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Dual role of injectable
curcumin-loaded microgels for
efficient repair of osteoarthritic
cartilage injury
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Curcumin has been widely used for the treatment of age-associated diseases,
and showed chondroprotective potential for post-traumatic osteoarthritis (OA).
However, due to the irregular-shaped and large-sized defects on joint cartilage
in degenerated OA, the in vivo delivery and therapeutic effect of curcumin for
effective repair remain challenging. In this study, we first present a PEG-GelMA
[Poly(Ethylene Glycol) Dimethacrylate-Gelatin Methacrylate, PGMs] hydrogel
microgel-based curcumin delivery system for both improved anti-inflammatory
and pro-regenerative effects in treatment for cartilage defects. The curcumin-
loaded PGMs were produced by a microfluidic system based on light-induced
gelation of gelatin methacrylate (GelMA). This PGMs embedding curcumin at a
relative low dosage were demonstrated to promote the proliferation and
chondrogenic differentiation of mesenchymal stem cells in vitro. More
importantly, the PGMs were shown to attenuate the inflammatory response
of chondrocytes under IL-1f stimulation. Lastly, the in vivo application of the
injectable PGMs significantly promoted the repair of large-sized cartilage injury.
These results confirmed that curcumin-loaded PGMs can not only enhance the
chondroprotective efficacy under inflammatory conditions but also induce
efficient cartilage regeneration. This study provides an advanced strategy
with anti-inflammatory and pro-regenerative dual-role therapeutic for
treatment of extensive cartilage injuries.

KEYWORDS

Osteoarthritis, PEG-GelMA hydrogel microgel (PGMs), Chondrogenic differentiation,
Inflammatory response, Cartilage regeneration

Introduction

Osteoarthritis (OA), which is defined by articular cartilage injuries with varying degrees, is
one of the most common joint diseases worldwide (Gross et al,, 2011; Chubinskaya et al., 2015).
Currently, there is a lack of effective treatments for OA in clinic, and the regeneration of articular
cartilage is still challenging. For patients with mild degeneration in the early stage, conservative
treatments with non-steroid anti-inflammatory drugs, hyaluronic acid, and platelet-rich plasma
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are commonly used (Belk et al., 2021). These approaches alleviated
local pathological symptoms, but cannot prevent the persistent
those
degeneration and extensive destruction of articular cartilage, total

degeneration of articular cartilage. For irreversible
joint replacement is mainly used to achieve joint structure and
function restoration. However, the commonly used artificial joints
based on metals and ceramics are not only with limited biological
functions, but also can easily lead to infection and foreign body
rejection (Veiseh and Vegas, 2019). Risks such as long-term wear and
tear, and prosthesis loosening often end up with secondary surgery
(Munuera Martinez, 2010).

The structural and functional reconstruction of articular
cartilage based on tissue engineering technologies have
shown promising future for the treatment of osteoarthritic
cartilage injury. Stem cell transplantation, autologous
chondrocyte transplantation, microfracture and mosaic
surgery provide options for the repair of cartilage defects
(Makris et al., 2015). Microfracture surgery mainly relies on
bone marrow mesenchymal stem cells derived from
subchondral bone to regenerate fibrocartilage-like tissue,
but it is limited to small cartilage defects, and the long-
term effect is not satisfactory. Autologous chondrocyte
transplantation or mosaic surgery could cause additional
trauma to the donor area. With a limited tissue source,
the tissue integration of the transplanted cartilage and the
surrounding normal tissue is poor (Kwon et al., 2019). For
the patients with large cartilage defects in the moderate or
late stages, there are still obvious gaps and difficulties
between effective interventions and severe cartilage
injuries. More importantly, in late stage OA, the chronic
inflammation caused by inflammatory factors and mediators
increases the extracellular matrix (ECM) degradation and
impedes the further cartilage repair (Shu et al., 2020).

Curcumin, which is a natural polyphenolic compound that
extracted from the turmeric, shows multiple of pharmacological
activities (Alok et al, 2015). Curcumin is known for the anti-
inflammation efficacy, and recently was extensively studied for the
treatment of rheumatoid arthritis (Zheng et al., 2015), post-traumatic
osteoarthritis (Zhang et al., 2016a), and other chronic inflammation
(He et al,, 2015). Therefore, these studies together suggest a promising
anti-inflammatory drug for the treatment of osteoarthritic cartilage
injuries. However, owing to its poor systemic bioavailability as a result
of low solubility in aqueous solution, the therapeutic efficacy and
translational applications of curcumin are largely impeded (Lopresti,
2018). Although nano-emulsions or nanoparticles for curcumin
delivery have been developed to increase oral bioavailability,
metabolic preservation (Young et al, 2014a; Dende et al, 2017),
and sustained local-release (Zhang et al, 2016a), the in vivo
pharmacokinetic and toxicology are still needed to be investigated.

Due to the irregular-shaped and large-sized defects on joint
cartilage surface in late-stage of OA (Zhang et al, 2016b; Shi
et al, 2017), the injury-site targeted delivery of curcumin for

effective repair is still challenging. Besides, the severe degenerative
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microenvironments are along with a sharp decrease in endogenous
reserves of stem cell numbers (Ambrosi et al.,, 2021) and bioactive
factors (Zhang et al, 2022) for efficient cartilage repair and
subchondral bone formation. While several studies suggest the
implantation of scaffold materials to guide matrix synthesis or
combined with growth factors to promote cartilage regeneration
(Makris et al, 2015; Liu et al, 2021), high risks of infection and
poor tissue integration remained to be elucidated. Novel strategies
using growth factor- or cell-loaded microgel (Li et al., 2017; Lei et al,,
2021) were shown as effective treatments for osteoarthritic cartilage
damage through enhanced recruitment of endogenous stem cells, as
well as increased nutrient, metabolite exchange, and more dynamic
cell-cell and cell-material interactions (Nguyen et al., 2021). Thus, the
above studies suggest that hydrogel microsphere or microgel served as
a bioactive drug delivery system shows promising therapeutic
approach for cartilage tissue engineering (Castro et al, 2020).
Nevertheless, the treatment for OA is still challenge by the co-
existence of chronic inflammation and cartilage degeneration.

In this study, we aim to determine the dual role of
curcumin-embedded PEG-GelMA hydrogel
microgels (PGMs) on the chondroprotective efficacy under

injectable

inflammatory conditions in OA progression and efficient
cartilage regeneration for late-stage degeneration. Our
findings showed that the curcumin-loaded PGMs at a
relative low dosage was demonstrated to promote
chondrogenic differentiation of mesenchymal stem cells,
as well as the attenuation for inflammatory response of
chondrocytes under IL-1f stimulation. In addition, the in
vivo application of the injectable PGMs significantly

enhanced the repair of large-sized cartilage injury.

Results

Microfluidic polymerization produces the
curcumin-embedded PEG-GelMA
microgels

The curcumin-loaded PEG-GelMA microgels (PGMs)
were fabricated by microfluidic technology and exhibited a
mean diameter of 218 * 5.25um (Figure 1A). From the
microscopic images, we can find that the spheroids-like
PGMs are highly uniform in size (Figure 1B). Previous
studies have shown that the addition of GelMA to PEG
the of
hydrogels as compared to PEG alone (Hutson et al., 2011;

increased compressive  modulus composite
Gaoetal., 2015). In this study, the encapsulation of curcumin
did not significantly affect the compressive modulus of the
hydrogel microgels, as the modulus of PGMs and curcumin-
loaded PGMs is about 33.396 + 2.468 kPa and 35.513 *
2.033 kPa, respectively (Figure 1C). These data confirmed
that the compressive modulus of pure PEG hydrogels were

elevated after the addition of GelMA. In addition, the PEG-
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Curcumin-loaded PEG-GelMA microgel (PGMs) synthesis and characterization. (A) Schematic illustration of PEG-GelMA microgel fabrication
by microfluidic technology. (B) The microscopic images at bright field of PGMs (i) and curcumin-loaded PGMs (ii), Scale bar = 200 pm. (C) The
compressive modulus of PGMs and curcumin-loaded PGMs, respectively. N = 10 PGMs.

GeIMA microgel itself provides a comparable elastic
modulus as the native articular cartilage (Beck et al., 2016).

Curcumin-loaded PEG-GelMA hydrogel
microgels enhanced the cell proliferation
and chondrogenic differentiation
potential of stem cells in vitro

To evaluate the cell biocompatibility of curcumin-loaded PGMs,
ADSCs (Adipose-derived Mesenchymal Stem Cells) were seeded on
the surface of these well-prepared PGMs for the in vitro culture
(Figure 2A). After 1, 3, 5, and 7 days of cell expansion, live/dead
staining was performed to analysis the live cell proportion across the
varied time points. While dead cells were hardly detected during the
culture time for 7 days, the live cells (green color-labelled) showed
stable and gradually increased cell numbers (Figure 2B). To further
investigate the differences on cell viability and proliferation between
PGMs and the curcumin-loaded PGMs, CCK-8 assay was carried
out to compare the two groups. Results of the OD values during the
7 days’ culture showed that there is no significant difference on cell
proliferation at day 1 and day 3 after cell seeding, when a mild
decrease of cell proliferation was found at later time points, including
day 5 and day 7 (Figure 2C). These results indicate that the
curcumin-loaded PGMs are available for the in vitro culture and
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normal cell proliferation, and curcumin encapsulation by PGMSs
itself help maintain the cell viability.

We next characterized the effect of curcumin-loaded PGMs on
the chondrogenic potential of mesenchymal stem cells. Human
adipose-derived mesenchymal stem cells (ADSCs) were cultured
either on the PGMs or curcumin-loaded PGMs system for pre-
expansion for 1 week, and the differentiation capability was further
tested and analyzed by tri-lineage differentiation assays (Figure 3A).
After another 21 days of lineage-specific induction, various staining
assays were performed for the estimation of osteogenesis,
chondrogenesis, and adipogenesis, respectively. Results showed
that the osteo- and chondral-lineage differentiation was improved
in the curcumin-loaded PGM:s group compared with the PGMs only
group, while the adipogenesis didn’t show any significant difference
between the two groups (Figure 3B). Besides, the immunostaining of
collagen II expression, a chondrogenic marker, exhibited a much
higher ratio of positive expression cells in the curcumin-loaded
PGMs compared with pure PGMs (Figure 3C). Consistent with the
immunostaining results, the relative mRNA expression of
chondrogenic marker genes (COL2A1, SOX9, Aggrecan) was also
shown greatly improved by the curcumin (Figure 3D). Collectively,
the curcumin-loaded PGMs showed a good biocompatibility and
cell viability, and favorable effects on promoting the chondrogenic
differentiation. The above results indicated that the curcumin-
loaded PGMs as bioactive microcarriers for enhanced stem cell
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FIGURE 2

Cyto-biocompatibility and cell viability of curcumin-loaded PEG-GelMA microgel (PGMs). (A) Schematic of ADSCs seeding on the curcumin-
loaded PEG-GelMA microgel (PGMs) for in vitro culture. (B) The Live/dead staining of ADSCs cultured on the curcumin (5 uM)-loaded PGMs, Scale
bar =200 pm. (C) Quantification of cell viability of ADSCs cultured on the PGMs and curcumin-loaded PGMs, respectively. Biological replicates n = 5.

growth hold great potential for efficient in vivo cartilage injury
regeneration by promoting chondrogenic differentiation of joint-
resident stem cells.

Curcumin-loaded PEG-GelMA hydrogel
microgels alleviate the inflammatory
effects of chondrocytes

To better explore the potential of curcumin-loaded PGM:s against
the chronic microenvironment during the osteoarthritis progression,
we thus tested the anti-inflammatory effects of the curcumin-loaded
PGMs on the in vitro cultured chondrocytes (Figure 4A). After 72 h
of culture on the curcumin-loaded PGMs, the chondrocytes were
subsequently treated with IL-1p for another 48 h. Interestingly,
chondrocytes that cultured on the curcumin-loaded PGMs system
showed apparent cell-cell contact as well as significantly fewer black
spots, indicating that the loaded curcumin alleviated the cell apoptosis
in respond to the IL-1p stimulation (Figure 4B).

The gene expression levels of chondrocyte phenotypic markers
and inflammatory factors of chondrocytes were then detected by
qRT-PCR assays. The results showed that the relative expression level
of chondrocyte marker genes COL2A1, SOX9, and Aggrecan was
significantly maintained in the curcumin-loaded PGMs group
(Figure 4C), while the inflammation-related genes MMP13 and
ADAMTS5 were significantly decreased (Figure 4D). At protein
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level, the Collagen II expression of chondrocytes was also found
greatly increased after IL-1P stimulation in the curcumin-loaded
PGMs culture system (Figure 4E). Taken together, the injectable
curcumin-loaded PGMs system could not only maintain chondrocyte
phenotype, but also ameliorate the local inflammatory state and
matrix degeneration of the injured cartilage.

In vivo application of Curcumin-loaded
PEG-GelMA hydrogel microgels
promoted the regeneration of large-sized
cartilage defects

To investigate the dual role of chondroprotective efficacy under
inflammatory and promoting
regeneration when utilizing the curcumin-loaded PGMs, we

conditions efficient  cartilage
performed a cartilage defect animal experiment for in vivo
assessment. A circular defect with a 5 mm diameter was created at
the femoro-patellar grooves in rabbits, and the cell-free curcumin-
loaded PGMs were implanted into the defect area, while pure PGMs
were also transplanted as vehicle control (Figure 5A).

Eight weeks after the surgery, the tissue samples from the defect
regions were collected and analyzed. Safranin-O staining results of the
tissue sections among different groups showed that the curcumin-
loaded PGMs significantly improved the regeneration of injured
cartilage compared with both the vehicle PGMs and the blank
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FIGURE 3

The chondrogenic bioactivity on ADSCs of curcumin-loaded PEG-GelMA microgel (PGMs). (A) Schematic of ADSCs culture on the curcumin-
loaded PEG-GelMA microgel (PGMs) and further tri-lineage differentiation. (B) The level of osteogenesis, chondrogenesis, and adipogenesis of
ADSCs was assessed by ARS staining, Alcian blue staining, and Oil Red staining, respectively. Scale bar = 100 pm. (C) Immunostaining of Collagen Il
protein expression in ADSCs cultured on the PGMs and curcumin (5 uM) -loaded PGMs, respectively. Scale bar = 100 pym. (D) Relative
expression of chondrogenic marker genes (COL2A1, SOX9, Aggrecan) after chondrogenic induction for 21 days (Mean + SD; ##p < 0.01; biological

replicates n = 3 per group).

defect (Figure 5B). Further histological assessment of chondrocyte
apoptosis and cartilage erosion that resulted from chronic
inflammation showed a relatively lower level in response to the
treatment of the curcumin-loaded PGMs, when compared to other
groups (Figure 5C). Further immunohistochemical staining analysis
on the expression of Collagen II, which is the hall-marker of
showed that the
regeneration was enhanced by the curcumin-loaded PGMs
(Figure 5D). The above results indicate that the injectable
curcumin-loaded PGMs can effectively promote the cartilage

chondrogenic  differentiation, cartilage

regeneration either by the increased chondrogenic differentiation
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or the decreased level of local inflammation during the
pathological degeneration.

Discussion

Osteoarthritis (OA) is featured for co-existence of chronic
inflammation and cartilage degeneration, and current treatments
targeting either aspect are difficult for covering the complex
conditions at the same time (Lieberthal et al., 2015). In the middle
and late stages of OA progression, neither anti-inflammatory drugs
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FIGURE 4

The amelioration of chondrocyte inflammation with curcumin-loaded PEG-GelMA microgel (PGMs). (A) Schematic of human chondrocytes
cultured on the curcumin-loaded PEG-GelMA microgel (PGMs) for in vitro culture and further IL-1p stimulation (10 ng/ml). (B) The bright-field
images of cultured chondrocytes after IL-1p treatment in the PGMs and curcumin (5 puM)-loaded PGMs groups, respectively. Scale bar = 100 pm. (C)
Quantification of the expression of phenotypic genes (COL2A1, SOX9, Aggrecan) for chondrocytes, and (D) Quantification of the expression of

inflammatory genes (MMP13, ADAMTS5) for chondrocytes. (Mean + SD; #p < 0.05, ##p < 0.01

tp < 0.001; biological replicates n = 4 per group). (E)

Immunostaining of Collagen Il protein expression of the chondrocytes (sub-cultured on cover slip for 2 days) after IL-1p treatment in the PGMs and

curcumin-loaded PGMs, respectively. Scale bar = 50 um.

nor small molecules that targeting specific molecular target alone
cannot fully alleviate the pathological symptoms and prevent the
progressive degeneration (An et al., 2021). This study illustrates a
therapeutic strategy of the injectable curcumin-loaded PGMs with a
dual role of promoting the chondroprotective efficacy under
inflammatory conditions and inducing endogenous cartilage

regeneration simultaneously.
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The chronic inflammation during the OA development is still
one of the most difficulties for the clinical treatment. Current
pharmacological treatments provide symptomatic relief to joint
pain and local inflammation, however, there is not a clear
clinical effect on OA disease prevention or therapy. While most
of the current efforts have been focused on developing novel
molecular targets as well as their disease-modifying drugs, the
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The amelioration of chondrocyte inflammation with curcumin-loaded PEG-GelMA microgel (PGMs). (A) Schematic of the implantation of
curcumin-loaded PGMs for the repair of cartilage defects in a rabbit femoro-patellar groove. (B) The Safranin-O staining of the repaired cartilage
tissues in Blank, PGMs and curcumin-loaded PGMs groups at 8 weeks post-surgery. Scale bar = 100 um. (C) Quantification of the histological scores
of cartilages under evaluation among Blank, PGMs and curcumin-loaded PGMs groups in Safranin-O staining results. (Mean + SD; #p < 0.05,

#xp < 0.01; n = 5 per group). (D) The immunohistochemical staining of Collagen Il in the repaired cartilage between PGMs and curcumin-loaded

PGMs groups at 8 weeks post-surgery. Scale bar = 100 pm.

side-effects exist regarding the non-tissue-specific and long-term use
of these treatments (Yang et al.,, 2021). Curcumin has been shown to
mitigate the inflammatory process by decreasing the synthesis of
inflammatory mediators such as interleukin (IL)-1f, tumor necrosis
factor (INF)-a, IL-6, IL-8, prostaglandin E2 (PGE2), and
cyclooxygenase-2 (COX-2) (Zhang et al., 2016a; Sun et al., 2017;
Sundar Dhilip Kumar et al., 2018). Moreover, curcumin suppresses
the gene expression of matrix metalloproteinases (MMPs) (Zhang
et al,, 2016a; Mogharrabi et al., 2020) and nuclear factor kappa B
(NF-kB) activation (Buhrmann et al., 2021), which play critical roles
in the breakdown of the cartilage ECM. Due to the extremely limited
oral bioavailability of curcumin (Ma et al., 2019), local application
could provide effective delivery and absorption in treatment. More
specifically, the bioavailability of curcumin at the disease site for OA
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treatment could be greatly enhanced by using injectable drug-
delivery systems (Tiwari et al.,, 2017).

Nano-emulsion and nanoparticles were often taken as the
promising approach for controlled release of curcumin in
multiple situations (Young et al, 2014b; Zheng et al, 2015;
Zhang et al, 2016a; Shi et al, 2016; Dende et al, 2017).
However, the therapeutic effects are often impeded by the
random distribution and extensive diffusion of drugs across the
knee joint tissues. Surprisingly, the long-term toxicity profile of local
distribution (Saifi et al., 2018) as well as the body wide non-targeting
infiltration (Mohammadpour et al., 2019; Wu et al, 2019) of
nanoparticles are still one of the most important concerns when
drug-loaded nano-emusions or nanoparticles were intraarticularly
injected. On the contrary, hydrogels spheroids at micro-scale were
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TABLE 1 Primers used in the gRT-PCR assay.

10.3389/fbioe.2022.994816

Gene Forward (5-3') Reverse (5-3")

GAPDH GGCAAGTTCAACGGCACAG CGCCAGTAGACTCCACGACAT
SOX9 CTGACCGTGACCGTAGCAAGT TGGATGTGGGCTTTGGACTCA
COL2A1 GTCTGTGACACTGGGACTGT TCTCCGAAGGGGATCTCAGG
Aggrecan CTGCAGACCAGGAGGTATGTGA GTTGGGGCGCCAGTTCTCAAAT
MMP13 ATGCAGTCTTTCTTCGGCTTAG ATGCCATCGTGAAGTCTGGT
ADAMTS5 ATCAC-CCAATGCCAAGG AGCAGAGTAGGAGACAAC

proven to be more available for the direct release of cells, growth
factors and drugs (Annamalai et al,, 2019; Volpatti et al., 2021), and
could provide as a dense barrier for inflammatory erosion and
chondrocyte apoptosis (Wei et al,, 2021; Han et al,, 2022).

Actually, hydrophilic microgels have been used as microcarriers
for in vitro cell culture and in vivo stem cell delivery system, both the
long-term cell survival and microtissue formation were shown
promising when applied in vivo (Luo et al, 2019). Furthermore,
the delayed degradation of microgels and their enough surface for
further resident adipose-derived stem cell proliferation are more
important for the cartilage regeneration regarding the flexible
intra-articular microenvironment. In our study, the curcumin-
loaded PGMs not only filled up the irregular cartilage injury, but
also enhanced the joint lubrication and provided enough surface for
efficient endogenous stem cell migration and adhesion. These results
together suggested that the curcumin-loaded PGMs system in this
study better promotes the new cartilage formation when reduces the
inflammatory effects by local delivery of curcumin at a low dosage and
at the same time.

The injectability of the curcumin-loaded PGMs system in
this study is another advantage for promising minimal-
invasive application in OA treatment. Provided with the
availability for application in response to the irregular-
shaped and large-sized defects on joint cartilage surface in
inflammatory OA, the in vivo delivery of anti-inflammatory
drugs by PGMs is an alternative strategy for late-staged OA
treatment. Even though, further investigations are still
needed to clarify the main stem cell resources and
subtypes, as well as their detailed contribution for the
regeneration process of inflammatory cartilage injuries.

Conclusion

In summary, the curcumin-loaded PGMs at a relative low dosage
was demonstrated to promote the proliferation and chondrogenic
differentiation of mesenchymal stem cells in vitro. More importantly,
the curcumin-loaded PGMs was shown to attenuate the
inflammatory response of chondrocytes under IL-1f stimulation.
Lastly, the in vivo application of the injectable PGMs significantly
enhanced the repair of large-sized cartilage injury. These results

suggest that the curcumin-loaded PGMs play a dual role in OA
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treatment by promoting the chondroprotective efficacy under
inflammatory conditions and inducing efficient cartilage regeneration.

Materials and methods

Preparation of curcumin-loaded PEG-
GelMA hydrogel microgels

The poly(ethylene glycol) dimethacrylate (PEGDMA, PEG)-
gelatin methacrylate (GelMA) microgels were synthesized using
microfluidic device as described in previous studies with minor
modifications (Hutson et al, 2011; Gao et al, 2015). Briefly,
dissolved in 10 ml
PEGDMA by stirring with a magnetic bar and heating in a

curcumin powder (Sigma-Aldrich) was
boiling water bath to 100°C for 15 min until completely dissolved.
After cooling, the curcumin-contained PEGDMA and GelMA were
mixed together in PBS at 10% (w/v) and 5% (w/v), respectively
(curcumin at a final concentration of 5 M), in which PEGDMA did
not contain curcumin was treated as vehicle control in the following
experimental analysis. The aqueous phase was composed of PEG-
GelMA hydrogel and 30 mg/ml photo-initiator 2-hydroxy-1 (4-
(hydroxyethox)pheny)-2-methyl-1-propanone, and the continuous
oil phase contained mineral oil. After starting the pumps, the
aqueous and continuous phases were slowly injected into the
syringes and the flow rate of the liquid in the channel is adjusted
through injection pumps. Microgels were synthesized using PDMS
flow-focusing devices and washed 3 times with a 1% BSA solution in
PBS. The prepared hydrogel droplets were further solidified by
photocrosslinking for 30 s under UV irradiation at the wavelength
of 365 nm (6.9 mW/cm?) wavelength. Lastly, the oil and active agent
on the surface of PEG-GelMA microgels were removed by repeated
washing with acetone and 75% ethanol, and purified by washing with
PBS for 24 h. Size distribution of the microgels was determined via
microscopy image analysis using Image].

Mechanical testing
Samples were detached from the culture dish and incubated in

PBS at room temperature. The mechanical test was performed with
nano-indentation (Optics) according to the manufacturer’s protocol.
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The compressive modulus was determined as the slope of the linear
region corresponding with 0%-10% strain.

Cell culture

Human adipose-derived mesenchymal stem cells (ADSCs) were
obtained after digesting adipose tissues acquired from donors
(68 years old) with written informed consent. In brief, fat pad
pieces (1-2 mm®) were digested with collagenase (Sigma-Aldrich)
at 37°C for 2 h. The isolated cells were cultured in L-DMEM (Gibco)
with 10% fetal bovine serum and 1% penicillin/streptomycin (Life
Technologies) at 37°C and 5% CO2. The medium was changed every
3 days, and cells at passage 5 were used in this study.

Primary chondrocytes were obtained from patients undergoing
total joint replacement surgery (aged 68-81 years) were cultured in
F12 with 10% fetal bovine serum and 1% penicillin/streptomycin.
F12 with 1% fetal bovine serum overnight were used for starvation
prior to curcumin treatment. Chondrocytes were incubated with IL-
1B (10 ng/ml, Sigma) for 48 h after incubation with curcumin-
contained medium for 72 h (Zhang et al, 2016a). Cells were then
lysed and RNA isolated for further analysis.

Cell live/dead staining

ADSCs that co-cultured with PEG-GelMA hydrogel microgels
(PGMs) was tested by live/dead cytotoxicity kit. The ADSCs were co-
cultured with PGMs at a density of 4 x 10° cells/mL. Then, the ADSC/
PGMs suspension was mixed and seeded in a 24-well plate, and
cultured in humidified incubator containing 5% CO, at 37°C. After
culturing for 1, 3, 5, and 7 days, cells were stained with the live/dead
cytotoxicity kit and imaged with a confocal laser scanning microscope
(OLYMPUS IX83-FV1000).

Cell viability

ADSCs between passages 3-5 were cultured with PGMs at a
density of 1 x 10* cells/disc in a 96-well plate. 33 ul medium
containing microgel was added to each well, and then added
complete medium to 200 ul. The proliferation of ADSCs were
evaluated by the Cell Counting Kit-8 (CCK-8) testing. At 1, 3, 5,
and 7 days, the medium was replaced with 180 pl of fresh complete
medium and 20 pl of CCK-8 reagent (Dojindo, Japan) each well and
incubated for 2 h at 37°C with 5% CO,. Finally, the staining solution
was collected and measured using a multi-plate reader at 450 nm.

Quantitative real-time PCR

Quantitative real-time PCR was carried out on 5 days to evaluate
the expression of chondrogenic marker genes (SOX9, MMP13, and
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ADAMTS5) in cells co-cultured with PGMs and curcumin-loaded
PGMs. Quantitative real-time PCR was performed with SYBR®
Premix Ex Taq™ (Takara) using a ABI 7500 Sequencing
Detection System (Applied Biosystems, Foster City, United States).
GAPDH was used as a house-keeping. Data were analyzed using the
comparison Ct (27“) method and expressed as fold changes
compared to the control.

The sequences of the primers used are listed in Table 1.

Trilineage differentiation assays

For osteogenesis, the cells were cultured in osteogenic medium
containing a-DMEM with 10% FBS supplemented with 0.1 uM
dexamethasone, 0.2 mM L-ascorbic acid, and 10 mM glycerol 2-
phosphate disodium salt hydrate. The medium was changed every
2days. For chondrogenesis, the cells were resuspended at a
concentration of 5 x 10° cells in 200 ul of growth media and
plated as micro-mass. After 2h at 37°C, the micro-mass were
covered with chondrogenic medium containing DMEM with 10%
FBS supplemented with 0.1 uM dexamethasone, 100 pg/ml sodium
pyruvate, 40 pg/ml L-proline, 50 pg/ml L-ascorbic acid, 50 mg/ml
ITS, and 10 ng/ml TGFp1. The medium was changed every 2 days
for 21 days. For adipogenesis, the confluent cells were cultured with

adipogenic medium containing o-DMEM with 10% FBS
supplemented with 10 pg/ml insulin, 100 uM indomethacin,
05mM  3-iso-  butyl-1-methylxanthine, and 0.1 pM

dexamethasone. The medium was changed every 2 days.

Immunofluorescent staining

Cells cultured on PGMs system or cover slips were fixed with 4%
paraformaldehyde (PFA) for 30 min and then permeabilized with
0.01% Triton X-100 for 10 min at room temperature. After washed
with PBS for 3 times, cells were blocked with 1% bovine serum
albumin for 1 h at room temperature. The primary antibody (Anti-
Collagen II antibody, diluted 200-fold, ab34712, Abcam) was
incubated at 4°C overnight. Cells were next incubated with
secondary antibody (diluted 200-fold, G-Rabbit Alexa Fluor® 488,
A11008; Invitrogen) for 1h at room temperature. After incubation,
the nuclei were lastly stained with 1 X DAPIL After staining, the cells
were observed using a confocal microscope (OLYMPUS IX83-
FV1000).

For alizarin red staining

Cells were washed with cold PBS and fixed with 4% PFA for
30 min on ice. Cells were washed with distilled water and stained
with 2% alizarin red solution for 15 min. Cells were then washed
thoroughly with distilled water and air dried before microscopic
observation.
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Alcian blue staining

After culture medium was removed, and cells were washed with
PBS and fixed with 4% PFA for 30 min. Cells were stained for
30 min with 1% Alcian Blue solution 8GX (Sigma) in 3% acetic acid,
pH 2.5, and washed three times with 0.1 N HCI and then washed
three times with PBS.

Oil red staining

After culture medium was removed, and cells were washed with
PBS and fixed with 4% PFA for 30 min at room temperature. Cells
were rinsed again with PBS and stained for 30 min with Oil Red O
working solution. Cells were then observed under a light microscope
after three times of washes with PBS.

Animal experiments

All animals were treated according to standard guidelines
approved by the Zhejiang University Ethics Committee (NO.
7JU20220320). Adult New Zealand white rabbits (3 kg, Male,
15 rabbits, 10 weeks old) were used in this study. All surgeries
were performed under general anesthesia. The knee joint was
opened with medial para-patellar approach. The patella was
dislocated laterally and the surface of the femoro-patellar groove
was exposed. Cartilage defects were created using a custom-made
scalpel with a thickness of 2 mm. PGMs and curcumin-loaded PGMs
were applied to the surface of the cartilage defects, separately (n =
5 rabbits in each group). The non-treated blank (n = 5 rabbits) was
treated as control group. 8 weeks after surgery, animals were sacrificed
and the joint cartilage samples were harvested for further analysis.

Histological analysis

Tissue samples were fixed in 4% paraformaldehyde and
decalcified in 10% EDTA for 4 weeks. Paraffin sections were
stained with Safranin-O staining and histological observations were
performed under a light microscope. The repaired cartilage tissue was
graded by an established histological scoring system, according to a
modified O’Driscoll histology scoring (MODS) system (Kleemann
et al, 2005).

Statistical analysis

The data of this study were averaged +standard deviation (SD) of
statistical data using SPSS software. At least three parallel samples (1 =
3) were set for all experiments. Comparison between the two groups
was analyzed by the independent  test, and p < 0.05 was considered
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statistically significant. * indicates p < 0.05, ** indicates p < 0.01,
*p < 0.001.
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