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RESEARCH ARTICLE
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(This article belongs to the Special Issue: Advanced Strategies in 3D Bioprinting for Disease Modelling)

Abstract

Compared to conventional two-dimensional (2D) or scaffold-free three-dimensional
(3D) drug screening models, biomimetic osteochondral constructs offer superior
physiological relevance for studying osteoarthritis (OA) and accelerating therapeutic
discovery. This study reports the development of a polymeric microarchitecture (PM)-
based 3D osteochondral modelfor drug screening applications. Microfluidics-assisted
fabrication enabled the generation of cartilage-like and osteogenic microtissues
by encapsulating chondrocytes and endothelial/osteoblast cells within PMs. These
multicellular aggregates were embedded in gelatin methacryloyl and assembled
via 3D bioprinting into a stratified osteochondral construct. The model exhibited
favorable cell viability, high proliferation, and organized microtissue formation,
validating its biological functionality. An OA-like microenvironment was induced
using lipopolysaccharide, significantly elevating pro-inflammatory cytokines.
Treatment with diclofenac, dexamethasone, or curcumin markedly attenuated this
response, reducing tumor necrosis factor-alpha, interleukin (IL)-163, and IL-6 to 42.1,
193.5, and 193.5 pg/mL, respectively, while elevating the anti-inflammatory cytokine
IL-10 to 90.2 pg/mL. Overall, this PM-based 3D osteochondral platform reproduces
key features of native joint tissue and holds promise for OA research, drug screening,
and regenerative medicine.

Keywords: 3D osteochondral model; Curcumin; Drug screening; Microfluidics;
Porous microspheres

1. Introduction

Body articulation or joint-related diseases often lead to difficulties in mobility and
even paralysis in some instances, seriously affecting the quality of life in patients.
Among various joint-related diseases, osteoarthritis (OA) is one of the most common
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degenerative diseases of the skeletal system, affecting
around 85 million people globally every year."*

Articular cartilage plays a crucial role in the lubrication
and protection of the joint. The development of OA is
manifested by the gradual loss of the articular cartilage
and the densification of the underlying subchondral bone,
leading to osteophyte formation and subchondral sclerosis,
or even chondrocyte apoptosis and synovial effusion.’
Several treatment strategies, including the most common
joint replacement surgical procedure, are sophisticated
and complicated and often suggested at the advanced
pathophysiological stage. In addition, chemotherapeutic
assistance is provided by prescribing steroids and non-
steroidal anti-inflammatory drugs (NSAIDs) for OA
patients. However, the prescribed medication provides
merely symptomatic pain relief, which is short-lived
and transient, thereby requiring long-term therapeutic
strategies for OA.”® Moreover, it should be noted that most
of the currently available drug candidates are still having
limited efficiency. Therefore, extensive research has been
conducted to develop highly efficient, cost-effective, and
non-invasive strategies for OA therapy.>'

The establishment of screening models is essential
for the rapid development of chemotherapeutic drugs. In
this vein, highly efficient preclinical models are required
to achieve high-throughput drug screening and enable
precise and accurate investigation of OA pathology.'""*
Several in vivo models replicate OA with clinically relevant
features. However, these models suffer from several
limitations, such as high cost, long development periods,
and handling challenges.

Numerous in vitro models have been developed to
address these shortcomings for the efficient initial screening
of therapeutic agents towards OA therapy.'*"” Typically,
the two-dimensional (2D) cell culture of chondrocytes is
considered a “model cell” for investigating OA in vitro.
Comparatively, the three-dimensional (3D) models based
on chondrocytes are more reliable than the conventional
2D monolayers to investigate OA due to their simulations of
cell-cell and cell-extracellular matrix (ECM) interactions.
Further advancements include developing the scaffold-
based 3D models as the screening platforms, enabling
controlled matrix elasticity for the co-culturing of multiple
cell types (including bone cells) and investigations of
cell fate. Moreover, the encapsulated chondrocytes in
3D scaffolds could better maintain their physiological
phenotype and thus enhance the regeneration capacity of
articular cartilage compared to the 2D culture models.'*"”

Among the joint tissues, the subchondral bone cells
play a significant role in maintaining the proper cartilage

matrix and the articular physiology by interacting with
each other.'®” In a previous study, Maihemuti et al.?
proposed a 3D-printed porous multilayer scaffold based
on cold-water fish skin gelatin for osteoarticular cartilage
regeneration of damaged cartilage after arthritis. It was
demonstrated that the simulation of the physiological
microstructure of articular cartilage and subchondral bone
was essential to construct a 3D scaffold-based OA model.
In another study, Korpayev et al.?! designed a multilayer
scaffold embedding chondrocytes and preosteoblastic cells
as a biomimetic osteochondral model. The close simulation
and construction of bone joint structure and composition
would benefit the investigation of OA pathology and
drug screening.”**

Polymeric microarchitecture (PM)-based scaffolds have
attracted enormous attention from researchers owing to
their outstanding biocompatibility, excellent cell carrying
capacity, and ability to facilitate ECM-like environments
for cell growth.”*” These PMs with exceptional porosity
and interconnecting windows substantially encapsulate
cells and enable their infiltration into the interiors. This
ensures cell survival and proliferation by enabling the
passage of required nutrients for cells to survive at the PMs
core. Among various polymers from natural and synthetic
sources, poly(lactic-co-glycolic) acid (PLGA), a synthetic
polymer approved by the United States (US) Food and
Drug Administration, has garnered enormous interest in
the field of biomaterials due to the favorable mechanical
properties, low toxicity, and low immunogenicity.?** It has
been demonstrated that cells are attached more rapidly to
PLGA-based PMs with a significantly enhanced growth
rate compared to commercially available porcine gelatin
microcarriers.””** %

Notably, these PMs can be applied for drug delivery
towards joint diseases. In a study, Dhanabalan et al.*
designed a rapamycin-encapsulated PLGA-based PM,
demonstrating high residence time and co-localization
with various joint tissues when administered in the mouse
knee via intra-articular injections. Such biomaterial-
based delivery of rapamycin offers great potential for
testing in animal models and clinical translation as a
patient-compliant treatment. The controllable spatial
distribution of microsphere-based scaffolds could mimic
the native tissues and thus form bone-like and cartilage-
like macro-sized architectures.** >

Gelatin methacryloyl (GelMA) hydrogel has emerged
as an ideal biomaterial for 3D bioprinting owing to its
photo-crosslinkability, excellent biocompatibility, and
tunable mechanical properties. Studies have demonstrated
that the density of the molecular network (DMN) of
GelMA can be precisely modulated by optimizing the
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degree of substitution and solid content, enabling its
compressive modulus to span a wide pressure range of
3-123 kPa.”” This versatility allows GelMA to match the
mechanical characteristics of various soft tissues, such as
the liver, brain, and kidney. Furthermore, by incorporating
reinforcing materials, GelMA-based composites can
approach the mechanical requirements of stiffer tissues,
including cartilage and bone. The innate arginyl-glycyl-
aspartic acid sequences in GelMA support cell adhesion
and migration. Low-DMN formulations facilitate cell
spreading and proliferation, supporting high cell viability
(>95%), while high-DMN versions offer enhanced shape
fidelity and mechanical stability, making them suitable
for printing complex architectures. These attributes
collectively enable GelMA to mimic the native cellular
microenvironment in vitro, thereby reducing the need
for repetitive preliminary experiments and providing
a standardized platform for applications such as tissue
engineering and organ-on-a-chip systems.

Lipopolysaccharide (LPS) is the most abundant
component within the cell membrane of Gram-negative
bacteria. It can stimulate the release of inflammatory
cytokines in various cell types, leading to an acute
inflammatory response toward pathogens. OA is a low-
grade inflammatory condition, and the elevation of the LPS
levels in obesity and metabolic syndrome could contribute
to QA%

Motivated by these considerations, we demonstrated
the fabrication of an in vitro OA model composed of
hierarchical osteochondral tissue architectures using a
combinatorial approach of microfluidic technique and
3D bioprinting.”® Initially, PMs were prepared using the
microfluidic technique. Mouse embryonic chondrocytes
(C518) were then embedded into the PMs to construct
cartilaginous cellular microtissues (C-MTs). In addition,
mouse embryonic osteoblasts (MC3T3-E1) and mouse
aorta endothelial cells (MAEC) were simultaneously
encapsulated in a separate batch of PMs to construct
endothelial osteoblastic microtissues (EO-MTs). Then, the
C-MTs and EO-MTs were mixed with GeIMA as a bioink
for building a hierarchical osteochondral architecture using
the 3D bioprinting approach (Figure 1). OA condition was
finally induced in the designed hierarchical architectures
by exposing the osteochondral model to LPS.

Curcumin (Cur) is a natural anti-inflammatory agent
used in treating medical conditions for many years.
Several reports indicated its potency to target multiple
inflammatory diseases, including OA, rheumatoid arthritis,
and other inflammatory arthritic conditions.*~* Similarly,
the synthetic glucocorticoid dexamethasone (Dex) has
been widely employed in intra-articular therapy for OA
due to its potent anti-inflammatory effects, effectively
inhibiting pro-inflammatory cytokines, such as interleukin
(IL)-6, tumor necrosis factor-alpha (TNF-a), and matrix
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Figure 1. Schematic illustrating the preparation of hierarchical osteochondral architectures based on PLGA-based polymeric microarchitectures,
fabricated through a combination of microfluidics and bioprinting technologies for drug screening. Abbreviations: GelMA, gelatin methacryloyl; LPS,
lipopolysaccharide; MAEC, mouse aorta endothelial cell; PLGA, poly(lactic-co-glycolic) acid; PVA, polyvinyl alcohol.
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metalloproteinases, through nuclear factor kappa-light-
chain-enhancer of activated B cells pathway suppression.*
Additionally, diclofenac (Dic), an NSAID, is commonly
administered topically or orally to alleviate OA pain and
inflammation by inhibiting cyclooxygenase activity.”
Therefore, in this study, Cur, Dex, and Dic were employed
as drug models for proof-of-concept to investigate the drug
screening efficacy of the constructed osteochondral unit.

2. Materials and methods

2.1. Materials

Polyvinyl alcohol (PVA), PLGA (lactide:glycolide =
75:25, 66-107 kDa), gelatin, Dic, Dex, ascorbic acid, and
B-glycerophosphate sodium were obtained from Sigma-
Aldrich (US). Cur (99.7%) and dichloromethane were
purchased from Sinopharm Group Chemical Reagent
Co., Ltd. (China). Cell Counting Kit-8 (CCK-8) and
4,6-diamidino-2-phenylindole (DAPI) were purchased
from Nanjing Keygen Biotech Co., Ltd. (China). The
Bradford assay kit was purchased from Bio-Rad (US).
Qtracker®525and 655 Cell Labeling Kits were obtained from
Thermo Fisher Scientific (US). Penicillin-streptomycin,
fetal bovine serum (FBS), and Dulbecco’s modified Eagle
medium (DMEM) were purchased from Gibco (US).

2.2. Preparation and characterization of

polymeric microarchitectures

Initially, PLGA-based PMs were prepared using a
microfluidic technique, as previously reported.” Briefly,
a customized coaxial microfluidic system was prepared
using plastic tubes (inner diameter: 1 mm), a glass
capillary (outer diameter: 1 mm), and a needle (27G, inner
diameter: 210 um, outer diameter: 400 pum). PLGA (180
mg) was dissolved in dichloromethane (4.5 mL), and the
aqueous gelatin (6% w/v) was then added to form a water-
in-oil emulsion. The initial emulsion was stabilized by
ultrasonication and then introduced into the microfluidic
device as the discontinuous phase, while PVA solution
(1% w/v) was used as the continuous dispersion phase. The
flow rates of the discontinuous and the dispersion phases
were set at 0.05 and 2 mL/min, respectively. The PLGA-
based PMs were subsequently collected in a pre-cooled
PVA solution (1% w/v). After stabilization, the PMs were
washed with deionized water at 40°C to eliminate gelatin
and achieve a porous structure. Finally, the PMs were
lyophilized and stored until further use.

The morphology of PMs was observed using field
emission-scanning electron microscopy (FE-SEM; S-4800,
HITACH]I, Japan) after sputter-coating with gold. Fourier
transform infrared (FTIR) spectra were obtained using
a Nicolet iS50 model FTIR spectrophotometer (Thermo
Nicolet Corporation, US) at a 4 cm™ resolution using

KBr pellets. The degradation of PMs was investigated by
exposing the PMs to phosphate-buffered saline (PBS; pH
7.4) at 37°C, and the changes in the morphology of PMs at
different predetermined time intervals were observed using
FESEM. Furthermore, the protein adsorption efficacy of
PMs was investigated using a standard Bradford assay Kkit.
Briefly, PMs were placed in 96-well plates, and then 200 pL
of 10% FBS-containing DMEM was added to each well, and
the medium was replaced at predetermined time intervals.
After washing with PBS, the PMs were immersed in 200 pL
of protein eluent for 30 min, and the protein content was
determined using the Bradford assay Kkit.

2.3. Preparation and characterization of
cartilaginous cellular microtissues and endothelial
osteoblastic microtissues

Cell lines MC3T3-El, C518, and MAECs (Beina
Biotechnology Research Institute, China) were cultured
in complete medium (basal medium supplemented with
10% [v/v] FBS, 1% [v/v] penicillin-streptomycin) at
37°C in 5% CO, and 95% relative humidity. Firstly, PM
suspension with different concentrations (0.25, 0.5, and 1
mg/mL) was prepared in DMEM and added to the cells
for different incubation times. Cell viability was detected
through the CCK-8 assay. C-MTs and EO-MTs were
developed by encapsulating the cells in PMs separately.®*¢
For the construction of C-MTs, microspheres were placed
in each well of a 96-well plate after sterilization. Then, 200
uL of C518 cell suspension at a concentration of 1.6 x 10*
cells/mL was added for culturing modes. The PMs were
placed in an incubator for static culture, or placed at 37°C
and 110 rpm for dynamic culture under the condition
of ensuring nutrition and oxygen supply. Similarly, EO-
MTs were constructed by co-culturing MAECs and
MC3T3-E1 cells together with PMs. After 3, 9, and 24 h
of culture, non-adherent cells were removed by washing
three times with PBS after removing the medium, and PMs
were collected and digested with trypsin and counted.
Adhesion and proliferation assays were performed using
triplicate cultures, and the data were representative. The
cell adhesion rate was calculated using Equation I, as
previously reported™:

Cell adhesion rate (%) = Cell
adhesion/Cell inoculation number x100

@

The MAECs and MC3T3-E1 cells were labeled with
Qtracker’655 and Qtracker®525, respectively, and the
distribution of cells in EO-MTs was observed through
Leica TCS SP8 confocal laser scanning microscopy
(CLSM) (Leica Microsystems GmbH, Germany).
Immunofluorescence staining was used to observe
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the expression of aggrecan, collagen I, and collagen II
in C-MTs. The CCK-8 method was used to detect the
proliferation of cells in the MTs under static and dynamic
culture. The MTs were fixed with paraformaldehyde and
stained with DAPI for CLSM imaging. Other MTs were
embedded in paraffin and sectioned for hematoxylin and
eosin (HE) staining. After dehydration with gradient
ethanol solutions, the fixed sealing plates were observed
using a light microscope (Nikon Eclipse Ts2, Japan).
Assays were performed with triplicate cultures, and data
are representative of three experiments.

Next, MAECs and MC3T3-E1 cells were co-cultured
using the method described in Section 2.3. After 5 days of
co-culture, the cells were transferred to 24-well plates. Half
of the wells were maintained in regular complete medium,
while the other half were switched to osteogenic induction
medium (complete medium supplemented with 1 mM
Dex, 10 mM ascorbic acid, and 1 M B-glycerophosphate
sodium). On day 7, alkaline phosphatase (ALP) activity
was detected using the BCIP/NBT ALP detection kit
(Beyotime, China). On day 14, calcium deposition on
EO-MTs was stained with Alizarin Red S (ARS). After
thorough staining, the staining solution was washed off,
and the ARS-stained calcium deposits were dissolved in
10% w/v cetylpyridinium chloride. The absorbance was
then measured at a wavelength of 562 nm.

For C518 cells of the same passage, cells were harvested
by trypsinization and seeded into six-well plates. Half of
the wells were cultured under normal conditions, while
the other half were supplemented with additional PMs.
The plates were then incubated on an orbital shaker. On
day 4, culture supernatants were collected, and the secreted
glycosaminoglycan (GAG) content was measured using
an enzyme-linked immunosorbent assay (ELISA) kit. For
C-MTs, at different time points (days 1, 4, and 7) of co-
culture, 2 mL aliquots were collected from the co-culture
system under mixed conditions. Of these aliquots, 1 mL
was used for GAG content detection, while the remaining
1 mL was used for DNA content assay. GAG content was
then normalized to DNA content.

2.4. Preparation and characterization of
microtissue-gelatin methacryloyl composite bioink
For the modification of gelatin with methacrylic anhydride
and subsequent processing, gelatin was added to carbonate
buffer (0.25 M, pH = 9.0) and heated at 50°C to facilitate
dissolution. Once the solution became clear with no visible
undissolved gelatin particles, methacrylic anhydride was
slowly added, and the reaction was allowed to proceed
under continuous stirring in the dark. During the reaction,
the pH was maintained using 1 M NaOH. Following
the reaction, the solution was immediately transferred

to a preheated dialysis membrane (molecular weight
cutoff: 8-14 kDa) while still hot for dialysis. Dialysis was
performed with water changes three times daily for one
week. After dialysis, the solution was frozen overnight in
a —80°C freezer and subsequently lyophilized for 48 h,
yielding a spongy sample. The sample was then stored dry
at —20°C.

An Avance III 500 MHz spectrometer (Bruker,
Switzerland) was used to acquire 'H nuclear magnetic
resonance (NMR) spectra at room temperature. Samples
were dissolved in D,0 (10 mg/mL) and measured
in a 5 mm NMR tube. GelMA was dissolved in PBS
buffer at 50°C under gentle stirring to prepare a 10%
w/v solution. Then, 0.25% w/v lithium phenyl-2,4,6-
trimethylbenzoylphosphinate was incorporated to form
the GelMA bioink. For FESEM observation, 1 mL of
bioink was crosslinked under blue light for 30 s in a mold.
The resulting hydrogel was frozen in liquid nitrogen,
lyophilized for 48 h, snap-fractured in liquid nitrogen, and
sputter-coated with gold before imaging. To assess swelling
behavior, PMs were blended into the GelMA bioink and
crosslinked. After demolding, samples were rinsed with
PBS (pH 7.4) and blotted to remove excess liquid. The
initial dry weight was recorded. Samples were immersed
in 20 mL PBS at 37°C under shaking (50 rpm). At specified
intervals (1-24 h), samples were removed, blotted, and
weighed. Swelling equilibrium was defined as a weight
change <5% between two consecutive points. The swelling
ratio and moisture ratio were calculated accordingly.
Rheological properties were characterized using a dynamic
shear rheometer Discovery HR-1 (TA Instruments, US)
with a 50 mm parallel-plate geometry (1 mm gap). Both
uncrosslinked (PM/GelMA mixture with photoinitiator,
degassed) and crosslinked (1-mm-thick discs, photocured)
samples were tested. Shear viscosity was measured at room
temperature from 0 to 1000 s™'. Temperature-dependent
viscosity and moduli (G’ and G”) were recorded during
cooling from 40°C to 0°C at 5°C/min.

2.5. Construction of biomimetic osteochondral
tissue model

The mixture of C-MTs or EO-MTs and GelMA hydrogel
was layer-printed by an extruded 3D bioprinter to
construct a biomimetic osteochondral tissue model. First,
EO-MT-GelMA hydrogel composite (50 microtissue/mL)
was printed in six-well plates and cured using blue light
irradiation for 10 s. The C-MT-hydrogel composite (50
microtissue/mL) was then printed on the EO-MT layer
and cured using blue light irradiation. Then, 1 mL of the
complete medium was added and placed in an incubator.
Meanwhile, MT/GelMA bioink was directly added into
sterilized silicone molds, photocrosslinked with blue light,
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demolded, and then transferred to six-well plates for culture
as the casting group. On days 1, 4, and 7, cell viability of
both the casting group and the scaffold group was assessed
using the CCK-8 assay. On day 14, the scaffolds were
retrieved, washed with PBS to remove residual medium,
and their structural integrity was observed. Additionally,
on day 14, the scaffolds were stained using the BCIP/NBT
ALP chromogenic kit; on day 21, calcium deposition on
the scaffolds was stained with ARS.

For cellular tracking, C-MTs and EO-MTs were labeled
with Qtracker’655 and Qtracker’525, respectively. The
labeled MTs were then mixed with GelMA hydrogel and
printed under light-protected conditions, followed by
blue light-induced photocrosslinking. The constructs
were transferred to a cell culture incubator for subsequent
culture, and all subsequent procedures were performed
under dark conditions. On days 7 and 14, the interface
region between the osseous layer and cartilaginous layer
was observed using CLSM.

2.6. Lipopolysaccharide-induced

osteoarthritis model

Medium containing LPS at different concentrations (0, 0.01,
0.5, 1, and 10 pg/mL) was added to cultured chondrocytes
for 48 h, and the cell viability was investigated using the
CCK-8 assay. After the biomimetic osteochondral tissue
model was constructed, LPS (0.5 ug/mL) was added to
the culture medium for 6, 24, and 48 h to induce OA. At
various time points, the supernatants were collected, and
the levels of TNF-a and IL-1P were then detected using
respective ELISA assay kits (LunChangShuoBiotech,
China). In addition, Dic, Dex, and Cur were used as the
drug model to treat OA. Different concentrations of Dic
(75, 100, and 125 uM), Dex (1.5, 3, and 4.5 uM), and Cur
(30, 40, and 50 uM) were added to the culture medium.
After 48 h of incubation, cell viability was assessed using
the CCK-8 assay. Cur was labeled with FITC, added to
the cells, and incubated for a certain period of time. Then,
the cells were fixed with 4% paraformaldehyde, nuclear
stained with DAPI, and observed using CLSM imaging.
The designed biomimetic joint tissue was treated with LPS
for 48 h, and was then added Dic, Dex, or Cur solution
for incubation over 48 h. The contents of inflammatory
cytokines TNF-a, IL-1pB, IL-6, and IL-10 in the supernatant
were measured using ELISA kits. All the assays were
performed in triplicate, and the data were representative of
three experiments.

2.7. Statistical analysis

Data were analyzed using Origin 2021 (Origin Lab, US).
All experimental data displayed as mean + standard
deviation (SD) were assessed using the unpaired Student’s

t-test and analysis of variance with post hoc test using
Tukey’s honestly significant difference (HSD) method, and
P <0.05 was considered statistically significant.

3. Results and discussion

3.1. Characterization of polymeric
microarchitectures

This study employed the microfluidic technique to fabricate
PLGA-based porous PMs. The gelatin was distributed
in the PLGA droplets as a porogen and then corroded
using hot water. Notably, the FESEM images (Figure 2A
& B) showed that the microfluidic techniques resulted in
monodisperse PMs with a uniform diameter of 450-550
pum and a pore size distribution in the range of 20-50 um
(Figure 2D & E). In addition, the cross-sectional view of
the PMs presented interconnected windows (Figure 2C),
which could substantially facilitate the transportation of
nutrients and oxygen. These results were in agreement
with the reported literature, in which PMs with a diameter
of 250-700 um could retain the viability of cells cultured
for 3-14 days due to their significant proliferation ability,
attributing to the interconnected pores of 20-70 pm.**

The designed PMs were further systematically
characterized using various techniques and compared with
the raw PLGA material (Figure S1). The results showed
that no structural changes occurred during the preparation
process. The PMs exhibited a uniform size with porous
structure and good physicochemical characteristics—
potentially an optimal platform for cell growth.

Notably, the degradability attribute of the
biomaterials is equally important to exploring the
characterization and performance efficacy. To this end,
PMs were placed in PBS and incubated for seven weeks
to investigate their degradation properties. As presented in
Figure S2, although PLGA was gradually degraded, the
porous structure of the PMs remained intact for several
weeks, suggesting them as the most suitable carrier for cells,
while the slow degradation of PMs favored biomaterial
absorption and tissue formation.**' In addition, protein
adsorption effects were used to explore cell adhesion
effects on the surface of the PMs by exposing the PMs to
serum proteins and evaluating them using the Bradford
protein assay following the manufacturer’s instructions.
The results showed that the adsorption kinetics of the
proteins were approximately 1.40x102 mg/PM for 30
min, followed by equilibrium (Figure S3). Collectively, the
characterizations, degradability, and protein adsorption
efficacy could substantially reflect the cell adhesion ability
of the designed PMs, indicating their potential ability for
tissue regeneration.”*
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Figure 2. Characterizations of the polymeric microarchitectures. (A & B) Scanning electron microscopy images of the particles. Scale bars: (A) 300 um.

(B) 30 um; magnification: (A) 200x, (B) 700x. (C) Cross-sectional view. Scale bar: 50 pm; magnification: 900x. (D) Particle size distribution.
(E) Pore diameter distribution.

3.2. Preparation and characterization of the results showed that high cell viability was still observed
cartilaginous cellular microtissues and endothelial at the concentration of 1 mg/mL for 72 h (Figure 3B & C).
osteoblastic microtissues

Amongseveral constituents, chondrocytesand subchondral
osteoblasts are key components of articular joints. Within
these joints, blood vessels are distributed in the subchondral
bone, where endothelial cells play a pivotal role in bone
development and in the repair of articular body joints.*
Considering these aspects, MC3T3-E1 cells and MAECs
were co-cultured in the PMs to simulate subchondral
bone tissues. Different concentrations of PM suspension
were prepared to treat the cells. The live and dead staining
fluorescence images at 24 h showed that almost no dead
cells existed, with a high cell survival rate, indicating that
the PM suspensions had no obvious toxicity to the cells at cell filling within its interior. Similarly, C-MTs also
this time (Figure 3A). Furthermore, the CCK-8 assay was presented excellent proliferation efficacy of chondrocytes
used to detect the cytotoxicity of the PM suspension, and in the PMs (Figure 4A), demonstrating that all three cell

C-MTs and EO-MTs, both static and dynamic
cultivation methods were employed. The adhesion and
growth of cells on the PMs were determined through
nuclear staining and the measurement of cell proliferation,
respectively. It was evident that the MC3T3-E1 cells and
MAECs presented excellent proliferation efficacy with the
increased cell numbers in the initial 5 days, potentially
attributing to the biocompatibility of the PMs (Figure 4A).
Additionally, the highly open and porous microstructure
facilitates cellular penetration into the PMs while enabling
efficient substance exchange to meet the nutritional
requirements of cells within the PMs, thereby promoting
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Figure 3. The biocompatibility of polymeric-microarchitecture suspensions. (A) Fluorescence images of the live and dead staining of cells treated with
different concentrations of suspensions for 24 h (green: live; red: dead). Scale bar: 200 um; magnification: 40x. Cell cytotoxicity of (B) MC3T3-E1 (n = 3)
and (C) C518 (n = 3) under different suspension concentrations and exposure times was analyzed using the cell counting kit-8 assay.

types could grow well in the PMs. Notably, comparative
analysis revealed that cells in MTs prepared under dynamic
culture exhibited slightly higher proliferation than those in
static culture, attributable to enhanced nutrient, oxygen,
and waste transport.”

In addition, the adhesion and proliferation efficiencies
of cells in PMs were measured quantitatively using the cell
counting and CCK-8 analyses, respectively. The results

showed that the PMs possessed excellent cell adhesion
ability. In EO-MTs under static culture, the average
adhesion rate of MC3T3-E1 cells and MAECs was 6.0%
at 3 h compared to the inoculated cell numbers, which
subsequently increased to 10.5% at 9 h and 28.6% at 24 h
(Figure 4B). Interestingly, the cell adhesion rate in the
dynamic culture method was 33.1% at 24 h, markedly
higher than that of the static culturing method. Although
there exists a slight difference, both cell culturing modes
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presented excellent adhesion efficacies. Meanwhile,
cell proliferation in EO-MTs showed that the relative
viability rate of harbored cells nearly doubled from day
1 to day 7 under static culture, indicating that the 3D
microenvironment of PMs was optimal for cell growth
(Figure 4C). Similarly, CLSM observations (Figure 4A)
showed a significant increase in dynamically cultured C518
chondrocytes after initial adhesion within the polymer
structure, with cells maintaining a steady growth state in
PMs (Figure 4D & E). Notably, C518 chondrocytes showed
proliferation and infiltration patterns similar to those of
MAECs and MC3T3-E1 cells, with a 24 h adhesion rate
of 58.2% under dynamic culture, exceeding that achieved
under static culture.

In normal subchondral bone, endothelial cells are
essential for intercellular signaling, angiogenesis, and
osteogenesis. Hence, the strategy to prepare EO-MTs
apparently mimics subchondral tissues. Co-culturing
endothelial cells with osteocytes is the most direct
approach to establishing the vascular function of supplying
nutrients and metabolite excretion for constructing bone
tissue models. Accordingly, MAECs were co-cultured with
MC3T3-El cells in PMs, mimicking native vascularized
bone tissues. To investigate cell distribution in EO-MTs,
the osteoblasts and the endothelial cells were fluorescently

labeled using Qtracker’655 and Qtracker®525, respectively.
Although angiogenic sprouting and vascular lumen
formation were rarely seen, CLSM imaging confirmed
that both MAECs and MC3T3-E1 cells were distributed
in the MTs and maintained high viability (Figure 5A).
Together, the co-culture of MC3T3-E1/MAEC in PMs
produced complex tissues with considerable cell-cell
communications, indicating the establishment of a
vascularized bone-like microenvironment. In the cultured
C-MTs, cartilage-specific proteins, including aggrecan,
collagen I, and collagen II, were detected (Figure 5B),
indicating robust chondrocyte proliferation within the
carriers. In addition, HE staining was performed to better
visualize cell distributions on the PMs. It was evident that
the tissues with dense cell density and orderly arrangement
were formed, while prolonged culture induced scaffold
morphology changes due to the aggregation of individual
PM architectures (Figure 5C). Furthermore, in our
previous study,* the bioefficacy of MTs constructed using
cell-laden PLGA-based PMs was demonstrated, as cells
released significantly higher levels of essential proteins,
including albumin and multidrug resistance proteins,
compared to 2D static culture. Taken together, these
findings suggest that the designed PMs provide abundant
adhesion sites, support high cell viability, and sustain
essential cell functions.
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Figure 4. Co-culture of polymeric microarchitectures and endothelial osteoblastic microtissues (EO-MTs) or cartilaginous cellular microtissues (C-MTs).
(A) Confocal laser scanning microscopy images of EO-MTs and C-MTs cultured for different times (blue: DAPI). Scale bar: 100 pm; magnification: 40x.
Quantification of cell adhesion and proliferation in (B & C) EO-MTs and (D & E) C-MTs under static or dynamic culture modes (n = 3).
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Figure 5. CLSM imaging. (A) CLSM of MAECs and MC3T3-E1 cells in EO-MTs. Scale bar: 100 um; magnification: 20x. (B) CLSM of aggrecan, collagen
1, and collagen II in C-MTs. Scale bar: 500 m; magnification: 10x. (C) Hematoxylin and eosin staining of EO-MTs and C-MTs. Scale bar: 200 or 40 pm;
magnification: 40x and 100x Abbreviations: C-MT, cartilaginous cellular microtissue; EO-MT, endothelial osteoblastic microtissue; MAEC, mouse aorta
endothelial cell; CLSM, confocal laser scanning microscopy.
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To better recapitulate native cartilage and subchondral osteoblasts adhering to and proliferating on EO-MTs
bone microenvironments, the functionalized culture of had entered an active bone-forming phase (Figure 6A).
the prepared EO-MTs and C-MTs was performed. For Notably, increased ALP activity does not necessarily
EO-MTs, osteogenic induction medium was formulated indicate extensive mineralized bone formation; thus, on
by supplementing complete medium with osteogenic day 14, ARS staining was performed to visualize calcium
growth factors, including Dex, ascorbic acid, and nodules on EO-MTs (Figure S4), followed by quantitative
B-glycerophosphate sodium, followed by long-term culture. analysis via dissolution with 10% w/v cetylpyridinium
ALP, a key and classical biomarker for osteoblast activity chloride (Figure 6B). The results showed significantly
and bone formation, directly reflects osteoblast maturation higher calcium deposition in the osteogenic induction
and functional status. It plays a crucial role in bone matrix group than in the blank group, confirming calcium salt
mineralization; its expression is significantly upregulated deposition and indicating mineralized bone formation.
when osteoblasts transition from the proliferative phase Through ALP and ARS stainings, markers of early and late
to the mature differentiation phase. On day 7, quantitative osteogenesis, respectively, mutually validate the successful
analysis of ALP activity in EO-MTs using an ALP assay osteogenic functionalization of EO-MTs. These findings
kit revealed that the osteogenic induction group exhibited align with the regulatory role of Runt-related transcription

significantly higher activity (0.141 uM) compared to the factor 2 (RunX2), the master transcription factor of
non-induced blank group (0.107 pM), indicating that osteogenesis, where ALP upregulation and ARS-positive
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mineralization represent the terminal events of RunX2-
mediated signaling cascade activation.

For C-MTs, GAG, a critical component of chondrocyte
ECM, serves as a direct indicator of chondrogenic MT
maturity and quality. On day 4 of co-culture, GAG content
in supernatants (Figure 6C) showed that 2D-cultured cells
exhibited higher GAG levels (106.8 pg/mL) than 3D-co-
cultured cells on PMs (49.5 pug/mL). This can be attributed
to the fact that 3D PMs provide abundant attachment sites
for secreted GAG, which gradually deposit on the scaffold
to form ECM, whereas 2D-cultured GAG diffuses freely
into the medium. Additionally, for 3D-co-cultured C-MTs,
deposited GAG was detected at different time points and
normalized to DNA content (Figure 6D), revealing that
chondrocytes gradually adapted to the microenvironment,
activated the synthetic phenotype, and initiated GAG and
proteoglycan synthesis over time, indicating MT formation
and favorable cellular functionality. This progressive GAG
accumulation corresponds to the terminal output of the
SOX-9signaling cascade,as SOX-9, the central transcription
factor for chondrogenesis, directly regulates the expression
of GAG-synthesizing enzymes and proteoglycan core
proteins. In summary, the functionalized culture of MTs
enables improved recapitulation of native cartilage and
subchondral bone microenvironments.

3.3. Characterization of microtissue-gelatin-
methacryloyl-hydrogel composite bioink

GelMA hydrogels were synthesized via amidation of gelatin
amino groups with methacrylic anhydride, as confirmed
by 'H NMR analysis. The spectrum showed characteristic
peaks of methacrylate vinyl protons (§ = 5.31 and 5.55
ppm) and the attenuation of the amide-associated signal (§
=2.88 ppm), indicating effective double-bond modification
(Figure 7A). GeMA hydrogels exhibited an interconnected
porous structure after lyophilization (Figure 7B), favorable
for nutrient diffusion and cell infiltration. Subsequently,

PM-GelMA composite hydrogels were prepared, and
swelling ratio and moisture ratio tests were performed
(Figure 7C & D). The results showed that the addition of
PMs had no significant effect on the bioink, potentially
because the added PMs were already in an equilibrium
state; the slight increase observed in the composite group
may be attributed to the added MTs increasing the internal
space of the overall structure. Mechanical property test
results (Figure 7E & F) demonstrated that increasing MT
concentration from 0 to 20 mg/mL enhanced hydrogel
stiffness, as evidenced by steeper stress—strain curves and
a higher compressive modulus. This enhancement can be
attributed to PMs acting as rigid fillers that facilitate stress
transfer within the gel network. Since matrix stiffness is
known to effectively regulate cell behavior—higher stiffness
promotes osteogenic differentiation while moderate or
lower stiffness favors chondrogenesis®***—these results
suggest that adjusting PM incorporation offers a practical
strategy for modulating hydrogel stiffness in future studies.

Rheological analysis further confirmed that PMs
improved the printability of GeIMA bioinks. Both GelMA
and PMs/GelMA displayed thermo-responsive gelation,
with G surpassing G” near 15°C (Figure 7G), indicating
sol-gel transition unaffected by PM addition. Temperature—
viscosity curves further demonstrated the thermal
responsiveness of GelMA and PMs/GelMA; however, the
initial viscosity of PM-containing inks was significantly
higher than that of pure GelMA (Figure 7H). This may be
due to the increased internal friction of particle-polymer
interactions and the complexity of the microstructure. This
property is advantageous for 3D bioprinting, as higher
static viscosity enhances shape fidelity. Importantly, shear-
thinning behavior was preserved (Figure 71), satisfying the
extrusion printing requirement of high viscosity at rest and
low viscosity under shear. In conclusion, the incorporation
of PMs not only achieves effective regulation of the swelling
behavior and mechanical strength of GelMA hydrogels but

o
o

ﬁ

ALP activity (mM)
e e
a 3

ARS OD

0.00 0.0

@
3

0.10 '%

-

3

8
14
o
2

GAGI/DNA (ug/ug)
e o
2 8

GAG Content (pg/mL)
a
g

Blank Osteogenic Blank Osteogenic

2D 3D-PMs 1 4 7
Time(Day)

Figure 6. Functional characterization of microtissues during culture. (A) ALP activity of EO-MTs at day 7 of osteogenic induction culture (n = 3). (B)
Quantitative analysis of ARS staining for calcium deposition in EO-MTs at day 14 of osteogenic induction (n = 3). (C) GAG content in the supernatants of
C518 cells cultured for 4 days under different conditions (n = 3). (D) Changes in GAG content of C-MTs at different culture time points (n = 3). Notes: *p <
0.05, **p < 0.01, ***p < 0.001. Abbreviations: ALP, alkaline phosphatase; ARS: Alizarin Red S; C-MT, cartilaginous cellular microtissue; EO-MT, endothelial
osteoblastic microtissue; GAG, glycosaminoglycan; OD, optical density; PM, polymeric microarchitecture.
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Figure 7. Physicochemical characterization of bioink. (A) "H NMR spectra of gelatin and GelMA. (B) Scanning electron microscopy image of
photocrosslinked GeIMA. Scale bar: 100 um; magnification: 600x. (C) Swelling ratio. (D) MR. (E) Stress-strain curves. (F) Compressive modulus (Es).
(G) Storage modulus (G) and loss modulus (G”). (H) Temperature-viscosity curves. (I) Shear rate-viscosity curves of PM/GelMA composite bioink.
Abbreviations: GelMA, gelatin methacryloyl; NMR, nuclear magnetic resonance; PM, polymeric microarchitecture; MR, moisture ratio.

also endows them with good printability by optimizing
rheological properties, laying the experimental foundation
for the application of this composite bioink in the field of
bone/cartilage tissue engineering.

PMs were co-cultured with different cell types to
generate corresponding MTs, which were then subjected
to functionalized culture. Subsequently, the MTs were
uniformly mixed with GeIMA for 3D bioprinting. To
intuitively demonstrate the advantages of 3D printing,
mold-cast and 3D-printed MT/GelMA constructs were
prepared separately (Figure 8A). After culturing for
different time periods, cell viability was assessed using
the CCK-8 assay (Figure 8B). The results showed that
the 3D-bioprinted scaffold group exhibited significantly
enhanced cell proliferation capacity compared to the
mold-cast group. This could be attributed to the fact that
mold-cast solid cylindrical hydrogels typically have a
dense structure (or rely solely on the material’s intrinsic
microporosity), whereas 3D-printed scaffolds can form

regular and interconnected macroporous channel networks
through parameter design (e.g., layer height, pore size,
and porosity), thereby providing superior mass transfer
capacity, including the transport of oxygen and nutrients
as well as the removal of metabolic waste. Furthermore,
the mechanical microenvironment of 3D-printed scaffolds
is better suited for cell proliferation. Mold-cast solid
cylindrical hydrogels generally have high and uniformly
distributed overall mechanical strength, while the porous
structure of 3D-printed scaffolds allows the regulation of
local stiffness through design, more closely mimicking the
mechanical heterogeneity of native tissues. The channel
structure of the scaffold permits local elastic deformation,
avoiding “mechanical compression” of cells caused by
excessive overall rigidity of solid cylinders, while providing
moderate mechanical stimulation. Meanwhile, the porous
network of 3D-printed scaffolds facilitates cells to secrete
their own ECM components (e.g., collagen and fibronectin)
and undergo matrix remodeling, forming a “cell-matrix”
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positive feedback loop that further supports proliferation.
In contrast, the dense structure of solid cylinders limits the
active-matrix remodeling capacity of cells.

To better recapitulate the osteochondral model, the
scaffolds were continuously subjected to functionalized
culture. After one week of culture, the scaffold maintained
good structural integrity (Figure 8Ci). On day 14, ALP
activity in the bone layer of the scaffold was characterized
using an ALP chromogenic kit (Figure 8Cii), and on day 21,
the mineralization level of the bone layer was characterized
via ARS staining (Figure 8Ciii). The results indicate that
the scaffold exhibited favorable osteogenic capacity.

Subsequently, EO-MTs and C-MTs were fluorescently
labeled separately and then subjected to bioprinting. After
culturing for different time periods, the scaffolds were
observed via CLSM. The primary focus was on the interface
region between the EO-MT layer and the C-MT layer. On
day 7 of culture (Figure 8Di), distinct upper and lower cell

layers were observed. In addition, faint red fluorescence
was detected at the bottom of the green-fluorescent
C-MT layer. On day 14 (Figure 8Dii), significant overlap
between red and green fluorescence was observed. These
results indicate that with the extension of culture time,
the bone layer represented by EO-MTs and the cartilage
layer represented by C-MTs exhibit gradually enhanced
crosstalk, suggesting that the cartilage and bone layers may
eventually achieve functional integration.

3.4. Biological performance of osteoarthritis model

In recent times, 3D bioprinting technology has garnered
enormous attention to fabricate engineered living systems
for better health.*® By applying this innovative technology,
a microarchitecture-based hierarchical osteochondral
model was fabricated, mimicking the osteochondral
microenvironment in vivo. The 3D model was constructed
using the MT-GelMA composite bioink (Figure 8A).
GelMA was selected as it provides a bionic interface for
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Figure 8. Bioprinting and characterization of MT/GelMA composite bioink. (A) Schematic representation of the osteochondral model constructed by 3D
bioprinting and direct casting. (B) Cell viability of the casting group and scaffold group at different time points (n = 3). (C) Macroscopic images of the
scaffold: (i) Macroscopic morphology after one week of culture; (ii) ALP staining image after 14 days of culture; and (iii) ARS staining image after 21 days
of culture. (D) Confocal laser scanning microscopy images of the scaffold at different culture time points: (i) Day 7 and (ii) Day 14 (green: C-MTs, red:
EO-MTs). Scale bar: 500 pm; magnification: 10x. Notes: **p < 0.01, ***p < 0.001. Abbreviations: ALP, alkaline phosphatase; ARS: Alizarin Red S; C-MT,
cartilaginous cellular microtissue; EO-MT, endothelial osteoblastic microtissue; GelMA, gelatin methacryloyl; MT, microtissue.
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cartilages and bone tissues, facilitating the transportation
of nutrients due to the porosity of hydrogel networks. The
3D model was completely immersed in the medium for
continuous culture, and then LPS was added to induce OA.
Dic, Dex, and Cur were selected for drug screening, and
the production and improvement of inflammation were
verified by detecting the levels of anti-inflammatory and
pro-inflammatory factors (Figure 9A).

To elucidate the drug screening eflicacy of the
designed 3D osteochondral model, herein, LPS-induced
inflammation was further applied to the pre-designed
3D chondrocyte model in vitro. LPS, a component of
bacterial membrane, has been extensively used to establish
an inflammatory model as it stimulates the release
of inflammatory cytokines, including IL-8, IL-6, and
IL-1B.”” The in vitro chondrocyte model of LPS-induced
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Figure 9. Bioprinting of microtissue bioinks. (A) Schematic diagram of the OA model constructed for drug screening. The effects of drug treatment on
(B) TNF-a, (C) IL-1p, (D) IL-6, and (E) IL-10 concentrations (n = 3). Notes: *p < 0.05, ***p < 0.001). Abbreviations: Cur, curcumin; Dex, dexamethasone;
Dic, diclofenac; LPS, lipopolysaccharide; TNF-a, tumor necrosis factor-alpha; IL, interleukin; OA, osteoarthritis.
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inflammation has been widely reported, showing that the
LPS treatment could promote the production of IL-1f
and TNF-a in chondrocytes.”®* No significant effect on
cell viability was detected even when the concentration
of LPS reached 1 pg/mL (Figure S5). The next step
involved the utilization of LPS to induce the secretion
of pro-inflammatory cytokines IL-1f and TNF-a in the
OA model for a duration exceeding 48 h. Subsequently,
ELISA was employed to measure the levels of LPS-induced
IL-1B and TNF-a in the supernatant of the biomimetic
osteochondral model (Figure S6). LPS treatment resulted
in a 25.1% increase in IL-1P released in the OA model after
exposure to 0.5 pg/mL LPS for 48 h, compared to that from
the saline-treated group. Similarly, the TNF-a expression
was also markedly increased by 29.9% at 48 h following
LPS treatment. The secretion of inflammatory cytokines
appeared to increase over time, likely due to the interaction
between osteochondral cells and LPS, which stimulated
further cytokine release. These inflammatory markers are
implicated in cartilage inflammation and chondrocyte
apoptosis during the development and progression of OA.

To further investigate the performance of the OA
model, Dic, Dex, and Cur were tested in the LPS-induced
OA model. Dic is an NSAID, Dex is a glucocorticoid, and
Cur is a natural polyphenolic compound, each exerting
distinct therapeutic mechanisms in OA treatment.”*** The
CCK-8 assay was used to evaluate the effects of different
concentrations of Dic, Dex, or Cur on cell viability over
48 h. Cellular uptake experiments showed that Cur
completely entered the cell interior within 4 h (Figure S7).
Dic, Dex, or Cur treatment significantly reduced the
expression levels of TNF-a, IL-1P, and IL-6 in the
LPS-induced model, restoring them to levels close to
those in the untreated control group. In parallel, IL-10
expression increased significantly compared to the LPS
group, approaching levels in the untreated control group
(Figure 9B-D). These findings indicate that the three drugs
regulate OA inflammation through a dual mechanism:
suppressing pro-inflammatory factors (e.g., TNF-a, IL-
1B, and IL-6) while enhancing the anti-inflammatory
factor IL-10 via the improvement of the inflammatory
microenvironment and immunomodulation. Collectively,
these actions restore the balance of the pro-inflammatory-
anti-inflammatory ~ cytokine network, approaching
the physiological state of the untreated group and
demonstrating the effective regulatory effect of the drugs
on OA inflammation. Considering the biocompatibility,
biodegradability, and performance efficacy of the
system against LPS-induced OA, the osteochondral
model developed using microfluidics and bioprinting
technologies represents a promising platform for screening
OA therapeutics.

4, Conclusion

This study established a biomimetic osteochondral
model by integrating microfluidics-generated PMs
with 3D bioprinting. The PMs provide a biocompatible,
microporous framework that supports chondrocyte and
endothelial/osteoblast MT formation while preserving
cell phenotype and function. Incorporation of PMs
into GelMA enables tunable matrix stiffness without
compromising printability, facilitating the fabrication
of stratified osteochondral constructs. The resulting 3D
model sustains long-term cell viability, recapitulates key
features of the osteochondral microenvironment, and
mimics OA-like inflammation under LPS stimulation
by upregulating both pro- and anti-inflammatory
cytokines. Importantly, treatment with Dic, Dex, and Cur
effectively attenuated the induced inflammatory response,
underscoring the platform’s translational potential for
anti-inflammatory drug screening. Taken together, this
biomimetic osteochondral system represents a versatile
and physiologically relevant platform for investigating
OA pathology, evaluating therapeutic candidates, and
advancing osteochondral tissue engineering.
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