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Combinatorial physicochemical stimuli in the
three-dimensional environment of a hyaluronic
acid hydrogel amplify chondrogenesis by
stimulating phosphorylation of the Smad and
MAPK signaling pathways
Jinsung Ahn1, Yoshie Arai1, Byoung Ju Kim1, Young-Kwon Seo1, James J. Moon2, Dong Ah Shin 3, Bogyu Choi 4 and
Soo-Hong Lee 1

Abstract
The chondrogenesis of stem cells and cartilage tissue regeneration are more efficient in a three-dimensional (3D)
environment than in a two-dimensional (2D) environment. Although extensive studies have examined the effects of
biochemical or physical cues alone, it is not fully understood how these biochemical and biophysical cues in the 3D
environment are intertwined and orchestrated with chondrogenesis for cartilage tissue regeneration. In this study, we
used photocrosslinked hyaluronic acid (HA), the extracellular matrix of cartilage, as a general 3D microenvironment to
characterize the effects of dimensionality, localization of biochemical cues, regulation of biophysical cues, and external
stimulation on chondrogenic signaling pathways in adipose-derived stem cells (hASCs). TGF-β3 was immobilized in HA
hydrogels by ionic or covalent conjugation. The stiffness of the hydrogels was tuned by varying the crosslinking
density, and an external stimulus for chondrogenesis was provided by ultrasound. The results revealed that the levels
of chondrogenic signals in hASCs cultured in the 3D HA hydrogel depended on the presence of TGF-β3, and a
reduction in the stiffness of the TGF-β3 covalent conjugated hydrogel increased the chance of interaction with
encapsulated hASCs, leading to an increase in chondrogenic signals. External stimulation with ultrasound increased
the interaction of hASCs with HA via CD44, thereby increasing chondrogenesis. Our results present a new
understanding of the intertwined mechanisms of chondrogenesis in 3D hydrogels connecting TGF-β3 sequestration,
mechanical properties, and ultrasound-based external stimulation. Overall, our results suggest that when designing
novel biomaterials for tissue engineering, it is necessary to consider the combinatorial mechanism of action in 3D
microenvironments.

Introduction
The extracellular matrix (ECM) is a dynamic and

complex three-dimensional (3D) microenvironment that
continuously delivers biochemical and physical signals to
cells within it1,2. To identify a novel stem cell niche for
chondrogenic tissue engineering, many researchers have
sought to understand the role of biochemical and bio-
physical factors in determining cellular behaviors,
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especially stem cell differentiation. Through regulation of
mechanical cues, it is possible to control the self-renewal
and differentiation of stem cells3–6. In addition, the
microenvironment can serve as a tool for biochemical,
biophysical, and structural stimuli and their effects on
stem cells7,8. Although 2D environment studies are useful
for exploring the general principles underlying the reg-
ulation of cellular signaling pathways by biochemical and
physical stimuli, it is critical to understand and recapitu-
late the complexity of 3D microenvironments9. To over-
come this limitation, researchers have developed hydrogel
systems as a model 3D microenvironment. Hydrogels
composed of various materials are used to study the dif-
ferentiation of adipose-derived stem cells and the reg-
ulation of stem cell fate10,11. Because these efforts have
focused on individual stimuli, however, they have largely
been limited to finding better 3D hydrogel systems or
identifying physical cues suitable for specific types of
differentiation12–14. Therefore, it remains unclear whether
the mechanisms of chondrogenic differentiation in 3D
environments, especially those that provide multiple
combinatorial stimuli, are similar to those in 2D
environments.
Growth factors are often introduced as critical factors in

culture media during in vitro experiments; however,
in vivo conditions are unique in that growth factors are
sequestered in the ECM, enabling local presentation to
cells15. Accordingly, ongoing research has focused on how
to develop biomimetic 3D microenvironments by
sequestering and presenting biochemical factors, such as
cytokines and growth factors, to cells encapsulated in 3D
matrices for purposes related to stem cell culture, differ-
entiation, and regenerative medicine16,17. Recently, a
number of growth factors18, such as vascular endothelial
growth factor (VEGF)19,20, platelet-derived growth factor
(PDGF)21,22, and transforming growth factor-beta
(TGF-β)23,24, have been immobilized in various scaffolds,
including hydrogels, without negatively affecting their
bioactivity. Among them, TGF-β plays a critical role in
chondrogenic differentiation25–27. However, it remains
unclear how the mechanism of action differs between
soluble TGF-β3 and insoluble TGF-β3 immobilized onto
ECM. In this study, by using photocrosslinkable hya-
luronic acid (HA) hydrogels, we uncovered similarities
and differences in TGF-β3/Smad28 and MAPK signaling29

during chondrogenic differentiation of human adipose-
derived stem cells (hASCs) between 2D and 3D micro-
environments30,31. Then, we evaluated the regulatory
effects of 3D mechanical properties and external stimu-
lation on these signaling pathways in hASCs encapsulated
in 3D microenvironments. Although previous studies
have examined the impact of stiffness on chondrogenic
differentiation in 2D environments32,33, it remains unclear
how the mechanical stiffness of hydrogels influences

chondrogenic differentiation in 3D culture. Using the HA-
based hydrogel system, we found that mechanical stiffness
indeed affects 3D hydrogels. Previous studies reported
that HA hydrogel stiffness associated with CD44-
mediated mechanosensitive signaling regulates cell adhe-
sion, migration, and the multipotency of MSCs34–36. In
addition, various types of external stimuli, such as near-
infrared radiation, dynamic compression, and hydrostatic
pressure, have been used in chondrogenic differentia-
tion37–41. For the experimental paradigm in this study, we
chose ultrasound (US) stimulation, which has been widely
used for human clinical trials42,43. US increases the level
of ECM cartilage components and expression of cartilage-
related genes44,45. US stimulation-induced proteoglycan
expression and chondrocyte migration and proliferation.
Furthermore, ultrasound increased chondrogenic differ-
entiation markers. Overall, these findings provide a new
framework for understanding how biochemical and bio-
physical cues, coupled with external stimulation, impact
chondrogenic differentiation of hASCs within 3D
hydrogels.

Results and discussion
The 2-dimensional vs. 3-dimensional environment of
chondrogenic differentiation
Initially, to investigate the effect of microenvironmental

dimensionality on the integrated mechanism of chon-
drogenesis, we used HA to provide a chondrogenic
microenvironment for the cells46. For these experiments,
HA was modified with methacrylic anhydride to yield
photocrosslinkable methacrylated HA, which enabled the
formation of a crosslinked hydrogel network following
irradiation with UV (365 nm) in the presence of a pho-
toinitiator, Irgacure 2959 (Fig. 1a)47. First, we induced
chondrogenesis of hASCs in 3D HA hydrogels and
compared the expression of chondrogenic markers and
signaling pathway proteins with those in the hASCs cul-
tured on 2D TC plates (Fig. 1b). For the 3D hydrogel,
methacrylated hyaluronic acid (MAHA) with a degree of
substitution (DS) of 50 was used. The addition of TGF-β3
to the chondrogenic media for 2 weeks during 2D and 3D
culture of hASCs (2D+T and 3D+T groups) led to
upregulation of chondrogenic gene expression (Fig. 1c). In
particular, the mRNA levels of SOX9 and ACAN in the
3D+T group were 1.3-fold and 1.6-fold higher, respec-
tively, than those in the 2D+T group. Continuous
addition of TGF-β3 in chondrogenic media significantly
increased the gene expression levels of COL10, a hyper-
trophic marker, and COL1A1, a fibroblastic and osteo-
genic marker, in both the 2D and 3D systems. However,
the mRNA levels of COL10 and COL1A1 in the 3D+T
group were significantly lower than those in the 2D+T
group (6.6-fold and 1.3-fold, respectively), indicating that
hASCs cultured in hydrogels in the presence of TGF-β3
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Fig. 1 Effect of microenvironment dimensionality on chondrogenesis by human adipose-derived stem cells (hASCs). a Schematic diagram of
HA hydrogel. b Schematic representation of chondrogenesis by hASCs in 2D and 3D culture. DS50 of MAHA was used as a 3D hydrogel.
c Chondrogenic gene expression, d TGF-β ligand gene expression, and e protein expression in hASCs undergoing chondrogenesis in 2D and 3D
environments. (n= 5; *P < 0.05, **P < 0.01, ***P < 0.001 vs. 2D; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. 2D+ TGF-β3).
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can effectively inhibit the expression of hypertrophic and
osteogenic markers. Encapsulating cells in hydrogels can
suppress the expression of hypertrophic, fibroblastic and
osteogenic markers. Therefore, it is more suitable to use a
3D system that lowers the expression of COL1A1 and
COL10 to induce hyaline cartilage48. In most cells, TGF-β
ligands bind to the TGF-β type II receptor (TGFbR2),
which then recruits the type I receptor, activin-like kinase
5 (ALK5), to activate the SMAD signaling pathway49,50.
We found that TGFBR2 expression in hASCs was much
higher in 3D than in 2D culture, but the addition of TGF-
β3 to the culture medium did not cause a significant
difference in either system (Fig. 1d). Interestingly, we
observed a significant increase in ALK5 expression only in
the 3D+T group.
Next, we examined the phosphorylation of Smad and

MAPK proteins, which are components of signaling
pathways involved in chondrogenesis. The protein levels
of ALK5, SOX9, phospho-SMAD2 (pSMAD2), and
phospho-p38 (pp38) were upregulated by the addition of
TGF-β3 to the culture medium in both the 2D and 3D
systems (Fig. 1e). The phosphorylation of ERK increased
in the presence of TGF-β3 only in the 3D system and was
high regardless of TGF-β3 in the 2D system. The levels of
pp38 were significantly higher in the 3D system than in
the 2D system. Previous works have shown that a 3D
environment improves chondrogenic differentiation effi-
ciency51,52. Our findings demonstrated that the 3D HA

hydrogel increases chondrogenic differentiation efficiency
by amplifying the p38 pathway.

Biochemical effects of the HA hydrogel on chondrogenic
differentiation in a 3D environment
To prepare bioinspired 3D microenvironments for

cartilage tissue engineering, we introduced TGF-β3, a
chondrogenic biochemical factor, into HA hydrogels
through ionic or covalent conjugation. The protonated
amino groups of Arg and Lys in TGF-β3 at physiological
pH can engage in ionic conjugation with deprotonated
carboxyl groups in methacrylated HA (IC-T) (Fig. 2a).
Several receptor-binding ligands (e.g., BMPs and TGFs)
interact with cell-surface receptors in substrate-
immobilized forms to trigger signal transduction and
cellular responses53,54. To localize TGF-β3 near encap-
sulated hASCs, we covalently conjugated TGF-β3 to the
backbone of methacrylated HA using EDC/NHS chem-
istry (CC-T). Specifically, the free amino groups in TGF-
β3 could form amide bonds by reacting with the NHS-
activated carboxyl group in methacrylate HA. The HA
hydrogel lacking TGF-β3 was used as a negative control,
and the HA hydrogel with unconjugated free TGF-β3 in
chondrogenic media (Sol-T) was used as a positive control
for the TGF-β3–conjugated groups (IC-T and CC-T) (Fig.
2b). Eighty nanograms of TGF-β3 were loaded, and the
release amount was confirmed under DPBS conditions for
14 days. The release profile was measured on Days 1, 3, 5,

Fig. 2 Preparation of bioinspired 3D microenvironments for cartilage tissue engineering by sequestration of TGF-β3. a Ionic and covalent
conjugation scheme for sequestration of TGF in the HA hydrogel. b Schematic illustration of 3D culture. c TGF-β3 release profile over 14 days, as
determined by ELISAs (n= 4).
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7, and 14, and DPBS was replaced according to the
measured data. The release profile of sequestered TGF-β3
from hydrogels in DPBS conditions revealed that 25% of
the initially loaded TGF-β3 in IC-T was released in 1 day,
followed by a slower release, resulting in a cumulative
release of 36% by Day 14. In contrast, only 3.7% of TGF-
β3 was released from CC-T cells by Day 14 (Fig. 2c, Fig.
S1, Supporting Information). This sustained release of
TGF-β3 from IC-T may be due to the reversible affinity
binding of positively charged amino acids in TGF-β3, such
as Lys and Arg, to negatively charged carboxyl groups in
HA. TGF-β3 in IC-T showed a release pattern from the
hydrogel that was relatively higher than that in CC-T. A
previous study showed that electrostatic binding of TGF-
β1 to collagen II is unstable in the presence of serum
proteins and cells in crosslinked hydrogels53, suggesting
that the CC-T system would be preferable to the IC-T
system. Therefore, we believe that CC-T would improve
chondrogenesis more than IC-T. The existence of TGF-
β3 sequestered by covalent conjugation was confirmed by
immunostaining of TGF-β3 after 14 days of incubation;
the results confirmed that covalently conjugated TGF-β3
was still in the 3D hydrogel until the end of the incubation
time (Fig. S2, Supporting Information). These experi-
ments demonstrate the impact of various conjugation
strategies and reveal that TGF-β3 immobilized in 3D
hydrogels via covalent conjugation preserves its bioactiv-
ity while allowing sustained drug release. Overall, the
covalent conjugation system more effectively retained
TGF-β3 in the HA hydrogel.
Next, we sought to determine the effects of sequestering

TGF-β3 on the chondrogenic differentiation of encapsu-
lated hASCs and to characterize the underlying mechan-
ism. To this end, we encapsulated hASCs in the TGF-β3-
sequestered hydrogels (IC-T and CC-T groups) and
compared them with the hASCs in HA with (Sol-T group)
or without (HA group) TGF-β3 in the culture media. In
the IC-T and CC-T groups, in which TGF-β3 was
sequestered in a 3D microenvironment, the expression of
hyaline cartilage-specific markers (chondroitin sulfate and
type II collagen) was significantly higher than that in the
HA group and as high as that in the Sol-T group (Fig. 3a).
Next, we measured the expression of genes encoding
chondrogenic markers. The mRNA levels of SOX9,
ACAN, and COL2A1 in CC-T cells were 10-, 3-, and 1.7-
fold higher than those in HA cells but lower than those in
Sol-T cells (Fig. 3b). In addition, the expression of the
hypertrophic and osteogenic markers COL10 and
COL1A1 with TGF-β3 in the chondrogenic medium was
inhibited by the encapsulation of hASCs in 3D hydrogels.
In this comparison, the expression of COL10 and COL1A1
was even lower than that in the hASCs encapsulated in
the TGF-β3–sequestered hydrogel systems (IC-T and CC-
T). The quantitative content of sulfated

glycosaminoglycan (sGAG) and collagen in hydrogels was
consistent with the immunostaining results (Fig. 3c), but
only the CC-T group exhibited a significant increase in
collagen content. As shown in Fig. 1e, in 3D micro-
environments, the level of TGFbR2 was not dependent on
the presence of TGF-β3, whereas the level of ALK5 was
dependent on the presence of TGF-β3 (Fig. 3d). As
expected, because the same concentration of HA was used
for all hydrogels, the expression of CD44, a receptor for
HA, did not differ among the groups (Fig. 3e). As shown
in Fig. 1e, elevated expression of pSMAD2, pERK, ALK5,
and SOX9 was observed in the presence of added or
sequestered TGF-β3, whereas the pJNK level was not
significantly altered (Fig. 3f). The expression of pERK,
pp38, SOX9, and ALK5 was significantly upregulated in
the TGF-β3 sequestration systems (IC-T and CC-T)
compared with that of Sol-T. Remarkably, the expression
of ALK5 and SOX9 was highest in the CC-T group. These
data indicate that localizing TGF-β3 around encapsulated
hASCs can easily trigger chondrogenesis via both the
Smad and non-Smad pathways.

Biochemical effects on cartilage regeneration in the
chondral defect model
Next, we investigated the feasibility of TGF-β3-

sequestering hydrogels to support cartilage regeneration
in a rat partial-thickness chondral defect model. Given
the small size of the joints, the thinness of the articular
cartilage, and high intrinsic healing potential in the
rodent model55–57, we created partial-thickness chondral
defects that were not exposed to bone marrow-derived
MSCs or bone marrow elements53,58,59. To investigate the
cartilage regeneration effect in the chondral defect
model, we performed in vivo studies with 10- to 12-week-
old SD rats60–62. Although the rats are still growing, knee
cartilage analysis has been carried out between 4 and
24 weeks after surgery63,64. In this study, we investigated
the cartilage regeneration effect at the defect site 8 weeks
after implantation (Fig. 4). This evaluation revealed that
defects treated with hASCs encapsulated in TGF-β3-
sequestered hydrogels (IC-T+ hASCs and CC-T+
hASCs) were covered with integration to the surrounding
native cartilage without apparent inflammation, whereas
defect sites that were untreated (defect) or treated with
hASCs encapsulated in hydrogel without TGF-β3 (HA+
hASCs) had rough surfaces that were morphologically
distinct from the surrounding cartilage (Fig. 4a). To
observe differences in the cellular structure and matrix
composition between the different implantation groups,
we performed histological analysis by staining with
Safranin O for sGAG, Masson’s trichrome for collagen,
and immunohistochemistry (IHC) for type II collagen
(Fig. 4b), followed by quantitative evaluation. The defect
and HA+ hASC groups exhibited incomplete defect
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Fig. 3 Effects of sequestered TGF-β3 on chondrogenic differentiation by hASCs and their underlying mechanism. a Immunofluorescence
staining of accumulated chondroitin sulfate and type II collagen in hydrogels. Scale bar: 300 μm. b Chondrogenic gene expression from hASCs
cultured in the indicated hydrogels. c Extracellular matrix analysis. sGAG contents (left) and collagen contents (right). d TGF-β ligand gene expression.
e CD44 gene expression in hASCs cultured in the indicated hydrogels. f Signaling pathway-related protein expression in hASCs cultured in the
indicated hydrogels. (n= 3; *P < 0.05, **P < 0.01, ***P < 0.001 vs. HA; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. Sol-T).

Ahn et al. NPG Asia Materials           (2022) 14:46 Page 6 of 15    46 



filling, a rough surface, and low levels of Safranin O, total
collagen, and type II collagen staining relative to the
neighboring native cartilage. In contrast, the hASC+IC-T
and hASC+CC-T groups exhibited complete defect fill-
ing, with tissue that more closely resembled the neigh-
boring native cartilage in structure, and higher intensity
of staining for Safranin O, total collagen, and type II
collagen staining. In addition, defect healing in the hASC
+IC-T and hASC+CC-T groups was associated with
lower expression of hypertrophic markers and type I
collagen (Fig. S3, Supporting Information). Quantitative
evaluation of the quality of cartilage tissue regeneration
using the modified O’Driscoll histologic scoring system
revealed a significantly improved histologic score in the

IC-T and CC-T groups, comparable to that in native
cartilage (sham) (p > 0.05). Similarly, previous studies
reported that TGF-tethered hydrogel systems, such as
TGF-β1-sequestered visible blue light crosslinkable
chitosan hydrogels53 and TGF-β1-sequestered UV
crosslinkable PEG hydrogels17,65, can promote chon-
drogenesis of MSCs or chondrocytes in vitro and/or
in vivo. These data suggest that both IC-T and CC-T
systems, which sequester TGF-β3 in distinct ways, are
efficient methods for improving cartilage regeneration. In
animal studies, the CC-T group exhibited the regen-
erative effect most similar to that of the sham group and
was also most similar in terms of Safranin O, immuno-
fluorescence, and Masson’s trichrome staining.

Fig. 4 Representative macroscopic observation and histological evaluation of repaired tissue 8 weeks after surgery. a Gross appearance,
Safranin O staining, Masson’s trichrome staining, and immunohistochemistry staining of the repaired cartilage defects. Red dashed circles indicate
cartilage defect areas. Scale bar: 500 μm. b O’Driscoll scores of the repaired tissue 8 weeks after surgery. c left to right: Safranin O, trichrome, and type
II collagen-stained area. (n= 4; *P < 0.05, ***P < 0.001 vs. sham).
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Biochemical plus biophysical effects on chondrogenic
differentiation in the 3D environment of the HA hydrogel
To determine the effects of physical cues on the 3D

chondrogenesis signaling pathways, we varied the DS of
MAHA from 30 to 100 (Figure S4, Supporting Informa-
tion) by varying the feed ratio of methacrylic anhydride
(Fig. 5a). The elastic modulus of the hydrogel increased as
the DS of MAHA increased: 1.0 kPa, 1.6 kPa, 2.1 kPa, and
2.5 kPa for DS30, 50, 80, and 100, respectively (Fig. 5b).
Among the two TGF-β3 sequestering systems, CC-T was
more suitable for observing the effect of physical factors
because it changed only the elastic modulus of the
hydrogels during the experiment while maintaining the
content of the chemical factor TGF-β3; CC-T retained
more than 95% of TGF-β3 in all groups (Fig. 5c, S5,
Supporting Information).
After 2 weeks of induction of chondrogenesis in the

hASCs encapsulated in each hydrogel, chondrogenic gene

expression was significantly higher in DS30, whereas
osteogenic and hypertrophic gene expression was sig-
nificantly lower in DS30 (Fig. 6a). Chondroitin sulfate and
type II collagen expression were also significantly higher
in DS30 (Fig. 6b). The quantitative evaluation revealed
that sGAG and collagen content decreased as a function
of DS (Fig. 6c), indicating that chondrogenesis by
encapsulated hASCs was highly increased in soft
hydrogels.
To elucidate 3D signaling during chondrogenesis, we

first evaluated the levels of CD44 and ALK5 in the hASCs
encapsulated in hydrogels. Interestingly, although we used
the same concentration [0.5% (w/v)] of HA and TGF-β3
for all hydrogels (DS30, 50, 80, and 100), the hASCs
encapsulated in soft hydrogel (DS30) expressed sig-
nificantly higher levels of CD44 and ALK5 than in more
substituted, harder hydrogels. The CD44 mRNA level was
well correlated with protein expression (Fig. S6,

Fig. 5 Preparation of CC-T with different mechanical properties. a Schematic representation of the experimental groups. b Mechanical
characterization of hydrogels. c TGF-β3 release profile in the indicated CC-T hydrogels. (n= 4; *P < 0.05, **P < 0.01, ***P < 0.001 vs. DS30).
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Fig. 6 Effect of microenvironmental stiffness on signal transduction. a Chondrogenic and hypertrophic gene expression.
b Immunofluorescence staining of accumulated chondroitin sulfate and type II collagen in hydrogels. Scale bar: 300 μm. c sGAG and collagen
contents. d CD44 and e ALK5 expression. f Signaling pathway-related protein expression. (n= 3; *P < 0.05, **P < 0.01, ***P < 0.001 vs. DS30).
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Supporting Information). Interestingly, the expression of
CD44 and ALK5 was lower in the hASCs encapsulated in
the hydrogels without TGF-β3 than in those encapsulated
in DS100 with TGF-β3 (Fig. 6d, e). Park et al. also
reported that TGF-β increased chondrogenic marker
expression, such as type II collagen, in MSCs on soft
substrates but not on stiff substrates. However, they
investigated this differential effect on a 2D environment51.
In our findings, the physicochemical cues in the 3D cel-
lular microenvironment also suggest that the elevated
expression of CD44 and ALK5 in the hASCs encapsulated
in the soft DS30 hydrogel could be attributed to the
synergistic effect of the TGF-β3-conjugated HA backbone
in the less crosslinked DS30 hydrogel, which would pre-
sumably promote interaction with receptors on the
encapsulated hASCs. Therefore, the synergistic crosstalk
between CD44 and ALK5 induced an increase in the
chondrogenesis of hASCs in the HA hydrogel. Bour-
guignon et al. reported that ALK5 contains a CD44-
binding site and that binding of HA to CD44 stimulates
ALK5 activity, thereby increasing Smad2/3 phosphoryla-
tion66. In addition, the elevated CD44 and ALK5 expres-
sion in the hASCs encapsulated in DS30 hydrogels
promoted phosphorylation of SMAD2, ERK, p38, and
JNK (Fig. 6f). Through these mechanisms, the expression
of SOX9 was also increased in the hASCs encapsulated in
DS30, and the accumulation of chondroitin sulfate and
type II collagen was further elevated.

Combinatorial ultrasonic stimulation effects chondrogenic
differentiation in the 3D environment of the HA hydrogel
We studied the synergistic effect of sequestered TGF-β3

and external stimulation on 3D chondrogenic signaling
pathways. For external stimulation, we used US, which
has a positive effect on chondrogenesis and cartilage
repair67–69. First, we characterized the relationship
between US stimulation time and cytotoxicity (Fig. S7a,
Supporting Information). The optimal stimulation time
was determined based on the level of type II collagen (Fig.
S7b, Supporting Information). The cells were incubated
for 14 days, with replacement of the medium every 2 days.
At the time of the medium change, a US impulse was
applied from the bottom of the tube containing the
hydrogel-encapsulated hASCs and medium (Fig. 7a, b).
Immunofluorescence staining for accumulated chon-
droitin sulfate and type II collagen revealed that the
expression of chondrogenic markers was significantly
higher in CC-T with US (CC-T+US) than in HA, HA
with US (HA+US), and CC-T (Fig. 7c). qRT-PCR
revealed that US stimulation increased the expression of
SOX9, ACAN, and COL2A1 (Fig. 7d). In addition, US
stimulation increased the ECM content (Fig. S8, Sup-
porting Information).

To understand the mechanisms underlying these
changes, we analyzed TGF ligands. After external US
stimulation was applied to the HA and CC systems, the
level of CD44 mRNA in the encapsulated hASCs was
significantly elevated (Fig. 7e). This result may be due to
the movement of the HA backbone induced by US sti-
mulation, which increases the chance of interaction
between the CD44 binding site in HA with cells encap-
sulated in the HA and CC hydrogels66. Based on these
results, we propose the existence of a signaling pathway
activated by US stimulation in HA hydrogel that promotes
the expression of CD44, ALK5, and pERK (Fig. 7f).
In summary, we developed an advanced comprehensive

3D environment with photocrosslinked HA that enabled
us to characterize the combinatorial effects of dimen-
sionality, localization of chemical cues, regulation of
physical cues, and external stimulation on the chondro-
genic signaling pathways in hASCs. The combination of
TGF chemical conjugation (biochemical cue) and soft
modulus (biophysical cue) in 3D hydrogels under ultra-
sound stimulation could indeed amplify chondrogenesis.
Therefore, our findings have important ramifications for
cartilage regeneration and regenerative medicine
applications.

Materials and methods
Preparation of photocrosslinkable hyaluronic acid
MAHA with a degree of substitution of DS50 was

synthesized as previously reported70. Briefly, methacrylic
anhydride (8 mL, Sigma-Aldrich, St. Louis, MO) was
added to a 1% w/v HA (Mw 500 kDa, Bioland, Korea)
aqueous solution. The mixture was allowed to react for
24 h with stirring at 4 °C after the pH was adjusted to 8.0
using 5 N NaOH solution. The reaction mixture was
dialyzed against deionized water for 3 days using a
membrane with a cutoff molecular weight of 100 kDa,
followed by lyophilization. The DS was calculated from
the relative peak integration ratios of the methacrylate
protons (peaks at ~6.1, 5.6, and 1.85 ppm) and methyl
protons of HA (~1.9 ppm). The DS of the final product
was confirmed to be 50% by 1H-NMR. DS30, DS80, and
DS100 were similarly prepared by regulating the amount
of methacrylic anhydride and 5 N NaOH.

Preparation of HA hydrogels
For the preparation of HA hydrogels, MAHA polymer

solution (0.5% w/v) in phosphate-buffered saline (PBS)
was prepared with a photoinitiator, Irgacure 2959 (final
concentration 0.2% w/v). For creation of a poly-
dimethylsiloxane (PDMS) mold, 40 μl of polymer solution
was added with a depth of 2 mm and a diameter of 5 mm
and then exposed to UV light (365 nm, 60mW/cm2, Sei
Myung Vactron Co., Ltd., Korea) for 10 sec.
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Fig. 7 Synergistic effect of sequestered TGF-β3 and external stimulation. a Schematic representation of the delivery of ultrasound (US) stimulus
to HA hydrogel. b Schedule for US stimuli. c Immunofluorescence staining of accumulated chondroitin sulfate and type II collagen in HA and CC
hydrogels. d Chondrogenic gene expression. e TGF ligand gene expression. f Signaling pathway-related protein expression. (n= 3; *P < 0.05, **P <
0.01, ***P < 0.001 vs. HA; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. HA+ US).
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Conjugation of TGF-β3 with methacrylated hyaluronic acid
TGF-β3-conjugated MAHA was prepared by ionic (IC-

T) or covalent conjugation (CC-T). The attraction
between the positively charged regions in TGF-β3 and the
negatively charged carboxyl groups in MAHA induces
ionic bonds. For IC-T, TGF-β3 was mixed and reacted
with MAHA solution at a final TGF-β3 concentration of
2 μg/ml for 2 h at 37 °C. For CC-T, carboxyl groups of
MAHA were activated as NHS ester using 1-ethyl-3-(3-
dimethylanimopropyl) carbodiimide (EDC)/N-hydro-
xysulfosuccinimide sodium salt (NHS) in 50 mM 2-(N-
morpholino) ethanesulfonic acid (MES) buffer (pH 6) for
2 h at room temperature and subsequently reacted with
amine groups of TGF-β3 in PBS. Briefly, 2 μg of TGF-β3
was added and reacted overnight at 4 °C and purified
using a 100 kDa Amicon Ultra-0.5 centrifugal filter (Mil-
lipore UFC510024). The calculated conversion rate
was 99%.

Mechanical characterization of hydrogels
We performed the same experiment described in our

previous paper47. Briefly, we used a customized bulk-scale
nanoindenter consisting of a load cell (GS0-10, Trans-
ducer Techniques) and an automated stage (SM2-0803-3S
and SZ-0604-3S, ST1) equipped with a microscope
(AM4113, AnMo Electronics Corporation) to characterize
the mechanical characteristics of hydrogels with various
degrees of stiffness. A stainless spherical tip with a 2 mm
diameter was attached to the load cell for indentation.
The contact between the tip and the hydrogel was
assumed to be Hertzian. The maximum indentation depth
was ~5% of the hydrogel thickness, and the indentation
speed was 25 μm/s. Both the applied force and the
indentation depth were recorded at an acquisition rate of
10 Hz during the experiment. The effective modulus of
the hydrogel was estimated by fitting a force-indentation
curve to the Hertzian model given by Eq. (1):

F ¼ 4
3
� E
1� v2

� ffiffi

r
p � δ3

2 ð1Þ
where F is the applied force, E is Young’s modulus of the
hydrogel, v is the Poisson’s ratio of the hydrogel, which is
assumed to be 0.5, r is the radius of the indentation tip,
and δ is the indentation depth.

hASC isolation
Human adipose-derived stem cells were isolated from

adipose tissues around the patients’ knee with the
approval of the Ethics committee at CHA University (IRB
No. 2014-07-096). In brief, adipose tissues were washed
with PBS containing 2% penicillin/streptomycin (P/S) and
digested by chopping after 0.5 mg/ml collagenase type II
(Sigma-Aldrich, St. Louis, MO) treatment for 45min at
37 °C in an incubator shaker. Digested tissues were

filtered through a 40 μm pore size cell strainer. The fil-
tered tissue solution was washed three times with Dul-
becco’s modified Eagle’s medium (DMEM; HyClone,
Logan, UT) by centrifugation at 1000 × g for 10 min. The
cell pellet was resuspended in DMEM with 20% v/v fetal
bovine serum (FBS) and 1% v/v P/S. The cells were cul-
tured on tissue culture plates at 37 °C in a 5% CO2

incubator. The culture medium was changed every 3 days.

hASC 2D culture and 3D culture
The hASCs were cultured in DMEM low glucose media

(HyClone, USA) with 10% fetal bovine serum (FBS,
HyClone, USA) and 1% penicillin/streptomycin (P/S,
HyClone, USA) at 37 °C in a 5% CO2 incubator. For 3D
culture, MAHA polymer solution (0.5% w/v) in PBS was
prepared with a photoinitiator, Irgacure 2959 (final con-
centration 0.2% w/v). Then, hASCs (passage 3) were
encapsulated at a density of 5 × 106 cells/mL. Each
hydrogel was cultured under media conditions of 1 ml and
1 gel per well of a 24-well plate. For chondrogenic dif-
ferentiation, the medium conditions were DMEM high
glucose media (HyClone, USA) with 10% FBS, 1% P/S,
insulin-transferrin-selenium (ITS), 10 μg/ml transforming
growth factor beta 3 and 100 nM dexamethasone.

qRT-PCR
For qRT-PCR analysis, HA hydrogel was collected after

14 days of chondrogenic induction culture. The HA
hydrogel was frozen with liquid nitrogen and broken with
a homogenizer in 200 μl of TRIzol TM (Life Technologies,
USA). After the hydrogel was broken, 800 μl of TRIzol
and 200 μl of chloroform were added. After inverting the
sample five times and centrifuging at 13,000 rpm and 4 °C
for 20min, we mixed the supernatant with the same
volume of isopropanol. The mixture was centrifuged at
13,000 rpm and 4 °C for 20min and washed with 70%
ethanol. After another centrifugation at 13,000 rpm and
4 °C for 10min, the pellet was dried and weighed for
quantification. For cDNA synthesis, the TaKaRa cDNA
synthesis kit (TaKaRa, Japan) was used, and quantitative
real-time PCR was performed using Power SYBR® Green
PCR Master Mix (Applied Biosystems, UK). As a house-
keeping gene, the ribosomal protein S18 (RPS18) gene was
used to standardize gene expression for real-time PCR
analysis. Primers for SRY-related HMG-box9 (SOX9),
aggrecan (ACAN), type II collagen (COL2A1), type I col-
lagen (COL1A1), type X collagen (COL10), TGF receptor
1 (ALK5), TGF receptor 2 (TGFbR2), and CD44 were
used. The PCR primer sequences are shown in Table S1,
Supporting Data.

Western blot (or simple western, WES)
Western blotting was performed using WES according

to the manufacturer’s protocol (Protein Simple, San Jose,
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CA, USA). In detail, HA hydrogel was collected after 1 h
of chondrogenic induction culture. The hydrogel was
washed three times with PBS and frozen with liquid
nitrogen. Then, the hydrogel was lysed with a homo-
genizer in 50 μl of 5X RIPA buffer. The supernatant was
collected. The protein concentration was measured with a
bicinchoninic acid protein assay. The prepared protein
samples, blocking reagent, primary antibodies, secondary
antibodies, chemiluminescent substrate, and wash buffer
were added to the assay plate. The plate was placed in the
instrument, and protein separation and detection were
performed automatically. For the primary antibodies, anti-
chondroitin sulfate antibody (Abcam ab11570), Sox9
(D8G8H) 82630S, anti-collagen type II antibody
(MAB8887), anti-beta-actin (Abm G043), anti-phospho-
SAPK/JNK (Thr183/Tyr185) (CST 4668S), anti-JNK2
(56G8) (CST 9258S), anti-phospho-p44/42 MAPK
(Erk1/2) (CST 4377S), anti-p44/42 MAPK (CST 9102S),
anti-phospho-p38 MAPK (CST 4613S), anti-phospho-
MEK1/2 (CST 9121S), anti-phospho-Smad2 (CST 3108S),
and anti-SMAD2/3 (CST 3102S) were used with anti-
mouse or anti-rabbit secondary antibodies provided by
ProteinSimple.

Immunofluorescence staining
After 14 days of induction of chondrogenic differ-

entiation, the HA hydrogel was washed three times with
Dulbecco’s phosphate-buffered saline (DPBS), and the
washed gel was fixed overnight at 4 °C with 4% paraf-
ormaldehyde (Biosesang, Korea). The fixed gel was per-
meabilized with 0.3% Triton X-100 in DPBS (PBS-T),
and the hydrogel was blocked with 1% bovine serum
albumin (BSA)-PBST for 1 h at room temperature. The
primary antibody was diluted 1:100 in 1% BSA-PBST
solution, and the hydrogels were incubated in the pri-
mary antibody solution at 4 °C for 24 h. Fluorescein-
conjugated secondary antibodies (Alexa Fluor 488 goat
anti-mouse IgG (H+ L)) and Texas Red goat anti-rabbit
IgG (H+ L) (Life Technologies) were diluted at a ratio of
1:500 and incubated at room temperature for 2 h. The
cells were stained with 4'6-diamidino-2-phenylindole to
identify the nuclei and observed with a fluorescence
microscope.

sGAG analysis
Sulfated-glycosaminoglycan (sGAG) was measured

using a Blyscan sulfated glycosaminoglycan assay kit
(Biocolor B1000) after 14 days of chondrogenesis. The
sGAG assay was performed according to the manu-
facturer’s protocol. In brief, 10 μl of each hydrogel was
adjusted to 100 μl with deionized water or the appropriate
buffer. Blyscan dye reagent (1.0 ml) was added to each
tube, mixed by inverting the contents and placed in a
gentle mechanical shaker for 30min. The tubes were

transferred to a microcentrifuge and spun at 12,000 rpm
for 10 min. A dissociation reagent (0.5 ml) was then added
to the tubes. When all of the bound dye was dissolved, the
tubes were centrifuged at 12,000 rpm for 5 min to remove
excess foam. Afterward, 200 μl of each sample was
transferred to individual wells of a 96-well microplate.
The microplate reader was set to 656 nm or the closest
matching red filter.

Collagen analysis
Collagen content was measured using a hydroxyproline

assay kit (Gibco MAK008). Collagen was analyzed
according to the manufacturer’s protocol. First, 10 mg of
the hydrogel cultured for 14 days in chondrogenic med-
ium was homogenized in 100 μl of water and transferred
to a capped tube. Afterward, 100 μl of concentrate was
hydrolyzed at 120 °C for 3 h. The solution was mixed and
centrifuged at 10,000 × g for 3 min, and 10 μl of the
supernatant was transferred to a 96-well plate. The wells
were evaporated in a 60 °C oven to dry the samples, and
100 μl of Chloramine T/Oxidation Buffer Mixture was
added to each sample and standard well. The plate was
incubated at room temperature for 5 min. Afterward,
100 μl of diluted para-dimethylaminobenzaldehyde
reagent was added to each sample and standard well
and incubated for 90min at 60 °C. The absorbance was
measured at 560 nm (A560).

In vivo study
The experimental protocol for animal surgery was

performed in accordance with the protocols approved by
the CHA University Institutional Animal Care and Use
Committee guidelines for the care and use of laboratory
animals (Approval number # IACUC160052). Male
Sprague-Dawley (SD) rats (10–12 weeks old, 300–350 g;
Orient Bio, Inc., Seongnam, Korea) were used; four rats in
the sham group and five rats in each group were used.
Animals were anesthetized with a mixture of Zoletil
(50 mg/kg; Virbac Laboratories, Carros, France) and
Rompun (10 mg/kg; Bayer, Seoul, South Korea). Knee
joint areas were shaved and disinfected. A medical para-
patellar longitudinal incision was performed to crop out
the synovial capsule on the knee joint, and the trochlear
groove was removed after lateral patellar luxation. A hole
with a diameter of 2 mm and a depth of 2 mm was made
by drilling through the center of the trochlear groove.
Hyaluronic acid hydrogel was directly added to the hole.
For each defect site, 3 μl of MAHA solution and 15,000
cells were used. After a total of 8 weeks, the SD rats were
sacrificed, and the results of the animal experiments were
analyzed using paraffin blocks. We performed Safranin O
staining to confirm cartilage regeneration and assessed
type II collagen using immunohistochemistry to identify
hyaline cartilage.
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Ultrasound stimulation
The ultrasound was generated by a Nanosonic instru-

ment (Korust, Korea). Ultrasound was transmitted
through a transducer placed in a water tank. Ultrasonic
stimulation was applied for 30min at a frequency of
1MHz and an intensity of 300mW/cm2. Ultrasonic sti-
mulation was applied once every 2 days, and a medium
change was performed directly after stimulation.

Statistical analysis
Statistical analysis of the results was performed using

GraphPad Prism ver. 8.0 (GraphPad software, San Diego,
CA). One-way ANOVA using Tukey’s multiple compar-
ison post-test was performed to compare the samples.
Statistical significance was set at *P < 0.05, **P < 0.01, and
***P < 0.001 and #P < 0.05, ##P < 0.01, and ###P < 0.001.
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