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Since cartilage injury is often accompanied by subchondral bone damage, conventional single-phase materials
cannot accurately simulate the osteochondral structure or repair osteochondral injury. In this work, a gradient
gelatin-methacryloyl (GelMA) hydrogel scaffold was constructed by a layer-by-layer stacking method to realize
full-thickness regeneration of cartilage, calcified cartilage and subchondral bone. Of note, to surmount the
inadequate mechanical property of GelMA hydrogel, nanohydroxyapatite (nHA) was incorporated and further
functionalized with hydroxyethyl methacrylate (nHA-hydroxyethyl methacrylate, nHAMA) to enhance the
interfacial adhesion with the hydrogel, resulting in better mechanical strength akin to human bone. Specifically,
the biomimetic nHAMA/GelMA (B-nHAMA) scaffold involved a pure GelMA top layer for cartilage, a 30/70%
(w/w) nHAMA/GelMA intermediate layer for calcified cartilage, and a 70/30% (w/w) nHAMA/GelMA bottom
layer for subchondral bone. This B-nHAMA scaffold exhibited optimal porosity (continuous-gradient pore size),
mechanical performance (Young's modulus, 181.48 + 29.94 kPa), biodegradability (degradation rate in 25 day,
66.04 + 7.19%) and swelling properties (swelling ratio in 25 h, 424.8 + 9.9%) that cater to osteochondral tissue
environment. It also showed excellent biocompatibility, cell adaptability, chondrogenic and osteogenic prop-
erties, leading to effective osteochondral regeneration. Collectively, the developed B-nHAMA scaffold with
similar osteochondral microenvironment of trilayered structure could facilitate simultaneous osteochondral
regeneration, providing a promising strategy to improve the full-thickness cartilage injury regeneration.
Statement of significance: This research presents a significant advancement in osteochondral repair with the
development of a biomimetic B-nHAMA scaffold. The scaffold's design overcomes the inadequate stiffness of
gelatin-methacryloyl (GelMA) by incorporating hydroxyethyl methacrylate-functionalized nanohydroxyapatite
(nHAMA), enhancing interfacial adhesion and achieving mechanical strength equivalent to human bone.
Through a layer-by-layer stacking approach, the B-nHAMA scaffold features a gradient composition that repli-
cates the anisotropic nature of osteochondral tissue, with distinct layers tailored for cartilage, calcified cartilage
and subchondral bone. Its biomimetic structure, closely resembling native cartilage in physicochemical and
osteogenic properties, positions the B-nHAMA scaffold as a potent therapeutic candidate for the full-thickness
repair of osteochondral defects, offering a clinically viable solution.

1. Introduction

Osteochondral defect refers to the absence or damage of cartilage
and underlying bone tissue, often caused by osteoarthritis or traumatic
injury, posing an obstinate challenge with a lack of effective treatment,
due to avascularity, anisotropic physiological characteristics and
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inadequate regeneration capacity [1,2]. Traditional surgical treatments,
such as microfracture, osteochondral autografts and allografts, and
autologous cell transplantation, have been proposed in clinical practice
[3,4]. However, persistent issues including graft failure, high cost, and
formation of fibrocartilage and subchondral bone remain a concern
[5,6]. Currently, biomimetic tissue engineering has been regarded as a

Received 30 September 2024; Received in revised form 12 January 2025; Accepted 12 January 2025

Available online 13 January 2025
0141-8130/© 2025 Published by Elsevier B.V.


mailto:leiyun@fjmu.edu.cn
mailto:ailinliu@fjmu.edu.cn
www.sciencedirect.com/science/journal/01418130
https://www.elsevier.com/locate/ijbiomac
https://doi.org/10.1016/j.ijbiomac.2025.139860
https://doi.org/10.1016/j.ijbiomac.2025.139860
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2025.139860&domain=pdf

Y. Zhong et al.

versatile tool for osteochondral regeneration [7]. Hydrogels have been
employed as a substitute for both soft and hard supporting tissue, such as
gelatin, alginate, collagen, poly(ethylene glycol)diacrylate, etc. [8-10].
Thereinto, gelatin-methacryloyl (GelMA), a gelatin derivative, stands
out for its photocrosslinking capability, excellent biocompatibility and
tunable biodegradability in engineered osteochondral composites
[11,12]. Nevertheless, the native stiffness of GelMA is often insufficient
to meet the requirements of osteochondral regeneration [13]. To
enhance the mechanical properties of GelMA, nanohydroxyapatite
(nHA), an inorganic component abundant in calcified cartilage or sub-
chondral bone, has been incorporated due to its biocompatibility,
biodegradability, osteoconductivity and osteoinductivity [14], which
make it an ideal agent for hydrogel enhancement. Zhang et al., [15]
reported that nHA could reduce the pore size of hydrogel and facilitate
the reconstruction of the network, resulting in the improvement of
tensile and compressive strengths. Moreover, Yang et al., [16] displayed
that grafting hydroxyethyl methacrylate (HEMA) to the surface of nHA
(nHA-hydroxyethyl methacrylate, abbreviated nHAMA) could endow it
with photoreactivity and improve the colloidal stability of nHAMA/
hydrogel prepreparation solution. Roy et al.,, [17] demonstrated that
HEMA functionalization enhanced the interfacial adhesion between
nHA and chitosan hydrogel, achieving better mechanical strength
comparable to that of human bone. Hence, with the introduction of
photocrosslinkable nHAMA, the inorganic-organic hybrid hydrogels
possess enhanced mechanical performance and are expected to accel-
erate osteochondral regeneration.

Due to its anisotropic physiological characteristics, osteochondral
tissue presents multiple gradients in cell type, matrix composition, ar-
chitecture and mechanical properties from the superficial cartilage to
the intermediate calcified cartilage and into the deep subchondral bone,
necessitating scaffolds that can replicate this intricate gradient [18,19].
To this end, various heterogeneous constructs with tailored biome-
chanical and biochemical gradients have been developed to imitate the
osteochondral microenvironment, with the aim of repairing full-
thickness cartilage injuries. For example, Dai et al, [19] displayed a
stem cell-loaded dual-layer GelMA hydrogel for three-dimensional (3D)
bioprinting of heterogeneous construct for osteochondral regeneration.

i,
b NH, - ‘l 100% GelMA
) | NH; NHz | [
1 NH, NH, o,
1) 2 ! 70% GelMA
: | NH; NH [} +

1 0
! Gelatin _ MA GelMA 7 SobullL
it 3 & |
(RLE % 3 (o, 1
VIS0 4 (e L on 5% 30% GelMA
11 WKE oH g P
1,00 e 0
) 2 > woQ || 70% nHAMA
1 |
I < nHA HMDI HEMA nHAMA _/
\

Cartilage layer \
Calified layer | ¢
Bone layer [

:
Te
i)
CIORIRIRORAR

International Journal of Biological Macromolecules 298 (2025) 139860

The bottom layer, with a higher mechanical modulus, was loaded with
melatonin to induce bone regeneration, while the upper layer, with a
lower rigidity, was equipped with kartogenin to promote chondro-
genesis. This approach promoted cell adaptation and adhesion,
augmented mechanical strength, and facilitated simultaneous regener-
ation of cartilage and bone. Zhang et al, [15] reported a three-layer
alginate hydrogel scaffold fabricated by 3D printing, consisting of a
pure hydrogel cartilage layer, an interlayer for calcified cartilage with
40/60% (w/w) nHA/hydrogel and a subchondral bone layer with 70/
30% (w/w) nHA/hydrogel. This gradient nHA/hydrogel scaffold
possessed sufficient mechanical property and controlled degradability,
which facilitated simultaneous regeneration of cartilage and sub-
chondral bone. Although allowing for customized production, the high
cost of 3D bioprinting technology, the demanding and meticulous
preparation of bioinks, and the intricate manufacturing processes
involved in creating gradient structured scaffolds pose significant chal-
lenges to its broader practical implementation. On the contrary, using
layer-by-layer stacking method in mild gelling condition can realize
rapid, efficient and economical manufacturing, but it is difficult to
control of its elaborate structure.

To achieve full-thickness osteochondral defects regeneration and
streamline the preparation process, a biomimetic nHAMA/GelMA (B-
nHAMA) scaffold was developed using a layer-by-layer stacking method.
As shown in Scheme 1, this three-layer scaffold featured a pure GelMA
top layer for cartilage, an intermediate layer with 30/70% (w/w)
nHAMA/GelMA for calcified cartilage, and a 70/30% (w/w) nHAMA/
GelMA bottom layer for subchondral bone. Compared with the mono-
layer homogeneous nHA/GelMA composite [20] and three-layer cell-
laden nHA/GelMA composite [21], the B-nHAMA scaffold possessed
continuous-gradient pore size, high mechanical performance, desired
biodegradability and swelling behaviors, making it suitable for tissue
engineering applications. Both in vitro and in vivo studies demonstrated
its superiority in biocompatibility, chondrogenic and osteogenic prop-
erties, and osteochondral regeneration effect. The B-nHAMA scaffold
could achieve simultaneous regeneration of cartilage, calcified cartilage
and subchondral bone, which is expected to be a viable treatment option
for osteochondral defects.

Repairing

Scheme 1. Schematic illustration of biomimetic bone cartilage scaffolds based on trilayer methacrylated hydroxyapatite/GelMA composites for full-thickness

osteochondral regeneration.
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2. Experimental sections

Reagents, apparatus, preparation of GelMA, GelMA hydrogel,
nHAMA and various scaffolds, swelling performance test, degradation
performance test, in vitro and in vivo biological studies were provided in
Supplementary Information.

3. Results and discussion
3.1. Characterization of scaffolds

3.1.1. 'H NMR spectra of GelMA and gelatin

The chemical reaction between gelatin and methacrylic anhydride
(MA) was analyzed by Y nuclear magnetic resonance (*H NMR) spec-
troscopy, and the results were shown in Fig. S1. Two peaks of GelMA
appeared at 5.32 ppm and 5.55 ppm, which were attributed to vinyl in
MA, indicating successful grafting of methyl acrylamide group on
gelatin. In addition, the signal at 2.89 ppm belonged to the methylene
proton of -NHj, and the degree of substitution (DS%) of the methyl
acrylamide group on gelatin could be calculated by the formula DS% =
(1 — IgelMa 2.89/IGelatin 2.89) X 100%, where I represented the peak area.
The DS% of the methyl acrylamide group on gelatin was 70%, which was
basically consistent with the literature [22].

3.1.2. Characterization of nHA and nHAMA

nHAMA was synthesized by grafting HEMA to hydroxyl groups of
nHA via hexamethylene diisocyanate (HMDI). For morphology, both
nHA (Fig. S2A) and nHAMA (Fig. S2B) manifested an ellipsoidal
morphology. The average size of nHA and nHAMA was 96.48 nm and
100.98 nm, respectively. To confirm the chemical groups, Fourier
transform infrared (FT-IR) spectra of nHA, HEMA and nHAMA were
characterized. In Fig. S2C, the characteristic peaks of nHAMA (3400
em™! and 1037 cm™! corresponding to “OH’ and ‘-POj "’ groups,
respectively) were basically unchanged in nHA. After graft of HEMA, the
peaks at 2945 cm ™! for “-CHy’ groups, 1643 cm ™! for ‘C=C' groups and
1570 cm™! for ‘N-H’ groups could be observed in nHAMA. Further, to
assess the crystalline structure, X-ray diffraction (XRD) spectra of nHA
and nHAMA were obtained. In Fig. S2D, with regard to the characteristic
diffraction of (002), (102), (210), (211), (112), (300), (222), (213) and
(004), there was almost no difference between nHA and nHAMA, and
the diffraction peaks well matched with the standard card (JCPDS No.
09-0432), indicating the introduction of HEMA did not change the
crystallinity, crystalline phase or the intrinsic properties of nHA. Then,
thermogravimetric analysis (TGA) was carried out to quantify the
amount of organic phase (HMDI-HEMA) coupled to nHAMA via
comparing the differences of the total weight loss between nHA and
nHAMA. As shown in Fig. S2E, ca. 37.31 wt% of HMDI-HEMA was
grafted to nHAMA. The above results indicated that nHAMA was suc-
cessfully prepared.

The comparative photoreactivity of nHA and nHAMA was shown in
Fig. S2F-H. nHA and nHAMA were uniformly dispersed in the photo-
polymerization solution without ultraviolet (UV) irradiation (Fig. S2F).
After UV irradiation and static settlement for 5 min, nHA was still evenly
dispersed, whereas nHAMA produced visible precipitates (Fig. S2G).
Subsequently, after UV irradiation and 15 min of placement, nHA was
still homogeneously dispersed in the polymerization solution, while
nHAMA produced more precipitation (Fig. S2H). The results showed
that nHAMA was photoreactive after grafting HMDI-HEMA on the sur-
face of nHA.

3.1.3. Morphological characterization

The content of nHAMA incorporated in hydrogels is a key to accu-
rately replicating the osteochondral architecture and determining the
effectiveness of treatment. To comprehensively investigate the impact of
nHAMA on physiochemical and biological properties of gradient scaf-
folds, five groups of scaffolds were prepared, including GelMA (pure
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GelMA), 30% nHA (30% (w/w) nHA/70% (w/w) GelMA), 30% nHAMA
(30% (w/w) nHAMA/70% (w/w) GelMA), 70% nHAMA (70% (w/w)
nHAMA/30% (w/w) GelMA) and B-nHAMA. The morphologies of these
synthesized scaffolds (Fig. 1A-E) were characterized by scanning elec-
tron microscope (SEM). All scaffolds exhibited a porous and inter-
connected structure, which facilitated the exchange of nutrients, oxygen
and waste products. With the incremental incorporation of nHA or
nHAMA content, the pore sizes decreased gradually. The pore sizes of
GelMA, 30% nHA, 30% nHAMA and 70% nHAMA scaffolds were 87.9 +
5.6 pm, 43.8 £+ 1.6 pm, 52.9 + 6.4 pm and 20.7 + 2.5 pm, respectively.
As reported in the literature [23], micropores (<50 pm in diameter) help
promote the adsorption and retention of proteins on the scaffold surface
and are critical for subsequent cell adhesion, while macropores (>50 pm
in diameter) provide channels for the diffusion of nutrients and cells. To
recapitulate the osteochondral holistic tissue, the pore size of the B-
nHAMA decreased gradually from top to bottom (Fig. 1Ei-iii), which is
conducive for maintaining a balance between nutrient diffusion and cell
adhesion and proliferation.

3.1.4. Mechanical property characterization

Excellent mechanical property is an important clinical criterion for
bone scaffolds, and the mechanical strength that well matches native
bone tissues is desirable. As such, compressive tests were performed on
various scaffolds, and the compressive stress-strain curves were depicted
in Fig. 1F. Compared with pure GelMA, the mechanical strength of 30%
nHA and 30% nHAMA was obviously improved, with the 30% nHAMA
showing superiority (Fig. 1G). The increment in Young's modulus might
be attributed covalent bonding between the HEMA chains on nHAMA
and GelMA, resulting in the improved interfacial bonding [24]. How-
ever, the 70% nHAMA group exhibited relatively low mechanical
strength. This can be explained by two factors: firstly, the precursor
solution of 70% nHAMA was opaque, leading to the reduced trans-
mittance and the incomplete UV irradiation within the scaffold, thereby
weakening its load-bearing capacity. Secondly, the low amount of
GelMA was insufficient to support and distribute the load effectively. Of
note, the B-nHAMA scaffold displayed the highest Young's modulus with
181.48 + 29.94 kPa, indicating the gradient scaffolds enabled effective
stress distribution and possessed robust mechanical performance. The
hardness of cartilage ranges from 100 kPa to 6200 kPa [25-27], and
only the B-nHAMA scaffold fall within this range. Although the Young's
modulus of the pure GelMA layer in B-nHAMA scaffold was much lower
than that of native cartilage, the soft GelMA is expected to enable cells to
sense changes in stiffness and facilitate cartilage regeneration [28]. The
30% nHAMA layer in B-nHAMA scaffold mainly plays a vital role of
mechanical support, while the 70% nHAMA layer is expected to promote
bone growth. This outcome may be attributed to the remarkable struc-
tural similarity between the B-nHAMA scaffold and osteochondral tis-
sue, highlighting the inorganic-organic hybrid hydrogels' mechanical
tunability and the B-nHAMA scaffold's potential for clinical bone
regeneration.

3.1.5. Water absorption capacity and degradation studies

High water absorption capacity in hydrogels is beneficial for cell
migration, interactions and mass transport [15]. As shown in Fig. 2A, all
scaffolds rapidly swelled upon immersion in phosphate buffer saline
(PBS, 1x, pH 7.4) and reached swelling equilibrium within 7 h. The
swelling ratio (SR) of the scaffolds decreased with increasing nHA or
nHAMA content (Fig. 2B), due to restricted water molecule diffusion
resulting from the incorporation of nHA or nHAMA. In addition, larger
pores allowed easier water molecule entry, thus increasing water con-
tent of the scaffolds, which was consistent with the SEM observations
(Fig. 1A-E). Compared with the 30% nHA group, the 30% nHAMA group
displayed higher SR, indicating that grafting hexamethylene diisocya-
nate (HMDI)-HEMA on the nHA surface could enhance the water ab-
sorption of the scaffold. As previously reported, the SR of osteochondral
tissues ranged between 50% and 1600% [15,29-31], and thus the B-
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Fig. 1. SEM images of GelMA (A), 30% nHA (B), 30% nHAMA (C) and 70% nHAMA (D). (E) Photograph (left), SEM image (middle) and high-resolution SEM images
(right) of B-nHAMA. Ei: GelMA; Eii: 30% nHAMA; Eiii: 70% nHAMA. Stress-strain curves (F) and Young's modulus (G) of GelMA, 30% nHA, 30% nHAMA, 70%
nHAMA and B-nHAMA.

nHAMA scaffold's SR of 424.8 + 9.9% met these requirements. different degradation behaviors. As shown in Fig. 2C, GelMA scaffolds

Moreover, it is preferential for an implantable scaffold to achieve a exhibited the fastest degradation rate (DR). With the introduction of
balance between the material biodegradation rate and the tissue growth nHA or nHAMA, the DR obviously decreased by the 25th day (Fig. 2D).
rate. In vitro degradation test showed that all scaffolds displayed With the increase of the amount of nHAMA, the DR reduced, owing to
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Fig. 2. Characterizations of swelling and degradation of various scaffolds. (A-B) Swelling behaviors of various scaffolds soaked in PBS for 24 h. (C-D) Degradation
ratio of various scaffolds in type II collagenase over 25 days. (E) Release profile of calcium ions from various scaffolds.

the smaller pore size confirmed by SEM (Fig. 1A-E). The GelMA layer at
the top of the B-nHAMA scaffold degraded faster than the middle 30%
nHAMA and bottom 70% nHAMA layers, matching with faster cartilage
regeneration compared to subchondral bone [32]. Cartilage formation
needs the structure support provided by the underlying bone. As such,
the results were in accord with the strategic design of the B-nHAMA
scaffold with a relatively slow biodegradation rate. Meanwhile, the
release profile of calcium ions during the degradation process was
measured. As shown in Fig. 2E, the B-nHAMA scaffold could sustainably
release calcium ion for over 25 days without any burst release. The
GelMA scaffold slowly released a small amount of calcium ion derived
from gelatin. In 30% nHAMA and 70% nHAMA groups, the calcium ion
concentration slightly decreased after 3 days, which probably due to the
readsorption of calcium ion by the external frameworks. After that, the

30% nHAMA and 70% nHAMA scaffolds could continuously release
calcium ion for over 25 days, but with a little white material dissolved
out. In addition, we tested the stiffness of B-nHAMA scaffolds before
degradation experiment, and the stiffness was 40.60 + 0.28 g. Subse-
quently, we soaked the B-nHAMA scaffolds in PBS containing 0.02 U/mL
type II collagenase. After 25 days, the hardness of the B-nHAMA scaf-
folds was reduced to 30.51 + 0.69 g, due to its DR (66.04 + 7.19%).
These attributes are instrumental in promoting osteochondral
regeneration.

3.2. In vitro biological study of B-nHAMA

3.2.1. Biocompatibility study
The biocompatibility of the scaffolds is a vital prerequisite for tissue
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engineering applications. The biocompatibility study was conducted to
assess the cell proliferation, viability and adhesion on various scaffolds
using the cell counting kit-8 (CCK-8) assay, calcein acetoxymethyl ester/
propidium iodide (calcein AM/PI) staining, and fluorescein isothiocya-
nate (FITC)-phalloidin staining and morphological observation,
respectively. The CCK-8 assay results (Fig. 3A) showed the increased
optical density (OD) values at 450 nm for mouse embryo osteoblast
precursor cells in subclone 14 (MC3T3-E1) co-cultured with various
scaffolds from day 1 to day 5, indicating that the cells were proliferated
normally. The OD values of the 30% nHAMA group were little or slightly
higher than the 30% nHA group, indicating that the grafting HMDI-
HEMA on the nHA surface did not impair the biocompatibility of nHA.
The 70% nHAMA group also displayed high OD values on day 5,
showing that the incorporation of nHAMA did not obviously affect cell
proliferation. Notably, the gradient structure in B-nHAMA scaffold
closely resembled that of osteochondral tissue, leading to high cell
proliferation, suggesting excellent biocompatibility with MC3T3-E1
cells. Calcein AM/PI staining (Fig. 3B) revealed negligible red fluores-
cence, indicating no obvious cytotoxicity of the scaffolds over 5 days. Of
note, the B-nHAMA group's fluorescence intensity and cell density
closely resembled with the control group, highlighting its superiority in
cell proliferation and tissue regeneration.

According to the aforementioned results, the biosafety of 30%
nHAMA scaffold and 30% nHA scaffold was basically identical (Fig. 3A
and B), indicating that the grafting of HMDI-HEMA on the surface of
nHA did not change the cell viability on nHA. And the physicochemical
properties of 30% nHAMA scaffold were superior than that of 30% nHA
scaffold (Figs. 1G, 2B and D). Hence, only GelMA, 30% nHAMA, 70%
nHAMA and B-nHAMA scaffolds were assessed in downstream experi-
ments, that is, cell adhesion experiment, osteogenic differentiation
experiment and in vivo experiment. For cell adhesion evaluation, SEM
images of MC3T3-E1 cells after 24 h (Fig. 3C) revealed comparable cell
densities among the GelMA, 70% nHAMA and 30% nHAMA groups.
Notably, the B-nHAMA scaffold exhibited the highest cell attachment
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with an elongated and polygonal cell morphology, manifesting its ca-
pacity to boost cell adhesion. Similarly, for FITC-phalloidin staining
(Fig. S3), the cytoskeleton of cells attached to the GelMA scaffold was
not fully unfolded, whereas the cytoskeleton of the 30% nHAMA scaffold
was wide and the cells were well spread. The cells cultured on the 70%
nHAMA scaffold showed minor antennae protruding. In contrast, in the
B-nHAMA group, cells demonstrated a uniform distribution across the
scaffold, indicative of superior cell adaptation. Collectively, the B-
nHAMA scaffold offers commendable biocompatibility and cell adapt-
ability toward MC3T3-E1 cells.

3.2.2. Osteogenic differentiation

The osteogenesis potential of the scaffolds was assessed. Firstly,
alkaline phosphatase (ALP) activity, an early biomarker indicative of the
osteogenic phenotype and crucial for the onset of bone matrix miner-
alization, was evaluated. The B-nHAMA scaffold exhibited a notably
larger and denser ALP-stained area (Fig. 4A), and quantification analysis
confirmed its enhanced ALP activities (Fig. 4B), underscoring its supe-
rior osteogenic potential. Subsequently, alizarin red S (ARS) staining, an
indicator of the late-stage osteogenic efficiency reflecting extracellular
matrix mineralization, was carried out. The ARS staining results in
Fig. 4C-D displayed significantly increased matrix mineralization in the
B-nHAMA group, further manifesting its robust osteogenesis potential.
Lastly, to further elucidate the underlying molecular mechanisms,
quantitative real-time polymerase chain reaction (qQRT-PCR) analysis
was employed to evaluate the expression levels of key cartilage-related
genes, including collagen type II (COL-II) (Fig. 4E) and SRY-box tran-
scription factor 9 (SOX-9) (Fig. 4F), as well as bone-associated genes,
including collagen type I (COL—I) (Fig. 4G) and runt-related tran-
scription factor 2 (RUNX-2) (Fig. 4H), after differentiation for 14 and 21
days. The upregulation of these marker in the B-nHAMA group was
consistent with the ALP and ARS staining results, confirming the scaf-
fold's potential to support osteogenic functions at all stages. According
to reports [33-36], we hypothesized that B-nHAMA scaffold promote

Day 1 Day 3 Day 5

100 pm

Fig. 3. Cell proliferation activity, viability and adhesion on various scaffolds. (A) Cell proliferation activity of MC3T3-E1 cells assessed by CCK-8 assay after in-
cubation for 1, 3 and 5 days. (B) Cell viability evaluated by calcein AM/PI staining after MC3T3-E1 cells co-cultured with different scaffolds for 1, 3 and 5 days. (scale
bars = 100 pm). (C) SEM images of MC3T3-E1 cells co-cultured with different scaffolds for 24 h to reflect the cell adhesion (scale bars = 50 pm).
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Fig. 4. Invitro evaluation of osteogenic differentiation of MC3T3-E1 cells on various scaffolds. ALP staining (A) and quantification (B) of MC3T3-E1 cells cultured for
3 and 7 days (scale bars = 100 pm). ARS staining (C) and quantitative analysis of matrix mineralization (D) of MC3T3-E1 cells cultured for 21 days (scale bars = 100
pm). qRT-PCR analysis of cartilage-related gene expressions including COL-II (E) and SOX-9 (F), and bone-associated gene expressions including COL-I (G) and
RUNX-2 (H) after cultivation for 14 and 21 days. The data were presented as mean + S.D. (n = 3). Compared with control group, ***P < 0.001, **P < 0.01, *P <

0.05, ns > 0.05.
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chondrogenesis and osteogenesis via focal adhesion kinase (FAK),
mitogen-activated protein kinase (MAPK) and Wnt/f-catenin signaling
pathways. This excellent performance of B-nHAMA scaffold can be
attributed to the continuous-gradient pore size, bionic surface stiffness,
proper swelling and degradation properties, and the similar osteo-
chondral microenvironment of trilayered structure. Owing to the large
pore size of GelMA and gravitational infiltration, MC3T3-E1 cells were
prone to locate and attach to the 30% nHAMA layer. Hence, the dif-
ferentiation capacity of cells on 30% nHAMA scaffold was similar to that
of the B-nHAMA scaffold. However, 70% nHAMA scaffold exhibited the

A

Control

4 weeks

12 weeks

30% nHAMA

International Journal of Biological Macromolecules 298 (2025) 139860

worst osteogenic activity, potentially due to its small pore size, low
Young's modulus, and unbefitting swelling and degradation rates, and
thus limiting the diffusion of nutrients, cell-cell interactions and differ-
entiation capacity. The pure GelMA scaffold was completely degraded in
10 days (Fig. 2C), so the calcium nodules and gene expressions were
obviously low in the absence of scaffold, while its ALP expression did not
differ much from that of other scaffolds within 7 days. This observation
underscores the necessity for a balanced nHAMA concentration within
the hybridized hydrogel to effectively stimulate osteogenic
differentiation.

70% nHAMA B-nHAMA
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° 164 B E 1 Control B GelMA D E
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Fig. 5. Simultaneous regeneration of cartilage-subchondral bone in osteochondral defect after implantation. Gross images (A) and ICRS macroscopic score (B) of
repair tissues at various scaffolds after 4 and 12 weeks (red circles: surgical area, scale bars = 2 mm). The data were presented as mean =+ S.D. (n = 3). Compared with
control group, ***P < 0.001, **P < 0.01, ns > 0.05. Micro-CT images (C) and quantitative analysis of BV/TV (D) and BMD (E) of the newly formed cartilage after 12

weeks. The data were presented as mean + S.D. (n = 3). Compared with control group, ***P < 0.001, **P < 0.01. Red ovals: the implantation sites of scaffolds. Red
squares: normal and enlarged views of subchondral bone areas where the scaffolds are implanted (scale bars = 2 mm).
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3.3. In vivo biological study of B-nHAMA

3.3.1. Gross observations

To ascertain the osteochondral regeneration efficacy of the devel-
oped biomimetic scaffold with trilayered structure, which incorporate
both biomechanical and biochemical gradients, an in vivo biological
study was performed to evaluate the scaffolds' capacity to promote tissue
regeneration. Osteochondral defect modeling and scaffold implantation
were shown in Fig. S4. The rats did not display any infection, and their
surgical incised skins healed progressively. Tissue samples were
collected at 4- and 12-weeks post-implantation, with the frontal views of
the knee joints depicted in Fig. 5A (the circled region indicates the
surgical site). In the control group, new tissue appeared in the defect at
4 weeks after surgery, but it differs in color from the surrounding
cartilage tissue and presented an obvious depression, indicating
incomplete osteochondral regeneration. At week 12, the margin of the
defect remained distinguishable from the healthy cartilage with a
persistent depression. The regenerated tissue, mainly composed of hy-
aline cartilage, was transparent but did not match the functionality of
native cartilage. In the GelMA group, after 12 weeks, the new tissue had
almost filled the entire defect, the color was basically consistent with
that of the adjacent cartilage. Half of the defect edges showed complete
integration with the host bone, while the other half were either not in-
tegrated or exhibited shallow cracks. The 30% nHAMA and the 70%
nHAMA groups demonstrated complete defect regeneration after 12
weeks with the color of the new tissue matching the normal cartilage
and a smooth surface and blurred border, but minor cracks were
observed. In contrast, the B-nHAMA group showed complete defect
regeneration after 12 weeks, a smooth tissue surface, no discernible
boundary between the regenerated tissues and adjacent cartilage, and
without any cracks or other abnormalities. In addition, the regenerated
cartilage tissues were scored according to International Cartilage Repair
Society (ICRS) macroscopic assessment scale. As illustrated in Fig. 5B,
the corresponding ICRS scores of each group increased over time, with
the ranking of the groups based on their scores being: B-nHAMA >30%
nHAMA > GelMA >70% nHAMA > Control. The results were consistent
with the aforementioned in vitro osteogenesis results (Fig. 4), demon-
strating the increased mechanical properties and tailored swelling and
degradation properties could further induce the osteogenesis in vivo.
And the three-layer B-nHAMA scaffold, which closely replicated the
osteochondral microenvironment, showcased a superior osteochondral
self-regeneration effect.

3.3.2. Micro computed tomography (micro-CT) analysis

To verify the regeneration effect of the scaffolds, micro-CT imaging
was used to evaluate osteochondral regeneration after implantation for
12 weeks. The 3D reconstructed images (the red ovals outline the im-
plantation locations of the scaffolds) and two-dimensional (2D) lateral
reconstructed images (the red squares indicate subchondral bone areas
where the scaffolds are implanted) were presented in Fig. 5C. In the
control group, only few bone trabeculae were formed around the defect
site, indicating the limited self-regeneration ability. In the GelMA and
70% nHAMA groups, the trabeculae were irregular and the subchondral
bone was not completely regenerated. Conversely, in the 30% nHAMA
and the B-nHAMA groups, the trabeculae of the subchondral bone were
evenly distributed, and the regenerated new bone tissue of the B-
nHAMA group was similar to natural bone tissue in structure and den-
sity. Quantitative analysis of micro-CT data further confirmed the su-
periority of the B-nHAMA scaffold evidenced by its high ratio of bone
volume to tissue volume (BV/TV, Fig. 5D) and bone mineral density
(BMD, Fig. 5E). These metrics were indicative of the B-nHAMA scaffold's
outstanding osteoinductive ability, which was crucial for effectively
stimulating the new osteochondral formation.

3.3.3. Histological analysis
Furthermore, the decalcified samples from the repair sites of the
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osteochondral defects at 4 and 12 weeks post-surgery were assessed by
hematoxylin and eosin (HE), safranin O/fast green and Masson staining
to evaluate tissue regeneration and integration. For HE staining
(Fig. 6A), red or pink mainly represents the cytoplasm and extracellular
matrix, and blue or purple usually represents the nucleus. In the control
group, fibrous connective tissue was observed in the defect instead of
cartilage and subchondral bone, and the defect was not fully filled at 4
weeks. By 12 weeks, although the defect site was completely filled,
surface cracks persisted, and partial regeneration of the subchondral
bone was noted. In the GelMA, 30% nHAMA and 70% nHAMA groups,
the newly formed tissues mainly consisted of fibrous connective tissue at
4 weeks, and the defects were almost completely repaired at 12 weeks.
In the B-nHAMA group, at 4 weeks post-treatment, the defect area
exhibited no obvious depression, and a thicker repaired cartilaginous
layer was observed at 12 weeks. For safranin O/fast green staining
(Fig. 6B), the cartilage was stained red, and the subchondral bone was
stained blue or green. In the control group, the defect site was not
colored at 4 weeks, indicating that the newly formed tissue was neither
cartilage nor subchondral bone. Byl2 weeks, the center of the defect
stained red, indicating that the regenerated tissue was mainly cartilage,
although the subchondral bone had not been completely restored. In the
GelMA group, the cartilage tissue was regenerated well, but persistent
surface cracks were observed. In the 30% nHAMA group, by 12 weeks,
the cartilage and subchondral bone were basically regenerated, but
some cartilage tissue had grown into the subchondral bone, resulting in
a less distinct demarcation between local cartilage tissue and sub-
chondral bone. In the 70% nHAMA group, neither cartilage nor sub-
chondral bone had regenerated at 4 weeks. By 12 weeks, regeneration of
cartilage and subchondral bone was observed in the central region,
whereas the lateral and the lower regions mainly consisted of fibrous
tissue, which was not well integrated with the surrounding bone tissue,
with obvious boundaries and gaps in some regions. In the B-nHAMA
group, both cartilage and subchondral bone were completely regener-
ated, the subchondral bone was mature and the trabecular bone was
arranged regularly, significantly outperforming the other groups. For
Masson staining (Fig. 6C), collagen was colored blue, mature bone was
colored red, and the newly-formed bone presented a state between blue
and red colors. In the control group, the cartilage and subchondral bone
were not colored at 4 weeks, however, by 12 weeks, these tissues
appeared blue, indicating the regenerated subchondral bone had not yet
reached maturity. The 30% nHAMA and 70% nHAMA groups showed
partial maturation of the subchondral bones. In contrast, the B-nHAMA
group displayed clear demarcation lines between the newborn cartilage
and subchondral bone, which were completely fused with the sur-
rounding native bone tissue. According to the Modified O'Driscoll His-
tology Scoring System (MODHS), the histological scores of the
regenerated tissues were ranked as follows: B-nHAMA >30% nHAMA >
GelMA >70% nHAMA > Control (Fig. 6D), which was in accordance
with ICRS scores, micro-CT findings and in vitro osteogenesis results.
These histological results further confirmed the optimal osteochondral
defect regeneration of the three-layered B-nHAMA scaffold with merits
of its excellent mechanical performance, swelling and degradability
properties, biocompatibility, cell adaptability, chondrogenic and oste-
ogenic properties. The B-nHAMA scaffold, with its multifaceted advan-
tages, serves as a valid therapeutic option for full-thickness cartilage
injury regeneration.

4. Conclusions

In summary, a B-nHAMA scaffold with a gradient stiffness profile
from the cartilaginous layer to the subchondral bone layer was devel-
oped for the full-thickness regeneration of osteochondral defects. This
scaffold had porous microstructures, bionic mechanical capacity, and
controlled biodegradability and swelling properties, which are essential
for tissue regeneration. The in vitro assessments demonstrated its ad-
vantages in biocompatibility, cell adaptability, chondrogenic and
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Fig. 6. Histological analysis of the osteochondral defect after implantation at 4 and 12 weeks. HE staining (A), safranin O/fast green staining (B), Masson staining (C)
and histological scores (D) of the repair of osteochondral defect (scale bars = 400 pm). Black rectangles: repair area of osteochondral defect. The data were presented
as mean + S.D. (n = 3). Compared with control group, ***P < 0.001, **P < 0.01, *P < 0.05, ns > 0.05.

osteogenic properties. The in vivo studies confirmed that the scaffold
possessed optimal osteochondral regeneration effects, with simulta-
neous regeneration of cartilage and subchondral bone within 12 weeks.
Additionally, rather than using 3D printing, the photocrosslinkable B-
nHAMA scaffold was prepared through a layer-by-layer stacking
method. This method to some extent streamlines the complex processes
(such as bioink preparation and formulation optimization), achieves
shape plasticity and large-scale production, and reduces the manufac-
ture cost, making it more accessible to the basic research or even the
preclinical research. Collectively, the cost-effective and easily-acquired
B-nHAMA scaffold could match natural cartilage in physiochemical
properties and osteogenic properties by meticulously simulating the
structure of natural bone cartilage, suggesting the promising clinical
potential in full-thickness cartilage injury regeneration.
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