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Recent studies have shown that the hydrogels formed by composite biomaterials are

better choice than hydrogels formed by single biomaterial for tissue repair. We explored

the feasibility of the composite hydrogel formed by silk fibroin (SF) and silk sericin (SS)

in tissue repair for the excellent mechanical properties of SF, and cell adhesion and

biocompatible properties of SS. In our study, the SF SS hydrogel was formed by SF

and SS protein with separate extraction method (LiBr dissolution for SF and hot alkaline

water dissolution for SS), while SF-SS hydrogel was formed by SF and SS protein using

simultaneous extraction method (LiBr dissolution for SF and SS protein). The effects of

the two composite hydrogels on the release of inflammatory cytokines frommacrophages

and the wound were analyzed. Moreover, two hydrogels were used to encapsulate and

deliver human umbilical cord mesenchymal stem cell derived exosomes (UMSC-Exo).

Both SF SS and SF-SS hydrogels promoted wound healing, angiogenesis, and reduced

inflammation and TNF-α secretion by macrophages. These beneficial effects were more

significant in the experimental group treated by UMSC-Exo encapsulated in SF-SS

hydrogel. Our study found that SF-SS hydrogel could be used as an excellent alternative

to deliver exosomes for tissue repair.

Keywords: silk fibroin and sericin composite hydrogel, exosome, wound repair, angiogenesis, inflammation

INTRODUCTION

As the biggest organ, skin functions as a barrier to protect the body from pathogen invasion
and to prevent fluid loss. However, skin often suffers from injuries caused by burns, diabetes,
and ulceration, which cause infections, as well as physical and mental pain of the individual (1).
Many ongoing research efforts have been focused on developing methods to promote wound
healing. Those method should keep the wound from being infected and allow gas exchange,
adsorb excrescent wound exudates and maintain the local moisture of the wound to accelerate
the healing (2). Recently, stem cell and exosomes have emerged as promising strategies for skin
repair. Exosomes are 30–100 nm extracellular vesicles that can be secreted by almost all cells, and
stem cell-derived exosomes have been shown to accelerate the healing of skin wound (3). Exosomes
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GRAPHICAL ABSTRACT | The composite hydrogel formed by SF and SS did not induces strong immune responses and improved the beneficial effect of the

UMSC-Exo by promoting angiogenesis and the wound repair. The composite hydrogel can serve as an excellent media for exosomes delivery and tissue repair.

derived from the human umbilical cord mesenchymal stem cells
(UMSC-Exo) have been shown to promote re-epithelialization,
enhance collagen maturation and reduce the scar size of
skin wound. In addition to UMSC-Exo, exosomes secreted
by pluripotent stem cells-derived MSCs, intestinal epithelial
cells, oral mucosal epithelial cell, adipose stem cells, induced
pluripotent stem cells and platelet (3–8) could also promote
skin wound healing. Although these previous studies proved

the concept of principal, there are still hurdles that need to
be overcome before exosome-based therapy can be used in the
clinic. Exosomes have short retention time in vivo due to the
lack of matrix support. In addition, exosomes often present
in solution, which is not able to protect the wound from
the pathogenic bacteria, and not absorb excrescent exudates,
so exosomes must be delivered together with wound dressing
materials to achieve the desired beneficial effects.
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Hydrogels have been used as excellent wound dressing
(9, 10). Hydrogels can be formed by natural, synthetic or
composite materials. Single material-based hydrogel has some
drawbacks for the lack of either biological function or good
mechanical properties, whereas the composite hydrogel formed
by two or more materials can avoid these defects. Silk, an
appealing biomaterial that was widely used in medical field, is
consisted of 70% silk fibroin (SF), 25% Silk sericin (SS). SF has
been used as suture thread and wound dressing for its good
biocompatibility and suitablemechanical properties (11–15). The
biological properties of SF can be improved when introduce other
materials such as chitosan, polyurethane, hyaluronic acid (15–
18). Even though SS was originally thought to trigger immune
response and was treated as the by-product in traditional silk
biomaterial processing (19). Recent studies have shown that
SS is biocompatible and has good biological performance. SS
shows great hydrophilic and has multiple biological properties,
including anti-oxidation, anti-bacterial, and promoting cell
adhesion and proliferation (20, 21). However, SS shows poor
mechanical properties. It was shown that the Young’s moduli
of SS hydrogel are much lower than that of most tissues (22).
Thus, SS has been mostly used in tissue regeneration and wound
repair in combination with other materials (10, 23, 24). It’s
an interesting find that SF has an opposite characteristic that
Young’s moduli of SF hydrogel have a higher stiffness than native
tissue (25).

Thus, introducing SS into the fibroin hydrogel can adjust
the compressive moduli to a more suitable condition for
tissue engineering. More importantly, sericin has the beneficial
characteristics to promote cell adhesion and growth (26). In
addition, the different hydrophilic and hydrophobic nature of
sericin and fibroin of the complex hydrogel enables sericin to be
exposed to the water, which makes it easier for sericin to interact
with surrounding tissue and to exert its beneficial effect.

Thus, in our study, we explored the immunogenicity of
the composite hydrogel formed by SF and SS and determined
whether the composite hydrogel can deliver UMSC-Exo to repair
skin wound.

MATERIALS AND METHODS

Isolation and Identification of Exosomes
The exosomes derived from the human umbilical cord
mesenchymal stem cells (UMSCs) were isolated and collected
as described previously (27, 28). Briefly, UMSCs (Jiangsu Heze
Biotechnology, Heze, Jiangsu, China) were cultured in MEM
medium containing 15% FBS and cells of passage 4–6 were
digested by 0.125% (w/v) trypsin (Thermo fisher, Waltham, MA,
USA) and the cell suspension was transferred to a new 10 cm
cell culture dish, until reaching to 70% confluency and was
then replaced by MEM medium containing 10% FBS which
had been centrifuged at 100,000 g to eliminate bovine-derived
exosomes. After 48 h of culture, exosomes were isolated from
UMSCs culture supernatants which was centrifuged at 2,000 g for
30min to remove dead cells and debris, and then centrifuged at
10,000 g for 40min to remove large extracellular vesicles, then the
medium was transferred to a new tube containing 0.5 volumes

of Total Exosome Isolation reagent (Life Technology, Grand
Island, NY, USA). The mixture was incubated at 4◦C overnight
and centrifuged at 10,000 g for 1 h at 4◦C. The pellets were re-
suspended in PBS and stored at −80◦C. Protein concentrations
of UMSC-Exo were determined using a BCA protein assay kit
(Takara, Japan).

The diameter of UMSC-Exo was analyzed by Zetasizer Nano
(Malvern Panalytical, Malvern, UK). Exosomes (1mL) with a
concentration of 1 mg/mL were placed in a quartz colorimetric
dish for subsequent measurement. Specific protein markers of
exosomes were identified by Western blot and flow cytometry as
we reported previously (27, 28). Briefly, 40 µg protein extracted
from UMSC-Exo or UMSCs protein was separated by SDS-
PAGE, transferred to PVDF membranes which were incubated
with CD63 (Santa cruz biotechnology, Texas, USA), CD9
(Abcam, Cambridge, MA, USA), Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (MultiSciences, Hangzhou, China)
antibodies, followed by washing and incubation with HRP-
linked goat anti-rabbit IgG (MultiSciences, Hangzhou, China)
and HRP-linked goat anti-mouse IgG secondary antibodies
(MultiSciences, Hangzhou, China). Exosomes were attached to
aldehyde/sulfate latex beads (4µm; Invitrogen, Grand Island, NY,
USA) for analysis. The pre-bound exosomes were analyzed by
flow cytometry using a fluorescence isothiocyanate-conjugated
antibody against CD63 (Abcam, Cambridge, MA, USA), which
is a specific marker for exosomes.

Preparation of SF SS Hydrogel
The separate extraction of SF and SS (SF SS) from silkworm
(Dazao strain) cocoons were performed as described previously.
Briefly, 5 g silkworm cocoons were cut into 1 cm2 pieces and
boiled in 1 L 0.02MNa2CO3 solution (Macklin, Shanghai, China)
for 30min with continuous stirring in order to disperse SF and
allow SS to be dissolved. SS was obtained by concentration and
dialysis of the harvested solution. The SS solution was finally
adjusted to 5% w/v with ultrapure water at room temperature.
After washing in ultra-pure water to remove the remaining SS
protein, the drying SF was extracted as described before (29).
Briefly, the SF was dissolved in 9.3M LiBr (Thermo Scientific,
Waltham, MA, USA) and SF solution was load in ordinary
dialysis bag (YuanyeBio-Technology, Shanghai, China) with cut-
off molecular weight of 3,500 and dialyzed in ultrapure water for
48 h, then centrifuged to remove precipitates. The SF solutionwas
finally adjusted to 5% (w/v) with ultrapure water and stored at
4◦C for up to one week. The concentration of SF or SS solution
was determined by the measuring dry weight of SF or SS after
drying the entire content of the solution. In order to ensure the
similar proportion of SF and SS in SF SS and SF-SS hydrogel, we
measured the SF and SS in natural silk, the dried weight of SF
was 3.71g after removing the SS from 5 g silk, so the content of
fibroin was 74.2% (3.71 g ÷ 5 g × 100% = 74.2%). Considering
the fact that there is about 3.2% carbohydrates, inorganic matter
and pigment dissolved in the SS solution, the content of sericin in
silk is 22.6% (100%−74.2%−3.2% = 22.6%). The proportion of
SF to SS is about 3:1 in natural silk, which is similar to that of SF-
SS hydrogel. The volume ratio of SF solution to SS solution was
3:1, which is consistent with that of the natural silk. The mixed
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solution (0.5ml) was sonicated 3 times for 30 s at 30% ultrasound
intensity (S150D, Branson, St. LouisMO, USA), and then the pre-
gelling SF SS mixed solution was transferred to the molds with a
diameter of 1.2 cm to ensure the hydrogel has a height of 3mm,
and then kept at 37◦C for 24 h to form SF SS hydrogel.

Preparation of SF-SS Hydrogel
The simultaneous extraction of SF and SS (SF-SS) from silkworm
cocoons were performed using a LiBr dissolution as previously
described (30). Briefly, 5 g silkworm cocoons were cut into 1
cm2 pieces and was dissolved in 9.3M LiBr to make a 20%
(w/v) protein solution and then incubated at 60◦C to completely
dissolve the SF and SS. After dialysis and concentration, the SF-SS
solution was finally adjusted to 5% (w/v) with ultrapure water at
room temperature and stored at 4◦C for no more than one week.
Themixed SF-SS protein solutionwas sonicated 1 times for 30 s at
30% ultrasound intensity, and then the pre-gelling SF-SS solution
was transferred to the suitable molds, and kept at 37◦C for 1 h to
form the SF-SS hydrogel.

Exosomes Encapsulated Into the SF SS or
SF-SS Hydrogel
SF SS hydrogel or SF-SS hydrogel were frozen in −20◦C freezer,
and then freeze-dried for 48 h in freeze dryer to generate hydrogel
sponge. Exosomes derived from UMSCs were isolated and the
concentration was measured as described in 2.1. Exosomes
concentration would be adjusted to 2 mg/mL and 50 µL
exosomes will be dropped into the hydrogel sponge and it will
be used for wound repair immediately. The hydrogel sponge lost
most of water and it will hold the exosome solution.

Cell Proliferation Assay
The human skin fibroblast cells (BJ cells) were purchased from
ATCC (Maryland, USA). The BJ cells were cultured in DMEM
to reach 70–80% confluency in 96-well plates and then switched
to fresh DMEM. UMSC-Exo (100 or 200 µg), 5 µg freeze-
dried SF SS hydrogel, 5 µg SF-SS hydrogel or sterile cotton
gauze were added into different wells and then incubated with
BJ cells for another 24 h. After removing the residual cotton
gauze or the freeze-dried hydrogel, cell viability was determined
using the CCK-8 reagent (MesGen Biotech, Shanghai, China)
per manufacturer’s instruction. In order to observe the cells
proliferation directly, a white pipette tip was used to draw a
straight line on the monolayer cells to create an open space
when the BJ cells were cultured to reach 85–90% confluency
in 96-well plates. The cells were washed 3 times with PBS to
remove free floating cells formed by scratches. The sterile gauze
or the freeze-dried SF SS and SF-SS hydrogel were added into the
DMEMmedium with 10% FBS and incubated with BJ cells. After
24 h co-culture, the cells were fixed and photographed under
a microscope.

Fluorescence and Microstructure of Silk
Fibroin and Sericin Mixed Hydrogel
In order to clearly observe the fluorescence characteristics of
different hydrogel under a microscope, the thickness of the
hydrogel was controlled to 0.5–1mm. After freeze-drying, the

spontaneous fluorescence under different fluorescence channels
of an inverted fluorescence microscope is observed directly
and recorded.

To reveal the morphology of the SF SS and SF-SS hydrogel, the
samples were loaded on top of conductive tapesmounted on SEM
sample stubs and sputter-coated with gold for 60 s using gold
sputter-coating equipment (Cressington Scientific Instruments,
Watford, UK). The samples were examined using a scanning
electron microscope (S-4800; Hitachi, Japan) at an accelerating
voltage of 3 kV.

Attenuated Total Reflection-Fourier
Transform Infrared Spectroscopy
(ATR-FTIR) Measurements
A VERTEX 70 FTIR spectrometer (Bruker, Hongkong, China)
equipped with a diamond ATR accessory, a deuterated triglycine
sulfate detector, and a KBr beam splitter was used for spectral
acquisition. The freeze-dried samples were then placed on
the diamond ATR crystal. For each sample, three replicate
spectra were recorded to ensure the spectral reproducibility and
analytical precision. All spectra were recorded in the range of
4,000–600 cm−1 using the ATR method with a resolution of 4
cm−1 and 32 scans.

Compressive Mechanical Property Testing
The SS and SF mixed solution was sonicated and loaded into
the suitable mold to form a cylinder hydrogel with the diameter
of 120mm and the height of 150mm. After freeze drying,
hydrogel were tested by a universal material testing machine at
room temperature. In compression test, the loading speed was
5 mm/min. When the sample was compressed to 60% of its
original height, the loading was stopped. Each sample was tested
three times.

Wound Closure Assay
Before the surgery, the C57BL/6J mice were anesthetized by
intraperitoneal injection of sodium pentobarbital (45 mg/kg).
After shaving the dorsal hairs and sterilizing the skin, a 10mm
diameter full-thickness wound was created on the upper back.
The mice were randomly divided into five groups (n= 6/group).
Control group: four layers cotton gauze (13× 13mm) containing
50µL PBS were inserted into the skin layer near the skin defect to
cover the wound. SF SS or SF-SS Hydrogel group: a freeze-dried
hydrogel (13 × 13mm) containing 50 µL PBS was used to cover
the wound as the described in the control group. SF SS Hydrogel-
Exosome or SF-SS Hydrogel-Exosome group: a freeze-dried
hydrogel containing 100 µg exosomes in 50 µL PBS was used
to cover the wound. The restraining bandage (Urgostrapping,
URGO)was used to fix the wound and dressings. At 3 and 21 days
post-surgery, 3 mice in each group were sacrificed for further
analysis. The mice were maintained in a specific pathogen-free
animal facility at Soochow University, and fed with sterile food
and water. All animal experiments were carried out in accordance
with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals (NIH Publications No. 8023, revised
1978). The animal protocols were approved by the Laboratory
Animal Care and Use Committee of Soochow University.
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Immunostaining for CD31 and CD68
Expression
To avoid skin contraction, complete wound specimens and the
normal skin tissue within 2–3mm around the wounds were
collected on days 3 and 21 post-operation. The skin tissues were
fixed overnight by 4% polyoxymethylene and then dehydrated by
20% sucrose. After embedding in optimal cutting temperature
compound and freezing in liquid nitrogen, the specimens were
cut into 5-µm sections for immunostaining. After blocking with
5% BSA, skin sections were incubated with a mouse anti-CD31
antibody (Abcam, Cambridge, MA, USA) or anti-CD68 antibody
(Abcam), followed by a goat anti-mouse IgG-FITC secondary
antibody (Santa Cruz Biotechnology, Texas, USA). The nuclei
were stained with DAPI (Sigma-Aldrich, St. Louis, MO USA).
Images were analyzed using fluorescent microscopy.

TNF-α Detection by ELISA
The macrophage NR8383 cells (Kang Lang Biological
Technology, Shanghai, China) were used to assess the immune
response induced by the SF SS or SF-SS hydrogel sponges. 2 ×

105 NR8383 cells were seeded into each well of the plate 24-well
plate. When the cells reached 75–85% confluency, freeze-dried
SF SS, SF-SS hydrogel or cotton gauze were added into culture
media and co-culture for 24 h, and then the culture media was
harvested and centrifuged at 1,000 rpm for 5min. TNF-α levels
were detected by TNF-α ELISA kit (Abcam).

Blood samples were collected from the animals and the blood
samples were placed at 37◦C for 1 h and sera were obtained by
centrifugation at 5,000 rpm for 5min. The levels of TNF-α were
determined by ELISA kit.

Statistical Analysis
All data with significance of differences were presented as mean
± standard deviation. Statistical analyses and calculation of
sample size were performed using Prism 5 software (GraphPad
Software, La Jolla, CA, USA). Two-tailed t-test was used to
determine the significance of differences between two groups.
Multiple comparisons were analyzed using ANOVA with post-
hoc analysis by the Newman-Keuls test.

RESULTS

Isolation, Identification and Function of
Exosomes Derived From Human Umbilical
Cord Mesenchymal Stem Cells
(UMSC-Exo)
In order to obtain pure and well-characterized exosome
preparations, we used the commercial ready-to-use precipitation
solutions and total exosome isolation reagent to separate
exosomes from supernatants of cell culture. Cell debris and
large vesicles were removed by centrifugation. The exosomes
were characterized by Western blot, and Zetasizer Nano analysis.
Western blot showed that GAPDH was highly expressed in the
UMSC, whereas exosomes-specific markers CD9 and CD63 were
only detected in UMSC-Exo (Figure 1A). Flow cytometry results
further proved that more than 99% of the exosome-coated beads

are CD63 positive (Figure 1B). We also found that CD63, which
is a universal biomarker of exosomes, has a higher expression
in UMSC-Exo. The diameter of exosomes was approximately
47.3 nm determined by Zetasizer Nano (Figure 1C), which is
consisted with the previous reported value of 30–100nm. In
addition, the cell viability of skin fibroblast was significantly
enhanced in a dose dependent way when incubated with
the exosomes with the concentration of 100 and 200µg/ml
(Figure 1D), which is consistent with previous study (31).

Silk Fibroin and Sericin Mixed Hydrogel
Increase Skin Fibroblast Cell Viability and
Proliferation
SF SS hydrogel was formed by SF and SS protein with separate
extraction method (mild LiBr dissolution for SF and high
temperature alkaline water method for SS), while SF-SS hydrogel
was formed by SF and SS protein using simultaneous extraction
method (mild LiBr dissolution for SF and SS protein). When SF
SS and SF-SS hydrogel was incubated with the BJ cells, the cell
viability was increased significantly (Figure 2A). Moreover, the
cell doubling time is fast in SF-SS hydrogel with mild extraction
method (Figures 2B,C), which may be due to the relative mild
extraction process for protein in SF-SS hydrogel and more intact
bioactive SS can be preserved during extraction process of mild
LiBr dissolution method.

Characterization of Silk Fibroin and Sericin
Mixed Hydrogel
Hydrogel formed by fibroin and sericin can emit intrinsic
fluorescence (Figure 3A), which is partly due to 5% tyrosine
and 0.25% tryptophan in fibroin, 2.1% tyrosine and 0.9%
phenylalanine in sericin (32). SF-SS hydrogel shows a stronger
spontaneous fluorescence and a smaller pore diameter compared
to SF SS hydrogel (Figures 3A,B). The pore size of hydrogel
is about 20–100µm as shown in Figures 3A,B, which is much
larger than exosomes with a diameter of 30–100 nm. This
result suggests that most of exosomes can be diffused into
the surrounding environment. The Young’s moduli were 1.56
kPa (SF SS hydrogel) and 3.77 kPa (SF-SS hydrogel), which
was reflected by straight line slope as shown in Figure 3C.
Thus, compressive mechanical property revealed that the SS SF
hydrogel had a higher stress than the SS-SF hydrogel (Figure 3C).
The Young’s moduli of SF SS hydrogel and SF-SS hydrogel
indicated that the complex hydrogels are suitable for the usage
on the soft tissue.

FTIR analysis revealed a shift to lower wavelength at the peak
of Amide I and Amide II in SF SS hydrogel and SF SS Exo
hydrogel compared with the SF solution, and the wavelength
became even lower in SF-SS hydrogel and SF-SS Exo hydrogel,
suggesting the formation of a more stable β-folding structure
(Figure 3D). Adding exosome caused only a small shift to
lower wavelength in both SF SS hydrogel and SF-SS hydrogel.
The significant difference between SF SS hydrogel and SF-SS
hydrogel may be attributed to the mild simultaneous protein
extraction conditions of SF-SS hydrogel to allow easier formation
of hydrogel.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 5 August 2021 | Volume 8 | Article 713021

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Han et al. Hydrogel Improve Therapy of Exosomes

FIGURE 1 | Isolation and identification of UMSC-Exo. (A) Western blot analysis of CD9 and CD63 and GAPDH protein expression in UMSC and UMSC-Exo. (B) The

expression of CD63 in UMSC-Exo was analyzed by flow cytometry. (C) Nanoparticle size distribution of UMSC-Exo. (D) The BJ cell viability was detected by CCK-8

after treatment with UMSC-Exo. Data is shown as mean ± standard deviation (n = 3). **p < 0.01, ***p < 0.001.

FIGURE 2 | SF SS and SF-SS hydrogel promote BJ cell growth. (A) BJ cell viability was detected by CCK-8 after treatment with SF SS and SF-SS hydrogel. (B) BJ

cell migration after scratch and treatment with SF SS and SF-SS hydrogel was recorded by microscope. (C) The quantity of relative wound area in Figure B of cell

migration by Image J. Data is shown as mean ± standard deviation (n = 3). ns, no significant difference, *p < 0.05, **p < 0.01.

The Effect of Silk Fibroin and Sericin Mixed
Hydrogel on Wound Closure
Mice were created a 10mm diameter full-thickness wound on
the upper. After inserting the cotton gauze or hydrogel sponge
into the wound, the wound was fixed with restraining bandage

and the wound repairment would be observed. Three days after

treatment, the two composite hydrogels absorbed most of the
wound exudates and maintain the moisture environment, which

was favorable to wound healing. However, the gauze induced

significant exudates that caused the gauze to stick to the tissue
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FIGURE 3 | Characterization of SF SS and SF-SS hydrogel. (A) Spontaneous fluorescence and microstructure of SF SS and SF-SS hydrogel. (B) Microstructure of SF

SS and SF-SS hydrogel. (C) The stress-strain curve of SF SS and SF-SS hydrogel. (D) Fourier transform infrared spectroscopy of SF SS and SF-SS hydrogel.
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FIGURE 4 | The wound closure ability of SF SS and SF-SS hydrogel. The scar size analysis by Image J. Data is shown as mean ± standard deviation (n = 3). ns, no

significant difference, *p < 0.05.

and slowed down the healing process. After 21 days treatment,
the skin cells can grow on the surface of the composite SF
SS and SF-SS hydrogel and the wound was completely healed,
whereas the size of the gauze inserted skin wound remains
unhealed. In the presence of exosomes, SF SS and SF-SS not
only healed the wounds completely but also recovered the hair
growth to normal level (Figure 4). CD31 staining on skin wound
sections was used to assess angiogenesis. Even though density
of total vessels in gauze cotton was more than that of other
treatment, most of vessels showed a non-mature state in gauze
cotton. Thus, wemostly analyzed the vessels diameter in different
groups. The blood vessels were longer in the SF SS Exo and
SF-SS Exo groups compared with the control, SF SS and SF-SS
groups (Figures 5A,B). In addition, the scar size in SF-SS group is
smaller that of SF SS group (Figure 4), and the average diameter
of blood vessels is larger than that of SF SS group (Figure 5B).

The Inflammatory Response to Silk Fibroin
and Sericin Mixed Hydrogel in vitro and
in vivo
To determine whether the hydrogel induces inflammation, the SF
SS and SS-SF hydrogel sponges were incubated withmacrophages
in cell culture for 24 hours or applied to the skin wound of a mice
model for 3 days. The cell culture supernatant or serum from
the mice was collected to measure the level of TNF-α. Previous
studies have suggested that SF and SS can induce inflammation;

however, there is no significant difference in the amount of TNF-
α released from either the macrophages or mice with injured
skin (Figures 6A,B). in vitro, the amount of TNF-α derived from
macrophages induced by the SF SS and SF-SS were similar with
that of cotton gauze. In vivo, the amount of TNF-α from mice
serum of SF SS, SF-SS, SF SS Exo or SF-SS Exo treatment groups
was lower than that of the cotton gauze. The difference between
the in vitro and in vivo effect may be due to the presence of
various types of macrophages in vivo, as well as the different
microenvironment of macrophages of in vivo and in vitro. In
addition, CD68 immunofluorescence staining of the injured skin
treated by the SF SS and SF-SS hydrogel sponges for 3 days
showed similar results to that of the TNF-α (Figures 7A,B).

DISCUSSION

In our study, the beneficial effects were more significant in
the experimental group treated by exosomes encapsulated in
SF-SS hydrogel compared to SF SS. The beneficial effects
may be explained by the fact that exosomes could increase
the fibroblast cell viability in vitro (Figure 1D). In addition,
Exo encapsulated in SF-SS hydrogels could promote vascular
growth (Figure 4) and inhibit the inflammatory response
(Figures 7A,B), suggesting that these hydrogels are promising
biomaterials that can be used to enhance wound repair.
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FIGURE 5 | The immunogenicity of SF SS and SF-SS hydrogel sponges. (A) Immunofluorescence staining of CD31 in skin wound treated by SF SS and SF-SS

hydrogel and UMSC-Exo encapsulated in SF SS and SF-SS hydrogel. SF SS Exo, the Exo was delivered by SF SS composite hydrogel; SF-SS Exo, the Exo was

delivered by SF-SS composite hydrogel. (B) Quantification of vessel diameter by Image J. Data is shown as mean ± standard deviation (n = 3). ns, no significant

difference, *p < 0.01, ***p < 0.001.

Exosomes are readily accessible via biological fluids for
diagnosis and reflect the disease progression and prognosis,
such as in cancer (29), cardiovascular, brain and kidney
diseases (33–37). In addition, exosomes involve in regulating
multiple biological process, such as reproduction and
development, immune response, infection, neurodegeneration,
cancer and cardiovascular disease through mediating cell
communication (38–40). More importantly, exosomes
derived from different kind of cells can treat multiple
diseases including ischemic disease (41), cancer (42–44)
and inflammatory bowel disease (45). In this study, we also

found beneficial function of exosomes derived from UMSC in
wound repair.

To improve the retention time of exosomes in vivo, we
introduced hydrogel formed by SS and SF. It has been found that
undegummed native silk can induce a severe immunoglobulin E
mediated allergy or inflammation, delaying the wound healing
process (46). However, there are some conflicting reports
regarding the possible immunogenicity of silk proteins. SS
has been considered as the element in the silk that triggers
immune responses (47). However, recent studies showed that
the immunogenicity of SS is extremely low. Furthermore, SS
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FIGURE 6 | TNF-α released by macrophage or in serum after incubating with SF SS and SF-SS hydrogel sponges. (A) TNF-α release from macrophages after

incubating with cotton gauze, SF SS and SF-SS hydrogel. (B) TNF-α in the serum from mice with different treatments. Data is shown as mean ± standard deviation

(n = 3). ns, no significant difference, *p < 0.05, **p < 0.01, ***p < 0.001.

FIGURE 7 | CD68+ cells infiltration in wound treated with SF SS and SF-SS hydrogel sponges. (A) CD68+ inflammatory cell infiltration in skin wound from different

treatment groups. (B) Quantification of CD68+ cells with the FITC fluorescence signal by Image J. Data is shown as mean ± standard deviation (n = 3). ns, no

significant difference, *p < 0.05, **p < 0.01, ***p < 0.001.
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promotes the proliferation of vascular endothelial progenitor
cells, endothelial cells, and hair follicle stem cells by increasing
the transcription of VEGFa (48). Thus, SS has been used
to treat myocardial infarction (49), skin wound (50), and
bone injury (51–53). During the purification of silk sericin,
the majority of small molecule impurities such as waxes,
sugars and fats are expected to be removed during dialysis
(46, 54), which may indicate that impurities in sericin is
the cause for immune response. Another study showed that
synergistic effect of crystalline fibroin coated with sericin protein
and lipopolysaccharides, trigging significant release of TNF-
α from macrophages, which indicates that sericin mediated
inflammation activation is dependent on the association with
core fibroin fibers (55). Even though there are different views
on the source of the immune response, SF and SS hydrogel
prepared in our article avoid the potential impurities and
natural interaction of sericin and fibroin fibers during the
purification and gelling process, which also showed very low
immune response.

Previous studies showed that different extraction methods
of sericin have different effects on protein integrity, structure
and functional properties. Conventional harsh method with high
heat and alkali can lead to degradation of sericin into low
molecular weights polypeptides, make it difficult to cross-link
into hydrogel (23). While gentle LiBr extraction method can
produce a relative intact protein profile of sericin and forms
a hydrogel that possesses excellent cell-adhesive capability, and
promoting proliferation and long-term survival of various types
of cells (32, 49). These can explain to a certain extent that SF-
SS hydrogel has a short gelling time. SF hydrogel (14, 56) or SS
hydrogel (9, 57) have been used to deliver cells and drugs due to
the excellent mechanical properties of SF or bioactivity activity
of SS. Composite hydrogels such as SF and chitosan hydrogel
(58), SF and collagen hydrogel (59), SF and agar hydrogel (60),
SF and poly (vinyl alcohol) hydrogel (61), have been used in
the past to overcome some of the shortcomings associated with
hydrogels formed by single biomaterial. SF and SS have emerged
as promising biomaterial for tissue repair because they can be
easily acquired and have low immunogenicity (48, 61, 62).

Mechanical properties of extracellular environment (ECM)
are intimately related with cell behaviors. Those mechanical
signals can be transfer by transmembrane receptors, cytoskeleton
or nuclear skeleton, thus regulating the gene expression. Matrix
elasticity has been shown to involve in cell survival, proliferation
and differentiation (63, 64). Suitable mechanical properties of
ECM are critical for the homeostasis of cell or tissue. Exception
of bone, most of human tissues are soft, reflected by the value of
compressive moduli (Young’s moduli) ranging from 1 to 200 kPa
(65–67). A better hydrogel should provide similar mechanical
properties of certain tissue. As described before, the Young’s
moduli of SF hydrogel at concentration of 1.5–4% (w/v) ranges
from 6.41 ± 0.47 kPa to 63.98 ± 2.42 kPa, which is consistent
with a biologically relevant stiffness similar to native vasculature
(68). Other studies showed that native silk fibers and fibroin
hydrogel at concentrations of 4–15% (w/v) had the value of
Young’s moduli larger than 400 kPa, which is more suitable for

stiff or semi-stiff implants, rather than for regeneration of soft
organs (25). The Young’s moduli of SS and polyvinyl alcohol
hydrogel is only 20 Pa, which is much lower than that of most
tissues (22). Thus, introducing SS into the fibroin hydrogel can
adjust the compressive moduli to get a complex hydrogel with
appropriate mechanical properties for wound repair.

Recent studies show that the hydrogels in encapsulating
stem cells shape cell status, improve cells retention time and
involve in tissue repair process (69, 70). In addition, recent
works demonstrate that the beneficial functions of stem cells in
tissue regeneration are largely through paracrine manner, rather
than the direct differentiation of the implanted cell (71, 72).
During all the secretome, exosomes are regarded as important
components to involve in the cell communication and transfer
functional molecules for tissue regeneration. We also showed
that introducing exosomes derived from UMSCs into SF and SS
mixed hydrogel promoted wound repair.

CONCLUSION

In our study, we found that the freeze-dried composite hydrogel
formed by SF and SS can be used to enhance wound repair
with low immune response. In addition, the beneficial effects
of these hydrogel were improved in the presence of UMSC-
Exo. In conclusion, SF and SS mixed hydrogel can serve as
a good substitute to wound dressing and can be used to
deliver exosomes.
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