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The presentation of development-relevant bioactive cues by biomaterial scaffolds is essential to the guided
differentiation of seeded human mesenchymal stem cells (hMSCs) and subsequent tissue regeneration. Wnt5a is a
critical non-canonical Wnt signaling ligand and plays a key role in the development of musculoskeletal tissues
including cartilage. Herein we investigate the efficacy of biofunctionalizing the hyaluronic acid hydrogel with a
synthetic Wnt5a mimetic ligand (Foxy5 peptide) to promote the chondrogenesis of hMSCs and the potential
underlying molecular mechanism. Our findings show that the conjugation of Foxy5 peptide in the hydrogels
activates non-canonical Wnt signaling of encapsulated hMSCs via the upregulation expression of PLCE1, CaMKIIβ, and downstream NFATc1, leading to enhanced expression of chondrogenic markers such as SOX9. The
decoration of Foxy5 peptide also promotes the metabolic activities of encapsulated hMSCs as evidenced by
upregulated gene expression of mitochondrial complex components and glucose metabolism biomarkers, leading
to enhanced ATP biosynthesis. Furthermore, the conjugation of Foxy5 peptide activates the non-canonical Wnt,
PI3K-PDK-AKT and IKK/NF-κB signaling pathways, thereby inhibiting the hypertrophy of the chondrogenically
induced hMSCs in the hydrogels under both in vitro and in vivo conditions. This enhanced chondrogenesis and
attenuated hypertrophy of hMSCs by the biomaterial-mediated bioactive cue presentation facilitates the potential
clinical translation of hMSCs for cartilage regeneration. Our work provides valuable guidance to the rational
design of bio-inductive scaffolds for various applications in regenerative medicine.

1. Introduction
The functional repair of damaged articular cartilage, which can
develop into systemic joint osteoarthritis, remains a major medical
challenge due to the inherently limited regenerative capacity of hyaline
cartilage [1–3]. Human mesenchymal stem cells (hMSCs) are promising
cell sources for the repair and regeneration of degenerated/injured

musculoskeletal tissues including cartilage due to their potential to
differentiate into multiple lineages including chondrocytes, osteoblasts,
and adipocytes under proper guidance [4–6]. The biochemical cues
presented by the extracellular matrix (ECM) microenvironment regulate
the distinct lineage commitment of resident stem cells in the various
tissues [7,8]. Much effort has been made on identifying the bioactive
macromolecules and ligands for the fabrication and biofunctionalization
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of biomaterial scaffold to provide the inductive microenvironment to
guide stem cell differentiations such as chondrogenesis [9–11]. To
emulate the inductive ECM environments in the synthetic matrix, hyaluronic acid (HA) has been widely used for the fabrication of bioactive
biomaterial scaffold due to its intrinsic bioactivity [12–14]. Our previous study showed that the hyaluronic acid hydrogels modified with an
N-cadherin mimetic peptide could promote osteogenesis or chondrogenesis of hMSCs by emulating the inductive cell–matrix and cell–cell
interactions [11,15–17]. However, the subsequent hypertrophic differentiation of chondrogenically-induced hMSCs and associated neocartilage calcification still remains a major hurdle to the clinical
translation of hMSCs for cartilage repair [6,15–19].
To effectively promote the chondrogenic differentiation and maintain the chondrogenic phenotype of hMSCs, further biofunctionalization
of the biomaterial scaffolds with the development-inspired cues is
necessary [20–22]. The non-canonical Wnt signaling has been revealed
to regulate chondrogenesis and inhibit chondrocyte hypertrophy
[23–25]. For example, the non-canonical ligand Wnt5a is highly
expressed in the chondrogenic regions during limb development [26,
27]. Wnt5a regulates postnatal longitudinal bone growth by controlling
mesenchymal stem cell recruitment, chondrocyte proliferation, and
transition to hypertrophy [28,29]. Moreover, Wnt5a has been reported
to promote the proliferation of both chondrocytes and pre-hypertrophic
chondrocytes but directly inhibit the chondrocyte hypertrophy [28,
30–32]. Previous studies reported that Wnt5a activates downstream
CaN/NFAT and IKK/NF-κB pathway to promote chondrogenesis through
induction of SOX9 expression and inhibits chondrocyte hypertrophy via
the activation of new nuclear factor-κB (NF-κB) and associated inhibition of RUNX2 expression [23]. These findings indicate that the Wnt5a is
a critical cue in the differentiation and maintenance of chondrocytes.
Cell metabolic activities are essential to the differentiation of stem
cells and tissue regeneration [33,34]. Chondrocytes are known to
depend on the anaerobic metabolism of glucose to produce adenosine
triphosphate (ATP) for energizing their cellular activities. Previous
studies reported that inhibition of glycolysis in chondrocyte lines reduces the level of intracellular ATP and causes hypertrophic changes
and cartilage degeneration [33,35]. Meanwhile, previous studies have
reported that the activated non-canonical Wnt signaling pathway can
further activate the downstream PI3K-PDK-Akt signaling pathway, and
the activate PI3K-PDK-AKT signaling pathway has been reported to
upregulate the expression of GLUT-1 to further promote glucose uptake
to enhance glycolysis and biosynthesis of ATP [36–39]. However, few
studies have examined the impact of the biomaterial-mediated presentation of non-canonical Wnt ligands on stem cell chondrogenesis and the
associated cartilage regeneration.
A Wnt5a mimetic hexapeptide, Foxy5 (Met-Asp-Gly-Cys-Glu-Leu),
has been recently shown to trigger β-catenin-independent non-canonical
Wnt signaling and is now in clinical trial for treating cancer metastasis
[39,40]. We previously demonstrated that chemically conjugating the
Foxy5 peptide to the biomaterial scaffold can more effectively activate
non-canonical Wnt signaling and promote osteogenic differentiation of
seeded stem cells under osteogenic culture compared with supplementing solubilized peptide [41]. Herein, we showed that biofunctionalization of the hyaluronic acid hydrogels with the Foxy5
peptide promote the chondrogenesis and inhibit the hypertrophy of
hMSCs by activating non-canonical Wnt signaling and the downstream
CaMKII/NFAT, PI3K-PDK-AKT and IKK/NF-κB pathways. The conjugated Foxy5 peptide also promotes the metabolic activities of encapsulated hMSCs as evidenced by upregulated gene expression of
mitochondrial complex components and glucose metabolism biomarkers and enhanced ATP biosynthesis, thereby providing the required
energy source to support neocartilage formation. Our findings highlight
the significance of the biofunctionalization of biomaterial scaffolds with
developmentally relevant cues to enhance stem cell-mediated tissue
regeneration.

Table 1
Sequences of primers and probes used for Real-Time PCR.
Gene

Forward primer

reverse primer

GAPDH
Collagen
type II
Aggrecan
SOX9
CaMKII-β
NFATc1
PLCE1
CaNA
PI3KCA
AKT1
IKK-α
NF-κB
HSPG2
RELA
SIAH2
MMP3
MMP9
ND1
SDHA
NDUFA4
ATP5FB
PDK1
GLUT1

AGGGCTGTTTTAACTCTGGTAAA
GGCAATAGCAGGTTCACGTACA

GAATTTGCCATGGGTGGAAT
CGATAACAGTCTTGCCCCACTT

TCGAGGACAGCGAGGCC
AGGAAGCTCGCGGACCAGTAC
TCAAGCCCCAGACAAACAG
GGACCCGAACTCGCCTT
AGGAGCCAAGAGGTGAGG
ATGTATTCTGAACGAGGGCTGC
CCCCTCCATCAACTTCTTCA
CATCACACCACCTGACCAA
GAGAGCGATGGTGCCATGAA
ATGGCTTCTATGAGGCTGAG
TCAGGCGAGTATGTGTGCCATG
TGAACCGAAACTCTGGCAGCTG
GCATCAGGAACCTGGCTATGGA
CACTCACAGACCTGACTCGGTT
GCCACTACTGTGCCTTTGAGTC
CCCTAAAACCCGCCACATCT
CGAACGTCTTCAGGTGCTTT
CAAACACTAGGCGAGGCAGG
GAAGTCAGGCCTCTTTCCGC
CTGTGATACGGATCAGAAACCG
GGCCAAGAGTGTGCTAAAGAA

TCGAGGGTGTAGCGTGTAGAGA
GGTGGTCCTTCTTGTGCTGCAC
TTCCTTAATGCCGTCCACTG
CCCGCCGGTCCTTCTA
GACACTTTTCCGCCAGGT
TTAACTCATTTCCTCCTCTTCGC
CGGTTGCCTACTGGTTCAAT
CTCAAATGCACCCGAGAAAT
CCAGAACAGTACTCCATTGCCAGA
GTTGTTGTTGGTCTGGATGC
GATGAAGACTCGATCCTGACAGG
CATCAGCTTGCGAAAAGGAGCC
GCAGGAGTAGGGACGGTATTCA
AAGCAGGATCACAGTTGGCTGG
CCCTCAGAGAATCGCCAGTACT
GAGCGATGGTGAGAGCTAAGGT
AAGAACATCGGAACTGCGAC
GGTGGCTAGGTCGGTTCTCT
TCTTCGACCCAGCTCTGTCC
TCCACCAAACAATAAAGAGTGCT
ACAGCGTTGATGCCAGACAG

2. Materials and methods
2.1. Synthesis of MeHA and peptide conjugation
MeHA macromolecules were synthesized from sodium hyaluronate
powder (molecular weight, ~80 kDa; Huaxi Biotech, Shandong, China),
as previously reported [11]. Briefly, 100 ml of 1% (w/v) sodium hyaluronate solution was reacted with 1.5 ml of methacrylic anhydride
(94%, formula weight 154.17; Sigma) in deionized water at pH 8.5–9 for
8 h. After complete dialysis against NaCl solution for three days and then
against deionized water for five days and lyophilization, the purified
solution was lyophilized to obtain a dry product. Finally, the 30%
methacrylation of MeHA was confirmed by proton nuclear magnetic
resonance (1H NMR). The cysteine amino acid at the C-terminal end in
the Foxy5 peptide (MDGCEL, 1 mM) and scrambled-Foxy5 peptide
(GEMDCL, 1 mM) (GenScript, Nanjing, Jiangsu, China) were conjugated
to the MeHA backbone (molar ratio of thiol to methacrylate = 3:100) via
the methacrylate groups and the thiol groups of each peptide’s Michael
addition reaction in basic phosphate buffer (pH = 8.0) containing 10 μM
tris(2-carboxyethyl) phosphine at 37 ◦ C [41]. The recombinant human
Wnt5a protein were purchased from Abcam (ab204627).
2.2. MeHA hydrogel tethered Foxy5 encapsulating with hMSCs
fabrication and cell chondrogenic induction and hypertrophic induction
Human MSCs (Lonza, Walkersville, Maryland, USA) expanded to
passage 3 in basal growth media consisting of α-MEM with 16.7% (vol/
vol) FBS, 1% L-glutamine(vol/vol) and 1% (vol/vol) penicillin–streptomycin (supplemented with 5 ng/mL fibroblast growth
factor 2) were used in all experiments. For hydrogel constructs, hMSCs
(10 million/mL) mixed homogeneously in 2% (wt/vol) MeHA precursor
solution which is conjugated with Wnt5a mimetic peptide (Foxy5 group)
or scrambled (Scr-Foxy5 group) peptides or no peptide controls (Blank
group) [containing 0.05% 2-methyl-1-[4-(hydroxyethoxy) phenyl]-2methyl-1-propanone (I2959; Ciba)] were photo-encapsulated via ultraviolet (365 nm, 1.2 mW/cm2, 11 min) in hydrogel disks (Ø5 mm, 2.6mm thickness). The constructs were cultured in chondrogenic media
[DMEM, 1% (vol/vol) ITS + Premix, 50 μg/mL L-proline, 1 mM sodium
pyruvate, 50 μg/mL l-ascorbic acid-2-phosphate, 100 nM dexamethasone, and 1% (vol/vol) penicillin–streptomycin] supplemented with 10
2

Y. Deng et al.

Biomaterials 281 (2022) 121316

Fig. 1. The experimental procedures of fabricating the Foxy5 peptide-modified MeHA hydrogels and in vivo evaluation of Foxy5 peptide functionalization on the
chondrogenesis of encapsulated hMSCs. A) and B) Schematic illustration on the encapsulation of hMSCs in the peptide-functionalized hydrogels. C) Evaluation of the
anti-hypertrophy effect in vitro and chondrogenesis of encapsulated hMSCs in vivo.

ng/mL TGF-β3 and changed every two days. After induction of chondrogenesis of the hMSCs for 14 days, the media were changed to the
hypertrophic induction media [DMEM, 10% ITS, 50 μg/ml l-ascorbic
acid-2-phosphate, 50 μg/ml L-proline, 1 nM Triiodothyronine, 50 μg/ml
gentamicin] for another 7 or 28 days for further analysis [42].

for glyceraldehyde 3-phosphate dehydrogenase (GAPDH, housekeeping
gene) and other genes (Table 1). The gene expression levels were
normalized to that of GAPDH, and the relative expression levels were
calculated with the 2−ΔΔCt method.

2.3. Gene expression analysis with RT-qPCR

2.4. Immunofluorescence staining analysis of chondrogenic markers in
vitro

After the samples were homogenized completely in 1 ml of TRIzol
reagent (Invitrogen), the total RNA was extracted according to the
manufacturer’s protocol. The total RNA concentration of the samples
was measured by a NanoDrop One spectrophotometer (NanoDrop
Technologies, Waltham, Massachusetts, USA). And then 1 μg total RNA
of each sample was reverse transcribed into cDNA using the RevertAid
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Real-Time
qPCR was operated on an Applied Biosystems 7300 StepOnePlus RealTime PCR System with Taqman primers and probes (including GAPDH,
MMP13, Collagen type X and RUNX2) and Sybr green primers specific

Immunofluorescence staining for the chondrogenic-related proteins
(Aggrecan, Collagen type II, SOX9) were conducted as previously reported [15]. Human MSCs cultured in the 3D peptide functionalized
MeHA hydrogel substrates were fixed in 4% paraformaldehyde for 45
min, and then rinsed with PBS for three times, and permeabilized with
0.25% TritonX-100 in PBS for 45 min at room temperature. After permeabilization, samples were blocked with 1% bovine serum albumin
(BSA) in phosphate buffered saline (PBS) for 2 h at 37 ◦ C. Samples were
incubated with primary antibodies (1:200 dilution, Santa Cruz) in 1%
BSA at 4 ◦ C overnight, and with secondary antibodies (1:400 dilution,
3
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Fig. 2. The functionalized Wnt5a mimetic peptide enhances chondrogenesis of the encapsulated hMSCs in vitro. A) Quantitative gene expression of chondrogenic
markers including Aggrecan, type II Collagen, SOX9 of hMSCs encapsulated in the Foxy5, Scr-Foxy5 and Blank hydrogels determined by qPCR after 10 days of
chondrogenic culture. B) Representative micrographs of fluorescence staining and C) staining intensity quantification of Aggrecan, Collagen type II and SOX9 (green)
of the encapsulated hMSCs. (scale bar: 10 μm) (n = 10). a.u., arbitrary units. Statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001 and #P < 0.0001. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Invitrogen) and Phalloidin (1:600, Invitrogen) in blocking solution for 2
h at 37 ◦ C subsequently. After rinsed with PBST (PBS with 0.25% Tween
20) for three times, the samples were stained with Dapi (1:1000 dilution) in PBS, and finally rinsed the samples with PBS for three times.

xylene, and embedded in paraffin. The histological sections (7 μm in
thickness) were stained for targets of interest. For Collagen type II and
Aggrecan immunochemical staining, the sections were stained using the
Vectastain ABC Kit and the DAB Substrate Kit for peroxidase. Briefly,
sections were predigested in 0.5 mg/mL hyaluronidase for 30 min at
37 ◦ C and then incubated in 0.5 N acetic acid for 4 h at 4 ◦ followed by
overnight incubation with primary antibodies (1:200, Santa Cruz) in
10% horse serum in PBS. Non-immune controls underwent the same
procedure without primary antibody incubation. In short, Von Kossa
staining was applied to the rehydrated sections, as previously reported
[15]. Images were captured using a bright-field microscope (Nikon). The

2.5. Histological assessment of chondrogenic markers in vitro
The histological assessment process was operated as previously reported [43]. In vitro and in vivo samples were fixed in 4% paraformaldehyde for 24 h at 4 ◦ C, followed by dehydrated in a graded series
of ethanol (75%, 80%, 95% and 100%), crystalized in a graded series of
4
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Fig. 3. The functionalized Wnt5a mimetic peptides enhance chondrogenesis after 14 days of chondrogenic induction in vitro A) Immunohistochemistry staining and
B) staining intensity quantification of chondrogenic markers (type II Collagen and aggrecan) in hMSCs encapsulated in hydrogels after 28 days of chondrogenic
culture. The functionalized Wnt5a mimetic peptides inhibit hypertrophy after 14 days of chondrogenic induction followed by hypertrophic induction in vitro C)
Quantitative gene expression of hypertrophic markers including MMP13, type X Collagen, and RUNX2 of hMSCs encapsulated in the hydrogels after 14 days of
chondrogenic culture and 7 days of hypertrophic culture. D) Von Kossa staining results and E quantification of the staining intensities of three groups of hydrogels
after 14 days of chondrogenic culture followed by 28 days of hypertrophic culture. Scale bars, 100 μm. a.u., arbitrary units. Statistical significance: *P < 0.05, **P <
0.01, ***P < 0.001 and #P < 0.0001. n = 9.

quantification was conducted by using the ImageJ software (NIH). And
the image analysis process was conducted as previously reported [41].

2.6. Detection of intracellular ATP
For measurement of intracellular ATP, an ATP bioluminescence
assay kit was utilized according to manufacturer’s (Beyotime) recommendations. Briefly, after hMSCs had been encapsulated in the
5
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Fig. 4. The functionalized Foxy5 peptide promotes hMSC metabolic activities. A) Quantitative gene expression of HSPG2, RELA; non-canonical Wnt signaling
molecules including PLCE1, CaMKII-β, PPP3CA, and NFATc1; markers of IKK/NF-κB signaling pathway factors including PI3KCA, AKT1, IKK-α, and NF-κB; and genes
that have been considered bona fide targets of Wnt5a, such as SIAH2, MMP9 and MMP3 of hMSCs encapsulated in the hydrogels after 14 days of chondrogenic
induction followed by 7 days of hypertrophic culture. B) Gene expression of biomarkers involved in glucose metabolism including PDK1 and GLUT1 and biomarkers
associated with ATP complexes including ND1, SDHA, NDUFA4 and ATP5FB by the hMSCs encapsulated in the hydrogels after 3 days of chondrogenic culture. C) ATP
biosynthesis level normalized to the protein level of hMSCs encapsulated in the hydrogels after 3 days of chondrogenic culture. Statistical significance: *P < 0.05,
**P < 0.01, ***P < 0.001 and #P < 0.0001. Statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001 and #P < 0.0001.

hydrogels with chondrogenic induction for 3 days, they were harvested.
The cells were then lysed for the preparation of cell lysates, and 50 μl of
samples/standards was transferred to a white plate. Then, the luciferase
reagent was added, and the emitted light was measured with a
luminometer.

markers including Aggrecan, type II Collagen, and SOX 9 of the Foxy5
group were significantly higher than those of the Scr-Foxy5 group and
Blank group after 1, 3, 7, and 10 days of chondrogenic culture. Specifically, after 7 days of chondrogenic culture, the expression level of
Aggrecan, type II Collagen, and SOX9 in the Foxy5 group is 130.9%,
583.6%, and 28.4% higher on average than those of the Blank group,
83.8%, 700.5%, and 40.8% higher on average than those of the ScrFoxy5 group, respectively (Fig. 2A). Consistent with the gene expression result, the immunofluorescence staining showed that the staining
intensities of the Aggrecan, type II Collagen, and SOX9 in the Foxy5 group
were much higher than those in both Scr-Foxy5 and Blank group
(Fig. 2B). For example, the average staining intensity of nuclear SOX9 in
the Foxy5 group was 225.5% and 298.1% higher than those in the ScrFoxy5 and Blank group, respectively (Fig. 2C). A positive control group
(blank hydrogel with soluble Wnt5a protein, “Wnt5a”) and control
groups with medium supplementation of free solubilized peptides (free
Foxy5 peptide, “F-Foxy5”, and free scrambled-Foxy5 peptide, “F-ScrFoxy5”) were also examined. The hydrogel with functionalized Foxy5
peptide (“Foxy5”) induced significantly higher expression of chondrogenic markers than the control group (“F-Foxy5”, “F-Scr-Foxy5”) with
solubilized peptides while having similar expression of these markers as
that of the positive control group (“Wnt5a”) (Supplementary Figure 2).
We believe that the immobilization of the functional peptides enhances
the local effective concentration of bioactive peptide in the cell microenvironment to promote its ligation with receptors. While for the free
ligands which were directly added into medium, the peptide concentration was greatly diluted in the medium, leading to reduced local
concentration in the pericellular space. These data suggest that the
immobilized Foxy5 peptide in the hydrogels can better promote the
chondrogenesis of the seeded cells compared with the solubilized
peptide.
In consistence with the gene expression and immunofluorescence
staining results, the hydrogels tethered with Wnt5a mimetic Foxy5
peptide contained more cartilaginous matrix including type II Collagen
and aggrecan compared with the Scr-Foxy5 group and Blank group according to the immunohistochemistry staining results after 28 days of
chondrogenic culture (Fig. 3A and B). Quantification of immunohistochemistry staining intensity showed that the expression level of type II
Collagen and aggrecan in the Foxy5 group was 554.8% and 445.2%
higher than those in Blank group, 437.9% and 417.1% higher than those
in the Scr-Foxy5 group, respectively, after 28 days of chondrogenic
culture. These data showed that the biomimetic functionalization of
hydrogels with Foxy5 peptide promoted the initial chondrogenesis of
hMSCs (7 days) and subsequent neocartilage formation (28 days) in
vitro.
The hypertrophic differentiation of chondrogenically-induced
hMSCs and associated calcification of the neocartilage matrix is a
major hurdle to the clinical translation of hMSCs for cartilage repair [15,
16,18,19]. Therefore, we further investigated whether the conjugated
Wnt5a mimetic peptide can inhibit the hypertrophy of the
chondrogenically-induced hMSCs encapsulated in the hydrogels via
activation of non-canonical signaling pathway (Fig. 4). qPCR analysis
indicated that the expressions of hypertrophic marker genes including
MMP13, type X Collagen, and RUNX2 were inhibited in Foxy5 hydrogels
compared with those in the Blank group. The low expression of hypertrophy marker genes in the Scr-Foxy5 group can be attributed to the
poor initial chondrogenesis of the hMSCs (Fig. 3C). Additionally, Von
Kossa staining results and staining intensity quantification also revealed

2.7. Subcutaneous implantation in nude mice
The in vivo animal experiment was operated as previously reported
[15]. Human MSCs-laden (0.5 million cells/hydrogel) 3D peptide
functionalized MeHA hydrogels (n = 3 for each group) were fabricated
as described above and cultured in chondrogenic media for 14 days
before implantation. Three subcutaneous pockets on the back of each
nude mouse were prepared for implantation (age 8–10 weeks). The
hydrogel samples were harvested after 2 weeks 4weeks and 8 weeks of in
vivo implantation. Guidelines from the Institutional Animal Care and
Use Committee at The Chinese University of Hong Kong were followed
during all animal procedures.
2.8. Statistical analysis
All data are presented as the means ± SD. Statistica (Statsoft, Tulsa,
Oklahoma, USA) was used to perform the statistical analyses using twoway analysis variance (ANOVA) and Tukey’s honest significant difference post hoc test of the means; the culture period and experimental
groups were used as independent variables.
3. Results and discussion
3.1. Fabrication of hydrogels functionalized with the non-canonical
Wnt5a ligand
To evaluate the effect of the Wnt5a mimetic peptide (Foxy5) on
cellular behaviors, we conjugated the Foxy5 peptide (MDGECL, 1 mM)
to methacrylated hyaluronic acid (MeHA) via Michael addition between
the cysteine thiols of the peptide and the methacryloyl groups of the
MeHA (Fig. 1A). The mixture of peptide-tethered MeHA (methacrylation
degree = 30%) precursor solution, hMSC suspension, and photoinitiator I2959 (0.05% (w/v) was then photo-crosslinked to fabricate
the cell-laden three-dimensional (3D) hydrogel constructs for subsequent experiments as detailed in the methods section (hereinafter
designated as Foxy5 group) (Fig. 1A and B). Control hydrogels conjugated with the scramble-sequenced Foxy5 peptide (GEMDCL) (designated as Scr-Foxy 5 group) or without any peptide modification
(designated as Blank group) were also fabricated. The effects of the
Foxy5 peptide functionalization on the chondrogenic lineage commitment of encapsulated stem cells were examined both in vitro and in vivo
(Fig. 1C). The encapsulated hMSCs showed good viability and proliferated well in chondrogenic condition after 6 days of culture in all three
groups of hydrogels (Supplementary Figure 1).
3.2. The functionalized Wnt5a mimetic peptide enhances chondrogenesis
and inhibits hypertrophy of the encapsulated hMSCs in vitro
To investigate the efficacy of the tethered Wnt5a mimetic peptide to
promote hMSC chondrogenesis, we examined the key markers related to
chondrogenesis in the encapsulated hMSCs cultured in the chondrogenic
medium. Our qPCR data showed that the expressions of chondrogenic
7
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Fig. 5. The functionalized Wnt5a mimetic peptide enhances the chondrogenesis of hMSCs and neocartilage formation and inhibits hypertrophy in vivo. A) and B)
Immunohistochemistry staining and staining intensity quantification of chondrogenic markers (Aggrecan and type II Collagen) of the harvested hydrogels after 14
days of in vitro chondrogenic culture followed by 2, 4, and 8 weeks of subcutaneous implantation in nude mice, respectively. C) Von Kossa staining results and
quantification of the staining intensities of three groups of hydrogels after 14 days of chondrogenic culture followed by 2, 4, and 8 weeks of subcutaneous implantation in nude mice, respectively. Scale bars, 100 μm. a.u., arbitrary units. Statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001 and #P < 0.0001. n = 9.
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significantly less matrix calcification of the Foxy5 group compared with
that of the Blank group (Fig. 3D and E). These data indicated that the
biofunctionalization of the hydrogel scaffold with the Wnt5a mimetic
peptide can suppress the hypertrophic differentiation of the chondrogenically induced hMSCs in vitro.

of genes involved in ATP biosynthesis. The results showed that the gene
expression level of key components in different mitochondrial complexes have been upregulated in the Foxy5 peptide-functionalized
hydrogels after 3 days of chondrogenic induction. Specifically, the
expression levels of Nicotinamide adenine dinucleotide dehydrogenase
1 (ND1 or NADH dehydrogenase 1) in the mitochondrial complex I,
Succinate Dehydrogenase Complex Flavoprotein Subunit A (SDHA) in
the mitochondrial complex II, NADH dehydrogenase (ubiquinone) 1
alpha subcomplex 4 (NDUFA4) in the mitochondrial complex IV, and
ATP5FB in the mitochondrial complex V were all significantly higher in
the Foxy5 peptide-modified group than those of the Blank group and
Scr-Foxy5 group (Fig. 4B). We further investigated the biosynthesis of
ATP of the hMSCs encapsulated in the hydrogels by using a commercial
detection kit. The result showed that the ATP biosynthesis in the hMSCs
in the Foxy5 peptide-decorated hydrogels was 149.2% and 128.3%
higher than that in the Blank group and Scr-Foxy5 group, respectively
(Figs. 4C and 6). These findings indicate that the decorated Foxy5
peptide promotes the metabolic activities of the encapsulated hMSCs,
which is important to the chondrogenesis and neocartilage
development.

3.3. The functionalized Foxy5 peptide activates non-canonical Wnt and
IKK/NF-κB signaling to enhance chondrogenesis and inhibit hypertrophy
We next investigated the molecular mechanism of the enhanced
chondrogenesis and inhibited hypertrophic differentiation of hMSCs in
the Foxy5 peptide-functionalized hydrogels. The qPCR results suggested
that the conjugation of Foxy5 peptide to hydrogels upregulated the expressions of Heparan Sulfate Proteoglycan 2 (HSPG2), RELA (NF-kB
subunit) and some key non-canonical Wnt signaling factors including
Phospholipase C (PLCE1) and Ca2+/calmodulin-dependent protein kinase II-β (CAMKII-β) (Figs. 4A and 6). This activation of non-canonical
Wnt signaling activated the downstream targets including Calcineurin
and Nuclear factor of activated T-cells cytoplasmic 1 (NFATc1), which
have been reported to promote SOX9 expression and chondrogenesis
(Fig. 2, 4A and 6) of hMSCs after 7 days of chondrogenic induction [44].
In addition, we also supplemented recombinant Wnt5a protein to the
culture media as the positive control group (Wnt5a) to further verify the
capability of Foxy5 peptide to activate the related signaling pathways.
Our data show that albeit to a lesser extent the functionalized Fox5
peptide enhanced the gene expression levels of many (5 out of a total of
8 markers) non-canonical Wnt signaling and IKK/NF-κB signaling molecules as the media supplementation of Wnt5a protein did after 14 days
of chondrogenic culture followed by 7 days of hypertrophic induction of
hMSCs (Fig. 4A).The enhanced NF-κB expression repressed the expression of RUNX2 to inhibit the hypertrophy of the chondrogenically
induced hMSCs (Figs. 3C and 4A). We also analyzed the marker genes
that have been considered bona fide targets of Wnt5a, such as SIAH2,
MMP9 and MMP3, and the results showed that the expression level of
these genes were significantly upregulated in the Foxy5 group and
Wnt5a groups than that in the other two control groups (Fig. 4A).
Together, these data showed that the functionalization of Foxy5 peptide
in the hydrogels promoted the chondrogenesis and attenuated the hypertrophy of encapsulated hMSCs through CaMKII/NFAT-dependent
induction of Sox9 and NF-κB-dependent inhibition of RUNX2 expression, respectively. We further examined the NF-κB transcriptional activity and the Stat3 phosphorylation. Our data indicate that the
expression level of the phosphorylated Akt, NF-κB and Stat3 in the Foxy5
and Wnt5a groups are significantly upregulated compared with those in
the Blank and Scr-Foxy5 groups (Supplementary Fig. 3A and 3B). In
addition, we investigated the NF-κB transcriptional activity by immunofluorescence staining and Luciferase Assay System (Promega). Our
data show that the NF-κB transcriptional activity in the Foxy5 and
Wnt5a groups are much higher than those in Blank and Scr-Foxy5
groups. (Supplementary Fig. 4A, 4B and 4C).

3.5. The functionalized Wnt5a mimetic peptide enhances the
chondrogenesis of hMSCs and neocartilage formation and inhibits
hypertrophy in vivo
To further study the effect of functionalized Foxy5 peptide on the
chondrogenic differentiation of hMSCs in vivo, we inserted hMSC-laden
Blank, Foxy5, and Scr-Foxy5 hydrogels into the subcutaneous pockets of
nude mice after 14 days of chondrogenic culture in vitro, and we
collected the hydrogels after 2 weeks, 4 weeks and 8 weeks for further
analysis (Fig. 5). The immunohistochemical staining against aggrecan
and type II Collagen revealed more cartilaginous matrix deposition in
the Foxy5 hydrogels compared with those in the Blank and Scr-Foxy5
hydrogels after 2, 4 and 8 weeks of subcutaneous implantation (Fig. 5
A and 5B). The Safranin O staining results revealed more neocartilage
formation of the Foxy5 group compared with that of the Blank group and
the Scr-Foxy5 group after 2, 4 and 8 weeks of subcutaneous implantation
(Supplementary Figure 5). The Masson’s Trichrome staining results
revealed the most collagen deposition in the Foxy5 group compared
with that of the Blank group and the Scr-Foxy5 group after 2, 4 and 8
weeks of subcutaneous implantation (Supplementary Figure 6). The
mechanical testing results (Elastic modulus and Young’s modulus)
showed that Foxy5 group exhibited higher mechanical properties than
the control groups, confirming the enhanced neocartilage formation in
the Foxy5 group (Supplementary Fig. 7A and 7B). As the in vitro results
showed above, the Von Kossa staining results and staining intensity
quantification also showed significantly less matrix calcification of the
Foxy5 group compared with those of the Blank group and the Scr-Foxy5
group after 2, 4 and 8 weeks of subcutaneous implantation in nude mice
(Fig. 5C). We also investigated the type of collagen deposited in the
hydrogels via immunohistochemical staining against type I Collagen,
and the results showed that the amount of type I Collagen in the Foxy5
hydrogels was significantly lower compared with those in the Blank and
Scr-Foxy5 hydrogels after 2, 4 and 8 weeks of subcutaneous implantation (Supplementary Figure 8). These data showed that the Foxy5
peptide-functionalized hydrogels promoted the chondrogenesis of
hMSCs, the neocartilage formation and inhibited hypertrophy of the
laden hMSCs in vivo. Our findings demonstrate the promising potential
of decorating development-relevant cues in the biomaterial scaffold to
inhibit the hypertrophy of chondrogenically induced hMSCs and to
promote translation of stem cell-based cartilage repair therapies.

3.4. The functionalized Foxy5 peptide promotes hMSC metabolic
activities
To investigate the metabolic activities of the hMSCs encapsulated in
the Foxy5 peptide-functionalized hydrogels, we utilized qPCR to
examine the expression level of genes related to glucose metabolism, the
results showed that the 3-phosphoinositide-dependent protein kinase 1
(PDK1) and glucose transporter 1 (GLUT1), which play essential roles in
glucose metabolism, were also upregulated in the Foxy5 peptidemodified group after 3 days of chondrogenic induction (Figs. 4B and
6). Previous study has demonstrated that the PDK1 plays a critical role in
the PI3K-PDK-AKT signaling pathway which can regulate glucose
homoeostasis and control expression of insulin-regulated genes [45].
GLUT1 has been reported to be required for endochondral skeletal
development [35]. In addition, we also examined the expression levels

4. Conclusion
In conclusion, we demonstrate that functionalization of hydrogel
scaffold with the Wnt5a mimic peptide (Foxy5) promotes the
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Fig. 6. Schematic illustration of the Wnt5a mimetic peptide–conjugated hydrogels promoting the chondrogenesis and attenuating hypertrophy via activation of noncanonical Wnt and IKK/NF-κB signaling of the seeded hMSCs.

chondrogenic commitment and attenuates the hypertrophic differentiation of residing hMSCs. Our data showed that the conjugated Foxy5
mimic peptide enhanced the activation of the non-canonical Wnt and the
IKK/NF-κB signaling pathway, thereby promoting chondrogenesis of
hMSCs and inhibiting the chondrocytes hypertrophy. Moreover, the
Foxy5 peptide-functionalized hydrogels effectively promoted the chondrogenic differentiation and cartilage matrix formation by the encapsulated hMSCs in vivo. Additionally, the Foxy5 peptide-functionalized
hydrogels effectively promoted glucose metabolism and enhanced the
ATP expression level (Fig. 6). Our findings shed light on the significance
of the biofunctionalization of biomaterials with non-canonical Wntactivating ligands for the cartilage regeneration.

Acknowledgements
The work was fully supported by Hong Kong Research Grants
Council Theme-based Research Scheme (Ref. T13-402/17-N). The work
described in this paper was supported by General Research Funding
from the Research Grants Council of Hong Kong (Project No. 14204618
and 14202920). Project GHP/011/17SZ is supported by Innovation
Technology Commission (ITC), Hong Kong. We declare that none of us
has any conflict of interest.
X.Z. contributed to the animal experiments and analysis. R.L.
contributed to the peptide synthesis and hydrogel fabrication. Z.L.
contributed the metabolic activities related experiments. B.Y. contributed to the polymer synthesis and proofreading of the manuscript. P.S.,
H.Z., C.W. and C.W. contributed to proofreading of the manuscript. Y.D.
contributed to the design and the rest of the experiments and the
manuscript. G.L. led the in vivo study of the project. L.B. led the project
as the supervisor.

Credit author statement
Deng Yingrui: Conceptualization, Methodology, Software, Validation, Formal analysis, Investigation, Data curation, Writing – original
draft Zhang Xiaoting: Investigation. Li Rui.: Resources Li Zhuo:
Investigation. Yang Boguang: Resources. Shi Pengi: Writing – review &
editing. Zhang Honglui: Writing – review & editing. Wang Chunmingi: Writing – review & editing. Wen Chunyi: Writing – review &
editing. Li Gang: Funding acquisition. Bian Liming: Writing – review &
editing, Visualization, Supervision, Funding acquisition.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.biomaterials.2021.121316.
References

Declaration of competing interest

[1] J. Buckwalter, H. Mankin, J. J, Instructional course lectures, the American
Academy of orthopaedic surgeons-articular cartilage. Part II: degeneration and
osteoarthrosis, repair, regeneration, and transplantation 79 (4) (1997) 612–632.
[2] I.E. Erickson, A.H. Huang, C. Chung, R.T. Li, J.A. Burdick, R.L. Mauck, Differential
maturation and structure-function relationships in mesenchymal stem cell- and
chondrocyte-seeded hydrogels, Tissue Eng. 15 (5) (2009) 1041–1052.
[3] K. Pelttari, A. Winter, E. Steck, K. Goetzke, T. Hennig, B.G. Ochs, T. Aigner,
W. Richter, Premature induction of hypertrophy during in vitro chondrogenesis of
human mesenchymal stem cells correlates with calcification and vascular invasion

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

10

Y. Deng et al.

Biomaterials 281 (2022) 121316

after ectopic transplantation in SCID mice, Arthritis Rheum. 54 (10) (2006)
3254–3266.
[4] M.F. Pittenger, A.M. Mackay, S.C. Beck, R.K. Jaiswal, R. Douglas, J.D. Mosca, M.
A. Moorman, D.W. Simonetti, S. Craig, D.R. Marshak, Multilineage potential of
adult human mesenchymal stem cells, J.s 284 (5411) (1999) 143–147.
[5] S. Tanabe, Role of mesenchymal stem cells in cell life and their signaling, World J.
Stem Cell. 6 (1) (2014) 24–32.
[6] C. Madeira, A. Santhagunam, J.B. Salgueiro, J.M. Cabral, Advanced cell therapies
for articular cartilage regeneration, Trends Biotechnol. 33 (1) (2015) 35–42.
[7] A. Pardo-Saganta, I.A. Calvo, B. Saez, F. Prosper, Role of the extracellular matrix in
stem cell maintenance, Current Stem Cell Reports 5 (1) (2019) 1–10.
[8] F. Gattazzo, A. Urciuolo, P. Bonaldo, Extracellular matrix: a dynamic
microenvironment for stem cell niche, Biochim. Biophys. Acta 1840 (8) (2014)
2506–2519.
[9] L. Gao, R. McBeath, C.S. Chen, Stem cell shape regulates a chondrogenic versus
myogenic fate through Rac1 and N-cadherin, J.S.c. 28 (3) (2010) 564–572.
[10] P. Niemeyer, S. Porichis, M. Steinwachs, C. Erggelet, P.C. Kreuz, H. Schmal, M. Uhl,
N. Ghanem, N.P. Südkamp, G. Salzmann, Long-term outcomes after first-generation
autologous chondrocyte implantation for cartilage defects of the knee, J.T.A.j.o.s.
m. 42 (1) (2014) 150–157.
[11] L. Bian, M. Guvendiren, R.L. Mauck, J.A. Burdick, Hydrogels that mimic
developmentally relevant matrix and N-cadherin interactions enhance MSC
chondrogenesis, J.P.o.t.N.A.o.S. 110 (25) (2013) 10117–10122.
[12] G. Lisignoli, S. Cristino, A. Piacentini, C. Cavallo, A.I. Caplan, A. Facchini,
Hyaluronan-based polymer scaffold modulates the expression of inflammatory and
degradative factors in mesenchymal stem cells: involvement of Cd44 and Cd54, J.J.
o.c.p. 207 (2) (2006) 364–373.
[13] H. Zhu, N. Mitsuhashi, A. Klein, L.W. Barsky, K. Weinberg, M.L. Barr,
A. Demetriou, G.D. Wu, The role of the hyaluronan receptor CD44 in mesenchymal
stem cell migration in the extracellular matrix, J.S.c. 24 (4) (2006) 928–935.
[14] C.B. Highley, G.D. Prestwich, J.A. Burdick, Recent advances in hyaluronic acid
hydrogels for biomedical applications, Curr. Opin. Biotechnol. 40 (2016) 35–40.
[15] M. Zhu, S. Lin, Y. Sun, Q. Feng, G. Li, L. Bian, Hydrogels functionalized with Ncadherin mimetic peptide enhance osteogenesis of hMSCs by emulating the
osteogenic niche, JB (J. Biochem.) 77 (2016) 44–52.
[16] R. Li, J. Xu, D.S.H. Wong, J. Li, P. Zhao, L. Bian, Self-assembled N-cadherin
mimetic peptide hydrogels promote the chondrogenesis of mesenchymal stem cells
through inhibition of canonical Wnt/β-catenin signaling, JB (J. Biochem.) 145
(2017) 33–43.
[17] J. Xu, Q. Feng, S. Lin, W. Yuan, R. Li, J. Li, K. Wei, X. Chen, K. Zhang, Y. Yang,
T. Wu, B. Wang, M. Zhu, R. Guo, G. Li, L. Bian, Injectable stem cell-laden
supramolecular hydrogels enhance in situ osteochondral regeneration via the
sustained co-delivery of hydrophilic and hydrophobic chondrogenic molecules,
Biomaterials 210 (2019) 51–61.
[18] C. Chung, M. Beecham, R.L. Mauck, J.A. Burdick, The influence of degradation
characteristics of hyaluronic acid hydrogels on in vitro neocartilage formation by
mesenchymal stem cells, Biomaterials 30 (26) (2009) 4287–4296.
[19] B.J. Huang, J.C. Hu, K.A. Athanasiou, Cell-based tissue engineering strategies used
in the clinical repair of articular cartilage, Biomaterials 98 (2016) 1–22.
[20] V. Irawan, T.-C. Sung, A. Higuchi, T. Ikoma, Collagen scaffolds in cartilage tissue
engineering and relevant approaches for future development, Tissue Eng Regen
Med 15 (6) (2018) 673–697.
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