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ARTICLE INFO ABSTRACT
Keywords: Commonly, articular osteochondral tissue exists significant differences in physiological architecture, mechanical
Osteochondral repair function, and biological microenvironment. However, the development of biomimetic scaffolds incorporating

Trilayered scaffolds
Hydrogels
Microenvironment

upper cartilage, middle tidemark-like, and lower subchondral bone layers for precise articular osteochondral
repair remains elusive. This study proposed here a novel strategy to construct the trilayered biomimetic hydrogel
scaffolds with dual-differential microenvironment of both mechanical and biological factors. The cartilage-
specific microenvironment was achieved through the grafting of kartogenin (KGN) into gelatin via p-hydrox-
yphenylpropionic acid (HPA)-based enzyme crosslinking reaction as the upper cartilage layer. The bone-specific
microenvironment was achieved through the grafting of atorvastatin (AT) into gelatin via dual-crosslinked
network of both HP-based enzyme crosslinking and glycidyl methacrylate (GMA)-based photo-crosslinking re-
actions as the lower subchondral bone layer. The introduction of tidemark-like middle layer is conducive to the
formation of well-defined cartilage-bone integrated architecture. The in vitro experiments demonstrated the
significant mechanical difference of three layers, successful grafting of drugs, good cytocompatibility and tissue-
specific induced function. The results of in vivo experiments also confirmed the mechanical difference of the
trilayered bionic scaffold and the ability of inducing osteogenesis and chondrogenesis. Furthermore, the articular
osteochondral defects were successfully repaired using the trilayered biomimetic hydrogel scaffolds by the
activation of endogenous recovery, which offers a promising alternative for future clinical treatment.
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1. Introduction

Articular cartilage is a crucial tissue involved in joint function,
serving to bear mechanical loads and reduce friction [1-3]. Injuries to
the articular cartilage, resulting from trauma, aging, and degeneration,
often extend to the calcified cartilage and subchondral bone layers,
leading to the formation of osteochondral defects (OCDs) [4,5]. The
severe issue of OCDs gradually evolves from initial joint pain and
movement disorder to osteoarthritis, and thus leads to physiologically
functional disability. Commonly, articular osteochondral tissue exists
significant differences in physiological architecture, mechanical func-
tion, and biological microenvironment between cartilage and sub-
chondral bone layers [6,7]. The upper cartilage layer, mainly composed
of type II collagen and proteoglycan, presents soft and lubricous tissue
surface, which is avascular, aneural, and lacks lymphatic vessels [8,9].
Whereas, the lower subchondral bone layer, full of abundant blood
vessels and nerves, has a calcified texture of hardness that exerts the
essential function in resistance to mechanical loads [10,11]. Among
them, the middle layer of tidemark is to effectively prevent blood vessel
and nerve invasions from the subchondral bone into the cartilage tissue,
which is important to maintain the dynamic balance of physiological
calcification [12].

Currently, conventional treatments for OCDs disease in clinic include
microfracture, autograft/allograft transplantation, and total articular
replacement [13-15]. However, the therapeutic effect of these treat-
ments is still dissatisfactory due to the lack of ideal transplant donors.
Tissue engineering technology has emerged as a promising alternative
for OCDs repair. It combines seed cells, biocompatible scaffolds, growth
factors, physical stimulation and other factors, to construct living
cartilage or bone autografts [16,17]. However, the following problems
still need to be resolved: 1) Most previous studies normally used bilay-
ered biomimetic scaffolds to repair both cartilage and subchondral bone
[18], but ignored the precise mimicking of tidemark or calcified carti-
lage zone. Meanwhile, the gradient architecture is simply assembled and
the interfacial connection between adjacent layers is prone to separate
from each other [19]. 2) Different layers of articular osteochondral tis-
sue have different mechanical functions: the cartilage layer is relatively
soft and wet to lubricate the joint cavity; the bone layer is extremely
hard to provide mechanical support [20]; the tidemark firmly integrates
well with both soft and stiff tissues to maintain the interfacial stability.
3) The biological microenvironment of multilayered biomimetic scaf-
folds significantly affects the chondrogenic and osteogenic differentia-
tion of stem cells, and thus determines the therapeutic effect of OCDs
[21].

Hydrogels are versatile biomaterials that are commonly used in tis-
sue engineering and regenerative medicine. They possess physico-
chemical properties that closely resemble the natural extracellular
matrix, including excellent biocompatibility, biodegradability, favor-
able mechanical properties, a porous structure, and ease of operation
[22].As known, gelatin, a widely employed biomacromolecule, is
derived from the partial hydrolysis of collagen. It not only promotes cell
adhesion but also enhances tissue regeneration [23]. In the previous
studies, gelatin could be crosslinked into three-dimensional network by
means of physical and chemical crosslinking approaches. The conven-
tional physical crosslinking or biological crosslinking methods,
including pH-response, enzyme crosslinking, and supramolecular as-
sembly, are mechanically weak [24-26]. However, the mechanical
strength of ordinary chemical crosslinking methods is relatively high
based on the reliable crosslinking bonds, such as multitype of coupling
reaction and photo-crosslinking techniques [27,28]. In addition, the
introduction of growth factors (e.g, FGF, TGFp, and BMP-2) is prone to
protein denaturation that is hard for long-term preservation, while the
small molecular drugs are easy to be grafted into the biomacromolecule
for both drugs carrying and releasing [29]. For example, kartogenin
(KGN) is considered as an efficient chondrogenic drug [30], while
atorvastatin (AT) has a synergetic effect on the promotion of cartilage
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and bone regeneration [31]. Therefore, how to develop the trilayered
biomimetic scaffolds with dual-differential microenvironment of both
mechanical and biological factors that suitable for stem cell differenti-
ation and activating endogenous repair remains challenging to realize.

Herein, we proposed a novel strategy to construct the trilayered
biomimetic hydrogel scaffolds with dual-differential microenvironment
for articular osteochondral defect repair (Fig. 1). The cartilage-specific
microenvironment was achieved through the grafting of KGN into
gelatin via p-hydroxyphenylpropionic acid (HPA)-based enzyme cross-
linking reaction as the upper cartilage layer. The bone-specific micro-
environment was achieved through the grafting of AT into gelatin via
dual-crosslinked network of both HP-based enzyme crosslinking and
glycidyl methacrylate (GMA)-based photo-crosslinking reactions as the
lower subchondral bone layer. The introduction of tidemark-like middle
layer is conducive to the formation of well-defined cartilage-bone inte-
grated architecture. Furthermore, in vitro experiments demonstrated the
significant mechanical difference of three layers, successful grafting of
drugs, good cytocompatibility and tissue-specific induced function.
Meanwhile, in vivo experiments certified the feasibility of repairing
articular osteochondral defects using the trilayered biomimetic hydrogel
scaffolds by the activation of endogenous recovery, which offers a
promising alternative for future clinical treatment.

2. Material and methods
2.1. Materials

In this study, gelatin, hydroxyphenylpropionicl acid, methyl acrylyl
glycidyl, lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP),
kartogenin, atorvastatin and horse radish peroxidase were purchased
from Sigma-Aldrich. All the other chemicals were reagent grade and
deionized water was used.

2.2. Preparation and characterization of scaffolds

Gelatin-hydroxyphenylpropionicl acid (GL-HP) was synthesized ac-
cording to a previously described method [32]. Briefly, 0.66 g
Hydroxyphenylpropionic acid (HPA) was dissolved in 40 mL dimethyl
sulfoxide (DMSO). After dissolution, 60 mL Milli-Q water was added.
0.64 g N, N-dimethylformamide (DMF) and 0.76 g 1-ethyl-3- (3-dime-
thylaminopropyl)-carbodiimide hydrochloride (EDC) were dissolved in
the DMSO and water mixture above. The pH was adjusted between 4.5
and 5, and the carboxyl group was stirred at room temperature at high
rotational speed for carboxyl group activation. After stirring for 3 h,
pour 60 mL of 6.6 % (w/v) gelatin solution into the mixture and stir
overnight at room temperature at a pH of 4.5-5. After the reaction was
over, the above solution was transferred to a 10 kDa dialysis bag and
dialyzed in Milli-Q for 3 days. Finally freeze-dried GL-HP can be stored
at —20 °C. To prepare GL-HPggn, 10 mg KGN should be added along
with HPA.

To prepare GL-HP/GMA [33], dissolving 2.5 g of GL-HP macromer
in Milli-Q water (2 %, w/v), the pH of the solution was adjusted to 3.5
with 1 M HCI. After this, 10 mL of methyl acrylyl glycidyl (GMA) was
added into the solustion at a rate of 0.5 mL/min. The reaction was
conducted at 50 °C for 24 h and the product was purified by dialysis
against Milli-Q water with the above-mentioned dialysis membrane at
40 °C for 7 days. The purified product was freeze-dried and stored at
—20 °C for future use. To prepare GL-HP/GMAxT, 66 mg AT should be
added with HPA and GMA.

2.3. Hydrogel preparation

Unless otherwise stated, all concentrations are given as a percentage
of weight per volume (w/v). GL-HP (50 mg, 5 wt%), GL-GMA (50 mg, 5
wt%) or GL-HP/GMA (50 mg, 5 wt%), and lithium acylphosphonate
(LAP) (0.2 wt%) were dissolved in 1 mL PBS solution (pH 7.4)
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Fig. 1. Schematic illustration of the biomimetic design of trilayered hydrogel scaffolds with dual-differential microenvironment for articular osteochondral defect

repair in rabbits.

respectively to obtain a trilayered hydrogel. All hydrogel formulations
were fully mixed with continuous stirring, sterilized with a syringe filter
(0.22 pm pore size). Finally, the hydrogel of GL-HP formulation was
enzyme cross-linking was performed by 15 U/mL HRP and 0.85 mM/L
Hy0;, for 20-30 s [34]. The hydrogel of GL-GMA and GL-HP/GMA
formulations were photo-crosslinked by exposure to blue light at the
wave length of 365 nm using a light-emitting diode (LED) source (Uvata
Precision Optoelectronics Co., Ltd.) with an intensity of 20 mW cm 2 for
an exposed time of 5-10 s.

2.4. 'H Nuclear magnetic resonance (NMR)

All the synthesized small molecules were confirmed by H NMR

according to the previously described method. 'H NMR spectroscopy
was acquired using Varian INOVA NMR spectrometer (Bruker, Billerica,
MA, USA) with a uniaxial gradient inverse probe at a frequency of 300
MHz. Prior to measurement, 10 mg of the synthetic small molecule was
dissolved in 1 mL of deuterium oxide containing 0.05 % (w/v) 3 - (tri-
methylsilver) propionic —2,2,3,3-d4 acid sodium salt (Sigma-Aldrich,
St. Louis, Missouri, USA). Unfunctionalized raw gelatin was also tested
as a control. The experiment was independently repeated three times.

2.5. Rheological analyses of hydrogels precursors

Dynamic rheology experiments were performed on the HAAKE
MARS III photorheometer with parallel-plate (P20 TiL, 20 mm diameter)
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geometry and OmniCure Series 2000 (365 nm, 20 mW cm’z) at 25 °C.
Time-sweep oscillatory tests were performed at a 10 % strain (CD mode),
1 Hz frequency, and a 0.5 mm gap for 180 s. Strain sweep oscillatory
tests were performed to verify the linear response. The gel point was
determined as the time when the storage modulus (G') surpassed the loss
modulus (G"). The final shear modulus was determined as the storage
modulus (G') reaching to the complete gelation. Temperature-sweep
oscillatory tests were performed at 10 % strain (CD mode) and 1 Hz
frequency parameters from 50 to O °C. The sol-to-gel transition point
was determined as the time when the storage modulus (G') surpassed the
loss modulus (G"). Viscosity tests were performed at a gradual increasing
shear rate from 0 to 50 571,

2.6. Characterization by SEM

Hydrogel samples with different components were freeze-dried for
24 h and gold was sprayed on the longitudinal section with Quorum
SC7620 sputtering coater for 45 s, followed by observation with a ZEISS
GeminiSEM 300 scanning electron microscope at an accelerated voltage
of 15 Kv.

2.7. Equilibrium porosity

The porosity (average void volume) of the hydrogel was determined
using alcohol. All experiments were conducted in triplicate. Freeze-dried
hydrogels were immersed in a sealed tube containing alcohol for 24 h, at
which the weight of the sample (Wy4) was constant. The actual volume
(Va) of the sample was calculated using the following formula:

Va =Wy —Wo)/p

Where Wy4 and Wy are respectively the sample at 24 h and 0 h, and p is
the density of alcohol (0.785 g/cm®). The porosity was determined using
the following equation:

Porosity (%) = Va/Ve x 100%

Where Ve is the exterior volume of each sample.
2.8. Swelling and degradation tests

Swelling and enzymatic degradation of hydrogels were tested using
gravimetric methods described in previous studies [35,36]. The cylin-
drical hydrogel samples (diameter = 10 mm; height = 2 mm) were
recorded for the initial weights (Wo). For swelling tests, the hydrogels
were fully immersed in PBS solution (pH = 7.4) for 24 h until complete
swelling (n = 4). When the masses of these hydrogels became constant,
the values were recorded as the wet weights (W). The swelling ratio was
calculated according to Equation

Swelling Ratio (%) = W¢/Wq x 100%

For enzyme-mediated degradation tests, the above hydrogels after
complete swelling were recorded for the initial weights (Wy). Then, the
hydrogels were incubated in PBS (pH = 7.4) supplemented with 15 U
mL™! of collagenase for observing enzyme-mediated degradation at
37 °C (n = 4). The culture solution was refreshedevery day to maintain
the enzyme activity. At each time point, these samples were carefully
collected, and gently blotted with filter paper to remove excess water on
the surfaces, and recorded for the residual weights (Wy). The degrada-
tion ratio (%) was calculated according to Equation

Degradation ratio (%) = W{/Wy x 100%

2.9. Ultraviolet spectrum

The UV diffused reflection test (PE lambda 750) was used to set the
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wavelength in the range of 195-230 nm. GL-KGN, GL-HPggn, GL-AT
and GL-HP/GMAt were added with PBS as the medium of 1 mL each.
PBS was used as the blank group to determine the wave crest and
observe whether the drug was successfully grafted. According to the
absorption peak of the two drugs between 195 and 230 nm, the standard
curve was made by measuring the concentration gradient of the drug at
200 nm wavelength, and the absorbance of GL-HP, GL-HPggn and GL-
HP/GMAt were also measured at this wavelength and corresponding to
the standard curve to calculate the graft rate of the drug. The grafting
rate was calculated using the following formula:

Grafting rate (%) = Wm/ (Wm + Wq) x 100%

Where Wm is the grafted monomer mass and Wq is the graft monomer
homopolymer quality.

2.10. Isolation and culture of rabbit BMSCs

BMSCs were obtained from the bone marrow of adult rabbist, and
harvested, cultured, and expanded in the culture medium (Mesenchymal
Stem Cell Medium, 7501, ScienCell), at 37 °C with 5 % CO,, of incubator,
medium was changed every two days to ensure sufficient nutrient supply
to the cells. Cells were used previously reported when they expanded
into the second generation [37].

2.11. Cytotoxicity tests

To determine the cytotoxicity of small molecule drugs KGN, AT and
hydrogels, BMSCs were inoculated into 96 - well plates at a density of 2
x 10 cells/well, and then cultured in vitro for 1, 4, and 7 days after the
cells were attached to the wall with different concentrations of solution
to be tested. According to the manufacturer’s instructions, use cell
counting Kit-8 (CCK-8; Dojindo) measured cell proliferation and
expressed it as an average optical density (OD) value for five wells, with
each experiment repeated four times.

2.12. Cell viability, spreading, and migration assessment

The BMSCs of rabbits were mixed with five hydrogel groups (GL-HP,
GL-HPxgy, GL-GMA, GL-HP/GMA and GL-HP/GMA,y; 5 x 10° cells/
mL) were mixed, then injected into a cylindrical mold (10 mm diameter,
2 mm height) and rapidly polymerized for 60 s under light irradiation
(365 nm, 20 mW/cm?2) for about 5 s. The hydrogel structures containing
BMSCs were incubated at 37 °C under 5 % CO» for 14 days. During in
vitro culture, 2 mL of preheated osteogenic differentiation solution
(OriCell™ Basal Medium For Cell Culture) was carefully and completely
covered over each gel and replaced every 3 days. BMSCs-hydrogel
constructs were cultured at days 0, 1, and 4. BMSCs activity in the gel
was assessed by live/dead cell viability assays (Dojindo) and checked by
CLSM (Leica, TCS SP8 STED 3X) as per manufacturer’s instructions.

2.13. In vitro osteogenic, chondrogenic induction experiments

In order to verify the chondrogenic and osteogenic effects of small
molecule drugs KGN and AT, rabbit BMSCs were implanted on 6 - well
plates with 6 x 10* cells/well. After Cell adhesion, preheated Chon-
droblast Medium containing KGN and OriCellTM Basal Medium For Cell
Culture containing AT were added to the pore plate, and replaced every
three days during in vitro culture. After 14 days, the growth promoting
effect was further determined by alizarin red (AR) staining. RT-qPCR
was used to evaluate the effect of small molecule drugs on the expres-
sion of cartilage-related genes (COL2, ACAN, SOX-9) and bone-related
genes (OCN, BMP-2) in BMSCs [38]. Detailed experiments were car-
ried out according to the standard scheme. All experiments were con-
ducted four times and using 2AACT method. In addition, the rabbit
BMSCs were co-cultured in the chondroblast or osteogenic induction
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medium for 7 days, and then the cells were fixed by specific fluorescence
staining COL2 or OCN.

2.14. Animal model of osteochondral defect

All animal models used in these studies were conducted according to
standard guidelines approved by the Ethics Committee of Shanghai Jiao
Tong University (#ZJU20170969). Adult male New Zealand white
rabbits (2.5-3 kg) were used for in vivo studies. Under the anesthesia of 1
% pentobarbital sodium (40 mg/kg), cylindrical cartilage defects of
osteochondral cartilage with a diameter of 5 mm and a depth of 4 mm
were formed on the trochlear groove of the left and right limbs with
trephine. Rabbits were randomly divided into three groups: untreated
group (blank group), stent group (control group), and small molecule
drug stent group (experimental group), with the number of repaired
joints in each group greater than 8. Before disinfection and wound
closure, the control and experimental stents were implanted in the
defect groove, while the untreated group was simply sterilized and su-
tured. At 6 and 12 weeks after surgery, the rabbits were killed and
histological evaluations were performed on eight knee joints in each
group.

2.15. Micro-CT image analysis of bones

Briefly, samples were fixed with 4 % paraformaldehyde for 48 h.
After image reconstruction, the desired region of interest with defects
was assigned. The reconstructed images were then visualized and
evaluated by Version 3.1 software provided by Shanghai Showbio
(Biotech Co., Ltd, SKYSCAN 1076). Sample scanning related parameters
are as follows: 70 kv (voltage), 200 pA (current), 30 pm (resolution),
300 ms (exposure time) [39].

2.16. Assessment of cartilage repair

At 6 and 12 weeks postoperatively, rabbits were killed by intrave-
nous injection of an overdose of pentobarbital. According to the Inter-
national Cartilage Repair Society (ICRS) macro assessment scale of
cartilage repair, four different researchers collected, photographed and
conducted blind evaluations from each group. Subsequently, continuous
sections (5 mm thick) were made sagittal through the damaged site and
stained with safranin O (Sigma). Four researchers used the ICRS Visual
histological Assessment scale to blind score different groups of repaired
cartilage.

2.17. Histological analysis

According to our previously established method, the collected sam-
ples were fixed, decalcified, embedded in paraffin wax and cut into 5
mm sections for histological and immunohistochemical analysis. Sec-
tions were stained with hematoxylin and eosin (H&E), safranin-O and
fast green (SO/FG), and type II collagen (COL II, polyclonal antibody
ab347121:10, Abcam, Cambridge, UK) to assess tissue structure and
cartilage ECM deposition [40].

2.18. Statistical analysis

Data (n = 4) were expressed as the means + standard deviations. A
one-way analysis of the variance was used to determine the statistical
significance of the difference between groups using Graph Pad Prism
7.00 software, and a p-value <0.05 was considered statistically
significant.
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3. Results
3.1. Preparation and characterization of dual-crosslinked hydrogels

In this study, gelatin by various amino acids through amino groups
and carboxyl groups to form a polypeptide chain, p-hydrox-
yphenylpropionic acid mainly contains carboxyl, phenolic hydroxyl and
double bond structure, methamphetamine glycerin has double bonds
and epoxy groups.(2.3) The p-hydroxyphenylpropionic acid-grafted
gelatin (GL-HP) conjugates were successfully synthesized by a carbo-
diimide/active ester-mediated coupling reaction [41], while the glycidyl
methacrylate-grafted gelatin (GL-GMA) conjugates were successfully
synthesized by an epoxy ring-opening addition reaction [42]. The
p-hydroxyphenylpropionic acid/glycidyl methacrylate-grafted gelatin
(GL-HP/GMA) conjugates were successfully synthesized by the above
sequential grafting reactions (Fig. 2A). We chose gelatin among many
hydrogels because of its high porosity, good biocompatibility and de-
gradability. The 'H NMR spectra further confirmed the successful
grafting of HP (6.8-7.3 ppm) and GMA (5.5-6.2 ppm) groups on gelatin
(Fig. 2C). To prepare the trilayered biomimetic hydrogel scaffolds, the
single-crosslinked network of GL-HP hydrogels were prepared by
HP-based enzyme crosslinking via two-component mixing, meanwhile
the GL-GMA hydrogels were prepared by GMA-based photo-crosslinking
upon light irradiation (365 nm LED, 20 mW cm2). Furthermore, the
dual-crosslinked network of GL-HP/GMA hydrogels were quickly
formed by means of both HP-based enzyme crosslinking and GMA-based
photo-crosslinking reactions (Fig. 2B and D). The line chart of Fig. 2D
further illustrates the gelation process of GL-HP/GMA hydrogels that G’
gradually surpassed G’’upon light irradiation.”

To further investigate the physicochemical properties of hydrogels,
the rheological analyses, SEM examination, and quantitative tests of
porosity, swelling ratio, and degradation rate were performed respec-
tively. As shown in Fig. 2E, the gel point of GL-GMA (3.7 &+ 0.9 s) and
GL-HP/GMA (6.3 £ 1.2 s) hydrogels were shorter than that of GL-HP
(20.0 + 5.0 s) hydrogels due to the rapid crosslinking rate of photo-
polymerization reaction. Additionally, the shear modulus of GL-HP/
GMA (1500 =+ Pa) hydrogels was stronger than those of GL-HP (70 +
Pa) and GL-GMA (700 =+ Pa) hydrogels based on the formation of dual-
crosslinked network (Fig. 2F). The SEM examination showed that each
lyophilized hydrogel scaffolds displayed a highly interconnected and
uniform pore microstructure (Fig. 3A). The porosity of lyophilized GL-
HP (47.7 £+ 1.8 %) hydrogels were smaller than those of lyophilized GL-
GMA (61.4 + 2.0 %) and GL-HP/GMA (59.5 + 3.4 %) hydrogels, sug-
gesting the significant difference in both hydrogel composition and
crosslinking density (Fig. 3B). Moreover, the swelling ratio of the GL-HP
(155.3 & 12.1 %) hydrogels was larger than those of the GL-GMA (106.0
+ 12.4 %) and GL-HP/GMA (123.6 &+ 11.9 %) hydrogels (Fig. 3C). The
degradation rate of both the GL-GMA and GL-HP/GMA hydrogels in a
collagenase solution was slower than that of the GL-HP hydrogels due to
the relatively stable chemical bonds than the unstable physical bonds
(Fig. 3D).

3.2. Characterization of drug-grafted functional hydrogels

To prepare drug-grafted functional hydrogels for cartilage and bone
regeneration, the KGN-grafted GL-HP (GL-HPggn) and AT-grafted GL-
HP/GMA (GL-HP/GMA,T) conjugates were successfully synthesized,
the grafting rate of KGN was 0.20 % and that of AT was 0.32 %.
(Fig. 4A). The results of ultraviolet spectroscopy further verified the
successful grafting of two drugs onto GL-HP and GL-HP/GMA conju-
gates respectively (Fig. 4B and C). Then, the physicochemical properties
of GL-HPggn and GL-HP/GMA 1 hydrogels were also evaluated by the
rheological analyses, SEM examination, and quantitative tests of
porosity, swelling ratio, and degradation rate. As shown in Fig. 4D-F,
the gel point of GL-HPkgn hydrogels (33.0 + 5.6 s) was relatively longer
than that of GL-HP/GMAat hydrogels (5.9 + 1.7 s). Meanwhile, the
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Fig. 3. The physicochemical properties of hydrogel structure, swelling ratio, and degradation rate. A) The SEM images of lyophilized GL-HP, GL-GMA and GL-HP/
GMA hydrogel scaffolds. B) The open porosity of lyophilized hydrogels with different components. C) The swelling ratio of GL-HP, GL-GMA and GL-HP/GMA
hydrogels. D) The degradation rate of GL-HP, GL-GMA and GL-HP/GMA hydrogels in the collagenase solution (0.15 U/mL). *p < 0.05, **p < 0.01, ns = no

significance.

shear modulus of GL-HP/GMAar hydrogels (668.2 + 6.9 Pa) was
significantly higher than that of GL-HPggn hydrogels (54.4 + 1.2 Pa),
which is suitable for the construction of tissue-specific differential me-
chanical microenvironment. Moreover, the porosity of lyophilized GL-
HPggn hydrogels (66.9 + 11.8 %) was slightly higher than that of
lyophilized GL-HP/GMA,t1 hydrogels (52.2 + 11.6 %) (Fig. 4G). The
swelling ratio of GL-HPggn hydrogels had no significant difference on
GL-HP/GMAt hydrogels (Fig. 4H). Additionally, both GL-HPggn and
GL-HP/GMAt hydrogels could be easily degraded in a collagenase
solution due to the biodegradable characteristic of gelatin (Fig. 4I). All
these results demonstrate that the tissue-specific hydrogels are consid-
ered as promising tissue-engineered scaffolds because of the suitable
rheological and mechanical properties, as well as reasonable swelling
ratio and degradation rate.

3.3. Biological function evaluation of the tissue-specific hydrogels

To evaluate the biological function of drug-grafted functional
hydrogels, the cytocompatibility of both KGN and AT drugs was firstly
assessed using the CCK-8 assay. As shown in Fig. 5A and C, after incu-
bating either KGN or AT drugs with BMSCs in the range of 0.1-100 pM,
cells still show good viability. Then, the suitable drug concentration of
10 and 50 pM or 1 and 10 pM was selected for 1, 4, and 7 days of BMSC
co-incubation, further confirming that there was no significant effect on
cell proliferation (Fig. 5B and D). To investigate the biological function

of corresponding drugs, the immunofluorescence staining and real-time
polymerase chain reaction (RT-PCR) analyses were performed. As
shown in Fig. 5E and G, the cartilage-specific protein COL2 expression
was obviously increased in the W/KGN (with KGN) groups, which was
further confirmed by the upregulated expression of chondrogenic genes
of COL2, ACAN, and SOX-9. Additionally, the bone-specific protein OCN
expression and the calcium salt deposition of alizarin red staining were
significantly increased in the W/AT (with AT) groups (Fig. 5E and F),
which was also confirmed by the upregulated expression of osteogenic
genes of OCN and BMP-2 (Fig. 5H). Historically, statins were primarily
utilized for cardiovascular conditions, with some research focusing on
their impact on bone defect repair by inhibiting osteoclast-related gene
expression. In this study, at a concentration of 1 uM, atorvastatin (AT)
significantly up-regulated the expression of osteocalcin (OCN), a key
gene in osteogenesis, by as much as 600 times. Furthermore, at 10 pM,
AT also enhanced bone gene expression, although higher concentrations
showed a diminishing effect on osteogenic function, warranting addi-
tional investigation.

Next, the cytocompatibility and tissue-specific induction of drug-
grafted hydrogels were further investigated. As shown in Fig. 6A and
C, the qualitative and quantitative results of live/dead fluorescence
staining demonstrated that both drug-free (GL-HP, GL-GMA, and GL-
HP/GMA hydrogels) and drug-grafted (GL-HPggn and GL-HP/GMA,t
hydrogels) groups had positive effect on BMSC survival and prolifera-
tion, indicating that there was no significant influence when the grafting
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Fig. 4. Characterization of drug-grafted functional hydrogels. A) Schematic of the molecular formulas showing the cartilage layer consisted of GL-HPggn hydrogels
and the bone layer consisted of GL-HP/GMAr hydrogels. B, C) The ultraviolet spectroscopy of the highest absorption peak exhibits the grafting drugs of GL-HPkgn
(B) and GL-HP/GMAr (C) biomacromolecules. D) Time-sweep rheological analysis of the GL-HP/GMAr hydrogels. E-H) The statistical data of gelation time (E),
shear modulus (F), open porosity (G), and swelling ratio (H) of both GL-HPkgn and GL-HP/GMA st hydrogels. I) The degradation rate of both GL-HPkgy and GL-HP/
GMAAT hydrogels in the collagenase solution (0.15 U/mL). J) The SEM images of lyophilized GL-HPkgn and GL-HP/GMA 4t hydrogel scaffolds. *p < 0.05, ***p <

0.001, ns = no signifi

of drugs onto hydrogels. Moreover, good cell viability also verified by
CCK-8 assay for the extracts of the corresponding drug-grafted hydrogels
(Fig. 6B). The RT-PCR results further confirmed that the chondrogenic
genes of COL2, ACAN, and SOX-9, as well as the osteogenic genes of OCN
and BMP-2 were respectively upregulated when co-cultured with the

cance.

degraded products of GL-HPggn and GL-HP/GMA T hydrogels (Fig. 6D
and E), consistent with the results of drugs as shown in Fig. 5G and H.
All these results demonstrate that the drug-grafted tissue-specific
hydrogels not only have good cytocompatibility, but also effectively
promote the chondrogenic and osteogenic differentiation of BMSCs.
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Fig. 5. Biological function evaluation of drugs for chondrogenic and osteogenic differentiation. A, C) The CCK-8 assay of KGN (A) and AT (C) drugs at different
concentrations from 0.1 to 100 pM shows satisfactory cytocompatibility on day 1. B, D) The CCK-8 assay of 10 pM and 50 pM KGN (B) 1 uM and 10 pM AT (D) drugs
on days 1, 4, and 7 shows good proliferation of BMSCs. E) Immunofluorescence staining of COL2 (red) and OCN (green) with the addition of KGN and AT drugs
respectively. F) The alizarin red staining shows the calcium salt deposition in different groups. Blank group represents BMSCs in culture medium; Ctrl group rep-
resents BMSCs with osteogenic induction medium; 1 pM group represents BMSCs with osteogenic induction medium and 1 pM AT drugs. G) Expression of cartilage-
specific genes (COL2, ACAN, and SOX-9) induced by KGN drugs. H) Expression of bone-specific genes (OCN and BMP-2) induced by AT drugs. *p < 0.05, ***p <
0.001, ns = no significance. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

3.4. In vivo articular osteochondral defect repair using trilayered
scaffolds

In this study, the trilayered biomimetic hydrogel scaffolds with dual-
differential microenvironment were prepared by sequential crosslinking
procedures as shown in Fig. 7A: the lower subchondral bone layer was

constructed by GL-HP/GMAaT hydrogels; the tidemark-like middle
layer was constructed by GL-GMA hydrogels; the upper cartilage layer
was constructed by GL-HPggy hydrogels. To investigate the repair effect
of trilayered biomimetic hydrogel scaffolds, the cylindrical articular
osteochondral defect models (5 mm in diameter, 4 mm in depth) were
created in rabbits. The contrastive experiments were divided as three
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Fig. 6. Biological function evaluation of the tissue-specific hydrogels. A) The live/dead fluorescence staining of encapsulated BMSCs in GL-HP, GL-GMA, and GL-
HP/GMA hydrogels on days 0, 1, and 4. B) The CCK-8 assay was detected by the co-culture of BMSCs with the extracts of GL-HP, GL-HPkgn, GL-GMA, GL-HP/GMA,
and GL-HP/GMA,t hydrogels. C) The live/dead fluorescence staining of encapsulated BMSCs in GL-HPkgy and GL-HP/GMA 4t hydrogels on days 7. D) Expression of
cartilage-specific genes (COL2, ACAN, and SOX-9) of BMSCs co-cultured with the degraded product of GL-HPggn hydrogels. E) Expression of bone-specific genes
(OCN and BMP-2) of BMSCs co-cultured with the degraded product of GL-HP/GMAt hydrogels. *p < 0.05, ***p < 0.001, ns = no significance.
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Fig. 7. Gross morphology, Micro-CT, and scores of samples at 6 and 12 weeks post-surgery. A) The design and photographs of trilayered biomimetic hydrogel
scaffolds, as well as the articular osteochondral defect models of rabbits repaired by the trilayered scaffolds. Yellow represents the upper cartilage layer; red rep-
resents the tidemark-like middle layer; blue represents the lower subchondral bone layer. B) Gross views and Micro-CT images of the cross-section of coronal (upper)
and sagittal (bottom) planes of the articular reconstructed regions. C, D) International Cartilage Repair Society (ICRS, C) and Modified O’Driscoll histology scoring
system (MODS, D) scores of samples at 6 and 12 weeks post-surgery. **p < 0.01. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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groups: i) trilayered hydrogel scaffolds (GL-HPggny + GL-GMA + GL-
HP/GMAAaT) as experimental (Exp) groups; ii) trilayered hydrogel scaf-
folds (GL-HP + GL-GMA + GL-HP/GMA) as control (Ctrl) groups; iii)
untreated defects as blank groups.

The rabbits were sacrificed and collected for gross observation,
Micro-CT, and histological examinations at 6 and 12 weeks post-surgery.
In the Ctrl group, the osteochondral defects were filled with white and
soft fibrous-like tissue in the articular surface. However, the recon-
structed osteochondral tissue in the Exp group was relatively mature and
showed the seamless interfacial integration, which was similar to the
normal articular tissue (Fig. 7B). Moreover, the Micro-CT results

Materials Today Bio 26 (2024) 101051

demonstrated that all the groups of subchondral bone layers underwent
a gradual ossification process from 6 weeks to 12 weeks. Noticeably, the
Exp group showed an initial cylindrical defect at 6 weeks and repaired
by intact cancellous bone at 12 weeks. The histological examinations of
H&E, SO/FG, and Masson, as well as immunofluorescence staining of
COL2 and OCN further confirmed the above observation (Fig. 8). In the
Exp group, the cartilage defect region was successfully repaired by
mature hyaline cartilage with typical lacuna structure and cartilage-
specific matrix deposition that verified by positive staining of
safranin-O and COL2, while the bone defect region was successfully
repaired by mature cancellous bone with typical trabecular structure

OCN

Masson COL2

6 wewks

12 wewks

Fig. 8. Histological examinations of samples at 6 and 12 weeks post-surgery. Representative histological staining of H&E, safranin-O/fast green, and Masson’s
trichrome, as well as immunofluorescence staining of COL2 and OCN of the osteochondral defect regions of Blank, Control (Ctrl), and Experimental (Exp) groups at 6
and 12 weeks post-surgery. RC: repaired cartilage; IF: interface; NC: native cartilage. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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and bone-specific matrix deposition that verified by positive staining of
Masson, fast green, and OCN. Importantly, the clear tidemark-like
structure close to the surrounding native tissue could be observed be-
tween the regenerated cartilage and bone regions, confirming the
necessary structural design of the tidemark-like middle layer. Consistent
with the above observation, both blank and Ctrl groups had dissatis-
factory repair in both the cartilage and bone defect regions. Further-
more, both International Cartilage Repair Society (ICRS) and Modified
O’Driscoll histology scoring system (MODS) scores of the Exp group
were significantly higher than those of other two groups, indicating the
articular osteochondral defects were more effective by means of the
tissue-specific drug-grafted trilayered biomimetic hydrogel scaffolds
(Fig. 7C and D).

4. Discussion

In the current study, we developed the trilayered biomimetic
hydrogel scaffolds with dual-differential microenvironment for articular
osteochondral defect repair. The upper cartilage layer was constructed
by KGN-grafted GL-HPggy hydrogels via HP-based enzyme crosslinking
reaction, while the lower subchondral bone layer was constructed by
AT-grafted GL-HP/GMAt hydrogels via dual-crosslinked network of
both HP-based enzyme crosslinking and GMA-based photo-crosslinking
reactions. Additionally, the introduction of tidemark-like middle layer is
conducive to the formation of well-defined cartilage-bone integrated
architecture. The in vitro experiments demonstrated the significant me-
chanical difference of three layers, successful grafting of drugs, good
cytocompatibility and tissue-specific induced function. Finally, the
articular osteochondral defects were successfully repaired using the
trilayered biomimetic hydrogel scaffolds by the activation of endoge-
nous recovery, which offers a promising alternative for future clinical
treatment.

How to prepare the tissue-specific hydrogels for both cartilage and
bone regeneration with dual-differential microenvironment of me-
chanical and biological factors is the first challenge that we faced [43].
To address the above issue, we firstly fabricated the single- and
dual-crosslinked hydrogels to provide the gradient mechanical micro-
environment for cartilage and subchondral bone layers respectively.
Meanwhile, the grafting strategy of small molecular drugs [44] was
adopted to better mimic the tissue-specific biological microenviron-
ment. In the current study, the upper cartilage layer was successfully
constructed by signal-crosslinked GL-HPggy hydrogels, showing a soft
and dynamical network with chondrogenic induced function for carti-
lage regeneration. The lower subchondral bone layer was successfully
constructed by dual-crosslinked GL-HP/GMAt hydrogels, showing a
stiff and mechanically stable network with osteogenic induced function
for bone regeneration. The current results demonstrated that the gela-
tion time of GL-HPkgn hydrogels was approximately 20 s and the elastic
modulus is only 70 Pa, whereas GL-HP/GMAt hydrogels only needed 5
s of light irradiation and exhibited a relatively high elastic modulus of
approximately 700 Pa. Additionally, the drug carrying in hydrogel
scaffolds was realized by stable chemical grafting via amidation reac-
tion, while the sustained release of drugs from gelatin-based hydrogels
was realized by the enzyme-mediated degradation of gelatin bio-
macromolecule. In vitro experiments further confirmed that the chon-
drogenic genes (COL2, ACAN, and SOX-9) were significantly increased
upon the effect of released KGN drugs, while the osteogenic genes (OCN
and BMP-2) were dramatically increased upon the impact of released AT
drugs (OCN expression was up to about 600 times when the concen-
tration of AT was 1 pM). All these results demonstrated that both the
gradient mechanical strength and the tissue-specific biological micro-
environment were conveniently regulated in hydrogel scaffolds.

Whether the trilayered biomimetic hydrogel scaffolds could repair
articular osteochondral defects is the current pre-clinical consideration.
Inspired by the physiological structure of native articular osteochondral
tissue [45],we adopted the trilayered biomimetic architecture of upper
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cartilage layer, middle tidemark-like layer, and lower subchondral bone
layer. In fact, the tidemark-like zone, as the calcification front of bone
layer, plays an essential role in promoting interfacial integration and
preventing blood vessels from invading into the cartilage layer [46]. In
this study, the photocrosslinked GL-GMA hydrogels were chosen as the
middle layer because of the dense crosslinked network to effectively
withstand the infiltration of blood vessels. The current results demon-
strated that the articular osteochondral defects of rabbit models were
successfully repaired using the trilayered biomimetic hydrogel scaffolds
by the activation of endogenous recovery. Compared with the use of
exogenous stem cells, the endogenous repair based on bioactive scaf-
folds has the advantage of reducing the risk of immune rejection reac-
tion [47]. Noticeably, the stable cartilage phenotype with typical
cartilage lacuna was still maintained after 12-weeks surgery due to the
effect of released KGN from GL-HPggn hydrogels, while the endochon-
dral ossification was proceeded in the subchondral bone layer depen-
dent on the osteogenic function of released AT from GL-HP/GMAaT
hydrogels. Furthermore, the boundary between the cartilage layer and
the bone layer in the experimental group was clearly defined, indicating
that the tidemark-like structural design is conducive to interfacial sep-
aration and tissue integration. It also needs to be pointed that the exis-
tence of cartilage layer collapse is due to the larger size of the
osteochondral defects (diameter = 5 mm) that the repair rate could not
keep up with the scope of the defects.

5. Conclusions

In summary, we proposed a novel strategy of trilayered biomimetic
hydrogel scaffolds with dual-differential microenvironment for articular
osteochondral defect repair. Firstly, the hardness gradient of hydrogel
scaffolds was successfully adjusted by the crosslinked network, and thus
regulated the differential mechanical microenvironment. Then, the
released KGN and AT from gelatin-based hydrogels successfully pro-
moted chondrogenic differentiation and osteogenic differentiation
respectively, achieving the regulation of tissue-specific induced micro-
environment. Finally, the articular osteochondral defects were success-
fully repaired using the trilayered biomimetic hydrogel scaffolds by the
activation of endogenous recovery. Although there are still some prob-
lems to be further investigated in future, such as the prolonged repair
period in large animal models, this study represents a proof-of-concept
study for future articular osteochondral defect treatment.
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