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A B S T R A C T

Hydrogels have been widely used as the carrier material of therapeutic cell and drugs for articular cartilage
repair. We previously demonstrated a unique host-guest macromer (HGM) approach to prepare mechanically
resilient, self-healing and injectable supramolecular gelatin hydrogels free of chemical crosslinking. In this work,
we show that compared with conventional hydrogels our supramolecular gelatin hydrogels mediate more sus-
tained release of small molecular (kartogenin) and proteinaceous (TGF-β1) chondrogenic agents, leading to
enhanced chondrogenesis of the encapsulated human bone marrow-derived mesenchymal stem cells (hBMSCs) in
vitro and in vivo. More importantly, the supramolecular nature of our hydrogels allows injection of the pre-
fabricated hydrogels containing the encapsulated hBMSCs and chondrogenic agents, and our data show that the
injection process has little negative impact on the viability and chondrogenesis of the encapsulated cells and
subsequent neocartilage development. Furthermore, the stem cell-laden supramolecular hydrogels administered
via injection through a needle effectively promote the regeneration of both hyaline cartilage and subchondral
bone in the rat osteochondral defect model. These results demonstrate that our supramolecular HGM hydrogels
are promising delivery biomaterials of therapeutic agents and cells for cartilage repair via minimally invasive
procedures. This unique capability of injecting cell-laden hydrogels to target sites will greatly facilitate stem cell
therapies.

1. Introduction

Articular cartilage has limited self-repair capacity, and the

degeneration of articular cartilage leads to osteoarthritis, a severely
debilitating disease [1]. Human bone marrow-derived mesenchymal
stem cells (hBMSCs) have become increasingly popular as a cell source
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for repairing cartilage due to their multipotency and easy availability
[2]. However, direct administrations of hBMSCs into cartilage defects
often lead to limited cartilage regeneration due to significant cell loss
and death as a result of the harsh mechanical loading and catabolic
factors in the diseased joints [3]. The lack of a functional carrier ma-
terial to provide physical protection and biochemical cues to the de-
livered cells in the cartilage defects results in poor retention, significant
death and unsatisfactory differentiation of the cells [4]. Therefore,
there exists a huge demand for effective carrier biomaterials that afford
not only physical support but also biochemical signals to the delivered
cells in order to promote the cartilage repair.

A variety of natural and synthetic materials have been used as po-
tential carrier biomaterials of cell or therapeutic agents for cartilage
repair [5]. Hydrogels made of various polymers have been shown to
promote the chondrogenesis of hBMSCs and cartilage regeneration in
the presence of inductive factors by providing the conducive 3D mi-
croenvironment [6,7]. Previous studies have demonstrated that the
success of hydrogels as the scaffold for regenerative therapies is not
only dependent on the proper functioning of the implant material itself
but also on the restoration of the overall defect environment [8].
However, most of these hydrogels that allow cell encapsulation are
brittle and lack the capability of self-healing and being injectable [9].
Therefore, these hydrogels have high risk of failure once implanted at
the load bearing cartilage sites and afford little physical protection to
the encapsulated cells [10]. Furthermore, the lack of injectability of
these hydrogels precludes the delivery via a minimally invasive pro-
cedure, which becomes increasingly popular due to the demand for
aesthetic appearance and expeditious post-surgery recovery [11].

In addition to the physical support provided by the biomaterial
scaffold, the successful chondrogenesis of hBMSCs and regeneration of
cartilage also requires a sustained exposure of the hBMSCs to chon-
drogenic factors including small molecules and growth factors [12].
However, many chondrogenic small molecules are hydrophobic and
have low water solubility, which makes the efficient loading of such
small molecules in the highly hydrophilic hydrogel network very
challenging [13]. Moreover, although the proteinaceous growth factors
can be easily encapsulated into hydrogels, their releases from the cell-
laden hydrogels are usually precipitous due to the porous hydrogel
network that is necessary for the survival of the seeded cells [14].
Therefore, to facilitate the clinical translation of the hBMSCs in carti-
lage regeneration, there exists an acute demand on functional hydrogels
that not only afford adequate physical protection and facile delivery
minimal-invasively but also provide long-term exposure of chondro-
genic factors to the encapsulated hBMSCs.

In our previous study, we demonstrated the fabrication of a unique
gelatin supramolecular hydrogel via a novel “Host-Guest Macromer”
(HGM) approach, which is free from chemical modifications and direct
crosslinking of the biopolymers [15] (Fig. 1). The obtained hydrogels
(referred to as the “HGM hydrogels” afterwards) are stabilized by the
host-guest interaction between the oligomerized Ac-β-CDs and the
aromatic residues of gelatin. Such gelatin HGM hydrogels show en-
hanced physical and biological functionalities including self-healing,
mechanical resilience, injectability under the gelation state, shape
adapting, controlled release of hydrophobic small molecule drugs, and
supporting cell infiltration [15]. These unique features of our gelatin
HGM hydrogels well address the aforementioned demands on the ef-
fective biomaterial carrier for the delivery of hBMSCs to aid cartilage
regeneration.

In this work, we evaluated the gelatin HGM hydrogels for the long-
term chondrogenesis of hBMSCs under both the in vitro and in vivo
condition. The hydrophobic cavity of the excess uncomplexed β-CDs in
the HGM hydrogels allow the efficient loading and the subsequent
sustained release of the hydrophobic drug kartogenin (KGN), thereby
promoting the chondrogenesis of the encapsulated hBMSCs (Fig. 1).
Moreover, the weak host-guest crosslink formed by the complexation
between Ac-β-CDs and the aromatic residues of gelatin affords the

gelatin HGM hydrogels with excellent injectability even under gelation
state [15]. Therefore, our HGM hydrogels can be prepared with the
encapsulated cells and drugs first, stored in the cluture condition, and
injected into the recipients at a prescribed time via a minimally invasive
procedure (Fig. 2). We demonstrate that the HGM hydrogels enhance
the chondrogenesis of the encapsulated hBMSCs compared to the con-
ventional chemically crosslinked gelatin hydrogels of the identical ge-
latin content both in vitro and in vivo. Furthermore, the stem cell-laden
HGM hydrogels administered via injection effectively promote the re-
generation of hyaline cartilage and subchondral bone in the rat os-
teochondral defect model. The unique properties of our HGM supra-
molecular hydrogels make them ideal carrier materials of therapeutic
cells/drugs for cartilage repair via minimally invasive procedures.

2. Materials and methods

2.1. Acrylate β-cyclodextrin (Ac-β-CD) preparation

10 g β-CDs were dissolved in 150mL DMF with the addtion of 7mL
TEA, and then the mixture was stirred and cooled down to 0 °C before
5ml Acryloyl chloride was added into the reaction mixture. After stir-
ring for 12 h, the mixture was filtrated to remove trimethylamine hy-
drochloride and the obtained clear solution was concentrated to about
10ml by vacuum rotary evaporation. Then the solution was dripped
into 600ml acetone to precipitate the modified β-CD. The precipitate
was washed several times with acetone and vacuum dried for 3 days.
The substitution degree (DS) was confirmed to be one single acrylate
per β-CD by 1H NMR (Bruker Advance 400MHz spectrometer). It was
recorded in DMSO‑d6 with DMMA as the internal reference at 37 °C
[15].

2.2. Methacrylated gelatin (GelMA) preparation

10 g gelatin (type A) was dissolved in 100mL PBS at 50 °C. A total of
12mL methacrylic anhydride was then added to the 10% (w/v) gelatin
solution and stirred for 4 h at 50 °C. The resulting mixture was dialyzed
against deionized water (DI water) for one week at 45 °C to remove the
unreacted reagent (6 KDa cut-off dialysis membranes). Then, the ob-
tained product was lyophilized for 4 days at −104 °C. The degree of
methacrylation was determined to be 3.17×10−4 mol of methacryate
groups per gram of gelatin by 1H NMR (Bruker Advance 400MHz
spectrometer). It was recorded in Deuterium oxide (D2O) with di-
methylmaleic anhydride (DMMA) as the internal reference at 37 °C
[16].

2.3. HGM supramolecular gelatin hydrogel

Gelatin is physically coupled to mobile acrylated β-cyclodextrins
(Ac-β-CDs) via the host-guest interaction between the Ac-β-CDs and the
aromatic residues of gelatin to obtain the HGM. Subsequent UV-in-
itiated oligomerization of the acrylate groups of Ac-β-CDs produces the
gelatin HGM supramolecular hydrogels. Briefly, gelatin and Ac-β-CDs
were dissolved in PBS at 37 °C to produce mixture solutions with the
fixed concentration of 8% (w/v) gelatin and f 10% (w/v) Ac-β-CD. Then
initiator I2959 was added at 0.05% (w/v). The mixture was pipetted
into PVC molds at 37 °C, cooled down to 25 °C, and then exposed to
365 nm ultraviolet (UV) light (10mW/cm2, 10min) at 25 °C to form
supramolecular hydrogels. The PVC molds were cylinder-shaped with
5mm diameter and 3mm depth [15].

2.4. GelMA hydrogel

8% (w/v) of methacrylated gelatin and 0.05% (w/v) of I2959 were
dissolved in PBS at 37 °C. The solution was pipetted into PVC molds and
cooled down to 25 °C before exposed to 365 nm UV light (10mW/cm2,
10min) at 25 °C to obtain the chemically crosslinked methacrylated
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Fig. 1. Schematic illustration of the encapsulation of MSCs, chondrogenic small molecules, and growth factors in the injectable gelatin HGM supramolecular
hydrogels.

Fig. 2. The injection of HGM gelatin supramolecular hydrogels that are encapsulated with MSCs, chondrogenic small molecules and growth factors for cartilage
repair. (A) The injection of pre-formed gelatin HGM supramolecular hydrogels to adhere the cartilage defect. (B) The viability of hBMSCs in pre-formed gelatin HGM
supramolecular hydrogels after injection via a G18 needle superimposed image of both calcein-AM (green, live) and ethidium bromide (red, dead) staining. Scale bar:
100 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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gelatin hydrogel, named GelMA [16].

2.5. Analysis of the release behavior of encapsulated KGN or BSA from
hydrogels in vitro

KGN or BSA was mixed with the pre-gelation solution of HGM or
GelMA hydrogels for hydrogel preparation in 5mm diameter x 3mm
thickness PVC molds, respectively, before the gelation. The as-prepared
hydrogels were then immersed in 1mL PBS. 50 μL PBS from each
sample was collected from the supernatant at 1 day, 3 day, 5 day, 7 day,
14 day, 21 day, and 28 day to analyze the amount of released KGN or
BSA. KGN content was determined by UV–Vis spectrophotometer (ab-
sorbance at 205 nm), and the BSA content was quantified by BCA
protein quantification kit to calculate the percentage of releasing KGN
or BSA.

2.6. Hydrogel swelling analysis

To evaluated the swelling, the freshly prepared GelMA and HGM
hydrogels (200 μL per gel, n= 5) were incubated free floating at 37 °C
in PBS for 24 h after the measurement of volume (V1). Then, the
samples were blotted to remove the residual surface liquid, and the
swollen volume (V2) was recorded. The volume swelling ratio was then
calculated as the ratio of V2 to V1.

2.7. In vitro culture of hMSC-laden hydrogels

hBMSCs (Lonza, Walkersville, Maryland, USA) were expanded to
passage 3 by using growth medium consisting of α-minimum essential
medium with 16.7% fetal bovine serum, 1% penicillin/streptomycin
and 1% L-glutamine. For three-dimensional (3D) culture, 1% (w/v)
PEGDA was added during the fabrication of the hMSC-laden HGM su-
pramolecular gelatin hydrogels in order to prolong the stability of the
HGM hydrogels for long term culture (n= 10 for each group). The
addition of the PEGDA at this low concentration did not significantly
alter the unique features of the HGM hydrogels (Fig. S1). 1× 107/mL
hBMSCs were then photoencapsulated into HGM or GelMA hydrogels
with the exposure of UV (365 nm, 10mW/cm2, 5min). TGF-β1 solution
was directly mixed with the pre-gelation solution of HGM or GelMA
hydrogels before gelation to form the hydrogels in molds, and this is
similar as the protocol used for loading BSA in the hydrogel for release
kinetics study. The viability of the encapsulated cells was examined by
the calcein AM (Live) and ethidium bromide (Dead) staining.

2.8. Gene expression analysis

For gene expression analysis, samples were homogenized in Trizol
reagent (Invitrogen), RNA was extracted according to the manufac-
turer's instructions, and the RNA concentration was determined using
an ND-1000 spectrophotometer (Nanodrop Technologies). One micro-
gram of RNA from each sample was reverse-transcribed into cDNA
using reverse transcriptase and oligoDT (Thermo). Real-time PCR was
performed on an Applied Biosystems 7300 Real-Time PCR system using
Taqman primers and probes specific for GAPDH (housekeeping gene)
and other genes of interest. Sequences of the primers and probes used
are listed in Table S1. The relative gene expression was calculated using
the ΔΔCT method, where fold difference was calculated using the ex-
pression 2ΔΔCt.

2.9. Subcutaneous implantation of hydrogel in nude mice

All animal experiments in this study were performed in accordance
with Animal (Control of Experiments) Ordinance of Hong Kong SAR.
And the research protocols were also approved by the Animal
Experimentation Ethics Committee (AEEC) of the Chinese University of
Hong Kong (AEEC No.: 12-022-MIS1). Animals were housing in local

authentic vivarium conditions at temperature of 25–26 °C and a hu-
midity of 70% with free access to water and a pelleted commercial diet.
Four different groups (HGM with KGN, HGM with TGF-β1, GelMA with
KGN and GelMA with TGF-β1 groups) of hMSCs-laden HGM and GelMA
hydrogels (n= 4 for each group) loaded with either KGN or TGF-β1
were implanted into the subcutaneous pockets on the back of male nude
mice aging 10-week old were anesthetized with ketamine and xylazine
(4 pockets for every nude mouse). For the injection group, HGM hy-
drogels (n= 4 for each group) with KGN and TGF-β1 were injected into
the back of nude mice subcutaneously through a G18 needle. After 28
days of implantation, all the nude mice survived until sacrificed by
overdose of pentobarbital. The harvested samples were fixed by 4%
paraformaldehyde for analysis.

2.10. Histological analysis in vitro and in vivo

The constructs were fixed in 4% formalin for 24 h, embedded in
paraffin and processed using standard histological procedures. The
histological sections (7 μm thick) were stained for targets of interest
using the Vectastain ABC kit and the DAB Substrate kit for peroxidase
(Vector Labs). Briefly, sections were predigested in 0.5mgmL−1 hya-
luronidase for 30min at 37 °C and incubated in 0.5 N acetic acid for
4 h at 4 °C to swell the samples prior to overnight incubation with pri-
mary antibodies at dilutions of 1:3 and 1:200 for Collagen II (mouse
monoclonal anti-collagen type II, Developmental Studies Hybridoma
Bank) and CS (mouse monoclonal anti-chondroitin sulphate, Sigma),
respectively.

2.11. Biochemical analysis

The glycosaminoglycan (GAG) content was measured using the di-
methylmethylene blue (DMMB; Sigma Chemicals) dye-binding assay
with shark chondroitin sulphate (0–50mgmL−1) as a standard.

2.12. Implantation in rat knee osteochondral defects

As mentioned above, the animal experiments were performed in
accordance with the Animal (Control of Experiments) Ordinance of
Hong Kong SAR and AEEC of the Chinese University of Hong Kong
(AEEC No.: 12-022-MIS1). And the animals were also housing in an
authentic animal facility. Briefly, 4 months old SD rat (n= 50) were
anesthetized with katamine and xylazine and the right knee joints were
exposed through a medial parapatellar approach after shaving and
disinfection. The patella was dislocated laterally and the knee placed in
full flexion. Then a defect (Ø2 mm, and 5mm in depth) was created in
the center of the groove, using a dental drill. All debris was removed
from the defect with a curette and irrigation. Depending on the ex-
perimental group, the defect was either treated with PBS as the negative
control or repaired by using the following hydrogels loaded with
chondrogenic agents: GelMA with KGN, GelMA with TGF-β1, HGM
(Injection) with KGN, and HGM (Injection) with TGF-β1. Rat MSCs
(rMSCs) were encapsulated in all hydrogel treatment groups at a
seeding density of 1× 107/mL. For the HGM groups, cell-laden HGM
hydrogels were injected to the defect via a G18 needle. For the GelMA
groups, cell-laden GelMA hydrogels were press fit into the defect. The
patella was restored, and the joint capsule, subcutaneous tissue and skin
was closed with sutures. All the animals survived until endpoint sacri-
fice. Right femur was collected under anesthesia by over dose of pen-
tobarbital after 6 weeks of implantation. Left femur was collected as the
intact control. Femoral samples were fixed in 10% buffered formalin
then decalcified in 10% buffered EDTA (Sigma-Aldrich, St. Louis, MO).

2.13. Cartilage repair analysis by the Wakitani scoring system

The decalcified femoral samples (n=10 per group) were fixed in
4% formalin for 24 h, embedded in paraffin and processed using
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standard histological procedures. 5 μm thick sections were prepared by
Leica 2155 microtome (Leica, Wetzlar, Germany), then followed with
Safranin O & Fast Green (both from Sigma-Aldrich, St. Louis, MO) stain.
Histological sections from the lateral and medial regions of each defect
(total of 16 or 20 images per group) were blindly scored by three in-
dependent researchers based on a previously established scoring system
[17]. Sections were scored for the extent of cartilage repair based on 5
criteria, as shown in Table S2.

2.14. Statistical analysis

All the quantitative data were presented as mean ± standard de-
viation (SD). After checking of normal distribution by Kolmogorov-
Smirnov test, all parameters were analyzed by two-way ANOVA and
post hoc Turkey's HSD. For histological analysis, non-parametric Mann-
Whitney U tests were used for comparisons between groups. The sta-
tistical analysis was calculated by SPSS (version 16; SPSS Inc, Chicago,
IL). *: p < 0.05, **: p < 0.01, ***: p < 0.001.

3. Results and discussion

3.1. HGM hydrogels maintain the viability of the encapsulated hBMSCs

The pre-formed HGM hydrogels can be injected by hand to com-
pletely fill up the cartilage defect volume, and the injected HGM hy-
drogels adhere to the surrounding cartilage and remain in position
under mechanical probing by a tweezer (Articular cartilage and bone
shown in the image are from pigs) (Fig. 2A and Video 1). We injected
the pre-formed hMSC-laden gelatin HGM supramolecular hydrogels via
a G18 needle, and the viability staining of the injected hydrogels after 3
days of culture shows that majority of the encapsulated cells survive the
injection process and remain viable (Fig. 2B). We further evaluated the
viability of the hBMSCs encapsulated in the gelatin HGM hydrogels and
the control GelMA hydrogels during extended in vitro culture. After 14
days of chondrogenic culture, the majority (> 95%) of the hBMSCs
encapsulated in the GelMA and HGM hydrogels remain viable (Fig. S2).
Interestingly, the hBMSCs encapsulated in the HGM hydrogels show
substantial spreading after 14 days of culture, whereas the hBMSCs in
the GelMA hydrogels remain the initial rounded morphology (Fig. 3A).
This finding indicates that the cells encapsulated in the HGM hydrogels
are able to actively interact with the surrounding hydrogel structures.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.biomaterials.2019.04.031.

The weak and reversible host-guest physical crosslinking in the
HGM hydrogels likely allows the clustering of the integrin receptors
binding to the ligating domains in gelatin, thereby leading to such ex-
tensive cell-matrix interactions [15]. In contrast, the non-degradable
covalent crosslinking in the GelMA hydrogels inhibits such aggregation

of the integrin receptors, thereby limiting the extent of cell-matrix in-
teraction [18]. Mature chondrocytes are known for the rounded mor-
phology. However, the differentiating hBMSCs with spread morphology
in the HGM hydrogels actually express significantly higher level of
chondrogenic marker gene and produce more cartilaginous matrix
[19,20]. This may be attributed to the enhanced cell-cell interactions,
which is known to promote the chondrogenesis, in the HGM hydrogels
due to the cell spreading enabled by the physical crosslinking of the
HGM hydrogels.

The chondrogenic differentiation of MSCs in hydrogels requires the
hydrogels to provide a conducive 3D microenvironment [21]. For ex-
ample, cell–cell contact via membranous molecules such as N-cadherin
is known to be critical to the chondrogenesis of MSCs [22]. However,
most of the conventional chemically-crosslinked hydrogels with high
crosslink density restrict such cell-cell contacts due to the slow-de-
grading and statically-crosslinked network structure [23]. We pre-
viously showed that conjugating the N-cadherin peptide in such static
hydrogels can enhance the chondrogenesis of encapsulated MSCs by
mimicking the N-cadherin-mediated cell-cell contact and inhibiting the
canonical Wnt signaling as evidenced by the results from PCR, Western
blot and gene microarray analysis [24,25]. Moreover, our previous
work also showed that our injectable supramolecular hydrogels better
support the spreading of encapsualted MSCs due to the dynamic and
reversible crosslinks in the hydrogel network, and such permissive 3D
microenvironment potentially faciliates cell-cell contact and sub-
sequent chondrognesis of MSCs in the presence of chondrogenic in-
ductive factors.

3.2. HGM hydrogels mediate prolonged release of encapsulated
hydrophobic drug KGN and a model protein

We further encapsulated a hydrophobic chondrogenic small mole-
cule, kartogenin (KGN), or a model protein, bovine serum albumin
(BSA), in the HGM hydrogels to assess the in vitro release kinetics. Our
finding shows that the release profiles of the cargo molecules from the
HGM hydrogel are significantly different from those of the GelMA hy-
drogels (KGN: p < 0.01, BSA: p < 0.05). The HGM hydrogels release
the loaded KGN continuously for up to 28 days at an almost constant
rate (Fig. 3B). In contrast, almost all the loaded KGN is rapidly released
out from the GelMA hydrogels within 7 days. Unlike most of the tra-
ditional hydrogels that are not able to retain hydrophobic small mole-
cules because of the hydrophilic structure, our HGM hydrogels can hold
hydrophobic small molecular drugs in the unoccupied hydrophobic β-
CD cavities [26,27]. It should be noted that cyclodextrins have long
been used in the pharmaceutical industry to improve the solubility and
bioavailability of hydrophobic drugs [28]. At the same time, the HGM
hydrogels release the encapsulated BSA more slowly than the GelMA
hydrogels (Fig. 3C). We speculate that the nanodomains of the host-

Fig. 3. (A) Cell viability staining of the hMSC-laden GelMA and HGM hydrogels after 1 day and 14 days of culture superimposed image of both calcein-AM (green,
live) and ethidium bromide (red, dead) staining. Cumulative release of KGN (B) and BSA (C) encapsulated in the GelMA and HGM hydrogels. Scale bar: 100 μm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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guest clusters in the HGM hydrogels, which may function as nano-
vessels to harbor the BSA molecules, contribute to the improved re-
tention of the BSA molecules within the HGM hydrogels [29,30]. These
results indicate that the HGM hydrogels afford enhanced storage and
sustained release of the KGN and TGF-β1, which will promote the
chondrogenesis of the encapsulated hBMSCs. Furthermore, these in vitro
studies suggest that the HGM hydrogels are more promising than the
GelMA hydrogels as the delivery vehicles of chondrogenic agents for

cartilage regeneration under the in vivo condition, where a sustained
release of an initial bolus dosage of these agents is desired.

3.3. HGM hydrogels enhance the chondrogenic differentiation of
encapsulated hBMSCs in vitro

We evaluated the chondrogenesis of hBMSCs in the KGN (0.5 nmol
per hydrogel) or TGF-β1-laden (50 ng per hydrogel) HGM and GelMA

Fig. 4. The chondrogenic differentiation of hBMSCs in the HGM hydrogels loading with KGN or TGF-β1 in vitro. The mRNA expression of chondrogenic marker genes
of hBMSCs-laden GelMA and HGM hydrogels constructs with KGN and TGF-β1. Relative gene expression of Aggrecan (A, E), type II Collagen (B, F), and Sox 9 (C, G)
by the hBMSCs after 7 and 14 days of differentiation is presented. GAG content of hBMSCs-laden GelMA and HGM hydrogels constructs with KGN and TGF-β1.
Comparison of GAG content in chondrogenic differentiation medium supplemented with KGN (D) and TGF-β1 (H) at 7 days and 14 days. (I) Immunohistochemical
and histological staining of hMSC-laden hydrogels with KGN and TGF-β1 after 14 days chondrogenic differentiation. Immunohistochemical and histological staining
of type II Collagen (col II), Chondroitin sulphate (CS) and Safranin-O (Saf-O) of hBMSCs-laden hydrogels, respectively. The data are reported as the mean ± SD of
the experiments (n = 3). *: p < 0.05, **: p < 0.01. Scale bar indicates 200 μm.
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hydrogels. After 14 days of induction, the hBMSCs in the HGM hydro-
gels exhibits significantly higher expression of chondrogenic markers
than those in the GelMA hydrogels groups. For the KGN laden hydro-
gels, the mRNA expression in the HGM with KGN groups is enhanced by
about 253.7% ± 178.5%, 332.0% ± 51.5%, and 141.4% ± 69.3%
for Aggrecan, type II Collagen, and Sox 9 compared to that of the
GelMA with KGN groups at day 14, respectively (Fig. 4A–C). For the
TGF-β1 laden hydrogels, the mRNA expression in the HGM with TGF-β1
groups is enhanced by about 22.2% ± 9.4%, 14.9% ± 7.8% and
15.0% ± 8.2% for Aggrecan, type II Collagen, and Sox 9 compared to
that of the GelMA with TGF-β1 groups at day 14, respectively
(Fig. 4E–G). Consistent with the gene expression results, the quantifi-
cation of glycosaminoglycans (GAGs), a cartilage-specific matrix com-
ponent [31], shows that the GAGs content in the HGM group is
21.7% ± 12.3% (loaded with KGN) (Figs. 4D) and 4.7% ± 2.1%
(loaded with TGF-β1) (Fig. 4H) higher than that in the GelMA group
after 14 days of culture in vitro.

Immunohistochemical staining results show that the deposition of
type II Collagen (Col II) and chondroitin sulphate (CS), two key com-
ponents of the cartilage matrix [32], is higher in the HGM hydrogels
than in the GelMA hydrogels (Fig. 4I). Moreover, the Safranin-O (Saf-O)
staining also support the immunohistochemical staining results, de-
monstrating more cartilage matrix production by the hBMSCs en-
capsulated in the HGM hydrogels (Fig. 4I). These results indicate that
the sustained exposure of KGN or TGF-β1 in our HGM hydrogels en-
hances the chondrogenic differentiation of the hBMSCs and the carti-
lage matrix elaboration.

3.4. HGM hydrogels enhance the chondrogenic differentiation of
encapsulated hBMSCs in vivo

We next investigated the chondrogenic differentiation of hBMSCs in
the HGM hydrogels loading with KGN or TGF-β1 in vivo. We implanted
the KGN (1 nmol per hydrogl) or TGF-β1 (100 ng per hydrogel) laden
HGM and GelMA hydrogels with the encapsulated hBMSCs into the
subcutaneous pockets in nude mice for 28 days (Fig. 5A). Out of the 4
samples implanted per group, 1, 2 and 4 samples were recovered from
the “GelMA with KGN”, “GelMA with TGF-β1”, “HGM with KGN”,
“HGM with TGF-β1”, “HGM (Injection) with KGN” and “HGM (Injec-
tion) with TGF-β1” group, respectively. GAG quantification analysis
showes that the KGN or TGF-β1 laden HGM groups have
58.8% ± 32.1% and 27.7% ± 11.6% higher GAG contents about
compared to the KGN and TGF-β1 laden GelMA group, respectively,
after 28 days of the implantation (Fig. 5B).

The immunohistochemical staining reveals more intense staining
against type II collagen (Col II) and chondroitin sulphate (CS) in the
KGN or TGF-β1 laden HGM hydrogels than that in the KGN or TGF-β1
laden GelMA hydrogels (Fig. 5C). The safranin-O (Saf-O) staining of the
histological sections also shows more deposition of proteoglycans in the
HGM hydrogels than in the GelMA hydrogels (Fig. 5C). These results
incidate that the gelatin HGM hydrogels promote the chondrogenesis of
the encapsulated hBMSCs and enhance the neocartilage formation in
vivo.

To assess the injectability of the HGM hydrogels for in vivo appli-
cations, we injected the pre-fabricated hBMSCs-laden HGM hydrogels,
which were loaded with KGN or TGF-β1, at the gelation state through a
18G needle into the back of nude mice subcutaneously (“HGM
(Injection) with KGN/TGF-β1” group). Due to the shear-thinning and
self-healing capability, the HGM hydrogels maintain the integral hy-
drogel structure without fragmentation after the injection and remain
so after 28 days of in vivo implantation (Fig. 5A). Furthermore, our
results showed that after the encapsulation of hMSCs, the cell-laden
HGM hydrogels still had good shear-thinning property, and this sug-
gests that the hMSC-laden HGM hydrogels maintain the good inject-
ability (Fig. S3). The maintenance of the monolithic hydrogel structure
after implantation is important to the deposition and retention of the

cartilaginous matrix produced by the encapsulated cells [33,34].
The GAG quantification, immunohistochemical and histological

stainings show that the content of the cartilage-specific matrix com-
ponents in the KGN/TGF-β1 injected HGM hydrogels (“HGM (injection)
with KGN/TGF-β1” group) is significantly higher than that in the KGN/
TGF-β1 the GelMA hydrogels (“GelMA with KGN/TGF-β1” group) and
are similar to that in the directly implanted (non-injected) HGM hy-
drogels loaded with the same chondrogenic factor (“HGM with KGN/
TGF-β1” group) (Fig. 5). This finding indicates that the injection does
not compromise the viability and chondrognesis of the hBMSCs en-
capsulated in the HGM hydrogels [15,35].

Due to the shear thinning property of the gelatin HGM hydrogels,
the HGM hydrogels transform into a “sol” like state under high shear as
evidenced by the storage modulus being overtaken by the loss modulus
shown in the rheological data (Fig. S4). Therefore, the hBMSCs en-
capsulated in the HGM hydrogels are likely protected from the ex-
cessive shear stress of the injection due to the “sol” transition of the
surrounding HGM hydrogels [36,37]. Meanwhile, the swelling ratio of
the GelMA and HGM hydrogels showed that HGM hydrogels have
higher swelling ratio than GelMA hydrogels (Fig. S5). The excellent
injectability of the HGM hydrogels makes them an ideal biomaterial
carrier of hBMSCs for cartilage regeneration by minimally invasive
procedures.

3.5. HGM hydrogels promote the regeneration of cartilage and subchondral
bone in the rat osteochondral defect model

We further assess the efficacy of rMSCs-laden HGM hydrogels
loaded with KGN (1 nmol/hydrogel) or TGF-β1 (100 ng per hydrogel)
for cartilage regeneration in the osteochondral defects in rat knee.
GelMA and HGM hydrogels were pressed fit and injected into the car-
tilage defects, respectively. 6 weeks after the implantation, as shown in
Fig. 6, macroscopic views of defect area reveal fully regenerated car-
tilage of white and smooth appearance that is well integrated with the
surrounding tissue in all the HGM hydrogels groups, closely resembling
the healthy control. In contrast, in the GelMA with KGN/TGF-β1
groups, a partial cartilage defect in the center is still clearly visible, and
the circular defect boundary is easily distinguishable at the interface
with the surrounding health cartilage. In the non-treated (PBS control)
group, the defects were almost empty with little regenerated tissue.

Histological examination (Safranin-O and H & E staining) reveals
the deposition of disorganized fibrous tissue in the osteochondral de-
fects of the non-treatment group (PBS control) with poor integration to
the surrounding native cartilage and no regeneration of subchondral
bone (Fig. 7A and B). In the GelMA with KGN/TGF-β1 groups, the
defect is filled with a mixture of fibrous and cartilage-like tissue with
little regeneration of the subchondral bone. In clear contrast, the de-
fects in the HGM (Injection) with KGN/TGF-β1 groups show more
congruent articular surface, enhanced regeneration of cartilage-like
tissue and subchondral bone, and organized osteochondral structure,
which is similar to that of the healthy control (Fig. 7A and B). The
expression of cartilage-specific type II collagen in the defect area is
evaluated by immunohistochemical staining (Fig. 7C). Higher levels of
type II collagen expression are found in the HGM (Injection) with KGN/
TGF-β1 groups than those of the GelMA with KGN/TGF-β1 groups, and
these results are consistent to Safranin-O staining results (Fig. 7C).

The quality of the cartilage regeneration is evaluated according to
the scoring method described by Wakitani [17,38]. The average Wa-
kitani score is 9.67 ± 1.86 for GelMA with KGN, 9.50 ± 1.52 for
GelMA with TGF-β1, 3.83 ± 1.47 for HGM (Injection) with KGN, and
4.50 ± 1.52 for HGM (Injection) with TGF-β1 groups, respectively, 6
weeks after the implantation (Fig. 8). The non-treatment control and
healthy control group receives the highest and lowest score, respec-
tively. The HGM (Injection) with KGN/TGF-β1 groups score sig-
nificantly lower than the GelMA with KGN/TGF-β1 groups, thereby
indicating enhanced cartilage regeneration achieved by using the HGM
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Fig. 5. The chondrogenic differentiation of hBMSCs in the HGM hydrogels loading with KGN or TGF-β1 in vivo. Harvested hMSC-laden hydrogel implants after 28
days of subcutaneous implantation in nude mice. (A) Images of the harvested hMSC-laden hydrogel implants with GelMA with KGN, HGM with KGN, HGM (Injection)
with KGN, GelMA with TGF-β1, HGM with TGF-β1, and HGM (Injection) with TGF-β1. (B) GAG content of hBMSCs-laden HGM and GelMA hydrogels with KGN and
TGF-β1 in vivo. (C) Immunohistochemical and histological staining of hMSC-laden hydrogels with KGN and TGF-β1 after 14 days chondrogenic differentiation in vivo.
Immunohistochemical and histological staining of type II Collagen (col II), Chondroitin sulphate (CS) and Safranin-O (Saf-O) of hBMSCs-laden hydrogels, respec-
tively. The data are reported as the mean ± SD of the experiments (n = 3). *: p < 0.05, **: p < 0.01. Scale bar indicates 200 μm.

Fig. 6. Macroscopic appearance of the rat knee os-
teochondral defect either treated with PBS or re-
paired by using the following hydrogels loaded with
chondrogenic agents: GelMA with KGN, HGM
(Injection) with KGN, GelMA with TGF-β1, and HGM
(Injection) with TGF-β1 at week 6 after surgery. The
non-treated (PBS control) and contralateral intact
(Healthy control) rat knees were collected as nega-
tive controls or health controls, respectively. rMSCs
were encapsulated in all hydrogel treatment groups
at a seeding density of 1×107/mL. Arrow heads
point to the location of defects. Scale bar: 2mm.
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Fig. 7. (A) Safranin-O & fast green staining, (B) H&E staining and (C) immunohistochemical staining against type II collagen of the rat knee osteochondral defects
either treated with PBS or repaired by using the following hydrogels loaded with chondrogenic agents: GelMA with KGN, HGM (Injection) with KGN, GelMA with
TGF-β1 and HGM (Injection) with TGF-β1 at week 6 after surgery. Arrows heads and dotted circles indicate the location of the articular surface and osteochondral
defects, respectively. Scale bar indicates 500 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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gelatin hydrogels.
These results incidate that the HGM gelatin hydrogels promote the

chondrogenesis of the encapsulated rMSCs and enhance the neo-
cartilage formation in the rat cartilage defect model. As shown in our
earlier works, the HGM hydrogels mediate more prolonged release of
hydrophobic small molecules due to the retention effect of β-CDs, and
the clustered host-guest complexes in the HGM hydrogels may also
improve the retention of the soluble proteins like TGF-β1 within the
HGM hydrogels [15,29]. Therefore, the better retentation and therefore
sustained release of KGN and TGF-β1 from the HGM hydrogels may
contribute to the enhanced chondrogenesis observed in the HGM
groups. The enhanced regeneration of subchondral bone observed the
HGM groups is likely due to that the weak host-guest crosslink in the
HGM hydrogels facilitate the infiltration and migration of endogenous
osteoblastic cells from surrounding bone tissues as demonstrated in our
previous work [15].

4. Conclusion

Taken together, we demonstrate that the injectable stem cell-laden
gelatin supramolecular hydrogels enhance in situ osteochondral re-
generation via the sustained co-delivery of hydrophilic and hydro-
phobic chondrogenic molecules. We demonstrate that the HGM hy-
drogels enhance the chondrogenesis of the encapsulated hBMSCs under
both in vitro and in vivo condition compared with the conventional
chemically crosslinked gelatin hydrogels. Furthermore, the injected
MSC-laden HGM hydrogels lead to quality neocartilage formation in the
rat knee cartilage defect model, thereby demonstrating the promising
potential of the HGM hydrogels as a biomaterial carrier of therapeutic
cells and drugs for cartilage regeneration by minimally invasive pro-
cedures. Lastly, our findings indicate that our HGM hydrogels can po-
tentially be prepared with the encapsulated cells and drugs first, stored
in the culture condition, and injected into the recipients at a prescribed
time via a minimally invasive procedure. This unique property of the
injectable hydrogel can potentially facilitate the large scale production,
distribution, and usage of cell-laden hydrogels.
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