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ABSTRACT: Peptides can introduce new functions to biomaterials but their immobilization usually relies on inefficient physical
adsorption or tedious chemical conjugation. Using the Bombyx mori silk fibroin (SF) membrane (SFm) as a model biomaterial, here,
we demonstrate a universal strategy for discovering new peptides that can “stick” to a biomaterial to functionalize it. Specifically, two
peptide motifs, one screened by phage display biopanning for binding to the biomaterial (i.e., SF) and another derived from an
osteogenic growth factor (i.e., bone morphogenetic protein-2), are fused into a new chimeric peptide that can bind to SFm for more
efficient osteogenesis. Theoretical simulations and experimental assays confirm that the chimeric peptide binds to SF with high
affinity, facilely achieving its immobilization onto SFm. The peptide enables SFm to effectively induce osteogenic differentiation of
human mesenchymal stem cells (MSCs) even without other osteogenic inducers and efficiently stimulate bone regeneration in a
subcutaneous rat model in 8 weeks, even without MSC seeding, while not causing inflammatory responses. Since biomaterial-binding
peptides can be readily screened using phage display and functional peptides can be generated from growth factors, our work
suggests a universal strategy for combining them to seek new peptides for binding and functionalizing biomaterials.
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1. INTRODUCTION processing.”~” Bone morphogenetic protein-2 (BMP-2), an
osteogenic factor, retains a strong biological function on SF

biomaterial matrices to promote the differentiation of MSCs
10,11

Repairing bone defects under clinical conditions is majorly
limited to the necrosis of osteocytes when bone tissue suffers

an injury. However, bone cells lack the ability to regenerate into osteoblasts and induce bone tissue regeneration. " In
themselves." Mesenchymal stem cells (MSCs) are commonly fact, a 20 amino acid fragment (KIPKASSVPTELSAISTLYL,
selected to act as osteoprogenitor cells that can differentiate termed KL) obtained from the BMP-2 sequence determines
into osteoblasts and regenerate bone tissue.”’ Accordingly, the physiological functions of directing cell differentiation.'>"?
bone tissue engineering (BTE) involving stem cells has To immobilize the BMP-2 core sequence on the SF scaffolds,
increasingly become a promising method for meeting the some groups utilized the indirect physisorption strategy to

needs of functional recovery.” It is well known that cells, 14,15
scaffolds, and growth factors (GF) are key elements in
successful BTE.”® Among these elements, many scaffold
materials have been developed, but there is still a need for
an ideal scaffold material that can support cell activities for
realizing bone regeneration.

Fortunately, Bombyx mori (B.mori) silk fibroin (SF) is a
promising natural biopolymer as it has been employed in the
BTE field due to its unique characteristics such as
biodegradability, good biocompatibility, and ease of chemical

aggregate the peptide, or followed tedious procedures for
chemically coupling the peptides with them.'®'” However,
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Scheme 1. Schematic Illustration of the Bi-functional Peptide-modified SF Membranes (SFm) to Induce Osteogenic
Differentiation of MSCs and Bone Formation in A Rat Subcutaneous Model
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(A) The bi-functional chimeric peptide (HL), made of two motifs (the SF-binding HT and the osteogenic BMP-2-derived KL) with a GGGG
linker in between them, presents high binding affinity with SFm, enabling HL to bind to SFm and thus form the HL-coated SFm (HL@SFm). The
HT motif binds to SFm while the KL motif protrudes from SFm, allowing the KL to promote osteogenesis. (B) HL@SFm induces the osteogenic
differentiation of MSCs without additional differentiation inducers. (C) HL@SFm also induces highly efficient ectopic bone formation with a
strong calcification signal in the subcutaneous implantation model, even without MSC seeding.

these strategies cannot avoid the hurdles such as easy shedding
and toxicity of cross-linking agents. Therefore, it is important
to find out a safe and efficient way to introduce the BMP-2
peptide on the SF scaffold surface.

Interestingly, binding peptide opens a window that links
molecules and a scaffold material, allowing the functions of the
material surface to be modified.'® Especially, phage display
technology is a direct solution to selecting affinity peptides
because from a random phage-displayed peptide library, it can
discover the peptide expressed on the outside of a phage virion
that can target the given molecule. This peptide binds to the
target molecule with high affinity and can be derived from a
specific binding phage through multiple rounds of bio-
screening.'”*° Previously, our group has identified and
validated an SFE-binding affinity sequence”’
(HVAWSWSWNNST, termed HT) that can specifically
recognize and attach SF materials through its N-terminal
acting as a binding linker (Scheme S1A). Inspired by this SF
affinity sequence, we designed a chimeric peptide by adding
the BMP-2 core sequence at the C-terminal of the SF affinity
sequence. The chimeric peptide is expected to play a role not
only in effectively binding to the SF scaffold surface but also
working as BMP-2 in mediating osteogenesis.

To verify our speculation, we synthesized the bi-functional
chimeric peptide (HVAWSWSWNNSTGGGGKIPKASSVP-
TELSAISTLYL, termed HL), a combination of an SF-binding
affinity peptide motif (HT for binding to SF) and the BMP-2
core peptide motif (KL for promoting osteogenesis) with a
GGGG linker in between (Scheme 1). The SF-binding HT

7674

peptide motif was used as a “bridge” to immobilize the BMP-2
core KL peptide on the surface of the SF membranes (SFm),
thereby functionalizing SFm to form HL@SFm (Scheme 1A).
To achieve this, we incubated the peptide solution with SFm to
immobilize HL onto SFm in a layer-by-layer fashion, forming
the peptide-modified materials (HL@SFm, Scheme 1A). We
found that HL@SFm could induce the differentiation of
human MSCs into osteoblasts without other inducers in the
medium (Scheme 1B). Finally, HL@SFm was subcutaneously
transplanted into rats with or without MSCs seeded to verify
its osteogenic ability in vivo (Scheme 1C). We discovered that
the membranes could effectively induce bone regeneration
even without MSC seeding.

2. MATERIALS AND METHODS

2.1. Preparation of SF Membranes (SFms). The SF
membranes were prepared by drop-casting as described previously
with slight changes.”” Briefly, the degummed SF fibers were subjected
to salt dissolution, desalination, dialysis, and freeze-drying to obtain
regenerated SF powder. The SF powder was dissolved in
hexafluoroisopropanol (HFIP, 7 wt %) with sustained stirring
overnight. The resultant SF/HFIP was cast on the glass plate in a
chamber to avoid fast evaporation. After air-drying, the resulting SFms
were subjected to insoluble processing and rinsing until HFIP was
removed.

2.2. Testing of Affinity Binding of HL to SFm and Pro-
osteogenesis Ability of HL. To simulate the binding between HL
and SF, we employed the fibroin N-terminal domain (fibNT) to
represent SF, using a protein databank (PDB) identification of
3UAO0.>* Because short peptides lack 3D structures, the peptide—
protein complex was generated using the online HDOCK web

https://doi.org/10.1021/acsami.2c17554
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server.”*>* After the PDB file was uploaded as a receptor molecule
and the peptides were treated as a ligand molecule, the docking results
were visualized and analyzed in 3D.

The BMP-2 core sequence peptide (KL) and bi-functional peptide
(HL) were obtained by commercial synthesis (>95% purity, GL
Biochem Ltd., China). KL and HL were both labeled with fluorescein
isothiocyanate (FITC), forming KL-F and HL-F, respectively, for the
binding-elution test. These lyophilized peptides were dissolved in
deionized water to prepare an aqueous stock solution. SF membranes
were incubated with an equimolar concentration (10 M) of FITC,
KL-F, or HL-F for 2 h. The uncombined remnants were removed
thoroughly. Confocal laser scanning microscopy (CLSM) was used to
capture the remaining fluorescence signals excited from SF
membrane-bound peptides. The semiquantitative analysis of mean
fluorescence intensity was calculated using Image J software.

To quantify the difference in binding force between HL and KL, we
conducted adsorption tests. The surface functionalization of SFm with
peptides was carried out by previously reported methods with small
modifications.”® HL or KL (0.1 #M) was incubated with the SF films
cast in a 24-well plate for 2 h at 37 °C. Then the films were rinsed and
the eluent was collected with the supernatant to calculate the
percentage of peptides remaining on the SF surface, which was
defined as functionalization efficiency.

The pro-osteogenic differentiation function of HL was checked by
osteocalcin (OCN) expression of MSCs. We added KL and HL in the
same molar amount (400 ymol) per well in a 12-well plate for the test
with the group of no peptide as the negative control and the group
with double amount of KL (800 gmol) as the positive control. KL and
HL were pre-coated on the bottom surface of the wells and then
sterilized before cell seeding. MSCs were then cultured on the peptide
coatings in a quantity of 2 X 10*/cm” for 3 d without a change of the
culture medium. The total RNA of MSCs was collected and reverse-
transcribed into complementary DNA (cDNA). The cDNA was
amplified by PCR and the products then were subjected to agarose gel
electrophoresis to measure mRNA expression levels of OCN.
GAPDH levels are shown as a comparison.

2.3. Self-Assembling Properties of the Peptides. The
lyophilized powders of the peptide were dissolved in deionized
water in 1 mg/mL aliquot of stock. Transmission electron microscopy
(TEM) and atomic force microscope (AFM) were used to observe
the self-assembly behaviors of synthetic peptides. The peptides were
diluted with deionized water before imaging. Then, S uL of the
peptide solution was dropped on a copper grid for TEM
characterizations. After air-drying, the uranium acetate solution was
dropped on the copper grid to distinguish the peptides’ contour by
negative staining and the extra solution was then removed with filter
paper. For AFM observation in tapping mode, a newly stripped mica
sheet was used to support the sample.

2.4. Characterization of Peptide-bonded SF Membranes. To
modify the SF membranes, we adopted a layer-by-layer incubation
strategy. Briefly, KL and HL peptide solutions were added to well
plates with SF membranes. After 1 h of co-incubation with gentle
shaking, the residual solution was aspirated. PBS was used to wash the
unbound peptide away from the membranes, which were then
removed and air-dried. These binding—rinsing—drying steps were
repeated 3 times, obtaining the peptide-modified membranes, the KL-
functionalized SFm (KL@SFm) and HL-functionalized SFm (HL@
SFm). Before cell experiments, the SF membranes before and after
binding KL and HL were all sterilized by immersing in 70% ethanol
over 10 min.

AFM in tapping mode was applied to image the modified SF
membranes. The cast membranes were randomly taped on the glass in
a 20 X 20 um? area. Then 5 X 5 um? area was zoomed in to amplify
the 3D structures. The analysis of images was refined by comparing
the values of root-mean-square (RMS) roughness and z-range. The
contact angle of the peptide-modified SF membranes was used to
estimate the surface hydrophilicity.

2.5. Cell Viability Assay and Morphology on HL@SFm.
Purchased primary human MSCs (Cyagen, China) were cultured in a
5% CO, and 37 °C environment and passaged until the S5th
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generation for all cell-related experiments. Only a basic medium with
10% fetal bovine serum and 1% penicillin—streptomycin was used for
the whole culturing process including the differentiation stage.

The proliferation of MSCs seeded on peptide-modified SF
membranes was detected using a cell counting kit-8 (CCK-8)
(Donjindo, Japan). The experimental procedures followed the
standard protocol of the kit on 1, 3, and § d. Blank wells with the
medium and 10% CCK-8 were used for subtracting the background.
Finally, the incubated solution was detected at 450 nm wavelength.
The cytocompatibility of the functionalized SFm was also evaluated
using the live/dead assay. Following the CCK-8 test, the Calcein-AM
kit was used to stain the rest of the replications in every group.
Calcein-AM (1 uM) incubated with the live cells was cleaved to show
green florescence. PI (2 uM) intercalated to DNA of dead cells
showed red fluorescence. After immersing in a staining solution for 20
min at 37 °C, the cell samples were rinsed completely and imaged
under a fluorescence microscope (excitation = 490 nm, emission =
520 nm).

To observe the cell morphology on the SF membrane surface, cell
samples at each time point were fixed first and permeated by 0.1%
Triton X-100. Then, they were blocked by 1% bovine serum albumin
to prevent unspecific binding. The cytoskeleton of MSCs was finally
stained with green-fluorescent dye conjugated to phalloidin. The extra
dye solution was discarded completely and the cell images were
captured under a CLSM.

2.6. Osteogenic Differentiation of MSCs on HL@SFm. For
quantifying alkaline phosphatase (ALP) secretion, MSCs at 7 and 14
d were lysed by the RIPA lysis buffer with 1mM PMSF and
centrifuged to obtain the supernatant. The ALP assay kit (Beyotime,
China) was used to detect p-nitrophenol in the supernatant. The final
enzymatic activity was normalized to total protein in cells. To directly
observe the ALP expression from the cells, the color reaction kit
(BCIP/NBT, Beyotime, China) was used to show the staining. After 2
weeks, MSCs were rinsed and fixed with 95% ethanol. The working
staining solution was added to cover all cells for 40 min at room
temperature until the color turned dark.

MSCs were harvested after cultured for 14 d. Immunofluorescent
staining for collagen I (COL-I) and osteopontin (OPN) was
performed using their corresponding antibodies (ab34710 and
ab8448, 1:1000), and then coupled with the Alexa Fluor 555 labeled
secondary antibody (1:500, Beyotime, China). The cells were nuclear
stained with DAPI prior to imaging. Their mRNA levels for
osteogenic-specific genes of MSCs cultured on SFm, KL@SFm, and
HL@SFm were also assessed using real-time PCR. cDNA of cultured
cells was obtained as mentioned in section 2.2. Specific template DNA
with related primers (listed in Table S1) was amplified in 40 cycles
and tested by the SYBR Green I (TAKARA, Japan) signal. The results
were calculated using the 2724C* method using CEFX Manager
software (Bio-rad). The expression level was normalized by the
GAPDH value. We calculated the relative expression compared with
the SFm group.

2.7. In Vivo Ectopic Osteogenesis Model. Twenty Sprague-
Dawley (SD) rats (~200 g) were given implanting operations to
evaluate the ectopic bone formation ability and histocompatibility of
the SF membranes with peptides. The MSCs were only cultured on
HL@SFm for S d in advance in a normal medium for promoting the
growth of MSCs. The subcutaneous model was built as previously
described”” with minor changes. In brief, rats were anesthetized
slightly by inhaling 4% isoflurane/oxygen and kept in light narcosis
with 2% concentration by an anesthesia machine (ZS Dichuang Co.
LTD, China). The materials were subcutaneously implanted into
incisions on the back randomly and then the wound was sutured with
iodophor disinfection. Subsequently, all rats received intramuscular
injections of penicillin (1 mL kg™') for three consecutive days to
avoid infection. Animals were sacrificed by intraperitoneal injection of
an overdose of pentobarbital sodium after 4 and 8 weeks.

2.7.1. Micro-Computed Tomography (Micro-CT) Analysis of
Calcified Implants. Eight weeks post-SF membrane implantation, rats
were anesthetized and placed on the examination stage at a prone
position. The implants’ lower back region was first magnified in the
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Figure 1. Functional verification of bi-functional peptides. (A) Molecular docking complex of the KL peptide or HL peptide (in rainbow colors)
with highly conserved N-terminal domain of the SF heavy chain (blue secondary structure with a gray surface, PDB ID: 3UAO) obtained using the
HDOCK web server. (B) Docking score and ligand RMSD of simulation models. (C) Imaging of the FITC-labeled peptides for confirming their
binding to SF membranes by CLSM. (D) Semi-quantitative analysis of fluorescence intensity from CLSM images in C (Scale bar: S ym). (E) The
adsorption analysis of HL and KL on SF films. (F) The expression of osteocalcin mRNA in MSCs cultured for 3 days under the effect of peptides
and corresponding (G) semiquantitative calculation. (*P < 0.0S, **P < 0.01, ***P < 0.001).

ultra-focus form and scanned in accurate mode (Milabs, Nether-
lands). After live imaging was completed, the rats were sacrificed to
extract implants for rescanning individually. The obtained data were
reconstructed for 3D analysis using MILabs Rec 10.16, and the total
volume (TV) and bone volume fraction (BV/TV) of calcified tissue
were calculated using IMALYTICS Preclinical 2.1 software. The
signal display range of the images was unified with the maximum and
minimum values fixed.

2.7.2. Histological and Immunohistochemical (IHC) Evaluation
of Osteogenesis. All implanted SF samples and surrounding tissues
were surgically extracted and immersed in 10% neutral formalin
overnight for processing sections. Masson’s trichrome as well as
hematoxylin and eosin (H&E) were used to stain the S-micron-thick
tissue sections to analyze histological structures. To examine
inflammatory responses at the site of material implantation, we
further marked the distribution and expression of the proinflamma-
tory factor interleukin-6 (IL-6) and anti-inflammatory factor
interleukin-10 (IL-10) by IHC staining to evaluate their biocompat-
ibility. The prepared sections were incubated with the primary
antibody of CD31 to evaluate the formation of blood vessels. Based
on the analysis of angiogenesis, the same IHC method was used to
color bone-related proteins including OPN, COL-I, and OCN to
check the expression difference of bone matrixes around implantation
areas. The slices obtained above were scanned into full-piece images.
And all THC staining results were compared semi-quantitatively with
respect to the integrated optical density (I0OD) processed by Image J
software.
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All surgical operations of animal testing were approved by the
Animal Ethics Committee of Zhejiang University following the
Guidelines for Care and Use of Laboratory Animals of Zhejiang
University.

2.8. Statistical Analysis. All these data were in the form of mean
+ standard deviation. Group differences were analyzed by One-way
ANOVA calculation with Prism version 9.0 (GraphPad) and accepted
as statistically significant when *P < 0.05, **P < 0.01, ***P < 0.001. If
the P value is greater than 0.0S, the results are considered to show no
statistical difference.

3. RESULTS AND DISCUSSION

3.1. Computational Simulation of Peptide—Protein
Docking. In the research of SF biomaterial, the study of SF
was always focused on the heavy chain or light chain/heavy
chain mixture of SF.”® Heavy chain comprises a highly
conserved N-terminal hydrophilic domain (fibNT, PDB:
3UA0), which can be used as SF to reveal the binding
sites.”” As the docking models exhibited (Figure 1A), the HL
peptide was more preferentially binding to the stable S-sheet
area of ibNT and had more residue pairs (distances < 5.0 A)
with ibNT than KL did (Table S2). In general, the lower the
RMSD value obtained from the re-docking experiment, the
better the docking pose for the binding mode of the ligand."”
The same goes for the docking score. The HL peptide had a

https://doi.org/10.1021/acsami.2c17554
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Figure 2. Morphologies and hydrophilicity of modified SFm. (A) 2D topographies and (B) corresponding 3D structures of SFm, KL@SFm, and
HL@SFm surfaces. (C) Semi-quantitative analysis of root-mean-square (RMS) roughness and z-range from AFM images. (D) Water contact angle
measurements. Statistical significance only showed the difference between HL@SFm with other groups (*P < 0.0S, **P < 0.01).

better simulation docking posing based on the lower binding
energy than the KL peptide (Figure 1B). Therefore, the heavy
chain domain of SF used in the peptide—protein binding
simulation represents that HL has a better binding affinity with
SF than KL.

3.2. Functional Verification and Self-Assembling
Properties of Bi-Functional Peptides. To further confirm
the binding affinity of the peptides to SFm, we conducted the
binding-elution test of HL with SFm in comparison with two
other groups (free FITC and KL). As shown in CLSM images
(Figure 1C), stronger green fluorescence could be seen in the
HL group than in the other groups. Semi-quantitative intensity
statistics also showed that the fluorescence of the HL group
was typically higher than that of the other two groups (Figure
1D), indicating that HL can tightly bind to the SF material
even after multiple prolonged washes. Additionally, the
adsorption assay (Figure 1E) showed the detailed efficiency
of functionalized HL (19.47%) and KL (7.66%) calculated by
the standard curves of fluorescent peptides (Figure S2). This
result indicates that HL could bind to the SF surface to
significantly functionalize the surface with a greater ability than
KL.

Next, we verified the osteogenic function of HL to
demonstrate that the KL motif in HL still retains its biological
functions (Figure 1F,G). In contrast to the blank control, HL
induced the OCN expression at a level similar to the equimolar
KL. A higher KL amount (800 pmol) indeed induced more
OCN expression. We made the HT sequence retain an active
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N-terminus and link it with the KL part by the Gly-Gly-Gly-
Gly linker. An appropriate linker can establish steric hindrance
to maximizing the binding efficiency of the protruding peptide
motif.”” Collectively, the above results proved that HL retained
two independent functions, the SF-binding by the HT motif
and the osteogenic capability by the KL motif, laying the
foundation for the use of the HL-modified SFm (HL@SFm) in
bone regeneration.

Additionally, we observed the self-assembly morphologies of
peptides by both TEM and AFM (Figure S3). KL and HL
peptides exhibited different self-assembly behaviors in the
aqueous solution. KL had short rod-like structures with a
length of about 2—3 pm, while HL formed tightly packed
particle-like structures. Through these observations, it can be
confirmed that different functional peptides can trigger self-
assembly behavior in the aqueous solution. Combined with the
results of functional verification tests, it was also proven that
the embedding of two sequences with different functions did
not affect the function of the two motifs. The self-assembly
may also affect the modification of the SF surface morphology
by the peptides.

3.3. Surface Modification of SFm from Anchored HL.
AFM images revealed significant differences in the top-
ographies of the SF surfaces modified with different peptides
(Figure 2A,B). The surface of SFm was flat and smooth. After
co-incubation with the KL peptide, a few scattered dot-like
deposits appeared on the resultant KL@SFm surface. Due to
the lack of the SF-binding ability, most of the KL peptides were
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eluted during washing and drying, resulting in sparse deposits
on KL@SFm. The HL@SFm consisted of highly homoge-
neous nanoparticles (about 200—300 nm in size) stacked up to
form a large piece of a dot-to-plane topography. The 3D
images of different membranes exhibited a distinct protrusion
structure of HL@SFm, with the highest protrusion height on
the z-axis. Quantitative analysis of the AFM images directly
reflected the fact that the addition of peptides significantly
improved the z-range of the membrane surface compared with
pure SFm (Figure 2C). In particular, HL@SFm reached the
maximum “z” value of 272.67 + 19.57 nm while the SFm
exhibited the lowest z value of 4.62 & 0.91 nm. Just like the z-
range, the RMS roughness was decreased in the order of HL@
SFm (31.8 + 1.5 nm), KL@SFm (1.30 + 0.14 nm), and SFm
(0.55 + 0.03 nm).

The influence of peptides on the surface properties of the
SFm could be another reliable evidence for SF-binding (Figure
2D). According to contact angle (CA) values, SF membranes
were hydrophilic (CA < 90°). Proper hydrophilicity is
advantageous for promoting cell adhesion and enhancing
cell-material interactions.”’ HL@SFm, with better hydro-
philicity (CA = 58.7 + 5.4°) than KL@SFm (CA = 75.7 +
3.3°) and SFm (CA = 76.0 + 6.7°), could facilitate cell growth
compared to KL@SFm and SFm. Additionally, the stronger
SF-binding capability of HL than KL could enable HL to cover
SFm more widely than KL (Figure 2B). The results of
hydrophilicity and roughness of HL@SFm are consistent with
the notion that the CA decreased with increasing roughness on
the hydrophilic surfaces with a CA of less than 90°.°
Collectively, the above results also demonstrate that HL@
SFm presents the roughest and most hydrophilic surfaces
among the three membranes.

3.4. Viability and Morphology of Cells Cultured on
HL@SFm. Cytocompatibility is the principal property desired
in biomedical materials. Here, we checked cell proliferation
and viability as the evaluation criteria (Figure 3). The tissue
culture plate (TCP) served as a control to compare the
biocompatibility of SFm. There was a continuously increasing
trend toward cell growth in all groups (Figure 3A). TCP,
rather than SFm and KL@SFm, obviously increased the
growth rate of MSCs on the first day. Then, no significant
difference appeared between these groups on day 3. The good
performance of TCP was due to the surface activation
treatment, which facilitated cell adhesion. TCP and HL@
SFm significantly improved the proliferation of MSCs on day S
compared to the other two groups. Although the number of
cells on HL@SFm was lower than that on TCP, both groups
did not show any statistical difference. This may arise from the
coating of the bi-functional peptide on the SFm surface with
improved wettability (Figure 2D). Similarly, representative
fluorescence images show high cell viability of all groups
evaluated using the calcein-AM/PI kit (Figure 3B). The denser
living cells represented by green fluorescence also supported
the results of increasing MSC amount in the proliferation
experiment. The dead cells were barely visible, especially after
3 and 5 days of culture. The rapid proliferation and high
viability of cells indicated that HL@SFm had good
cytocompatibility in terms of sustained maintenance in vitro.

In addition, from images on day S, the majority of MSCs
cultured on HL@SFm grew into a polygonal shape rather than
an undifferentiated spindle-like shape. We then monitored the
morphology of MSCs by staining the cytoskeleton (Figure S4).
All groups were able to encourage the adhesion of MSCs.
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Figure 3. Time courses of MSC proliferation and live/dead staining
on TCP, SFm, KL@SFm, and HL@SFm for 1, 3, and S days. (A)
Proliferation of MSCs reflected by the OD value at 450 nm. (B)
Fluorescence images of MSC viability. Live cells were labeled by
calcein-AM in the green channel and the dead cells were labeled by PI
on nuclei in red (Scale bar: 200 ym, *P < 0.0S, ns means no statistical
difference).

However, the cells on the TCP, SFm, or KL@SFm remained
elongated, whereas those on HL@SFm tended to be spread.
Especially on days 3 and S, in the HL@SFm group, actin
bundles concentrated at the tonofilament and filopodia area,
which would be helpful for cell migration and differentiation.
The brightly stained actins also corresponded to a clear
cytoskeleton that influenced the initiation of stem cell
differentiation through the mechanical properties of tension.*”
Through the growth state of seed cells on HL@SFm, the cell
support and adhesion performance of the scaffolds can be
verified.

3.5. Osteogenic Differentiation of MSCs on Function-
alized SF Membranes in the Absence of Osteogenic
Supplements. ALP is an exoenzyme expressed by osteoblasts,
and its expression activity is a significant feature of osteoblast
differentiation.”® Cells in all groups (SFm, KL@SFm, and
HL@SFm) started to have the expression of ALP on day 7,
and enzyme expression was enhanced after 2 weeks (Figure
4A). However, MSCs on HL@SFm showed the highest ALP
activity at both time points, confirming its strongest osteogenic
effect early in differentiation. We also performed the staining
assays to observe the ALP distribution of MSCs on the SF
surfaces (Figure 4B). Macroscopic photos displayed a larger
area and deeper ALP staining in the HL@SFm group than the
other two groups. In addition to staining for expressed ALP,
the heavily stained cells produced more surface-contact
anchors and more pseudopodia compared with the unstained
spindle-shaped cells.
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Figure 4. Bi-functional peptides on SFm promoted osteogenesis in vitro. (A) Relative enzymatic activity of ALP on days 7 and 14. Statistical
significance only showed the difference between SFm (control group) with other groups. (B) ALP staining of MSCs in macroscopic (a—c) and
microscopic (d—f) views on day 14. (C) The expression level of osteogenesis-associated genes. (D) COL-I and OPN-stained immunofluorescent
images of MSCs labeled with Alexa Fluor 555 (Scale bar: 30 um, *P < 0.05, **P < 0.01, ***P < 0.001).

To investigate the effect of HL@SFm on the osteogenesis of
MSCs, osteogenesis-related genes, including OCN, BMP, and
runt-related transcription factor 2 (Runx2) were detected. The
HL@SFm group showed the highest expression levels of all
three genes (Figure 4C), demonstrating its marked ability to
enhance osteogenic differentiation of MSCs. In particular,
HL@SFm showed a significantly higher level of expression of
Runx2, a marker of osteoblast differentiation,®* than the other
two groups. Next, we stained bone-associated protein markers
by immunofluorescence (Figure 4D). MSCs cultured on HL@
SFm exhibited a higher level of COL-I and OPN than those on
SFm and KL@SFm, indicating that HL@SFm had the
strongest capacity for inducing osteogenic differentiation
without the addition of other chemical inducers in the
medium. Taken together, these results consistently verified
that the modification of SF membranes by HL peptides
provided a more suitable microenvironment for inducing the
osteogenic differentiation of MSCs. This is because HL@SFm
bears a combination of biophysical cues (e.g, the unique
surface topography) and biochemical signals (e.g, the KL
peptide motif).
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3.6. In Vivo Bone Tissue Formation Induced by HL@
SFm. Ectopic bone models are often applied to test bone
formation induction by soft materials. Hence, we evaluated the
osteogenic ability of HL@SFm in the subcutaneous area of
rats. Quantification of the tissue volume (TV) by micro-CT
revealed that HL@SFm seeded with or without MSCs had a
greater volume of calcified tissue formed on the implanted SF
membranes than SFm and KL@SFm (Figure SB). Further-
more, the quantified percentage (bone volume/TV, BV/TV)
showed a similar increase in the newly regenerated bone in the
HL@SFm with or without MSCs groups (Figure SC)
compared to the other two groups, with the HL@SFm with
MSCs showing a stronger bone induction capability than that
without MSCs. Even though there was no statistical difference
between HL@SFm with SFm and KL@SFm, actual in vivo 3D-
scanning images again demonstrated that HL@SFm relatively
showed the formation of a bulk of calcified tissue (Figure SD).
Little calcified tissue was observed in the SFm and KL@SFm
groups in the micro-CT images. However, compared to these
two groups, HL@SFm with or without seeded cells had a
strong calcified signal, especially the signal intensity of the
group with cells was very close to that of the nearby hip bone
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(Figure SD). Furthermore, when the implants were taken out
of the animals, their representative 3D micro-CT images
(Figure SE) showed that new mineralized tissue tended to
deposit from the edge to the center of the SF membranes
(SFm, KL@SFm, and HL@SFm). It was clear that the
membrane structure of HL@SFm without MSCs remained
relatively intact, whereas the seeding of MSCs accelerated the
degradation of the HL@SFm membrane structure during bone
formation (Figure SE). Therefore, we can conclude that the
HL peptide indeed induced the heterotopic ossification of
implanted HL@SFm, which is thus a promising biomaterial in
BTE.

3.7. Biocompatibility of Implanted SF Membranes In
Vivo. We then evaluated the histocompatibility of HL@SFm.
H&E and Masson staining (Figure 6) showed the implanted
SF membrane and their surrounding fibrous tissue. A few
neutrophils and phagocytes were found in the tissue around
the grafts in all groups, suggesting a mild inflammatory
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response in vivo to the SF membranes with or without peptide
coating. Lots of capillaries were observed around the HL@
SFm groups with or without MSCs. Extending the
implantation time, the HL@SFm group induced increased
blood vessel formation in the fibrous tissue.

Moreover, there were more blood vessels around HL@SFm
with MSCs than without MSC seeded. This phenomenon
could be explained by the migration of MSCs to the
implantation site, which affects the formation of new blood
vessels.”> Therefore, adding seed cells can accelerate angio-
genesis in the grafts. A flood of phagocytes damaged the
membrane in the group of HL@SFm with MSCs and the
blood vessels also formed at the degradation site (Figure 6B),
suggesting that the surrounding inflammatory cells may be
involved in forming blood vessels.’**” Masson staining showed
that dense fibrous connective tissues were formed in all groups
at 4 weeks (Figure 6A). Thinner fibrous capsules were
observed after 8 weeks (Figure 6B), demonstrating the relief
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Figure 6. H&E and Masson’s trichrome staining of SFm, KL@SFm, and HL@SFm with and without MSCs subcutaneously implanted in the SD
rat model after (A) 4 weeks and (B) 8 weeks. The yellow arrows and letter M represent blood vessels and implanted membranes, respectively.
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of inflammatory response. In addition, the typical blue staining
of fibrous COL-I was found in the HL@SFm groups with
MSCs, illustrating the formation of mature collagen fibers
(Figure 6A).

3.8. Immunohistochemical Analysis of HL@SFm.
3.8.1. Inflammatory Response of HL@SFm in the Implanted
Environment. We then performed immunohistochemical
staining of the above implants to explore the causes of
osteogenic differences. Based on the results of H&E and
Masson’s trichrome staining, we selected two representative
inflammatory factors to be characterized. Inflammation is
defined as a continuous proinflammatory and anti-inflamma-
tory process to achieve a balanced state. IL-6 is considered a
marker protein having high expression in the early stage of
inflammation. As shown in Figure 7A, the tissue edges around
SFm, KL@SFm, and HL@SFm showed obvious and similar
brown color at 4 w, which also corresponded to the generation
of mild inflammatory reactions in H&E sections. While there
was no immunostaining reaction in HL@SFm+MSCs, the
IOD value for this group was significantly lower than that for
the HL@SFm group (Figure 7B), indicating that the
infiltration of MSCs weakened the inflammatory response.
After 8 w, the expression of IL-6 in all groups except the HL@
SFm+MSCs decreased significantly, indicating that the
inflammatory response was alleviated. But this phenomenon
was more likely to be interpreted as the unique anti-
inflammatory property of macrophages co-cultured with
MSCs, which was the high expression of IL-6, the opposite
cytokine secretion behavior of monocyte-derived proinflam-
matory macrophages.’® The non-single up/down-regulation of
IL-6 also showed its complex role in the proinflammatory
process. Unlike the classical proinflammatory factor TNF-q,
IL-6 has not produced a simple inhibitory effect on osteogenic
differentiation in other studies,®” and can even show a bone-
promoting effect both in vivo and in vitro."” This may also
promote bone formation of HL@SFm + MSCs.
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As for the expression results of IL-10, all groups showed
darker IL-10 staining after 4 w than the founding of 8 w. The
high expression of IL-10 indicated that with an inevitable
inflammatory reaction, the materials in each group were
conducive to turning monocytes into macrophages with anti-
inflammatory phenotypes. Thus, anti-inflammatory markers
could be produced to reduce inflammation and enhance tissue
repair and angiogenesis. After 8 w, the expression of IL-10
decreased, indicating that they still maintained the function
and continuously suppressed inflammatory response. Overall,
SF membranes were biocompatible depending on the small
amount of distributed inflammatory cells and secretion of
cytokines when they were transplanted in vivo, and could be
degraded into small irregular pieces subcutaneously.

3.8.2. Pro-Angiogenic Ability of HL@SFm In Vivo.
Angiogenesis is a prerequisite for bone formation. The
vascularization of bone tissue engineering materials can
effectively link the internal structure of bone to maintain cell
viability and promote bone integration. Therefore, CD31 was
selected here as the marker protein of endothelial cells to
observe angiogenesis in the surrounding fibrocystic layer after
8 w. As Figure SSA shows, there were a certain number of tiny
vessels with diameters of about 20—30 pm near the fibrous
capsule of SFm and KL@SFm. Denser vascular lumens with
larger cross-sectional areas were distributed around HL@SFm
and HL@SFm+ MSCs. Especially in HL@SFm+ MSCs,
vessels were also located at places where the membranes
were broken into pieces, demonstrating the formation of
connected vascular structures within them. Further statistics
revealed that the more obvious difference in the angiogenesis
capacity was the cross-section area of the vessels rather than
the number of vessels (Figure SSB,C). Moreover, the area of
neovascularization was more significantly elevated after MSC
seeding on HL@SFm. This result suggested that the newly
generated vessels around SFm and KL@SFm were small and
dense and they cannot achieve efficient blood supply.
However, HL@SFm and HL@SFm + MSCs generated vessels
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Figure 7. Local inflammatory response to the implanted membranes. (A) IHC staining of IL-6 and IL-10 and the corresponding semiquantitative
results (B) in the subcutaneously implanted SFm, KL@SFm, HL@SFm, and HL@SFm + MSCs after 4 weeks and 8 weeks. Letter M represents
implanted membrane position. Statistical analysis only showed the difference between HL@SFm and other groups (Scale bar: 50 ym, *P < 0.0S,

*#%P < 0,001, ns means no statistical difference).

with both wide diameter and large amount, which facilitated
the establishment and connection of the vascular network.
Correlating the results of newly generated vessels with the
newly formed calcified tissue also verified that well-established
angiogenesis was indispensable for inducing osteogenesis.
3.8.3. Formation of Bone Matrix Proteins. Figure 8 shows
that the expression of bone-related proteins increased with
increasing transplantation time. At 4 weeks, OPN staining
displayed a positive expression among all the groups, whereas
COL-I and OCN staining only showed a positive expression in
the HL@SFm with the MSCs group (Figure 8A). The
semiquantitative analysis showed a significant increase from
HL@SFm with and without MSCs than SFm and KL@SFm
(Figure 8C). The possible reason is the multi-role of OPN in
osteogenesis. In addition to being related to cell adhesion and
bone matrix formation, OPN is also associated with high
expression influenced by infiltrating white blood cells or other
macrophages near the wound during the acute inflammatory
period."" Therefore, it may also cause the obvious positive
staining of SFm and KL@SFm at the early stage (4 w) even
without other bone protein expression. Although the COL-I
expression level of HL@SFm was significantly lower than that
of HL@SFm+MSCs at 4 w, it was remarkably increased at 8 w
with obvious brown distribution around the membrane (Figure
8A), close to the degree of the HL@SFm+MSCs group. In
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vivo, osteoblasts secrete a large amount of COL-I into ECM
during the differentiation stage, interacting with various
osteocytes and allowing the deposition of hydroxyapatite
crystals for the formation of a mature bone.”” OCN is also an
important bone matrix protein, reflecting the maturity of bone
formation. Compared with COL-I and OPN, OCN secretion is
more representative as a biochemical marker of bone
formation. It can be clearly observed in Figure 8A that only
brown deposition of OCN appeared around HL@SFm +
MSCs. The expression level was significantly higher than that
of the rest of the three groups. On prolonging the implantation
time to 8 w, OCN expression in all groups significantly
increased. Especially the IOD value of HL@SFm achieved an
order-of-magnitude increase, which was significantly higher
than that of SFm and KL@SFm groups. However, it still did
not reach the effect of HL@SFm + MSCs, indicating that the
existence of MSCs promoted OCN expression.

The above staining results suggested that HL@SFm with the
bi-functional HL peptide facilitated the bone matrix protein
expression at the ectopic bone site with the increasing
implantation time. In conclusion, due to the combination of
seed cells (MSCs), SF scaffolds (SFm), and osteogenic signals
(KL motif in HL), the HL@SFm has an excellent osteogenic
effect in vivo.
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4. CONCLUSIONS

In summary, we have designed a novel bi-functional peptide
HL, made of an SF-binding motif (HT) and an osteogenic
BMP-2-derived peptide motif (KL), to modify the SF
membrane to induce not only the osteogenic differentiation
of MSCs without additional inducers but also the formation of
the bone matrix in vivo. The HT motif enabled the HL to bind
to SFm during a layer-by-layer process, forming HL@SFm.
The docking simulation confirmed that HL could bind SF
tightly due to the presence of the HT motif. Meanwhile, the
KL motif in the HL sequence inherited the biological activity
of BMP-2 to induce osteogenic differentiation of MSCs. The
modification of SFm by HL improved the hydrophilicity of
SFm and facilitated cell attachment and growth, and formed a
unique topography on the SFm. We also confirmed that the
HL@SFm effectively promoted the secretion of early
osteogenic markers and the expression of bone-related genes
and proteins. Moreover, the subcutaneous ectopic osteogenesis
experiments showed that the HL@SFm could form calcified
osteoid tissue with good biocompatibility even without cell
seeding. In summary, this work demonstrates that the specific
bi-functional peptide can be well bound on the SF matrix,
forming a biomaterial that can be applied to bone tissue
regeneration. Notably, this study provides an experimental
basis for the safe and effective modification of biomaterials by
biopanning-derived peptides.
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(Table S1); receptor—ligand interface residue pairs of
KL and HL with ibNT (Table S2) (PDF)
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