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Engineering a scaffold to control cell fates of
stem cells for cartilage tissue engineering
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Precise spatial and temporal control of the fates of mesenchymal stromal cells (MSCs) through dynamic
microenvironmental cues is essential for MSC-based tissue engineering. Artificial niches that recapitulate
the spatiotemporal regulation of cell fates have been regarded as ideal platforms. Here, we engineered
an artificial niche scaffold by integrating growth and chondrogenic induction factors that exerted staged
effects on MSCs to direct different phases of cartilage regeneration. The scaffold was prepared by
immobilizing heparin-binding epidermal growth factor-like growth factor and matrix metalloproteinase-
2-cleavable peptide-tethered kartogenin-loaded liposomes within a gelatin/heparin/y-PGA scaffold. The
immobilized growth factor initially promoted MSC proliferation. The upregulation of proliferation-
associated signaling served as an autonomous trigger for the subsequent release of kartogenin, thereby
inducing MSC chondrogenesis. The results indicated that this spatiotemporally programmed system was
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1. Introduction

Cartilage injury and related diseases are considered major
causes of physical disability worldwide, imposing a substantial
socioeconomic burden on modern society. As a connective
tissue with an avascular structure and no innervation, cartilage
has limited self-healing capacity because of its unique
properties.’ Traditional strategies for cartilage defect treatment
are limited and do not restore the intrinsic regenerative capa-
city of cartilage.>* Therefore, developing new treatments that
enable effective intrinsic repair of cartilage diseases is essen-
tial. In recent years, mesenchymal stromal cell (MSC)-based
tissue engineering has attracted considerable attention as a
promising strategy for cartilage regeneration, owing to the
multipotent properties of MSCs.>"® This process generally pro-
ceeds in a stepwise manner, encompassing sequential prolif-
eration and differentiation. Hence, precise control of MSC fate
is pivotal for therapeutic outcomes.”™*

In the body, stem cells reside in instructive, tissue-specific
microenvironments, or niches, that modulate stem cell
fate.'>'® Niches are dynamic and complex, autonomously reg-
ulating cellular behaviors during tissue repair."*'> When
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able to regulate cellular fates in a spatiotemporal manner and promote cartilage regeneration.

injuries occur, stem cells migrate to lesion sites, where they
rapidly proliferate and subsequently differentiate into specific
phenotypes to facilitate tissue regeneration. Inspired by the
functions of natural niches, artificial niches that recapitulate
instructive signals for tissue repair have attracted considerable
attention in recent years.'%'®° However, the precise design of
artificial niches to achieve their sequential functions during
tissue repair remains a major challenge, the crux of which lies
in identifying a trigger or signal that induces the subsequent
differentiation process following cell proliferation.*'~**

The extracellular matrix (ECM), as a predominant compo-
nent of the niche and a reservoir of growth factors (GFs),
plays important roles in providing anchoring sites, structural
support, and GFs for the regulation of cellular fates.'*?’
During the tissue repair process, ECM remodeling occurs
throughout the entire process, degrading the matrix to create
space and release associated GFs that facilitate cell migra-
tion, proliferation, and differentiation, thereby maintaining
tissue homeostasis.>®*” Matrix metalloproteinases (MMPs)
are endopeptidases that contribute to growth, development,
wound healing, and pathogenesis through ECM remodeling.
As major mediators of ECM remodeling, MMPs show promis-
ing potential as targets for recapitulating the precise mani-
pulation of cell fates in artificial niches for tissue
regeneration.”®*® Among the various MMPs, MMP-2 has been
identified as the most highly expressed during the normal
proliferative behavior of stem cells.’®?" Therefore, it may
serve as a potential signaling cue to initiate the subsequent
differentiation process and thereby promote tissue repair.

This journal is © The Royal Society of Chemistry 2026
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Kartogenin (KGN), a small lipophilic molecule and chon-
drogenic induction factor, has been widely used in cartilage
regeneration.®” Liposomes, as nanoparticle-based delivery sys-
tems, have demonstrated a strong capacity for loading both
hydrophilic and lipophilic drugs. Generally, hydrophilic drugs
are encapsulated within the inner aqueous core, whereas
lipophilic compounds are incorporated into the lipid bilayer of
liposomes.®* However, the incorporation of lipophilic com-
pounds into the bilayer can destabilize the liposomal structure
and cause rapid drug release, whereas drugs encapsulated
within the aqueous core exhibit greater stability.>**> Cyclodex-
trins (CDs) are well-known for their ability to increase the
solubility, dissolution rate, and bioavailability of loaded
drugs.®*®?” In particular, CDs can form inclusion complexes
with lipophilic compounds, thereby enhancing their solubility
and bioavailability. Based on these properties, drug-in-CD-in-
liposome systems have been widely used in drug delivery to
achieve the stable encapsulation of lipophilic drugs.*®*”

In this study, we designed and prepared an artificial niche
scaffold that used endogenous MMP-2 as a trigger to release a
chondrogenic induction factor, thereby promoting subsequent
differentiation following cell proliferation and enabling inves-
tigation of the sequential proliferation and differentiation of
MSCs during cartilage regeneration (Fig. 1). In our previous
work,”® we designed a heparin-functionalized scaffold with
immobilized heparin-binding epidermal growth factor-like
growth factor (HB-EGF) to mimic the regulatory functions of
the ECM in controlling MSC fate. The results showed that
immobilized HB-EGF enhanced MSC proliferation without
inducing spontaneous differentiation. Subsequently, the sup-
plement of differentiation factors is required to induce the
chondrogenic differentiation of MSCs following proliferation.
Based on this concept, KGN was first combined with f-
cyclodextrin (B-CD) to form a KGN/B-CD inclusion complex,
which was then loaded into liposomes. The KGN/B-CD-loaded
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liposomes were further modified with an MMP-2-responsive
peptide and subsequently incorporated into a gelatin/heparin/
v-PGA (GHP) scaffold to construct an MMP-2-responsive GHP-
liposome (GHP-lipo) scaffold. Finally, HB-EGF was immobilized
within the GHP-lipo scaffold to prepare a GHP-HB-EGF-liposome
(GHP-HB-lipo) scaffold. This scaffold promoted MSC prolifera-
tion through immobilized HB-EGF during the early stage and
induced chondrogenic differentiation through MMP-2-triggered
KGN release during the later stage, thereby facilitating cartilage
regeneration. These scaffolds possessed multiple functions that
enabled the sequential control of MSC proliferation and chon-
drogenic differentiation for cartilage regeneration.

2. Results and discussion

2.1 Preparation and characterization of the scaffolds

First, the GHP scaffold was fabricated using an ice particulate
method.***° Ice particulates with diameters ranging from 150 to
250 pm were used to control the pore sizes of the scaffolds. SEM
results revealed the porous structure of the GHP scaffold, which
contained large spherical pores throughout the scaffold and small
pores on the walls of the larger pores, indicating that the GHP
scaffold possessed a well-interconnected structure (Fig. 2a and b).
Heparin staining showed a homogeneous distribution of heparin
throughout the GHP scaffold (Fig. 3d). Young’s modulus of the dry
and hydrated scaffolds was measured using a compression test.
The dry GHP scaffold exhibited a high Young’s modulus (Fig. S5).
After hydration, Young’s modulus decreased significantly.
Meanwhile, the KGN/B-CD inclusion complex was prepared
using a lyophilization method.*""** FT-IR spectra showed
absorption peaks at 1537-1596 cm ™!, which were assigned to
the C—C bonds of the aromatic ring of KGN, and absorption
peaks at 1500-1600 cm ™', which were assigned to the KGN/p-
CD inclusion complex (Fig. S1). These results demonstrated the

Enhance

Differentiation

e .
Proliferation
g MSCs
sty - :’/* \‘. Induce
e \ !
GHP-HB-lipo scaffold D Renpls L

MMP-2 cleavable

Chondrocyt
Py KGN/B-CD Liposome SRCIOSyRe

Cell seeding
@ @

Effects of HB-EGF on MSCs Effects of KGN on MSCs

MMP-2 level

Cleavage of MMP-2
< responsive liposome
Proliferation of MSCs

Chondrogenesis of MSCs

Chondrogenic genes
(COLIL, SOX9 and ACAN)

L J J
KGN/B-CD inclusion complex MMP-2 cleavable peptide
Cartilage regeneration
[
DSPE-NH2

Cholesterol DPPC

Fig. 1 Schematic illustration of the preparation of the spatiotemporally programmed GHP-HB-lipo scaffold and sequential proliferation and
chondrogenic differentiation of MSCs within the scaffold for cartilage regeneration.
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Fig. 2 Microstructures of the scaffolds: scanning electron microscopy (SEM) images of the (a) and (b) GHP scaffold, (c) and (d) GHP-lipo scaffold, and
(e) and (f) GHP-HB-lipo scaffold. The images below are magnified views of the specific areas (dotted squares) shown in the images above.
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Fig. 3 Characterization of liposomes and GHP-HB-lipo scaffolds: (a) optical images of aqueous solutions of KGN and KGN/B-CD inclusion complex;
hydrodynamic size distribution of (b) blank liposomes and (c) KGN/B-CD liposomes; (d) staining of heparin in GHP scaffold; (e) EDS mapping of
phosphorus (P) in GHP-lipo scaffold; (f) immunochemical staining of HB-EGF in GHP-HB-lipo scaffold; (g) release profile of KGN from the GHP-HB-lipo
scaffold incubated in PBS without MMP-2, where the release profile during the initial 72 h is shown in the right graph (dotted rectangle) displayed at a high
magnification; and (h) release profile of KGN from GHP-HB-lipo scaffold after 2 h and 12 h of incubation in the absence or presence of MMP-2. The GHP-

HB-lipo scaffold used in this experiment was pre-incubated in PBS without MMP-2 for 24 h. Data are presented as mean + SD (n = 3). Significant
differences: **p < 0.01; ***p < 0.001.
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formation of the KGN/B-CD inclusion complex. Moreover, the
UV absorption spectrum of the KGN/B-CD inclusion complex
showed a strong absorption peak at approximately 276 nm,
exhibiting a slight blue shift compared to that of KGN at
approximately 278 nm, suggesting the successful encapsulation
of KGN within the cavity of B-CD (Fig. S2). Optical images of
aqueous solutions of KGN and the KGN/B-CD inclusion
complex showed that the KGN/B-CD inclusion complex mark-
edly increased the solubility of KGN (Fig. 3a). The KGN encap-
sulation efficiency in the KGN/B-CD inclusion complex was
88.4 £ 2.6%.

Next, the KGN/B-CD inclusion complex was encapsulated
into liposomes. The encapsulation efficiency of the KGN/B-CD
inclusion complex was evaluated by disrupting the KGN/B-CD
liposomes and measuring the UV absorption at approximately
276 nm (Fig. S2). The encapsulation efficiency of the inclusion
complex within the liposomes was 52.1 + 3.2%. The hydro-
dynamic size of the KGN/B-CD liposomes was evaluated by
dynamic light scattering (DLS). The KGN/B-CD liposomes
and blank liposomes had mean sizes of 242.9 + 120.4 nm
and 231.4 £+ 97.6 nm, respectively (Fig. 3b and c), with no
significant difference between the two groups. The KGN/B-CD
liposomes were further modified with an MMP-2-cleavable
peptide, and the resulting MMP-2-responsive KGN/B-CD lipo-
somes were incorporated into the GHP scaffold through click
chemistry.*®

SEM and energy-dispersive spectroscopy (EDS) mapping
results confirmed the successful incorporation of MMP-2-
responsive KGN/B-CD liposomes into the scaffold (Fig. 3e).
The incorporation efficiency of the MMP-2-responsive KGN/f-
CD liposomes was 45.1 + 2.2%. Subsequently, HB-EGF was
immobilized within the GHP-lipo scaffold to construct the
GHP-HB-lipo scaffold. Inmunochemical staining for HB-EGF
demonstrated the successful immobilization of HB-EGF within
the GHP-lipo scaffold (Fig. 3f and Fig. S3), with an immobiliza-
tion efficiency of 85.2 + 2.0%. SEM observations showed that
the GHP-lipo and GHP-HB-lipo scaffolds possessed the same
interconnected structure as the GHP scaffold (Fig. 2). The
incorporation of MMP-2-responsive KGN/B-CD liposomes and
the immobilization of HB-EGF did not affect the porous struc-
ture of the scaffolds (Fig. 2¢-f).

The release profile of KGN from the GHP-HB-lipo scaffold in
the absence and presence of MMP-2 was investigated (Fig. 3g
and h). In PBS without MMP-2, the GHP-HB-lipo scaffold
exhibited a slight initial burst release, followed by a very slow
release of KGN during the 21-day incubation period (Fig. 3g).
Only approximately 12% of KGN was released from the scaffold
after 21 days of incubation, demonstrating the long-term
stability of the KGN/B-CD inclusion complex loaded within
the GHP-HB-lipo scaffold. After incubation in PBS without
MMP-2 for 24 h, the GHP-HB-lipo scaffold was transferred to
PBS containing MMP-2 to evaluate the MMP-2-responsive
release of KGN (Fig. 3h). When incubation was continued in
PBS without MMP-2, only a small amount of KGN was released.
In contrast, in the presence of MMP-2, 3.1 £+ 0.9% and
21.4 + 2.8% of KGN were released from the GHP-HB-lipo

This journal is © The Royal Society of Chemistry 2026
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scaffold after 2 h and 12 h of incubation, respectively. These
results demonstrated the MMP-2-responsive release of KGN
from the GHP-HB-lipo scaffold, which was attributed to the
incorporation of an MMP-2-cleavable peptide serving as a linker
between the KGN/B-CD liposomes and the scaffold.

2.2 Cell adhesion, distribution, and viability in the scaffolds

Subcultured MSCs were harvested and seeded into the scaffolds
for three-dimensional (3D) culture. Cell adhesion, distribution,
and viability were evaluated. As shown in Fig. 4a, the seeded
MSCs adhered to the pores of the GHP-HB-lipo scaffold. MSCs
in the GHP-HB-lipo scaffold exhibited adhesion behavior simi-
lar to that observed in the GHP scaffold (Fig. S4a). Nuclear
staining of the vertical cross-section of the scaffold showed that
MSCs were homogeneously distributed throughout the entire
structure of both the GHP-HB-lipo and GHP scaffolds (Fig. 4b
and Fig. S4b). Live/dead staining indicated that all cells
remained viable, and no dead cells were observed in either
the GHP-HB-lipo or GHP scaffold after 1 day of culture (Fig. 4c
and Fig. S4c). These results indicated that both the GHP-HB-
lipo and GHP scaffolds supported cell adhesion, facilitated
homogeneous cell distribution, and maintained high cell via-
bility. The incorporation of liposomes and immobilized HB-
EGF did not affect cell adhesion, distribution, or viability
within the scaffolds.

2.3 Sequential proliferation and chondrogenic differentiation
of MSCs during in vitro culture in the GHP-HB-lipo scaffold

To investigate the effects of the GHP-HB-lipo scaffold on MSC
fate regulation, the proliferation and chondrogenic differentia-
tion of MSCs cultured in the GHP-HB-lipo scaffold were eval-
uated. MSCs were seeded into the GHP-HB-lipo scaffold and
cultured in DMEM without the chondrogenic induction factor,
KGN, for 28 days (Fig. 5a). DNA quantification showed that
MSCs in the GHP-HB-lipo scaffold proliferated significantly
after 7 days of culture (Fig. 5b). However, the DNA content
decreased after 14 days of culture and then gradually increased
again after 21 and 28 days of culture. Quantification of sGAG
showed that the SGAG/DNA ratio did not change significantly
after 7 days of culture but increased significantly after 14 days
of culture (Fig. 5¢). The sGAG/DNA ratio remained at a similar
level after further culture for 21 and 28 days. Gene expression
analysis showed that the expression levels of type I collagen
(COL I), type 1I collagen (COL II), SRY-box transcription factor 9
(S0X9), and aggrecan (ACAN) did not change significantly after
7 days of culture. However, the expression levels of these genes
increased significantly after 14 days of culture (Fig. 5d-g). The
expression levels of COL II, SOX9, and ACAN continued to
increase after 21 and 28 days of culture. In contrast, the
expression level of COL I decreased after 21 and 28 days of
culture. The elevated SGAG/DNA ratio and increased expression
levels of COL II, SOX9, and ACAN demonstrated the chondro-
genic differentiation of MSCs. These results indicated that
MSCs cultured in the GHP-HB-lipo scaffold proliferated during
the initial 7 days of culture and subsequently underwent

J. Mater. Chem. B, 2026, 14, 9676-9687 | 9679
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Fig. 4 Evaluation of cell adhesion, distribution, and viability after MSCs were seeded and cultured in GHP-HB-lipo scaffold for 1 day: (a) SEM image:
arrows indicate MSCs; (b) nuclear staining of MSCs in the vertical cross-section of the scaffold; (c) live/dead staining of the horizontal cross-section of the
scaffold. Green fluorescence indicates living cells, whereas red fluorescence indicates dead cells.

chondrogenic differentiation during the following 14, 21, and
28 days of culture.

To further demonstrate the effects of the GHP-HB-lipo
scaffold on MSC proliferation and chondrogenic differentia-
tion, the GHP-HB scaffold was used as a comparison group and
seeded with MSCs in the same manner as the GHP-HB-lipo
scaffold described above (Fig. 5a). MSCs seeded in the GHP-HB
scaffold were cultured in KGN-free DMEM for 14 days and
subsequently cultured in KGN-containing DMEM for an addi-
tional 14 days. MSCs proliferated significantly during culturing in
the KGN-free medium, whereas the DNA content decreased
during culturing in the KGN-containing medium (Fig. 5b). The
addition of KGN to the culture medium significantly increased
the sGAG/DNA ratio and the expression levels of COL I, COL II,
SOX9, and ACAN (Fig. 5¢—f). The immobilized HB-EGF promoted
MSC proliferation, whereas the supplemented KGN in the culture
medium induced chondrogenic differentiation. Compared with
the GHP-HB scaffold, the GHP-HB-lipo scaffold could release
KGN to induce chondrogenic differentiation without requiring
additional supplementation of KGN in the culture medium.

Furthermore, immunobiological staining of chondrogen-
esis-related proteins (ACAN and COL II) was performed after
MSCs were cultured in the GHP-HB-lipo scaffold for 7, 14, 21,
and 28 days (Fig. 6b). After 7 days of culture, ACAN and COL II
staining was negative. However, after 14 days of culture, weak
positive staining for ACAN and COL II was observed. The
staining intensity increased markedly after 21 and 28 days of
culture. ACAN and COL II were not positively stained after
MSCs were cultured in the GHP-HB scaffold in the KGN-free
medium for 14 days. In contrast, when the cells were subse-
quently cultured in the KGN-containing medium for an

9680 | J Mater. Chem. B, 2026, 14, 9676-9687

additional 14 days, weak positive staining for ACAN and
COL II was observed (Fig. 6a).

These results indicated that the GHP-HB-lipo scaffold exhib-
ited multiple functions that promoted MSC proliferation at the
early stage and induced chondrogenic differentiation at a later
stage. The proliferation of MSCs during the initial 7 days of
culture was likely promoted by the immobilized HB-EGF. The
subsequent chondrogenic differentiation of the proliferated
MSCs was likely induced by the MMP-2-triggered release of
KGN. Previous studies have reported that MMP-2 expression is
upregulated during MSC proliferation.*"***> The upregulated
MMP-2 could serve as an endogenous trigger to induce the
cleavage of the MMP-2-responsive peptide, thereby releasing
KGN-encapsulated liposomes from the GHP-HB-lipo scaffold
(Fig. 3h). The released KGN could subsequently induce the
chondrogenic differentiation of MSCs.

2.4. In vivo evaluation of the GHP-HB-lipo scaffold

To evaluate the in vivo efficacy of the GHP-HB-lipo scaffold,
subcutaneous implantation was performed. The GHP-HB scaf-
fold was also implanted as a comparison group. MSCs were
seeded into the GHP-HB and GHP-HB-lipo scaffolds and cul-
tured in DMEM without a chondrogenic induction factor for
12 h. The scaffolds were then subcutaneously implanted into
the dorsal region of nude mice for 28 days (Fig. 7a). The
implants after 28 days of implantation displayed the same
round shapes as those before implantation (Fig. S6), indicating
that the structure of the scaffolds was maintained during the
28 days of implantation.

DNA quantification showed that the DNA content in both
the GHP-HB and GHP-HB-lipo scaffolds was significantly

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Sequential proliferation and chondrogenic differentiation of MSCs in GHP-HB and GHP-HB-lipo scaffolds: (a) schematic illustration of the
procedures used during 28 days of in vitro culture; (b) quantification of DNA content; (c) quantification of sGAG content; (d)—(g) gene expression levels of
COL I, COL Il, SOX9, and ACAN. The same number of MSCs used for cell seeding were used for the control. Data are presented as mean + SD (n = 3).
Significant differences: *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.
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Fig. 6 Immunobiological staining of ACAN and COL Il after MSCs were cultured in (a) GHP-HB scaffold after 14 day culture in absence of KGN, followed
by another 14 day culture in the presence of KGN, and (b) GHP-HB-lipo scaffold for 7, 14, 21, and 28 days. Brown staining indicates positive expression of
ACAN and COL IlI.
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the control. Data are presented as mean + SD (n = 4). Significant differences: *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.

higher than that of the MSCs used for seeding, indicating cell
proliferation within the scaffolds (Fig. 7b). The DNA content in
the GHP-HB-lipo scaffold was significantly lower than that in
the GHP-HB scaffold, indicating that cell proliferation in the
GHP-HB scaffold was greater than that in the GHP-HB-lipo
scaffold.

Quantification of the sGAG content showed that the SGAG/
DNA ratio in the GHP-HB scaffold was not significantly
different from that of the MSCs used for seeding (Fig. 7c).
However, the sGAG/DNA ratio in the GHP-HB-lipo scaffold
was significantly higher than that in the GHP-HB scaffold.
Gene expression analysis showed that the expression levels
of COLI, COL1II, SOX9, and ACAN in the GHP-HB-lipo scaffold
were significantly higher than those in the GHP-HB scaffold
(Fig. 7d). HE staining showed homogeneous cell and ECM
distribution in both GHP-HB and GHP-HB-lipo scaffolds
(Fig. 7e). Immunohistochemical staining indicated that
ACAN and COL II were more strongly stained in the GHP-
HB-lipo scaffold than in the GHP-HB scaffold. These results
demonstrated that the GHP-HB-lipo scaffold was more bene-
ficial for cartilage regeneration than the GHP-HB scaffold.
This outcome was likely because the GHP-HB scaffold could
only promote MSC proliferation, whereas the GHP-HB-lipo
scaffold could not only enhance MSC proliferation but

9682 | J. Mater. Chem. B, 2026, 14, 9676-9687

also promote the chondrogenic differentiation of the
proliferated MSCs.

3. Discussion

Precise control of MSC proliferation and chondrogenic differ-
entiation is critical for MSC-based cartilage tissue engineering.
Here, we developed an artificial niche with spatiotemporal
control over MSC fates by incorporating HB-EGF and KGN into
a GHP scaffold. HB-EGF was immobilized through its inter-
action with heparin incorporated within the GHP scaffold to
enhance cell proliferation, whereas KGN/B-CD liposomes were
tethered through an MMP-2-cleavable peptide to induce chon-
drogenic differentiation. MSCs cultured in the GHP-HB-lipo
scaffold exhibited initial proliferation, followed by chondro-
genic differentiation. Other MMPs, such as MMP-9 and MMP-
13, have also been used to achieve MMP-responsive function-
ality in hydrogels and scaffolds to control the release of
therapeutic factors.*®*” For example, MMP-9 has been used
to control the release of anti-inflammatory and anti-rheumatic
drugs to treat rheumatoid arthritis (RA) because of the elevated
secretion of MMP-9 in the RA microenvironment.*® Likewise,
MMP-13 has been used to trigger the release of multiple
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therapeutic factors in the arthritic microenvironment.*” In this
study, we used MMP-2 to trigger the release of KGN after MSC
proliferation because MMP-2 has been reported to be highly
expressed in proliferating stem cells and its expression
increases with cell number.**! The KGN/B-CD liposomes were
introduced in the scaffold through tethering with an MMP-2
cleavable peptide by click chemistry.

When MSCs were cultured in the GHP-HB-lipo scaffold, the
immobilized HB-EGF enhanced MSC proliferation during the
initial stage without inducing chondrogenesis, which was con-
sistent with our previous findings.*® Following cell prolifera-
tion, MMP-2 released by the proliferated MSCs could cleave the
MMP-2-cleavable peptide, thereby releasing KGN. MMP-2
secreted by MSCs is freely diffusible and can distribute through-
out the culture medium. Therefore, the secreted MMP-2 should
be homogenously distributed throughout the scaffold to induce
chondrogenic differentiation of the proliferated MSCs. Cell
culture results demonstrated the sequential proliferation and
chondrogenic differentiation of MSCs during 3D culture in the
GHP-HB-lipo scaffold. Animal experiments also demonstrated
the sequential proliferation and chondrogenic differentiation of
MSCs within the GHP-HB-lipo scaffold. These results suggested
that the GHP-HB-lipo scaffold could serve as an artificial niche to
direct MSC fate and holds potential for cartilage regeneration,
particularly when only a limited number of donor-derived MSCs
are available.

Subcutaneous ectopic implantation was used in this study.
Although this model has been widely used to examine the
potential of scaffolds for tissue engineering applications, it
does not fully reflect the native cartilage microenvironment.
Therefore, orthotopic implantation should be considered in
future studies to further verify the effectiveness of the scaffold
for cartilage tissue engineering.

4. Conclusion

In this study, we fabricated a multifunctional GHP-HB-lipo
scaffold that served as an artificial niche to recapitulate the
spatiotemporal control of MSC fate by immobilizing HB-EGF and
MMP-2-cleavable peptide-tethered KGN-loaded liposomes within
a GHP scaffold. The scaffold supported cell adhesion and
promoted MSC proliferation. The KGN-loaded liposomes could
be released in the presence of MMP-2, thereby inducing the
chondrogenic differentiation of MSCs. In vitro cell culture and
in vivo animal experiments demonstrated that the scaffold could
initially promote MSC proliferation and subsequently induce the
chondrogenic differentiation of the proliferated MSCs. The scaf-
fold could serve as an artificial niche to direct MSC fate and
showed promising potential for cartilage regeneration.

5. Experimental section
5.1 Preparation of the gelatin/heparin/y-PGA (GHP) scaffold

The GHP porous scaffold was prepared using an ice particulate-
based method according to our previous work, with minor
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modifications.® Briefly, ice particulates were obtained by
spraying pure water into liquid nitrogen, and ice particulates
with diameters of 150-250 pm were collected by sieving in a
low-temperature chamber. Gelatin, heparin sodium, and y-PGA
were then dissolved separately in a 35% (v/v) acetic acid
solution, and the resulting solutions were mixed to form a
homogeneous solution containing 8% (m/v) gelatin, 1% (m/v)
heparin sodium, and 0.2% (m/v) y-PGA. Subsequently, the
temperature of the mixed solution and the ice particulates
was equilibrated at —4 °C for 6 h. The ice particulates were
then added to the mixed solution at an ice-to-solution ratio of
7:3 (m/v), and the final mixture was transferred into a silicone
mold. The construct was placed in a —80 °C freezer for 12 h.
Finally, the frozen construct was lyophilized and crosslinked
using a series of ethanol solutions containing EDC and NHS.
After crosslinking, the scaffold was washed with Milli-Q water
to obtain the GHP scaffold.

5.2 Microstructure characterization and heparin staining

The microstructure of the scaffold was evaluated by scanning
electron microscopy (SEM; JSM-IT800, Tokyo, Japan). The dis-
tribution of heparin within the scaffold was examined by
staining according to our previous work.*® Briefly, the GHP
scaffold was stained with Alcian Blue 8GX (0.5%, w/v) in 3%
acetic acid for 30 min and washed three times with Milli-Q
water. The stained samples were then lyophilized and exam-
ined using an optical microscope.

5.3 Characterization of the mechanical properties of the
scaffolds

The mechanical properties of the scaffolds were evaluated by
measuring their Young’s modulus. The scaffolds were
punched into cylindrical specimens (¢ 6 x 6 mm). Young’s
modulus was measured under both dry and hydrated conditions.
The hydrated scaffolds were prepared by immersing the scaffolds
in PBS for 2 h at room temperature. The samples were com-
pressed at a rate of 0.1 mm s~ ' using a texture analyzer (TA-
XTPlus; Texture Technologies, Hamilton, MA, USA). The initial
linear region of the stress-strain curves was used to calculate
Young’s modulus, and three samples from each group were
evaluated.

5.4 Preparation of the KGN/B-CD inclusion complex

The KGN/B-CD inclusion complex was prepared according to
previous studies.*"** Briefly, 1 mM B-CD solution and 1 mM
KGN solution were mixed in water and stirred at 500 rpm for
24 h in the dark at 4 °C. The solution was then filtered through
a 0.45 pm filter, and the transparent filtrate was collected and
lyophilized to obtain the KGN/B-CD inclusion complex. The
lyophilized powder was stored in the dark at 4 °C until further
use. The filter residue was collected and dissolved in DMSO,
and the absorbance at 278 nm was measured by UV-vis spectro-
metry to calculate the encapsulation efficiency.
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5.5 Preparation of KGN/B-CD liposomes and modification
with the MMP-2-responsive peptide

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino-(poly-
ethylene glycol)-2000] (ammonium salt) (DSPE-NH,), and cho-
lesterol (Chol) were used to prepare KGN/B-CD-encapsulated
DPPC/Chol/DSPE liposomes (KGN/B-CD-lipo) using a thin-film
hydration method. Briefly, 600 puL of DPPC (5 mg mL %),
320 pL of DSPE-NH, (5 mg mL "), and 80 pL of cholesterol
(5 mg mL %) (molar ratio of DPPC: DSPE-NH, : Chol = 7:1:2)
were mixed in a chloroform/methanol solvent mixture, and the
solvent was removed by rotary evaporation under reduced
pressure to form a thin lipid film. Subsequently, 1 mL of
KGN/B-CD solution in PBS (1 mg mL™") was added to the flask
for hydration, and the flask was sonicated at 45 °C for 30 min.
After sonication, the suspension was extruded at 45 °C through
a polycarbonate membrane with a pore size of 200 nm. The
extruded suspension was centrifuged at 20 000 rpm for 15 min.
The resulting sediment was washed, resuspended in 1 mL of
PBS, and stored at 4 °C until further use. Dynamic light
scattering (DLS; Beckman Coulter) was used to characterize
the hydrodynamic size of the liposomes before and after KGN/
B-CD loading. The amount of KGN/B-CD encapsulated within
the liposomes was determined by disrupting the liposomes
with a chloroform/methanol solvent mixture and measuring
the absorbance at 276 nm using UV-vis spectrometry. The
encapsulation efficiency was calculated by dividing the encap-
sulated amount of KGN/B-CD by the initial loading amount.

MMP-2-cleavable peptide-modified KGN/B-CD liposomes
were prepared by conjugating the MMP-2-cleavable peptide to
the KGN/B-CD liposomes. The peptide sequence was Nj-
GGPVGLIGGG-CO-NHS. Briefly, 15.6 pg of the peptide was
added to 1 mL of KGN/B-CD liposome suspension (KGN,
10 uM) and allowed to react at 4 °C for 6 h. The reaction
mixture was then centrifuged at 20000 rpm for 15 min to
obtain the MMP-2-cleavable peptide-modified KGN/B-CD lipo-
somes. The prepared liposomes were further washed, resus-
pended in PBS, and stored at 4 °C for further use.

5.6 Preparation of the GHP-HB-lipo scaffold

The GHP scaffold was punched into cylindrical discs (¢ 6 x
2 mm), and the discs were immersed in an EDC/NHS solution
at room temperature overnight to activate the carboxyl groups.
Subsequently, 57 pL of N-(1R,8S,9S)-bicyclo[6.1.0]non-4-yn-9-
ylmethyloxycarbonyl-1,8-diamino-3,6-dioxaoctane (BCN-NHy;
10.23 mg mL ") solution was added to the discs and allowed
to react at room temperature for 12 h. Unbound BCN-NH,, was
removed by washing with PBS. Subsequently, 57 uL of MMP-2-
responsive KGN/B-CD-lipo solution (KGN, 0.1 mg) was added to
the discs and allowed to react at 4 °C for 12 h with shaking. The
resulting GHP-lipo scaffold was washed with PBS, and the
incorporation efficiency of the MMP-2-responsive KGN/B-CD-
lipo was evaluated by immersing the GHP-lipo scaffolds in a
chloroform/methanol solvent mixture and measuring the
absorbance at 276 nm using UV-vis spectrometry. The
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incorporation efficiency was calculated by dividing the incor-
porated amount of MMP-2-responsive KGN/B-CD-lipo by the
initial loading amount. Subsequently, the scaffold was
immersed in 1 mL of HB-EGF solution (100 ng mL ') under
shaking at 4 °C for 24 h to prepare the GHP-HB-lipo scaffold.
The prepared GHP-HB-lipo scaffold was washed with PBS and
stored at 4 °C for further use. The residual HB-EGF solution and
PBS eluates were collected to evaluate the loading efficiency.
The GHP-HB scaffold was prepared by directly immersing the
GHP scaffold in 1 mL of HB-EGF solution (90 ng mL ") using
the same procedure described above.

5.7 Immunochemical staining of HB-EGF

The GHP-HB-lipo scaffold was incubated overnight in PBS
containing 2% bovine serum albumin at 4 °C to block non-
specific antigen binding. Subsequently, the scaffold was incu-
bated overnight at 4 °C with an anti-HB-EGF primary antibody
(human HB-EGF antibody, AF-259-NA, Bio-Techne R&D Sys-
tems). After washing three times with PBS, the sample was
incubated with Donkey Anti-Goat IgG H&L (Abcam) at room
temperature for 2 h, followed by three washes with PBS. Color
development was performed using 3,3’-diaminobenzidine
(DAB) for 5 min. The stained sample was washed three times
with Milli-Q water and examined by optical microscopy.

5.8 Immobilization efficiency of HB-EGF

The HB-EGF immobilization efficiency in the GHP-HB-lipo
scaffold was measured using an enzyme-linked immunosor-
bent assay (ELISA) kit (human HB-EGF quantikine ELISA kit,
Bio-Techne R&D Systems). The immobilized amount of HB-EGF
in the scaffold was calculated by subtracting the residual
amount of HB-EGF from the initial loading amount. The
immobilization efficiency was calculated by dividing the immo-
bilized amount of HB-EGF in the scaffold by the initial loading
amount. Three independent samples were analyzed to calculate
the mean and standard deviation.

5.9 KGN release from GHP-HB-lipo scaffolds

The GHP-HB-lipo scaffolds were immersed in 30 mL PBS at
37 °C with shaking. At predetermined time points, 1 mL of PBS
was collected, and 1 mL of fresh PBS was added to replace the
collected volume. The amount of KGN in each collected sample
was measured by UV-vis spectrometry at 278 nm. The cumula-
tive release of KGN was calculated by dividing the cumulative
amount of released KGN by the initial amount of KGN in the
scaffolds.

5.10 MMP-2-responsive release of KGN from the GHP-HB-lipo
scaffold

The MMP-2-responsive release behavior of KGN/B-CD liposomes
was characterized by treating the GHP-HB-lipo scaffold with
MMP-2. Previous studies have reported that the upregulation
of MMP-2 expression is associated with MSC proliferation.>>***3
The concentration of MMP-2 in the culture medium supernatant
has been reported to be approximately 337.9 ng per 10° cells.*® In
normal human tissues, the proportion of active MMP-2 relative
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to total MMP-2 is approximately 20%.*° Based on these reports
and the DNA quantification results, a concentration of
100 ng mL ' was selected for the MMP-2-responsive release
assay. The GHP-HB-lipo scaffold was equilibrated in 1 mL of
PBS for 24 h and then transferred to a 24-well plate containing
1 mL of MMP-2 solution (100 ng mL™") and incubated with
shaking at 37 °C. After 2 h and 12 h of incubation, the GHP-HB-
lipo scaffold was removed, and methanol was added to each well.
The absorbance of the resulting solution at 276 nm was then
measured using UV-vis spectrometry. The release efficiency was
calculated by dividing the released amount of KGN by the initial
amount of KGN in the scaffold.

5.11 Culture of MSCs in the GHP-HB-lipo scaffold

Human bone marrow-derived MSCs at passage 2, obtained
from Lonza (Walkersville, MD, USA), were subcultured in
MSCGM™ medium. MSCs after two additional passages were
collected by trypsinization and resuspended in culture medium
at a concentration of 5 x 10° cells mL ~'. 57 pL of cell
suspension was added to the upper surface of each GHP-HB-
lipo scaffold disc and cultured for 6 h. After 6 h of culture, the
scaffold discs were inverted, and the opposite side was seeded
with an additional 57 pL of cell suspension. After a further 6 h,
the samples were transferred to flasks containing DMEM
supplemented with 2.5% FBS, 4 mM r-glutamine, and
100 U mL™" penicillin-streptomycin and cultured under shak-
ing at 60 rpm. The culture was maintained for 28 days, and the
medium was changed every 3 days.

5.12 Culture of MSCs in the GHP-HB scaffold

MSCs were seeded into GHP-HB scaffold discs using the same
procedure as that described for the GHP-HB-lipo scaffold discs.
MSCs in the GHP-HB scaffold were cultured in DMEM supple-
mented with 2.5% FBS, 4 mM r-glutamine, and 100 U mL™!
penicillin-streptomycin under shaking at 60 rpm for 14 days.
Subsequently, the culture medium was replaced with DMEM
supplemented with KGN/B-CD, and the culture was continued
for an additional 14 days. The medium was changed every
3 days.

5.13 Evaluations of cell adhesion, distribution, and viability

After MSCs were cultured in the scaffolds for 1 day, nuclear
staining was performed to examine cell distribution, and live/
dead staining was performed to evaluate cell viability. Cell
adhesion was observed by SEM. The cell-seeded scaffolds were
washed with PBS and fixed with 2.5% glutaraldehyde for 1 h.
After fixation, the scaffolds were washed with Milli-Q water and
lyophilized. The lyophilized scaffolds were coated with plati-
num and examined by SEM.

5.14 Quantification of DNA and sulfated glycosaminoglycan
(sGAG)

MSC proliferation in the scaffolds was evaluated by quantifying
DNA content. The cell/scaffold constructs were harvested at
predetermined time points for quantification of the DNA and
SGAG content. The harvested samples were washed, freeze-
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dried, and digested with papain solution at 60 °C under
shaking for 12 h. The papain solution was prepared by dissolv-
ing papain in 0.1 M PBS buffer (400 ug mL™ ') containing
L-cysteine hydrochloride monohydrate (5 mM) and EDTA
(5 mM) at pH 6. The amounts of DNA and sGAG in the digestion
solution were quantified using Hoechst 33258 and a Blyscan™
Glycosaminoglycan Assay Kit, respectively. The same number of
MSCs used for cell seeding were used for the control. Three
independent samples were analyzed to calculate the mean and
standard deviation.

5.15 Real-time PCR

Samples were collected at predetermined time points for gene
expression analysis. The samples were washed three times with
PBS and frozen in liquid nitrogen. The frozen samples were
pulverized using a crusher and lysed with 1 mL of Sepasol-RNA
I Super G solution. Total RNA was extracted according to a
previously reported protocol.® Following reverse transcription
using a High-Capacity cDNA Reverse Transcription Kit, the expres-
sion of glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
housekeeping gene), COL I, COL II, ACAN, and SOX9 was analyzed
using a QuantStudio® 3 Real-Time PCR System (Thermo Fisher
Scientific). The primer and probe sequences as shown below
were used. GAPDH: (forward) 5'-ATGGGGAAGGTGAAGGTCG-3',
(reverse) 5'-TAAAAGCAGCCCTGGTGACC-3', (probe) 5’-CGCC
CAATACGACCAAATCCGTTGAC-3'; COL I: (forward) 5-CAGCCG
CTTCACCTACAGC-3', (reverse): 5'-TTTTGTATTCAATCACTGTC
TTGCC-3', (probe): 5'—CCGGTGTGACTCGTGCAGCCATC-3;
COL II: (forward) 5'GGCAATAGCAGGTTCACGTACA-3, (reverse)
5’-CGATAACAGTCTTGCCCCACTT-3’, (probe) 5'—CCGGTATGTTT
CGTGCAGCCATCCT-3'; ACAN: (forward) 5-TCGAGGACA
GCGAGGCC-3', (reverse) 5-TCGAGGGTGTAGCGTGTAGAGA-
3/, (probe) 5’-ATGGAACACGATGCCTTTCACCACGA-3'; SOXO: (for-
ward) 5'-CACACAGCTCACTCGACCTTG-3', (reverse) 5'-TTCG
GTTATTTTTAGGATCATCTCG-3’, (probe) 5’-CCCACGAAGG
GCGACGATGG-3'. The 2 **“ method was used to calculate the
relative expression of each gene using GAPDH as the endogenous
control. MSCs used for cell seeding were used as the control. The
expression level of each gene was normalized to that of the
control. Three independent samples were analyzed to calculate
the mean and standard deviation.

5.16 Immunochemical staining

After MSCs were cultured in the GHP-HB-lipo scaffold for 7, 14,
21, and 28 days, the samples were collected for immunochem-
ical staining of ACAN and COL II. The samples were washed
three times with PBS and fixed with 4% paraformaldehyde for
24 h at room temperature. The fixed samples were dehydrated,
embedded in paraffin, and sectioned using a microtome to
obtain cross-sections with a thickness of 7 um. The paraffin
sections were deparaffinized and treated with proteinase K for
10 min for antigen retrieval, followed by blocking with a
peroxidase-blocking solution for 5 min and incubation in
10% goat serum for 30 min. The sections were incubated with
rabbit polyclonal anti-aggrecan antibody (1:100; PA1-1746,
Thermo Scientific, USA) and rabbit polyclonal anti-collagen
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type II antibody (1:100; AB746, Merck Millipore, USA) at room
temperature for 2 h. After washing three times with PBS, the
sections were incubated with a peroxidase-labeled polymer-
conjugated secondary antibody (EnVision+ System-HRP, Dako,
Japan) at room temperature for 30 min, followed by color
development using 3,3’-diaminobenzidine (DAB; Dako, Japan)
for 5 min. All procedures were performed at room temperature.
The stained sections were examined by optical microscopy.

5.17 In vivo animal experiment

All in vivo experiments were conducted with approval from the
Animal Experiment Ethics Committee of NIMS (accreditation
no. 76-2023-10) and in accordance with the committee guide-
lines. GHP-HB and GHP-HB-lipo scaffold discs (¢ 6 x 2 mm)
were seeded with MSCs and cultured in vitro for 12 h before
implantation. Nude mice obtained from Charles River Labora-
tories (Yokohama, Japan) were used for subcutaneous implan-
tation. After 28 days of implantation, the mice were euthanized,
and the samples were collected. Quantification of the DNA
content and sGAG, as well as real-time PCR analysis were
conducted using the same methods described above. Four
independent samples were analyzed to calculate the mean
and standard deviation.

The collected samples were also used for hematoxylin and
eosin (HE) staining and immunochemical staining. Paraffin
sections of each sample were prepared using the same proce-
dure described above. The paraffin sections were deparaffinized
and stained with HE. Immunochemical staining of ACAN, COL
11, and COL I was performed as described above using rabbit
polyclonal anti-aggrecan antibody, rabbit polyclonal anti-
collagen type II antibody, and rabbit polyclonal anti-collagen
type I antibody (1:100; PA1-26204, Thermo Scientific, USA).

5.18 Statistical analysis

Quantitative data from multiple groups were statistically ana-
lyzed using one-way analysis of variance followed by Tukey’s
post hoc test in GraphPad Prism software (GraphPad Software,
Boston, MA, USA; https://www.graphpad.com). Two-tailed ¢-
tests were used to determine the significance of differences
between two groups. The data are presented as the mean +
standard deviation (SD), and statistical significance is indicated
as *(p < 0.05), **(p < 0.01), ***(p < 0.001), and ns (not
significant).
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