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Mesenchymal stem cells (MSCs) therapy shows the potential benefits to relieve clinical symptoms of osteoar-
thritis (OA), but it is uncertain if it can repair articular cartilage lesions — the main pathology of OA. Here, we
prepared biomimetic cupper sulfide@phosphatidylcholine (CuS@PC) nanoparticles (NPs) loaded with plasmid
DNA (pDNA) encoding transforming growth factor-beta 1 (TGF-p1) to engineer MSCs for enhanced OA therapy
via cartilage regeneration. We found that the NPs not only promoted cell proliferation and migration, but also
presented a higher pDNA transfection efficiency relative to commercial transfection reagent lipofectamine 3000.
The resultant CuS/TGF-$1@PC NP-engineered MSCs (termed CTP-MSCs) were better than pure MSCs in terms of
chondrogenic gene expression, glycosaminoglycan deposition and type II collagen formation, favoring cartilage
repair. Further, CTP-MSCs inhibited extracellular matrix degradation in interleukin-1p-induced chondrocytes.
Consequently, intraarticular administration of CTP-MSCs significantly enhanced the repair of damaged cartilage,
whereas pure MSCs exhibited very limited effects on cartilage regeneration in destabilization of the medial
meniscus (DMM) surgical instability mice. Hence, this work provides a new strategy to overcome the limitation
of current stem cell therapy in OA treatment through developing more effective nanoengineered MSCs.

1. Introduction stem cells (MSCs) to repair cartilage defects. However, MF often results

in the formation of fibrocartilage but not hyaline cartilage so that

Osteoarthritis (OA), the most common chronic degenerative joint
disease, is characterized by progressive destruction of articular cartilage
[1,2]. Current pharmacological administration, including nonsteroidal
anti-inflammatory drugs (NSAIDs), analgesics and intraarticular injec-
tion of hyaluronic acid, mainly focus on temporarily alleviating OA
symptoms rather than reversing OA process [3-5]. Surgical in-
terventions are also developed for management of cartilage defects.
Microfracture (MF) technique can stimulate bone marrow mesenchymal
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cartilage degeneration only delays in the short term [6,7]. Autologous
chondrocyte implantation (ACI) shows superior outcomes compared to
MF in cartilage repair [8,9], while the complex procedure and unclear
long-term impact on donor area limit its application [10,11]. Thus,
development of new approaches that can promote cartilage regeneration
is highly desired.

In recent years, stem cell therapy has drawn considerable attention in
OA treatment. MSCs are multipotent progenitor cells that can be isolated
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from various tissues, such as bone marrow, adipose tissue and peripheral
blood. These cells exhibit self-renewal and multi-lineage differentiation
properties (i.e. adipocytes, osteoblasts and chondrocytes) [12]. More-
over, MSCs can selectively home to injured sites [13,14], making them
promising candidates for cartilage repair. Although the underlying
mechanism is not fully understood, clinical studies demonstrate that
MSCs therapy is safe and may bring considerable benefits to OA patients
in terms of pain relief and joint function improvement [15,16]. How-
ever, as to cartilage regeneration, several randomized controlled trials
show that the effect of MSCs therapy on cartilage repair is not evident
[17-21]. Given the fact that MSCs exhibit low chondrogenic differen-
tiation efficiency in OA-related microenvironment with low chondro-
genesis indicators [22], MSCs tend to differentiate into
fibroelastosis-like tissue instead of hyaline cartilage [23,24]. There-
fore, enhancing chondrogenic property of MSCs may boost their thera-
peutic effects on OA, but this remains a challenge.

Toward this goal, we synthesized cupper sulfide (CuS) nanoparticles
(NPs) because our previous research showed that Cu could enhance
chondrogenesis of MSCs [25]. Then CuS NPs were modified with 3-ami-
nopropyltriethoxysilane (APTES) to obtained CuS-NHp, facilitating the
electrostatic binding with the negatively charged plasmid DNA encoding
transforming growth factor-p1 (TGF-pl). Since nanoengineering of
MSCs requires NPs with good biosafety and high cellular uptake rate, we
further coated CuS/TGF-p1 NPs with phosphatidylcholine (PC). PC is
one of the basic components of mammalian cell membrane [26], and
thus biomimetic CuS/TGF-p1@PC (CTP) could effectively transfer pDNA
into MSCs with low cytotoxicity. The CuS/TGF-$1@PC NP-engineered
MSCs (termed CTP-MSCs) exhibited enhanced cell migration, chondro-
genesis, and inhibition on extracellular matrix (ECM) degradation
compared to pure MSCs. More importantly, intraarticular injection of
CTP-MSCs in OA mice model showed that these MSCs could significantly
promote cartilage repair, resulting in a successful OA therapy.

2. Experimental section
2.1. Synthesis of CuS/TGF-f1 NPs

CuS NPs were synthesized following our previously reported
methods with modifications [27,28]. Briefly, Cu(NOs)2, L-cysteine and
NayS,03-5H,0 with the ratio of 1:3:3 were dissolved and reacted in
90 °C for 2 h. Then CuS NPs were functionalized with amino group
(CuS-NHy) by reacting with (3-aminopropyl)triethoxysilane (APTES).
To obtain CuS/TGF-f1 (CT) NPs, negative charged TGF-p1 pDNA (1 pg;
purchased from GenePharma, Shanghai, China) was mixed and bonded
with CuS-NH;, NPs (10, 20, and 30 pg, respectively) via electrostatic
binding [29].

2.2. Synthesis of CuS/TGF-$)1@PC NPs

For phosphatidylcholine (PC) modification, 1 mg of PC was dissolved
in absolute ethanol. The PC solution was evaporated to remove ethanol
and formed a thin film. Then the as-prepared CuS/TGF-p1 NPs solution
were mixed with PC film at a mass ratio of 3:1. The mixture were shaken
gently for re-dispersion and subjected to sonication for 15 min. After
centrifugation and washing with distilled water, the final CuS/TGF-
f1@PC NPs were obtained.

2.3. Characterization of the NPs

Morphology of CuS and CuS@PC NPs were observed by high-
resolution transmission electron microscopy. The crystalline structure
of the CuS NPs was detected by X-ray diffraction (XRD). Zeta potential of
the NPs before and after binding with pDNA was measured. Fourier
transform infrared spectroscopy (FTIR) spectra of the different samples
were obtained using an FTIR spectrometer. Gel electrophoresis analysis
was conducted to study pDNA binding efficiency, and the reaction
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supernatants of CuS/TGF-f1 NPs were added into 1% agarose gel with
ethidium bromide (0.1 pg/mL). The samples were run at 120 V for 40
min to detect the unbinding free pDNA in the supernatants.

2.4. Cytotoxicity and preparation of the NP-engineered MSCs

MSCs derived from bone marrow of C57 mice were cocultured with
CuS and CuS@PC NPs with gradient concentrations (0, 12.5, 25, 50,
100, and 150 pg/mL), respectively. After 24 h, standard cell counting
kit-8 (CCK-8) assay (APExBio, USA) were performed to test cytotoxicity
of the NPs. The cell viability was calculated as followed: cell viability
(%) = (ODsample - ODcck)/(ODcontrol - ODcck) x 100%, where ODsample
was the OD value of NP-cocultured MSC group, ODcoptrol Was the OD
value of pure MSC group, and OD. was the OD value of the culture
medium containing CCK-8 solution.

To prepare the NP-engineered MSCs, we first studied the optimal
concentration and incubation time of the NPs for nano engineering.
MSCs were cocultured with Cy5.5-labeled CuS and CuS@PC NPs with
gradient concentrations (0, 12.5, 25, 50, 100, and 150 pg/mL) for 2 h.
After washing with PBS for three times, Cy5.5 positive MSCs were
detected by flow cytometry. Time-dependent cellular uptake of the NPs
(25 pg/mL) was investigated. The Cu content of the NP-engineered MSCs
at each time point (2, 3, and 4 h) was detected by inductively coupled
plasma-mass spectrometry (ICP-MS).

Then we incubated MSCs with CuS, CuS@PC, CuS/TGF-f1, CuS/
TGF-p1@PC NPs (25 pg/mL, 2 h) to obtain C-MSCs, CP-MSCs, CT-MSCs,
and CTP-MSCs, respectively. The free NPs were removed by repeatedly
washing of PBS.

In addition, flow cytometry was conducted to identify the typical
surface marker of MSCs after nanoengineering according to the standard
criteria defined by International Society for Cell Therapy (ISCT) [30].

2.5. Transwell study

Approximately 5 x 10* of the above-prepared NP-MSCs were seeded
on the upper chamber of a transwell system and cultured with serum-
free low-glucose DMEM medium. The lower chambers were filled with
DMEM medium contained 10% FBS. After cultured for 24 and 48 h,
MSCs in upper layer of the membrane was scraped. MSCs migrated to the
lower layer were fixed with 4% paraformaldehyde and stained by 1%
crystal violet. MSCs in five random microscope images were counted
using Image J software.

2.6. Scratch test

Different NP-engineered MSCs were added into a 24-well plate and
cultured until they completely covered the well. A scratch was made and
then the MSCs were cultured for additional 24 and 48 h, respectively.
The initial wound area (0 h; between white dotted lines) in each image
was measured using Image J software. The wound areas at 24 h and 48 h
were calculated by the same method. Then the wound healing rate was
calculated using the following formulation: wound healing rate (%) =
(Ainitial — Atime)/Ainitial X 100, where Ajpiia) is the initial wound area (0
h), and Atine is the wound area at different time points. In order to better
observe cell migration, MSCs were stained with calcein-AM and
observed by a fluorescence microscope. Number of the migrated cells
was calculated by Image J software.

2.7. Transfection efficiency of TGF-f1 pDNA in the NP-engineered MSCs

To study the transfection efficiency of the NPs, MSCs were cocultured
with different NPs (25 pg/mL) for 2 h. Commercial transfection agent
liposome 3000 (lipo3000; ThermoFisher, USA) was used as a positive
control group following the same transfection protocol.

Briefly, TGF-f1 pDNA was incubated with lipo3000 transfection re-
agent according to the manufacturer’s instructions. The pDNA-loaded
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lipo3000 (containing the same amount of pDNA as 25 pg/mL of CT or
CTP NPs) was cocultured with MSCs for 2 h. Then the free 1ipo3000 or
NPs were removed by washing with PBS and MSCs were cultured for an
additional 2 days.

Then gene expression of TGF-p1 in these MSCs were tested after 2
days of culture by quantitative reverse transcription polymerase chain
reaction (RT-qPCR) and a 2748CT method was used to determine the
relative mRNA expression level as we previously reported [31]. Protein
expression of TGF-B1 was also study by Western blot (WB). After 3 days
of incubation, cells were collected and lysed (RIPA Lysis Buffer, PO0O13B,
Beyotime, China). Protein was extracted (RIPA Lysis Buffer, PO013B,
Beyotime, China) and quantified (BCA protein assay kit, P0010, Beyo-
time, China) for further evaluation. Samples with equal concentration
were separated by SDS-PAGE. The proteins were transferred to poly-
vinylidene difluoride membranes, blocked, and incubated with TGF-f1
primary antibody (ab215715, Abcam, UK) overnight. The dilution ratio
of primary antibodies is 1:1000. After conjugated with peroxidase sec-
ondary antibody (1:2000; SA00001-2, Proteintech, USA), TGF-f1 pro-
tein was detected using an enhanced chemiluminescence kit (Millipore,
USA). We further determined TGF-p1 content in the culture supernatants
by an enzyme linked immunosorbent assay (ELISA) kit (MEIMIAN,
China) according to the manufacturer’s instructions.

2.8. Chondro-inductivity of the NP-engineered MSCs

The NP-engineered MSCs were chondrogenically cultured with
chondrogenic media (Cyagen Biosciences) for 7 days. The expression
levels of chondrogenic genes including SRY-box transcription factor 6
(SOX-6), SOX-9, aggrecan and type II collagen (Col-2al) were analyzed
by RT-qPCR. The gene expression levels of Col-1al and Col-1a2 (fibrotic
markers) as well as Col-10al and MMP-13 (hypertrophic markers) were
detected.
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Fig. 1. Preparation and characterizations of the
NPs. (a) Schematic illustration of the preparation of
the NPs. CuS NPs were reacted with ATPES to ob-
tained CuS-NH; NPs, and then electrostatically
bonded with negatively charged TGF-p1 pDNA. Then
PC was coated on the NPs for biomimetic modifica-
tion. TEM images of CuS (b, ¢) and CuS@PC (d, e)
NPs, respectively. A thin layer (~2 nm) of PC was
observed on the NPs, indicating the successful surface
modification of PC. (f) FTIR spectra of the NPs and
PC. (8) Zeta potential of CuS, CuS-NH,, and CuS/
TGF-p1l NPs, respectively (n = 3). (h) Agarose gel
electrophoresis assay of the unbinding pDNA in the
supernatant after the reaction of CuS-NH, NPs and
TGF-p1 pDNA. (i) marker; (ii) TGF-p1 pDNA; (iii-v)
unbinding pDNA in the reaction of CuS-NH, and
PDNA at the ratio of 10:1, 20:1, 30:1, respectively.
Data are presented as means + SD.

CuS/TGF-1@PC

i iii iv v

Moreover, different MSCs were seeded in a 12-well plate and chon-
drogenically induced as described above for 7 and 14 days. Then
glycosaminoglycan (GAG) formation was detected using alcian blue
staining. We further induced the NP-engineered MSCs into cell pellets
according to the manufacturer’s instructions.

Briefly, MSCs (4 x 10° cells) were suspended in a 15 mL centrifugal
tube. After centrifugation at 250 g for 4 min, the supernatant was
removed and MSCs chondrogenic medium (MUXMZX-90041, Cyagen
Biosciences) was slowly added into the tube without resuspending the
cells. After incubated for an additional 2 days, cell pellets were formed
in the bottom of the tube. The chondrogenic medium was changed every
three days. After 4 weeks of incubation, cell pellets were fixed,
embedded in paraffin, and cut into sections. Type II collagen (Col-2)
expression was detected by immunohistochemistry.

2.9. Effects of the NP-engineered MSCs on OA chondrocytes

To study the interaction between the NP-engineered MSCs and OA
chondrocytes, we incubated ATDC5 mouse chondroblasts cell line with
IL-1B (10 ng/mL) for 24 h to simulate OA chondrocytes in vitro. We
seeded the NP-engineered MSCs on the upper chamber of a transwell
system while the IL-1p induced ATDCS5 cells were seeded on the lower
chamber. After incubation of 24 h, ATDC5 cells were collected and their
RNA was isolated. Then mRNA expression levels of non-specific matri-
cial gene Col-l1al, specific matricial gene Col-2al, matrix
metalloproteinase-3 (MMP-3), MMP-13 and tumor necrosis factor-o
(TNF-a) were determined by RT-qPCR. Moreover, supernatants in the
lower chamber were also collected after incubation of 48 h. Contents of
MMP-13 and TNF-a in supernatants were tested by ELISA sets (MEI-
MIAN, China) according to the manufacturer’s instructions.
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Fig. 2. Cytotoxicity and cellular uptake of the NPs. Cell viability of MSCs after cocultured with (a) CuS and (b) CuS@PC NPs with various concentration for 24 h. (c)
Fluorescence intensity of MSCs engineered with the Cy5.5-labeled NPs. Fluorescence intensity was measured from five images acquired from random positions of the
samples. (d) Representative fluorescent images of MSCs engineered with the Cy5.5-labeled NPs. Cellular uptake of the NPs was higher (stronger red fluorescence) in
CP-MSCs relative to C-MSCs. Data are presented as means + SD. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

2.10. Establishment of early OA model

All animal experimental procedures were approved by Institutional
Animal Care and Use Committee (IACUC) of Zhujiang Hospital, South-
ern Medical University (LAEC-2020-077). Male C57BL/6 mice at age of
8 weeks were induced into OA model by surgical destabilization of the
medial meniscus (DMM) as we previously reported [32]. Briefly, after
anesthetization, a medial capsular incision was made on the right knee
joint of mice. Then the medial meniscus supporting ligament was
resected and the medial meniscus was displaced medially. After 2 weeks
post-surgery, DMM mice were randomly divided into five treatment
groups (n = 12) as followed: 1) PBS, 2) MSCs, 3) CP-MSCs, 4) CT-MSCs,
and 5) CTP-MSCs. A total of 10 pL of different solutions (PBS or sus-
pension of different MSCs with a cell number of 1 x 10°) were slowly
injected into right knees of DMM mice biweekly. A sham group was set
as the normal control by only exposing knee joint but not cutting the
ligament. Mice were sacrificed at 6 and 10 weeks after initial surgery,
respectively. The right knee joints of mice were harvested for further
evaluation.

To investigate the in vivo distribution of the MSCs, CTP-MSCs and
pure MSCs were stained with DiD cell-labeling solution (AAT Bioquest,
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USA). The DiD-labeled MSCs (with a cell number of 1 x 10°) were
intraarticularly injected into right knees of the mice models. After 48 h,
the joint samples were collected, fixed and decalcified. The sections
were stained by DAPI (for nuclei staining) and observed by a fluores-
cence microscope.

2.11. Histological study and immunofluorescence staining

The joint samples were fixed and decalcified. The sections were
stained with Safranin-O/fast green and toluidine blue, respectively.
Semi-quantitative analysis of the sections was performed according to
Osteoarthritis Research Society International (OARSI) scores [33].

In addition, we performed immunofluorescence staining to detect
protein expression of Col-2, TGF-p1 and MMP-13. The sections were
incubated with rabbit anti-mouse primary antibodies (1:500; ab34712,
ab39012, Abcam, UK and 21898-1-AP, Proteintech, USA, respectively)
at 4 °C overnight, and then stained with Alexa Fluor® 647-conjugated
donkey anti-rabbit secondary antibody (1:1000; ab150075, Abcam,
UK) and DAPI.
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2.12. Biosafety of the NP-engineered MSCs 3. Results

Main organs including heart, spleen, lung, liver, and kidney of mice
were collected after treatments and subjected to hematoxylin-eosin
(H&E) staining. Serum of mice were also collected and blood
biochemistry test was conducted.

2.13. Statistical analysis

Data are presented as mean + standard deviation (SD). Statistical
comparisons among multiple treatment groups were measured using
one-way analysis of variance (ANOVA) followed by post hoc multiple
comparison (LSD test). A p-value less than 0.05, 0.01, 0.001, and 0.0001
was regarded statistically significant with an increasing level of the
significance.

3.1. Preparation and characterization of CTP NPs

We prepared CuS NPs according to our previously reported methods
[28]. TEM image (Fig. 1b) showed that CuS NPs had a sphere shape with
a size of ~100 nm. XRD results (Fig. S1) confirmed that the as-prepared
CuS NPs were standard CuS (PDF#06-0464). The interplanar crystal
spacing was 0.23 nm, corresponding well with the d-spacing for (105)
plane of CuS nanocrystals and XRD results (Fig. 1c). Then CuS NPs were
reacted with APTES to get CuS-NH; NPs, favoring further binding with
the negative charged pDNA (Fig. 1a). Zeta potential of the NPs increased
from —17 mV to 6.8 mV after amino modification, and then decreased
after binding with negative pDNA (Fig. 1g). To study the optimal reac-
tion ratio of CuS-NHy NPs and pDNA, we mixed the NPs with pDNA at a
various mass ratio of 30:1, 20:1, 10:1, respectively. We found that free
pDNA gradually decreased along with the increasing of
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Fig. 4. Transfection of TGF-p1 pDNA and chondrogenesis of the NP-engineered MSCs. (a) Relative mRNA expression of TGF-p1 in different MSCs after 2 days of
culture (n = 3). Commercial transfection agent lipo3000 was set as a positive control. Protein expression (b) and quantify analysis (c) of TGF-p1 in the MSCs after 3
days of culture (n = 3). (d) TGF-f1 contents in culture supernatant (n = 3). (e-h) Relative mRNA expression of SOX-6, SOX-9, aggrecan, and Col-2al in the MSCs,
respectively (n = 3). (i) Glycosaminoglycan (GAG) deposition in the MSCs (visualized by alcian blue staining). Inserted images: overall photographs of the culture
wells. (j) Immunohistochemistry (IHC) staining of Col-2 protein in cell pellets induced by different MSCs. Data are presented as means + SD. *p < 0.05, **p < 0.01,

***p < 0.001, and ****p < 0.0001.

NP-concentration (Fig. 1h). Moreover, free pDNA was disappeared when
the ratios were 30:1, demonstrating that pDNA was completely bonded
on the NPs. We chose to use the ratio of 20:1 in our further study.
Finally, CuS/TGF-$1 were coated with PC to get the CuS/TGF-p1@PC
NPs (termed CTP). A thin layer could be clearly observed on the NPs
after PC coating and its thickness was approximately 2 nm (Fig. 1d and
e). FTIR analysis showed that CuS@PC NPs exhibited both characteristic
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peaks of CuS and PC, indicating the successful coating of PC on the CuS
NPs (Fig. 1f).

3.2. Preparation and characterization of CTP-MSCs

We first performed a standard CCK-8 assay to examine the cytotox-
icity of the NPs toward MSCs. Both CuS and CuS@PC group were
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Fig. 5. Interaction of the NP-engineered MSCs with OA chondrocytes. (a) Schematic illustration of the transwell assay. Relative mRNA expression of (b) MMP-13, (c)
MMP-3, (d) TNF-q, (e) Col-1al and (f) Col-2al in IL-1f-induced ATDCS cells (to stimulate OA chondrocytes) after cocultured with different MSCs for 24 h. (g, h)
MMP-13 and TNF-a contents in culture supernatants of the lower chamber, respectively. The NP-engineered MSCs were seeded on the upper chamber while the IL-1p-
induced ATDCS cells were seeded on the lower chamber. IL-1f-induced ATDC5 without any treatment was set as control group. Data are presented as means + SD (n

= 3). *p < 0.05, **p < 0.01, ***p < 0.001.

biocompatible within 150 pg/mL (Fig. 2a and b). Interestingly, cell
proliferation significantly enhanced when MSCs were cocultured with
25 pg/mL of both NPs. Next, we studied the nanoengineering procedure
in detail to determine the optimal NP-concentration and transfection
time. We found that the cellular uptake rate of the NPs was similar in
MSCs cocultured with 25, 50, 100 and 150 pg/mL of Cy5.5-labeled NPs
(Fig. S2, determined by flow cytometry). The cellular uptake of CuS@PC
NPs was higher relative to CuS NPs when the NP concentrations were
12.5 and 25 pg/mL (Fig. S2). Moreover, contents of the CuS NPs (~2.8
jg per 10° cells, determined by ICP-MS) showed no significant differ-
ences along with different incubation time points (Fig. S3a). The con-
tents of Cu were higher in CuS@PC NP group relative to CuS NP group
(Fig. S3b). Therefore, 25 pg/mL and 2 h was defined as the best NP-
concentration and incubation time, respectively, for MSC nano-
engineering. Additionally, we analyzed the presence or absence of
CD44, CD73, CD90, CD105 and CD45 of the nanoengineered-MSCs [30].
The flow cytometry results demonstrated that engineering of the NPs did
not influence normal phenotypes of MSCs (Fig. S4).

We further compared the cellular uptake of the CuS and CuS@PC NPs
(labeled by Cy5.5). As shown in Fig. 2d, stronger red fluorescence in-
tensity was observed in CuS@PC group compared to CuS group, which
was also confirmed by fluorescence intensity analysis (Fig. 2¢). As a
crucial component of the cell membrane, PC is considered to be a safe
excipient for drug delivery. Moreover, lecithin NPs (which contain PC)
could promote drug bioavailability without influencing the fluidity of
cell membrane [34,35]. Therefore, PC modification could promote en-
gineering of the NPs into MSCs for efficient delivery of pDNA.

We performed a scratch test to detect the migration of the NP-
engineered MSCs. Scratches in the NP-engineered MSCs (visualized by
calcein-AM) healed faster than that of pure MSC group after 24 h
(Fig. 3a). Specifically, CP-MSCs exhibited the best migratory ability and
had the highest cell number among all groups (Fig. 3c and e). After 48 h,
although all scratches were completely healed in different groups
(Fig. 3d), cell number was significantly higher in CP-MSCs group

450

(Fig. 3f).

We used a transwell system to further investigate the migration of the
NP-engineered MSCs and similar results were found. After 24 h and 48 h
of incubation, much more NP-engineered MSCs (visualized by crystal
violet staining, Fig. 3b) migrated from the upper layer to the lower layer
of the chamber (Fig. 3g and h), indicating that MSCs obtained stronger
migration and proliferation properties after nanoengineering. These
results were in accordance with our previous reports that Cu could
promote cell proliferation and wound healing [36].

3.3. pDNA delivery efficiency and chondrogenesis of CTP-MSCs

To study the pDNA delivery efficiency in the NP-engineered MSCs,
we performed RT-qPCR to detect TGF-p1 expression (Fig. 4a). Com-
mercial lipo3000 was set as a positive control. Pure MSCs and CP-MSCs
were set as control groups. We found that the mRNA expression level of
TGF-pl were significantly up-regulated in CT-MSCs, CTP-MSCs, and
lipo3000 groups. Impressively, TGF-p1 levels were approximately 7-
folds higher in CT-MSCs and CTP-MSCs than the commercial lipo3000
group. WB (Fig. 4b and c) and ELISA (Fig. 4d) also indicated that TGF-p1
expression level was highest in CTP-MSCs among all groups. These
above-mentioned results demonstrated that MSCs was successfully
transfected by pDNA and expressed bioactive TGF-f1 though our
nanoengineering strategy.

Encouraged by the high TGF-pl expression ability of the NP-
engineered MSCs, we explored their chondrogenic differentiation.
After 7 days of chondrogenic induction, mRNA expression levels of all
chondrogenic markers including SOX-6, SOX-9, aggrecan, and Col-2al
were significantly increased in CTP-MSCs compared to pure MSCs
(Fig. 4e-h). CP-MSCs, CT-MSCs and lipo3000 also enhanced chondro-
genesis to some extent because Cu could promote cartilage differentia-
tion and TGF-p1 pDNA had been transfected into MSCs. The expression
of fibrotic genes (Col-1al and Col-1a2) and hypertrophic genes (Col-
10al and MMP-13) were higher in CP-MSCs relative to pure MSCs. In
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Fig. 6. Therapeutic effects of the NP-engineered MSCs on DMM mice. (a) Schematic diagram of the experimental design. After two weeks post-surgery, different
MSCs or PBS were intraarticularly injected into the knee joints of mice every two weeks. The knee joints were collected at 6 weeks and 10 weeks post-surgery,
respectively (n = 6 mice per group at each time point). (b, ¢) OARSI scores were measured according to the histological analysis of the samples collected at 6
weeks and 10 weeks post-surgery, respectively. Representative images of (d) Safranin-O/Fast green staining and (e) Toluidine blue staining of the knee joints after
different treatments. Cartilage lesions were highlighted by black arrows in (d) and red arrows in (e), respectively. Data are presented as means + SD. *p < 0.05, **p

< 0.01, ***p < 0.001.

contrast, the fibrotic and hypertrophic genes expression had no differ-
ence between CTP-MSCs and pure MSCs (Fig. S5).

Then we analyzed GAG deposition in different MSCs by alcian blue
staining (Fig. 4i). More cells were dyed into blue color in the NP-
engineered MSCs groups compared to pure MSCs. Moreover, the blue
color was deeper in CTP-MSCs than those of CP-MSCs, CT-MSCs, and
lipo3000 groups. GAG is an important component of the chondrocytes
and one of the most characteristic expression products in cartilage [37].
The staining degree reflected that more GAG was synthesized in
CTP-MSCs.

Further, we induced the NP-engineered MSCs into cell pellets for 4
weeks and detected Col-2 formation by IHC staining (Fig. 4j). Cell pellets
of the NP-engineered MSCs were stained into deeper brown color (Col-2
expression) than those of MSCs and lipo3000 groups. Moreover, the
brown color was deepest in cell pellet of CTP-MSCs among all groups.
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Hence, CTP-MSCs exhibited an enhanced chondrogenic differentiation
property compared to pure MSCs.

3.4. Interaction of the NP-engineered MSCs with OA chondrocytes

We incubated ATDC5 chondroblasts with IL-1f for 24 h to simulated
OA chondrocytes in vitro [32]. To determine whether NP-engineered
MSCs could alleviate the matrix degradation of OA, MSCs were seeded
on the upper chamber and the IL-1p-induced ATDC5 cells were seeded
on the lower chamber using a transwell system (Fig. 5a). RT-qPCR re-
sults revealed that the mRNA expression level of MMP-3, MMP-13, and
TNF-a in OA chondrocytes were significantly inhibited by the
NP-engineered MSCs (Fig. 5b—d). In addition, the expression level of
non-specific matricial gene Col-lal of OA chondrocytes was not
significantly different between the NP-engineered MSCs and pure MSCs
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Fig. 7. Immunofluorescence staining of Col-2 in knee joints at 10 weeks post-surgery. The expression of Col-2 was higher in NP-engineered MSCs groups relative to
MSCs and PBS groups. The cartilage areas were highlighted by white dotted lines.

groups (Fig. 5e). Remarkably, specific matricial gene Col-2al expression
was significantly increased in OA chondrocytes treated with CT-MSCs
and CTP-MSCs (Fig. 5f).

Moreover, we collected the culture media in the lower chamber and
found that the contents of matrix degradation marker MMP-13 and in-
flammatory marker TNF-« in all MSCs groups were decreased (Fig. 5g
and h).

3.5. Therapeutic effect and safety of the NP-engineered MSCs on mice
with early OA

We established early OA model (2 weeks after DMM surgery) and
intraarticularly injected different MSCs biweekly into the knees of OA
mice (Fig. 6a). At 6 weeks post-surgery, safranin-O/fast green staining
(Fig. 6d) and Toluidine blue staining (Fig. 6e) showed that articular

cartilage was eroded in PBS group. Mild cartilage damage (highlighted
by arrows) was observed in MSCs, CP-MSCs, and CT-MSCs groups. By
contrast, cartilage of mice treated with CTP-MSCs was effectively pro-
tected and had no obvious difference with mice in the sham group. With
the time prolongation, cartilage destruction was worsened in all groups
except CTP-MSCs and sham groups at 10 weeks post-surgery. We eval-
uate the disease severity by OARSI score (Fig. 6b and c). The scores were
similar in CTP-MSCs and sham groups. However, the scores were
increased in other treatment groups over time, revealing the progression
of OA.

Changes of cartilage markers Col-2 and TGF-p1 in cartilage matrix
after different treatments at 10 weeks were also studied by in immu-
nofluorescence (Figs. 7 and 8). The fluorescence intensity of these two
markers were increased in all NP-engineered MSCs groups compared to
MSCs and PBS groups. Meanwhile, the NP-engineered MSCs decreased
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the expression level of MMP-13, suggesting that the matrix degradation
of OA cartilage was relived after treatments (Fig. 9). Overall, CTP-MSCs
were the best against cartilage erosion among all NP-engineered MSCs.

In addition, we investigated the distribution of CTP-MSCs and pure
MSCs after intraarticular injection in vivo. We found that the red fluo-
rescence intensity (DiD-labeled MSCs) at the cartilage injured site in
CTP-MSC group was stronger than that of pure MSC group (Fig. S6). This
result indicated that more CTP-MSCs were presented at cartilage injured
site due to their stronger cell migration ability relative to pure MSCs.
Further, histological analysis showed that the main organs of mice after
treatments were normal in all groups (Fig. S7). Moreover, the results of
blood biochemical tests had no significant differences among all groups
(Fig. S8), indicating that the NP-engineered MSCs did not influence the
liver and kidney function of mice. Hence, CTP-MSCs presented a highly

CT-MSCs

CTP-MSCs

efficiency and safety on the treatment of OA.
4. Discussion

Despite the advantages of MSCs in relieving symptoms and
improving functions of joints, concerns about whether MSCs could
repair damaged cartilage are growing in OA therapy. Recent three
randomized controlled trials [18-20] revealed that no changes were
observed in the whole-organ MRI score (WORMS) of knee cartilage after
MSCs treatment, namely, the effect of MSCs on cartilage repair is un-
certain. Therefore, enhancing the chondrogenic inductivity of MSCs
without affecting their basic functions may be a promising strategy to
overcome these drawbacks.

In our approach, we conjugated CuS NPs with TGF-$1 pDNA to
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enhance the chondrogenesis of the NP-engineered MSCs. Moreover, the
NPs were modified with PC on the surface, allowing the NPs to enhance
MSCs with low cytotoxicity. We demonstrated that the new CTP-MSCs
indeed migrated to cartilage lesions and enhanced cartilage repair in
OA mice after intraarticular injection.

Cu is an essential trace element in the human body with multiple
biofunctions [25,38-40]. However, excessive Cu ions are toxic to
mammal cells due to that oxidative pathway can be activated by high
concentration of Cu ions [41,42]. Hence, the direct application of Cu
ions in tissue engineering is restricted [43]. Compared to Cu ions,
Cu-based NPs (e.g., CuS and CuO NPs) are more structurally and
chemically stable. They gradually release Cu ions in a mild manner [44].
We showed that both CuS and CuS@PC NPs within proper concentra-
tions were safe and could promote the proliferation of MSCs (Fig. 2). Our

results were consistent with previous reports that Cu could promote
chondrocytes proliferation by enhancing the synthesis of insulin-like
growth factor 1 (IGF-1) [45]. MSCs are expected to migrate to carti-
lage lesions after injection. Previous studies demonstrated that Cu ions
within controlled dosage could promote the migration of MSCs [46,47].
CuS NP anchored to graphene oxide nanosheets also accelerate cell
migration of fibroblasts and endothelial cells. CuS NP also accelerate
wound healing in methicillin-resistant Staphylococcus aureus
(MRSA)-infected wounds [36]. Similarly, our NP-engineered C-MSCs
and CP-MSCs exhibited a stronger migratory ability relative to pure
MSCs in vitro (Fig. 3). More importantly, more CTP-MSCs were observed
at cartilage damaged site compared to pure MSCs after 48 h of injection
in vivo (Fig. S6).

Cu is also important in cartilage homeostasis. Cu acts a cofactor for
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intraarticularly injected into the knee and significantly promoted articular cartilage regeneration, leading to a successful OA therapy.

the cross-linking effect of elastic fibers and collagen [48]. It activates
lysyl oxidase, a cuproenzyme, to maintain the functional integrity of
articular cartilage through participating in the formation of GAG and
collagen [48]. Previously, we found that Cu ions and CuO NPs could
promote chondrogenesis of MSCs by up-regulating chondrogenic genes
expression and matrix synthesis [25,49]. Other researchers reported that
Cu enhanced the secretion of TGF-p [50] to facilitate MSC chondro-
genesis and to promote and maintain chondrogenic phenotype of
chondrocytes [45,51,52]. In this study, the expression levels of chon-
drogenic genes, including SOX-6, SOX-9, aggrecan and Col-2al, were
significantly up-regulated in CTP-MSCs group compared to pure MSCs
group, indicating the synergistic chondrogenic inductivity of Cu and
TGF-f1 (Fig. 4). In addition, the NP-engineered MSCs inhibited the
matrix degradation of OA chondrocytes (Fig. 5). However, we found that
the expression of fibrotic genes (Col-1al and Col-1a2) and hypertrophic
genes (Col-10al and MMP-13) were higher in CP-MSCs relative to pure
MSCs. Fibrosis and hypertrophy are involved in the pathological
changes of OA cartilage degeneration [53,54]. Interestingly, the fibrotic
and hypertrophic genes expression had no difference between
CTP-MSCs and pure MSCs (Fig. S5).

In recent years, TGF-p1 has used in OA therapy [55,56]. TGF-f1 can
inhibit hypertrophy of chondrocytes by inhibiting the activity of MMP
family molecular [57] and promoting the generation of GAG and other
ECM components [58-60]. Moreover, chondrogenic markers of MSCs
can be up-regulated by TGF-pl [61], which is also confirmed in our
study. Although TGF-p1 may induce the expression of Col-lal and
Col-10al [61,62], fibrosis and hypertrophy only occur in cartilage when
TGF-p1 is repeatedly injected with a high dosage [62]. These adverse
effects of TGF-f1 were not observed in our CTP-MSCs because the
transfection efficacy of CTP NPs was high and the NP concentration used
in nanoengineering was low. Overall, CTP-MSCs are in favor of OA
therapy because they can migrate to cartilage lesions and then differ-
entiate into chondrocytes without causing fibrosis and hypertrophy,
resulting in a successful cartilage repair of OA mice (Fig. 6).
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5. Conclusion

In summary, we developed nanoengineered MSCs as a new modality
for OA treatment. The NP-engineered MSCs bore three highly desired
functions for stem cell-based therapy in OA, including accelerated cell
migration, enhanced chondrogenesis, and inhibition of extracellular
matrix degradation (Fig. 10a). These cartilage-repair-favored features
enabled these NP-engineered MSCs to promote cartilage regeneration in
OA models with only four intraarticular injections (Fig. 10b). Specif-
ically, CTP-MSCs exhibited the best cartilage repairing effect among all
NP-engineered MSCs and did not cause any adverse effects on main
organs as well as liver and kidney functions. Hence, the nanoengineered
MSCs could provide an efficient and safe strategy to overcome limita-
tions of current stem cell therapy and achieve a successful OA treatment.
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