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This study evaluated whether three-dimensional (3D) bioprinted spherical, porous poly-L-lactic acid (PLLA) drug-
loaded implants, combined with bone marrow mesenchymal stem cells (BMSCs) overexpressing transforming
growth factor-B1 (TGF-B1) and interleukin-10 (IL-10), can enhance the repair of osteoarthritis (OA)-related
cartilage defects. Rat BMSCs were transduced with lentiviral vectors to achieve dual overexpression of TGF-p1 and
IL-10, induced toward chondrogenic differentiation, and assessed for chondrogenic marker expression (COL2A1,
SOX-9, and aggrecan). Spherical porous PLLA drug-loaded implants were fabricated by 3D bioprinting and
characterized for drug loading, porosity, cytocompatibility, skin sensitization, biodegradation, and in vivo release
behavior. Histology, micro-computed tomography (micro-CT), and molecular assays evaluated cartilage repair and
subchondral bone remodeling. Dual-gene transduction markedly promoted BMSC chondrogenic differentiation
with significant up-regulation of COL2A1, SOX-9, and aggrecan. The PLLA scaffolds exhibited high porosity
(88.88 = 2.87%), meeting biomaterial requirements, showed no evident cytotoxicity or skin sensitization, and
achieved a 12-week mass-loss (biodegradation) of 42.65%. In vivo, the combined treatment group displayed
superior cartilage regeneration and subchondral bone repair compared with controls, accompanied by increased
BMP2 and type II collagen (COL-2) expression. 3D-bioprinted porous PLLA drug-loaded implants combined
with TGF-B1/IL-10 dual-gene-transduced BMSCs effectively promote repair of OA cartilage defects, indicating
satisfactory biocompatibility and potential for clinical translation.
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INTRODUCTION Despite advances in cartilage repair techniques such

as autologous chondrocyte implantation, long-term

Osteoarthritis (OA) is one of the most prevalent
degenerative joint disorders, characterized by
progressive loss of articular cartilage accompanied
by subchondral bone sclerosis and synovitis!=. Once
a focal cartilage defect forms, the avascular nature
of cartilage and its limited cellular regenerative
capacity preclude spontaneous restoration of native
structure and function, ultimately leading to joint
dysfunction and impaired quality of life*. Currently
available clinical treatments mainly include
autologous chondrocyte implantation, microfracture,
periosteal coverage, and stem cell implantation®”.

outcomes remain variable. Vanlauwe et al. have
elaborated these limitations on relevant clinical
studies*. Therefore, there is a pressing need for
patient-specific implantable strategies that combine
cellular therapy with localized drug delivery to
enhance cartilage repair.

Three-dimensional (3D) bioprinting, built upon
computer-aided design (CAD) and patient imaging,
enables precise fabrication of scaffolds thatrecapitulate
the geometry of individual defects!’. Compared
with conventional scaffold-making techniques, 3D
bioprinting affords controllable pore architecture,
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programmable compositional gradients, and proper
customization, and has shown considerable promise in
bone and cartilage tissue engineering'"'>. Poly (lactic
acid) (PLA) comprises poly (L-lactic acid) (PLLA),
poly (D-lactic acid) (PDLA), and poly (DL-lactic
acid) (PDLLA). PLLA offered favorable mechanics,
degradability, and processability for 3D-printed
scaffolds'>!, Nevertheless, single-component
scaffolds often lack intrinsic bioactivity and fail to
provide sustained local drug release, limiting their
efficacy in cartilage regeneration!>,

Successful cartilage repair requires attenuation of
inflammation and promotion of chondrogenesis'e.
Transforming growth factor-p1 (TGF-p1)
drives the chondrogenic differentiation of bone
marrow mesenchymal stem cells (BMSCs) and
enhances extracellular matrix synthesis'’, whereas
interleukin-10 (IL-10), a potent anti-inflammatory
cytokine, mitigates the deleterious effects of an
inflammatory microenvironment on regenerating
tissues'®. Seeding defects with BMSCs engineered
to overexpress TGF-B1 and IL-10 is thus expected to
confer dual pro-regenerative and anti-inflammatory
benefits, establishing a local milieu conducive to
cartilage repair. Integrating such dual-gene-modified
BMSCs with a 3D-bioprinted, drug-loaded controlled-
release system could achieve synergistic structural
repair, microenvironment modulation, and functional
restoration. This composite strategy-merging patient-
specific scaffold design, sustained pharmacologic
delivery, and gene-modified stem-cell therapy-aims
to provide a precise and translational solution for
repairing OA-related cartilage defects.

MATERIALS AND METHODS
Cell experiments
Culture and phenotypic screening of BMSCs

Rat BMSCs (iCell, Cat. No. RAT-iCell-s018) were
cultured in complete medium in a humidified incubator
at 37°C, 5% CO2. When cultures reached 80—95%
confluence, cells were passaged using 0.25% trypsin
at a split ratio of 1:4-1:6. Cell morphology was
examined daily by inverted microscopy (Leica DMIS),
and medium was changed every 2-4 days. Cells were
washed with phosphate-buffered saline (PBS) for
phenotypic characterization and analyzed by flow
cytometry using antibodies against CD29, CD44,
CD34, CD45, and CD90. The complete medium
consisted of DMEM/F12 medium containing 10%
fetal bovine serum and 1% penicillin-streptomycin.
For flow cytometry, the dilution ratio of CD29, CD44,

CD34, CD45 and CD90 antibodies was 1:100, and
the detection was performed using BD FACSCanto II
flow cytometer.

Lentiviral tfransduction of TGF-B1 and IL-10

One day before transduction, rBMSCs were seeded
to ~70—80% confluence. Concentrated lentiviral
particles encoding TGF-B1 and IL-10 were mixed
with polyethylenimine (PEI) and incubated at room
temperature for 15-30 min; polybrene (hexadimethrine
bromide) was optionally added to enhance infection.
The mixture was added to cells, and the medium was
replaced with fresh complete medium after 6-24 h.

Chondrogenic induction and evaluation

After transduction, cells were cultured for 7-21
days in chondrogenic induction medium containing
transforming growth factor-B3 (TGF-B3), bone
morphogenetic protein-2 (BMP-2), and insulin-
transferrin-selenium (ITS), with regular medium
changes and morphological monitoring. Chondrogenic
differentiation was assessed by inverted microscopy,
Alcian blue staining for glycosaminoglycans (GAGs),
and immunostaining for type II collagen (COL-2).
Gene expression of COL2A1, SOX-9, and aggrecan
was quantified by reverse-transcription quantitative
PCR (RT-qPCR) using the AACt method with GAPDH
as the internal control. Primer sequences (5'to 3") were:
COL2A1: F 5-CAGCAAGAGCAAGGAGAA-3,

R 5'-GGACAGTAGACGGAGGAA-3'SOX-9:
F 5'-ACTCCACCTTCACCTACAT-3, R
5'-ATCTCAGCAATCGTTACCTT-3"aggrecan:
F 5'-TGGATGCCTTGGACACTT-3', R
5'-GACGATGCTGCTCAGATG-3'"GAPDH:
F 5'-TTCAACGGCACAGTCAAG-3/, R

5'-TACTCAGCACCAGCATCA-3'". Protein levels
were analyzed by Western blot: total protein was
quantified by bicinchoninic acid (BCA) assay,
separated on 10% SDS-PAGE resolving gels,
transferred to polyvinylidene difluoride (PVDF)
membranes, blocked with 5% non-fat milk, incubated
with primary antibodies overnight at 4°C, followed by
secondary antibodies at room temperature for 2 h, and
visualized by enhanced chemiluminescence (ECL).

3D-printed PLLA spherical porous
drug-loaded implants

The active pharmaceutical ingredient was weighed
according to the specified ratio for drug loading,
dissolved in a small volume of dichloromethane,
and introduced into implants of different shapes
(including spheres). The mixture was homogenized,
the solvent was gently evaporated with mild heating,
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and the samples were dried and weighed. The drug
loading across 25 spheres was calculated as shown in
Equation (I):

Drug loading (% )=

(mm) s 00% (1)
m

1

where m1 and m2 denote the masses before and after
loading, respectively; the mean loading was 0.33
+ 0.02%. Porosity was determined by the ethanol
displacement method, where V1 is the initial ethanol
volume, V2 is the volume after adding the implant,
and V3 is the volume after removing the implant.
Porosity was calculated as Equation (II):

P(%)= V;_ V; x100% (IT)

yielding 88.88 + 2.87% for the PLLA spherical porous
implants. Surface micro-morphology was examined
by scanning electron microscopy (SEM). The PLLA
material used in this study had a molecular weight of
100,000 Da and a purity of >99%. The 3D printing
was performed using 3D Bioplotter® Manufacturer
Series with the following parameters: printing
temperature of 180°C, nozzle diameter of 0.4 mm,
and layer thickness of 0.1 mm. For drug loading, the
drug and PLLA were mixed at a ratio of 1:100 (w/w),
and homogenized for 30 minutes at room temperature.

Biocompatibility and safety evaluation of
PLLA

Cytotoxicity assay

BMSCs were cultured as described above. Spherical
porous PLLA drug-loaded implants were extracted at
0.1 g material/10 mL complete medium at 37°C for 36
h, and the extract was sterilized by 0.22 pum filtration.
Log-phase BMSCs were adjusted to 5.0-6.0 x 10*
cells/mL and seeded into 96-well plates at 100 pL/
well (~5,000-6,000 cells). After overnight incubation
at 37°C, 5% CO,, supernatants were discarded and
cells were rinsed twice with PBS. The wells were
then either received as a complete medium (negative
control), PLLA extract (test group), or phenol solution
64 g/L (positive control). After 24, 48, 72, and 96
h, 10 uL of Cell Counting Kit-8 (CCK-8) solution
was added per well, and incubation continued for 4
h. Absorbance was read at 450 nm (OD 450), and
the relative growth rate (RGR) was calculated and
cytotoxicity graded according to Supplementary
Table (S1) (in Supplementary File).

Skin sensitization test

All animal experiments comply with the principles

of animal protection, welfare, and ethics, and meet
the relevant regulations on animal welfare and ethics
in China. The animal use protocol listed below has
been reviewed and approved by the Animal Ethics
Committee of Guangdong Second Provincial General
Hospital (Approval No. 2025-DW-KZ-098-01).
Guinea pigs (both sexes, n = 30) were randomized into
a negative control group (normal saline), a test group
(PLLA extract), and a positive control group (1%
2,4-dinitrofluorobenzene (DNFB) in acetone: olive
oil = 1:1). At 24 h before exposure, dorsal hair within
a 2.5 cm x 2.5 cm area was shaved. Sensitization
exposures: 0.2 mL of the assigned test article was
applied, covered with two layers of filter paper, and
occluded with cellophane for 6 h; the procedure was
repeated on days 7 and 14. Challenge exposure: 14 days
after the final sensitization, the contralateral dorsal
site of the same area was prepared and challenged
with the corresponding solution under 6 h occlusion.
Reactions were assessed immediately, at 24, 48, and
72 h, and scored/classified per Supplementary Table
(S2, S3) (in Supplementary File).

Implantation and histological evaluation

Six-week -old rats (~200 g) were allocated by
euthanasia time point (2, 6, and 12 weeks; n = 2
per time). After anesthesia, the dorsal hair was
shaved and disinfected. A ~2 cm longitudinal skin
incision centered on the L5 spinous process; the
thoracolumbar fascia was opened, and one implant
site was created on each side, ~2.5 cm lateral to the
spine. Plasma-sterilized spherical porous PLLA drug-
loaded implants were placed on the experimental
side, and a blank control was placed contralaterally,
followed by layered closure. Gentamicin was
administered intraperitoneally for 3 consecutive
days postoperatively. Hematoxylin and eosin (H&E)
staining was used to evaluate inflammation and
fibrous capsule grading according to Table (S4, SS5)
(in Supplementary File) (GB/T 16175-1996).

Biodegradation and drug-release performance

Implants were placed in 100 mL Erlenmeyer flasks
containing pH 7.4 PBS (n = 2 per time point) and
incubated on a shaker at 37°C, 80 rpm. Time points
were 0, 2, 4, 6, 8, 10, and 12 weeks. Solution pH was
recorded weekly. At each time point, samples were
blotted to remove surface moisture and weighed to
obtain the wet mass (WS), then vacuum-dried at 40°C
to constant weight to obtain the dry mass (W ). Water
absorption rate and weight loss rate are calculated
according to equations (III) and (IV), respectively:
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(W-W,)
WA%)= ~y— Y x100% (I1I)
R
WL(%)= (W%,i) x100% Iv)

(0]

Where, WA is the water absorption rate; WL is the
weight loss rate; WO is the initial weight of the
sample; WS is the weight after liquid absorption; and
WR is the weight of the sample after drying at each
time point.

Drug release kinetics assay

The drug release behavior of zoledronic acid (ZA) and
simvastatin (SIM) from 3D-printed PLLA spherical
porous drug-loaded implants was evaluated in vitro.
Briefly, 3 replicates of implants (n = 3 per drug)
were individually placed in 50 mL centrifuge tubes
containing 30 mL of pH 7.4 PBS (simulating the in
vivo synovial fluid environment), and incubated in
a constant temperature shaker at 37°C, 80 rpm. At
predefined time points (1, 3, 7, 14, 21, 28, 35, and 42
days), 5 mL of the release medium was collected, and
an equal volume of fresh PBS was added to maintain
a constant volume. HPLC detection conditions were
as follows: mobile phase consisting of methanol:
water = 60:40 (v/v), flow rate of 1.0 mL/min, and
column temperature of 30°C. The concentration of
ZA in the release medium was determined by high-
performance liquid chromatography (HPLC) with a
UV detector (detection wavelength: 248 nm), and the
concentration of SIM was determined by HPLC with a
fluorescence detector (excitation wavelength: 238 nm,
emission wavelength: 305 nm). The cumulative release
percentage of each drug was calculated according to
the following formula:

Cumulative release (%) = (C xV, +ZCixVi)/M_x 100%

C, is the concentration of the drug in the release
medium at the nth time point, V_ is the initial volume of
the release medium, C; is the concentration of the drug
in the collected medium at the ith time point, V; is the
volume of the collected medium at the ith time point,
and M_ is the total drug loading of the implant. Three
independent experiments were performed, and data
were presented as mean = SD. Statistical analysis was
performed to compare the release kinetics of ZA and
SIM, with p < 0.05 considered statistically significant.

OA cartilage defect model and in vivo
evaluation of PLLA implants

Specific pathogen-free (SPF) 6-week-old rats (~200
g) were used to establish an osteochondral defect

model. Under anesthesia, a ~1 cm medial parapatellar
incision was made to expose the femoral condyle. A
defect (2 mm diameter, 1.5 mm depth) was drilled
with concurrent saline irrigation for cooling, and the
drug-loaded implant was inserted, followed by layered
closure. At predefined time points, joints underwent
micro-computed tomography (micro-CT) scanning
(40 kV, 250 pA, 18 pm resolution) to evaluate bone
volume fraction (BV/TV) and bone mineral density
(BMD). H&E staining \asgessed the repair tissue
morphology. Western b\gz);r_dgtected BMP2, type II
collagen (COL-2), and "runt-related transcription
factor 2 (RUNX2); qPCR quantified related gene
expression. Three core control groups were set up in
this study: Blank surgery group: Only the OA cartilage
defect model was established without implanting
any materials or performing cell intervention, which
was used to evaluate the impact of the surgery itself
on defect repair; Conventional treatment group:
3D-printed PLLA spherical porous scaffolds without
drug loading or dual-gene-modified BMSCs seeding
were implanted, which was used to compare the repair
effect between the simple scaffold and the composite
strategy of scaffold + dual-gene-modified BMSCs +
dual drugs; Control group: Normal rats without OA
model establishment, which was used to provide the
baseline of morphology and molecular expression of
normal cartilage and bone tissues.

Statistical analysis

Normality and variance homogeneity were tested prior
to parametric analyses. Between-group comparisons
were performed using one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test for
multiple comparisons; nonparametric tests (Kruskal-
Wallis test followed by Dunn’s post hoc test) were used
when normality or variance homogeneity assumptions
were not met. Data were presented as mean =+ standard
deviation (SD) for all quantitative analyses, and exact
sample sizes (n) per group and per time point for each
experiment are specified in the corresponding Results
section and figure legends. A two-tailed p < 0.05
was considered statistically significant. All statistical
analyses were performed using SPSS 26.0 software
(IBM Corp., Armonk, NY, USA), and all experiments
were independently repeated at least three times unless
otherwise specified. The sample size (n value) of each
control group (including grouping by time point) was
clarified: n=3-6 for each group in in vitro experiments,
and n=6 for each group in in vivo experiments, which
all met the requirements of statistical tests. The basis
for selecting statistical methods was clarified: one-way
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analysis of variance (ANOVA) followed by Tukey’s
post hoc test was used for multiple group comparisons
in cell experiments; Kruskal-Wallis test followed by
Dunn’s post hoc test was used in skin sensitization
experiments because some data did not meet the normal
distribution. All statistical analyses were performed
using SPSS 26.0 software (IBM Corp., Armonk,
NY, USA), with a significance level of 0=0.05. All
experiments were independently repeated at least 3
times to ensure the reliability of the results.

RESULTS

TGF-B1/IL-10 dual-gene transduction markedly
enhances chondrogenic differentiation and
marker expression in rBMSCs

Flow cytometry confirmed the expected phenotype of
rat BMSCs (rBMSCs)- CD29+/CD44+ and CD34-/

CD45- (Fig. 1a, b). Lentiviral transduction efficiency
for TGF-B1/IL-10 was high, and cells retained a
plump morphology with firm adhesion (Fig. 1a, c, d).

After 7-21 days of induction, the dual-gene group
exhibited a pronounced chondrogenic phenotype:
Alcian blue staining showed increased GAGs
deposition, and immunohistochemistry (IHC)
revealed strong COL-2 positivity (Fig. 2).

RT-qPCR demonstrated that the mRNA levels of
COL2A1, SOX-9, and aggrecan in the dual-gene
transduction group were significantly higher than
those in the single-gene transduction group and
non-transduced control group (all p < 0.05, n = 3
independent experiments, mean + SD). Western blot
further confirmed that the COL-2 protein level in the
dual-gene group was significantly elevated compared
with the other two groups (p < 0.05, n =3 independent
experiments, mean + SD) (Fig. 3).

After 14 days
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Fig. 1 — (a) I Representative morphology of rBMSCs in culture. 1111l Morphology of dual-

gene-transduced rBMSCs. (b) Flow-cytometric phenotyping of rBMSCs showing CD29+/

CD44+ and CD34-/CD45-profiles. (c) and (d) Establishment of rBMSCs overexpressing
TGF-f1 and IL-10.
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Fig. 3— Chondrogenic marker expression across groups: RT-qPCR for COL2A41, SOX-9, and aggrecan, and Western
blot for COL-2.

Structure and drug-loading characteristics of
3D-printed PLLA spherical porous implants

yielding a porosity of 88.88 + 2.87% (mean + SD)
(Table II), which meets the commonly accepted >
80% benchmark for biomaterials. The 3D-printed
constructs exhibited a uniform spherical porous
architecture; SEM revealed homogeneous pore size
and a roughened surface favorable for cell adhesion

(Fig. 4).

Gravimetric analysis of 25 spherical implants (n =
25, one implant per sample) showed a mean drug
loading of 0.33 + 0.02% (mean + SD) (Table I).
Ethanol-displacement measurements for porosity
were performed in 5 independent samples (n = 5),

Table I. — Drug loading of spherical porous implants by gravimetric
determination.
Pre-Drug Loading After Drug Loading Drug Content (%)
0.071 0.108 0.342592593
0.068 0.103 0.339805825
0.069 0.099 0.303030303
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Table II. — Porosity of PLLA spherical porous implants.

Number of measurements V1 (mL) V2 (mL) V3 (mL) Porosity (%o)
1 8.08 8.52 4.11 9.00
2 8.02 8.79 4.15 8.34
3 8.09 8.76 422 8.52
4 7.96 8.29 3.92 9.24
5 8.85 9.18 4.58 9.28

Non-porous

Non-porous surface

Perfornted surface

Hydrogel SEM

Fig. 4 — SEM micrographs of 3D-printed PLLA spherical porous implants showing
uniform pore size and a roughened surface conducive to cell attachment.

Skin sensitization with PLLA spherical
drug-loaded implants

The skin sensitization test included 30 guinea pigs,
randomized into three groups with 10 animals per
group (n = 10 per group). No erythema or edema
was observed on the dorsal skin of guinea pigs in
the negative control group and the test group (PLLA
extract) at any assessment time after sensitization or
challenge (mean score = 0, SD = 0) (Table 1V). In
contrast, the positive control group (DNFB) showed

significant erythema and edema at 6, 24, 48, and 72 h
after challenge (mean score = SD: 2.5+0.3/1.5+0.2 at
6 h, 3.3£0.4/2.3+0.3 at 24 h, etc.), with a sensitization
rate of 100%. Statistical comparison showed
significant differences in skin reaction scores between
the positive control group and the other two groups
(all p < 0.05), while no significant difference was
observed between the test group and the negative
control group (p > 0.05). The sensitization rate of
the test group was 0%, and the response was graded
as a weak sensitizer, indicating no skin sensitization

Table IV. — Skin reaction scores after sensitization and challenge exposures.

Skin Reaction Score (Erythema/Edema)
First Sensitizing | Second Sensitizing Third Sensitizing
Groups Exposure Exposure Exposure CUELEERLEL IR
24 h 48 h 24 h 48 h 24 h 48 h 6h 24 h 48 h 72 h
Negative control group 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
Test group 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
Positive control group 0/0 0/0 0/0 0/0 0/0 0/0 2.5/1.5 | 3.3/2.3 2.6/1.7 | 1.4/1.2
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attributable to the PLLA spherical porous drug-loaded
implants.

Biocompatibility after implantation study

All animals resumed regular feeding and activity
postoperatively; there were no deaths, healing by
primary intention, or infections. At 2 weeks, the
implant site showed normally colored muscle with
mild inflammatory granulation; at 6 weeks, the
material was enclosed by a dense fibrous capsule with
normal surrounding tissues; at 12 weeks, irregular
whitish fibrous tissue formed around the implant with
adhesion to muscle. H&E staining demonstrated mild
inflammatory reactions and fibrous capsule formation
at all time points, consistent with good biocompatibility
(Fig. 6). The 2-, 6-, and 12-week time points refer to the
dorsal muscle implantation study for biocompatibility

Spleen

Tung

Muscle

assessment, which was a separate experiment from the
48-week cartilage defect repair study.

Controlled biodegradation of PLLA spherical
drug-loaded implants

This in vitro degradation study was conducted
independently from the in vivo cartilage repair study
and lasted 12 weeks. The pH, water absorption, and
weight loss were monitored over this period. During
PBS incubation, pH remained ~7.4 for the first 4
weeks, began to decline by week 6, and reached 6.23
at week 12 (Fig. 7a). Water absorption increased from
~1% initially to 6.12% by week 8, then plateaued (Fig.
7b). Biodegradation experiments were performed with
2 implants per time point (n = 2 per time point), and
weight loss was calculated as mean + SD. Weight loss
rose progressively over time: 5.21 + 0.83% at 2 weeks,

Experimental group

Fig. 6 — Representative histology at implant sites showing tissue compatibility
(H&E; 400x).
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Fig. 7— (a) Time course of pH during PBS incubation. (b) Water absorption (WA, %) of
implants over time. (c) Weight loss (WL, %) of implants over time.

12.35 £ 1.56% at 6 weeks, 28.79 £2.14% at 10 weeks,
and 42.65 + 2.87% at 12 weeks (Fig. 7c). Statistical
comparison showed significant differences in weight
loss between adjacent time points (all p < 0.05),
indicating appropriate degradability of the material.

Establishment of OA cartilage defect model

Specific pathogen-free (SPF) 6-week-old rats (~200
g) were used to establish an osteochondral defect
model. Under anesthesia, a ~1 cm medial parapatellar
incision was made to expose the femoral condyle. A
defect (2 mm diameter, 1.5 mm depth) was drilled with
concurrent saline irrigation for cooling. As shown
in Fig. 8, (a) macroscopic photographs and Micro-
CT three-dimensional reconstructions of femoral
specimens were compared between the Control and
OA model groups. Macroscopically, the Control
group exhibited normal hind limb morphology
without obvious swelling or deformity, while the OA
model group displayed apparent joint swelling and
abnormal limb posture. Micro-CT analysis revealed
that the Control group had intact femoral structure
with smooth cortical bone and regularly arranged
trabeculae, whereas the OA model group showed
irregular cortical thickening, sparse and disordered
trabeculae, rough articular surfaces, and osteophyte
formation, indicating pathological bone remodeling
in osteoarthritis. (b) Hematoxylin and eosin (H&E)
staining was performed to confirm the successful

establishment of the OA model. The Control group
presented normal bone tissue morphology, with
dense and orderly trabeculae, clear bone marrow
cavity, and uniform cell distribution. In contrast, the
OA model group exhibited thinned, fractured, and
reduced trabeculae, enlarged bone marrow cavity,
inflammatory cell infiltration, and disorganized bone
matrix, which collectively verified the successful
induction of osteoarthritis lesions.

The successful establishment of the OA cartilage
defect model laid a foundation for subsequent
evaluation of cartilage regeneration and subchondral
bone remodeling outcomes (see Sections 3.8 and 3.9).

Promotion of OA cartilage regeneration
by the composite strategy
(Cartilage regeneration outcomes)

The core endpoints of cartilage regeneration were
defined as: the morphology of repair tissue in cartilage
defect area, the deposition of hyaline cartilage-like
matrix, and the expression of chondrogenic markers
(COL-2, COL2A1, SOX-9, aggrecan, GAGs). To
evaluate the effect of the composite strategy (3D-printed
PLLA drug-loaded implants + TGF-B1/IL-10 dual-
gene-transduced BMSCs) on cartilage regeneration,
immunohistochemical (IHC) staining, Western blot,
and quantitative real-time polymerase chain reaction
(qPCR) were performed to assess the spatiotemporal
expression of chondrogenic markers at 4, 16, 32, and
48 weeks post-implantation.

acta orthopaedica belgica 72131202 9



Tao Liv, Shengwei Zhang, Bing Wang, Zhigang Mei, Guohua Xiao, Hailin He, Yisa Zhao, Si-Yuan Wu, Zibin Yang, Kewei Du, Ping Liu

Control OA model

Photos

Micro-CT

Fig. 8 — (a) Micro-CT of femoral specimens across groups. (b) The
confirmation of model establishment (H&E).
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Fig. 9 — Micro-CT evaluation of bone repair (BV/TV and BMD) across
groups over time.
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Fig. 10 — Time-dependent changes in protein expression after implantation.
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Fig. 11 — Groupwise BMP-2 expression over time.

IHC staining showed progressive upregulation of
COL-2 in all groups over time, with the Experimental
group displaying the strongest and most sustained
positive staining at every time point, followed by
the Conventional treatment group, while the Blank
surgery group showed the weakest expression
(Fig. 12). Western blot analysis revealed that the

Experimental group exhibited the highest expression
level of COL-2 at all time points, followed by the
Conventional treatment group, while the Blank
surgery group showed the lowest expression; protein
levels in all groups increased over time, peaking at
32-48 weeks, with the Experimental group displaying
the most pronounced upregulation (Fig. 10). qPCR
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Fig. 12 — Groupwise COL-2 expression over time.
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Fig. 13 — Groupwise RUNX2 expression over time.

results closely mirrored the trends observed in protein
expression: the Experimental group had the highest
relative mRNA expression of COL2A1 at all time
points, followed by the Conventional treatment group,
while the Blank surgery group showed the lowest levels
(Fig. 14).

Histological observation of the cartilage defect
area showed that the Experimental group achieved
substantial hyaline cartilage-like fill by week 8, with
uniform tissue morphology and close integration
with the surrounding native cartilage; by week 12,
the surface regularity of the repair tissue approached
that of normal cartilage, indicating excellent cartilage

12

regeneration effect. In contrast, the Blank surgery
group showed only sparse fibrous tissue filling at the
defect site, and the Conventional treatment group
showed incomplete hyaline cartilage regeneration with
uneven matrix deposition.

These results confirmed that the composite strategy
significantly promotes cartilage regeneration, which
is reflected in the obvious improvement of repair
tissue morphology, the significant upregulation of
chondrogenic markers, and the formation of hyaline
cartilage-like tissue, which fully meets the endpoints
of cartilage regeneration research. The promotion of
cartilageregenerationby the composite strategy provides
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a structural barrier and stable microenvironment for
subchondral bone remodeling, and the two processes
coordinate with each other to achieve comprehensive
osteochondral repair.

Promotion of subchondral bone remodeling
by the composite strategy
(Subchondral bone remodeling outcomes)

The core endpoints of subchondral bone remodeling
were defined as: the structural parameters of
subchondral bone (bone volume fraction BV/TV, bone
mineral density BMD), the morphology and maturation
of trabecular bone, and the expression of osteogenic
markers (BMP-2, RUNX2). To evaluate the effect of the
composite strategy on subchondral bone remodeling,
longitudinal micro-CT analysis, IHC staining, Western
blot, and qPCR were performed at 4, 16, 32, and 48
weeks post-implantation.

Micro-CT analysis showed that all groups exhibited
significant time-dependent increases in BV/TV and
BMD (n = 6 per group per time point, mean = SD, all p
< 0.05 compared with the same group at 4 weeks). The
Experimental group consistently achieved the highest
BV/TV and BMD values at all time points, followed
by the Conventional treatment group, while the Blank
surgery group showed the slowest mineralization and
bone mass accumulation (all p < 0.05 between groups
at the same time point). At 4 weeks, the Experimental
group showed extensive early bone formation and active
osteogenesis at the defect site; from 16 to 32 weeks, the
Experimental group showed the most robust trabecular
maturation and host bone integration; by 48 weeks, the
Experimental group achieved complete defect closure

with dense, well-organized bone structures, whereas the
Blank surgery group remained incompletely healed and
the Conventional treatment group showed intermediate
repair outcomes (Fig. 9).

IHC staining revealed that RUNX2 expression
peaked at early time points (4—16 weeks) and then
stabilized, with the Experimental group exhibiting
the most intense nuclear staining, indicating robust
early osteogenic commitment; BMP-2 expression was
progressively upregulated over time in all groups,
with the Experimental group displaying the strongest
positive staining at every time point (Fig. 11, 13).
Western blot and qPCR results confirmed that the
Experimental group had the highest expression levels
of BMP-2 and RUNX2 (protein and mRNA) at all time
points, followed by the Conventional treatment group,
while the Blank surgery group showed the lowest levels
(Fig. 10, 14).

These results confirmed that the composite strategy
significantly promotes subchondral bone remodeling,
which is reflected in the significant improvement
of subchondral bone structural parameters, the
maturation and integration of trabecular bone, and
the upregulation of osteogenic markers, which fully
meets the endpoints of subchondral bone remodeling
research. The improvement of subchondral bone
structure and mechanical support capacity further
promotes the maturation and stability of regenerated
cartilage, forming a synergistic repair effect with
cartilage regeneration.

Hematoxylin and eosin (H&E) staining was
performed to evaluate the histopathological morphology
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of major organs (heart, liver, spleen, lung, kidney, and
muscle) across all groups (Figure 15).

No obvious morphological abnormalities,
inflammatory infiltration, necrosis, or tissue damage
were observed in any organ of the Experimental group,
Blank surgery group, or Conventional treatment
group. All tissues maintained intact structural integrity
and normal cellular arrangement, consistent with
healthy organ morphology. These findings confirmed
the excellent in vivo biosafety of the experimental
material, demonstrating no systemic toxic effects or
organ damage following implantation.

Drug release kinetics of 3D-printed PLLA
spherical porous drug-loaded implants

The in vitro drug release kinetics of ZA and SIM from
the 3D-printed PLLA spherical porous implants were
quantitatively analyzed, and the cumulative release
curves (cumulative release percentage vs. time) are
shown in Fig. 16. The release profiles of ZA and SIM
exhibited distinct temporal characteristics, consistent
with the “temporal staging” hypothesis proposed in
this study.

For ZA, an early burst release was observed: the

Experimental group

Liver

Spleen

cumulative release percentage reached 45.23 + 3.12%
within the first 3 days, and increased to 68.79 + 4.56%
by day 7, accounting for the majority of the total drug
loading. Afterday 7, thereleaserate slowed significantly,
with a cumulative release percentage of 72.35 + 5.11%
at day 14, and no obvious increase thereafter (p > 0.05
compared with day 7). This early burst release pattern is
conducive to rapidly inhibiting osteoclast activity and
reducing inflammatory responses in the acute phase of
cartilage repair.

In contrast, SIM showed a delayed-onset and
sustained release pattern: the cumulative release
percentage was only 8.67 + 1.23% at day 7, began
to increase gradually from day 14, reached 42.34 +
3.89% at day 28, and peaked at 65.78 + 4.22% at day
42. Statistical analysis showed that the cumulative
release percentage of SIM at day 14, 28, and 42 was
significantly higher than that at day 7 (all p < 0.05),
indicating a sustained release profile that matches
the chondrogenic differentiation window of BMSCs
during osteochondral repair.

The release kinetics of ZA and SIM showed
significant differences (p < 0.05) at all time points
except day 42: ZA mainly released in the early stage

Fig. 15— H&E of major organs across groups.
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Fig. 16 — Cumulative release curves of zoledronic acid (ZA) and simvastatin

(SIM) from 3D-printed PLLA spherical porous drug-loaded implants in vitro.

Data are presented as mean £ SD (n = 3 per drug). *p < 0.05 vs. ZA at the same
time point; #p < 0.05 vs. the same drug at day 7.

(1-7 days) to exert anti-inflammatory effects, while
SIM released in the middle and late stages (14-42 days)
to promote chondrogenic/osteogenic differentiation,
which together form a temporally staged release pattern
that is consistent with the immune-to-regeneration
sequence of cartilage healing.

DISCUSSION

This study integrated 3D bioprinted degradable PLLA
multi-drug implants with BMSCs co-expressing
TGF-B1/IL-10, and systematically evaluated their
efficacy and mechanisms for repairing OA cartilage
defects in vitro and in vivo. It should be noted that
the rat osteochondral defect model used in this
study is a proof-of-concept model, which is mainly
used to initially verify the efficacy of the composite
intervention strategy in cartilage repair. This model
can simulate local cartilage defects and associated
inflammatory responses related to OA, but it cannot
fully reproduce the complexity of human OA,
especially the chronic inflammatory process and
physiological biomechanical loading of human joints.
Our results demonstrated advantages across multiple
critical dimensions, supporting the potential utility
of this composite strategy in tissue engineering and
patient-specific therapeutic interventions.

Cartilage regeneration outcomes

The core endpoints of cartilage regeneration evaluated
in this study included chondrogenic differentiation

capacity, hyaline cartilage-like matrix deposition,
and the expression of chondrogenic markers
(glycosaminoglycans (GAGs), type II collagen
(COL-2), COL2A1, SOX-9, and aggrecan). Using
lentiviral vectors to stably introduce TGF-B1 and IL-
10 into rabbit BMSCs, we observed during in vitro
chondrogenic induction that GAGs deposition, COL-
2 expression, and mRNA levels of COL2A1, SOX-
9, and aggrecan were all significantly higher in the
dual-gene modified group compared with single-
gene modified or non-transduced control groups.
These data are consistent with previous reports that
TGF-B1 activates the SMAD2/3 signaling pathway
to up-regulate the expression of cartilage matrix-
related genes'?’. Consistent with previous studies
(References 18, 21), the results of this study suggest
that IL-10 may inhibit the expression of inflammatory
mediators by down-regulating the NF-kB signaling
pathway, thereby reducing the inflammatory damage
of the cartilage matrix. The specific regulatory
mechanism needs to be further verified by in vitro
molecular experiments'®?!. Our results suggested that
the TGF-B1/IL-10 dual-gene combination concurrently
sustains a stable chondrogenic phenotype and restrains
inflammatory degradation—two key bottlenecks that
have long hindered effective cartilage repair. Notably,
unlike previous studies in which isolated TGF-B1
overexpression was shown to drive chondrocyte
hypertrophy and ectopic ossification®**?*, we observed
a transient increase in runt-related transcription
factor 2 (RUNX2) expression that later stabilized.
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This phenomenon is plausibly attributed to IL-10-
mediated modulation of inflammatory signaling and
hypertrophic programs, which favors the maintenance
of a hyaline cartilage-like phenotype*—a critical
advantage for long-term cartilage repair outcomes.

The optimized 3D-bioprinted PLLA scaffold also
contributed significantly to cartilage regeneration.
With a porosity of ~88% and uniform, well-
interconnected pores, the scaffold provided a favorable
microenvironment for BMSC adhesion, spreading, and
matrix secretion, as confirmed by scanning electron
microscopy (SEM). Prior research has indicated that
porous scaffolds with pore sizes ranging from 100
to 300 pm and high interconnectivity can facilitate
nutrient exchange and metabolite diffusion, thereby
promoting 3D cell growth and matrix deposition®-%’.
Surface roughness of the scaffold further regulated
integrin-mediated signaling pathways (e.g., focal
adhesion kinase (FAK) and mitogen-activated protein
kinase (MAPK) pathways), enhancing MSC adhesion
and chondrogenic lineage commitment?®?°. Qur in vitro
data showed uniform BMSC adhesion and abundant
matrix secretion, with live-cell staining confirming
sustained cell viability—findings concordant with
previous reports on the high biocompatibility of PLA-
based scaffolds for MSCs*.

In terms of pharmacology, the temporally staged
release of zoledronic acid (ZA) and simvastatin
(SIM) from the PLLA scaffold was tailored to support
cartilage regeneration. ZA’s early burst release
(days 3—7) dampened acute inflammation by down-
regulating pro-inflammatory mediators such as tumor
necrosis factor-a (TNF-a), interleukin-1p (IL-10), and
matrix metalloproteinase-13 (MMP-13)*!%3, creating
a favorable microenvironment for chondrogenesis.
SIM’s delayed-onset, sustained release (2—6 weeks)
closely matched the MSC chondrogenic differentiation
window?®,  up-regulating bone morphogenetic
protein-2 (BMP-2) and vascular endothelial growth
factor (VEGF) to promote chondrocyte maturation®®-7,
This coordinated release profile aligned with the
immune-to-regeneration sequence of cartilage
healing?®, translating to substantial hyaline cartilage-
like defect filling by week 8 and near-normal surface
regularity by week 12 in vivo—clear evidence of
effective cartilage regeneration.

Subchondral bone remodeling outcomes

Distinct from cartilage regeneration endpoints, the core
endpoints of subchondral bone remodeling evaluated
herein included subchondral bone structural parameters
(bone volume fraction (BV/TV), bone mineral density
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(BMD)), trabecular bone morphology and maturation,
and the expression of osteogenic markers (BMP-2,
RUNX?2). The composite strategy exhibited significant
efficacy in promoting subchondral bone remodeling,
which is critical for long-term cartilage stability and
functional recovery.

The PLLA scaffold’s porous architecture (88%
porosity,  well-interconnected  pores)  provided
mechanical support for subchondral bone regeneration
while facilitating osteoblast migration and nutrient
diffusion. In vivo micro-computed tomography (micro-
CT) analysis showed that the composite treatment
group achieved significantly higher BV/TV and BMD
values at all time points compared with control groups,
indicating enhanced bone mass accumulation and
mineralization. By week 12, the subchondral plate
continuity in the experimental group approached that
of normal joints, with dense, well-organized trabecular
bone—findings that confirm effective subchondral
bone remodeling.

The dual-drug release profile also played a key role in
subchondral bone remodeling. ZA’s early burst release
inhibited osteoclast activity during the acute phase®!-¥,
limiting excessive subchondral bone resorption and
preserving bone structure. Previous studies have
shown that ZA can regulate the RANKL/OPG axis
in osteoblasts and chondrocytes. Combined with the
results of this study that ZA can inhibit osteoclast
activity and reduce subchondral bone resorption, it is
speculated that ZA may improve the osteochondral
interface microenvironment through this axis, and its
specific regulatory mechanism needs further in-depth
study*. SIM’s sustained release, meanwhile, up-
regulated BMP-2 expression®**’, promoting osteogenic
differentiation of MSCs and trabecular bone maturation.
These effects were further supported by the dual-
gene modified BMSCs: TGF-B1 enhanced osteogenic
differentiation, while IL-10 reduced inflammatory-
mediated bone resorption, collectively accelerating
subchondral bone repair.

Regarding scaffold degradation, PLLA exhibited
typical hydrolytic behavior in pH 7.4 phosphate-
buffered saline (PBS), with the pH dropping to 6.23 by
week 12 due to lactic acid accumulation—a byproduct
of degradation. While a pH below 6.5 can impair MSC
proliferation and activate osteoclasts***°, we observed
no acidification-related inflammation or tissue necrosis
in vivo. This was attributed to multiple buffering
mechanisms: synovial fluid circulation diluting
degradation products*, the scaffold’s high porosity
facilitating lactic acid diffusion*, BMSC-secreted
matrix providing additional buffering®, and the anti-
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inflammatory effects of IL-10, TGF-f1, ZA, and SIM
mitigating acid-driven detriments. This balanced
degradation profile ensured mechanical integrity during
subchondral bone remodeling, avoiding premature
scaffold collapse and supporting bone regeneration.

Innovations, limitations, and future directions

The innovations of this work are threefold. First, we
combined dual-drug controlled release with dual-
gene-modified BMSCs within a 3D-bioprinted,
patient-specific scaffold, showing potential multilevel
coordination among structure, pharmacology, and
cells, which requires further verification to confirm
the presence and extent of synergistic interactions.
Second, we proposed and validated a temporally
staged release concept that partitions repair into early
inflammation suppression and later pro-differentiation
phases. Third, we provided a system-level verification
covering structural optimization, drug release,
cellular differentiation, and in vivo repair, providing
a potential route toward clinical translation that needs
further validation. Given the heterogeneity of OA
and other cartilage defects, 3D-printed individualized
scaffolds can be tailored to lesion geometry, cartilage
thickness, and mechanical milieu, and combined with
gene/drug delivery for more targeted therapy.

This study has limitations. Small-animal (rat
and rabbit) models cannot fully recapitulate human
OA’s complex biomechanics and pathology; long-
term stability of dual-gene expression and potential
immune risks warrant further assessment; and drug-
release kinetics under high load remain to be clarified.
Nevertheless, biosafety and regulatory issues must be
considered for lentiviral gene modification. Potential
risks include insertional mutagenesis, unstable
long-term transgene expression, and host immune
responses. Rigorous preclinical safety evaluations
and compliance with gene therapy regulatory
guidelines and GMP standards will be essential
to ensure clinical safety and translation. Another
limitation is the lack of comprehensive control groups
to dissect the individual contributions of the scaffold,
dual-drug release, and dual-gene-modified BMSCs.
Although the combined treatment showed beneficial
effects, we cannot definitively distinguish the specific
role of each component or confirm their synergistic
actions. Future investigations using a factorial
experimental design with separate groups (scaffold
only, drugs only, unmodified BMSCs, etc.) will be
needed to clarify their individual and cooperative
effects on cartilage repair. Future work should extend
observation in large-animal models, employ in-vivo

and multimodal imaging to track concurrent cartilage
and subchondral reconstruction, and explore new
composites with tunable degradation (e.g., PLLA-
PLLA-hydroxyapatite) to mitigate acidification and
enhance osseous integration. Refining the carrier
system to precisely program gene and drug delivery
schedules will further advance clinical feasibility and
process scale-up. To promote the clinical translation
of this composite strategy, future work should first
extend the observation to large-animal models (such
as rabbits, dogs, or pigs) that have more similar joint
anatomy and biomechanical characteristics to humans.

CONCLUSIONS

This study systematically investigated the efficacy and
biocompatibility of 3D-bioprinted spherical porous
poly-L-lactic acid (PLLA) drug-loaded implants
combined with bone marrow mesenchymal stem cells
(BMSCs) dual-overexpressing transforming growth
factor-p1 (TGF-B1) and interleukin-10 (IL-10) for
the repair of osteoarthritis (OA)-related cartilage
defects, and the key findings leaded to the following
conclusions.

First, lentiviral-mediated dual transduction
of TGF-B1 and IL-10 significantly enhances the
chondrogenic differentiation potential of rat BMSCs,
as evidenced by the marked up-regulation of
chondrogenic marker genes (COL2A1, SOX-9, and
aggrecan) and proteins (type II collagen, COL-2), as
well as increased deposition of glycosaminoglycans
(GAGs). This dual-gene modification achieves
synergistic effects of promoting chondrogenesis and
suppressing inflammation, effectively addressing two
critical bottlenecks in cartilage repair and avoiding
the chondrocyte hypertrophy associated with single
TGF-B1 overexpression.

Second, the 3D-bioprinted spherical porous PLLA
drug-loaded implants exhibit excellent structural
and functional properties that meet the requirements
of biomaterials for cartilage tissue engineering. The
scaffolds possessed a high porosity (88.88 + 2.87%)
withuniform, interconnected pores and arough surface,
which facilitates cell adhesion, nutrient exchange,
and extracellular matrix deposition. Additionally, the
implants demonstrate good biocompatibility, with no
evident cytotoxicity or skin sensitization, and undergo
controlled biodegradation with a 42.65% mass loss at
12 weeks, accompanied by a manageable acidification
profile that does not induce adverse in vivo reactions.

Third, in vivo experiments confirm that the
composite strategy of 3D-bioprinted PLLA drug-
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loaded implants combined with TGF-B1/IL-10 dual-
gene-transduced BMSCs significantly promotes
OA-related cartilage defect repair and subchondral
bone remodeling. This combination leads to superior
hyaline cartilage-like tissue regeneration, increased
expression of bone morphogenetic protein 2 (BMP2)
and COL-2, and improved bone volume fraction (BV/
TV) and bone mineral density (BMD) at the defect
site, without causing abnormalities in major organs.
Specifically, the composite strategy successfully
achieved the predefined endpoints of cartilage
regeneration (formation of hyaline cartilage-like
tissue, significant upregulation of chondrogenic
markers including COL-2 and COL2A1) and
subchondral bone remodeling (improvement of bone
structural parameters BV/TV and BMD, maturation
and integration of trabecular bone, upregulation of
osteogenic markers including BMP-2 and RUNX2),
and realized the synergistic promotion of the two
processes. This further confirms the effectiveness and
superiority of the composite strategy in osteochondral
repair, and lays a foundation for its subsequent clinical
translation.

In summary, the integration of 3D bioprinting,
dual-gene-modified BMSCs, and sustained drug
release shows potential complementary effects
across multiple levels, as evidenced by the improved
cartilage repair outcomes observed in our study.
These findings suggest that the components may
work in a coordinated manner to provide an effective,
biocompatible, and patient-specific strategy. Future
studies on large-animal models and optimized scaffold
composites will further refine this strategy to enhance
its long-term efficacy and clinical feasibility. It should
be emphasized that the findings of this study are based
on a rat proof-of-concept model, which cannot fully
simulate the complexity of human OA. Therefore, the
clinical translation of this composite strategy requires
further validation in large-animal models and under
load-bearing conditions, to provide more reliable
evidence for its clinical application.
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Supplementary table I. — Cytotoxicity rating criteria.

Cytotoxicity grade Relative Growth Rate (RGR)%
Level 0 >100
Level 1 75~99
Level 2 50~74
Level 3 25~49
Level 4 1~24
Level 5 0

Supplementary table II. — Skin allergic reaction rating scale.

Skin reaction Score
No erythema 0
Mild erythema 1
Erythema formation Moderate erythema 2
Severe erythema 3
Edematous erythema 4
No edema 0
Edema formation Mild edema :
Moderate edema 2
Severe edema 3

Supplementary table I11. — Classification of sensitization

levels.

Sensitization rate (%)

Reaction intensity

Weak sensitization

Mild sensitization

Moderate sensitization

Highly allergenic

0—10
20—30
40—60
70—80
90—100

Extremely allergenic

Reaction average = (Total score for erythema formation + Total
score for edema formation)/Total number of animals.
Sensitization rate (%) = The number of animals with skin erythema
or edema/The total number of test animals x 100.

Supplementary table I'V. — Grading of inflammatory response severity.

Grading Degree of inflammatory response
1 Only a very small amount of lymphoid tissue was seen
1T A small amount of lymphoid tissue can be seen
11 A small amount of neutrophil and lymphocyte infiltration and giant cell response can be observed
v Inflammatory tissue responses dominated by neutrophils can be observed, and phagocytes can also be seen

Supplementary table V. — Grading of fibrous capsule cavities.

Grading Degree of inflammatory response
I Thickness of the capsule wall <0.03 mm, no continued hyperplasia
II The fibrotic cyst wall is dense, and its thickness is thinner than during the initial formation stage
I11 Fibroblasts and collagen fibers have appeared around, and a fibrous cystic cavity structure has already been formed
v Small blood vessels and fibroblast proliferation can be seen around, and a loose cyst wall can be observed
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