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ABSTRACT

The implantation of synthetic polymeric scaffolds induced foreign-body reaction (FBR) seriously influence the
wound healing and impair functionality recovery. A novel short peptide, mechano-growth factor (MGF), was
introduced in this study to modify an electrospun polycaprolactone (PCL) fibrous scaffold to direct the macro-
phage phenotype transition and mitigate the FBR. In vitro studies discovered the cell signal transduction
mechanism of MGF regulates the macrophage polarization via the expression of related genes and proteins. We
found that macrophages response the MGF stimuli via endocytosis, then MGF promotes the histone acetylation
and upregulates the STAT6 expression to direct an anti-inflammatory phenotype transition. Subsequently, an
immunoregulatory electrospun PCL fibrous scaffold was modified by silk fibroin (SF) single-component layer-by-
layer assembly, and the SF was decorated with MGF via click chemistry. Macrophages seeded on scaffold to
identify the function of MGF modified scaffold in directing macrophage polarization in vitro. Parallelly, rat
subcutaneous implantation model and rat tendon adhesion model were performed to detect the immunomod-
ulatory ability of the MGF-modified scaffold in vivo. The results demonstrate that MGF-modified scaffold is
beneficial to the transformation of macrophages to M2 phenotype in vitro. More importantly, MGF-functionalized
scaffold can inhibit the FBR at the subcutaneous tissue and prevent tissue adhesion.

1. Introduction

focus of scientists. In the process of biomaterial design, in addition to
considering the target functionality and structural stability, it is also

Biomaterials based on synthesis and natural polymers have impor-
tant clinical applications as basic carriers and functional support in
biomedical fields such as regenerative medicine, drug delivery, and
implants [1]. However, long-term implantation of biomaterials in the
human body often causes aseptic inflammation, tissue adhesion, and
fibrosis of surrounding tissues, resulting in post-surgical tissue adhesion,
tissue functional decline, and implants failure, which increases the risk
of secondary surgical removal for patients [2,3]. Therefore, the inter-
action of biomaterials with tissues and cells has always been the research
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necessary to fully understand the compatibility and tolerance between
the host and the foreign material from a biological perspective [4].
The biomaterial/tissue foreign-body reaction process is mainly
summarized into the following 4 steps: First, at the initial stage of ma-
terial implantation, free proteins in the microenvironment of sur-
rounding tissues (such as immunoglobulin, etc.) rely on non-specific
adsorption to form inflammatory signals on the surface of the material;
Second, after entering the acute inflammation, inflammatory cells such
as neutrophils and macrophages in the body fluid recognize the

* Corresponding author. School of Biological Science and Medical Engineering, Beihang University, PR China.

** Corresponding author. Bioengineering College, Chongqing University, PR China.

**% Corresponding author. School of Biological Science and Medical Engineering, Beihang University, PR China.
E-mail addresses: linhaoli@buaa.edu.cn (L. Li), yanglibme@cqu.edu.cn (L. Yang), yubofan@buaa.edu.cn (Y. Fan).

https://doi.org/10.1016/j.bioactmat.2021.02.020

Received 17 December 2020; Received in revised form 31 January 2021; Accepted 16 February 2021
2452-199X/© 2021 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:linhaoli@buaa.edu.cn
mailto:yanglibme@cqu.edu.cn
mailto:yubofan@buaa.edu.cn
www.sciencedirect.com/science/journal/2452199X
https://www.sciencedirect.com/journal/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2021.02.020
https://doi.org/10.1016/j.bioactmat.2021.02.020
https://doi.org/10.1016/j.bioactmat.2021.02.020
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2021.02.020&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

Y. Song et al.

inflammatory signals and adhere to the surface of the material; third, the
macrophages secrete inflammatory factors and chemokines to recruit
and promote differentiation of myofibroblasts; finally, collagen fibrous
capsule are formed on the surface of the material [3,5]. The collagen
capsules can block the communication between the material and the
peripheral tissues and cause the implants failure, tissue adhesion and
hyperplasia. Importantly, macrophages play a key role in the process of
foreign-body reaction. They can accelerate the degradation of materials
through endocytosis and oxidative stress, regulate the transition be-
tween acute and chronic inflammation through polarization, and stim-
ulate the recruitment and differentiation of myofibroblasts by secreting
related cytokines [6,7].

Macrophages are the principal source of the first line of host defense
that trigger inflammation, which also perform homoeostatic functions,
including wound healing and tissue integrity maintaining [8]. Activated
macrophages have been classified as different subtypes, during the
innate immune response and inflammation by the invasion of foreign
implants such as materials or virus, inflammatory cytokines such as
tumor necrosis factor (TNF) and interferon gamma (IFN-y) activate
macrophages as pro-inflammatory M1 phenotype, which are implicated
in phagocytosis and initiating inflammation. By contrast, activation by
interleukin-4  (IL-4) or IL-13 polarizes macrophages as
anti-inflammatory M2 macrophages, which have anti-inflammatory
property and are involved in tissue homoeostasis [9]. In further
research, it was found that by adjusting the polarization of macro-
phages, the FBR caused by materials implantation can be improved. The
proportion, duration, and distribution of M1/M2 phenotypes of mac-
rophages can significantly affect the degree of the FBR. The stimulation
of persistent inflammatory signal can make macrophages stay in the M1
phenotype for a long time, which in turn will strengthen the later FBR
[10-12]. Thus, to mitigate the FBR, effectively regulate the macro-
phages phenotype transition from M1 to M2 is an important strategy.
Also, it can promote the tissue regeneration, as well as terminate the
over-/chronic-inflammation during wound healing. Physical factors of
biomaterials such as surface topography, pore size, and particle size can
adjust the microphage polarization, and the use of immune regulatory
factors such as IL-4 has also achieved good effects [10,13-16].

The electrospun nanofibrous three-dimensional matrix can simulate
the structure and mechanical properties of the extracellular matrix and
have obtained wide attention in the fields of tissue regeneration and
drug delivery [17-19]. However, nanofibers have an ultra-high specific
surface area, which can cause strong non-specific protein adsorption and
can easily trigger a FBR at the interface between the material and tissue
after being implanted in vivo [20-22]. Studies have shown that the
surface topology factors of nanofibrous scaffold (such as aligned or
randomly oriented nanofiber, pore size and fiber diameter) can affect
the macrophages M1/M2 phenotypes transition, and increasing surface
hydrophilicity can significantly reduce protein adsorption, the adhesion
of inflammatory cells, and mitigate unwanted immune response
[22-26]. In our previous work, we found that high-molecular-weight
hyaluronic acid and natural silk protein can reduce the surface protein
adsorption of electrospun scaffolds, and have an immunosuppressive
effect on the FBR caused by implantation in rats [27]. However, due to
the rapid degradation of hyaluronic acid, it is still difficult to achieve
long-term effects for the material-tissue interface immunomodulation
through the hydrophilic natural polymer composite system. We further
modified the immunoregulatory factor IL-4 on the surface of electrospun
nanofibers through click chemistry and silk layer-by-layer self-assembly
technology, which can regulate the transition of macrophages from M1
to M2 phenotype in the early stage of implantation, thereby effectively
reducing formation of collagen fibrous capsule and foreign-body giant
cells at the late stage [28]. However, the surface modification of scaf-
folds by immunoregulatory factors has certain limitations. For example,
IL-4 has a short half-life in vivo and excessive release can cause more
serious tissue fibrosis.

Mechano growth factor (MGF) is one of the alternative splicing
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products of total insulin-like growth factor 1 (IGF-1), which forms when
IGF-1 splice variants of Exon 4 spliced to Exon 5 (or Exon 6), and con-
tains 24 peptides in human and 25 peptides in rodent [29,30]. Early
studies have demonstrated that MGF is responsible for cell proliferation,
migration, and stem cell differentiation, which has been wildly studied
in tissue repair and disease prevention, such as tendon injury repair and
bone regeneration [31-34]. To investigate the role of MGF in preventing
knee osteoarthritis, we found that MGF can inhibit inflammatory cyto-
kine production in human synoviocytes of knee osteoarthritis, such as
IL-1B and TNF-a [35]. Additionally, a study on rabbit knee joint osteo-
arthritis, we found that MGF joint cavity injection will not only prevent
cartilage degradation, but also relief the inflammation induced arthro-
cele [36]. These findings indicate that MGF not only promotes tissue
repair, but also has the potential to regulate the inflammatory micro-
environment in vitro and in vivo. Therefore, we propose a hypothesis that
MGF may have immunomodulatory ability that can regulate the
macrophage polarization to mitigate the FBR.

The silk fibroin layer-by-layer assembly capsules and surface modi-
fication have been shown to safeguard the activity of sensitive biological
agents against harsh environmental conditions in our previous study
[37]. Furthermore, click chemistry was introduced to fabricate bio-
molecule/polymer bioconjugation with controllable properties [38,39].
By introducing the click chemistry technique in preparing functional
biomaterials, the accuracy and controllability of the bioconjugation
reaction can be effectively improved [40]. Hence, applying “click”
chemical conjugation to the SF surface modified electrospun fibers may
provide multiple approaches for localizing cell signals and factors
immobilization. In the present study, the mechanism of how MGF
modulate macrophage polarization was uncovered on epigenetic-scale.
Next, in order to verify the influence of MGF on the FBR caused by
implantation, we developed a silk surface-functionalized electrospun
polycaprolactone (PCL) fibrous scaffolds and decorated with MGF by
CuAAC click chemistry. The effects of MGF decorated nanofibrous
scaffolds on the macrophage polarization in vitro and in vivo,
foreign-body reaction, and related molecular mechanisms were inves-
tigated and discussed. Finally, we used electrospun scaffolds as a phys-
ical barrier against tissue adhesion in a rat tendon repair model to verify
the anti-adhesion effect of MGF surface modification.

2. Material and methods
2.1. Cell culture and treatment

RAW264.7 mouse macrophages (ATCC, USA) were cultured in Dul-
becco’s Modified Eagle’s Medium (DMEM) (Gibco Life Technology,
USA) supplemented with 20% fetal bovine serum (FBS, Gibco, USA). The
electrospun nanofibrous scaffolds were immersed in 70% ethanol for 30
min and dried under sterile conditions and exposed to UV radiation for 1
h; then, the scaffolds were washed 3 times with PBS for 20 min each and
incubated with serum-free DMEM for 24 h before cell seeding. The cells
were seeded onto the nanofibrous scaffolds in a 24-well plate at a density
of 1 x 10° cells/well and cultured with DMEM and 20% FBS at 37 °C, 5%
CO9 and 95% humidity. To determine the effect of MGF on macrophage
polarization, 10 ng/mL, and 20 ng/mL MGF-C25E (Phoenix Pharma-
ceuticals Inc., USA) was used for cell treatment and nanofiber modifi-
cation. Additionally, to determine the role of histone acetylation in MGF
regulate macrophage polarization, histone de acetyltransferase inhibitor
valproic acid (VA, 0.5 mM, Sigma, USA) and histone acetyltransferase
inhibitor anacardic acid (AA, 1 pM, Sigma, USA) were used for cell
treatment.

2.2. Quantitative real-time polymerase chain reaction (qQRT-PCR)
Total RNA was isolated from the collected cells using a MagMAX™.-

96 Viral RNA Isolation Kit (Thermo Fisher, USA) and then reverse
transcribed into complementary DNA (cDNA) with a high-capacity
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cDNA reverse transcription kit (Life Technologies, USA) according to the
manufacturer’s protocol. QqRT-PCR was performed with the TagMan™
PreAmp Master Mix (Life Technologies). qRT-PCR was performed in a
20 pL volume with 0.5 pL of each primer and a 1 pL ¢cDNA sample. The
reaction was initiated by activating the polymerase with a 5 min pre-
incubation at 95 °C. Amplification was achieved with 40 cycles of 15 s
denaturation at 95 °C, 1 min annealing at 60 °C, and 10 s extension at
72 °C. Relative gene expression data was analyzed using the 2724¢T
method. Each sample was analyzed in triplicate. All the primers were
purchased from ThermoFisher (USA). The primer sequences are shown
in Table S1 (Supplementary information).

2.3. Cell morphology

To determine the cell-scaffold interaction, the morphology of cells on
cell-culture dish and scaffolds was detected by confocal laser scanning
microscopy (CLSM, Leica, Germany). Macrophages cultured on scaffolds
at a density of 1 x 10* cells per well for 48 h and fixed with 3.7%
formaldehyde in PBS for 15 min, rinsed in PBS and permeabilized with
0.2% Triton X-100 for 5 min. Samples were then rinsed with PBS and
incubated with 1 mg/mL Alexa Fluor 488-phalloidin (Life Technologies)
and 10 pg/mL Alexa Fluor 594-wheat germ agglutininat (WGA)
respectively for 30 min at room temperature to stain cytoskeleton and
cytomembrane. After washing with PBS, the cells were mounted with
mounting media containing DAPI (Sigma-Aldrich, USA) for nuclei
staining. Fluorescent images from stained scaffolds were obtained using
CLSM. Cell roundness was measured by the Image J software (USA) to
assess cellular deformation: Roundness = Perimeterz/(47r x Area).

2.4. Immunofluorescent staining

To detect polarization of macrophages, macrophages were seeded on
glass slides or scaffolds. After treated by MGF, different samples were
removed from cell culture medium and fixed with 3.7% formaldehyde in
PBS for 15 min, rinsed in PBS and incubated with 2% BSA +0.2% Triton
X-100 in PBS for 60 min. Then rinsed in PBS and incubated with primary
antibody (CD68, CD86, CD163, CCR7, CD206, iNOS, Arg-1, 1:50-1:100)
at 4 °C overnight, followed by a 1 h treatment with Alexa Fluor 488/555-
labled secondary antibody. Finally, samples were rinsed with PBS and
stained with 0.5 mg/mL DAPI (Sigma-Aldrich, USA) at room tempera-
ture for 15 min. Fluorescent images from stained scaffolds were obtained
using CLSM. Both primary antibodies and secondary antibodies for
immunofluorescence were purchased from Abcam (USA). To detect the
histone acetylation and DNA methylation, after MGF treatment, samples
were collected and cover cells completely with ice-cold 70% ethanol for
5 min and incubate samples in 1.5 M HCI for 30 min at room tempera-
ture to active the 5 mC. Then block samples in 5% NDS for 60 min and
incubate with ACH3 primary antibody (1:400, Abcam, USA) and 5 mC
(1:1000, Cell signaling technology, USA) at 4 °C overnight, followed by
a 1 h treatment with Alexa Fluor 488/555-labled secondary antibody.
Finally, samples were rinsed with PBS and stained with 0.5 mg/mL DAPI
(Sigma-Aldrich, USA) at room temperature for 15 min. Fluorescent im-
ages from stained scaffolds were obtained using CLSM.

2.5. Engyme-linked immunosorbent assay (ELISA)

The 5 mC level (EpiGentek, USA), HAT activity (EpiGentek, USA),
TGF-f1 and TNF-a (R&D systems, USA) concentration were detected by
ELISA kits. Simply, after cells treated by MGF for 2 days, DNA and nu-
clear extracts were collected by DNA extraction kit (ThermoFisher Sci-
entific, USA) and nuclear extraction kit (EpiGentek, UAS), then 100 ng
DNA was used to detect the 5 mC level and 5 pg nuclear extraction was
used to detect the HAT activity follow with instruction. For TGF-$1 and
TNF-a quantification, 1 x 10° cells cultured in 6 cm tissue-culture dish
and treated with or without MGF for 5 days, then the culture medium
were collected and 100 pL medium were used for concentration test. The
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results were measured by microplate reader (Bio-Rad, USA) at 450 nm
wavelength.

2.6. Single cell force spectroscope

To determine whether macrophages have MGF receptor on cell
membrane, the single cell adhesion force between cell and scaffolds
were detected by single cell force spectroscopy as previous reported
[39]. Simply, Bruker tipless AFM cantilever NPO-10 (k = 0.06 N/m)
coated with ConA for 30 min, and then wash by PBS for 3 times. The
AFM cantilever attach a single cell by performing an approach-retract
cycle on glass slide and then adjust the contact force = 2 nN, record
F-D curves for contact times = 0 s, 10 s and 30 s on MGF, IGF-1 and
non-coated glass slides. Bruker data processing software was used to
process an F-D curve and obtained the value of initial attachment.

2.7. Western blotting

The protein concentration of each sample was measured using a
bicinchoninic acid (BCA) protein assay kit (Bioteke, China). Equal
amounts of total protein (50 pg) from each sample were separated in a
10% SDS-PAGE gel and transferred to a PVDF membrane at 120 V for 2
h at room temperature (RT). The blot was blocked with 5% nonfat dry
milk suspended in 1x TBS (25 mM Tris, 137 mM NacCl, and 2.7 mM KCI)
for 1 h at room temperature. Membranes were incubated with primary
antibodies against STAT6 and GAPDH (Cell Signaling Technology, USA).
The resulting blots were incubated with 1:1,000 rabbit-mouse second-
ary antibodies (Cell Signaling Technology, 4414/4410, USA). Bands
were scanned using a densitometer (Bio-Rad) and quantified using the
Quantity One 4.6.3 software (Bio-Rad).

2.8. STAT6 knockdown

Macrophages were seeded in 6 cm dish with 1 x 10° cells per well.
After 24 h of seeding, an siRNA transfection reagent was added to the
cell culture medium. The siRNA transfection reagent was prepared as
per specification. Simply, 2.5 pL of the X-tremeGENE siRNA transfection
reagent (Roche, 4476115001, Switzerland) was pipetted into 47.5 pL
Opti-MEM I medium (ThermoFisher, 31985062, USA), then 0.5 pg of
STAT6 siRNA (Cell Signaling Technology, 9024, USA) was directly
pipetted into the above medium, and the tube was mixed and incubated
for 20 min at 25 °C. Then the siRNA transfection reagent was added into
a 2 mL growth medium (one well), and the cells were returned to the
incubator overnight. After transfection, the medium was replaced with a
serum-containing cell culture medium and the protein knockdown was
measured after 72 h.

2.9. Preparation of electrospun scaffolds

PCL nanofibers were prepared by electrospinning. PCL solution was
prepared by dissolving 1 g of PCL (90 kDa, Sigma, USA) in 10 mL of
hexafluoroisopropanol (HFIP, Sigma, USA) to form a 10% (w/v) solu-
tion. Electrospinning was performed in a fume hood using an open-cage
target to collect fibers. To purify the SF, cocoons from B. mori
(Chongqing Sericulture Science and Technology Research Institute,
China) were boiled twice in an aqueous solution of 0.02 M NayCOs
(Sigma, USA) for 1 h, rinsed 3 times with ultrapure water and dissolved
in 9.3 M LiBr (Sigma, USA) at 55 °C to generate a 10% (w/v) solution.
This solution was dialyzed (MWCO = 3500 Da, Pierce Chemical, USA)
against ultrapure water for 3 days by changing the water daily to remove
the ions and other impurities. The solution was collected, filtered, and
stored at 4 °C.

The coupling of azido functional groups to the SF (Azido-SF) was
performed using a diazonium coupling reaction. In brief, 0.360 mM 4-
azidoaniline hydrochloride (Sigma) was dissolved in 1 mL of a 1:1
acetonitrile/water solution, which was then mixed with 0.5 mL of a p-
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toluenesulfonic acid monohydrate (1.430 mM, Sigma) solution dis-
solved in water. Finally, sodium nitrite (0.715 mM, Sigma) dissolved in
0.5 mL of water was added to the mixture. All the solutions were pre-
pared in an ice bath before mixing. The diazonium coupling reaction was
started by adding 2 mL of a 50 mg/mL borate-buffered SF solution (pH
= 9), and the reaction could proceed for 30 min at room temperature;
the solution was then dialyzed against ultrapure water. The alkyne-MGF
(A-MGF) conjugates were synthesized via EDC/NHS coupling. EDC (2
mM) and NHS (5 mM) were added to the 1 mg/mL of MGF-Cysteine (1
mM, Sangon, China) in MES buffer (0.1 M, pH = 6), followed by the
addition of 1.5 mM I-PEG4-alkyne (Sigma) and reaction for 12 h at 25 °C
under stirring. The resulting solution was dialyzed (MWCO = 1 kDa)
against ultrapure water.

SF LbL coating was used to modify the PCL nanofibers at an SF
concentration of 1 mg/mL. PCL nanofibrous scaffolds were cut into 3 x
3 cm? rectangular shapes and washed 3 times by ultrapure water. Prior
to SF deposition, 1 mL of a 0.5 mg/mL aqueous solution of bPEI25 was
added to the PCL nanofibers and incubated for 15 min at room tem-
perature. After being washed three times, the nanofibers were incubated
with 1 mg/mL SF solution for 15 min at 4 °C. Assembly at low tem-
perature was used to ensure SF protein stability and to decrease protein
precipitation. The SF-coated PCL nanofibers were immersed in 90%
methanol for 15 min to induce silk crystalline b-sheet structure forma-
tion. The washed nanofibers were then dried under nitrogen gas flow at
15 kPa and subjected to the next coating procedure until the desired
number of layers was deposited. The A-SF/A-MGF conjugates were
synthesized by CuAAC between the A-SF—coated nanofibers and the A-
MGF solution. In brief, the synthesis was performed in a total volume of
2 mL for each reaction, in which the A-MGF solution (1 mg/mL, pH =
7.0) was mixed with sodium ascorbate (0.2 mM, Sigma), CuSO4 (0.1
mM, Sigma) and TBTA (0.02 mM, Sigma). The mixture was added to the
A-SF coated PCL nanofibers, reacted under nitrogen gas for 24 h, and
washed thoroughly by ultrapure water.

2.10. Characterization of nanofibrous scaffolds

The morphology of nanofibrous scaffolds was characterized by field
emission SEM (Zeiss Auriga crossbeam system, Germany) with an
accelerating voltage of 5 kV after the samples were coated with gold.
Fluorescence images of FITC-SF—coated nanofibers were obtained using
a Leica DMI6000 (Wetzlar, Germany) confocal microscope. Quantitative
fluorescence intensity was obtained from the images by straight line
profiling of a commercial software (Image Pro Plus, IPP 6.0, Media
Cybernetics, USA).

Chemical analysis results of the SF, azido-SF, alkyne-MGF-click-
azido-MGF solutions were recorded on a GENESYS 10S UVeVis spec-
trometer (Thermo Scientific, Waltham, MA) over a range of 190-600
nm. The efficiency of the diazonium coupling reaction was assessed by
UV absorbance at 352 nm (A-SF).

Chemical and structural analyses of the SF and A-SF powder were
performed by FTIR spectroscopy over a range of 4000-400 cm ™', The
FTIR spectra of different samples were obtained by a Nicolet spec-
trometer system (System 2000, PerkinElmer) with a DTGS KBr detector.

2.11. Subcutaneous implantation

The ethics committee of Third Military Medical University
(Chongging, China) approving the experiments and all in vivo experi-
ment were performed in accordance with relevant guidelines and reg-
ulations. The scaffolds were folded into a square shape with dimensions
of 10 mm x 10 mm x 100 pm (L x W x T) under sterile conditions.
Twenty male 3-month-old Sprague-Dawley rats (body weight, around
220 g) were individually housed in wire-bottom cages in temperature-
and light-controlled rooms. The use of rats conformed to the Guiding
Principles for the Care and Use of Animals of our Institute and was
approved by the Animal Care and Use Committee of our Institute. The

2986

Bioactive Materials 6 (2021) 2983-2998

animals were anaesthetized with 0.3% pentobarbital sodium (0.5 mL/
100 g, Shanghai Pharma, China). Four small midline incisions were
made on the dorsum of each rat, and the scaffolds were introduced in
lateral subcutaneous pockets created by blunt dissection. Procaine
penicillin (20 mg/kg) was given intramuscularly preoperatively and
after the operation for prophylactic infection control. Both animals
remained in good general health throughout the study, as assessed by
their weight gain. After 14 and 28 days, the rats were sacrificed, and the
implanted scaffolds were removed en-bloc with the naturally sur-
rounding tissue. The samples were fixed and processed for histology, as
described below. At every time point, four replicates of each type of
nanofibers were implanted into four different rats to provide statistical
significance in the histological studies.

2.12. Tendon adhesion

The ethics committee of Third Military Medical University
(Chongqing, China) approving the experiments and all in vivo experi-
ment were performed in accordance with relevant guidelines and reg-
ulations. 24 male SD rats, weighing around 250 g, were used for tendon
anti-adhesion assay. Rats were anaesthetized by intramuscular injection
of ketamine (20 mg/kg). A midline incision was made in the skin over
the Achilles tendon. The tendon was vertical cutting following the
orientation of endotenon approximately 5 mm from the calcaneal bone
to mimic the tendon rupture. Then the injured tendon was wrapped by
fibrous scaffold. The animals were random Ly assigned to three groups;
each group has 8 rats. No treatment was performed as control group I.

2.13. Statistical analysis

The results are expressed as the mean + standard deviation (SD).
Statistical analysis was performed using Student’s t-test as well as one-
way analysis of variance (ANOVA) followed by the Tukey HSD test for
post hoc comparisons (OriginLab, OriginV8.0 Software). Differences
were considered significant when p < 0.05.

3. Results

3.1. MGF promotes macrophage polarization toward an anti-
inflammatory phenotype

To determine the effect of MGF on the polarization of macrophages,
mouse macrophages cell line, RAW 264.7, were synchronized in the GO/
G1 phase of the cell cycle and seeded at a density of 1 x 10° cells/cm?
onto glass coverslips. Then 10-20 ng/mL MGF were used for cell
treatment. After 72 h, cells were fixed and immunocytochemically
stained for macrophage phenotype markers including CD68 as a pan-
macrophage lineage marker, CD86 and CCR7 as pro-inflammatory
markers (M1), CD163 and CD206 as anti-inflammatory markers (M2)
to quantitatively analyze the tendency of macrophage polarization. As
Fig. 1a and b shown that both 10 and 20 ng/mL MGF treatment can
significantly increase the number of anti-inflammatory macrophages,
but does not affect the expression of M1 related markers. Gene levels of
macrophage anti-inflammatory markers, CD163 and CD206, also
increased significantly after MGF treated for 2, 6, and 12 h (Fig. 1c and
Supplementary Fig. 1). In addition, the cell morphology changes after
MGF treatment for 24 h (Fig. 1d). As Fig. 1 e and f shown, 10-20 ng/mL
MGF treatment can significantly decrease the cell circularity and the cell
area, the elongated cell shape indicates that macrophages have under-
gone cytoskeletal rearrangement, resulting in the morphological char-
acteristics of anti-inflammatory phenotype. To investigate the MGF how
to regulate macrophages polarized into M2 phenotype, RNA sequencing
was performed to analysis macrophages treated by MGF for 12 h. Hi-
erarchal clustering analysis shown that after MGF treatment, kcnql and
folr2, genes correlated with endocytosis reveals significant differences
(Fig. 1g). This result indicates that macrophages’ response to the stimuli
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from MGF could depend on cell endocytosis.

(a) Immunofluorescent images of macrophages stained with pan-
macrophage marker CD68, pro-inflammation phenotype markers
CD86 and CCR7, and anti-inflammation phenotype markers CD163 and
CD206 after 0, 10, and 20 ng/mL MGF treatment for 72 h. (b) Image
analysis the percentages of CD68" pan-macrophage, CD86 ", and CCR7 "
pro-inflammatory macrophages, and CD163" and CD206" anti-
inflammatory macrophages after different doses of MGF treatment for
72h *p < 0.05, **p < 0.01. Data are presented as the mean + SD (n = 3).
(c) Gene expression of CD68, CD86, CCR7, CD163 and CD206 in mac-
rophages differentiated after different doses of MGF treatment for 12 h.
Results were normalized to an endogenous control gene (GAPDH) and
expression relative to non-treatment group. *p < 0.05, **p < 0.01. Data
are presented as the mean + SD (n = 3). (d) Cell morphology was stained
by Alexa Fluor 488-phalloidin after different doses of MGF treatment for
24 h. (e) Cell circularity and (f) cell area analysis of macrophages after
MGF treatment for 24 h *p < 0.05, ***p < 0.001. Data are presented as
the mean + SD (n = 100). (g) Heat map indicating the change in the
expression of significant difference genes after MGF treatment for 12 h
(red: high expression; green: low expression). Red frames indicate the
genes related to endocytosis.

3.2. Macrophages response to MGF stimuli by clathrin-mediated
endocytosis

RNA sequencing shows that kcnq1 expression on MGF-treated groups
are significantly higher than non-treated group, which correlated with
clathrin-mediated endocytosis (Fig. 1g). To determine whether macro-
phages’ response to MGF stimuli depends on endocytosis, MGF-GFP
peptide was used as a fluorescent indicator for observation. As Fig. 2a
shown, MGF-GFP was phagocytosed by macrophages after treatment for
2 h. To further determine the endocytosis is mediated by clathrin,
dynoser I as the specific inhibitor was used to treat macrophages for 24
h. As Fig. 2b and c shown, after clathrin inhibition, MGF cannot change
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the macrophages morphology, the cell circularity has seldom difference
in dynoser I pre-treated groups with and without MGF treatment. We did
not find any changes in cell morphology by adding inhibitors of other
endocytosis mechanisms for 24 h treatment, such as micropinocytosis
inhibitor wortmannin and caveolae-mediated endocytosis inhibitor fil-
ipin (Supplementary Fig. 2). Additionally, compared with the dynoser I
untreated MGF groups, the protein expression of the M2 marker
(CD206) in the clathrin-mediated endocytosis inhibited groups were
significantly down-regulated (Fig. 2d, e, and 2f). Furthermore, qRT-PCR
results shown that after cellular endocytosis inhibited by dynoser I, MGF
treatment cannot induce anti-inflammation macrophages related
markers expression (Fig. 2f). These results indicate that macrophages
respond to MGF stimuli by clathrin-mediated endocytosis. We also
detected the cell adhesion force on MGF-coated glass slide suggests that
macrophages may not have specific MGF receptor on the cell membrane,
which further support that macrophage endocytosis may play an
important role in response the MGF stimuli (Supplementary Fig. 3).

(a) Immunofluorescent images of macrophage endocytosis of MGF,
cell plasma membrane was stained by Alexa Fluor 594-WGA (red), and
MGF-GFP (green) was detected in the cytoplasm. Scale bar, 20 pm. (b)
Macrophages morphology was stained by Alexa Fluor 594-WGA and
Alexa Fluor 488-phalloidin after pretreated by dynoser I (endocytosis
inhibitor) for 24 h and then treated by different doses of MGF for 24 h.
Scale bar, 50 pm. (c) Cell circularity analysis of macrophages after MGF
treatment for 24 h **p < 0.01. Data are presented as the mean &+ SD (n =
3). (d) Immunofluorescent images of macrophages stained with M1
phenotype marker iNOS, and M2 phenotype marker CD206 after non-
treatment, MGF treatment, and pretreated by dynoser I then treated
by MGF for 72 h. Scale bar, 100 pm. (e) Image analysis the percentages
of CD206" macrophages and iNOS™ macrophages after dynoser I and
MGF treatment. *p < 0.05. Data are presented as the mean + SD (n = 3).
(f) Gene expression levels of CD86, CCR7, CD163, and CD206 in mac-
rophages differentiated after pretreated by dynoser I for 24 h and 12 h
culturing with MGF. Results were normalized to an endogenous control
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gene (GAPDH) and expression relative to non-treatment group. *p <
0.05. Data are presented as the mean + SD (n = 3).

3.3. MGF promotes histone acetylation to regulate macrophage phenotype
transition

To determine the MGF how to regulate the pan-macrophage polar-
ized into anti-inflammation phenotype, the histone acetylation change
have been detected after cell treated by MGF. As Fig. 3a shown that after
24 h treatment, the level of AcH3 in MGF-treated macrophages is
significantly higher than non-treated group, WB result further prove that
MGF can increase the AcH3 in MGF-treated macrophages (Fig. 3b and c).
However, DNA methylation was not detected in MGF-treated macro-
phages (Supplementary Fig. 4). These results suggest that MGF could
transform chromatin structure from tightly closed to loosely open in
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pan-macrophages via histone acetylation, result in promoting macro-
phage phenotype transition. Additionally, to study MGF how to regulate
the histone acetylation in macrophages, the activity of histone acetyl-
transferases (HATs) and histone deacetylases (HDACs) were detected in
macrophages after treated by 20 ng/mL MGF for 24 h. As Fig. 3d and e
shown that the HAT activity of MGF-treated cells was remarkably higher
than non-treated cells. On the other hand, the HDAC activity been
reduced by MGF treatment in macrophages. Furthermore, to investigate
whether MGF is capable to promote macrophages polarization into anti-
inflammation phenotype by regulating histone acetylation, HAT inhib-
itor anacardic acid (AA) and HDAC inhibitor valproic acid (VA) were
used to pre-treatment macrophages for 24 h. The qRT-PCR results prove
that HAT inhibition will eliminate the capability of MGF to induce anti-
inflammation related genes expression in macrophages such as CD163
and CD206 (Fig. 3f). However, HDAC inhibition can promote the anti-
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inflammation related genes expression in macrophages, which is even
higher than MGF treatment group (Fig. 3g). Inhibitors combine with
MGEF treat cells for 7 days, the macrophage phenotype changes were
analysis by detect the secretion of TNF-a (pro-inflammation) and IL-10
(anti-inflammation). As Fig. 3h and i shows that MGF treatment can
significantly increase the level of IL-10 but cannot reduce TNF-a secre-
tion in macrophages. When the activity of histone acetyltransferases was
inhibited, MGF can neither promote the expression of IL-10 nor reduce
the level of TNF-a. On the contrary, when the activity of histone
deacetylases was inhibited, MGF can significantly increase the secretion
of IL-10, at the same time, MGF also can remarkably reduce the
expression of TNF-a in macrophages (Fig. 3j and k). These results sug-
gested that MGF can promote pan-macrophage polarization into anti-
inflammation phenotype by regulating the histone acetylation.

(a) Immunofluorescent images of macrophage stained with AcH3
after non-treatment and MGF treatment for 24 h. Scale bar, 5 pm. (b)
Western blot detected the levels of AcH3 in macrophages after treated by
MGEF for 24 h. (c) Identify the density value of Western blot to analysis
the change of AcH3 in MGF-treated macrophages, non-treated cells act
as control, and normalized the control as 1. **p < 0.01. Data are pre-
sented as the mean 4 SD (n = 3). (d) and (e) ELISA detected the HAT and
HDAC activity (OD/h/mg), **p < 0.01. Data are presented as the mean
+ SD (n = 4). (f) Gene expression of CD86, CCR7, CD163 and CD206 in
macrophages differentiated after pretreated by anacardic acid for 24 h
and 12 h culturing with MGF. Results were normalized to an endogenous
control gene (GAPDH) and expression relative to non-treatment group.
*p < 0.05. Data are presented as the mean + SD (n = 3). (g) Gene
expression of CD86, CCR7, CD163 and CD206 in macrophages differ-
entiated after pretreated by valproic acid (VA) for 24 h and 12 h
culturing with MGF. Results were normalized to an endogenous control
gene (GAPDH) and expression relative to non-treatment group. *p <
0.05. Data are presented as the mean + SD (n = 3). (h) ELISA detected
the TNF-a secretion after treated by anacardic acid and MGF. Data are
presented as the mean + SD (n = 3). (i) ELISA detected the IL-10
secretion after treated by anacardic acid and MGF. *p < 0.05. Data
are presented as the mean + SD (n = 3). (j) ELISA detected the TNF-a
secretion after treated by valproic acid and MGF. *p < 0.05. Data are
presented as the mean + SD (n = 3). (k) ELISA detected the IL-10
secretion after treated by valproic acid and MGF. *p < 0.05, **p <
0.01. Data are presented as the mean + SD (n = 3).

3.4. MGF promotes macrophage phenotype transition via STAT6

It is already understanding that STAT6 is a core factor to drive
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macrophage anti-inflammatory polarization. To study whether MGF
regulates macrophage phenotype transition via STAT6, Western blot
and immunostaining were used to analysis the STAT6 expression after
MGF treatment. As Fig. 4a—c shows that MGF is capable to induce STAT6
expression and promote STAT6 relocation from cytoplasm to nucleus. In
addition, STAT6 knockdown will block the effect of MGF in regulating
macrophage polarization, such as promote the IL-10 secretion (Supple-
mentary Fig. 5). Also, MGF cannot induce STAT6 expression in HAT-
inhibited macrophages, and HDAC inhibition can further promote
STAT6 expression in macrophages (Supplementary Fig. 6 and Fig. 7).
These results suggest that pan-macrophages response the MGF stimuli
via endocytosis, then MGF promote STAT6 activation and actin reor-
ganization, these processes induce anti-inflammation phenotype related
genes expression, such as CD206 and CD163. At the same time, MGF
induces a more ‘open’ chromatin state by histone acetylation, which
increases the accessibility of transcription complexes to genomic DNA.
Therefore, MGF can promote the pan-macrophages polarization into
anti-inflammation phenotype (Fig. 4d).

(a) Western blot detected the levels of STAT6 in macrophages after
treated by MGF for 48 h. (b) Identify the density value of Western blot to
analysis the change of STAT6 in MGF-treated macrophages, non-treated
cells act as control, and normalized the control as 1. *p < 0.05. Data are
presented as the mean + SD (n = 3). (c) Immunofluorescent images of
macrophage stained with STAT6 after MGF treatment for 48 h. Scale bar,
100 pm. (d) Potential signal pathways of macrophages affected by MGF.
MGF was endocytosed by macrophage, which induces actin reorgani-
zation (morphological changes) and STAT6 activation. Meanwhile, MGF
increased the level of histone acetylation and prepared an “open”
chromatin state to promote anti-inflammatory phenotype genes
expression.

3.5. MGF surface functionalization of electrospun PCL nanofibers via LbL
SF deposition and click chemistry

The overall MGF modification process consisted of the following 3
steps: First, the thiol in the cysteine residue of MGF was reacted with
iodide-PEG4-alkyne using a nucleophilic substitution reaction (Fig. 5a,
Step 1). Second, the tyrosine residues of SF were chemically modified
using diazonium coupling chemistry to add an azido moiety, as shown in
Fig. 5a, Step 2. This reaction produced a dark brown SF solution and the
rise of a new absorption band at 352 nm in the UV spectra and an
additional characteristic peak at 2125 cm ™! in the FTIR spectra, indi-
cating the reaction successfully attached the azido groups to the SF
(Fig. 5b and c). Third, we used the azido-SF solution to coat the surface
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of electrospun PCL nanofibers via LbL assembly (Fig. 5d). For the click
chemistry, the alkyne-MGF solution was reacted with the azi-
do-SF-modified PCL nanofibers under Cu(I) catalysis overnight to
generate PCL nanofibrous scaffolds with a surface covalently modified
by MGF (Fig. 5a, Step 3 and 5d). After modification with MGF, the ab-
sorption band at 352 nm disappeared, indicating the CuAAC reaction
successfully connected alkyne-MGF and azido-SF (Fig. 5¢). SEM images
showed a significant increase in the surface roughness of the PCL fibers
after multiple SF layers deposition, but no difference was observed in the
MGF modified scaffolds (Fig. 5e). We also measured the fluorescence
density of FITC labeled MGF by CLSM to compare the stability of
physical adsorption and click covalent linkage (Fig. 5f). After repeated
PBS cleaning, it was almost difficult to find FITC-labeled MGF on the
surface of the electrospun fibers in the adsorption group, but there was
still a lot of green fluorescence in the click group. ImageJ software
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analysis of fluorescence intensity showed a markedly decreasing trend
after PBS washing in the adsorption group. There was no significant
difference in the fluorescence density of the click group before and after
washing (Fig. 5f Bottom). The results showed that the MGF peptide can
efficiently covalently attached to the SF-modified nanofiber surface.
(a) Chemical reactions of covalent bonding establishment between
MGF and SF-modified PCL nanofibers by CuAAC click chemistry. Step 1:
The addition of alkyne group to MGF using a nucleophilic substitution
reaction. Step 2: The addition of azide group to SF tyrosine residues
using a diazonium coupling reaction. Step 3: Covalent bonding of
alkyne-MGF to LbL azide-SF-modified PCL nanofibers using CuAAC
click chemistry. (b) FTIR spectrum analysis of SF and azide-SF powder.
(c) The UV-Vis absorbance spectrum of pure SF, azide-SF, and azi-
de-SF—click-alkyne-MGF samples from 200 to 600 nm. (d) Schematic
illustration of layer-by-layer silk fibroin-modified PCL nanofibers
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clicked by MGF. (e) Representative SEM images of PCL, PCL/SF, and
PCL/SF-MGF electrospun scaffolds showing fibers morphology. (f) Click
chemistry and non-specific protein adsorption (without Cu?" catalysis)
of GFP-labeled MGF on layer-by-layer silk fibroin-modified PCL nano-
fibers scaffolds. Scale bar, 50 pm. Quantitative fluorescence density of
MGF surface modified scaffolds after washed by PBS. *p < 0.05. Data are
presented as the mean + SD (n = 4).

3.6. In vitro modulation of macrophage polarization by MGF-
functionalized electrospun fibers

We stained the macrophage cytoskeleton with FITC-phalloidin to
observe the difference in cell morphology on different fibers (Fig. 6a).
Macrophages generally adhere to the surface of electrospun fibers and
grow along the direction of fibers arrangement, with a long spindle
shape. Interestingly, the number of branches of macrophages was
significantly lower in the MGF modified group compared with the PCL
and PCL/SF groups (Fig. 6b). Macrophages with fewer pseudopodia
means that they have less phagocytic behavior similar to the inactive M1
type state. Given the principal observation that MGF caused the mac-
rophages polarization, we used real-time RT-PCR and immunofluores-
cence staining to investigate the effects of different surface-modified
electrospun fibers. The gene and protein expression of M1 markers
CD86, IL-23a, and iNOS, and the M2 markers CD163, CD206, and Arg-1
were detected after 72 h (Fig. 6¢c and d). According to the statistical
analysis of the fluorescence images, the number of CD86" M1 macro-
phages was highest in the PCL group compared with the PCL/SF-MGF
group but there was no significant difference in the number of iNOS
positive macrophages among the groups. (Fig. 6e). The number of M2
macrophages were detected at high levels on the scaffolds with modified
MGF (Fig. 6f). The expression levels of M2 surface markers were also
high in the PCL/SF group, indicating that the surface modification of SF
also could promoted the M2 phenotype transition of macrophages. Our
findings suggested that MGF modified electrospun fibers can effectively
regulate the transition of macrophages to M2 phenotype.

3.7. Foreign body response to MGF-functionalized electrospun fibers

Foreign body reaction is an inevitable immune response when bio-
materials implanted into the body, which determines the long-term
survival and functions maintenance of materials. To identify the FBR
to the MGF-modified PCL fibers, nanofibrous scaffolds were implanted
subcutaneously in Sprague-Dawley rats for 4 weeks. Masson’s trichrome
staining was performed to analysis the collagenous fibrotic capsule
formation at different points in time. The collagenous fibrotic capsule
caused by the FBR hinders the communication between materials and
host, which is the most important factor affecting the functions of
implanted biomaterials. The results showed that the thickest collagen
fibrotic capsules (approximately 156 pm) appeared in the PCL group
after 14 days and 28 days implantation compared with the PCL/SF and
PCL/SF-MGF groups (Fig. 7a, left column and 7c). The surface LBL
modification of silk can significantly reduce the thickness of the fibrotic
capsule compared with the PCL group at 14 and 28 days after implan-
tation (Fig. 7a, middle column). Importantly, PCL/SF-MGF scaffold
exhibit significantly decreased fibrotic capsule thickness after 28 days
implantation compared with the PCL and PCL/SF groups. We also found
that the distribution of a-SMA positive cells representing myofibroblasts
also showed similar results (Fig. 7b). To further determine whether the
MGF-modified scaffold is capable to mitigate the FBR by regulating the
macrophage phenotype, we used serial sections for immunofluorescence
detection of M-pan (CD68), M1 (CCR7) and M2 (Arg-1) surface markers
of macrophages after 28 days implantation. The serial sections offer an
opportunity to detect the macrophages at a same area. As Fig. 7d and e
shown, compare with PCL and PCL/SF scaffolds, the number of CD68"/
Arg-11 macrophages increased significantly in PCL/SF-MGF scaffold,
but CD68"/Arg-1" macrophages have seldom change. The results show
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that MGF-functionalized electrospun fibers can effectively increase the
ratio of M2/M1 in vivo, which may be the main reason for its reduction of
the FBR.

(a) Representative images of the Masson’s Trichrome staining of
histological sections of different nanofibrous scaffolds after 14 and 28
days of subcutaneous implantation and (b) a-SMA immunofluorescent
staining of histological sections of different nanofibrous scaffolds after
28 days of subcutaneous implantation. (c) Analysis of the thickness of
the fibrotic capsule surrounding the different scaffolds. *p < 0.05. Data
are presented as the mean + SD (n = 8). (d) Representative images of
immunofluorescent staining for CD68, CCR7 and Arg-1 on continuous
sections of different nanofibrous scaffolds after 14 days. (e) Analysis the
Arg-17/CCR7" ratio of histological sections after 14 days of subcu-
taneous implantation. The “S" mark means the Scaffolds, and the dashed
line means the location of the interface between the scaffold and the
tissue. to represent the position of the scaffolds. *p < 0.05. Data are
presented as the mean + SD (n = 8).

3.8. MGF-functionalized electrospun scaffold prevents tendon adhesion

To further test the application effect of MGF-functionalized electro-
spun scaffold, we established a rat model of tendon adhesion as Fig. 8a
and Supplementary Fig. 9 shown. The tendon adhesion was detected and
assessed by analysis the by direct observation and Masson’s trichrome
staining. After 7 days of implantation, no obvious signs of inflammation
or ulcer around the incision were discovered. However, the tendon ad-
hesions around implanted zones can be detected by direct observation in
PCL and PCL/SF groups (Fig. 8b). In addition, the tendon adhesions
severely aggravate in PCL groups at day 14 and day 28 after implanta-
tion. Interestingly, the anti-adhesion effect was pronounced in the PCL/
SF-MGF group. Little adhesion can be observed between the peri-
tendinous tissue and the tendon at day 28 after implantation, and the
scaffold can flexible lateral movement. The results imply that PCL/SF-
MGF scaffold may possess strong antiadhesive capability. Additionally,
histological sections of the tendons wrapped with scaffolds showed that
a mass of fibrotic tissues (red arrow) appeared between the tendon and
the PCL scaffold. In the PCL/SF group, loose bundles of fibrotic tissues
could be found around the repaired tendon. We found that 28 days after
implantation, almost no adhesion can be detected in the MGF-modified
group, a sheath space formed between tendon and scaffold. These results
indicate that the PCL/SF-MGF scaffold hinders the formation of fibrotic
tissue and shows great potential as an anti-adhesion biomaterial (Fig. 8c
and Supplementary Fig. 10).

(a) Schematic illustration of the in vivo anti-adhesion experiments
surgical process in a rat model of tendon adhesion. (b) Gross evaluation
of the rat Achilles’s tendon wrapped with PCL, PCL/SF, and PCL/SF-
MGF scaffolds after 14 and 28 days of scaffolds implantation. (c)
Representative images of the Masson’s Trichrome staining of histologi-
cal sections of different nanofibrous scaffolds after 7, 14 and 28 days of
implantation. Green arrows indicate the sheath space between the
tendon and scaffolds, while red arrows indicate fibrosis tissue adhesions
between the tendon and scaffolds.

4. Discussion

It is wildly understanding that growth factors have potentials to
regulate macrophage polarization, such as IGF-1 can driving macro-
phages to the anti-inflammatory phenotype [41]. As an alternative
splicing product of IGF-1, the short peptide MGF involves a series of
tissue repair process, especially in connect tissues such as tendon and
ligament [42]. Except to promote cell proliferation and migration, MGF
also can regulate cell phenotype transition such as stem cell differenti-
ation [43]. In regulating immune response, in vivo studies prove that
MGF possesses strong anti-inflammation capability in repairing rat
tendon injury and preventing rabbit osteoarthritis [36]. In vitro study
further reported that MGF can reduce the pro-inflammatory cytokine
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Fig. 6. In vitro modulation of macrophage polarization by MGF-functionalized electrospun fibers. (a) Cell morphology was stained by Alexa Fluor 488-phalloidin
after cultured on PCL, PCL/SF, and PCL/SF-MGF nanofibrous scaffolds for 24 h. (b) Cell branches analysis of macrophages cultured on different scaffolds. *p <
0.05, **p < 0.01. Data are presented as the mean &+ SD (n = 3). (c) Gene expression of CD86, IL-23a, CD163 and Arg-1 in macrophages after 12 h of culture with
different scaffolds. Results were normalized to an endogenous control gene (GAPDH) and expression relative to non-treatment group. *p < 0.05. Data are presented
as the mean + SD (n = 3). (d) Immunofluorescent images of macrophages stained with pro-inflammation phenotype markers CD86 and iNOS, and anti-inflammation
phenotype markers CD206 and Arg-1 cultured on different scaffolds for 24 h. Scale bar, 50 um. (e) and (f) Image analysis the percentages of CD86" and iNOS™ pro-
inflammatory macrophages and CD206" and Arg-1" anti-inflammatory macrophages cultured on different scaffolds. *p < 0.05. Data are presented as the mean + SD

(n = 3).

expression in human fibroblast-like synoviocytes of knee osteoarthritis
such as IL-1p and TNF-« [35]. For the first time, this work demonstrates
that MGF can regulate the macrophage polarization by driving
pan-macrophage transition into an anti-inflammatory phenotype. It is
already well understanding that STAT6 is a key factor to drive macro-
phage anti-inflammatory polarization [44]. Our results demonstrate
that MGF is capable to induce STAT6 expression and promote STAT6
relocation from cytoplasm to nucleus to direct an anti-inflammatory
phenotype (M2) transition but not pro-inflammatory phenotype (M1)
in macrophages. At the same time, STAT6 knockdown will block the
effect of MGF in regulating macrophage polarization, such as promote
the IL-10 secretion (Supplementary Fig. 6). In addition, MGF cannot
induce STAT6 expression in HAT-inhibited macrophages, and HDAC
inhabitation can further promote STAT6 expression in macrophages
(Supplementary Fig. 7). Indeed, STAT6 act as a core mediator and
activator during macrophage polarization mediates the transcriptional
activation of anti-inflammatory macrophage-specific genes such as
arginase 1 (Arg 1) and mannose receptor 1 (Mrcl), which also involves
pathways especially the IL-4/STAT6 pathway to promote the macro-
phages polarized to M2 phenotype [45,46]. This imply that MGF may
share the similar cell signaling cascade with IL-4 to regulate macro-
phages polarization. However, macrophages response IL-4 stimuli via
the specific receptor-IL-4Ra, but the response of MGF was based on the
endocytosis, which suggested that there should have a uniform upstream
to regulate the STAT6 expression [47]. We supposed that it could
correlate with epigenetic modification.

The cell phenotypic transition coupled with epigenetic state changes
are well understood such as somatic cell reprogramming and stem cell
differentiation [48,49]. Pre-existing chromatin marks deposited during
macrophage polarization can be used to interpret, calibrate, and trans-
mit exogenous signals to determine the magnitude and specificity of
gene expression, and ultimately determine the macrophage phenotypes
[50]. MGF increases the histone acetylation in macrophages, which in-
duces a more “open” chromatin state and promotes the accessibility of
transcription complexes to genomic DNA and further regulation of gene
expression. This process decreases the “energy barrier” between
pan-macrophage to the functional macrophage phenotypes. Concerning
regulating histone acetylation to affect cell phenotype transition, both
reduce HDAC and raise HAT are potential mechanisms. By reducing the
histone deacetylation to regulate macrophage polarization into
anti-inflammatory phenotype are wildly understand. For example,
IL-4-activated STAT6 act as a transcriptional repressor in
HDAC3-dependent macrophage polarization [51], and HDAC3 acts as a
brake on IL-4-induced M2 polarization by deacetylating putative en-
hancers of IL-4-induced M2 genes [50,52]. Also, the inhibition of
HDACS6 activity can limit the LPS-induced macrophage activation and
secretion of proinflammatory cytokines [53]. The present study finds
that MGF could decrease the HDAC activity, which is consistent with
previous study. However, whether the mechanism of promote
anti-inflammatory phenotype transition is similar between MGF and
IL-4 still need to further study. In sum, MGF induces the histone acety-
lation and promotes the STAT6 expression, which increases the oppor-
tunity of pan-macrophages transition into anti-inflammatory phenotype.

In addition to the analysis of key signaling pathways, we analysis
that the morphology of macrophages changed after MGF treatment. The
macrophages showed an elongated morphology and the spread area
decreased (Fig. 1d). Macrophages also showed morphological changes
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similar to 2D culture on the surface of the MGF functionalized electro-
spinning scaffold, and the protruding of pseudopodia also decreased
significantly (Fig. 6a and b). It is worth noting that the morphologies and
phenotypes of macrophages are closely related. For example, lipopoly-
saccharide (LPS) can activate the Toll-like receptor (TLR) signaling
cascade to convert macrophages to the M1 phenotype, and can promote
the spread of macrophages and pseudopodia by regulating actin poly-
merization [54]. However, limiting the spread of macrophages can
promote the transformation of LPS activated M1 macrophages to M2
phenotype [55]. On the other hand, cell elongation is also important for
macrophage M2 polarization. For example, based on a 20 pm wide
micropatterned substrate promote cell elongation and prime these cells
for differentiation into M2 phenotype compared with flat substrate [13].
Although the mechanism is not clear, MGF can prolong macrophage
morphology and decline spreading area and pseudopodia in both 2D and
3D conditions, which is beneficial to the activation of M2 phenotype.

Advantages of MGF has been reported in tissue repair and anti-
inflammation. Also, as a short peptide MGF performed a low cost in
industry fabrication. However, there are still few studies on MGF as an
immunomodulatory factor combined with biomaterials for clinical ap-
plications. Due to the high specific surface area and the fibrous structure
similar to the extracellular matrix, the electrospun scaffold as a carrier
for drug delivery offers an opportunity to utilize the MGF for the
immunomodulatory function during implantation. However, electro-
spun micro/nanofibrous scaffold based on synthetic polymers often
causes the FBR after implantation, and the formed collagen fibrotic
capsules hinder its functions such as inducing tissue regeneration, drug
delivery, and resisting tissue adhesion [21]. Currently, accumulating
studies focus on the surface modification of biomaterials to reduce or
prevent the FBR by regulating macrophage polarization. In our previous
study, we developed SF surface-functionalized electrospun PCL fibers by
single-component LbL assembly and decorated the SF with HD and IL-4
by diazonium coupling and click chemistry [28]. The scaffolds with
immunomodulatory functions can regulate macrophage polarization at
the tissue-implant interface and mitigate the FBR. Due to the biostability
of silk LbL self-assembly and the specificity and efficiency of click
chemistry, in this study, MGF was immobilized on the surface of PCL
electrospun fiber using the same surface modification technologies. In a
subcutaneous implantation model in rats, it can be found that the
MGF-functionalized scaffold has a thinner fibrotic capsule at the tis-
sue/material interface, fewer a-SMA positive myofibroblasts, and more
M2 phenotype macrophages compared to the non-modified groups.
These results indicate that MGF can effectively mitigate the FBR of
materials by regulating the polarization of macrophages.

The clinical effect of the MGF modified scaffold is focused on pre-
venting the tendon post-surgical adhesion in the present study. For most
of the clinical attempts to prevent tissue adhesion, physical barriers
were introduced after surgeries to create a protective shield between the
wound and its surrounding tissues, thereby reducing the possibility of
adhesion formation [56]. With this consideration, various physical
barriers made from electrospun nanofibers scaffolds were developed
[23,57,58]. Inhibiting excessive collagen deposition and fibro-
blasts/myofibroblasts proliferation are the primary approaches for
preventing tissue adhesion. However, some drawbacks of these physical
barriers were performed in anti-adhesion materials due to the biological
functions were neglected when designing materials [59,60]. The bio-
materials implanting will induce a series of immune events, especially



S66C

Thickness of fibrotic capsules (pm)

300+

2004

100+

{,

me

|
14 days

28 days

PCL |

pcL/sF [JiPCL/SF-MGF

CCR7 (M1)

PCL/SF-MGF

GCRY (M)

L
w
~ &
-
(@]
o
I
e o 200 ym

8

~ 1.5-

4

o

(5]

k]

S 1.01 TH

+ (O]

>

< 0.5 7]

g 3

o

E £

Q

Q 0.0

i)

®

(4

Upper: CCR7 (M1)
Bottom: Arg-1 (M2)

Fig. 7. Foreign -body response to MGF-functionalized electrospun fibers.

CD68 (pan-Macrophages)

CD68 (pan-M)

Merge —1 00 um

Ip 32 3uos "X

8662-€86¢ (IZ0Z) 9 SIPMAIDIAl 24130001



Y. Song et al.

Bioactive Materials 6 (2021) 2983-2998

Scaff\o‘Id Sheath space

97/
R\

Cross-section

PCL/SF-MGF

Fig. 8. MGF-functionalized electrospun scaffold prevents tendon adhesion.

the FBR, over-secreted cytokines and cell recruit broken the balance of
tissue microenvironment and leading the tissue fibrosis, which will
accelerate the formation of tissue adhesion [5,61]. Therefore, engi-
neering functional biomaterials that combine biological, physical, and
chemical effects will likely be more effective for post-surgical recovery.
In this study, MGF functionalized electrospun nanofibrous scaffold can
not only provide a physical barrier, more importantly, MGF is capable to
greatly reduce the deposition of collagen fibrotic tissue by regulating the
macrophage polarization to mitigate the FBR. Our results found that
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neither the subcutaneous peripheral tissue nor the tendon adhered to the
MGF-functionalized scaffold, and a uniform sheath space was formed
between the tendon and the scaffold.

5. Conclusions
In summary, the biological mechanism by which MGF directs the

macrophages transformed into anti-inflammation M2 phenotype
through promotes histone acetylation and enhances STAT6 expression
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was discovered. Then, MGF surface functionalized electrospun PCL
scaffold was fabricated using a SF single-component layer-by-layer as-
sembly and click chemistry, resulting in the covalent binding of MGF
with the capacity to modulate macrophage polarization in vitro and
effectively downregulate the implantation induced the FBR in vivo.
Finally, the MGF-modified scaffold as an anti-adhesion physical barrier
with immunomodulatory ability has excellent performance in rat
Achilles tendon injury adhesion model. This work is focused on studying
the immunomodulatory function of MGF on macrophage polarization
and its ability as a new immunomodulatory peptide can effectively
mitigate the foreign body reactions of biomaterial and resist tissue
adhesion.
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