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ARTICLE INFO ABSTRACT

Keywords: More than 500,000 bone grafting procedures are performed annually in the USA. Considering the significant

Nanofiber limitations of available bone grafts, we previously invented a phase-separation technology to generate nano-

}S)caffr;ld fibrous poly(i-lactic acid) (PLLA) scaffolds that mimic the bone matrix collagen in nanofiber geometry and
eptide

enhance bone regeneration. Here we report the development of nanofibrous scaffolds with covalently attached
synthetic peptides that mimic native collagen peptides to activate the two main collagen receptors in bone cells,
discoidin domain receptor 2 (DDR2) and p1 integrins. We synthesized a PLLA-based graft-copolymer to enable
covalent peptide conjugation via a click reaction. Using PLLA and the graft-copolymer, we developed 3D scaf-
folds with interconnected pores and peptides-containing nanofibers to activate DDR2 and {1 integrins of oste-
ogenic cells. The degradation rate and mechanical properties of the scaffolds are tunable. The peptides-decorated
nanofibrous scaffolds demonstrated 7.8 times more mineralized bone regeneration over the control scaffolds
without the peptides in a critical-sized bone defect regeneration model after 8 weeks of implantation, showing a
synergistic effect of the two peptides. This study demonstrates the power of scaffolds to mimic ECM at both
nanometer and molecular levels, activating cell surface receptors to liberate the innate regenerative potential of
host stem/progenitor cells.

Discoidin domain receptor
Bone tissue engineering

1. Introduction

Bone is a highly dynamic tissue with microscale fractures forming
and healing continuously. However, a bone defect beyond a certain size
scale is unable to self-heal and therefore a bone graft is required. There
are about 2.2 million cases of bone grafting procedures carried out
annually in the world, with more than 500,000 cases and a total expense
of 5 billion dollars on bone grafting annually in the USA alone [1-3].
Among bone grafts, autografts are the gold standard, but the source of
tissue is limited to the available bone of the patients themselves. Allo-
grafts and xenografts risk infection and host rejection. Tissue engineered
bone grafts constructed using scaffolds with or without pre-seeded
osteogenic cells have received increasing attention [4-7]. Their
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reduced immunogenicity is advantageous over allografts or xenografts
while their off-the-shelf nature compensates for the limited availability
of autografts. Basic requirements for a desired scaffold include
biocompatibility, biodegradability, osteogenic activities, adequate me-
chanical properties to maintain the 3D shape for bone regeneration,
porous structure enhancing vascularization and tissue regeneration, and
the possibility to present biomolecules to promote osteogenesis [8-13].

Among various materials used in bone tissue engineering scaffolds,
polyesters including polycaprolactone (PCL), poly(lactic acid) (PLA),
poly(glycolic acid) (PGA) and poly(lactic-co-glycolic acid) (PLGA) are a
group of FDA-approved polymeric materials that are promising candi-
dates for potential clinical applications due to their biocompatibility and
biodegradability. Various microstructures of bone regeneration
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scaffolds have been achieved by different manufacturing techniques
including porogen leaching [9,14-16], freeze drying [17], solid-liquid
or liquid-liquid phase separation [18-21], electrospinning [22-24] or
3D printing [14,25,26]. Nano-scale fibers with similar geometry to that
of collagen fibers, the major components of extracellular matrix (ECM)
with a typical diameter of 50-500 nm, are found to be a desirable
morphology and have been fabricated using electrospinning or ther-
mally induced phase separation procedures (TIPS) [18,19,21,25]. Our
laboratory developed a novel phase-separation technique to generate
polymer scaffolds with several desired features including nanofibrous
morphology and controllable 3D pore structures. The nanofibrous
morphology of these PLLA scaffolds mimics collagen fibers in shape and
dimensions. These scaffolds have been used for bone tissue engineering
with demonstrated mechanical support and enhanced osteogenic prop-
erties [27-32].

In addition to its nanofibrous structure, a major factor contributing
to the bioactivity of collagen is the presence within its triple helical
structure of peptide sequences interacting with specific cell-surface re-
ceptors. The peptide sequence GFOGER (O = hydroxyproline), which
binds p1 integrins, is known to increase cell adhesion and the expression
of osteoblast-specific genes [33]. This peptide promoted osteogenic
behavior when physically absorbed on a solid PCL scaffold or attached
on a hydrogel [34,35]. We recently discovered that a second collagen
receptor, discoidin domain receptor 2 (DDR2), also plays a vital role in
bone development where it largely functions in skeletal progenitor cells
(SPCs) to promote cell proliferation and osteogenic differentiation
[36-40]. Human and mouse loss-of-function mutations in DDR2 cause
severe craniofacial and skeletal defects [36,41,42]. DDR2 binds the
sequence, GVMGFO (O = hydroxyproline), which is present in fibrillar
collagens. However, such peptides do not bind integrins or directly
stimulate integrin activity, but rather increase integrin-mediated
downstream signaling [43]. Significantly, seeding SPCs on tissue cul-
ture surfaces adsorbed with the DDR2-binding GVMGFO-containing
triple-helical peptides stimulates osteoblast differentiation to a greater
extent than surfaces adsorbed with p1 integrin-binding GFOGER pep-
tides. Combined exposure of cells to both GVMGFO and GFOGER pep-
tides stimulates more osteoblast differentiation and mineralization than
individual peptides [44]. None of these bone cell receptor-binding
peptides have been previously conjugated to a nanofiber. Our bone
tissue engineering studies using 3D nanofibrous scaffold, studies of
DDR2 in bone development, and preliminary cell culture data on
peptides-absorbed plates lead us to hypothesize that synthetic biode-
gradable nanofibers decorated with a combination of DDR2-activating
and integrin-activating triple-helical peptides may mimic key biolog-
ical functions of collagen fibers in osteogenesis to synergistically
enhance bone regeneration.

In the present study, we tested this hypothesis by first developing a
novel approach to synthesize peptide-conjugated nanofibrous PLLA-
based polymer scaffolds, to examine their activation of DDR2 and (1
integrin, and to evaluate their function in enhancing bone regeneration.
A major challenge for this study was to design a PLLA-based polymer
that allows controllable attachment of peptides while maintaining
nanofiber-forming properties of PLLA. Pure PLLA lacks reactive func-
tional groups and needs further functionalization for biomolecule at-
tachments [45]. Here we reported a new 3D scaffold design from a blend
of PLLA and PLLA-based graft copolymer, poly(2-hydroxyethyl meth-
acrylate-graft-PLLA)-methacrylate (PHEMA-g-PLLA-ma), where the
PLLA molecular weight, the PLLA chain length in the graft polymer, the
feeding ratio of HEMA and graft polymer, and the blend ratio of
PHEMA-g-PLLA-ma to PLLA were tailored to achieve the desired nano-
fibrous morphology, mechanical properties and peptide conjugation.
The peptides-decorated nanofibrous scaffolds were evaluated for bone
regeneration using a critical-sized bone defect regeneration model, and,
excitingly, the individual and synergistic effects of GFOGER and
GVMGFO peptides on bone regeneration were confirmed.
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2. Results

2.1. Synthesis of poly(HEMA-graft-PLLA)-methacrylate (PHEMA-g-
PLLA-ma)

PHEMA-g-PLLA-ma was synthesized with a route similar to our
previous publication [46], illustrated in Scheme 1. HEMA-PLLA with
different molecular weights was polymerized with i-lactide as the
monomer and HEMA as the initiator. The resulting macromonomer was
copolymerized with HEMA, followed by functionalization with meth-
acrylate. The change of double bond was confirmed using both NMR
(Fig. 1A-C) and FTIR (Fig. 1D-F). The peptide conjugation was also
confirmed using FTIR (Fig. 1G).

2.2. The effect of PHEMA-g-PLLA-ma/PLLA blend ratio on physical and
chemical properties of nanofibrous films

The newly synthesized PHEMA-g-PLLA-ma (Fig. 2A) was blended
with pure PLLA to provide similar mechanical properties and
morphology of pure PLLA nanofibers. A very high blend ratio of PHEMA-
g-PLLA-ma/PLLA, such as above 50/50, resulted in either non-fibrous
morphology or loss of typical nanofibrous morphology (became
merged fibers) after phase separation (Fig. 2B), and thus was not further
studied. All other characterizations were performed with lower blend
ratios (<50 %) (Table S1). A general trend among all the samples was
that increasing the blend ratio from 10/90 to 50/50 decreased melting
enthalpy and tensile modulus (Table S1, Fig. 2C), indicating lower
crystallinity of the materials, likely due to the increasing amorphous
HEMA content. In contrast, peptide conjugation density increased with
increasing HEMA/1-lactide ratio since each HEMA segment brings one
binding site, the methacrylate end group. The peptide conjugation
density increased with increasing blend ratio.

When the grafted PLLA chain length in PHEMA-g-PLLA-ma was long
enough, the tensile modulus no longer significantly decreased with
increasing blend ratio, and similar tensile behavior to pure PLLA was
shown even at 50/50 blend (Fig. 2D, Fig. S1). This suggested that the
PLLA graft chain length played an important role in the mechanical
properties of nanofibrous structure. It was likely that the long PLLA graft
chain contributed to crystallinity and overall mechanical properties,
where the polymer blend maintains similar physical properties as pure
PLLA even at high PHEMA-g-PLLA-ma/PLLA blend ratio, corroborated
by DSC data (Table S1).

2.3. The effect of PHEMA-g-PLLA-ma molecular design on physical and
chemical properties of nanofibrous films

The effects of HEMA/1-lactide feed ratio on copolymerization and
graft PLLA chain length were studied (Fig. 3A). At a fixed PHEMA-g-
PLLA-ma/PLLA blend ratio where a typical nanofibrous morphology
was maintained, the trends of modulus and peptide conjugation density
were similar against the HEMA/1-lactide feed ratio, i.e., the modulus
decreased with increasing HEMA/L-lactide ratios, and the conjugation
density increased with increasing HEMA/1-lactide ratios (Table S1). At
the highest PHEMA-g-PLLA-ma/PLLA blend ratio (50/50) maintaining a
typical nanofibrous morphology, there were the greatest differences in
modulus and conjugation density between the two HEMA/1-lactide feed
ratios (0.43 vs 0.86) (Fig. 3B). Increasing HEMA/L-lactide feed ratio is
always beneficial to conjugation density because more HEMA units
contribute to more conjugation sites (methacrylate groups). Increasing
graft PLLA chain length resulted in higher modulus, possibly due to
improved crystallization of PLLA (higher crystallinity and larger crystal
size) (Fig. 3C). The explanation was corroborated by the trend of
increasing melting enthalpy when the graft PLLA chain was longer
(Fig. S2). However, increasing graft PLLA chain length reduced peptide
conjugation density (Fig. 3D). This change could be explained by the
difference in the methacrylate groups available for conjugation reaction.
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Fig. 1. Characterization of PHEMA-g-PLLA-ma and related compounds. 1A-C) H NMR spectrum for HEMA-PLLA (1A), PHEMA-g-PLLA (1B) and PHEMA-g-PLLA-ma
(1C). 1D-G) ATR-FTIR spectrum for HEMA-PLLA (1D), PHEMA-g-PLLA (1E), PHEMA-g-PLLA-ma (1F) and PHEMA-g-PLLA-ma 3D scaffold after peptide conjugation

and intensive wash (1G).

The methacrylate groups were presented at each HEMA unit and at the
end of graft PLLA chain as well. The shorter the graft PLLA chain, the
more methacrylate groups per mass of graft copolymer, resulting in a
higher conjugation density. In addition, the comparison of molecular
weight between PHEMA-g-PLLA-ma and graft PLLA chain confirmed
that there were potentially more graft PLLA chains per graft copolymer
when a shorter graft PLLA chain was used (Fig. S3). For a longer graft
PLLA chain, the total number of methacrylate groups was smaller,
therefore the conjugation density decreased with the increasing chain
length (Fig. 3D).

2.4. Selection of PHEMA-g-PLLA-ma/PLLA blend composition

There are three variables that control the composition of PHEMA-g-
PLLA-ma/PLLA blend: The blend ratio of PHEMA-g-PLLA-ma/PLLA,
length of graft PLLA chain and ratio of HEMA/1-lactide in the graft
copolymer. There are also three important features of the generated
scaffolds, including the nanofiber features (morphology and diameter),
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mechanical properties such as modulus, and the achievable peptide
conjugation density of the scaffolds. Based on our examination, polymer
blend ratios lower than 50/50 ensure typical nanofiber morphologies
which are known to enhance bone regeneration [47]. Therefore, we
focus on scaffolds with polymer blend ratios ranging from 10/90 to
50/50. The two remaining criteria, modulus, and peptide conjugation
density, are both important. Higher modulus can better maintain pore
shape and size, which are known to affect vascularization and osteo-
genic differentiation [30]. The conjugation density determines how
much peptide can interact with surface receptors and regulate cell
behavior. The two criteria are displayed in the same graph and scaffolds
with the highest conjugation densities at a given modulus are selected as
candidates (red dots in Fig. 4).

The five selected blend compositions are all good scaffolds with
comparable modulus to the pure PLLA scaffold and desired high peptide
conjugation densities. Among these candidate scaffolds, the modulus
and the conjugation density change in opposite directions. We selected a
scaffold in the middle with balanced modulus and conjugation density
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Fig. 2. Effect of blend ratio on tensile modulus (red) and peptide conjugation density (blue). A) Schematic illustration of polymer blend composition of PHEMA-g-
PLLA-ma/PLLA blend, where: blue — PLLA chain, red - HEMA, green -methacrylate. B) Change of fibrous morphology with blend ratio (scale bar = 10 pm). C) The
general trend of nanofibrous film tensile modulus and 3D scaffold peptide conjugation properties changes with increasing blend ratio. Polymer composition: 3.6k
PLLA chain length, HEMA/1-lactide feed weight ratio 0.43. D) One special case: mechanical properties did not decrease when the blend ratio was increased. Polymer
composition: 228k PLLA chain length, HEMA/1-lactide feed weight ratio 0.43. Stress-strain curves of C) and D) can be found in Fig. S1. (A colored version of this

figure is available online).

for subsequent further in vitro and in vivo evaluations (PLLA chain
length 3.6k, HEMA/L-lactide feed weight ratio 0.43, PHEMA-g-PLLA-
ma/PLLA blend weight ratio 20/80).

To examine biocompatibility, 10k mouse BMSCs were seeded onto
each PHEMA-g-PLLA-ma/PLLA blend scaffold with the selected polymer
blend composition. Cell number (converted from total DNA content)
increased with culture time, reaching about 4.6 times of the seeded cell
number at 3 weeks (Fig. S4). This indicated that the PHEMA-g-PLLA-
ma/PLLA blend 3D scaffold had good cell compatibility and supported
cell proliferation, which is suitable for us to advance to subsequent
peptide modification studies.

2.5. Qualitative and quantitative analyses of peptide conjugation

To conjugate peptides to scaffolds, we applied a well-established
thiol-ene click reaction [48,49]. The covalent conjugation of peptides
was identified by FTIR spectrum, where the C=C double bond decrease
and amide region show up on 3D scaffold samples (Fig. 1G). To visualize
peptide conjugation, two different peptides, GER and GVM, were con-
jugated on PHEMA-g-PLLA-ma films or 3D porous scaffolds with
composition selected in 2.4 under UV light with a photo-initiator,
IC2959. The conjugation ratio of peptides was controlled by varying
the feeding ratio of peptides and visualized with their fluorescent light
intensities from the 3D nanofibrous scaffolds (Fig. 5A). The amount of a
peptide conjugated was controlled by the amount of the peptide fed, as
higher feeding resulted in higher peptide conjugation (Fig. 5B). The
ratio of conjugated peptide over fed peptide (conjugation percentage)
was around 40 %-50 % when fed peptide was at the range of 0.9-9
nmol/mg (Fig. 5C). GER and GVM had similar conjugation reactivity
(Fig. S5).

To further validate the persistence of covalent conjugation, GER-
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biotin-conjugated film was compared with physical absorption in
terms of peptide retention in PBS solution over time (Fig. 5D, Fig. S6).
The absorption was conducted by soaking nanofibrous films with the
same peptide concentration as covalent conjugation at 4 °C overnight
and was compared with covalently conjugated GER-biotin after 15-min
incubation under UV with an initiator. The films were placed in a PBS
solution at 37 °C for up to 3 weeks with PBS changed every day. The
amount of remaining peptide was visualized by the intensity of fluo-
rescence after staining with Streptavidin-Alexa Fluor 555 conjugate.
After 1 day and 3 weeks, the remaining peptide in the physical
adsorption group decreased substantially, while the fluorescence in-
tensity from the covalently conjugated group did not change signifi-
cantly. The result confirmed the covalent conjugation of peptides.

2.6. The degradation properties of 3D PHEMA-g-PLLA-ma/PLLA blend
scaffolds

To evaluate the degradation of 3D scaffolds to be implanted, disk-
shaped 3D porous nanofibrous scaffolds with a diameter of 18 mm
and a thickness of 2 mm were fabricated with the selected polymer
blend. The scaffolds were incubated in PBS at 37 °C for up to 8 weeks
(10 ml PBS per scaffold, changed every day). SEM images indicated that
the pore surfaces of both types of scaffolds became more porous at 2
weeks and lost mechanical integrity at 8 weeks. However, the PHEMA-g-
PLLA-ma/PLLA blend scaffolds degraded faster than those of pure PLLA
scaffolds (Fig. 6A). The mass loss of the PHEMA-g-PLLA-ma/PLLA blend
scaffolds was substantially faster than that of pure PLLA scaffolds, which
is desirable for our tissue engineering application. The mass loss data of
the blend scaffolds at every time point (from 1 to 8 weeks) were sta-
tistically significantly lower than those of the control pure PLLA scaf-
folds (p < 0.001). The HEMA portion of the polymer was more
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(A colored version of this figure is available online).

hydrophilic and amorphous, contributing to a faster degradation rate
compared to pure PLLA even when 80 % of the polymer blend was pure
PLLA (Fig. 6B).

2.7. Invitro differentiation of cell-seeded scaffolds

The effect of peptide conjugation in vitro was demonstrated by
seeding an immortalized cell line of human BMSCs at 500k/scaffold and
cultured in an osteogenic medium. Four groups of PHEMA-g-PLLA-ma/
PLLA blend 3D scaffolds with the selected peptide compositions were
used: control, 100 pg GER per scaffold, 100 ug GVM per scaffold and
100 pg GER 4100 pg GVM per scaffold. The peptide density calculation
method was described in supplementary material S2. An increase in
osteogenic gene expression was observed for peptide-conjugated scaf-
folds, including Runx2, ALP, BSP, OCN, Coll, and ColX (endochondral
ossification). The GER + GVM scaffolds showed the most increase
among all groups two weeks after seeding (Fig. S7). Also, a similar
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pattern of increase in vascularization gene expression was shown.
Peptide-conjugated scaffolds improved Pecaml (Cd31) and Cd34
expression two weeks after seeding, and the GER + GVM group dis-
played higher expression than the other groups (Fig. S8).

Among the osteogenic markers we observed, the increase of Runx2,
BSP, OCN, and Coll expressions was consistent with other in vitro
studies, which validated the bioactivity of GER peptide [50-52]. Since
GVM, the DDR2-binding peptide, was never conjugated on a 3D scaffold,
we would also like to confirm that GVM peptide activated DDR2 of the
cells. Immunofluorescence staining using human phospho-DDR1/DDR2
antibody (pDDR, R&D Systems) was conducted, and we observed that
cell-seeded scaffolds with GVM peptide conjugation displayed signals
around the nuclei of cells after two weeks of culture, suggesting the
activation of DDR (Fig. 7).
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2.8. Evaluation of peptide-conjugated nanofibrous scaffolds using a
mouse critical-sized calvarial bone defect regeneration model

Four groups of PHEMA-g-PLLA-ma/PLLA blend 3D scaffolds with the
selected peptide compositions were used: control, 100 pg GER per
scaffold, 100 pg GVM per scaffold and 100 pg GER +100 pg GVM per

scaffold. Scaffolds were implanted in critical-sized calvarial defects, and
skulls were harvested after 4 weeks and 8 weeks. Regenerated bone
volume was measured in the defects using Micro-CT analysis (Fig. 8A).
Each peptide group showed significantly more bone volume from their
own 4-week to 8-week time points, suggesting continuous bone regen-
eration over time (Fig. 8B). At 8 weeks, there were significant
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Fig. 7. Activation of DDR on human BMSCs seeded on 3D porous scaffolds with IF staining of pDDR as primary antibody after two weeks. (A) IF images of pDDR
(stained green, AlexaFluor 488) and cell nuclei (stained blue, DAPI), scale bar = 50 pm. (B) Quantification of green fluorescence intensity over blue intensity (DAPI).
p = 0.0073 (**) according to one-way ANOVA. Polymer blend composition: 3.6k PLLA chain length, HEMA/PLLA feed weight ratio 0.43, PHEMA-g-PLLA-ma/PLLA
blend weight ratio 20/80.

CTR: Control 3D scaffolds without peptide conjugation (click reaction condition applied as other groups).

GER: Scaffolds with 100 pg GER peptide as feed for conjugation per scaffold.

GVM: Scaffolds with 100 pg GVM peptide as feed for conjugation per scaffold.

GER + GVM: Scaffolds with 100 pg GER and 100 pg GVM peptide as feed for conjugation per scaffold.
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Fig. 8. Micro-CT images and bone volume analysis on 4-week and 8-week mouse critical-sized calvarial bone defect repair with cell-free 3D scaffold implantation. A)
Micro-CT images with top view and cross-section view. B) Bone volume/mm?®, One-way ANOVA was used to access significance from multiple comparisons. *p <
0.05, **p < 0.01. The selected polymer blend composition from Section 3.5 was used. Scaffold dimensions: 5 mm in diameter, 1 mm in thickness, with pore size of
250-425 pm. Six animals were used for each group. (A colored version of this figure is available online).

CTR: Control 3D scaffolds without peptide conjugation (click reaction condition applied as other groups).

GER: Scaffolds with 100 pg GER peptide for conjugation per scaffold.

GVM: Scaffolds with 100 pg GVM peptide for conjugation per scaffold.

GER + GVM: Scaffolds with 100 pg GER and 100 pg GVM peptides for conjugation per scaffold.
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differences (p < 0.05) in bone volume between the GER + GVM group
and other groups, control, GER, and GVM (Fig. 8B). At 4 weeks, there
were significant differences (p < 0.05) in bone volume between the GER
+ GVM group and two other groups, GER and control (Fig. 8B). The bone
volumes of GER + GVM groups were not only the highest among all
groups, but also higher than the combined bone volumes obtained with
the two individual peptides. At 4 weeks, the bone volume of the both-
peptide group was 6.0 times of the control group, which was equal to
2.6 times of GER alone, 1.9 times of GVM alone, and 1.1 times of the sum
of GER and GVM. At 8 weeks, the bone volume of the both-peptide group
was 7.8 times that of the control group, which was equal to 4.0 times the
GER alone group, 3.1 times the GVM alone group, and 1.7 times the sum
of GER and GVM alone groups. Six animals were used for each group.
Histologic images showed a similar trend as micro-CT image. Four
weeks after implantation, Hematoxylin and Eosin (H&E) and Masson’s
Trichrome (MT) staining showed more bone formation in the group with
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both peptides, while bone formation in three other groups was minimal
(Fig. 9A), where arrows indicate new bone domains and blue color in-
dicates new collagen deposition measured by trichrome staining. There
were also cartilage-like regions (marked with C in trichrome staining) in
the single peptide groups at 4 weeks. Eight weeks after implantation,
large areas of more mature bone formed, particularly in the groups with
both peptides (arrows), while less bone formation was observed for the
single peptide groups (arrows). The lowest bone and the lowest new
collagen matrix deposition was seen in the control group (Fig. 9B). These
findings were consistent with micro-CT results and suggested that GER
and GVM peptides on nanofibers of the 3D scaffolds synergistically
enhanced bone regeneration.

GER+GVM

8w after implantation

Fig. 9. H&E staining and Masson’s trichrome staining on paraffin-embedded sections of implanted 3D scaffolds in mouse critical-sized calvarial bone defects. A) 4
weeks after implantation and B) 8 weeks after implantation. Green arrows pointed to new bone areas, blue showed new collagen deposition, the letter ‘S’ indicated
scaffold areas, and the letter ‘C’ indicated cartilage-like structures (A colored version of this figure is available online).

CTR: Control 3D scaffolds without peptide conjugation (click reaction condition applied as other groups).

GER: Scaffolds with 100 pg GER peptide as feed for conjugation per scaffold.
GVM: Scaffolds with 100 pg GVM peptide as feed for conjugation per scaffold.

GER + GVM: Scaffolds with 100 pg GER and 100 pg GVM peptide as feed for conjugation per scaffold.
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2.9. Immunofiluorescence (IF) imaging of peptide effects on tissue
regeneration

Following H&E and MT staining, we assessed the efficacy of peptide-
conjugated scaffolds in facilitating the ingrowth of blood capillaries and
in supporting the formation of bone and cartilage tissue. Four weeks
post-implantation, immunofluorescence analysis with antibodies to
endothelial markers, CD31 (Fig. 10) and Von Willebrand Factor (VWF,
Fig. S9), showed clusters of endothelial cells, indicative of vasculariza-
tion, with a consistent distribution pattern. Notably, there was unre-
moved host tissue on the outer surface of scaffold implants, such as in
the control group in Fig. 9 (CTL-4w). We focused on examining the new
vessel formation inside the scaffold implants. Scaffolds incorporating
both peptide types were associated with an elevation in both CD31 and
VWF immunofluorescence in comparison to the control group or to
those scaffolds conjugated with a single type of peptide, suggesting
enhanced angiogenic response. After eight weeks, this trend was
amplified. The scaffolds containing a combination of peptides exhibited
a substantial enrichment of fluorescence within the marrow-like struc-
tures located at the central areas of the scaffolds. The distribution of
both CD31 and VWF was predominantly observed encircling the newly
formed blood vessels as pointed out by the arrows, indicating neo-
vascularization (Fig. 10, Fig. S9). This suggests that the dual-peptide
scaffolds may modulate a favorable microenvironment that promotes
angiogenesis more effectively than the scaffolds containing a single
peptide.

The increased accumulation of CD31 and VWF around the marrow-
like structures and along the new vessels implies a successful integra-
tion of the scaffold with the host’s vasculature, which is crucial for
nutrient and oxygen supply to the regenerating tissue. Furthermore, the
enhanced angiogenic activity alongside the marrow-like structures
could indicate a stimulatory interaction between the scaffold and the

20x
CD31e

20x
DAPI
+CD31 @

20x

BF
+DAPI ®
+CD31 @

[ 5
] %

40x
BF
+DAPl @
+CD31

o
——

CTL-4w GER-4w GVM-4w Both-4w

Bioactive Materials 43 (2025) 98-113

host’s regenerative processes, potentially leading to more efficient
osteogenesis. The synergistic effect of the combined peptides might be
directing the scaffold to support a more organized tissue architecture
mimicking the native bone.

IF staining for SRY-box transcription factor 9 (Sox9) revealed that
this chondrogenic marker was localized primarily around the marrow-
like structures within the scaffolds (Fig. 11). Four weeks post-
implantation, chondrocyte-like structures were found with concen-
trated Sox9 signals (Arrows in Fig. 11). The scaffolds that were conju-
gated with both types of peptides demonstrated an enhanced fluorescent
signal in comparison to the controls or those conjugated with a single
type of peptide. This suggests a more robust chondrogenic phenotype in
the peptide-conjugated scaffolds, especially dual-peptide-conjugated
scaffolds. By the eighth week, there were remaining fluorescent sig-
nals of Sox9, which were predominantly observed within the central
marrow-like structures of the scaffolds (Fig. 11).

Staining for Runt-related transcription factor 2 (Runx2), a marker
associated with osteogenic differentiation, was analyzed (Fig. 12). At the
four-week time point, Runx2 was more prominently observed in the
group of scaffolds that were conjugated with both peptides, indicating
enhanced osteogenic activity. Additionally, scaffolds conjugated solely
with the peptide GVM displayed a notable increase in the level of fluo-
rescence, suggesting a positive osteogenic response attributable to DDR2
activation.

This trend continued at 8 weeks where overall Runx2 staining
increased in all groups, but particularly in the GER plus GVM peptide
group.

3. Discussion

While more than 500,000 of bone grafting procedures are performed
annually in the USA, there are substantial limitations and concerns over
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Fig. 10. Neovascularization was examined using IF staining of CD31 positive endothelial cells in cell-free 3D scaffolds harvested 4 or 8 weeks after implantation in
mouse critical-sized calvaria defects. CD31 was stained red (AlexaFluor 594), and cell nuclei were stained blue (DAPI). Bright field images were superimposed on IF
staining in row 3. Row 4 is higher mag images of row 3 (red boxes). Scale bar = 100pm. (A colored version of this figure is available online).

Groups for this and all following IF staining images:

CTR: Control 3D scaffolds without peptide conjugation.

GER: Scaffolds with 100 pg GER peptide as feed for conjugation per scaffold.
GVM: Scaffolds with 100 pg GVM peptide as feed for conjugation per scaffold.

Both: Scaffolds with 100 ug GER and 100 pg GVM peptide as feed for conjugation per scaffold.
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Fig. 11. IF staining for Sox9 of cell-free 3D scaffolds harvested 4 or 8 weeks after implantation in mouse critical-sized calvarial defects. Sox9 was stained red
(AlexaFluor 594), and cell nuclei were stained blue (DAPI). Bright-field images were superimposed on IF staining in row 3. Row 4 is higher mag images of row 3 (red
boxes). Arrows indicate chondrocyte-like regions with Sox9 signal. Scale bar = 100pm. (A colored version of this figure is available online).
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Fig. 12. TF staining for Runx2 in cell-free 3D scaffolds harvested at 4 or 8 weeks after implantation in mouse critical-sized calvarial defects. Runx2 was stained green
(AlexaFluor 488), and cell nuclei were stained blue (DAPI). Bright field images were superimposed on IF staining in row 3. Row 4 is higher mag images of row 3 (red
boxes). Scale bar = 100pm. (A colored version of this figure is available online).

the currently available bone grafts [ ]. PLLA is an FDA-approved levels [25,53,54]. These nanofibrous scaffolds were shown to enhance
material with various medical uses including as screws and plates for bone regeneration through improved protein adsorption and cell-matrix
bone fixation and is biocompatible and biodegradable. Our lab devel- interactions [47,55]. However, these scaffolds differ from native
oped a novel phase-separation technology to fabricate nanofibrous PLLA collagen in that they do not contain biomolecules on the nanofibers that
scaffolds that mimic the collagen of the organic bone matrix in fiber can directly interact with collagen receptors on osteogenic cells.

diameter and geometry [19]. Furthermore, we developed several ways In this study, we developed nanofibrous scaffolds containing syn-
to generate controlled pore sizes and shapes into such nanofibrous thetic triple-helical peptides that mimic native collagen by activating
scaffolds as well control overall anatomic geometries at the macroscopic the two major cell surface collagen receptors in bone cells, 1 integrins
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and the DDR2. To achieve this, it was first necessary to add functional
groups on the PLLA polymer chains without compromising their ca-
pacity to form nanofibers. We, therefore, synthesized a graft-copolymer,
PHEMA-g-PLLA-ma in this study (Fig. 1), to utilize the functionality of
methacrylate in the repeating HEMA units and the end groups of the
graft PLLA chains for peptide conjugation by the thiol-ene click reaction.

However, in addition to introducing functional groups for peptide
conjugation, the copolymerization also introduced grafted polymer
chains and could result in shorter graft PLLA chain lengths, which can
compromise the capacity for polymer chain crystallization and nano-
fiber formation. We systematically synthesized many such graft co-
polymers by varying HEMA and LLA contents and chain lengths, where
we obtained a library of graft copolymers to achieve varying function-
alities and structures (Fig. S1). We also visualized the covalently con-
jugated peptides and their ratios in 3D nanofibrous scaffolds as well as
demonstrated their long-term presence on the scaffolds (Fig. 5).

We also wanted to maintain the good mechanical properties and to
achieve desired degradation kinetics of the new scaffolds. Instead of
using the graft copolymer PHEMA-g-PLLA-ma alone, we prepared
polymer blends of PHEMA-g-PLLA-ma and pure PLLA (Fig. S1). It is
confirmed that tunable peptide ratios can be achieved along with the
desired nanofibrous morphology of the scaffolds when the graft copol-
ymer content is 50 % or lower (Fig. 2). When the blend ratio is fixed, it
was found that higher HEMA content improves peptide conjugation
capacity, and higher PLLA content in the graft copolymer improves
mechanical properties (Figs. 3 and 4). The longer graft PLLA chain
length contributes to better mechanical properties and shorter graft
PLLA chains contribute to higher peptide conjugation properties. While
many of the synthesized graft copolymer compositions and blend ratios
resulted in satisfactory nanofiber formation, good mechanical proper-
ties, and conjugation capacity, we focused on one of the new nano-
fibrous scaffolds with balanced higher conjugation capacity and
satisfactory mechanical properties for further evaluations.

As we know, bone tissue engineering scaffolds should maintain their
porous 3D structure for cell population and construction of premature
tissue and degrade at the stage when mature tissue forms [56]. Ac-
cording to previous studies from our lab, 8 weeks is the usual time when
mature bone tissue starts to form in critical-sized calvaria defect models
[29,57,58]. Therefore, we examined the degradation behaviors of the
new scaffolds over 8 weeks. Satisfactory degradation behavior was
achieved where the porous structure of scaffolds remained intact over a
few weeks (Fig. 6). The hydrophilicity of the HEMA component in the
graft copolymer likely led to faster degradation rates.

To determine if the conjugated peptides on the nanofibrous scaffolds
can enhance osteogenic differentiation of BMSCs, we conducted in vitro
differentiation studies and quantified gene expressions. We showed that
3D scaffolds with peptide conjugation enhanced the expression of
osteogenic markers and vascularization markers, where the scaffolds
with both peptides showed the highest expressions (Figs. S7-S8). DDR2-
binding peptide was never conjugated on 3D scaffolds before. To pro-
vide direct proof of DDR activation, we performed immunofluorescence
staining using pDDR antibody, and the results showed significantly
higher pDDR signals in scaffolds with DDR2-binding peptide (Fig. 7).
This data provided us with confidence to advance the project to in situ
bone regeneration studies.

Using a critical-sized mouse calvarial defect regeneration model
where the defect cannot spontaneously heal, we evaluated the perfor-
mance of the newly developed helical peptide-decorated cell surface
receptor-activating nanofibrous scaffolds for bone regeneration. Excit-
ingly, it was demonstrated that the new nanofibrous scaffolds with
either of the two peptides (DDR2 or p1 integrin activating) significantly
improved bone regeneration outcome based on both histological ana-
lyses and micro-CT analysis compared to the control nanofibrous scaf-
folds. DDR2 activating peptide had a more significant effect than the p1
integrin activating peptide in enhancing bone regeneration on the
nanofibrous scaffolds. More excitingly, the dual peptide decorated
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nanofibrous scaffolds regenerated a mineralized bone volume that was
7.8 times that of the control nanofibrous scaffolds after 8 weeks of im-
plantation, which is 1.7 times of the summation of two single peptide-
conjugated scaffolds (Fig. 8), indicating a synergistic effect of the
DDR2 and p1 integrin activating peptides. While it will be important to
investigate the molecular mechanisms of the synergy between the two
receptor-activating peptides in enhancing mineralized bone regenera-
tion in future studies, the present data firmly supports our hypothesis
that nanofibers decorated with either of the two triple-helical peptides
may mimic key biological functions of collagen fibers to enhance bone
regeneration, and nanofibers decorated with both peptides synergisti-
cally enhance osteogenic properties and therefore substantially further
facilitate bone regeneration. The H&E and Trichrome staining was
consistent with the micro-CT analysis, showing cellular and matrix
distribution in the regenerated 3D tissue constructs (Fig. 9).

Since it is well known that bone regeneration requires vasculariza-
tion, the neovascularization has been examined using immunofluores-
cence staining, showing a consistent trend between mineralization and
neovascularization in these scaffolds in response to the conjugated
collagen-mimicking synthetic peptides (Fig. 10 and Fig. S9).

Literature tells us that calvarial bone is formed via intramembranous
mineralization during development. However, in the present study it
was observed that there were more chondrocyte-like cells and cartilage-
like matrix in earlier stages of implantation (4 weeks) or less stimulating
environments (such as scaffolds conjugated with single peptide,
compared to those conjugated both peptides). However, the
chondrocyte-like cells and cartilage-like matrix appeared to decrease at
8 weeks when vascularized and mineralized bone formation increased
(Figs. 9-12). This observation supports a process more consistent with
endochondral bone formation during scaffold-supported bone regener-
ation. This observation was corroborated by previous studies showing
that a low level of transient chondrogenic gene expression occurs during
normal calvarial development and that this increases under altered
biological conditions such as craniosynostosis [40,59].

Interestingly, we also observed a continued presence of chondrocyte-
like cells and cartilage-like matrix in the marrow-like structures of the
regenerated calvarial bone from these peptide-conjugated scaffolds. This
result suggests that the mesenchymal stem/progenitor cells in the
marrow of the regenerated calvarial bone retain their multi-lineage
differentiation potentials, showing both chondrocyte-like and
osteoblast-like differentiation potentials even at later times, similar to
those in the marrow of long bones [60].

Nanofibrous 3D scaffolds with similar fiber size to that of natural
collagen promote osteogenic properties [61]. Integrin-binding and
DDR2-binding peptides are sequences derived from natural collagen
promoting osteogenic differentiation [2]. In our new scaffold, the
polymeric part provided structure support and non-specific surface
interaction while the peptides provided specific binding to cell re-
ceptors. We demonstrated that a combination of peptides and nano-
fibrous 3D scaffolds greatly enhanced the osteogenic gene expression in
vitro and promoted bone tissue regeneration in vivo. Although cell
interaction mechanisms with peptides on nanofibrous scaffolds could be
complex, the nanofibrous 3D scaffolds with controllable peptide
conjugation techniques will help to further understand such mecha-
nisms in the future.

4. Conclusion

In this study, we synthesized a series of PLLA-based graft copolymers
PHEMA-g-PLLA-ma, and successfully fabricated 3D porous PHEMA-g-
PLLA-ma/PLLA blend nanofibrous scaffolds. The methacrylate group
in the graft copolymer enabled thiol-ene click reaction to achieve co-
valent peptide conjugation on nanofibers of the scaffolds. The PLLA
portion of the blend and the graft PLLA chains in the copolymers
contributed to the formation of the nanofibrous structure and retaining
satisfactory mechanical properties. The effect of molecular composition
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of the graft copolymer was investigated and optimized for nanofiber
morphology, mechanical properties, and peptide conjugation capacity.
Controllable and persistent peptide presentation was achieved. Dis-
coidin domain receptor 2 (DDR2) binding peptide and integrin binding
peptide were used to functionalize nanofibrous PLLA scaffolds for the
first time. The osteogenic effect of the newly designed DDR2 activating
and integrin activating 3D nanofibrous scaffolds was evaluated using a
mouse critical-sized bone defect regeneration model. The effect of the
dual peptides conjugated nanofibrous scaffold on bone volume regen-
eration was 7.8 times that of the control scaffold and 1.7 times that of
the summation of the single peptide-conjugated nanofibrous scaffolds
after 8 weeks of implantation, indicating a synergistic effect in vivo. As a
versatile 3D nanofibrous scaffold design with click-reaction capacity,
PHEMA-g-PLLA-ma/PLLA blend scaffolds have exciting potential for
regeneration of bone and other tissues. This study convincingly dem-
onstrates the importance and power of scaffolds to mimic ECM at both
nanometer and molecular levels, e.g. to activate two cell surface re-
ceptors in this novel approach to liberate the innate regenerative power
of host stem/progenitor cells.

5. Experimental section
5.1. Materials

Poly(i-lactide) (referred to as pure PLLA, Resomer® L 207 S, Mn =
176k), 1-lactide (La), azobisisobutyronitrile (AIBN), 1,4-dioxane, meth-
anol, dichloromethane (DCM), triethylamine (TEA), methacryloyl
chloride, tetrahydrofuran (THF), ethanol, mineral oil, sodium hydrogen
carbonate (NaHCOs), anhydrous sodium sulfate, Tin(II) 2-ethylhexa-
noate (Sn(Oct)o), hydroxyethyl-methacrylate (HEMA), tri-
azabicyclodecene (TBD), Span 80®, anhydrous sodium sulfate, Irgacure
2959 were purchased from Sigma-Aldrich Company (USA). D-fructose
was purchased from Oakwood Chemical. Hydrochloric acid (HCL),
fructose, phosphate buffered saline (PBS), sodium chloride (NaCl), sa-
line, ethylenediaminetetraacetic acid (EDTA) and tromethamine (Tris)
were purchased from Thermo Fisher Scientific (USA). Custom peptides
were purchased from Alan Scientific (US) (Table 1). C57BL/6J mice
(female) of 6-to-8-week-old were purchased from The Jackson Labora-
tory. The Pl integrin-activating peptide GFOGER (GER), DDR2-
activating GVMGFO (GVM), and GFOGER-biotin (GER-biotin) peptide
were purchased from Alan Scientific (US) (95 % purity with tri-
fluoroacetate removal service). Hydrogen peroxide (30 %) was pur-
chased from Supelco. Diva Decloaker (10X) was purchased from
BIOCARE MEDICAL. All primary antibodies and secondary antibodies
were purchased from Cell Signaling Technology. Normal donkey serum
(NDS) was purchased from the Colorado Serum Company. Triton was
purchased from Promega Corp. Formalin (10 %) was purchased from
Sigma. ProLong™ Gold antifade reagent with DAPI (DAPI mounting
solution) was purchased from Fisher.

5.2. Synthesis of hydroxyethyl-methacrylate-poly(i-lactide) (HEMA-
PLLA) macromonomer (molecular weight <20,000 g/mol)

Fixed mole ratio of r-lactide and HEMA were added into a 100 ml
round-bottomed flask. Sn(Oct), with 0.01 mol% of 1-lactide is added as
the catalyst. The flask was sealed, and nitrogen gas was used to purge the

Table 1
Sequences and names for peptides used.
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container for 10 min. The container was put onto a glycerol bath at
140 °C for 2 h during which the reaction mixture turned from a trans-
parent liquid to a white, opaque, viscous liquid. The container was then
cooled down to room temperature. Dichloromethane was added to
dissolve the mixture. Precipitate was removed by centrifugation. Poly-
mer/dichloromethane solution was added into cold methanol (1:10 vol
ratio) and immediately centrifuged. The white precipitate was washed
with methanol 2 more times and Milli-Q Water 3 times, and then freeze-
dried to form white solid product, hydroxyethyl-methacrylate-poly(t-
lactide) (HEMA-PLLA).

5.3. Synthesis of hydroxyethyl-methacrylate-poly(i-lactide) (HEMA-
PLLA) macromonomer (molecular weight >20,000 g/mol)

TBD, i-lactide, and HEMA were pre-dried with anhydrous sodium
sulfate prior to the reaction. A 20 ml vial with 1.5 g of molecular sieve
was sealed and underwent nitrogen gas purge for 10 min 10 wt% of -
lactide pre-dissolved in anhydrous DCM with HEMA of 1/100 to 1/800
mol ratio to r-lactide was added in the vial using a syringe. A syringe
loaded with 2 mg/ml TBD solution (0.1mol% of 1-lactide) was set on the
rubber cover with a Teflon filter. The device was cooled down at —80 °C
for 1 h before TBD solution was injected into the vial. The vial was set at
—80 °C for 48 h. The viscous reaction mixture was put on rotary evap-
orator to remove DCM. The product was washed off from molecular
sieve using an excess amount of DCM and vacuum dried to remove DCM.
The monomer was washed away with ethyl acetate 2 times before the
product was dried to form transparent-to-opaque white film, hydrox-
yethyl-methacrylate-poly(i-lactide) (HEMA-PLLA).

5.4. Synthesis of poly(hydroxyethyl-methacrylate)-graft-PLLA (PHEMA-
g-PLLA)

HEMA-PLLA macromonomer was dissolved in 1,4-dioxane with a
weight percentage of 10 % under 60 °C until it is completely dissolved.
The solution was added into a 100 ml round-bottomed flask with various
amounts of HEMA and AIBN in 1,4-dioxane and was purged with ni-
trogen gas for 10 min. The weight ratio of HEMA, AIBN and macro-
monomer was typically 0.43/0.01/1 (mole ratio 50:1:5 when HEMA-
PLLA molecular weight was 3000 g/mol). The flask was put onto a
glycerol batch at 80 °C for 24 h. The transparent reaction mixture was
then poured into cold methanol (1:10 vol ratio) and centrifuged. The
white flocculent precipitate was then washed with methanol 2 more
times and Milli-Q water 3 times, and then freeze-dried to form white
solid product, poly(hydroxyethyl-methacrylate)-graft-PLLA (PHEMA-g-
PLLA).

5.5. Synthesis of poly(HEMA-graft-PLLA)-methacrylate (PHEMA-g-
PLLA-ma)

PHEMA-g-PLLA was dissolved in DCM (5 wt%) in a 100 ml round-
bottomed flask. The flask was sealed and purged with nitrogen gas for
5 min, then placed in an ice-water bath for at least 10 min before the
reaction. Triethylamine (TEA) was added into the flask first, and
methacryloyl chloride was added into the flask drop-wise. Mole ratio of
HEMA, AIBN and macromonomer was 2:1:1. The flask was kept in the
ice-water bath for 1 h. The resulting liquid mixture with a slight red

Peptide sequence

Abbreviation Source

GGPGPPGPPGPPGPPGPPGFOGERGPPGPPGPPGPPGPPGPC-NH2
O=Hydroxyproline

GPCGPPGPPGPPGPPGPPGPRGQOGV(Nle)GFOGPPGPPGPPGPPGPPGGP-NH2

GGPGPPGPPGPPGPPGPPGFOGERGPPGPPGPPGPPGPPGPC-NH2-biotin
O=Hydroxyproline

GER Alan Scientific Inc (US)

GVM
GER-biotin
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color was then washed with 50 ml 0.1M HCI 2 times until pH of the
water phase dropped below 7, then washed with 50 ml 0.5M NaHCO3
once. The organic phase was then poured into cold methanol (1:10 vol
ratio) and centrifuged. The precipitate is washed with methanol 2 more
times and Milli-Q water 3 times, and then freeze-dried to form white
solid product, poly(HEMA-graft-PLLA)-methacrylate (PHEMA-g-PLLA-
ma).

5.6. Nanofibrous film fabrication with PHEMA-g-PLLA-ma/PLLA blend

Nanofibrous films were prepared using a thermally induced phase
separation method. 10 wt% of polymers with various weight ratios of
PHEMA-g-PLLA-ma and PLLA were dissolved in tetrahydrofuran (THF)
at 60 °C until the solution became transparent. The viscous polymer
solution was then poured into a preheated 0.5-mm-thick mold made of
two pieces of glass slides with silicon wafer as inner surface of the lower
slide to ensure film flatness. The mold was immediately sealed afterward
and placed into a —80 °C freezer for 2 days to induce phase separation.
The mold was then unsealed and submerged in an ice-water batch to
exchange THF. The solidified film was then dried between paper towels
on benchtop and stored in vacuum until further experiments.

5.7. Nanofibrous 3D porous scaffold fabrication with PHEMA-g-PLLA-
ma/PLLA blend

3D scaffolds were fabricated following a previous publication from
our group [62]. Briefly, fructose microspheres used for 3D pore gener-
ation were formed by cooling down a fructose/mineral oil emulsion
from 120 °C to ice-water bath and collecting fructose spheres with
diameter of 250-425 pm using stainless steel sieves. The fructose
spheres were submerged in hexane and annealed in a Teflon vial at
37 °C. The vial was then vacuum dried to remove hexane. 10 wt% of
PHEMA-g-PLLA-ma/PLLA blends with various compositions were dis-
solved in THF at 60 °C. The viscous solution was injected into the Teflon
vial with dry fructose template. A brief vacuum was used to remove air
in the fructose template and allow polymer solution to fill the pores
throughout. The vial was then sealed and placed in —80 °C freezer for 2
days. The vial was then unsealed, soaked into hexane to remove THF,
and then soaked into water to remove fructose template. The porous 3D
nanofibrous scaffold was collected, cut into desired shapes and freeze
dried until further experiments.

5.8. Peptide conjugation on nanofibrous films or 3D porous scaffolds

A piece of 5-mm-diameter film (for visualization) or 5-mm-diameter
3D porous scaffold (for implant or peptide conjugation density mea-
surements) was weighted to calculate peptide conjugation amount per
mass. The piece was wet with ethanol in a cell culture plate for 30 min
before reaction. 1:1 volume of two solutions, 1 wt% Irgacure 2959/
methanol and 0.1~1 mg/ml peptide/PBS, were added to the wetted film
or 3D scaffolds, for a volume of 0.2 mL per piece. The plate was moved
under a UV lamp and exposed to UV light for 15 min. Supernatant before
and after reaction was collected for peptide consumption measurements
and the film or 3D scaffold was washed with ethanol 3 times and PBS 3
times for 30 min each and stored at —80 °C until further experiments.

5.9. Polymer, film and scaffold characterizations

H! Nuclear Magnetic Resonance (H NMR): HEMA-PLLA, PHEMA-g-
PLLA, PHEMA-g-PLLA-ma were dissolved in d-chloroform for a con-
centration of 5 w/v% and tested on Varian Inova 500 (500 MHz).

Fourier-Transform Infrared Spectroscopy (FTIR): HEMA-PLLA pow-
der, PHEMA-g-PLLA powder and PHEMA-g-PLLA-ma/PLLA nanofibrous
films before and after peptide conjugation was analyzed with Thermo-
Nicolet IS-50 instrument with ATR-FTIR diamond crystal accessory.

Gel Permeation Chromatography (GPC): 0.5 mg/ml THF solution of
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polymer samples were filtered and analyzed on Shimadzu GPC to
determine molecular weight using polystyrene standards.

Scanning Electron Microscopy (SEM): Film and scaffold samples
underwent gold coating and were observed under JEOL JSM-7800FLV
SEM instrument. The images were analyzed, and average fiber diam-
eter was calculated by measuring 50-100 fibers for each sample.

Differential Scanning Calorimetry (DSC): A PerkinElmer DSC-7 Dif-
ferential Scanning Calorimeter was used to obtain DSC data. 5~10 mg of
nanofibrous polymer films were added in an aluminum sample holder
and were heated from 50 °C to 190 °C at a speed of 20 °C per minute.
Melting enthalpy was calculated using the built-in area calculation of
the program.

Film mechanical properties: Film samples were cut into sheets with 2
mm width and 20 mm length. The dimensions of individual specimens
were measured by a caliper. A GT-UA03 Single Column Tensile Test
Machine with a 50 N loading cell was used for all mechanical tests. The
samples were fixed on a small force film holder with a 10 mm gauge
length and extended at a speed of 0.5 mm/min. Tensile modulus and
strain at break was calculated from stress-strain curve.

5.10. Peptide conjugation density determination

The amount of conjugated peptide (ug peptide per mg scaffold) was
determined by subtracting remaining peptide and wash-away peptide
from total feeding peptide. The conjugation percentage was given by the
ratio of conjugated peptides to total feeding peptides. 0.1 ml peptide
solution (1 mg/ml) was used for reaction. Concentrations were deter-
mined following the protocol provided by Pierce™ Quantitative Peptide
Assays (Thermo Fisher Scientific) and were converted into molar
amount of peptide per mass of a scaffold. The detailed calculation of
peptide conjugation was described in supplementary data S2.

5.11. Visualization of peptide conjugation

Two different labeling techniques were used. GER-biotin peptide
synthesized by the peptide provider was labeled by Streptavidin-Alexa
Fluor 555 conjugate (Avidin-Alex, excitation/emission wavelength:
555/565 nm) after conjugation reaction with nanofibrous film or 3D
scaffold. The other method was to label the amino terminal of peptide
using Fluorescein isothiocyanate isomer I (FITC, excitation/emission
wavelength: 495/519 nm) in pH 9.0 Phosphate buffer for 12 h, followed
by dialysis purification. The FITC-labeled peptide was then conjugated
to films or 3D scaffolds. A Leica Thunder microscope was used to observe
the two dyes at corresponding wavelengths.

5.12. Degradation studies

3D porous scaffolds were cut into disks with a diameter of 18 mm and
a thickness of 2 mm and were soaked in PBS (10 ml per disk, changed
every day) at 37 °C for up to 8 weeks. 2-3 disks were used for each
replicate and 3 replicates per timepoint were used for weight loss
calculation. SEM images were taken at 3 timepoints: 0 week (before
incubation), 2 weeks and 8 weeks of incubation, to examine surface
morphology changes.

5.13. Cell proliferation

Mouse bone marrow-derived mesenchymal stem cells (BMSCs) were
harvested from the legs of 6-to-8-week-old C57BL/6J female mice (four
mice total, cells were combined after harvesting) and seeded on PHEMA-
g-PLLA-ma/PLLA blend 3D scaffolds (5 mm diameter, 2 mm thickness),
wetted with ethanol 3 times, PBS 3 times and a-MEM one time at a
density of 10k cells per scaffold. Cell-seeded scaffolds were incubated
with cell culture medium (a-MEM with 10 % FBS) at 37 °C for up to 3
weeks. Samples were collected at 4 h, 1 week, 2 weeks and 3 weeks after
seeding. 150uL Tris-NaCl-EDTA (TNE) buffer and 10uL proteinase K (20
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mg/ml) were used to remove protein at 55 °C for 24 h and was later
precipitated by adding 6M NaCl solution. Supernatants were measured
following the protocol of Quant-iT™ dsDNA Assay Kits. The cell number
of each sample was determined by comparing the DNA concentration to
cell standards with the number of cells acquired by hemocytometer
[63].

5.14. In vivo bone regeneration with cell-free 3D scaffolds in a mouse
critical-sized calvarial bone defect

The animal procedures were performed according to a protocol
approved by the Institutional Animal Care & Use Committee (IACUC) of
the University of Michigan (following the NIH Guidelines). C57BL/6J
mice of 6-to-8-week-old were pre-injected with 5 mg/kg carprofen and
anesthetized with isoflurane. The skull area was shaved and cleaned
with iodine and saline solution. A 5-mm incision was made at the center
line of the skull and a 5 mm-diameter trephine bur was used to carefully
remove a round piece of bone. A cell-free PHEMA-g-PLLA-ma/PLLA
blend scaffold with or without peptide conjugation wetted with saline
was placed into the defect and silk suture was used to close the incision.
Mice were sacrificed at 4-week and 8-week time points. Skulls were
collected and underwent fixation in 4 % paraformaldehyde at 4 °C for
24 h. The samples were stored in 70 % ethanol before characterization.
Six animals were used for each group.

5.15. Bone volume analysis

A micro-CT system (uCT100 Scanco Medical, Bassersdorf,
Switzerland) was used to scan the samples under voxel size 18 pm, 70
kVp, 114 pA, 0.5 mm AL filter, and integration time of 500 ms. Results
were processed using dragonfly software to calculate the bone volume in
the defects (with a lower threshold of 18 % and an upper threshold of
100 %) [36,471].

5.16. Histology analysis

Samples after the micro-CT scan were cleaned by removing soft tis-
sues around the scaffold and demineralized in 14 wt% EDTA solution
(pH = 7.4) for 10 days. The samples were then embedded in paraffin,
sliced (with a thickness of 10 pm), and stained following the standard
protocol of H&E staining and Masson’s trichrome staining.

5.17. Immunofluorescence (IF) imaging

Paraffin-embedded slides (with a thickness of 10 pm) were depar-
affined and post-fixed in 10 % formalin for 10 min. The slides were then
incubated in 3 % hydrogen peroxide for 5 min, washed with PBS 3 times
(5 min each time), followed by antigen retrieval in Diva Decloaker so-
lution (Biocare Medical) at 60 °C overnight. The slides were then cooled
to room temperature, washed with PBS for 4 times with 5 min each time,
and incubated with a PBS solution containing 0.1 % Triton, 0.1 % BSA,
and 2 % NDS for 1 h. Primary rabbit antibodies bound to CD31, VWF,
Sox9, or Runx2 markers (1:100 in 0.1 % Triton/PBS) were dropped on
the slides and kept at 4 °C overnight before being rinsed with PBS for 4
times with 5 min each time. Afterward, Donkey-anti-rabbit secondary
antibodies (Alexa Flour 594 or 488, 1:1000 in 0.1 % Triton/PBS) were
dropped on the slides. The slides were incubated at room temperature
for 2 h. PBS was used to wash away excess amounts of antibodies for 4
times with 5 min each time, and a DAPI mounting solution was dropped
on the slides before a cover glass was placed on top of the slides. Images
were taken using a Leica Thunder microscope. Overlapping of bright
field image, DAPI fluorescence signal, and secondary antibody fluores-
cence signal were done using the build-in program in the microscope.
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5.18. Statistical analysis

Sample data of polymer mechanical properties and fiber diameter,
peptide conjugation and bone volume were presented as Mean =+ stan-
dard deviation (SD). The student t-test was used to determine signifi-
cance (two-tail, unpaired) between two groups. Ordinary one-way
ANOVA was used to determine significance for multiple comparisons.
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