bacterial surface to alter
bacterial permeability (Raafat et al., 2008). In addition, active
amino groups in CS can disrupt RNA and protein synthesis by
interfering with DNA (Tao et al., 2021). These molecular
structure-related peculiarities attribute to the broad spectrum
antibacterial properties of CS (Tan et al., 2013).

Due to the special biological and physicochemical
characteristics of CS, CS-based biomaterials are used to
simulate the natural extracellular matrix (ECM) and as a drug
vehicle. CS has attracted considerable attention in bone tissue
engineering, owing to its innate antimicrobial, osteo-inductive,
and mechanical properties. CS-based topical drug delivery
systems can promote bone regeneration and treat bone
diseases, with CS showing promising efficacy in OM treatment
(Kazimierczak et al., 2019; Kimna et al., 2019; Tao J. et al., 2020).
In addition to antibiotics (Li et al., 2020a; Tao J. et al., 2020), silver
can also be released in a sustained manner from CS hydrogel in
vivo (Croes et al., 2018).

Other natural polymers such as gelatin and alginate (ALG),
which have also been studied in vivo as vehicles for local drug
delivery for the treatment of OM (Wu et al., 2013; Aldrich et al.,
2019; Cobb et al., 2019; Sun et al., 2021) (Supplementary Table
S1), have been illuminated previously (You et al., 2017; Pedroza-
Gonzalez et al., 2021). Although the cell behavior and tissue
formation can be significantly affected by changing the properties
(such as viscosity and stiffness) of the natural polymers (Daly
et al., 2016), the local antibiotic release (including release amount
and rate) of these polymers remains unsatisfactory (Wang and
Tang, 2019). Some techniques have been designed to control
release kinetics, degradation rates, predictability of behavior and
quality, and mechanical properties. Synthetic polymers are one
such approach.

2.2 Synthetic Polymers
PEG-based hydrogels are common synthetic local delivery
systems for OM used in in vivo studies. Mixing of hydrogels
with crosslinked starch (CSt) can inhibit PEG-based hydrogel
swelling, thereby reducing the rate of drug release. Covered by a
PEG-poly (lactic-co-caprolactone) (PEG-PLCL) membrane, this
PEG-based hydrogel coating system allows a sustained
vancomycin release, without initial burst release, for
approximately 3 weeks in vitro and over 4 weeks in vivo, and
demonstrates a promising antimicrobial activity against S. aureus.
Additionally, drug loading and the coating thickness regulate the
release profile of the hydrogel coating (Li et al., 2017).

Another PEG-based synthetic polymer, four-arm PEG
macromers (PEG-4MAL), functionalized with terminal
maleimide groups that react specifically with thiols, are
functionalized with cell adhesive peptides and cross-linked
into a network using thiolated molecules such as protease-
degradable peptides with terminal cysteines. The physically
encapsulated drugs are released as the hydrogel is degraded, or
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via direct diffusion. This implies that the release of its payload can
be tuned with respect to the local microenvironment. Hydrogel-
mediated lysostaphin and bacteriophage delivery systems have
been shown to eliminate MRSA and P. aeruginosa infection in
mice models of OM (Johnson et al., 2018; Johnson et al., 2019;
Wroe et al., 2020), and release bone morphogenetic protein 2
(BMP-2) in a sustained pattern as well (Johnson et al., 2019).
BMP-2-laden PEG-4MAL demonstrated higher osteo-
regeneration ability compared to BMP-2-soaked collagen
sponges (Shekaran et al., 2014). Moreover, the degradation
products of PEG-4MAL hydrogel are excreted via the urine
with low toxicity (Johnson et al., 2018).

3 AGENTS

3.1 Antimicrobial Agents
Antimicrobial agents are essential for the treatment of OM.
Different agents based on hydrogel drug delivery systems have
been investigated in vivo (Supplementary Table S1).

3.1.1 Antibiotics
Unlike ALBC, using hydrogels as drug carriers greatly expands
the selection of antibiotics. Although these drugs can decrease the
lower critical solution temperature (LCST) of thermo-responsive
hydrogels, such as the HA-pNipam hydrogel, known as the
Hoffmeister effect (Ter Boo et al., 2016), the drug-loaded
hydrogel remains injectable and gellable, and its payload
delivery and applicability are not impacted. Therefore, it is
possible to load a wide spectrum of antimicrobial agents into
hydrogels (Boot et al., 2021). However, in in vivo studies on OM,
the most common antibiotics loaded in the hydrogels are
gentamicin and vancomycin.

Depending on the different vehicle system designs, gentamicin
and vancomycin, the most effective antibiotics against OM, can
be released in different patterns (burst, sustained, and burst and
sustained). For example, the direct release of vancomycin can be
disrupted because its positive charge can interact with the
negatively charged ALG chains (Jung et al., 2019). In vitro, the
duration of antibiotic-release has been shown to last from less
than 96 h to more than 6 weeks (Drago et al., 2014; Ter Boo et al.,
2016; Li et al., 2017; Jung et al., 2019; Li et al., 2020a; Boot et al.,
2021). However, the release time in vivo has rarely been reported,
but the available data suggest a range of 72 h tomore than 6 weeks
(Changez et al., 2005; Li et al., 2017; Overstreet et al., 2019; Li
et al., 2020a; Foster et al., 2021). After covering with a PEG-PLCL
membrane, the CSt-mixed PEG-based vehicle system, coated on a
Ti implant by covalently bound, sustainedly released vancomycin
for over 4 weeks in vivo, without an initial burst release, thereby
showing good antimicrobial activity against S. aureus (Li et al.,
2017). Foster et al. (2021) reported that antibiotics can be released
from HA-pNipam hydrogel for over 10 days, with local
concentrations higher than the MIC. Increasing the
concentration of gentamicin or vancomycin to 44% (w/w) in a
composite hydrogel, which consisted of poly (acrylic acid) and
gelatin, maintains the local antibiotics concentration at levels
higher than MIC for more than 6 weeks (Changez et al., 2005).

In vivo use of other antibiotics, such as colistin, tobramycin,
daptomycin, and isoniazid, in combination with hydrogels has
been reported only sporadically (Spicer et al., 2013; Aldrich et al.,
2019; Liu et al., 2019; Overstreet et al., 2019). Recently,
daunorubicin, ketoconazole, rifapentine, and sitafloxacin have
been demonstrated bactericidal activity against S. aureus SCVs.
Sitafloxacin can also be used to eliminate methicillin-susceptible
and -resistant S. aureus, as well as S. aureus within an established
biofilm (Trombetta et al., 2018). Designing optimal hydrogel
delivery systems for these drugs will offer novel treatment
strategies for patients with OM.

The widespread emergence of antibiotic-resistant bacteria,
which has heralded in a post-antibiotic era (Roca et al., 2015),
has prompted the development of strategies other than traditional
antibiotic therapy. Some antimicrobial agents, such as
bacteriophages, antimicrobial peptides (AMPs), nitric oxide
(NO), and silver (Ag), have been applied to the hydrogel local
drug delivery system; therefore, these strategies open new avenues
for the treatment of OM (Table 1; Supplementary Table S1).

3.1.2 Antimicrobial Peptides
AMPs, usually short positively charged peptide sequences (Ter
Boo et al., 2015), target a specific features of microbial cell
membranes, which distinguishes the broad range of pathogen
species frommulticellular plants and animals (Zasloff, 2002). The
amphipathic structure of cationic AMPs confers their ability to
bind to and disturb the pathogen cellular membrane, and induce
the cell death (Epand and Vogel, 1999). In contrast to antibiotics,
it is not possible to develop acquired resistance toward AMPs for
sensitive bacterial strains, despite the inherent resistance in some
bacterial species (Zasloff, 2002). The use of AMPs in OM is quite
limited. Yang G. et al. (2018) used RADA16 to form a stable
hydrogel scaffold that controlled the release of Tet213, a kind of
cationic AMPs. The release of Tet213 was sustained for up to
28 days. In vitro, the growth of S. aureus was inhibited by this
AMPs-laden hydrogel, while the proliferation of bone
mesenchymal stem cells (BMSCs) was promoted. In vivo,
RADA16-AMP self-assembling peptide has demonstrated a
promising effect on bone formation.

3.1.3 Lysostaphin
Lysostaphin is a metallo-endopeptidase produced by S. simulans
(Schindler and Schuhardt, 1964). The bacteriolytic enzyme
exhibits a highly specific anti-staphylococcal activity (Kumar,
2008). Notably, this bacteriolytic enzyme, which possesses high
anti-staphylococcal activity, exhibits antimicrobial activity
against resistant strains, including MRSA, vancomycin-
intermediate S. aureus, vancomycin resistant S. aureus and S.
epidermidis (Climo et al., 1998; Patron et al., 1999; Mohamed
et al., 2014). In contrast to most small-molecule antibiotics, the
antimicrobial activity of lysostaphin is not dependent on the
bacterial metabolic state; hence, it is active against bacteria in
biofilms (Patron et al., 1999), and effectively kills bacteria at lower
concentrations (Wu et al., 2003). Furthermore, lysostaphin does
not impact the osteogenic differentiation of human cells (Johnson
et al., 2018). Unlike systemic use of antibiotics, the species-
specific nature of lysostaphin does not perturb the gut
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microbiota. These features make lysostaphin an potential
candidate for the treatment of staphylococcal OM.

Johnson et al. (2018) engineered a low-toxicity, injectable
PEG-4MAL hydrogel. The elastic and adhesive features of the
hydrogel were not affected by the addition of lysostaphin;
meanwhile, the release of lysostaphin could be controlled by
tuning the mesh structure of the hydrogel. Also, due to the
protease-degradable peptide cross-linked in the hydrogel,
lysostaphin release is influenced by local protease activity,
which is elevated in the inflammatory microenvironment
triggered by bacterial infection (Wolcott et al., 2008). This
design maintains the activity of lysostaphin over 14 days
(Johnson et al., 2018; Johnson et al., 2019). In a murine
model, the lysostaphin-loaden PEG-4MAL hydrogel was
shown to clear the infections and supported fracture cure or
defect repair (Johnson et al., 2018; Johnson et al., 2019). Seven
days post-infection, a multiplexed cytokine array assay revealed a
sterile state had been restored in mice in the lysostaphin-laden
hydrogel group, and after 5 weeks, bacterial counts revealed
persistent infection in mice in the control group; however,
animals in the trial group remained sterile, confirming the
results at 1-week post-surgery. The group treated with the
sustained lysostaphin topical release system showed
comparable bone regeneration and mechanical properties to
the uninfected group. Notably, sustained release of lysostaphin
from hydrogel presented efficient anti-biofilm activity, while the
soluble lysostaphin (no hydrogel) did not.

Despite this, there remain two concerns regarding the use of
lysostaphin namely the development of neutralizing antibodies
(Johnson et al., 2018; Johnson et al., 2019), and the potential
resistance to the enzyme (Boyle-Vavra et al., 2001; Climo et al.,

2001). Interestingly, lysostaphin synergizes with β-lactam
antibiotics, and lysostaphin can render the resistant strains
susceptible to the antibiotics (Climo et al., 2001; Kiri et al.,
2002). The in vivo effects of the combined delivery of
lysostaphin and antibiotics warrant further investigations.

3.1.4 Nitric Oxide
NO exerts various important physiological functions. In addition
to its role as a signaling molecule, NO is involved in immune
regulation and wound healing (Hoang Thi et al., 2018; Li et al.,
2020b). Low concentrations of exogenous NO can enter
pathogens and provide a degree of antibacterial activity.
Additionally, upon reaction with superoxide (·O2−), NO
produces peroxynitrite (·ONOO−), which possesses
tremendous virulence against bacteria. However, the NO
release is irreversible and difficult to be controlled (Yang T.
et al., 2018).

To use NOmore effectively, Li et al. (2020b) have engineered a
hydrogel system, PCP/RSNO, comprising a polyvinyl alcohol
(PVA) hydrogel modified with CS, polydopamine (PDA), and
a NO-release donor (Figure 2). By coating the hydrogel with a red
phosphorous (RP) nanofilm, deposited on a titanium implant
(Ti-RP/PCP/RSNO), the release of NO and ·O2− could be
controlled using near-infrared (NIR) light, which subsequently
formed ·ONOO-. Synergism between ·ONOO−, ·O2−, and
hyperthermia at 808 nm NIR irradiation destroyed over 93.1%
of an MRSA biofilm in vitro, demonstrating greater effectiveness
than vancomycin (76.2%). Furthermore, the anti-biofilm
efficiency was approximately 91.9%. In addition to the
antibacterial mechanism against MRSA biofilms, the released
NO promoted the osteogenic differentiation and regulated

TABLE 1 | Summary of advantages and limitations of different agents in hydrogels for OM.

Agents Advantages Limitations References

Antimicrobial
agents

Antibiotics A wide variety of selection; broad clinical
application; easy to manipulate

Resistance species Overstreet et al. (2019), Eltawila et al.
(2021), Foster et al. (2021), Sun et al.
(2021)

AMPs A wide variety of selection; no resistance Cytotoxicity Guoli Yang et al. (2018)
Lysostaphin Highly specific anti-staphylococcal activity;

synergistic effects with β-lactam antibiotics
Narrow antibacterial spectrum; the
development of neutralizing antibodies;
resistance species

Johnson et al. (2018), Johnson et al.
(2019), Johnson et al. (2019)

NO Multifunctional (antibacterial, promotion of
osteogenic differentiation, inflammation regulation)

The NO release is irreversible and difficult
to be controlled

Li et al. (2020b)

Bacteriophages Extremely pervasive, sustained antimicrobial effect;
synergistic effects antibiotics

Resistance species Cobb et al. (2019), Ferry et al. (2020),
Wroe et al. (2020)

MΦs MΦs are presumed to mediate biofilm clearance,
which transform the bacteria from the dormant
state into the active planktonic state, sensitizing
them to antibiotics

Limited half-life; no prophylactic efficacy Aldrich et al. (2019)

Sliver Being widely used in clinic The efficacy and safety remain
controversial in orthopedic application

Croes et al. (2018), Xu et al. (2018)

BMP-2 Osteo-generation effect; co-delivery with other
agents

— Aldrich et al. (2019), Johnson et al.
(2019)

PDA Multifunctional (good adhesion and reducing
capability to deposit bioactive molecules and
synthesize antimicrobial agents, inducing the
mineralization of hydroxyapatite, excellent
photothermal properties)

— Xu et al. (2018), Li et al. (2020b)

AMP, Antimicrobial Peptide; MΦs, Macrophages; BMP, Bone Morphogenetic Protein; OM, Osteomyelitis; —, not mentioned.
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inflammatory polarization by upregulating the expression of Alp,
Opn, Ocn, and Tnf-α. The efficient biofilm eradication (99.2%)
and bone formation induced by NO released from this coating
system under NIR irradiation have also been confirmed in vivo.

3.1.5 Bacteriophages
Bacteriophages exert a sustained antimicrobial effect and have
potential to prevent and control bacterial biofilms (Sarker et al.,
2012; Geredew Kifelew et al., 2019). Bacteriophages are associated
with most known species of bacteria. The high specificity prevents
side effects associated with the humanmicrobiome (Rhoads et al.,
2009; Petrovic Fabijan et al., 2020). Recently, a clinical trial

reported the safety and tolerability of adjunctive bacteriophage
approach for the treatment of severe S. aureus infection (Petrovic
Fabijan et al., 2020).

Wroe et al. (2020) have engineered an injectable PEG-4MAL
based hydrogel that encapsulate and delivered P. aeruginosa
bacteriophages to the site of OM. Bacteriophages were released
in a controlled manner with a retained bacteriolytic activity. In
vitro, both planktonic and biofilm pathogens were effectively
eliminated using this phage delivery system. Furthermore, the
metabolic activity of human mesenchymal stromal cells was not
disturbed. Seven-days following implantation in murine radial
infectious defects, live P. aeruginosa counts were reduced 4.7-fold

FIGURE 2 | (A) Schematic representation of the Ti-RP/PCP/RSNO hydrogel coating system preparation process. (B) Schematic representation of NIR triggered
biofilm eradication. (C) Schematic representation of the mechanism of promoted bone formation and MRSA biofilm eradication. Ti, titanium; CVD, chemical vapor
deposition; RP, red phosphorous; PCP, polyvinyl alcohol hydrogel modified with chitosan and polydopamine; RSNO, NO donor of S-nitrosuccinic acid; NIR, near-
infrared; MRSA, methicillin-resistant Staphylococcus aureus; NO, Nitric oxide. Reprinted with permission from Li et al. (2020b). Copyright: 2020 American Chemical
Society.
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in the bacteriophage-laden hydrogel group, compared with that
in the bacteriophage-free hydrogel group.

Ferry et al. (2020) reported a case of recurrent S. aureus knee
mega-prosthesis infection treated with a bacteriophage-laden
DAC® hydrogel. Unfortunately, the patient suffered a
myocardial infarction and underwent emergency stenting and
received dual antiplatelet therapy 5-days later. Consequently,
bleeding persisted at the surgical site and led to another
prosthesis exposition for debridement. No S. aureus was found
in culture, although three other bacteria strains were identified.

These results support the development of bacteriophage-
delivery hydrogels, and provide new therapeutic frontiers for
OM. To improve the safety of phage therapy, Cobb et al. (2019)
modified the bacteriophages with CRISPR-Cas9 to remove all
staphylococcal cytotoxin and enterotoxin genes, thereby
preventing toxin contamination in the phage solution.
However, the phage-delivery alginate hydrogel was efficacious
against soft tissue infections in vivo, but not for bone infections.

Resistance is another obstacle hindering the use of
bacteriophages. Phages depend on specific proteins to adhere
to and infect bacteria. Thus, it is possible to develop resistance to
phages, like antibiotics (Yilmaz et al., 2013). Although this might
be limited due to the coevolution of bacteriophages and their
hosts (Sweere et al., 2019). The co-delivery of bacteriophages and
antibiotics could be a potential approach. Synergism upon
dissolving the biofilm of MRSA and P. aeruginosa has been
demonstrated (Yilmaz et al., 2013).

3.1.6 Macrophages
Activated macrophages (MΦs) significantly limit S. aureus
biofilm growth and colonization (Hanke et al., 2013). It is also
presumed that activated MΦs facilitate biofilm clearance, which
transform the dormant bacteria within the biofilm into a
metabolically active planktonic state and sensitive to

antibiotics (Hanke et al., 2013; Aldrich et al., 2019). In a
proof-of-concept study, Aldrich et al. (2019) demonstrated the
synergistic effects of MΦs and antibiotics in a 3D bio-printed
antibiotic-loaded bone scaffold, which promoted S. aureus
clearance in a craniotomy-associated infection in mice
(Figure 3). For treatment, the scaffolds were placed in the
defect area at day 7 post-infection, and the incorporation of
MΦs further reduced bacterial burden compared to antibiotics
alone. The exact antimicrobial mechanism remains to be
determined. It is possible that the direct antimicrobial effect of
MΦs, and cytokines/chemokines secreted by activated MΦs
enhanced the antibacterial activity of other glia/leukocytes.
However, the synergistic effects were detected only in the
treatment paradigm, but not in the prevention paradigm in
which the scaffolds were inserted 1 day prior to S. aureus
inoculation. One possibility reason is lack of some signals,
which are present in an established biofilm, to activate MΦs.
Meanwhile, the authors found that the beneficial effect of MΦs
was transient. No more decrease of bacterial titers was observed
7 days after treatment. This was likely attributed to the limited
half-life of MΦs when exposed to the large number of bacteria in
the biofilm that produced lytic toxins. Although the authors
observed bacterial burden only in Galea and Brain, but not in
bone tissue. The study presents an immune-based 3D bioprinting
approach to promote biofilm clearance.

3.1.7 Silver
Before the discovery of penicillin, silver (Ag) was used clinically as
a bactericidal agent (Chopra, 2007). Due to the nucleophilic
functions of proteins, enzymes, and cell membrane
components in bacteria, they react with Ag cations (Ag+),
which then disrupt their function and displace metal ions,
such as Zn2+ and Ca2+. These subsequently induce the
bacterial death (Hetrick and Schoenfisch, 2006). Silver

FIGURE 3 | Schematic representation of 3D bioprinted scaffolds containing viable macrophages and antibiotics, and reduction of bacterial burdens in a mouse
model of S. aureus craniotomy-associated biofilm infection. PCL, polycaprolactone; HAp, hydroxyapatite; HA, hyaluronic acid. Reprinted with permission from Aldrich
et al. (2019). Copyright: 2019 American Chemical Society.
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nanoparticles (AgNP) can be synthesized in situ using
polydopamine (PDA) and mineralized on PEG diacrylate
(PEGda) hydrogels. Therefore, the so-called AgNPs/PDA-
coated PEGda hydrogels were designed for the treatment of
anti-infection (Xu et al., 2018). Controlled Ag delivery inhibits
the growth of S. aureus and E. coli; in vivo, the AgNP/PDA gel
efficiently repaired maxillary defects without infection.

To our knowledge, Ag-loaded hydrogels have been rarely
studied for the treatment of OM. Croes et al. (2018) have
developed a CS-based coating with AgNPs, which showed
burst and sustained drug release properties. However, no
antimicrobial effects were found in vivo. Furthermore,
radiological signs of aggravated OM were observed. The
authors attributed the poor antibacterial property to the
cytotoxicity for neutrophils at antimicrobial Ag concentrations,
and the diminished phagocytic effect at nontoxic concentrations.
In orthopedic applications, the true efficacy and safety of Ag
remains controversial (Prokopovich et al., 2013; Wafa et al., 2015;
Masters et al., 2019). Future research should investigate the ideal
formulation and concentration of Ag or AgNPs for safe
clinical use.

3.2 Bone Morphogenetic Protein 2
Recombinant BMPs have been developed to address the challenge
of segmental bone defects. BMP-2 promotes cell proliferation,
alkaline phosphatase activity, differentiation, and mineralization
in vitro and in vivo (Tao et al., 2021). The US FDA has approved
the use of BMP-2 to facilitate bone formation (Burkus et al.,
2002). However, its use is limited by adverse events associated
with supraphysiological doses, including inflammation and
heterotopic bone formation (Hustedt and Blizzard, 2014).
Carriers with controlled BMP-2 release have been developed
to promote bone regeneration and reduce the incidence of
adverse effects (Hustedt and Blizzard, 2014; Shekaran et al.,
2014; Huang et al., 2017; Han et al., 2020; Sun et al., 2020;
Tao et al., 2021). A BMP-2-loaded PEG-4MAL hydrogel has been
shown to generate better quality bone compared to a BMP-2-
laden collagen sponge (Shekaran et al., 2014).

Interventions that promote bone growth while fighting bone
infections have the potential to significantly reduce the incidence
of non-union and improve patient prognosis. BMP-2
encapsulated in hydrogels with antibiotics can be released in
an initial burst manner followed by a sustained release pattern
(Jung et al., 2019). Previous studies demonstrated that
vancomycin incorporated into the hydrogels did not
significantly interfere with the release of BMP-2 (Jung et al.,
2019), and that the loaded antibiotics, including ampicillin,
cefazolin, dibekacin, vancomycin, teicoplanin, and
minocycline, did not inhibit the ability of rhBMP-2 to repair
cranial defects (Suzuki et al., 2006). The sustained release of BMP-
2 led to prolonged activity, and resulted in effective osteogenic
differentiation and bone reconstruction (Kim et al., 2018; Jung
et al., 2019). In vivo, BMP-2 and antibiotic-co-encapsulated
hydrogel group increased bone reconstruction (Suzuki et al.,
2006) and significantly improved biomechanical features
compared to the other groups (Suzuki et al., 2006; Jung et al.,
2019). The rationale for this strategy was that the co-

administration of antibiotics and BMP-2 preserved their own
functionality. Moreover, co-administration showed more
effective suppression of bacteria compared to the antibiotic
alone; this result could be attributed to the rapid proliferation
of bone marrow stromal cells induced by BMP-2 outpacing the
infectivity and proliferation of pathogen (Jung et al., 2019).

In a study investigating a bifunctional hydrogel, Johnson et al.
(2019) also showed that BMP-2 and lysostaphin-co-encapsulated
PEG-4MAL hydrogels prevented S. aureus infection and
promoted segmental bone defect regeneration. The co-
encapsulated hydrogel with S. aureus group showed equal
amounts of new bone formation as the sterile hydrogel
alone group.

3.3 Polydopamine
Due to its excellent biocompatibility, hydrophilicity and adhesion
reactions with various molecules, PDA has been used pervasively
in tissue engineering. In addition to being a crosslinking agent,
PDA has been shown to induce the mineralization of
hydroxyapatite on demineralized dentin (Zhou et al., 2012),
and presents good adhesion and reducing capabilities to
deposit bioactive molecules (Sileika et al., 2011; Xu et al., 2018).

PDA has been used to synthesize AgNPs in situ on a PEGda
scaffold to construct an AgNPs/PDA-coated PEGda hydrogel (Xu
et al., 2018). This hydrogel delivery system exhibited excellent
cytocompatibility with strong antimicrobial effects against S.
aureus and E. coli, and simultaneously promoted bone
generation, due to dual functions of anti-bacterial activity of
AgNPs and graft mineralization of PDA. The expression of some
osteogenic genes was upregulated in vitro, including osteocalcin,
runt-related transcription factor 2, bone sialoprotein, and alkaline
phosphatase. The rat maxillary bone defects were efficiently
repaired (Xu et al., 2018).

In addition, PDA present excellent photothermal properties.
NIR irradiation activates photothermal PDA in the hydrogel, and
local hyperthermia destroies the integrity of bacteria, leading to
bacterial inactivation in a synergistic manner (Gao et al., 2019; Li
et al., 2020b). In the Ti-RP/PCP/RSNO system, PDA in the
hydrogel increases the bonding strength between the hydrogel
and RP-modified implants (Li et al., 2020b). Meanwhile, NIR
irradiation activated the photothermal effect of PDA. The
generated local hyperthermia disrupted bacterial integrity and
eliminated the MRSA burden in a synergistic manner with the
simultaneous generation of ·ONOO− and ·O2−.

4METHODS TOCONTROLDRUGRELEASE

4.1 Extending Drug Release
Treatment duration is an important factor affecting the success of
antibiotic therapy for OM. Thus, in addition to mechanical
strength, degradability and histocompatibility, drug elution
kinetics are important for vehicle choice. For most hydrogels,
the loaded drugs are released in a burst manner, driven by
diffusion. In vitro, >90% of antibiotics are released within the
first day, while the remaining are released within the following
4 days. However, in vivo, the release time may be extended due to
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the potentially limited fluid volume and mass transfer at the
infectious site (Ruan et al., 2016; Li et al., 2017; Haider et al., 2018;
Johnson et al., 2018). Extending or controlling the effective
duration of drug release can be achieved by successive
injections (Boot et al., 2021) or modification of the hydrogel
(Sun et al., 2021).

4.1.1 Composite Materials
The development of composite materials can overcome the
shortcomings of the individual constituents. The HA-pNipam
hydrogel and CSt-mixed PEG hydrogels are composite polymers
derived from natural and synthetic materials, respectively.
Gentamicin and vancomycin loaded in the HA-pNipam
hydrogel were released for more than 336 h in vitro and
10 days in vivo (Boot et al., 2021; Foster et al., 2021). Drugs
release was delayed in a PEG-based hydrogel mixed with CSt, to
3 weeks in vitro and 4 weeks in vivo without an initial burst
release (Li et al., 2017).

An in situ gelling alginate/HyA hydrogel, designed by Jung
et al. (2019), continuously released both vancomycin and BMP-2
for 6 weeks in vitro without significant cytotoxicity. The results of
the in vivo study demonstrated that this vancomycin/BMP-2-
laden-alginate/HyA hydrogel could efficiently inhibit S. aureus
proliferation and promote bone regeneration. Another example
of a PEG composites, a triblock PLA-DX-PEG hydrogel (PDLLA-
p-dioxane-PEG) composed of PLA:DX:PEG at a molar ratio of 5:
1:3. In vitro, almost 40% of the laden teicoplanin was released
within the first 24 h, and the concentrations above the MIC 90%
for S. aureus were maintained for 2 weeks (Suzuki et al., 2006).

4.1.2 Transglutaminase
Transglutaminase (TGase) can produce conjugates derivatized at
the level of Gln and/or Lys residues, and has been used
successfully in various biotechnological applications (Duarte
et al., 2020; Dell’Olmo et al., 2021; Sun et al., 2021). The
hydrogels, crosslinked by TGase, can control the release of
loaded drugs at the targeted site, acting as “smart” delivery
systems. In a novel vancomycin-impregnated gelatin/alginate
hydrogel crosslinked by TGase, over 90% crosslinking was
achieved (Sun et al., 2021). The release time of the
encapsulated antibiotics increased with increasing TGase
concentrations, from approximately 20 min without TGase to
more than 120 h with 1% TGase. In an in vivo study of implant-
associated infection in rat, the vancomycin-treated group showed
reduced biofilm formation and inflammation, and significant
bone regeneration, even after inoculation with a high dose of
MRSA. Notably, these beneficial effects were observed with the
vancomycin-laden hydrogel, but not with the gentamicin-loaded
hydrogel.

4.1.3 Nanoparticles
NP-based anti-infection strategies have promising for biomedical
applications. This can be attributed to the large surface area to
volume ratio and the flexibility in tuning their charactristics
(Zhang et al., 2008). Many biocompatible and biodegradable
NPs, such as liposomes and polymeric NPs, have been used as
vehicles to control antimicrobial delivery (Forier et al., 2014; Ma

et al., 2019; Tao J. et al., 2020). Using this approach, the
limitations of antibiotic treatment can be overcome, including
inefficient drug release, enzymatic inactivation of drugs, and
cytotoxicity (Meers et al., 2008). Compared to free drugs, the
encapsulated antibiotics can efficiently penetrate extracellular
polymeric substances, resulting in the delivery of therapeutic
doses at the target site.

CS-based NPs are used as drug vehicles due to their ideal
biological characteristics, such as biocompatibility, antimicrobial
properties, and low toxicity. Tao J. et al. (2020) hypothesized that
the positive charge of quaternary ammonium CS (QCA) and
negative charge of carboxylated CS (CC) drive the electrostatic
adsorption-driven assembly of NPs, which can efficiently load the
water-soluble antibiotics. Based on the hypothesis, they
engineered vancomycin-NPs incorporated in CS-gel to
construct an injectable thermosensitive vancomycin-NPs/gel
drug delivery system. From CS hydrogel alone, vancomycin
was released within 1–5 days (Ruan et al., 2016; Haider et al.,
2018). In contrast, vancomycin release was extended over
26 days, and 65% of the laden antibiotic was released from the
vancomycin-NPs/gel in vitro; this meets the clinical demand for
OM treatment. In a rabbit tibia S. aureus OM model, the
sustained release of vancomycin reduced the white blood cell
(WBC) count and C-reactive protein (CRP) levels at 4–8 weeks.
Radiological and histological analyses showed that the
vancomycin-NPs/gel accelerated bone repair under OM
conditions (Tao J. et al., 2020).

Liposome-NPs are also commonly applied as drug delivery
polymers, since their phospholipid bilayer structure that mimics
the cell membrane, enabling fusion with pathogen cell membrane
(Allen and Cullis, 2013; Zununi Vahed et al., 2017). Subsequently,
the loaded drugs are released to the cellular membrane or
cytoplasm of the pathogens (Malam et al., 2009). Studies have
demonstrated that encapsulating liposome NPs into hydrogels
further extends drug release, since the loaded drugs meet two
barriers during release: the liposome and hydrogel networks
(O’Neill et al., 2017; Liu et al., 2019). As an excellent vehicle
for N′-dodecanoylisonicotinohydrazide (DINH), the drug-laden
NPs can be easily prepared and encapsulated into a PLGA-PEG-
PLGA hydrogel by simple mixing. The incorporation of liposome
NPs does not interfere with the properties of the hydrogel. An in
vivo pharmacokinetics analysis showed that, compared with the
liposome-free hydrogel, a liposome-NPs-hydrogel DINH delivery
system released drugs at target sites over a longer duration, with
stable drug concentrations. These properties suggest that this
system may have potential for localized bone tuberculosis (Liu
et al., 2019).

Ag-based NPs have received considerable attention with
satisfactory efficacy in wound care. Because the bioavailability
and antimicrobial activity of free Ag ions is reduced due to the
rapid sequestration by proteins and other cellular components in
the wound (Xiu et al., 2011). Despite their sustained release
property, AgNPs in the CS gel coating did not show the
expected antibacterial efficacy, and even showed signs of
aggravating the infection due to its cytotoxicity (Croes et al.,
2018). Identifying the ideal formulation and concentration of
AgNPs is a theme for future research.
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4.2 Passive and Active Release
Most sustained drug-release systems prolong the release of agents
through passive mechanisms, including diffusion, swelling, and
erosion (Ter Boo et al., 2015). Drug diffusion depends on the
difference in concentration between the inside and outside of the
gel and the length of the diffusion path. Swelling of the hydrogel
promotes diffusion of the encapsulated drugs. Bulk erosion of the
hydrogel reduces the path length and facilitates drug release with
the eroded portion.

Studies have investigated stimulus-sensitive hydrogels, which
adapt their physical features and cleave attached chemical groups
in response to various stimuli (Li et al., 2020a; Li et al., 2020b;
McCarthy et al., 2021). For example, hyaluronidase is an S. aureus
metabolite related to species spreading (Gu et al., 2015). The
acidic nature of S. aureus infectious lesions could be enhanced by
hyaluronidase activity (Radovic-Moreno et al., 2012; Wang et al.,
2017). Therefore, HyA has been selected as a trigger to release
agents on demand. In addition to passive release, drugs can be
released based on the concentration of bacteria or their
metabolites. Li et al. (2020a) developed a HyA-CS/β-
glycerophosphate (β-GP)-based thermosensitive hydrogel.
Using this intelligent drug-delivery system, which was
triggered by HyA, vancomycin hydrochloride was released in a
burst or burst-sustained pattern. As the concentration of
hyaluronidase increased, the active release pattern was
enhanced. In vitro, vancomycin concentrations were much
higher than the MIC after 25 days, whereas in vivo, the drug
was completely released and detected for up to 30 days, which was
sufficient for preventing or treating infection.

In the smart delivery system designed by Johnson et al. (2018),
protease-degradable cross-linking peptide
GCRDVPMSMRGGDRCG (VPM) was covalently
incorporated into a PEG-4MAL network. In addition to a
passive sustained release pattern, due to the inclusion of VPM,
the encapsulated drugs could be actively released depending on
the local protease levels. These are often elevated in the
inflammatory microenvironment triggered by bacterial
infection (Wolcott et al., 2008).

5 APPLICATIONS

5.1 Implant Coating
In addition to filling dead space directly, drug-laden hydrogels are
mainly used to coat orthopedic implants (Li et al., 2017; Boot
et al., 2020; Li et al., 2020b; Boot et al., 2021; Foster et al., 2021;
Sun et al., 2021). Almost 80% of the hydrogel coated on the
implants was found to remain after press-fit insertion (Drago
et al., 2014). These drug-laden hydrogel coatings have the
following advantages: 1) inhibition of bacterial colonization on
the implant in the early postoperative phase, to win the “race to
the surface” (Figure 4); 2) a favorable safety profile, since high
local concentrations and complete controlled drug release over a
relatively short period may prevent antibiotic resistance and
possible side effects on bone healing; 3) versatility, as different
antimicrobial agents can be selected for mixing during the
procedure; 4) ease of handling; 5) low costs (Drago et al.,

2014). The hydrogel coatings for OM have been primarily
studied in rats, rabbits, and sheep, to investigate their
prophylactic efficacy (Li et al., 2017; Li et al., 2020b; Boot
et al., 2020; Boot et al., 2021; Foster et al., 2021; Sun et al.,
2021). The release of agents in a burst and sustained manner
reduces the inflammatory response and optimizes the
antibacterial effect, demonstrating efficacy towards preventing
or treating implant-associated infections.

5.2 Scaffolds
An optimal bone graft to treat bone defects induced by infection
should possess the following properties: 1) a biphasic drug-release
profile with enhanced drug elution kinetics; 2) biodegradability;
and 3) osteo-conductivity (Masters et al., 2019). Research is
ongoing to improve the properties of bio-scaffolds by loading
hydrogels with different frames.

5.2.1 Tricalcium Phosphate Scaffold
Tricalcium phosphate (TCP) is biodegradable, biocompatible,
and osteoconductive. TCP cements have inherent porosity and
high pore interconnectivity, which enhance the adsorption ability
and release of loaded drugs, thus has been used widely as a bone
graft (Almirall et al., 2004; Kondo et al., 2005; Silverman et al.,
2007; Giavaresi et al., 2012; Wu et al., 2013). However, TCP
cements rapidly release the impregnated drugs. Approximately
80% of laden antibiotics are released within 4 days (Teo et al.,
2011; Wu et al., 2013).

To engineer an optimal antimicrobial delivery system for the
treatment of OM that is easy to handle, biodegradable, and
ensures a constant drug release at an effective concentration
for a long period, antibiotic-laden hydrogels were introduced
into a TCP scaffold (Wu et al., 2013; Li et al., 2020a). Following
vacuum adsorption in the hydrogel solution to form the coatings,
the TCP scaffold maintained its polyporous structure. This
antibiotic delivery system presented elution kinetics
characterized by an initial burst followed by zero-order release
sustained for more than 25 days in vitro and 30 days in vivo (Wu
et al., 2013; Li et al., 2020a), with higher concentration than the
MIC over 25 days in vivo (Li et al., 2020a). Following
implantation in a rabbit femur condyle OM defect model, the
antibacterial and osteogenic effects of these delivery systems were
enhanced compared to those of intramuscular antibiotic injection
or TCP scaffold alone, which are routine approaches (Wu et al.,
2013; Li et al., 2020a).

5.2.2 The 3D-Bioprinting Approach
3D bioprinting has demonstrated excellent potential in bone
tissue engineering. Using different strategies, material
containing living cells is deposited to fabricate living
volumetric constructs in a layer-by-layer manner, such as
vascularized bone-like fragment (Byambaa et al., 2017;
Ashammakhi et al., 2019). However, studies on the use of 3D
bioprinting for OM are rare. Aldrich et al. (2019) have developed
a 3D bioprinting bone scaffold engineered for sustained local
antibiotic release, in combination with the incorporation of MΦs
that possessed potent antimicrobial activity. This 3D-printed
scaffold was constructed with methacrylated hyaluronic acid
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(Me-HyA)- and methacrylated gelatin (Me-Gel)-based hydrogels
encapsulating daptomycin between a polycaprolactone/
hydroxyapatite frame incorporated with rifampin. MΦs were
printed on the surface of the HyA/gel hydrogel matrix in L929
solution to maximize cell viability. In an S. aureus craniotomy-
associated biofilm mouse model, antibiotic scaffolds with MΦs
reduced the bacterial burden (Figure 3); however, infection in the
bone defect was not investigated. Due to the short life span of
MΦs, this strategy only demonstrated an early therapeutic effect,
which was lost at 7 days, with no preventive effects were observed.
This proof-of-concept study provides an insight into 3D
bioprinting technology in the OM field.

5.3 Nanotopography
Stem cell proliferation and differentiation can be modulated by
the external microenvironments and specific biophysical cues.
As a stream of stem research, nanotography, with diverse
biomaterials and different surface geometries, can precisely
and efficiently regulate the behavior of stem cells and enhance
their abilities through specific cell-surface interaction (Kim
et al., 2017; Thomas et al., 2018). Vertically aligned 1D
nanomaterials have been used in advanced biomedical
applications (Kwak et al., 2015; Poudineh et al., 2018).
Living cells and tissues can interface on these efficient
platforms. Due to the nanoscale diameters and sharp tips,
they can pierce cell membrane, impacting cell viability. The
volumes of mammalian and bacterial cells differ. By tuning

their physical features (i.e., the relative size of the nanoneedles
compared to the cells), these nanomaterials can pierce the
pathogen cell membrane without disturbing the integrity of
mammalian cell membranes (Mas-Moruno et al., 2019).
Furthermore, the long 1D structure facilitates cellular
interfacing with the external microenvironments, and the
high-aspect-ratio feature of their sharp tip structure
effectively prevents biofilm formation via mechanical lysis
(Pogodin et al., 2013; May et al., 2016).

Based on these advantages of 1D nanomaterials, Park et al.
(2019) designed a biocompatible PEG dimethacrylate-based
hydrogel patch (Figure 5). This patch possessed a nanospike
(hSPIKE) arrays with tapered tips. This transplantable
platform promoted the osteogenic, chondrogenic, and
adipogenic differentiation of dental pulp stem cells in vitro
without altering cell viability. Furthermore, the hSPIKE
arrays exhibited efficient bactericidal effects against both
Gram-positive and -negative bacteria. Compared with a flat
patch, the hSPIKE patch significantly promoted the healing of
mouse cranial bone defect while preventing bacterial
infections.

6 EFFECT ON BONE HEALING

The impact of any antibiotic-laden-biomaterial (ALB)
implanted in a fracture or bone defect on bone regeneration

FIGURE 4 | Schematic illustration of the winning “race of the surface” of anti-infective hydrogels. Reprinted with permission fromGarg et al. (2021). Copyright: 2021
American Chemical Society.
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must be addressed. Hydrogels themselves, as foreign materials,
and high local concentrations of antimicrobial agents may
influence tissue healing (Ter Boo et al., 2018). Studies have
investigated bone regeneration following ABL implantation
in vitro (Ter Boo et al., 2018; Li et al., 2020a; Boot et al., 2020;
Tao J. et al., 2020; Vallejo Diaz et al., 2020; Eltawila et al., 2021;
Foster et al., 2021; Sun et al., 2021). However, to our
knowledge, limited in vivo studies have evaluated the
influence of hydrogels on bone healing.

Ter Boo et al. (2018) observed fracture healing in groups
treated with HA-pNipam hydrogel alone in the absence of
bacterial contamination using a rabbit humeral fracture model.
Implantation of HA-pNipam hydrogel showed no significant
effect on clinical or biological responses, including weight,
CRP levels, and WBC count. No significant differences in
relative stiffness were observed 4 weeks after hydrogel
application. Compared with contralateral non-fractured
humerus, the mean relative stiffness values with and without
HA-pNipam hydrogel were 49%–67%, respectively. Contact
radiographs and histopathological analyses in both groups
revealed callus formation at both the cis and trans sides of the

humerus, and at the interface between the screws and
intramedullary cavity. Compared to the control group, the
HA-pNipam group presented less bone callus formation only
at the cis side, where the HA-pNipam hydrogel was injected.
Another study investigating the effects of a DAC® hydrogel
coating on bone apposition at a titanium implant surface in
vivo, showed that, compared with the group without coating, the
hydrogel coating loaded or unloaded with 2% vancomycin
neither affected the volume and timing of bone apposition,
nor induced an inflammatory response (Boot et al., 2017). The
results of these two studies showed that HA-pNipam and DAC®
hydrogels did not affect bone regeneration. In future, more
research is needed on other hydrogels.

7 HEPATORENAL TOXICITY

Hepatorenal side effects of hydrogels in bone infection have been
reported (Changez et al., 2005; Overstreet et al., 2015; Johnson
et al., 2018; Johnson et al., 2019; Li et al., 2020b; Foster et al., 2021).
In rabbits, Li et al. (2020a) have found that, compared with the

FIGURE 5 | (A) (i) Schematic representation of fabrication process of the hSPIKE patch. (ii) Photograph of the hSPIKE patch. (B) Scanning electron micrograph
(SEM) image of the hSPIKE. (C) (i) SEM of Dental pulp stem cells (DPSCs) cultured on the hSPIKE, (ii) focused ion beam (FIB)-SEM cross-section of DPSCs cultured on
the hSPIKE, and (iii) fluorescencemicroscopy images of DPSCs cultured on the hSPIKE (left) and flat substrates (right). (D) SEM of (i)B. subtilis and (ii) E. coli cultured on
the hSPIKE. PET, polyethylene terephthalate; hSPIKE, hydrogel nanospike array; B. sutilis, Bacillus subtilis; E. coli, Escherichia coli. Reprinted with permission from
Park et al. (2019). Copyright: 2019 American Chemical Society.
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blank group, those treated with a VH-HyA-CS/β-GP hydrogel-
laden TCP scaffold showed no significant difference in aspartate
aminotransferase (AST) and blood urea nitrogen (BUN) levels at
1, 4, and 7 days, whereas alanine aminotransferase and serum
creatinine (SCr) levels increased slightly at 4–7 days. In rats, no
differences in BUN, SCr, and uric acid (UA) levels were found
between the Ti-RP/PCP/RSNO and control groups, while
systemic vancomycin treatment increased SCr and UA levels
and induced renal toxicity (Li et al., 2020b). Additionally, liver
enzyme tests and histological analyses of the liver and kidneys
supported the safety of lysostaphin-delivering PEG hydrogels
designed by Johnson et al. (2018). These results support the
safety of the application of these local antimicrobial agent
delivery hydrogel systems.

8 OUTLOOKS

Collectively, available hydrogel designs have demonstrated the
superior ability to prevent or treat OM, compared to the clinical
gold standard of ALBC. However, there remains several
challenges in the clinical applications. First, potential
resistance to present agents remains a concern. Co-delivery of
different agents may represent a suitable approach to overcome
this challenge. Alternative strategies, such as mAb treatment and
conjugation of bisphosphonates to conventional antibiotics, are
increasingly attractive for the treatment of OM (Sedghizadeh
et al., 2017; Masters et al., 2019). Hydrogel loading with these
agents would increase the number of therapeutic strategies.
Second, whether the hydrogel can be applied once in a one-
stage exchange procedure remains to be determined. Eliminating
the need for a second revision surgery would be an attractive
prospect (Boot et al., 2021). Thus, future work should focus on
engineering smart or intelligent hydrogel delivery systems that
are responsive to multiple stimuli, and outstanding
breakthroughs in 4D printing (Chu et al., 2020). Third,
present studies have focused on the OM induced by S. aureus.
Different hydrogel antimicrobial approaches should be
investigated for infections by a diverse range of species.
Fourth, to date, only a few drug-laden hydrogels have been
used successfully in the clinic. More studies are needed to
develop an optimal hydrogel system for OM.

9 CONCLUSION

OM remains a major challenge due to its complicated
microenvironment. An in-depth understanding the mechanism
of OM will help to develop better treatment strategies. Loading
antimicrobial agents into hydrogels, even co-incorporating osteo-
inductive materials and other adjuvants, is a promise strategy.
This review discussed current hydrogel designs and their
applications to improve the biological response to OM in vivo,
thereby providing insights into the development of novel
prevention and treatment options for OM.
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Postoperative wound edema, infection, and pain burden the patient’s life. Therefore, the
purpose of this study is to develop an effective antibacterial, multifunctional application to
prevent postoperative edema and relieve postoperative pain by making full use of the
dehydrating and analgesic effects of magnesium sulfate (MgSO4), magnesium oxide
(MgO), sodium alginate (SA), and sodium carboxymethyl cellulose (Na-CMC) to make a
composite hydrogel, which can promote postoperative detumescence. MgSO4//MgO/SA/
Na-CMC composite hydrogel dressings have outstanding mechanical properties, high
water absorption, and good biocompatibility. MgO endows the hydrogel dressing with
excellent antibacterial properties and better antibacterial activity against common bacteria
andmultidrug-resistant bacteria. In addition, MgSO4/MgO/SA/Na-CMC hydrogel dressing
shows superior dehydration and analgesic properties in the postoperative nude mice
model. This study shows that the multifunctional MgSO4/MgO/SA/Na-CMC composite
hydrogel dressing developed as a surgical incision dressing has broad prospects in the
prevention of incision infection, postoperative edema, and analgesia.

Keywords: hydrogel, detumescence, antibacterial, MgSO4, MgO

INTRODUCTION

A postoperative incision is usually accompanied by complications such as edema and infection,
which are significant problems for patients and medical staff (Maheshwer et al., 2021). Especially in
plastic surgery, patients have obvious facial edema after the operation, which significantly affects
their life and work. Effective incision management after the operation can not only reduce
complications and human and material costs but also achieve rapid recovery and reduce
unnecessary troubles to life and work caused by surgical complications (El Hosary et al., 2020).

Because of their soft texture and viscosity, hydrogels have been very popular with researchers in
recent years (Singh et al., 2013; Bayer, 2021; Cheng et al., 2021; Guimaraes et al., 2021). Hydrogels are
ideal dressings with biocompatibility. At the same time, it can be used and replaced according to the
needs of patients. This not only reduces the inconvenience of repeated medical treatment after an
operation but also reduces the workload of doctors. Because hydrogels are more commonly used as
postoperative dressings, at present, many studies reported that hydrogel dressings can achieve
bacteriostatic effects or provide the best pH value to promote wound healing (Cheng et al., 2021; Fan
et al., 2021; Liang et al., 2021). At present, the clinical hydrogel material used for postoperative
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incision edema is “cold compress.” The principle of cold compress
is only to promote vasoconstriction and reduce postoperative
swelling. This solution has obvious limitations: first, only relying
on physical cooling to reduce swelling has a limited effect; and
second, the postoperative incision is still at risk of infection. Few
dressings focus on the needs of plastic surgery for detumescence,
anti-infection, and pain. To avoid postoperative edema and
infection, the hydrogel dressings we studied should have good
water absorption and antibacterial ability.

It is well known that oral magnesium sulfate (MgSO4) forms a
hypertonic environment in the intestine and has the function of
catharsis (Krenzelok et al., 1985). Magnesium oxide (MgO) also
has an antibacterial effect (Muniz Diaz et al., 2021; Wang et al.,
2021). Although some researchers have added antibiotics to the
dressing to achieve antibacterial effect, it will lead to bacterial
resistance (Fischbach andWalsh, 2009).Wemay solve this issue by
directly including MgO, a material with antibacterial activity, into
the dressing. At present, hydrogel technology based on sodium
alginate (SA) and sodium carboxymethyl cellulose (Na-CMC) has
been very mature, which can carry drugs for the treatment of
related diseases (Sheng et al., 2021). Therefore, it is feasible for us
to add MgSO4/MgO into hydrogels. In this dressing, we used
MgSO4 with water absorption and MgO with antibacterial effect.
According to the already mature SA/Na-CMC hydrogel preparation
technology, combined with MgSO4 and MgO, a new dressing was
prepared. This dressing had both absorptive and antibacterial
hydrogel dressing and could accelerate wound detumescence after
operation. It is very valuable in clinical application.

To this end, wemixedMgSO4,MgO, SA, andNa-CMC in a certain
proportion to prepare hydrogels with high water absorption and
antibacterial effects. We evaluated the appearance of MgSO4/MgO/
SA/Na-CMC composite hydrogel dressings by gross characterization.
The internal structure of the hydrogels was examined by scanning
electron microscopy. The swelling ratio of the hydrogels was used to
assess the water absorbency of hydrogel dressings. After HaCaT cells
were co-cultured with the hydrogel extract for a period of time, the
biocompatibility of the hydrogel dressing was evaluated by live/dead
staining. The antibacterial activity of hydrogel dressings was tested by
bacteriostasis experiments of Escherichia coli and Staphylococcus
aureus. The surgical incision edema model was used to detect the
swelling effect of hydrogels in vivo.

MATERIALS AND METHODS

Materials
Sodium alginate (SA), magnesium sulfate (MgSO4), magnesium
oxide (MgO), sodium carboxymethyl cellulose (Na-CMC), and

glycerol were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd.

Hydrogel Preparation
We used the dosage of materials listed in Table 1 and added each
material to prepare the composite hydrogels. At room
temperature, 1 ml glycerol was added to 9 ml double-distilled
H2O (dd H2O). At 25°C, MgSO4 and MgO (MgSO4: MgO = 99:1
w/w) powders of different weights were separately added to the
aforementioned solution and stirred for 30 min. After adding SA
and Na-CMC successively, the solution was stirred in a 65°C
constant temperature water bath for 6 h. The thicker liquid was
added to the abrasives and placed in the 4°C refrigerator for
preservation in subsequent experiments.

Morphological Assay
The appearance of these five groups of hydrogels was
photographed with digital cameras. The prepared MgSO4/
MgO/SA/Na-CMC hydrogel dressings were freeze-dried for
48 h at −80°C. The samples were cut with a small blade and
placed on the scaffold. The internal morphology of the hydrogels
was observed by scanning electron microscopy (SEM).

Mechanical Properties
The mechanical properties of these five groups of hydrogels were
tested using the HY-940FS universal testing machine (Shanghai,
China) at room temperature. The prepared MgSO4/MgO/SA/Na-
CMC hydrogel dressings were compressed to 50% deformation
under wet conditions. The strain–stress curve was obtained and
the compression modulus was calculated.

Swelling Rate Determination
The purpose of the swelling test is to evaluate the ability of
materials to absorb solvents. We used ddH2O as the
experimental solvent. We calculated the swelling rate in the
dry and wet states. First, the prepared hydrogel block (d = 1 cm)
was freeze-dried at −80°C for 48 h. The weight of the freeze-
dried sample (W0) was measured. Then, the gel was soaked in
25°C ddH2O and weighed once every 5 min. Before weighing,
the excess water was removed from the sample surface with a
filter paper, and the recorded value was Wt. This was continued
until the weight remained constant. Second, the swelling
capacity of wet hydrogels is measured. The back skin of mice
was intercepted. The prepared hydrogels with a diameter of
1 cm were weighed and recorded as W0. Mice skin was placed on
the cell strainer (biosharp, BS-100-CS), infiltrated in ddH2O,
and five groups of hydrogels were placed on the top of each

TABLE 1 | The composition list of MgSO4/MgO/SA/Na-CMC composite hydrogels.

Ctrl Mg10 Mg20 Mg30 Mg40

ddH2O (ml) 9.0 9.0 9.0 9.0 9.0
Glycerol (ml) 1.0 1.0 1.0 1.0 1.0
Mg (%) 0.0 10.0 20.0 30.0 40.0
SA (g) 0.5 0.5 0.5 0.5 0.5
Na-CMC (g) 0.5 0.5 0.5 0.5 0.5
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group, with three repeated experiments in each group. The
weight Wt was recorded every 2 h until the weight was constant.

The swelling rate (SR) was calculated by the following formula:

SR(%) � Wt −W0

W0
× 100%.

Among them, (Wt) is the weight of the swelling hydrogel at the
time (T) and (W0) is the initial weight of the sample. For each
group of three samples, the average value and mean square error
are calculated to minimize the error.

Biocompatibility
The synthesized epidermal cells (HaCaT cells) were cultivated in
the hydrogel extract, and the state of the cells was determined
using live/dead staining assay to assess the hydrogel’s
biocompatibility. The HaCaT cells were inoculated in 24-well
plates and incubated in a humidified incubator at 37°C and 5%
CO2 for three days. The sterilized hydrogels were soaked in sterile
PBS for 48 h. Then, 100 ul of the net extract soaked for 48 h was
absorbed and co-cultured with 900 ul medium for 24 h. Then,
100 ul of the net extract soaked for 48 h was absorbed, and the
cells were co-cultured with 900 ul medium for 48 h. The stained
cells were observed under a fluorescence microscope. Living cells
absorb calcein AM and emit green fluorescence, while PI enters
dead cells and emits red fluorescence after binding with DNA.

Antibacterial Activity Evaluation
We used common Escherichia coli (ATCC 8739) and
Staphylococcus aureus (ATCC 6538) to carry out the
antibacterial activity on the surface of the hydrogel dressing.
The hydrogel dressings were placed on an agar plate (petri dish)
and incubated for 72 h at 37°C The diameter of the bacteriostasis
circle on the agar plate (petri dish) was calculated. Each cycle was
repeated three times and the average value was calculated.

Animals
Male BALB/c nude mice aged 6–8 weeks were purchased from
Shanghai Jie SiJieLaboratory Animal Co., Ltd. All animals
involved were treated according to the protocol evaluated and
approved by the Ethics Committee of the Ninth People’s
Hospital, affiliated to Shanghai Jiao Tong University School of
Medicine. The mice were randomly divided into five groups with
three mice in each group. The experiment was repeated with an
intraperitoneal injection of anesthesia. Normal saline containing
DAPI fluorescence staining was injected into the subcutaneous
soft tissue. After soft tissue swelling of the extremities, the
prepared hydrogel was clung to the skin surface. Hydrogels
were extracted 4–6 h later. A fluorescent microscope was used
to observe whether there was fluorescence in the hydrogel. By
observing the swelling of the extremities in nude mice, we could
see if the hydrogel was effective.

Statistical Analysis
All experiments had three groups of repeated control, and the
mean ± SD data (n = 3) were expressed. The analysis was
performed by ANOVA (one-way analysis of variance) test.
Student’s t-test was used to compare the two groups. P ≤ 0.05
was considered statistically significant.

RESULTS AND DISCUSSION

Characterization of Prepared Hydrogels
The formulations of these five groups of hydrogels (Ctrl, Mg10,
Mg20, Mg30, andMg40) are shown in Table 1. MgSO4/MgO/SA/
Na-CMC hydrogels were successfully prepared with different
MgSO4 ratios. The visual examination of hydrogels showed an
opaque or translucent appearance, while pure hydrogels without
Mg were white (Figures 1A–E). The hydrogels were homogenous

FIGURE 1 | (A–E) The appearance of MgSO4/MgO/SA/Na-CMC composite hydrogel dressings. SEM images of the internal structure of hydrogels with low (F–J)
and high (K–O) magnification.
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and soft, with a diameter of 1 cm and a thickness of about
2–3 mm.

Scanning electron microscopy (SEM) was used to examine the
morphology of freeze-dried hydrogels. Figures 1F–O show the
internal morphology of these five groups of MgSO4/MgO/SA/Na-
CMC hydrogels. The results showed that the pure hydrogel
material (Ctrl group) was unable to maintain the porous
structure because of the shrinkage of the material during the
freeze-drying process (Figures 1F,K), while the addition of
MgSO4/MgO effectively maintained the porous structure of
the hydrogel, which showed an interconnected and
homogenous porous structure, and the pore size was about
20–100 μm (Figures 1G,L). However, with the increase of
magnesium sulfate content, many magnesium sulfate crystals

were evenly dispersed in the pores and the pore size was
reduced to 20 μm approximately (Figures 1H,L–N). In
Figures 1J, O the pore structures are almost invisible because
most of them are filled with magnesium sulfate crystals. In
Supplementary Figure S1, it is shown that the average pore
size of groups Mg10, Mg20, and Mg30 was 34.30 ± 2.13 um,
21.32 ± 0.83 um, and 13.17 ± 0.39 um, respectively (Mean ±
SEM). It indicated that the pore size decreased with the increase
of the magnesium compound content of the hydrogel. Generally,
a smaller pore size can improve the porosity of the hydrogel,
enhancing its absorption. In addition, the mechanical properties
of the five groups of hydrogels were tested and shown in
Supplementary Figure S2. The compression modulus of the
five groups was decreased with more magnesium compounds.

FIGURE 2 | The swelling ratio of different MgSO4/MgO/SA/Na-CMC composite hydrogel dresssings in the dry state (A) and in the wet state (B).

FIGURE 3 | Biocompatibility. P ≤ 0.05 was considered statistically significant (*).
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This may be due to the increase of magnesium compounds, which
improves its porosity but reduces its material density; hence, it
reduces its mechanical properties. We found that the mechanical
properties of the group Mg40 were the worst, which may limit its
application as dressing.

The past ten years have witnessed the rapid development of
hydrogels. The good biocompatibility and high expansion of
hydrogels have attracted the attention of many researchers
(Pooresmaeil et al., 2019; Silva et al., 2019). SA is water-
soluble, can effectively absorb wound secretions, and keeps
the wound clean and dry, which is conducive to wound
healing. In addition, SA is low-cost and easy to obtain (Gao
et al., 2020). At room temperature, calcium ions (Ca2+) were
crosslinked with SA to form hydrogels to increase mechanical
properties (Paudyal et al., 2013). Moreover, Ca2+ after
crosslinking could help trigger the coagulation mechanism
and promote hemostasis when they were released into the
wound (Afjoul et al., 2020).

Swelling Ratio
The higher the SR value, the stronger the water absorbability of the
hydrogels will be. This means that the hydrogen absorbs the
exudate from the wound more strongly, thus achieving our goal
of promoting incision detumescence. Figure 2A shows the
percentage of swelling in the dry state containing different
concentrations of Mg. The SR was sorted as Mg40 > Mg20 >
Mg30 > Mg10 > Ctrl. All hydrogels showed swelling ability, and
Mg40 or Mg20 exhibited a higher SR. As shown in Figure 2B, the
percentage of swelling in the wet state containing different
concentrations of Mg can be observed. The SR was sorted as
Mg40 >Mg30 >Mg10 >Mg20 > Ctrl. The SR of the wet hydrogel
was weaker than that of the dry state, but the swelling rate of Mg40
and Mg30 was still high. This was mainly due to the hypertonic
effect of MgSO4, which was consistent with our expectations.

MgSO4 had high water absorption and is often used for
catharsis (Snyder et al., 2014). We used the hypertonic effect of
magnesium sulfate to solve the problem of postoperative incision

FIGURE 4 | The antibacterial activity of MgSO4/MgO/SA/Na-CMC composite hydrogel dressings on Escherichia coli (ATCC 8739) and Staphylococcus aureus
(ATCC 6538). P ≤ 0.05 was considered statistically significant. P ≤ 0.05 (*) P ≤ 0.0001(****).

FIGURE 5 | Hindlimb edema model in nude mice (A–E), and after treatment of MgSO4/MgO/SA/Na-CMC composite hydrogel dressings (F–J).
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edema. To select the appropriate concentration of MgSO4, we set
different MgSO4 concentration gradients. Based on a comparison
of water absorption in different states, we concluded that the higher
the concentration, the better the water absorption effect, which
corresponded to the characteristics of MgSO4’s hyperosmotic
action (Holland et al., 1960).

Biocompatibility
Biocompatibility can help us identify the safety of hydrogels. Five
groups of hydrogel extracts were used to culture HaCaT cells for
24 and 48 h to observe the biocompatibility of the hydrogels.
After 24 h, the live/dead staining assay showed that there were
many living cells (Figure 3). After 48 h of culture, the live/dead
staining assay showed that the Mg40 hydrogel contained more
than 76% dead cells than other groups. The result of fluorescence
staining showed that the hydrogel had good biocompatibility and
could be used for biomedical purposes.

Because the hydrogel was closely related to the epidermis, we
needed to detect whether it had good biocompatibility using live/
death staining detection. Mg2+ is often used with
biopharmaceuticals because of its good biocompatibility (Gao
et al., 2021). AsMg2+ is a metal ion, it can inhibit cell proliferation
(Blangero and Teissie, 1985; Zhen et al., 2015). With prolonged
contact time, the contact inhibition effect of hydrogels gradually
showed. According to the results of live/dead staining, we chose
Mg30, Mg20, Mg10, and Ctrl groups.

Antibacterial Activity of the Hydrogels
Bacterial infection can seriously affect wound healing. The
hydrogels prepared by us require anti-infection and
antibacterial properties. We used two representative strains,
Escherichia coli and Staphylococcus aureus, to test the
antibacterial activity of hydrogels. The five groups of hydrogels
were co-cultured with Escherichia coli and Staphylococcus aureus

FIGURE 6 | The water absorption of different groups (Ctrl, Mg10, Mg20, Mg30, Mg40) of MgSO4/MgO/SA/Na-CMC composite hydrogels under fluorescence
microscope (A–E). P ≤ 0.0001 was considered statistically significant (****).
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in a 37°C incubator. After 2 days of cultivation, the diameter of
the inhibition zone was measured as follows: Mg40 > Mg30 >
Mg20 > Mg10 > Ctrl (Figure 4). All of these proved that these
hydrogels had good antibacterial activity, especially theMg40 and
Mg30 groups, showing great potential for antibacterial and anti-
infection properties.

Reducing the risk of infection or antibacterial effect is one of
the important conditions for evaluating wound dressings. Metal
ions (such as silver ions) were often used in various skin dressings
to inhibit the growth of bacteria (Tao et al., 2021). However, the
role of silver ions was limited and could not alleviate the problem
of surgical incision edema. Therefore, we chose Mg2+. As
mentioned earlier, MgSO4 had good water absorption.
Moreover, some researchers have reported that Mg2+ has
antibacterial properties (Zhou et al., 2021). MgO is easily
hydrated and forms a layer of magnesium hydroxide on the
surface. A high concentration of reactive oxygen ions can exist on
the surface of magnesium oxide. Reactive oxygen species ions are
characterized by strong oxidation, which can destroy the peptide
bond structure of bacterial cell membrane walls and quickly kill
bacteria (Ikram et al., 2021). Therefore, the hydrogels prepared by
us also showed antibacterial effects through antibacterial
experiments. It is the best choice of dressing raw materials for
postoperative surgical incision.

Detumescence Effect of Hydrogels in an
Edema Model
After constructing the edema model in nude mice, the
detumescence effect of the hydrogel was detected by in vivo
tests. A visual examination showed that the extremity of
edema in nude mice was obvious, and the hydrogels adhered
to the incision of nude mice and were removed after 6–8 h.
Figure 5 shows the contrast between the incision before and after
the use of hydrogels. Visual examination between the groups
showed that the detumescence effect of the four treatment groups
was satisfactory, and Mg40 and Mg30 groups were significantly
better than the other groups. Our hydrogels had an obvious effect
on detumescence. During the experiment, neither infection nor
rejection was observed, demonstrating that the hydrogels were
biocompatible. The hydrogel was cut longitudinally and observed
under a fluorescence microscope. It can be seen that the
fluorescent bands of Mg40 and Mg30 were the widest. The
order of the fluorescence bands from wide to narrow is Mg40
> Mg30 > Mg20 > Mg10 > Ctrl (Figure 6). This displayed that
most water absorption was observed in the Mg40 and Mg30
groups. This signified that these two groups in the hydrogels had a
better detumescence effect.

In the past decade, many studies were focused on the
preparation of hydrogel dressing for wound healing and
had achieved remarkable results (Cheng et al., 2021). These
hydrogel dressings not only had antibacterial properties but
also had many functions such as self-healing, hemostasis, and
so on (Li et al., 2021). However, few researchers have noticed
the impact of surgical incision edema on patients. We took full
advantage of the hyperosmolar effect of MgSO4 and added it to
the hydrogel scaffold to prepare MgSO4/MgO/SA/Na-CMC

composite hydrogels. The model of postoperative incision
edema in nude mice could show an obvious detumescence
effect.

CONCLUSION

MgSO4, MgO, SA, and Na-CMC were chosen as the main
components of the composite hydrogel dressings. These
materials were mixed according to the proportion of each
group listed in Table 1, and a group was selected with good
biocompatibility, antibacterial activity, and detumescence effect.
According to the SR, we screened Mg40 and Mg30 groups.
Biocompatibility suggested that the cell mortality of Mg40 was
higher than that of the other four groups, and mechanical test
results indicated that Mg40 has a significantly worse compression
modulus than the other four groups, so Mg40 was excluded. In
the antibacterial activity, it could be seen that Mg40 and Mg30
groups had greater inhibition on Escherichia coli and
Staphylococcus aureus. In animal experiments, except for the
Ctrl group, Mg10, Mg20, Mg30, and Mg40 all had strong
detumescence ability. In conclusion, the Mg30 group not only
showed excellent antibacterial activity and detumescence effect
but also had good biocompatibility. We successfully prepared
MgSO4/MgO/SA/Na-CMC composite hydrogel dressings with
high water absorbency and antibacterial properties.
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Traffic accidents and falling objects are responsible for most spinal cord injuries (SCIs).
SCI is characterized by high disability and tends to occur among the young, seriously
affecting patients’ lives and quality of life. The key aims of repairing SCI include
preventing secondary nerve injury, inhibiting glial scarring and inflammatory response,
and promoting nerve regeneration. Hydrogels have good biocompatibility and
degradability, low immunogenicity, and easy-to-adjust mechanical properties.
While providing structural scaffolds for tissues, hydrogels can also be used as
slow-release carriers in neural tissue engineering to promote cell proliferation,
migration, and differentiation, as well as accelerate the repair of damaged tissue.
This review discusses the characteristics of hydrogels and their advantages as delivery
vehicles, as well as expounds on the progress made in hydrogel therapy (alone or
combined with cells and molecules) to repair SCI. In addition, we discuss the
prospects of hydrogels in clinical research and provide new ideas for the treatment
of SCI.

Keywords: spinal cord injury, hydrogel, cells, molecular, repair, review

1 INTRODUCTION

SCI is among the most serious traumas to the nervous system. They are caused mainly by traffic
accidents or violence but can also be caused by inflammation and tumors. SCI has high
morbidity and disability rates and can lead to the dysfunction of various systems (including the
autonomic nervous system) and multiple organs (e.g., those of the respiratory, circulatory,
urinary, and digestive systems) (Baptiste and Fehlings, 2006). SCIs can be divided into primary
and secondary injuries. Primary SCI is characterized by irreversible damage caused by external
forces acting (directly or indirectly) on the spinal cord. Pathophysiological characteristics
include edema, cellular damage (Ek et al., 2012; Chen et al., 2021; Song et al., 2021),
inflammation, oxidative stress, apoptosis, and necrosis (Moon et al., 2012). Secondary
injury refers to spinal cord edema caused by an external force, as well as further damage to
the spinal cord caused by spinal cord compression, which may be due to fragmented
intervertebral disc tissue, imbalance of gliosis, cytokine release, excessive proliferation of
gliocytes, microglia and macrophage accumulation at the injury site, or the formation of
astroglial scars, fibrous scars, and syringomyelia (Emmez et al., 2010; Katoh et al., 2019;
Onyango et al., 2021) (Figure 1). Secondary injury can further lead to tissue damage and
permanent loss of function (Hall and Springer, 2004), seriously affecting nerve repair and
complicating synapse reconstruction.
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2 CURRENT TREATMENTS AND
LIMITATIONS

Current treatments for SCI have nine key foci: 1) achieve spinal
cord structural reconstruction, 2) inhibit astrocyte scarring, 3)
promote nerve cell regeneration, 4) regulate the distribution of
the extracellular matrix, 5) repair the microenvironment after
injury, 6) remodel damaged neurons and axonal conduction, 7)
inhibit secondary injury (Fitch et al., 1999; Choo et al., 2008;
Donnelly and Popovich, 2008; Badner et al., 2017), 8) improve the
microenvironment around the injury in time (Tuszynski et al.,
1996; Kommareddy and Amiji, 2005), and 9) restore the nutrient
supply to the spinal cord for axon regeneration (Im et al., 2010;
Cregg et al., 2014). SCI treatment primarily includes surgical,
pharmacological, and biological approaches (Cox et al., 2015)
(Figure 2). The surgical method essentially decompresses the
continuously compressed spine, improves the neuroprotection of
the SCI, and restores the stability of the damaged spine. However,
it is an invasive approach, and there is no uniform standard for
the operation time. The main clinical treatments for reducing
secondary injury include methylprednisolone, dexamethasone,
naloxone, erythropoietin, and neuregulin (Rabchevsky et al.,
2011), which improve neurological function in patients by
reducing the production of inflammatory substances and
inhibiting lipid peroxidation at the injury site. However,

intravenous administration of large doses can trigger infection
symptoms such as gastrointestinal bleeding and wound
infection—such treatments remain controversial and restricted
(Silva et al., 2014; Hurlbert et al., 2015). In addition, traditional
administration methods, such as oral or intravenous injection
(modest doses), are associated with limited crossing of the blood-
spinal cord barrier, reducing direct action at the injury site. The
complex pathophysiological changes of SCI and the harsh local
microenvironment are not conducive to regeneration. Therefore,
no single treatment method can repair damaged nerve tissue
structure and function. Ideally, a nerve tissue scaffold would serve
as a carrier of seed cells and active factors while also filling the
lesion site, assisting seed cell survival and proliferation,
promoting the reconnection of damaged spinal cord tissue,
helping to bridge the gap in the lesion site and rebuild nerve
conduction, and facilitating sustained drug delivery. The scaffolds
most used for nerve repair include hydrogels, nanoparticles, and
nanofibers (Ahmad et al., 2022). In this paper, we describe the
characteristics of hydrogels and discuss their applications in SCI
repair.

3 CHARACTERISTICS OF HYDROGELS

Hydrogels are macromolecular porous polymer network systems
with a water content higher than 95%. They have viscoelasticity,
high flexibility, excellent mechanical properties, strong plasticity,
and good biocompatibility and biodegradability. Hydrogels can
simulate the extracellular matrix environment and support the
exchange of nutrients and surrounding tissues (Führmann et al.,
2016). The implantation of hydrogels into injured spinal cord
tissue can provide mechanical support for cells and tissues,
promote cell migration, and facilitate the long-term controlled
release of cellular molecules and drugs (by bridging the gap
between the lesions or by providing a platform for the
accumulation of neurotrophic factors in the lesion area),
thereby mediating spinal cord tissue repair and regeneration
(Jain et al., 2006; Toh and Loh, 2014; Assunção-Silva et al.,
2015). Hydrogels can be synthesized using physical or
chemical methods (Figure 3). Physical hydrogels are cross-
linked to form a network structure under the action of non-
covalent bonds. Cross-linking pathways include hydrophobic,
ionic, electrostatic, and host-guest interactions, as well as
hydrogen bonding and phase transitions. Physically cross-
linked hydrogels will change with external conditions (e.g.,
temperature and pH). The preparation conditions for
physically cross-linked hydrogels are relatively mild, with
dynamic reversibility, self-healing, processability, and
repeatability (Liu et al., 2018). Chemical hydrogels are cross-
linked through chemical bonding between polymer chains,
usually driven by small molecular initiators and external
energy such as light and heat. Chemical cross-linking
pathways include Michael addition reactions, condensation
reactions, cross-linking with aldehydes, Schiff base reactions,
thiol-disulfide bond exchange, free radical polymerization,
photo-cross-linking, and enzyme-mediated cross-linking.
Chemical hydrogels are more stable than physically cross-

FIGURE 1 | Pathological process of SCI. This process consists of three
phases, the primary phase, secondary phase, and chronic phase.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org June 2022 | Volume 10 | Article 9318002

Lv et al. Hydrogels in Spinal Cord Injury Repair

131

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


linked hydrogels; moreover, their structure and properties can be
more precisely controlled (Hu et al., 2019). The hardness,
morphology, structure, and biochemical modifications of the

hydrogel materials will affect cell growth, adhesion, axon
growth, proliferation, differentiation, and migration. The raw
materials for synthesizing natural gels are usually proteins and

FIGURE 2 | Current treatment and limitations of SCI.

FIGURE 3 | Classification of hydrogels.
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polysaccharides. Protein materials are subjected to physical or
enzymatic treatments to form hydrogels, while polysaccharides
such as agar and chitosan are generally synthesized via physical
entanglement and cross-linking (Wei et al., 2015).

The uniform pores and parallel arrangement of the scaffold
provide guiding channels for cells. If the pores are smaller than
the size of the drug or cell, the drug and cell will be encapsulated
in the hydrogel and not be released. If the pores are bigger than
the drug and cell, the latter will move freely in the hydrogel
network for subsequent release (Li andMooney, 2016; Chen et al.,
2018; Trombino and Cassano, 2020; Shoukat et al., 2021).
Hydrogels can prevent inflammatory responses and nerve
compression, as well as play an important role in controlling
the release of molecules, owing to their excellent biodegradability.
Controlling the degradation of hydrogels has a strong impact on
improving drug and cell release; moreover, the physical and
mechanical properties of the hydrogel surface will also affect
cell adhesion, differentiation, and axonal growth (Lakard et al.,
2004; Zhan, 2020). The smoothness and convexity of the scaffold
surface can affect protein expression (Johnson et al., 2018).
Animal experiments have shown that the scaffold morphology
can promote cell migration and axon regeneration (Chen et al.,
2020). Currently, most research on SCI repair is focused on
modifying traditional hydrogels, and efforts to further strengthen
the therapeutic effect of hydrogels, promote the regeneration of
nerve stumps, and rebuild neural circuits should focus on
modifying traditional hydrogels and developing new hydrogels
with optimized mechanical properties, drug encapsulation and
sustained release activities, and the ability to load cellular
molecules and drugs (Xu et al., 2013; Ucar et al., 2021; Yao
et al., 2021). These studies can be broadly categorized by the
composition of hydrogel-based interventions for SCI, namely
hydrogel therapy alone, cell-laden hydrogel therapy, drug-
carrying hydrogel, or combination therapy with additional
factors.

4 HYDROGEL THERAPY

Hydrogels are obtained from numerous sources. They are easy to
process, highly flexible, and easily molded (Stegemann and
Nerem, 2003). Hydrogels can carry cells in two ways. One is
via direct injection or implantation at the site of the SCIs, filling
the cavities of spinal cord lesions, bridging injury defects, and
providing contact guidance for axon regeneration while self-
degrading (Piantanida et al., 2019). Hydrogels can also be used
as a carrier of transplanted cells or encapsulated neurotrophic
factors and other drugs to complete the local enrichment and
sustained release of seed cells and drugs so that the loaded
molecules can be accurately delivered to the spinal cord,
providing a suitable microenvironment for neural
reconstruction (Liu and García, 2016; Huang et al., 2017;
Dimatteo et al., 2018; Ucar et al., 2021; Yao et al., 2021). One
characteristic of this approach is that the strength of the hydrogel
and the degradation rate are closely related to cell survival and
proliferation. The second approach involves planting seed cells
after pre-preparing the scaffold, which has a specific internal

structure and geometric shape, as well as the pore size, porosity,
and mechanical strength. The disadvantage of this strategy is that
the cells cannot be distributed uniformly or permanently in the
scaffold space. In recent years, continuous advances in biomedical
technology have resulted in the development of smart gels,
including pH-sensitive, molecular self-loading, temperature-
sensitive, and conductive hydrogels (Dadsetan et al., 2010).

4.1 Hydrogel Therapy Alone
Several studies have described the use of hydrogels, mainly
collagen, gelatin, hyaluronic acid (HA), fibrin, chitosan, silk
protein, alginate, laminin, agarose, dextran, fibronectin (FN),
and their complexes for SCI repair (Hejcl et al., 2008; Gros
et al., 2010; Jukes et al., 2010; King et al., 2010; Collins and
Birkinshaw, 2013; Mothe et al., 2013; Meng et al., 2014)
(Figure 4).

Collagen is the main extracellular component in the central
nervous system (CNS). The cell adhesion signal peptide sequence
arginine-glycine-aspartic acid (RGD) can guide cells to recognize
the scaffold material, which helps maintain the cell’s phenotype
and activity (Hosseinkhani et al., 2013). In vitro experiments have
shown that collagen can promote the proliferation and
differentiation of nerve cells and inhibit the proliferation of
neurocollagen gliosis (O’Connor et al., 2001; Ma et al., 2004).
Three-dimensional collagen hydrogel scaffolds can maintain the
self-renewal capacity of neural stem cells (NSCs) through the
REDD1-mTOR signaling pathway (Zhang et al., 2016) and affect
the differentiation of NSCs via the miR-7-Klf4 signaling pathway
(Katz and Burdick, 2009). Researchers have used collagen
hydrogels to repair SCI in mice and have shown that liquid
collagen injected directly into the spinal cord could quickly gel
and form a continuous interface in the spinal cord after inhibition
and transection injury (Marchand and Woerly, 1990; Marchand
et al., 1993). Furthermore, implanted collagen hydrogels could
promote themigration of nerve cells, the growth and regeneration
of nerve axons, and the secretion of brain-derived neurotrophic
factor (BDNF) and neurotrophin-3 (NT-3) (Marchand and
Woerly, 1990; Marchand et al., 1993; Yoshii et al., 2004;
Klapka and Müller, 2006; Yang et al., 2010b; King et al.,
2010). Collagen and chondroitin sulfate or carbodiimide
composites can promote axonal regeneration in SCI
(Marchand et al., 1993). In addition, the arrangement of
collagen fibers is important to guide cell orientation and
migration. The direction of collagen fibrils can be controlled
using magnetic nanoparticles and by applying an external
magnetic field (Vrana et al., 2007).

Sodium alginate hydrogel displays good biocompatibility and is
often used as an injectable carrier to load drugs or cytokines targeted
to the injury site (Perets et al., 2003; Grulova et al., 2015). It can be
cross-linked in the presence of cations to form a reticulated alginate
ion gel that promotes the osmotic diffusion of nutrients and
provides three-dimensional growth space for cells (Arlov and
Skjak-Braek, 2017). Sodium alginate hydrogels show better
mechanical properties and cell viability and are more suitable as
scaffolds for neural tissue engineering than sodium alginate +HAor
sodium alginate + FN composite hydrogels (Bozza et al., 2014).
Suzuki (Suzuki et al., 2002) implanted an alginate sponge into a rat
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SCI model. At 21 weeks after the operation, several fibers appeared
at the injury site, and axons regenerated and formed functional
synapses. Covalently cross-linked and lyophilized porous alginate
gel inhibits SCI and reactive gliogenesis, as well as promotes axonal
growth (Kataoka et al., 2004).

HA is the main component of the extracellular matrix of the
CNS. It can reduce inflammatory injury and inhibit the formation
of fibrous scars after SCI, improve nerve function recovery
following injury as well as promote angiogenesis (Meng et al.,
2014). HA is often combined with other materials to construct a
composite hydrogel for application in neural tissue engineering,
thereby optimizing HA adhesion to cells. For example, Horn used
thiol-modified HA cross-linking for rat SCI repair and observed
axonal regeneration (Horn et al., 2007). James et al. (Austin et al.,
2012) injected a hyaluronan-methylcellulose (HAMC) hydrogel
into a chronic SCI model 24 h after the latter was established. The
results showed that the submembranous space gelled effectively,
reduced glial fibrosis and inflammatory responses in the injured

area, and promoted the recovery of axonal transmission and
neural function.

Chitosan is a degradable cationic polysaccharide with
excellent biocompatibility and low immune rejection.
Chitosan degradation products can be metabolized (Martins
et al., 2014) and easily made into hydrogels (Delmar and
Bianco-Peled, 2016). Chitosan and other polymers are
widely used in nerve tissue regeneration (Fang and Song,
2019). Several research groups have used chitosan catheter
stents to conduct SCI in vivo repair experiments. Chedly et al.
(2017) implanted a chitosan hydrogel into a rat spinal cord
bilateral hemi-transection model; the chitosan hydrogel
promoted the reconstruction of spinal cord tissue and blood
vessels, reduced fibroglial scarring, regenerated numerous
axons, and modulated the inflammation. Three-dimensional
agarose with varying mechanical strengths has different axonal
growth-promoting abilities on the dorsal root ganglion (DRG)
(Balgude et al., 2001). Agarose is produced using the

FIGURE 4 | Application and characteristics of hydrogels therapy.
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directional freezing method to make directional through holes,
and the regeneration of injured spinal cord axons can be
induced along these holes (Stokols and Tuszynski, 2004;
Stokols and Tuszynski, 2006).

FN participates in cell adhesion by binding to cell surface
receptors and guiding cell differentiation, among other
functions. FN has neuroprotective effects against the
regulation and amelioration of ischemia-induced necrosis
after CNS injury (Meng et al., 2014). As a cell carrier, it
can greatly improve the survival rate of seed cells and help
achieve a more uniform distribution of cells (Meng et al.,
2014). Nazari et al. (2020) confirmed that FN hydrogel
scaffolds could improve cell viability, induce stem cells to
differentiate into oligodendrocyte precursor cells and
promote SCI repair. FN hydrogel also inhibits the
recruitment of reactive glial cells in the subacute phase of
SCI (Johnson et al., 2010). In vitro studies have shown that a
composite hydrogel of FN and fibrin (FB) was more effective
at promoting axon growth than the single-component FN
hydrogel (Meng et al., 2014).

Some synthetic hydrogels also have excellent effects on SCI
repair. The polyethylene glycol (PEG) microgel scaffold can be
used to delivery and secrete human bone marrow
mesenchymal stem cells, and promote the repair of nerve
damage (Borgens et al., 2002; Duerstock and Borgens, 2002;
Laverty et al., 2004; Caldwell et al., 2020). Wang et al. (2017)
prepared polymer micelles-DA/mPEG-PCL scaffolds and
applied them in a spinal cord hemi-transection injury
model. The results showed that the scaffold could reduce
the formation of scars and cysts, as well as promote axon
regeneration. In a mouse spinal cord hemisection model,
conductive hydrogels (EHs) based on TA and polystyrene
(PPv) can promote NSCs differentiation into neurons
in vitro, and inhibit astrocyte differentiation. In vivo results
demonstrated that this hydrogel promotes SCI
mouseendogenous neurogenesis and functional recovery by
restoring interrupted spinal cord circuits. PCL can mimic the
structure of gray or white matter and promote the
differentiation of NSCs to oligodendrocytes and the
formation of axonal myelin sheaths, it is an ideal material
in SCI tissue engineering (Donoghue et al., 2013; Patel et al.,
2019). Wong et al. (2008) implanted PCL into an animal model
of total transection of SCI, and its open microchannel structure
facilitates axon regeneration and myelination. Babaloo et al.
(2019) combined PCL with gelatin to improve cell adhesion
and material degradation rate, as well as promote neuronal and
myelin regeneration. The starch-PCL 3D composite scaffold
can protected the injured area and promoted the recovery of
behavioral function (Silva et al., 2013). Han et al. (2020)
prepared an injectable hydrogel containing ursodicholic acid
to inhibit inflammation, resist apoptosis, and promote the
recovery of nerve function. PLLA scaffolds promoted cell
migration, axon regeneration and integration with
surrounding host tissues (Deng et al., 2006). Sun et al.
(2020) used PLLA nanofiber multi-channel scaffolds filled
with NT3-loaded gelatin sponge transplanted into a model
of total transection of SCI, which reduced the deposition of

collagen fibers and promoted the recovery of animal
behavioral function.

4.2 Cell-Laden Hydrogel Therapy
The loss of neuronal tissue and the existence of cavities at the
injury site make cell transplantation an effective approach to
treating SCIs. The seed cells used for SCIs repair mainly include
olfactory ensheathing, Schwann, neural stem (Barbour et al.,
2013), embryonic stem, induced pluripotent stem, and
mesenchymal stem cells (MSCs). The transplanted stem cells
can differentiate into neuronal cells, and glial cells secrete various
cytokines, inhibit inflammation and apoptosis, promote axon
regeneration, and restore interneuron communication (Barbour
et al., 2013; Tabakow et al., 2013; Doulames and Plant, 2016; Yang
C. et al., 2019; Chen et al., 2019; Chu et al., 2019; Gao et al., 2020).
However, single-cell therapy cannot keep the sustained
concentration at the damaged spinal cord and use the
combined hydrogel and cell delivery system to provide a
protection system for cells and avoid apoptosis or necrosis
(Figure 5A).

4.2.1 Hydrogel + Neural Stem Cells
Transplanting amixture of hydrogel and NSCs into injured spinal
cord tissue can promote differentiation into neurons, replacing
dead neurons and restoring nerve conduction (Chen et al., 2010).
These transplanted NSCs can also secrete various neurotrophic
factors and cytokines to protect damaged nerve cells, inhibit the
inflammatory response, reduce the degree of demyelination of
damaged axons, and restore motor function. DNA hydrogel is a
three-dimensional network structure formed by high cross-
linking of DNA strands in an aqueous solution. It has shape
plasticity, excellent biocompatibility and biodegradability, and
accurate molecular identification. The network structure of DNA
hydrogels facilitates the encapsulation of proteins and cells and
regulates the release of these molecules (Patel et al., 2019;
Khajouei et al., 2020; Pedersen et al., 2020). Yuan et al. (2021)
loaded NSCs with DNA supramolecular hydrogel materials and
injected them into the lesions of a rat SCI model with a 2-mm
total transaction. The results of the study showed that 8 weeks
after transplantation, the motor function of both hindlimbs in
SCI rats was significantly improved, voluntary urination behavior
was restored, and implanted. NSCs differentiated into neurons,
oligodendrocytes, and astrocytes, achieving remyelination,
forming new neural circuits, and restoring the signal
transmission. Mothe et al. (2013) applied a HAMC gel
encapsulated with the blood-derived growth factor rPDGF-A
to load NSCs to treat SCI mice. The group receiving the
combined treatment of gel and NSCs showed improved
survival of neurons and oligodendrocytes in the surrounding
tissue. The number of nerve cells increased, the injured area of the
mice decreased, and the motor function of the lower limbs
recovered better. Collagen and NSCs can form neural
networks in vitro (Ma et al., 2004). Egawa et al. (2011) used
collagen hydrogel as a carrier for NSCs. Polypeptide constructs
prepared by recombinant DNA technology bind to collagen to
anchor epidermal growth factor (EGF) under mild conditions,
stabilizing exogenous EGF in collagen. In vitro experiments
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showed that the EGF-bound collagen hydrogels have significantly
increased the number of nerve cells. Yuan et al. (2014) prepared
double-layer porous collagen membranes with different pore
sizes as the transplant carrier for NSCs. The inner membrane
layer had a large pore size that could carry many NSCs, and the
outer layer structure could reduce the extension of other
surrounding cells into the damaged regenerative
microenvironment and glial scar, preventing platelet
deposition and external compression at the injury site. This
membrane design can significantly promote the differentiation
of NSCs into neurons after spinal cord hemi-transection
transplantation, improve the regenerative microenvironment,
and facilitate the recovery of motor nerve function. The
hydrogel scaffold can simulate the electrical conduction
characteristics of the natural spinal cord, promoting the
differentiation of NSCs and the secretion of related trophic
factors (Staples et al., 2017). Hydrogels with higher
conductivity can guide NSCs to promote neuron
differentiation in vitro while inhibiting astrocyte differentiation
(Zhou et al., 2018). Single-channel chitosan conduits were filled
with neural stem/precursor cells (NSPCs) and photo-crosslinked
chitosan hydrogel-growth factor complexes to induce stem cells
to differentiate into desired cell types (Li et al., 2014).

Zarei-Kheirabadi et al. (2020) used thiol-modified HA and gel-
made hydrogels to encapsulate sorted embryonic stem cell-
derived NSCs, which can increase their differentiation into
oligodendrocytes and reduce glial scarring, improving motor
function in a mouse contusion model. In vivo experiments
showed that chitosan tubes of composite NSCs/NSPCs could
induce NSCs to differentiate into neurons and successfully
connect both ends of the injured spinal cord. Sun et al. (2017)
showed that IKVAV-modified silk fibroin hydrogels could
promote the proliferation and differentiation of NSCs,
suggesting that the hydrogels have excellent nutrient transport
and signal molecule transport capabilities. Another study
reported that NSC proliferation in sodium alginate hydrogels
decreases with increasing mechanical properties (Banerjee et al.,
2009). The degradation of the hydrogel also promotes NSC as the
degraded material provides cells with more oxygen and nutrients
(Ashton et al., 2007).

4.4.2 Hydrogel + Mesenchymal Stem Cells
Mesenchymal stem cells (MSCs) are derived from various
sources. They have multi-directional differentiation potential
and are easy to culture and expand in vitro (Parekkadan and
Milwid, 2010). MSCs can migrate (chemotactic) to the injured
area (Shi et al., 2012) and are ideal seed cells for tissue
engineering. Syková et al. (2006) prepared macroporous
hydrogels based on 2-hydroxyethyl methacrylate (HEMA) or
2-hydroxypropylmethacrylamide (HPMA) derivatives that
covalently bonded with the hydrolytically degradable cross-
linker N, O-dimethyl acrylamide hydroxylamide or that were
modified by different surface charges, and the hydrogels carrying
BM-MSCs. The gel was implanted into the spinal cord
hemisection of rats, and the results showed hydrogel system
loaded with BM-MSCs promoted axonal growth. Yao et al.
(2020) showed that BMSCs loaded with fibrin gel could
significantly improve motor function in rats. Yao et al. (2021)
used a dual-enzymatically cross-linked gelatin hydrogel with
hydrogen horseradish peroxidase (HRP) and galactose oxidase
(GalOx) to build biocompatible HUC-MSC-loaded injectable
scaffolds that showed a similar modulus to neural tissue
thereby improving the survival, proliferation, and
differentiation of HUC-MSCs in vitro. In addition, HUC-
MSC-loaded hydrogels can significantly promote the recovery
of hindlimb motor function in SCI mice, inhibit inflammation
and apoptosis, and accelerate the repair of damaged spinal cords.
Oliveira et al. (2017) showed that gellan gum, collagen, and
laminin epitope-rich hydrogels all support adipose-derived
mesenchymal stem cell-mediated axonal growth. The viscous
hydrogel loaded with MSC-derived exosomes positively
affected the efficient recovery of neural tissue (Li et al., 2020).
Inoculation of fibrin gel-loaded BMSCs in a rat model of total
spinal cord resection can significantly improve motor function in
rats. Methacryloyl gelatin (GelMA) is synthesized from
methacrylic acid via gelatinization. Photoinitiation occurs by
introducing phenyl-2,4,6-trimethyl-benzoyl phosphonate (LAP)
into GelMA. After preparation, GelMA can be quickly cross-
linked and cured under blue light (at a 405-nm wavelength). The
production cost of this material is low. Studies have shown that
the GelMA concentration affects its pore size, swellingmechanics,

FIGURE 5 | Advantages of hydrogels in the treatment of SCI. (A) Hydrogel combined with cell therapy. (B) Hydrogel combined with molecular therapy.
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and other related physical properties (Bertlein et al., 2017;
Celikkin et al., 2018). GelMA hydrogels have good
biocompatibility (Fang et al., 2016; Yang D. et al., 2019) and
promote BMSC growth. In addition, different concentrations of
GelMA have varying effects on the cell growth state (Nichol et al.,
2010)—caused by the GelMA concentration changing the degree
of cross-linking in photocured GelMA hydrogels (Ren et al.,
2018). Zhao et al. (2016) pointed out that the proliferation of
BMSCs in photocured GelMA hydrogels might be related to pore
size. Zhang et al. (2020) constructed a three-dimensional
hydrogel based on HA and modified it with the laminin
polypeptide PPFMLLLKGSTR. The hydrogel was loaded with
human placental amniotic membrane-derived MSC exosomes
and transplanted into a rat SCI model. Twenty-eight days after
transplantation, the treatment of hydrogel combined with
exosomes significantly promoted the motor function recovery
and significantly increased the effective step rate of the rat’s
hindlimb. Magnetic resonance imaging showed that the fracture
area at the spinal cord was significantly reduced in the hydrogel-
exosome combined treatment group relative to the hydrogel-only
group. Alginate hydrogels were loaded with Schwann cells
combined with BDNF to treat the animal model of C5 semi-
transected SCI. Schwann cells and BDNF promoted the
regeneration of intact axons across the lesion site to the
injured segment (Liu et al., 2017).

4.2.3 Hydrogel + Embryonic Stem Cells
An injectable composite hydrogel system was developed based on
a modified gelatin matrix combined with shape memory polymer
fibers. This system was used to load ESC-derived motor nerves
(MNs) in a directed embryonic stem cells (ESCs) differentiation
and minimally invasive manner, then used to treat SCI (Wang
et al., 2018). Composite hydrogels with aligned fibers enhanced
cell viability and neurite outgrowth in vitro and enhanced ESCs
differentiation into MNs in vivo. ESCs-loaded composite
hydrogels transplanted into SCI mice via injection significantly
enhanced tissue regeneration and angiogenesis, improved the
expression of Tuj1, MAP2, and Syn, and decreased immune
responses, which recovered motor function in the mice.

4.2.4 Hydrogel + Induced Pluripotent Stem Cells
A dual-porous laminin-coated hydrogel seeded with induced
pluripotent stem cell-derived neural progenitor cells (iPSC-
NPs) in a rat model of chronic SCI was found to reduce
cavitation and support iPSC-NPs survival; however, its use did
not lead to a significant improvement in motor recovery (Joung
et al., 2018; Ruzicka et al., 2019). Joung et al. (2018) used three-
dimensional printing of iPSC-derived spinal neuronal progenitor
cells (sNPCs) and oligodendrocyte progenitor cells (OPCs), and
the results showed that biomarked sNPCs differentiate and
extend axons throughout the microscaffold channels. Bahareh
et al. (Nazari et al., 2020) determined the potential of fibrin
hydrogels to enhance the differentiation of human fibroblast-
induced pluripotent stem cells into oligodendrocytes. iPSCs in
HA and gelatin methacrylate-based hydrogels exhibited stronger
neurite elongation and spontaneously favorable neuronal
differentiation (Wu et al., 2017; Fan et al., 2018). The above

results confirm that iPSCs combined with hydrogels can be used
to treat SCI.

4.3 Molecular-Carrying Hydrogel Therapy
Ordinary hydrogel as a drug delivery system mainly relies on the
diffusion of the drug or the degradation of the material itself for
release, which is uncontrollable and may not achieve the desired
effect of drug delivery (Shoukat et al., 2021). Many drugs fail to
accumulate in the CNS after systemic administration because of
their inability to cross the tightly regulated blood-spinal cord
barrier (Pardridge, 2011). Therefore, there is need for effective,
targeted, long-term, and safe approaches for the sustained release
of therapeutic substances to improve the restorative effect of SCI
(Paves and Saarma, 1997; Ramer et al., 2000; La Manna et al.,
2021). Drug delivery system (DDS) can effectively improve the
therapeutic effect of drugs, reduce drug toxicity and improve
patients’ dependence on drugs. Ideally, the DDS must have good
biocompatibility and must protect the drug by avoiding
degradation while maintaining its stability and activity
(Lagreca et al., 2020; Yang J. et al., 2021; La Manna et al.,
2021). After injecting the DDS into the affected cord region,
hydrogels quickly convert from liquid to gel at the injury site,
bridging small gaps between the spinal cord tissue (Figure 5B).

4.3.1 Hydrogel + Chemical Drug
Hydrogels can encapsulate drugs or drug-loaded carriers to
provide sustained local drug release. Additionally, factors
including the preparation method, structure, shape, pore size
pH, light, magnetic field, electric field, ionic strength, and
enzymatic environment of the hydrogel are closely related to
drug loading and release capacity (Günther et al., 2015; Barclay
et al., 2019). Local delivery can be achieved by injecting
preformed hydrogels or polymer solutions gelled in situ into
the parenchymal, intrathecal (subdural), or epidural space
(Shoichet et al., 2007). Burdick et al. (2006) noted slower drug
release from gels with high cross-link density, and Lindsey et al.
(2015) showed that drug or growth factor release rates were
inversely proportional to the hydrogel concentration. Caccavo
et al. (2015) found that as the effective pore size increases during
the degradation process, the drug release rate can be manipulated
using varying hydrogel degradation rates. In addition, the drug
and the hydrogel necklace are linked by degradable covalent
bonds, and the release system can be regulated by adjusting the
ratio of the drug to the binding site and the affinity between the
drug and the hydrogel.

Li et al. (2018) loaded paclitaxel-encapsulated liposomes into
collagen microchannel scaffolds, which prolonged the sustained
release time of paclitaxel. Fingolimod promotes NSC
proliferation and induces the favorable differentiation of NSCs,
thereby promoting remyelination. It is used in bioscaffolds to be
co-implanted with NSCs in SCI lesions (Wang et al., 2015).
Injectable hydrogels represented by thermosensitive hydrogels
are suitable for treating nerve repair because their injection can
minimize the damage to the injured area, fill the cavity generated
by the lesion and ensure that the drug is carried directly into the
lesion site (Panzer et al., 2020). Zhang et al. (2018) use dpolysialic
acid (PSA) to control the developmental properties of the CNS by
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regulating cell adhesion and promoting axonal growth. They
prepared a PSA/PCL scaffold to encapsulate
methylprednisolone (MP). The composite scaffold was
transplanted into a rat SCI model, and the findings showed
that PCL/PSA/MP with MP could inhibit the expression of
axonal demyelination and glial fibrillary acidic protein but
promote the recovery of motor function (Zhang et al., 2018).

4.3.2 Hydrogel + Growth Factor
Neurotrophic factors can promote neuronal survival and axonal
growth during embryonic development, protect damaged
neurons and promote the proliferation and differentiation of
NSCs (Zhang et al., 2016; Zweckberger et al., 2016). Moreover,
they play an important role in preventing microenvironment-
induced secondary injury. Many studies have focused on loading
neurotrophic factors into bioscaffolds to improve the safety and
targeting of damaged nerve repair (Perale et al., 2011). This
method helps growth factors overcome the difficulty of
passing through the blood-brain barrier and the risks
associated with long-term administration (Bajaj et al., 2014;
Kondiah et al., 2016). Dai’s team used coaxially arranged
collagen fiber bundles to functionally bind factors and drugs
such as NT3, BDNF, bFGF, LDN193189, SB431542, CHIR99021,
P7C3-A20, Eph A4LBD and Plexin B1LBD, and loaded NSCs to
repair SCI, significantly reducing the cavitation in the injured
area, attenuating the reactive proliferation of glial cells, and
promoting axon regeneration and myelination (Han et al.,
2019; Liu W. et al., 2020; Yang Y. et al., 2021). Collagen gel
complexed with NT-3 can promote axon regeneration in the
spinal cord and restore certain functions (Houweling et al., 1998).
The copolymer gel that collagen adsorbs NT-3 and FGF-1 to fill
poly hydroxyethyl methacrylate, and methyl methacrylate
(pHEMA-MMA) promotes the repair of whole SCI in rats
(Dewitt et al., 2009). Taylor et al. (2006) implanted a fibrin-
loaded NT-3 scaffold into a rat SCI model and reported that fibrin
scaffold implantation could significantly reduce glial scarring at
the white matter margins of lesions. GDNF was encapsulated in
microspheres and delivered to the SCI site via in situ injections of
sodium alginate gel. The release rate slowed in the rat spinal cord
hemi-transaction model; the hydrogel-loaded animals had better
functional recovery than the non-GDNF hydrogel-treated group
(Ansorena et al., 2013). Zhao et al. (2017) synthesized a new type
of heparin-poloxamer (HP) hydrogel, i.e., GDNF bound with
temperature-sensitive HP hydrogel. In situ injections of GDNF-
HP to the injured spinal cord had beneficial effects, including
promoting GDNF on the proliferation of NSCs, inhibition of
reactive astrogliosis, axon regeneration, neuroprotection against
apoptosis, and recovery of bodily functions. Grous et al. (2013)
used poly isopropyl acrylamide (PNIPAAAm) and polyethylene
glycol (PEG)-cross-linked composite hydrogels to successfully
transplant cells or BDNF into the SCI and promote axonal growth
and myelination. One-armed or branched PEG is often used as a
cross-linking agent to prepare different hydrogel materials (e.g.,
PEG-cross-linked HA and gelatin composite hydrogels) for
transplantating of OPCs into SCI, which can promote their
survival and remyelination. Heparin hydrogel was combined
with neuroprotective factor (FGF4) to treat SCI in a rat

model. The hydrogel released FGF4 in the injured area, which
helped inhibit the inflammatory response, increase
remyelination, and reduce glial scarring (Wang et al., 2019).
EGF-enriched hydrogels promoted synaptic plasticity under
local hypoxia after SCI via downregulated the Fbln5 and Rtl-
S3 genes, and upregulated Clcfl, Tgml, and Ptgs2 genes (Chan
et al., 2019).

4.3.3 Hydrogel + Peptide
A new biomaterial, i.e., self-assembled peptide hydrogel has the
advantages of moderate mechanical tension and permeability,
low cost, good viscoelasticity, good biocompatibility, low
immunogenicity, and being non-inflammatory (Rad-
Malekshahi et al., 2016). The degradation products of self-
assembled peptide hydrogels can be absorbed and are utilized
widely in tissue engineering, drug release, hemostasis, and as
antibacterial agents. Recent studies have shown that self-loading
peptides have neuroprotection after SCI during transplantation,
reduce glial scar formation and damage cavity formation, and
promote nerve repair.

The chemical properties of hydrogels usually make it difficult
to promote cell adhesion and new tissue formation. Certain
chemical modifications are usually used for these non-cell-
adhesive hydrogels, such as adding natural extracellular matrix
components to modulate cell adhesion and growth (Hiraoka
et al., 2009). IKVAV-, GYIGSR-, and RGD-modified natural
hydrogel materials were shown to promote neural cell
adhesion and better direct differentiation (Hiraoka et al.,
2009). Agarose hydrogels supplemented with RGD
polypeptides can promote cell migration and synapse growth
in three-dimensional cultures (Kriebel et al., 2014). Park et al.
(2010) designed and synthesized an -IKVAV/-RGD nanofiber
hydrogel that can support neural progenitor or neural stem cell
differentiation into neurons and astrocytes in a three-
dimensional environment. Additionally, this hydrogel provides
a more favorable environment for nerve regeneration in sciatic
nerve defects, intracerebral hemorrhage, and spinal cord
transaction models. Gelain et al. (2012) injected the Ac-FAQ-
LDLK12 self-assembled short peptide hydrogel scaffold into an
acute SCI model. The results showed that it could promote nerve
tissue regeneration and improve motor skills function. Cigognini
et al. (2014) and others injected RADA16-4G-BMHP1 and Ac-
FAQ-LDLK12 hydrogels into the SCI site. Both short peptides
had a hemostatic effect on the third day after the injury, and axon
regeneration at the injury and spinal cord hematoma site was
significantly improved 28 days after transplantation. Guo et al.
(2007) isolated Schwann and nerve cells and implanted them into
RADA16 self-assembled short peptide hydrogel scaffolds
transplanted into SCI rats. Both Schwann and nerve cells
migrated, and spinal cord repair was observed, showing that
the self-assembled short peptide hydrogel scaffold played a
bridging role in the injured spinal cord tissue. Nanofibrous
hydrogel materials linked to IKVAV polypeptides can
significantly promote the adhesion of neural cells and the
differentiation of stem cells into neurons (Sehgal and Banerjee,
2013). Cheng et al. (2013) found that RADA(16)-IKVAV can
self-assemble into a nanofiber morphology with a double-layer β-
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sheet structure and form a hydrogel with mechanical stiffness
similar to that of brain tissue. Histological analysis showed that
RADA(16)-IKVAV self-assembled peptide hydrogels enhanced
the survival of loaded NSCs and reduced astrocyte generation.
Chitosan hydrogel linked to NT-3 enhanced the ability of NSCs to
differentiate into neurons (Yang et al., 2010a). Sodium alginate
can generate highly active aldehyde groups grafted with various
cytokines and peptides (Le-Tien et al., 2004). Liu et al. (2013)
injected K2(QL) and 6K2(QL6) hydrogels into SCI rats and found
that it could significantly reduce post-traumatic apoptosis,
inflammatory response, and astrogliosis, as well as contribute
to organizing protective effects. Liu H. et al. (2020) used
RADA16-IKVAV for loading CNTF, a FGF, EGF, and PDGF-
AA and RADA16-RGD for loading BDNF, NT3, IGF, b FGF,
GDNF, and β-NGF. The prepared functional self-assembling
polypeptide hydrogel was implanted into the SCI model,
promoting the recruitment and proliferation of endogenous
NSCs in the injured area and promoting the regeneration of
myelinated axons. Iwasaki et al. (2014) also used the self-
assembling polypeptide QL6 series to encapsulate neural
progenitor cells (NPCs) to improve the microenvironment
after SCI. The QL6 series grafts were effective in acute
inflammation of SCI. The protection of MNs in areas adjacent
to the injury in a mouse model of SCI was significantly better than
that of the control group at 12 weeks after transplantation.
Additionally, improved neurobehavioral function, as well as
increased activity area and step length, were detected in the
forelimbs of rats. Zweckberger et al. (2015) injected QL6 self-
assembled peptide scaffolds into the injury site 2 weeks after the
acute phase of SCI. They injected NPCs into the adjacent spinal
cord, combined with a slow-release growth factor micropump to
ensure cell survival. The hydrogel matrix could effectively
improve the viability and differentiation potential of the cells
and reduce scar tissue formation. The self-assembled short-
peptide hydrogel SPG-178 scaffold designed by Ando et al.
(2016) can induce neurotrophic factors in the treatment of
SCI. In vitro studies have shown that SPG-178 can increase
the levels of the nerve growth factor brain-derived
neurotrophic factor (NT-4), TrkA, and TrkB. In vivo studies
show that SPG-178 can increase the expression of neurotrophic
factors, as well as reduce inflammation and glial scarring. Using
N-isopropylacrylamide (NIPAM) monomer and PEG as raw
materials to synthesize thermosensitive hydrogels with fast
temperature response via reversible addition-fragmentation
chain transfer (RAFT) polymerization while introducing the
polypeptide IKVAV, which has specific biological activity on
spinal cord repair, improves the material’s biological activity. The
constructed gel scaffolds were cultured with NSCs in vitro, and
the results showed that the gel scaffolds could promote the
adhesion of NSCs and the expression of the adhesion gene
Lamb2, effectively guiding stem cell differentiation into
neurons. The results of in vivo experiments showed that the
motor function of the rats was restored and that the gel scaffold

effectively reduced glial scar formation, lesion size, and cyst area
(Long et al., 2020).

5 CONCLUSION

SCI is typically caused by vertebral body injury, resulting in
neurological or motor dysfunction and placing a heavy burden
on patients and their families. Traditional treatmentmethods do not
allow drugs to pass the blood-brain barrier and concentrate effective
doses on the injured spinal cord. Hydrogels can effectively simulate
the local soft tissue environment of injury. Optimized hydrogels that
aremodified using differentmethods can be used as scaffolds to load
drugs or cells, achieve local long-term release, support and guide
axon regeneration, and effectively improve the treatment of spinal
cord injury. They also overcome the uncertainty of local drug
administration, improve the utilization rate of drugs or cells, and
enhance the duration of drug action. The models currently used in
SCI mainly include the spinal cord contusion model (the most
widely used in scientific research), the spinal cord transection injury
model, the spinal cord compression injurymodel (a commonmodel
for SCI), the spinal cord distraction injury model, the transverse
spinal cord fracture and dislocation (cervical spinal cord injury)
model, and the spinal cord ischemia-reperfusion injurymodel. Each
model varies in its degree of damage performance; therefore, the
applied treatment cannot fully evaluate the treatment effect. In
addition, the repair effect of hydrogels on models of SCI caused by
inflammation or tumor cannot be assessed. Axon regeneration is an
important evaluation index for SCI repair; however, whether new
axons have biological functions similar to the unique nerve tracts in
spinal cord tissue requires further investigation. The
microenvironment is another important factor in SCI repair.
Future work on hydrogels should focus on how to modify their
properties, improve their loading capacity, promote cell
proliferation and differentiation, and release drugs and factors
reasonably and effectively as well as explore more suitable and
effective novel hydrogel scaffold materials, construct a combined
treatment of hydrogel-carrying cells and drugs, and improve the
microenvironment of the injured area to achieve complete repair
of SCI.
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Effect of Decellularized Extracellular
Matrix Bioscaffolds Derived
from Fibroblasts on Skin Wound
Healing and Remodeling
Hyo-Sung Kim1, Hyun-Jeong Hwang1, Han-Jun Kim1,2, Yeji Choi3, Daehyung Lee3,
Hong-Hee Jung3 and Sun Hee Do1*

1Department of Veterinary Clinical Pathology, College of Veterinary Medicine, Konkuk University, Seoul, South Korea, 2Terasaki
Institute for Biomedical Innovation, Los Angeles, CA, United States, 3Advanced Medical Device R&D Center, HansBiomed Co.
Ltd., Seoul, South Korea

The mammalian tissue extracellular matrix (ECM) has been used as a scaffold to facilitate
the repair and reconstruction of numerous tissues. However, the material properties of
decellularized ECM (dECM) from in vitro cell cultures and the effect of these properties on
wound remodeling remain unclear. To elucidate its biological activity, we extracted dECM
from human lung fibroblasts, fabricated it into a patch, and applied it to a full-thickness skin
wound. The fibroblast-derived dECM (fdECM) maintained the content of collagen Ⅰ,
collagen Ⅳ, and elastin, and the extraction process did not damage its critical growth
factors. The fdECM-conjugated collagen patch (COL-fdECM) facilitated wound
contraction and angiogenesis in the proliferative phase when applied to the in vivo full-
thickness skin wound model. Moreover, the COL-fdECM treated wound showed
increased regeneration of the epidermal barrier function, mature collagen, hair follicle,
and subepidermal nerve plexus, suggesting qualitative skin remodeling. This therapeutic
efficacy was similarly observed when applied to the diabetic ulcer model. fdECM was
shown to help remodel the tissue by regulating fibroblast growth factors, matrix
metalloproteinases, and tissue inhibitors of metalloproteinases via the p38 and ERK
signaling pathways in an in vitro experiment for understanding the underlying
mechanism. These results provide a biological basis for cell-derived ECM as a multi-
functional biomaterial applicable to various diseases.

Keywords: fibroblast, decellularized extracellular matrix (dECM), biomaterial, skin wound, remodeling, diabetic
ulcer

INTRODUCTION

The decellularized xenogeneic scaffolds using various tissue types such as small intestine submucosa,
cartilage, heart valves, and urethra have generated considerable interest in tissue engineering to
develop functional bioscaffolds as natural templates (Cui et al., 2019). Although the standard
procedure has not been established, the basic principle is to remove cells from tissues or organs using
appropriate methods, leaving the bioactive component (Massaro et al., 2021). This organ-derived
extracellular matrix (ECM) preserves its natural 3D structure and multidirectional active
composition, leaving critical biocompatibility, immunogenicity, cell penetrability, and disease
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transmission issues. However, cell-derived ECM containing
native bioactive molecules and proteins overcome these organ-
derived ECM disadvantages by avoiding pathogen risks and
immunogenic molecules (Lu et al., 2011b). Therefore, ECM
extraction from in vitro cell culture has recently received
attention as an alternative to extracting ECM from tissues or
organs. This approach allows for the gathering of a sufficient
amount of well-characterized ECM and controlling the active
ingredient content to support in vivo function. Moreover, in vitro
generated ECM has the advantages of a physiological system with
standardizable and customizable modifications toward a specific
application. Although 2D-cultured cell-derived ECM lacks 3D
architectures, technological advances have supplemented the cell-
derived ECM structural limitations by integrating it with other
materials, cell aligning, and 3D culture (Kim et al., 2015;
Assuncao et al., 2020; Antich et al., 2021). Furthermore, cell-
derived ECM may be utilized for autologous ECM preparation
and can be combined with different cell-derived ECM types to
maximize efficacy (Lu et al., 2011b). However, ECM bioactive
functions and mechanisms remain unclear, requiring further
elucidation.

In a broad sense, ECM is a union of various materials such as
fibrous proteins (collagens), glycoproteins, enzymes, and growth
factors. These ECM components are synthesized mainly by
fibroblasts that exist most abundantly in connective tissue. The
ECM in the connective tissue forms the backbone of the polymer
network, providing the tissue with morphology/stability and
tensile strength (Assuncao et al., 2020). Therefore, various
fibroblasts have been investigated for tissue engineering and
biomaterials (Lu et al., 2011a; Bourget et al., 2012). In vitro
fibroblasts grow for 14 weeks to form thick, multilayered cell
sheets and secrete abundant ECM proteins and proteoglycans
(Xing et al., 2015). Decellularized ECM (dECM) derived from
fibroblast sheets is composed primarily of collagen and is more
like natural tissue than conventional biopolymers used in tissue
engineering (Assuncao et al., 2020). In addition to a supportive
role, previous studies have shown that cell-derived ECM can
significantly improve cell adhesion, migration, and proliferation
to acquire morphology similar to that of the original tissue (Lu
et al., 2011b; Lin et al., 2012). Specifically, fibroblast-derived
dECM (fdECM) helps keratinocytes proliferate by maintaining
their stem-like state and aiding peripheral nerve regeneration by
controlling the neurite outgrowth (Harris et al., 2017; Wong et al.,
2019). In addition, fdECM plays a role in angiogenesis by aiding
endothelial cell sprouting and lumen formation (Newman et al.,
2011). In particular, WI-38 lung fdECM has been reported to be
rich in angiogenic factors that help skin wound healing (Du et al.,
2020). Moreover, it has been suggested that fdECM help recruit
macrophages and/or modulate macrophage phenotype through
in vivo study (Savitri et al., 2020).

Researchers have attempted to develop biomaterials using these
cell-derived ECM characteristics for the regeneration of various
tissues, such as blood vessels, tendons, muscles, bones, and
cartilages (Lu et al., 2011b; Gu et al., 2014; Kim et al., 2015;
Xing et al., 2017; He et al., 2021). However, the
integumentary system also needs such tissue engineering to treat
wide and intractable skin defects such as burns, pressure ulcers, and

diabetic ulcers. Therefore, this study was designed to evaluate the
ECM bioactive factors obtained from the well-known, WI-38
human lung fibroblast cultures and investigate the effect of
fdECM in chronic wound healing for future applications.
Moreover, we elucidated the molecular biological mechanisms
underlying the therapeutic efficacy of fdECM, which is yet to be
fully understood despite recent advances and efforts in ECM
technology.

MATERIALS AND METHODS

Preparation of Decellularized Extracellular
Matrix
Human lung fibroblast WI-38 (CCL-75, ATCC) were seeded at
2 × 104 cells/cm2 into a T-175 flask and cultured for five to seven
days until confluence (approx. 9 × 104 cells/cm2) was reached in
Dulbecco’s Modified Eagle medium (DMEM; #11995-065,
Gibco) supplemented with 10% fetal bovine serum (FBS;
Gibco) and 1% antibiotics (#15140122, Gibco). The medium
was changed every 3 days. After reaching 100% confluency, the
cells were washed twice with Dulbecco’s phosphate-buffered
saline (DPBS; Sigma-Aldrich) and lysed with a 0.25% Triton
X-100 solution (#H5141, Promega) containing 10 mM NH4OH
(#221228, Sigma-Aldrich) for 90 s at 37°C. After the
decellularization process, 50 U/mL Deoxyribonuclease I
(#18047-019, Invitrogen) and RNase A (#12091-039,
Invitrogen) was added to the lysate for 90 min, and the
resulting solution was frozen overnight in 50 mL conical tubes
at -80°C and lyophilized.

Componential Analysis of Decellularized
Extracellular Matrix
For western blot analysis, dECM was washed with PBS and then
scraped to collect the sample. The sample was extracted from RIPA
buffer containing a protein inhibitor cocktail (#89900, Thermo
Fisher Scientific). The total protein quantity before and after
decellularization was measured by bicinchoninic acid assay
(#23225, Thermo Fisher Scientific). Samples (20 µg) were
separated by electrophoresis of a 7.5% polyacrylamide gradient
gel, and the separated proteins were transferred to a
nitrocellulose membrane (HATF29325, Millipore). The
membrane was blocked with 2.5% bovine serum albumin (BSA)
in Tris-buffered saline (TBS), and primary and horseradish
peroxidase-labeled secondary antibodies: anti-collagen I (1:1,000,
ab138492, Abcam), -collagen III (1:1,000, ab184993, Abcam),
-collagen IV (1:1,000, ab6586, Abcam), -fibronectin (1:1,000,
ab6328, Abcam), -laminin (1:800, ab11575, Abcam), -elastin (1:
800, ab213720, Abcam), and -β-actin (1:1,000, ab8226, Abcam) were
added, incubated overnight at 4°C and proteins were detected. The
membrane was washed, and the protein bands were detected using a
chemiluminescence reagent (#32106, Thermo Fisher Scientific).
Images were captured using the ImageQuant LAS 500 (GE
Healthcare).

Relative growth factor levels were determined using a
sandwich immunoassay array kit (ARY007, R&D systems).
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Briefly, the extracted ECM total protein concentration was
assessed using a bicinchoninic acid assay, and 200 μg of total
protein was used as input for the array. Chemiluminescence was
detected using an ImageQuant LAS 500, and the signal intensities
were measured using ImageQuant TL software (GE Healthcare).

Fabrication of Bioactive Scaffolds
The bioactive scaffolds were fabricated using a collagen
solution and ECM powder for lyophilization within the
mold. Specifically, Type I porcine collagen (MS Collagen;
MSBIO) was reconstituted in 0.001N HCl at 5 mg/mL at
4°C under continuous gentle magnetic stirring (COL group).
After the collagen was completely dissolved, the solution was
mixed with fdECM (0.1%, w/v) (COL-fdECM group).
Afterward, the mixture solution either for the COL or COL-
fdECM group was poured into the 12 mm diameter mold to
form scaffolds, collagen patch or fdECM-supplemented
collagen patch, and they were frozen for 1 day at −78°C
prior to lyophilization.

In Vivo Full-Thickness Skin Wound Healing
Study
All experimental procedures for in vivo full-thickness skin
wound study were approved by the Institutional Animal
Care and Use Committee of Konkuk University (KU18128).
Male 6-week-old C57BL/6 mice were purchased from Orient Bio.
Themice were housed under controlled conditions at a temperature of
23 ± 2°C, humidity of 50 ± 5%, and a light-dark cycle of 12/12 h. To
establish the full-thickness skin wound model, the surgical area was
clipped and aseptically prepared using povidone iodine. The surgical
excision was made on the dorsal skin of mice using a 10 mm biopsy
punch under inhalation anesthesia with isoflurane (3.5% for induction
and 1.5% for maintenance). The mice were randomly allocated into
three groups (n = 5 per group), including a CON group with non-
treatment, a COL group with collagen patch treatment, and a COL-
fdECM group with fdECM-collagen patch treatment. After applying
the allocated treatment, the skin wound was covered with Tegaderm
and Coban to maintain humidity and protect from infection.
Treatment was repeated for three consecutive days after the wound

was induced, and the wound size was measured after 7 and 14 days.
Prophylactic antibiotics (enrofloxacin, 5mg/kg) and analgesics
(meloxicam, 1mg/kg) were administered subcutaneously after
surgery and for 2 days afterward.

In Vivo Diabetic Skin Ulcer Healing Study
All experimental procedures for in vivo diabetic skin ulcer
healing study were approved by the Institutional Animal Care
and Use Committee of Konkuk University (KU18042). To
establish the diabetic skin ulcer model, leptin receptor knockout
mice (DB), C57BL/6-Leprem1hwl/Korl, were obtained from the
National Institute of Food and Drug Safety Evaluation (NIFDS,
Cheongju, Korea). Male 10-week-old DB and misty (wild-type)
were used, and the same surgical procedure described in section In
Vivo Full-Thickness Skin Wound Healing Study was applied. The DB
mice were randomly allocated into two groups (n = 4 per group), the
DB mice with injury-only group (DB/I) and DB mice with fdECM-
collagen patch treatment group (DB/COL-fdECM). Misty mice with
injury-only group (Wild/I) were used to compare the normal skin
wound and diabetic ulcer.

Histological Analysis
After 7 and 21 days after inducing the skin wound and treatment,
dorsal skin sampleswere obtained and fixedwith 10%neutral-buffered
formalin (BBC Biochemical). The tissue samples were embedded in
paraffin through a routine process and were sectioned at 4 µm
thickness. The tissue sections were hydrated by gradient alcohols
for routine histological analysis and stained with hematoxylin and
eosin. In addition, tissue sections were stained with Masson’s
trichrome, and specific protein expressions were visualized by
immunohistochemistry for further analysis. Briefly, the hydrated
tissue sections were boiled using a TintoRetriever pressure cooker
(Bio SB) in sodium citrate buffer (pH 6.0) to detect α-SMA, CD34,
PGP9.5, loricrin, E-cadherin, and CD31 or in Tris-EDTA buffer (pH
9.0) to detect collagen I and III. For the primary antibodies, anti-
collagen I (1:200, ab6308, Abcam), -collagen III (1:
200, ab7778, Abcam), -α-SMA (1:1,000, ab7817, Abcam),
-CD34 (1:200, MA5-27901, Invitrogen), -PGP9.5 (1:100,
ab8189, Abcam), -loricrin (1:200, ab85679, Abcam), -E-
cadherin (1:100, #14472, Cell Signaling Technology) and

TABLE 1 | Sequences of human primers used for real-time PCR.

Target Gene Forward Primer Sequence Reverse Primer Sequence

FGF2 GCAGAAGAGAGAGGAGTTGTG CCGTAACACATTTAGAAGCCAG
FGF7 TCTTGCAATGAACAAGGAAGG CCGTTGTGTGTCCATTTAGC
FGF10 CGTACAGCATCCTGGAGATAAC CCCTTCTTGTTCATGGCTAAGT
MMP1 TACGAATTTGCCGACAGAGA AAGCCAAAGGAGCTGTAGATG
MMP2 TTCAAGGACCGGTTCATTTGG TGCAAAGAACACAGCCTTCTC
MMP3 ACTGTGATCCTGCTTTGTCC CACGCCTGAAGGAAGAGATG
TIMP1 GATGGACTCTTGCACATCACT GATAAACAGGGAAACACTGTGC
TIMP2 ATCTCATTGCAGGAAAGGCC GTACCTGTGGTTCAGGCTCT
TIMP3 CTTCACCAAGATGCCCCATG ATCATAGACGCGACCTGTCA
β-actin GGCCGAGGACTTTGATTGC GTGTGGACTTGGGAGAGGAC
GAPDH ATCAAGAAGGTGGTGAAGCAG GTCGCTGTTGAAGTCAGAGG
18s rRNA GCCATGCATGTCTGAGTACG GCGACCAAAGGAACCATAAC
β2-microglobulin CCTGCCGTGTGAACCATGTG TGCGGCATCTTCAAACCTCC
TBP TGTTGAGTTGCAGGGTGTGG AAATAATGCCCCTTCCCGGC
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-CD31 (1:100, sc-376764, Santa Cruz Biotechnology) were
used. The anti-CD31 antibody-labeled sections were
incubated with a Vectastain Elite ABC-Peroxidase kit (Vector
Laboratories), and the reactions were visualized by Vector SG (Vector
Laboratories). Finally, the sections were counterstained with a nuclear
fast red solution (Vector Laboratories) and analyzed under a
microscope (Leica Microsystems). To detect proteins other than
CD31, the antibody-labeled sections were incubated with
secondary antibodies conjugated with Alexa fluor 488 and/or
Alexa fluor 594 (Abcam). Then the sections were mounted in 4′-
6-diamidino-2-phenylindole (DAPI) containing media (H-1800,
Vector Laboratories) and analyzed under a fluorescence
microscope (Leica Microsystems) or confocal fluorescence
microscope (Zeiss).

In Vitro Wound Healing Study
Human dermal fibroblasts (PCS-201-010, ATCC) were cultured
using DMEM, supplemented with 10% FBS, 1% penicillin/
streptomycin (#15140122, Gibco), and 2% Mycoeraser (ME05-
100, RD tech) at 37°C in a 5% CO2 humidified incubator. The
cells were seeded on a 6-well plate at a density of 7.5 × 105 cells/well
and incubated for 24 h to reach the confluency. The scratch wound
was made using a commercial scratcher (SPL Life Sciences). The
recombinant human epidermal growth factor (rhEGF) (E9644,
Sigma-Aldrich) or fdECM powder was dissolved in DPBS. The
concentrated solution of rhEGF or fdECM was added to each
well to a final concentration of 10 ng/mL. For the control group,
the same volume of DPBS was added. Photomicrographs were taken
at each time point (0, 18, 24, and 48 h) after applying the treatment.

FIGURE 1 | Preparation and characterization of fdECM. (A) The extraction method of WI-38 fibroblast-derived decellularized extracellular matrix (fdECM). (B)
Western blot analysis of ECM proteins before and after decellularization with β-actin as an internal control. (C) Analysis of angiogenic factors by a semi-quantitative
method. Dot blot of the matrix before and after decellularization. The graph of some of the 55 principal angiogenic factors detected (box denotes factors). Results are
expressed as mean ± standard deviation (SD). ***p < 0.001.
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FIGURE 2 | In vivo evaluation of fdECM scaffolds on full-thickness skin wounds. (A) Fabrication of fdECM scaffold by adding collagen I and lyophilization, (B)Gross
evaluation of skin wounds, (C) Immunohistochemistry images stained with anti-CD31 antibody after 7 days of treatment (Gray color indicates a positive reaction), Scale
bar represents 200 μm (D) Semi-quantitative measurement of blood vessel area, count, and size, after 7 days of treatment. (E) Whole-mount image of skin wound
stained with hematoxylin and eosin (H&E) after 21 days of treatment. The red arrowhead indicates the initial site of the wound. Scale bar represents 2 mm (F) An
increased number of hair follicles on regenerated dermis was detected after 21 days of fdECM treatment. Black arrows indicate hair follicles. Scale bar represents
200 μm. (G) Wound contraction ratio calculated as ratio of the gap between unaffected tissue to original wound diameter, (H) Thickness of epidermis and dermis.
Bar in graphs represents the mean ± standard error of mean (SEM). *p < 0.05, **p < 0.01, ***p < 0.001.
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The relative scratch gap area was measured by using ImageJ software
(National Institutes of Health). After 48 h when the scratch gap was
restored, the cells were either fixedwith 4% paraformaldehyde or the
supernatant media and cells were separately harvested and stored
at −78°C, for further analysis.

Immunocytochemistry Analysis
The fixed cells were permeabilized using 0.1% Triton X-100 for
immunocytochemistry analysis. The samples were blocked with 2%
normal serumand incubatedwith anti-α-SMA (1:1000), -collagen I (1:

200), and -collagen III (1:200). The signals were detected with
secondary antibodies conjugated with Alexa fluor 488 or 594, and
nuclei were counterstained with DAPI (D9542, Sigma-Aldrich).

Growth Factor Array
Growth factors secreted by fibroblasts in the media were determined
using a human growth factor antibody array kit (ab134002, Abcam),
according to the manufacturer’s protocol. Two milliliters of
supernatant media were used for each quantification.
Chemiluminescence was detected using a charged-coupled device

FIGURE 3 | Tissue remodeling in skin wound after 21 days of fdECM treatment. (A) Immunofluorescence image and semi-quantitative analysis of barrier function of
epidermis stained with E-cadherin (green) and loricrin (red). Scale bar represents 10 μm. (B) Representative images of double immunofluorescence staining against
collagen I (COL I, red) and collagen III (COL III, green). Semi-quantitative analysis was performed by measuring the positive area. Scale bar represents 20 μm. (C)
Immunofluorescence image and semi-quantitative analysis of nerve fiber in dermis stained with PGP9.5 (red). Scale bar represents 50 μm. Bar represents mean ±
standard error of mean (SEM). *p < 0.05, **p < 0.01.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org June 2022 | Volume 10 | Article 8655456

Kim et al. dECM on Skin Wound Healing

150

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


(CCD) camera (Fusion Solo S, Vilber), and the signal intensities
were measured using ImageJ.

Real-Time Polymerase Chain Reaction
(qPCR)
The cells were harvested for mRNA expression analysis at -78°C.
Total RNA was isolated using the RNeasy Mini kit (#74106,

Qiagen) according to the manufacturer’s instructions. One
microgram of extracted RNA was transcribed into cDNA
using the QuantiTect Reverse Transcription Kit (#205311,
Qiagen). The primers for the target genes are listed in
Table 1. The PowerUp SYBR Green Master Mix (A25742,
Applied Biosystems) was used to perform real-time PCR
(initial denaturation, 5 min at 95°C; recurring denaturation,
15 s at 95°C, and amplification, 30 s at 60°C, for 45 cycles). All

FIGURE 4 | Time-varying phenotype change of dermal fibroblasts in full-thickness skin wound after fdECM treatment. Immunofluorescence image and semi-
quantitative analysis of dermal fibroblast stained with CD34 (green) and α-SMA (red) on tissue sections. Scale bar represents 50 μm. Bar represents mean ± standard
error of mean (SEM). **p < 0.01, ***p < 0.001.
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mRNA levels were normalized to mean values of reference
genes, β-actin, GAPDH, 18s rRNA, β2-microglobulin, and
TBP, and the results were calculated as fold changes of the
cycle threshold (Ct) value relative to the controls using the
2−ΔΔCt method.

Immunoblot Analysis
To analyze the MAPK, TGF-β/SMAD, JAK/STAT, and PI3K/
AKT signaling pathways, total protein was extracted using
M-PER (Thermo Fisher Scientific) extraction buffer with Halt
phosphatase protease inhibitor (Thermo Fisher Scientific)
according to the manufacturer’s instruction. The protein
concentration was determined using a protein assay kit (Bio-
Rad), and the total protein (20 µg) was separated by sodium

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) using a 4-20% precast gel (Bio-Rad). The separated
proteins were transferred onto polyvinylidene fluoride
membranes, followed by western blot analysis. Briefly, the
background signals were blocked with EveryBlot Blocking
buffer (#12010020, Bio-Rad) and incubated with each
primary antibody, purchased from Cell Signaling Technology
and diluted to 1:1,000 in 3% BSA/TBST (SMAD3, #9513; p-
SMAD3, #9520; ERK1/2, #4695; p-ERK1/2, #4370; JNK, #9252;
p-JNK, #4668; p38, #9212; p-p38, #4511; STAT3, #30835;
p-STAT3, #9145; AKT, #4691; p-AKT, #4060; β-actin,
#4970). After several washing steps, the membranes were
incubated with horseradish peroxidase-conjugated secondary
antibodies (Cell Signaling Technology). A CCD camera was

FIGURE 5 | Phenotype change of human dermal fibroblasts after fdECM treatment. (A) Representative images of scratch wound healing assay using human
dermal fibroblasts and semi-quantitative analysis of relative scratch area calculated as ratio for original defect area. Yellow dashed line indicates the original site of the
scratch wound. (B–D) Immunofluorescence images of α-SMA (B), COL I (C), and COL III (D) expression after 48 h of fdECM treatment. Scale bars represent 200 μm (B)
and 100 μm (A,C,D). Results are expressed as mean ± standard deviation (SD). *p < 0.05, **p < 0.01.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org June 2022 | Volume 10 | Article 8655458

Kim et al. dECM on Skin Wound Healing

152

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


used to detect immunoreactive bands using a chemiluminescent
substrate (Clarity Western ECL Substrate; Bio-Rad).
Quantification was performed using ImageJ, and each
expression was standardized by the β-actin level.

Statistical Analysis
Statistical analysis was conducted using Prism V5 (Graphpad
Software Inc). Significant differences between groups were
determined using one-way analysis of variance (ANOVA)
followed by Bonferroni multiple comparisons post hoc test
for parametric measures, Kruskal–Wallis test followed by
Dunn post hoc test for non-parametric measures, and linear
regression for construction of standard curves. Statistical
significance was accepted at p < 0.05.

RESULTS

Bioactive Component Preserved fdECM
A commercially obtained human cell line, WI-38, was used to
prepare fdECM. After the cells reached full confluency, we
applied an optimal decellularization protocol to remove

DNA and nuclei from the cells while maximally
preserving ECM content (Figure 1A and Supplementary
Figure S1). The extracted ECM was approximately 100 mg
per confluent T-175 flask (571 μg/cm2) and the ECM yield
was 220 mg/g protein (p < 0.001, compared to extracted
protein without decellularization). To verify the
preservation of the active ingredients, the protein contents
of cells before and after decellularization were compared by
western blot. As a result, collagens I, IV, and elastin proteins
showed little change, while collagen III, fibronectin, and
laminin were reduced to 20, 50, and 20%, respectively,
compared to the original cells (Figure 1B). In the growth
factor array analysis, coagulation factor III, Serpin E1, and
dipeptidyl peptidase-4 were the most abundant remaining
factors even though the original contents were reduced
(Figure 1C). However, several growth factors, including
epidermal growth factor (EGF), hepatocyte growth factor
(HGF), insulin-like growth factor-binding protein (IGFBP),
platelet derived growth factor (PDGF), and vascular
endothelial growth factor (VEGF) remained without being
significantly lost during the decellularization process
(Figure 1D).

FIGURE 6 |Growth factor analysis of fibroblasts after fdECM treatment. Semi-quantitative analysis of growth factors and cytokines of human dermal fibroblast after
48 h of fdECM treatment. Forty-one angiogenic factors were detected, and the significantly changed factors are graphed (box denotes factors). Results are expressed as
mean ± standard deviation (SD). *p < 0.05, **p < 0.01, ***p < 0.001.
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COL-fdECM Accelerated Skin Wound
Healing via Neovascularization and Wound
Contraction
Based on the fdECM remaining ingredients, we hypothesized that
fdECM could accelerate wound healing via angiogenesis (Werner and
Grose, 2003). First, we made an fdECM supplemented collagen patch
to confirm its effect by adding the extracted fdECM to collagen I for the
in vivo experiment (Figure 2A). The fdECM-collagen patch was
observed to have a more homogeneous surface than the control
collagen patch. However, the mechanical properties of the fdECM-
collagen patch were similar to the control collagen patch, except the
slightly increased compressive modulus (Supplementary Figure S2).
We applied this patch to the full-thickness skin wound model to
confirm its biological activities. After 14 days, in the control group
(CON), where nothing was applied, the hemorrhagic crust was on the
wounded skin (Figure 2B). In contrast, the defect area was almost
completely epithelialized in the control collagen patch (COL) or
fdECM-collagen patch (COL-fdECM) groups, and the wound area
appeared smaller in the COL-fdECM group. To confirm the
angiogenic efficacy of the prepared fdECM-collagen patch, we
analyzed the blood vessels in the granulation tissue by CD31
immunostaining in the sampled tissue on day 7 (Figure 2C). As a
result, the COL-fdECM group exhibited about twice as much blood

vessel area as the other groups because the size and number of the
blood vessels were significant (Figure 2D). Histological analysis was
performedon the sample tissue on day 21when the proliferation ended
and remodeling was active, to confirm the long-term effect on wound
healing. In the CON group, most of the defects consisted of immature
skin tissue where only a few skin adnexa were observed (Figure 2E).
However, in the COL-fdECM group, more hair follicles were observed
in the center of the wound bed than the CON or COL group
(Figure 2F). Moreover, the normal skin was closer to the center of
the defect in the COL-fdECM group than the control (Figure 2G). In
addition, when the collagen or fdECM-collagen patch was applied, the
thickness of both the epidermis and the dermis was reduced compared
to the CON group (Figure 2H). These results collectively confirm that
the scaffold’s regeneration efficacy created with fdECM promoted
angiogenesis and contributed to wound contraction. Furthermore,
the reduced thickness of the skin and increased hair follicles in the
wound bed suggest that the treatment may help wound remodeling.
Therefore, we attempted additional analyzes to evaluate it.

COL-fdECM Assisted in Remodeling the
Skin Wound
First, we analyzed the epidermal barrier function by staining cell
adhesion molecule E-cadherin and the major component of the

FIGURE 7 | mRNA expression pattern of fibroblasts after 48 h of fdECM treatment. Real-time PCR was used to analyze mRNA expression levels after 48 h of
rhEGF or fdECM treatment. Results are expressed as mean ± standard deviation (SD). **p < 0.01, ***p < 0.001.
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cornified envelope, loricrin (Figure 3A) (Tunggal et al., 2005;
Abhishek and Palamadai Krishnan, 2016). The E-cadherin
positive area seemed larger in the control group because of
epidermal thickness. However, the signal intensity was higher in
both the COL and COL-fdECM groups, meaning keratinocytes
adhered to each other tightly. Loricrin expression in the CON
group appeared diffuse and less intense, similar to the E-cadherin
expression pattern. However, in the COL-fdECM group, loricrin was

expressed in a constant line. Then, we analyzed the content of major
components in the dermis, collagen I and III (Figure 3B). The
immunofluorescence staining confirmed that collagen I and III
content in the regenerated dermis was higher in the COL-fdECM
group than in the CON and COL groups. We also checked whether
the cut nerve fiber re-innervated from the ganglia to the skin. The
PGP9.5 positive nerve fiber area was also higher in the superficial
dermis of the COL-fdECM group compared to the other groups

FIGURE 8 | Cell signaling pattern of fibroblasts after 48 h of fdECM treatment. Western blotting was used to analyze protein expression and phosphorylation levels
after 48 h of rhEGF or fdECM treatment. Results are expressed as mean ± standard deviation (SD). *p < 0.05, **p < 0.01.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org June 2022 | Volume 10 | Article 86554511

Kim et al. dECM on Skin Wound Healing

155

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


(Figure 3C). These results indicate that the fdECM also helps
remodel the skin wounds to the original tissue. To analyze the
effect and mechanism of fdECM on wound remodeling, we
analyzed the phenotype change of the dermal fibroblast, the cell
constituting most of the skin (Figure 4). After 7 days, the α-SMA+

was highest in the COL-fdECM group, indicating that CD34− dermal
fibroblasts were mostly α-SMA+ myofibroblasts. Conversely, their
activity was lowest at day 21 in the COL-fdECM group, suggesting
dermal fibroblasts reversed their phenotype.

fdECM Treated Fibroblasts Exhibited a
Favorable State After Migration
To validate fdECM’s efficacy on fibroblasts, we treated human
dermal fibroblasts with unfabricated fdECM and analyzed the
behavior. As a positive control, we used rhEGF, commercially
available and known for various physiological activities, including
angiogenic effect. The fdECM group showed increased cell
migration to the scratch gap than the control group 18 h after

the scratch wound was induced, although the number of
fibroblasts migrating was highest in the rhEGF group
(Figure 5A). After 48 h, when the scratch wound was
completely restored, the fibroblasts of the CON and rhEGF
groups remained in their active form, α-SMA positive
myofibroblasts (Figure 5B) (Pilcher et al., 1999). However,
most fibroblasts of the fdECM group showed α-SMA negative
quiescent form, consistent with the in vivo results. Although
myofibroblasts play a major role in contracting skin wounds, the
remaining myofibroblasts, after wound healing, are suspected of
causing hypertrophic scar formation (Chitturi et al., 2015).
Therefore, the reduced number of myofibroblasts indicates a
more favorable state for wound remodeling.

Moreover, it was confirmed that ECM components secreted
by fibroblasts were different for each group. The fdECM or
rhEGF treated fibroblasts were observed to secrete collagen I
more than the control fibroblasts (Figure 5C). In contrast,
increased collagen III-positive cells were observed in the CON
and rhEGF groups and less in the fdECM group (Figure 5D). The

FIGURE 9 | In vivo evaluation of fdECM scaffolds on regeneration of diabetic skin wound model. (A) Gross evaluation of skin wounds after 15 days of fdECM
treatment, (B)Wound closure rate (%) measured on day 3, 7, and 15, (C)Whole-mount images of fdECM treated skin wound stained with hematoxylin and eosin. Red
arrows indicate the original defect site. Scale bar represents 2 mm, (D) Immunohistochemistry images stained with anti-CD31 antibody after 15 days of treatment (Gray
color indicates a positive reaction), Scale bar represents 100 μm, Vessel area, and count were calculated per dermis area (mm2), (E) Histological images of upper
dermis stained with Masson’s trichrome. Scale bars represent 100 μm. (F) Epidermal and dermal thickness in wound area. Bar represents mean ± standard error of
mean (SEM). *p < 0.05, **p < 0.01, ***p < 0.001.
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major dermal collagen type changes from collagen III to collagen I
as the skin wound is remodeled (Volk et al., 2011; Tracy et al.,
2016). Therefore, these results indicate fibroblasts treated with
fdECM reverse their differentiation to a stable form and secrete
collagen I more than collagen III. We also evaluated fibroblasts’
growth factor secretion pattern (Figure 6). Among the 41 factors
tested, fibroblast growth factor 7 (FGF7), insulin-like growth factor
1 (IGF1), insulin-like growth factor-binding protein 3 (IGFBP3),
transforming growth factor beta-2 (TGF-β2), and heparin binding
epidermal growth factor (HB-EGF) increased in the fdECM group
compared to the CON group, but other factors did not differ. In
particular, FGF7 and IGF1 were higher than in the rhEGF group,
suggesting that these two factors may play a role in wound
migration (Haase et al., 2003; Kirfel and Herzog, 2004).

fdECM Modulated FGFs, MMPs, and TIMPs
Expression
To elucidate the underlying mechanism of fdECM on wound
remodeling, mRNA expression level and cell signaling were
inspected. As shown in a previous study describing that FGFs
mRNA increased rapidly after wounding and then decreased as
the wound healed [6], FGF-2, -7, and -10 were downregulated in
the fdECM treated group after 48 h (Figure 7). Matrix
metalloproteinases (MMPs) mRNA pattern after 48 h of fdECM
treatment was similar to that of the late phase in skin wound
healing. Proinflammatory MMPs, such as MMP1 and MMP2,
were downregulated, while MMP3, remodeling MMP, was
upregulated. Tissue inhibitor of metalloproteinase-2 (TIMP2) was
significantly downregulated in fdECM treated dermal fibroblasts,
while TIMP1 and TIMP3 were stable.

We alsomeasured the signaling pathway activated by fdECMusing
immunoblot analysis. Similar to rhEGF, fdECM treated fibroblasts
showed increased AKT and JNK phosphorylation and decreased
SMAD3 phosphorylation (Figure 8). However, the
phosphorylation of ERK was decreased compared to the rhEGF
group, and the p38 was decreased to the control group level.
Together with the other results, these results suggest that adequate
remodeling is related to regulating the p-38 and ERK pathways.

fdECMwas Effective in Diabetic Skin Ulcers
Finally, we investigated whether the fdECM efficacy can also be
applied to the diabetic skinwoundmodel (Figure 9A). After 15 days of
inducing the skin wound, the wound closure rate of COL-fdECM
treated diabetic mice (DB/COL-fdECM) was higher than the injury-
only group (DB/I) (Figure 9B). Histopathologically, the wound bed
size of the diabetic ulcer model was larger compared to normal mice,
and hyperkeratosis was observed (Figure 9C). However, the wound
closure of diabetic ulcers was improved after applying the
fdECM-collagen patch. The CD31 positive vessel area was
greater in the DB/COL-fdECM group compared to the DB/I
group (Figure 9D). However, the increased vessel area was due
to the increased size of the blood vessels rather than the
number of blood vessels. Because of the progressed wound
healing stage compared to previous experiments, this result
suggests that the vessels are more mature after COL-fdECM

treatment. Moreover, collagen quantity in the regenerated
dermis was higher after being treated with an fdECM-
collagen patch, suggesting a better quality of dermal
regeneration (Figure 9E). The thickness of the epidermis
and dermis was also significantly reduced compared to the
DB/I group (Figure 9F). These results support that fdECM and
its therapeutic efficacy can be applied to chronic skin wounds
such as diabetic ulcers.

DISCUSSION

ECM-based communication arises from orchestrating
biochemical, topological, and biomechanical signals,
facilitating interactive dialogue with cells that can respond
through ECM remodeling. These multi-dimensional signals
enable the ECM to guide complex cellular and tissue
processes such as hemostasis, tissue repair, and regeneration
in clinical applications. Currently, tissue- or organ-derived
dECM is mainly used as a framework for tissue engineering.
In addition, ECM can be used for the bare scaffolds and in
various forms such as ingredients of hydrogels, polymers,
nanoparticles, and in the drug delivery system (Bourget et al.,
2012; Du et al., 2014; Kim et al., 2019). This study revealed the
cell-derived ECM’s biological mechanism and presented the
scientific basis for miscellaneous uses. Moreover, the fdECM-
collagen scaffold used in this study is stable enough to be stored
at room temperature for future use, making the application of
regenerative medicine simple and effective.

Many attempts have been made to reveal the efficacy of ECM
for tissue engineering. Particularly, the fdECM efficacy on
angiogenesis is well known, although the application is
different from this study (Newman et al., 2011; Aldemir Dikici
et al., 2020; Du et al., 2020). However, previous research was
limited in the complex evaluation of diverse tissue components or
underlying mechanisms. Furthermore, studies on tissue
remodeling and qualitative differences were lacking since the
focus was on rapid recovery. Our results showed consistency with
previous research and suggested that the effect of the ECM
component itself is greater than that of the delivery system.
Moreover, to link tissue engineering and biology, we aimed to
comprehensively elucidate the mechanisms of proliferation to
remodeling and cell signaling to protein expression. Despite such
efforts, a few limitations in this study remain. First, the effect of
ECM through signaling pathways has not been rigorously
validated by other methods using siRNA or inhibitors. Because
ECM is not a single molecule but a mixture of countless
compositions, further validation methods could not be applied.

Although the skin can be easily touched and observed, it is one
of the most complex organs made up of various cells. However,
this study did not include all cell types constituting the skin,
such as immune cells and melanocytes. However, this study
presented the scientific basis for application to various other
tissues and diseases by analyzing epithelial cells, fibrous
tissue, nerve fibers, and blood vessels, which are typical
components of tissues other than the skin. Like diabetic
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skin ulcers described in this study, fdECM can be a
promising candidate for the treatment of other disorders,
such as cardiac diseases (Fan et al., 2012; Zeng et al., 2013;
Schmuck et al., 2014). Moreover, it can be used to directly
reconstruct the circulatory or nervous system.

It is considered that there is potential for improvement of
ECM’s efficacy. Various fibroblast types exhibit different
phenotypes, protein components, secretion profiles, and
mechanical properties (Savitri et al., 2020). Recent studies have
demonstrated that ECMs derived from other origins likewise could
enhance the function of the target tissue by promoting cell-niche
interactions and tissue-specific niches (Kusuma et al., 2017;
Davidov et al., 2021). Phenotype-modulation of ECM source
cells also exhibited better tissue regeneration (Antich et al.,
2021). Coculturing of stromal and endothelial cells also
enhanced mesenchymal stem cell differentiation (Carvalho
et al., 2019). Moreover, aligning human dermal fdECM for
vascular graft also enhanced a-SMA and calponin expression of
mesenchymal stem cells (Xing et al., 2017). These papers suggest
that cells of the same origin are not necessarily needed and that
ECM efficacy can be maximized through various methods. For
example, if the characterization is generated dependent on the
ECM extracted from different cell types, such as dermal fibroblasts
or keratinocytes, or at differentiation stages, the therapeutic efficacy
of ECM can be optimized. Furthermore, it is necessary to consider
the change in the efficacy of ECM according to the extraction
method and application platform (Zhang et al., 2022). When these
efforts are implemented, cell-derived dECM can be used as a multi-
functional biomaterial that can be applied to various other
biomaterials, from scaffolds to hydrogels.
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