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ABSTRACT

Osteochondral injury is a common and frequent orthopedic disease that can lead to more serious degenerative
joint disease. Tissue engineering is a promising modality for osteochondral repair, but the implanted scaffolds are
often immunogenic and can induce unwanted foreign body reaction (FBR). Here, we prepare a polypept(o)ide-
based PAA-RGD hydrogel using a novel thiol/thioester dual-functionalized hyperbranched polypeptide P
(EG3Glu-co-Cys) and maleimide-functionalized polysarcosine under biologically benign conditions. The PAA-
RGD hydrogel shows suitable biodegradability, excellent biocompatibility, and low immunogenicity, which
together lead to optimal performance for osteochondral repair in New Zealand white rabbits even at the early
stage of implantation. Further in vitro and in vivo mechanistic studies corroborate the immunomodulatory role of
the PAA-RGD hydrogel, which induces minimum FBR responses and a high level of polarization of macrophages
into the immunosuppressive M2 subtypes. These findings demonstrate the promising potential of the PAA-RGD
hydrogel for osteochondral regeneration and highlight the importance of immunomodulation. The results may
inspire the development of PAA-based materials for not only osteochondral defect repair but also various other

tissue engineering and bio-implantation applications.

1. Introduction

Osteochondral defects are mainly caused by wear out and accidental
trauma such as sports injury, which can lead to osteoarthritis and severe
joint pain [1]. Because mature articular cartilage has almost no blood
supply and limited ability to repair itself, osteochondral defects can be
irreversible and permanent if inappropriately treated [2]. Currently, the
most commonly used treatments for osteochondral defects include
microfracture surgery, and osteochondral allograft transplantation
(OCT) [3,4]. However, problems such as irreversible cartilage degen-
eration, foreign body reaction (FBR), and undesired fibrocartilage rather
than hyaline cartilage formation, are frequently observed in the
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abovementioned methods and limit their surgical effects [5,6].
Recently, tissue engineering scaffolds with composite seed cells,
mesenchymal stem cells (MSCs) and chondrocytes for example, have
become a promising treatment for osteochondral defects [7]. Hydrogels
are widely used in tissue engineering as scaffold materials because of
their high-water content and biocompatibility [8-19]. To achieve
functional repair, ideally, the scaffolds need to have optimal properties,
including suitable degradability, low immunogenicity, and low toxicity
[20]. For instance, the degradation rate of the scaffold needs to match
the ingrowth rate of new tissue for better extracellular matrix (ECM)
deposition [21,22]. Currently, most hydrogels fail to offer satisfactory
repairing effect at the early stage, partially due to suboptimal
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degradation rates [23]. More importantly, as foreign objects, the
implanted scaffolds need to be minimally immunogenic to prevent po-
tential FBR [24,25].

To date, the most frequently explored hydrogel materials for osteo-
chondral tissue engineering include poly (ethylene glycol) (PEG), chi-
tosan, hyaluronic acid, chondroitin sulfate, silk proteins, fibrin, and
gelatin [12,14,26-28]. Among them, animal-derived biopolymers are
biodegradable but suffer from shortcomings, such as heterogeneous
compositions, inconsistent performances due to batch variations, and
inherent or impurity-caused immunogenicity. Moreover, the gelation of
biopolymers, taking the most widely used methacryloyl gelatin (GelMA)
hydrogels as an example, often requires toxic reagents/photoinitiators.
On the other hand, the degradability of synthetic polymers, such as
PEG-based hydrogels, is usually unsatisfactory. More worrisome,
although PEG is widely considered safe and has been extensively used
for stealthy coating, mounting evidence has revealed both FBR and
nonnegligible immunogenicity in PEGylated peptides, proteins, and
nanocarriers [27,29-31]. Thus, the development of new biomaterial
scaffolds with optimized degradability and minimized immunogenicity
is a pressing and unmet clinical need.

Synthetic polypept(o)ides, or poly(amino acid)s (PAA), made by the
ring-opening polymerization of amino acid N-carboxyanhydrides (NCA)
are fascinating biomimetic polymers that can potentially harbor the
advantages of both synthetic and biological polymers. The past two
decades have also witnessed the rapid development of various synthetic
polypept(o)ides as tissue engineering scaffolds and long-term implants
[32-42]. Our previous studies have revealed that a helical polypeptide
namely P(EGsGlu), poly(y-(2-(2-(2-methoxyethoxy)ethoxy) ethyl
-glutamate), is a superb antifouling material when coated on various
surfaces [43]. Moreover, P(EG3Glu) and polysarcosine (PSar) have been
used for protein conjugation, which exhibited significantly improved
pharmacokinetics and reduced immunogenicity compared with analo-
gous PEG conjugates [44-51]. Inspired by these results, we speculate
that hydrogels based on the low immunogenic P(EG3Glu) and PSar are
promising scaffolds for osteochondral tissue engineering, which has
never been attempted before.

In this study, we synthesized a novel PAA-based hydrogel with
optimized degradability, good biocompatibility, and reduced immuno-
genicity, which together led to optimal in vivo performance for osteo-
chondral repair. The hydrogel, termed as PAA-RGD, was facilely
prepared by simply mixing functionalized thiol/thioester-dual func-
tionalized P(EG3Glu) and maleimide-bearing PSar under mild condi-
tions. In vitro, the PAA-RGD hydrogel promoted the proliferation and
chondrogenesis of MSCs. In the New Zealand White rabbit model with
osteochondral defects, the MSCs-encapsulated PAA-RGD hydrogel out-
performed the widely used PEG-RGD and GelMA hydrogels at both the
early (week 6) and late (week 12) stages. Careful analyses of the re-
generated osteochondral tissues highlighted the minimal FBR phenom-
enon, reduced inflammatory responses, and polarization of
macrophages into immunosuppressive M2 macrophages in the PAA-
RGD hydrogel-treated animals. These findings demonstrated the prom-
ising potential of PAA-RGD hydrogels for cartilage regeneration and
underscored the importance of immunomodulation, which may shed
light on the development of other PAA-based materials for various tissue
engineering and bio-implantation applications.

2. Results and discussion
2.1. Design, synthesis, and characterization of the Polypept(o)ides

Apart from the previously mentioned biodegradability and low
immunogenicity, we chose P(EGsGlu) and PSar for our hydrogel prep-
aration also because of their combined rigid-flexible molecular confor-
mations, which may give rise to balanced mechanical and swelling
performances of the hydrogels [52]. To ensure rapid gelation and induce
minimal toxicity to the fragile MSC, we chose the highly efficient and
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reagent-free thiol-maleimide (SH-Mal) Michael addition reaction as the
crosslinking chemistry. To introduce SH groups to P(EGsGlu), we
copolymerized y-(2-(2-(2-methoxyethoxy) ethoxy) ethyl  -glutamate
NCA (1-EG3GluNCA) and ,-cysteine NCA (CysNCA), which afforded the
hyperbranched polypeptide P(EG3Glu-co-Cys) in a one-pot reaction
(Fig. 1a) [53]. Apart from the facile functionalization of the thiol group
for crosslinking, this concise chemistry also introduced dendritic to-
pology with thioester as the branching site, a structural feature that was
reportedly beneficial for wound healing dressings [54]. The branching
thioester, thanks to its hydrolytic instability and potential thiol-thioester
exchange reaction, can serve as an extra handle to accelerate the
degradation of the hydrogel [55]. The product was comprehensively
characterized with circular dichroism (CD) spectroscopy, size exclusion
chromatography (SEC), nuclear magnetic resonance (NMR, Fig. 1b), and
element analysis. Briefly, P(EG3Glu-co-Cys) exhibited a typical a-helical
secondary structure (Fig. 1c), and the molecular weight (M,) of P
(EG3Glu-co-Cys) was measured to be ~33 kg/mol (feeding ratio of
EG3Glu/Cys = 5/1, Fig. 1d). P(EG3Glu-co-Cys) contained an average of
7.5 thiol and 17.3 amine groups per chain according to the results of
TNBS and Ellman’s assays (see SI and Table S1 for calculation details),
respectively. This result confirmed the dendritic feature of P(EG3Glu-c-
0-Cys), which was calculated to contain an average of 16.3 thioesters
and had a degree of branching (DB) of ~0.23 (see SI and Table S1 for
calculation details). The crosslinking agent, a four-armed PSar func-
tionalized with Mal (PSar-Mal4), was next prepared as described in SI
(Figs. S2-3).

2.2. Synthesis and characterization of hydrogels

To make the polypept(o)ides-based hydrogel, P(EGsGlu-co-Cys) and
PSar-Mal4 with the SH/Mal molar ratio of ~1/1 were mixed at ambient
temperature in PBS, and the gelation usually finished within 1 min. To
promote cell adhesion and proliferation, the integrin-binding peptide
CRGD (cysteine-arginine-glycine-aspartic acid) bearing an SH group was
added together with the two polypept(o)ides to generate the final
hydrogel PAA-RGD (Fig. 2a). Optimization of the final concentration of
RGD found that 1 mM RGD achieved the best cytoactive and chondro-
genic effect [56,57]. For the control groups, we made a PEG-RGD
hydrogel and a commercial GeIMA hydrogel as representatives of syn-
thetic and biological polymer hydrogels, respectively. Of note, the
PEG-RGD hydrogel contained the same amount of CRGD as PAA-RGD.
Due to the intrinsic cell adhesion ability of gelatin, CRGD was not
introduced in GelMA.

Because cartilage needs to withstand continuous compressive stress,
the anti-compression performance of the osteochondral repairing
hydrogel is especially critical. Interestingly, the compression test
showed that GelMA had a maximum compressive fracture strain of only
~60%, while both PAA-RGD and PEG-RGD withstood more than 90%
strain (Fig. 2b and Table S2). Hydrogels for tissue engineering should
have appropriate swelling ratios and excessive swelling in cartilage
repair may cause buckling, slipping off, and eventually repair failure.
The equilibrium swelling ratios of PAA-RGD, PEG-RGD, and GelMA
were found to be ~200%, 500%, and 200%, respectively (Fig. 2c). This
advantageously lower swelling ratio of PAA-RGD over PEG-RGD could
be attributed to the relatively rigid chain conformation of the helical P
(EG3Glu-co-Cys) as compared to the flexible PEG. In vitro proteinase K-
induced degradation experiments showed that the PAA-RGD hydrogel
had a fast degradation rate, whereas the PEG-RGD hydrogel, not sur-
prisingly, took the longest time for degradation (Fig. 2d). Consistently,
in vivo degradation experiments performed by subcutaneously
implanting the hydrogels into mice confirmed the trend observed in
vitro. Briefly, the PAA-RGD hydrogels degraded completely on Day 30
after implantation, which matched the ingrowth rate of new cartilage
during the repair process for a better repair effect [22]. In contrast, the
complete degradation of GelMA hydrogels took approximately 60 days,
and ~55% PEG-RGD hydrogel remained intact on Day 60 (Figs. S4-5).
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Fig. 1. Synthesis and characterization of P(EG3Glu-co-Cys). (a) Scheme for the synthesis of P(EG3Glu-co-Cys). (b) 1H NMR spectrum (400 M, D,0). (c) CD spectrum

in H30 (0.5 mg/mL). (d) SEC trace in DMF.

Scanning electron microscopy (SEM) found that the lyophilized
PAA-RGD hydrogel showed open pores of ~200 pm in size and with
irregular pore distributions, while both PEG-RGD and GelMA showed
compact, regular pores of ~50 pm (Fig. 2e). The greater pore size and
porous structure of the PAA-RGD hydrogel are reportedly beneficial for
cartilage differentiation, cell migration, and nutrient diffusion [58,59].

2.3. In vitro stem cell proliferation and chondrogenic differentiation

To test and compare the biocompatibility of the three hydrogels,
peripheral blood-derived MSCs (PB-MSCs) were seeded into the hydro-
gels and cultured in vitro [60,61]. The cell viability and proliferation of
PB-MSC were measured on Day 3, 7, and 14. Both live/dead cell staining
(Figs. 3a and S6a) and cell counting kit-8 (CCK-8, Figs. 3b and S6b)
assays revealed that PB-MSCs were mostly survived and proliferated
well in PAA-RGD and GelMA hydrogels (P > 0.05), whereas the
PEG-RGD group showed relatively less proliferation than the other two
groups (P < 0.01).

The chondrogenic differentiation of PBMSCs in the hydrogels was
then investigated by immunofluorescence staining of the type II collagen
(COL-II) expression (Fig. 3c and d). The mean fluorescence intensity of
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COL- II was significantly increased in the PAA-RGD group as compared
to those of the PEG-PAA (P < 0.01) and GelMA (P < 0.001) groups.
Quantitative reverse transcription polymerase chain reaction (QRT-PCR)
also confirmed the upregulation of the chondrogenic-related genes, such
as COL-II and ACAN, in the PAA-RGD group compared with PEG-RGD
and GelMA groups (P < 0.001, Fig. 3e).

2.4. The osteochondral therapeutic efficacy in vivo

To explore the in vivo osteochondral regeneration, we established a
rabbit osteochondral defect model (Figs. 4a and S7) with the defect sizes
of ~3 x 5 mm (depth x diameter), which was 2 mm greater than the
threshold diameter of spontaneous osteochondral healing [62].
PB-MSCs, isolated and cultured in vitro, were transplanted with
PAA-RGD, PEG-RGD, or GelMA hydrogels to repair osteochondral de-
fects (Fig. 4a). In the blank group, the osteochondral defects were seen to
be filled with fibrous tissues and exhibited a severely disrupted surface
at both Week 6 and 12 (Fig. 4b). PAA-RGD group exhibited optimal
osteochondral repair as early as Week 6, with the defects being
completely replaced with characteristic cartilage-like tissues in week 12.
The repair results of the PAA-RGD hydrogel were superior to those of
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or GelMA hydrogels in vitro (P < 0.001). (e) Representative SEM images of the hydrogels. Scale bars, 100 pm. The polymer content was fixed at 10 wt% for all of the
hydrogels. Statistical significance was calculated using one-way ANOVA with Tukey’s post-hoc test. ***P < 0.001.

both the PEG-RGD and GelMA hydrogels, particularly in Week 6, ac-
cording to macroscopic observation and the scoring system of the In-
ternational Cartilage Repair Society (ICRS) (Fig. 4c). In line with
Figs. S4-5, the PAA-RGD hydrogel was found to be degraded completely
within 6 weeks, a phenomenon that we believed to be beneficial for
osteochondral regeneration. The PEG-RGD hydrogels were still observ-
able even at week 12 (Fig. 4b), which hindered the proper tissue
regeneration. GelMA, despite its popularity in the literature, showed a
poor repair effect compared to PAA-RGD, particularly at the early stage
(week 6).

The magnetic resonance imaging (MRI) results echoed the above
findings (Fig. 4d). In the PAA-RGD group, the cartilage showed
smoother surfaces and less subchondral bone edema, whereas both the
PEG-RGD and GelMA groups showed cartilage surface interruption and
significantly increased subchondral bone edema signals. Moreover, the
subchondral bone repair in the PAA-RGD group was also superior to that
in all other control groups, as analyzed by micro-computed tomography
(micro-CT, Fig. 4e). In addition, evaluation of the trabecular bone vol-
ume fraction (BV/TV), trabecular number (Tb. N), and trabecular sep-
aration (Tb. Sp) also revealed prominently improved subchondral bone
formation for the PAA-RGD hydrogel group (Fig. S8). Again, the PAA-
RGD hydrogel showed its superior ability to heal cartilage and
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subchondral bone from as early as Week 6 in all the above evaluations,
which was not achieved for either GeIMA or PEG-RGD.

Next, SEM was performed to observe the microstructure of the
repaired cartilage surfaces. The PAA-RGD group exhibited smooth,
crackless, and homogeneous surfaces that were similar to the micro-
structure of normal cartilages at Week 12 after surgery (Fig. 5a). In
contrast, both the PEG-RGD and GelMA groups had rugged cartilage
surfaces and/or obvious cracks. Staining of Hematoxylin-eosin (H&E,
histomorphology of osteochondral tissue), toluidine blue (TB, cartilage
glycosaminoglycan), safranin O-fast green (SO, cartilage glycosamino-
glycan & FG, bone tissue and collagen fibers), and immunohistochem-
istry of COL-II regeneration further validated the superior repairing
results of PAA-RGD in both weeks 6 and 12 (Figs. 5b and S9). Specif-
ically, it was found that the PAA-RGD hydrogel-treated osteochondral
tissues were fully repaired with a smooth surface, characteristic chon-
drocyte arrangement, and homogenous matrix deposition. Although the
GelMA group showed a relatively normal osteochondral morphology in
week 12, the morphology of cartilage and bone formation at Week 6 was
delayed due to slow degradation of the hydrogel as compared to PAA-
RGD. Moreover, the cartilage-bone interfaces of GelMA were less regu-
lar than those of the PAA-RGD group in both weeks 6 and 12. The PEG-
RGD hydrogel-treated cartilage samples were observed to be
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Fig. 3. The proliferation and chondrogenic differen-
tiation of PB-MSCs in PAA-RGD, PEG-RGD, and
GelMA hydrogels. (a) Cell proliferation and Live/
Dead staining in 3D plots after 3, 7, and 14 days of
culture live cells: green; dead cells: red). (b) Cell
proliferation determined by CCK8 assay. (c-d)
Immunofluorescence staining (c¢) and quantification
(d) of COL-II expression in PB-MSCs-encapsulating
hydrogels on Day 14 following chondrogenic induc-
tion; scale bar = 50 pm; (Relative fluorescence in-
tensity was quantified using Image J software). (e)
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encapsulated with a layer of dense connective or fibrous tissues.
2.5. Cartilage repair validation at genetic and molecular levels

To further validate the cartilage repair, the regenerated cartilage
tissues were harvested at Week 12 after surgery to interrogate the mRNA
expression. Principal component analysis (PCA) revealed a similar
mRNA transcriptome pattern of the PAA-RGD hydrogel-repaired
newborn cartilage and native cartilage, whereas the PEG-RGD and
GelMA groups showed mRNA expression characteristics that were quite
distinct from the native ones (Fig. 6a). It should be pointed out that
within the GelMA group, the mRNA expression exhibited vast variations
between individual animals, which might be attributable to the
complexity and heterogeneity of GelMA in both primary sequence,
molecular weight, and dispersity.

Interestingly, gene ontology (GO) enrichment analysis suggested that
the differentially expressed genes in PEG-RGD and GelMA-treated
cartilage tissue samples were mostly involved in the immune response,
inflammatory response, and lipopolysaccharide-mediated signaling
pathways (P < 0.001), which all have been reported to participate in the
progression of inflammation (Fig. 6b and c). In consistent with the GO
enrichment results, the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis also indicated that the chemokine
signaling pathway, Toll-like receptor signaling pathway, graft-versus-
host disease, and allograft rejections (P < 0.01) were downregulated
in the PAA-RGD group as compared to those of the PEG-RGD and GelMA
groups (Fig. 6d and e). Moreover, the hierarchical clustering analysis
also implied upregulation of graft-versus-host disease pathways in the
PEG-RGD and GelMA groups (Fig. 6f). Thus, it appeared that the PAA-
RGD hydrogel was less immunogenic and evoked fewer inflammatory
responses than the PEG-RGD and GelMA hydrogels, which likely
contributed to the superior osteochondral regeneration.

2.6. The immune response and the FBR of hydrogels in mice

Inspired by the results of the rabbit osteochondral repair model, we
further evaluated the immune response and the FBR in C57/BL6 mice
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subcutaneously implanted with PAA-RGD, PEG-RGD, or GelMA hydro-
gels for 14 days (Fig. 7a). H&E staining of the tissues around the
hydrogels showed the fewest cells for the PAA-RGD group and the most
cells around the GelMA group (Fig. 7b). Masson’s trichrome (M&T)
staining showed only a small amount of sparse collagen around the PAA-
RGD hydrogel with no obvious signs of FBR, whereas a dense fibrous sac
was visible around both GelMA and PEG-RGD hydrogels, indicating
characteristic FBR (Fig. 7b).

The surface of biomaterials can regulate the macrophage phenotype
to modulate host responses to the implants [63]. To further explore the
immunomodulatory role of different hydrogels, immunohistochemical
observations were performed to assess the phenotype of macrophages
infiltrated into tissues near the hydrogels (Figs. 7c and S10). Macro-
phages that infiltrated around the PAA-RGD hydrogel were mostly the
immunosuppressive CD206" M2 phenotype, whereas the PEG-RGD
hydrogel had a significantly higher ratio of immune-stimulating
CD86" M1 phenotype macrophages. The implanted GelMA hydrogel
did not significantly alter the macrophage polarization in vivo, which
was comparable to previous reports [64]. The macrophage polarization
results were further verified using qRT-PCR, in which the PAA-RGD
group showed significantly upregulated expression of M2 phenotype
genes, such as IL-10 and Arg (Fig. 7d), and downregulated expression of
M1 phenotype genes, such as IL-1 and INOS (Fig. 7e). Given that pre-
vious studies have shown that the anti-inflammatory M2 macrophages
are conducive to tissue remodeling and repair [65], we considered this
to be an important factor responsible for the superior osteochondral
repair outcomes of the PAA-RGD hydrogel.

3. Conclusion

In summary, we synthesized a polypept(o)ide-based PAA-RGD
hydrogel using a novel thiol/thioester dual-functionalized hyper-
branched polypeptide P(EG3Glu-co-Cys) and maleimide-functionalized
PSar under biologically benign conditions. The hydrogel showed a
porous morphology, suitable biodegradation profile, and low swelling
ratio, which are desirable for osteochondral repair. In vitro, the PAA-
RGD hydrogel exhibited excellent biocompatibility and promoted the
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0.05,
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chondrogenesis of PBMSCs. Comprehensively evaluated using various
technologies, the PBMSCs-encapsulated PAA-RGD hydrogel displayed
unambiguously superior osteochondral repair results over PEG-RGD and
GelMA hydrogels in New Zealand white rabbits, especially at early
stages (e.g. week 6). Further bioinformatics analysis showed that the
new cartilage treated with the PAA-RGD hydrogel significantly reduced
the intra-articular immune responses compared with PEG-RGD and
GelMA hydrogels. The immunomodulatory performances of the PAA-
RGD hydrogel were further validated in C57/BL6 mice subcutaneously
implanted with hydrogels, which indicated that the PAA-RGD hydrogel
induced the least FBR response and the most polarization of macro-
phages into the immunosuppressive M2 subtypes. These findings
demonstrated the promising potential of PAA-RGD hydrogel for osteo-
chondral regeneration and underscored the importance of immunomo-
dulation, which may inspire the development of other PAA-based
materials for various tissue engineering and bio-implantation
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P < 0.001. (d) The MRI scan of the repaired knee joints; scale bars = 1 cm. (e) Representative micro-CT images of subchondral bone repair at 6 and 12 weeks

applications.
4. Methods
4.1. Preparation of the PAA-RGD hydrogel

The general procedure for polypeptides was modified from reported
methods [53] and details were described in the SI. Stock solutions of P
(EG3Glu-co-Cys) (solution A, 100 mg/mL), PSar-Mal4 (solution B, 150
mg/mL) and CRGD (solution C, 20 mg/mL) were prepared in advance
using PBS (pH = 7.4). The stock solutions need to pass a 0.22 pm
diameter sterilizing filter membrane. In a typical experiment, 55 pL of A,
30 pL of B (thiol: maleimide = 1:1), and 15 pL of PBS were mixed
together by pipetting to make a 10 wt% hydrogel of 100 pL. To make a
CRGD-containing gel, 52 pL of A, 32 pL of B, 2 pL of C (total thiol:
maleimide = 1:1) and 14 pL of PBS were mixed together by pipetting to
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Fig. 5. Morphology, histology, and immunohistochemistry of the repaired cartilages. (a) SEM images of representative repaired cartilage surfaces 12 weeks after
treatments. scale bar = 40 pm. (b) H&E, Toluidine Blue (purple), Safranin O-Fast Green (orange & green), and immunohistochemistry staining showing the COL-II
regeneration (brown); scale bar = 2 mm, * = the nondegraded part of the hydorgel, N = normal cartilage, R = repaired tissues, the arrows indicated the interfaces of
the normal cartilages and repaired tissues.
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Fig. 6. RNA sequencing of the repaired articular cartilages at week 12. (a) Principal component analysis (PCA) of the cartilage transcriptome from the normal, PAA-
RGD, PEG-RGD, and GelMA groups. (b—c) Gene ontology (GO) pathway analysis of genes downregulated in the PAA-RGD group as relative to the GelMA (b) and PEG-
RGD (c) groups. (d—e) KEGG pathway analysis of genes downregulated in the PAA-RGD group as relative to the GelMA (d) and PEG-RGD (e) groups. (f) Hierarchical
clustering analysis using differentially expressed genes implied downregulated graft-versus-host disease pathways for the PAA-RGD group.
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Fig. 7. FBR and macrophage polarization of various hydrogels implanted in mice and RAW264.7 cells. (a) Cartoon illustration of FBR and macrophages polarization
in C57/BL6 mice induced by the subcutaneously implanted hydrogels. (b) HE and MASSON staining were used to evaluate the inflammatory response and collagen
encapsulation density after 14 days after implantation. Scale bars, 1 mm, 200 pm; * = hydrogels. (c) Immunohistochemical staining to assess the phenotype of
macrophages infiltrated into hydrogels-tissues interfaces on Day14 after implantation. Positive staining is observed as a brown color (Representative positive cells
indicated by arrows), while all nucleus stained with hematoxylin show blue color. Scale bars, 1 mm, 200 pm; * = hydrogels. (d—e) The mRNA levels of the
representative M2 macrophages biomarkers IL-10 and Arg (d) and the characteristic M1 macrophages biomarkers IL-1 and iNOS (e). RAW 264.7 cells were treated
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make a 10 wt% hydrogel of 100 pL. The gelation occurred immediately
and usually finished within 1 min.

4.2. Preparation of 4A-polyethylene glycol (PEG) hydrogel

Stock solutions of PEG-SH4 (solution A, 100 mg/mL), PEG-Mal4
(solution B, 100 mg/mL) and CRGD (solution C, 20 mg/mL) were pre-
pared in advance using PBS (pH = 7.4). The stock solutions need to pass
a 0.22 pm diameter sterilizing filter membrane. In a typical experiment,
50 pL of A, 50 pL of B (thiol: maleimide = 1:1) were mixed together by
pipetting to make a 10 wt% hydrogel of 100 pL. To make a CRGD-
containing gel, 48 pL of A, 50 pL of B, 2 pL of C (total thiol: mal-
eimide = 1:1) were mixed together by pipetting to make a 10 wt%
hydrogel of 100 pL. The gelation occurred immediately and usually
finished within 1 min.

4.3. Preparation of methyl acrylylated gelatin (GelMA) hydrogel

A working solution of LAP (0.5 wt%) was prepared in advance using
PBS (pH = 7.4). The stock solutions need to pass a 0.22 pm diameter
sterilizing filter membrane. In a typical experiment, 10 mg of GelMA
sponge was dissolved in 90 pL of LAP working solution. After complete
dissolution, the mixture was exposed to blue light radiation (365 nm) at
37 °C. The gelation occurred in seconds and finished within 1 min.

4.4. Swelling experiment of the hydrogels

Before the study, the weight (Wq) of each wet hydrogel sample (10
wt%, 50 pL) was recorded. To the hydrogels, we then added 5 mL PBS
and incubated at 37 °C for a certain period of time (0.5, 1, 3, 5,7, 9, 11,
13, 15 h, respectively). The weight of the swelled hydrogels was
recorded (Ws). The swelling ratio (SR) was calculated by using the
following equation:

SR= (W, — W)/ W,

4.5. Invitro degradation of the hydrogels

Before the study, each wet hydrogel sample (10 wt%, 50 pL) was
lyophilized and the weight (W) was recorded. Protease K solution (0.05
mg/mL) was prepared using PBS (pH = 7.4). Then, the dry hydrogels
were incubated in protease K solution at 37 °C for a certain period of
time (2, 6, 10, 14, 20, 26, 32, 38, 44, 50, 56, 62, and 68 h), while the
medium was exchanged for every 4 h. After each period, the hydrogel
was lyophilized, and the weight was recorded (Wq). The percentage of
mass remaining (MR) was calculated by using the following equation:

MR(%) = (%) x 100%
0

4.6. In vivo osteochondral repair in New Zealand white rabbits

Before surgery, the adult New Zealand rabbits weighing 3.0-3.5 kg
were shaved, and routinely disinfected, and the knee joint was exposed
through a medial parapatellar approach and lateral patellar dislocation
after the anesthesia. To create the osteochondral defect model, a full-
thickness defect of 5 mm in diameter and 3 mm in depth was created
using a corneal trephine on the articular cartilage of the trochlear groove
of the distal femur. The PBMSCs-loaded hydrogels (50,00 cells in 50 pL
hydrogels) were then embedded into the defect area, with the blank
control undergoing no intervention. The subcutaneous tissues and skin
were sutured layer by layer. Next, all of the rabbits received antibiotic
prophylaxis and analgesia. On recovery, the rabbits were allowed free
spontaneous activity in the cage. Rabbits of each group were euthanized
at 6 and 12 weeks. Knee joint samples were collected for subsequent
experiments.
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4.7. FBR evaluation in hydrogel-implanted C57/BL6 mice

After the anesthesia, hydrogels (10 wt%, 50 pL) were implanted
subcutaneously into the dorsal flank of female C57/BL6 mice (4-6
weeks). On recovery, mice were allowed free spontaneous activity in the
cage. Mice in each group were euthanized on Day 14. Then, the hydrogel
and skin tissues surrounding the hydrogel were surgically separated and
observed.

4.8. Statistical analysis

Each experiment was repeated at least in triplicate. Statistical anal-
ysis among groups was conducted using one-way ANOVA with Tukey’s
post-hoc test or two-way ANOVA with Tukey’s post-hoc test. All data
analyses were calculated using SPSS 22.0 software. The value of P <
0.05 was considered statistically significant.
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