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A B S T R A C T

Degenerative cartilage is the pathology of severe depletion of extracellular matrix components in articular
cartilage. In diseases like osteoarthritis, misregulation of microRNAs contributes the pathology and collectively
leads to disruption of the homeostasis. In this study chondroitin sulfate/hyaluronic acid/chitosan nanoparticles
were prepared and successfully characterized chemically and morphologically. Results demonstrated higher
chondroitin sulfate amounts led smaller nanoparticles, but lower surface zeta potential due to high electro-
negativity. After optimization of chondroitin sulfate amounts regarding size and charge, nanoparticles were
loaded with microRNA-149-5p, a therapeutic miRNA downregulated in osteoarthritis, and evaluated focusing on
their loading efficiency, release behaviour, cytotoxicity and gene transfection efficiency in vitro. Results showed
all nanoparticle formulations were non-toxic and promising gene delivery agents, due to increased levels of
microRNA-149-5p and decreased mRNA levels of microRNA's target, FUT-1. Highest gene transfection efficiency
was obtained with the nanoparticle formulation which had the highest chondroitin sulfate load and smallest size.
In addition, owing to their high chondroitin sulfate cargo, all nanoparticles were reported to enhance chon-
drogenesis, which was demonstrated by gene expression analysis and sulfated glycosaminoglycan (sGAG)
staining. The obtained data suggest that the delivery of microRNA-149-5p via polysaccharide based carriers
could achieve collaborative impact in cartilage regeneration and have a potential to enhance osteoarthritis
treatment.

1. Introduction

Articular cartilage is a well specialized tissue found in knee joints. It
provides lubrication, articulation and load distribution, assisting knee
movements [1]. Articular cartilage can be damaged due to trauma,
environmental factors, age, genetics or systemic diseases and its healing
abilities are restricted due to lack of blood and lymphatic vessels, which
limits its recovery so challenges patients and doctors [2]. Many thera-
pies used in clinic involve invasive procedures such as microfracture,
drilling, abrasion arthroplasty, autologous chondrocyte implantation,
osteochondral autograft transplantation and osteochondral allograft
transplantation [3]. Apart from these surgical procedures, viscosup-
plement injections have emerged as non-operative tools to manage
degenerative cartilage symptoms, serving as only pain relievers,
without affecting the course of the disease [4].

Articular cartilage have a dense extracellular matrix, which contains
mainly collagens and proteoglycans with a synovial tissue providing

viscosity and lubricity owing to its high hyaluronic acid (HA) content
[2]. The primary function of HA is to preserve synovial fluid viscosity,
along with facilitating proteoglycan synthesis, controlling in-
flammatory responses and maintaining the cartilage matrix [5,6]. In
osteoarthritis, cartilage degenerates and synovial fluid viscosity, so
water content decreases together with hyaluronic acid volume. Thus,
intra-articular viscosupplementations with HA injections emerged in an
attempt to recover the normal viscoelastic character of knee to promote
HA synthesis and delay its degradation [4,7–9].

In articular cartilage, proteoglycans, mainly chondroitin sulfate,
provide elasticity to tissue, also promoting collagens to fulfil their role
for providing tensile strength [10]. In degenerative cartilage case,
however, both chondroitin sulfate and hyaluronic acid content are
known to be deceased, which in turn cause articular cartilage to loose
its elasticity, viscosity and water content, and mechanical durability
obliquely as well, due to extracellular matrix disruption [11].

Regarding all these molecular changes occurring in the
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degenerating cartilage, scientists have been studying on reconstitution
of these macromolecules to restore its viscoelastic properties, along
with delivery of therapeutical agents to enhance tissue healing [12–15].
Lately, a variety of carriers like nanoparticles, hydrogels, scaffolds and
nanogels have been developed to reduce degeneration and shown a
great potency to enhance tissue healing and integrity [16–20]. Pi et al.
showed that siRNA encapsulated PEI-peptide nanoparticles (NPs) have
successfully lessen cartilage degeneration in mice [21]. Jeon et al. used
siRNA and SOX-9 releasing PLGA NPs to induce chondrogenesis in
human mesenchymal stem cells [22]. Ding-Lu and colleagues proved
hyaluronic acid-chitosan particles as plasmid carriers for targeting os-
teoarthritis in 2011 [23]. When it comes to polysaccharides, hydrogel
networks stand out as delivery systems owing to their water adsorption
capacity [24]. Bian et al. showed alginate microspheres inside a hya-
luronic acid hydrogel manage to enhance chondrogenesis in mesench-
ymal stem cells [25]. Kim and colleagues used oxidized hyaluronate
and glycol chitosan hydrogels to encapsulate chondrocytes, Qi et al.
formed injectable sericin hydrogels to repair cartilage [26,27]. Lately,
nanogel systems emerged for more effective drug/gene delivery, which
are described as distributions of hydrogel nanoparticles from polymeric
networks and advantageous regarding low-toxicity and ease of handling
[28]. Nochi and colleagues formed nanogels for adjuvant free intranasal
vaccination and Li et al., recently reported a bioreduction-ruptured
polymer nanogel system for siRNA delivery [29,30].

MicroRNAs (miRNAs) are naturally occurring small, single-stranded
noncoding RNAs which are post-transcriptionally controlling gene ex-
pression [31,32]. They appear to be key players in regulation of several
biochemical pathways and homeostasis and deregulation of miRNAs
has been shown to cause diseases including osteoarthritis. miRNAs in
cartilage play important roles in chondrogenesis, cartilage development
and homeostasis [33]. In degenerating cartilage, mainly the expression
of miRNAs which play role in extracellular matrix (ECM) production is
known to decrease [34]. Restoration of these miRNAs with synthetic
mimics has been showed to promote endogenous miRNAs to re-gain
their functions and enhance the expression of ECM matrix components
[12,35,36].

MicroRNA-149-5p is a 23-mer small RNA, which has shown to
mediate chondrocyte proliferation, apoptosis and autophagy in carti-
lage, especially during osteoarthritis. Overexpression of microRNA-149-
5p is reported to induce proliferation and prevent apoptosis of chon-
drocytes, thus prevent osteoarthritis [37]. It is also showed to be
downregulated in osteoarthritis patients, causing degenerated cartilage
and damaging homeostasis [31].

Herein this study, we investigated the effect of overexpression of
microRNA-149-5p on mesenchymal stem cells in vitro, carried with
chondroitin sulfate coated hyaluronic acid-chitosan nanoparticles.
Particle size and surface zeta potential, morphology, particle stability
and degradation, microRNA encapsulation efficiency and in vitro re-
lease profiles were determined. Cytotoxicity and transfection efficiency
of nanoparticles were further investigated in vitro.

2. Materials and methods

2.1. Materials

Chitosan (CS) with a molecular weight of 150 kDa and a deacety-
lation degree of 80% was purchased from Sigma (St. Louis, USA). TPP
was obtained from Sigma (St. Louis, USA). HA was obtained from Acros
Organics (USA) with a molecular weight of 1,5mDa. Chondroitin sulfate
(ChoS) was bought from Sigma (St. Louis, USA). The miRNA 149-5p
sequence (5′-UCUGGCUCCGUGUCUUCACUCCC-3′) used in this study
was purchased from Qiagen (Germany).

2.2. Preparation of ChoS (HA/CS) NPs and miRNA-149-5p loaded ChoS
(HA/CS) NPs

0.6125mg/mL (3.8 μM) chitosan and 1.25mg/mL (0.83 μM) hya-
luronic acid was dissolved in nuclease-free water. Blank HA/CS NPs
were synthesized by slowly adding of HA solution to chitosan solution
in different mass ratios by the ionotropic gelation methods [38]. The
nanoparticle solutions were prepared with HA:CS ratios of 1:1, 1:2, 1:4,
1:6, 1:10. Briefly, 50 μL of TPP (cross-linker) solution were first mixed
with 0.83M HA solution and the resulting HA-TPP solution was added
dropwise to different volumes of chitosan solution [39]. Solutions were
mixed on magnetic stirrer for 20min, then incubated for 20min at
room temperature to stabilize nanoparticles. The nanoparticles were
then centrifuged at 3500g for 5min, and supernatants were collected.

Blank ChoS (HA/CS) NPs were prepared by addition of varying
concentrations of chondroitin sulfate solution onto 1:4 HA/CS NPs via
ionic interaction [40]. 2.29 μM, 3.44 μM, 4.59 μM, 5.73 μM, 6.88 μM,
8.03 μM, 9.17 μM, 10.32 μM, 11.47 μM and 13.76 μM ChoS (HA/CS)
NPs were prepared.

MicroRNA attached ChoS (HA/CS) NPs were formed via ionic in-
teractions. After synthesis and stabilization of ChoS (HA/CS) NPs,
microRNA solutions were added onto nanoparticle solutions dropwise
with 30:1 N:P ratio.

2.3. Physiochemical characterization of nanoparticles and their
encapsulation efficiencies

Physiochemical properties of nanoparticles were assessed by dy-
namic light scattering (DLS) with ZetaSizer Nano series Nano-ZSP
(Malvern Instruments, Malvern, UK). Each sample was studied in tri-
plicate.

Morphological examination of nanoparticles was performed with
scanning electron microscopy (SEM), after washing nanoparticles three
times prior to visualisation.

To determine encapsulation efficiencies of nanoparticles and free
microRNA were recovered from the supernatant via centrifugation at
13,000 rpm for 10min. The encapsulation efficiency of nanoparticles
were calculated with the following formula: Encapsulation efficiency
(%)= (A− B)/A×100. A is the total weight of added microRNA and
B is the weight which is recovered from supernatant after centrifugation
at high speed. The amount of free microRNA was measured with Qubit
3.0 fluorometer (Thermo Fischer Scientific, US) using microRNA assay
kit.

2.4. The stability of nanoparticles and the controlled release of microRNA
149-5p from nanoparticles in vitro

Nanoparticles without microRNA loads were suspended in deio-
nized water, PBS and 10% serum containing DMEM under mild stirring
at 37 °C. The sizes were determined at day 0, 1, 2 and 3 via dynamic
light scattering (DLS) technique to determine degradation profiles of
nanoparticles.

To examine release behaviour of microRNA-149-5p from nano-
particles, nanoparticles were suspended in nuclease free water and put
on dialysis within dialysis membranes with molecular weight cut off
20,000 Da at 37 °C in a water bath. The released microRNA was mon-
itored at indicated time intervals over 7 days by Qubit fluorometer after
centrifugation.

2.5. Gel retardation assay

MicroRNA interaction on nanoparticles was analyzed by 2% gel
electrophoresis. The gels were prepared with 2% agarose gel in 1× TBE
buffer with ethidium bromide to a final concentration of 0.2 μg/mL. Gel
electrophoresis was carried out at 80 V for 10min and the gel was
subsequently photographed in gel imaging system (ChemiDoc-It
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Imager, UVP). Nanoparticles were degraded with SDS for 20 mins prior
to loading, to prove nanoparticle interaction.

2.6. Cytotoxicity assays

Cytotoxicity of nanoparticles was evaluated via 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
(Glentham Life Sciences). Chondrocytes at a density of 5×104 cells/
mL were seeded into 96-well plates 24 h prior to experiment. The cells
were then incubated with nanoparticles for 24 h. Subsequently, 13 μL of
MTT solution (5mg/mL in phosphate-buffered saline (PBS), Pan-
Biotech) and 100 μL of fresh media were added. After 4 h of incubation
at 37 °C, medium in each well was replaced with 100 μL of isopropanol
solution (containing 0.04 N HCl) to dissolve the formazan crystals. The
plate was incubated once again for 20min in dark and absorbance was
measured at 570 nm using a microplate reader (SpectroStar Nano, BMG
Labtech). Each sample group was studied in 8 replicates with 500 μg/
mL, 250 μg/mL, 125 μg/mL and 62.5 μg/mL concentrations.

2.7. MicroRNA transfection

Human mesenchymal stem cells were cultured in %10 FBS con-
taining DMEM (Life Sciences, BI) media supplemented with 10% FBS
(Gibco-BRL) and incubated at 37 °C in a humidified atmosphere with
%5 CO2. For transfection experiments, cells were seeded in a 6-well
plate (2×106 cells per well) and incubated with nanoparticles with a
100 nM microRNA concentration, in 1mL serum-free DMEM media for
6 h. Subsequently, cell culture with 10% FBS added onto cells and
cultured for 48 h. Afterwards cells were harvested for gene expression
analysis.

2.8. Gene expression analysis

RNA isolation was performed according to manufacturer's protocol
(PureLink RNA mini kit, Thermo Fisher Scientific), DNAse I treatment
was performed during isolation to obtain high yield. Isolated RNAs
were then reverse transcribed with High Capacity Reverse
Transcription Kit (Applied Biosystems, Thermo Fisher Scientific) on ice,
due to kit protocol with random primers except miRNA-149-5p at
conditions 25 °C for 10min, 37 °C for 120min and 85 °C for 5min.
Stem-loop primer used for reverse transcription of miRNA-149-5p was
as follows; 5′-GTTGGCTCTGGTGCAGGGTCCGAGGTATTCG- CACCAG
AGCCAACGGGAGT-3′. GAPDH was used as internal control. The pri-
mers used in the experiment are ACTB: F primer, CATGTACGTTGCTA
TCCAGGC, R primer, CTCCTTAATGTCACGCACGAT, FUT-1: F primer,
CCTGGCATCTTCTGGAGAAGCT, R primer, TTCTAGAACTGCCTGCCA
GCCAT, miRNA-149-5p: F primer, GTTTCTGGCTCCGTGTCTT, R
primer, GTGCAGGGTCCGAGGT, SOX-9: F primer, GTACCCGCACTTG
CACAAC, R primer, TCTCGCTCTCGTTCAGAAGTC, COMP: F primer,
AACTCAGGGCAGGAGGATGT, R primer, TGTCCTTTTGGTCGTCGTTC,
COL2A1: F primer, AAAAGAGGTGCCCGTGGAGAA, R primer, TTGCC
TTGAGGACCAGCATCA, AGC: F primer, GGGGACCTTAGTGGACTTCC
TTCTG, R primer, AGGTCCACCCCAGAATACTCACC. Gene expression
studies were performed with comparative CT method using Viia7 Real-
Time PCR System (Thermo Fisher Scientific) with PowerUp SYBR Green
Master Mix (Thermo Fisher Scientific). Each sample was performed in
three replicates.

2.9. Sulfated glycosaminoglycan (sGAG) staining

Mesenchymal stem cells were incubated with nanoparticles for 56 h
and stained with Safranin O Staining Kit (ScienCell) according to
manufacturer's instructions. Cells were washed with sterile PBS prior to
staining.

2.10. Statistical analysis

The mean ± SD was determined for each experiment group.
Statistical differences between groups were evaluated with one way
ANOVA test, by using the GraphPad Prism software version 6
(GraphPad Software, La Jolla, USA). P value was considered as 0.05.
Level of significance was represented as follows: p > 0.05 as not sig-
nificant, p≤ 0.05 as *, p≤ 0.01 as **, p≤ 0.001 as ***, and
p≤ 0.0001 as ****.

3. Results and discussion

3.1. Characterization of ChoS (HA/CS) NPs

Dynamic light scattering analysis was performed to assess the
physiochemical properties of ChoS (HA/CS) NPs and microRNA 149-5p
incorporated ChoS (HA/CS) NPs. Prior to chondroitin sulfate interac-
tion, HA/CS nanoparticles were synthesized with different mass:mass
ratios, 1:1, 1:2, 1:4, 1:6, 1:10 (Supplementary Table 1). As the nano-
particles were designed to be gene carriers, chitosan amounts were
increased to maintain high positive charge. Nanoparticles with highest
surface charge and smallest size were obtained in 1:4 HA:CS (m:m)
formulation, so following experiments were conducted with 1:4 HA/CS
nanoparticles.

The effect of chondroitin sulfate incorporation on the average hy-
drodynamic diameter and surface zeta potential of nanoparticles is
shown in Table 1. HA:CS NPs with 1:4 (m:m) ratio were interacted with
different amounts of chondroitin sulfate as following: 2.29 μM, 3.44 μM,
4.59 μM, 5.73 μM, 6.88 μM, 8.03 μM, 9.17 μM, 10.32 μM, 11.47 μM,
13.76 μM.

It is observed that surface charge of the nanoparticles decreased
with increasing chondroitin sulfate concentration, because of large
anionic groups of chondroitin sulfate. It also affected nanoparticle size,
forming strong electrostatic interactions with protonated amines of
chitosan, hence caused nanoparticles to shrink in size [41]. After
10.32 μM chondroitin sulfate inclusion, nanoparticles began to increase
in size, as excess negatively charged components of chondroitin sulfate
led to repulsive forces upon competition for positively charged amines
of chitosan [42,43]. Following experiments were performed with
4.59 μM, 6.88 μM and 9.17 μM ChoS (HA/CS) NPs, and denoted as NP1,
NP2 and NP3, respectively.

Although the infrared spectra of chondroitin sulfate, hyaluronic acid
and chitosan show quite overlapping peaks due to their polysaccharide
structure, there were some changes showing the structural differentia-
tion (Fig. 1). The multiple peaks observed between 1050 and
1200 cm−1 after chondroitin sulfate addition indicate presence of sul-
fate groups. In addition, NeH stresses observed in the presence of
chitosan contributed to the large OeH peak of chondroitin sulfate and
were observed as two overlapping peaks after addition to the nano-
particles. The spectra at 1350–1400 cm−1 confirm the presence of
strong sulfate peaks as well.

Table 1
DLS measurements of chondroitin sulfate incorporated HA/CS NPs.

ChoS load Charge Size PDI

2.29 μM 27.40mV ± 0.77 450.8 nm ± 10.1 0.63
3.44 μM 27.02mV ± 1.29 403.9 nm ± 10.6 0.51
4.59 μM 26.33mV ± 2.02 383.6 nm ± 11.5 0.42
5.73 μM 25.01mV ± 1.26 375.0 nm ± 13.8 0.40
6.88 μM 24.13mV ± 1.58 357.8 nm ± 12.0 0.33
8.03 μM 16.75mV ± 2.14 315.4 nm ± 11.2 0.29
9.17 μM 11.40mV ± 1.41 320.2 nm ± 11.3 0.20
10.32 μM 7.04mV ± 1.68 362.6 nm ± 18.9 0.34
11.47 μM 5,68mV ± 2.50 425.1 nm ± 20.1 0.56
13.76 μM −1.55mV ± 4.09 467.7 nm ± 32.9 0.80
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MicroRNAs were attached to the surface of nanoparticles and the
size and surface charge of NP1, NP2 and NP3 nanoparticles and loading
efficiencies after microRNA interaction are given in Table 2.

Various types of nanomaterials have been used as gene delivery
agents. Wang et al. used nanostructured lipid nanoparticles for micro
RNA transfection, in which they achieved a nearly 70% loading effi-
ciency [44]. Zhang et al. reported 80% micro RNA loading efficiency for
their nanoparticles [45]. Herein, we obtained 84.13%, 73.87% and
60.97% gene loading efficiency for NP1, NP2 and NP3, respectively.

The morphology of ChoS (HA/CS) NPs was observed using SEM
(Fig. 2). Nanoparticles were shown to retain their spherical shape. Al-
though particles were washed via dialysis prior to SEM imaging, na-
noparticles seem to be aggregated after drying and coating process due
to excess polymer in the solution.

SEM images correlates with the DLS measurements, revealing the
decrease in size of ChoS (HA/CS) nanoparticles with increasing

chondroitin sulfate amounts. In addition, higher chondroitin sulfate
content led lessened aggregation of HA/CS NPs, due to stabilized forces
among anionic and cationic groups (Fig. 3).

3.2. Stability of ChoS (HA/CS) NPs

Stability of nanoparticles was tested in 3 different media, prior to
microRNA loading. ChoS (HA/CS) NPs were studied in nuclease-free
water, PBS and DMEM medium supplemented with %10 FBS. Stability
experiments were performed at 37 °C for 72 h and the size of nano-
particles were measured in every 24 h (Fig. 3). The results showed
nanoparticles maintained their size without degradation after 72 h. No
aggregation was observed. NP2 nanoparticles were studied for stability
experiments of ChoS (HA/CS) NPs. ChoS (HA/CS) NPs were shown to
increase their size more than HA/CS NPs, due to the higher amount of
polysaccharides. Nanoparticles increase their size 42.66% in nuclease

Fig. 1. FT-IR spectra of nanoparticles. Blue spectra shows chondroitin sulfate, red spectra shows HA/CS NPs, purple spectra shows chondroitin sulfate coated HA/CS
(NP2) nanoparticles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Size and charge measurements and loading efficiencies of ChoS (HA/CS) NPs.

Charge Size +RNA (charge) +RNA (size) Loading efficiency

NP1 26.33mV ± 2.02 383.6 nm ± 11.5 17.51mV ± 2.15 412.26 nm ± 21.18
(PDI 0.4)

84.13%

NP2 24.13mV ± 1.58 357.8 nm ± 12.0 15.76mV ± 1.59 259.45 nm ± 13.89
(PDI 0.24)

73.87%

NP3 11.40mV ± 1.41 320.2 nm ± 11.3 9.23mV ± 1.38 180.20 nm ± 10.23
(PDI 0.19)

60.97%

Fig. 2. SEM images of nanoparticles interacted with chondroitin sulfate (a) NP1, (b) NP2 and (c) NP3 nanoparticles taken at 40,000× magnification. Scale bar is
2µm.
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free water, 45.14% in PBS and 45.30% in DMEM+10% FBS medium at
the end of the first day (p≤ 0.001). The increase in nanoparticle size is
due to highly hydrophilic nature of hyaluronic acid and its water re-
tention ability of carboxyl groups forming a loose network [41,43,46].
Besides, neutral pH partially uncharges the chitosan backbone of na-
noparticles leading to weak interactions with the anionic groups, re-
sulting a larger size [47]. Stability experiments proved ChoS (HA/CS)
NPs are stable nanoparticles and can be used for further applications.

3.3. Gel retardation assay

MicroRNA-149-5p loading to ChoS (HA/CS) NPs were also de-
monstrated with gel retardation assay. It is seen that naked miRNA
migrated into the gel, whereas nanoparticle interaction prevented
microRNA to migrate in all nanoparticle formulations. The effect of
nanoparticles were also confirmed by SDS treatment, which was in-
cubated with microRNA encapsulated 30:1 N:P ratio ChoS (HA/CS)
NPs, prior to gel loading. SDS is known to disrupt electrostatic forces
and expected to release microRNAs from nanoparticles in this experi-
ment. The result is seen in the last lane, proving microRNA re-
appearance after SDS treatment (Fig. 4).

3.4. MicroRNA release from ChoS (HA/CS) NPs

MicroRNA release experiments were performed at 37 °C in PBS
under mild stirring. Free microRNA from ChoS (HA/CS) NPs were
measured via dialysis and results are shown in Fig. 5. No significant
difference was found between the groups in the first 24 h of release
experiments. After 24 h, it was observed that NP1 nanoparticles re-
leased 8.4%, NP2 nanoparticles 12.2%, NP3 nanoparticles 15.3% of its
microRNA content (p≤ 0.05). Nanoparticles seem to behave similarly
after 48 h and no statistically significant difference was observed be-
tween the groups until the end of the release test. At the end of 192 h,
59.03% of the microRNA were released from NP1 nanoparticles, NP2
nanoparticles released 76.27% and NP3 nanoparticles released 76.27%
of its microRNA content. This slow release may be the result of strong
electrostatic interactions between high molecular weight chitosan and

Fig. 3. Structural stability of ChoS (HA/CS) NPs, NP2 formulation was studied
in three replicates.

Fig. 4. Gel retardation assay. First lane, control microRNA, second lane,
microRNA encapsulated 4.59 μM ChoS (HA/CS) (NP1) NPs, third lane
microRNA encapsulated 5.73 μM ChoS (HA/CS) NPs, fourth lane, microRNA
encapsulated 6.88 μM ChoS (HA/CS) (NP2), fifth lane, microRNA encapsulated
8.03 μM ChoS (HA/CS), sixth lane, microRNA encapsulated 9.17 μM ChoS (HA/
CS) (NP3), seventh lane, microRNA encapsulated 9.17 μM ChoS (HA/CS) NPs
incubated with SDS.

Fig. 5. microRNA release from NP1, NP2 and NP3 nanoparticles in 8 days.

Fig. 6. MTT results of NP1, NP2 and NP3 nanoparticles.
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chondroitin sulfate. This is also potentially the proof of successful in-
teraction between chondroitin sulfate and HA/CS NPs, as an additional
layer of polymer slowed down the microRNA release, which is con-
sistent with the previous reports [48].

3.5. Cytotoxicity of nanoparticles

Fig. 6 shows cell viability of mesenchymal stem cells after incuba-
tion with NP1, NP2 and NP3 nanoparticles with different concentra-
tions determined with MTT assay. It is seen that nanoparticles do not
show any toxicity until the highest nanoparticle concentration tested. It
is seen that increasing chondroitin sulfate amounts lead to an increase
in cell viability, due to nature of cells behaving polysaccharides as an
energy source, enhancing cell growth [49]. Cytotoxicity experiments
showed ChoS (HA/CS) NPs are non-toxic, biocompatible nanoparticles,

and can be used for any downstream applications.

3.6. Delivery of microRNA-149-5p in mesenchymal stem cells and gene
expression analysis

MicroRNA 149-5p is known to have an important role in cartilage
homeostasis, especially in prevention of apoptosis. It has shown that
microRNA-149-5p overexpression leads to enhanced chondrocyte pro-
liferation, targeting FUT-1 gene [37]. In this study, microRNA-149-5p
encapsulated ChoS (HA/CS) NPs were used for transfection of me-
senchymal stem cells, to observe its effects on chondrogenesis and
homeostasis. Three different formulations of ChoS (HA/CS) NPs (NP1,
NP2 and NP3 nanoparticles) were included in transfection studies, to
determine the effects of increasing amounts of chondroitin sulfate. All
formulations were set to 100 nM microRNA concentrations. As shown
in Fig. 7, successful transfection of microRNA-149-5p was achieved,
due to low mRNA levels of target FUT-1 gene and high levels of mi-
croRNA-149-5p. The highest microRNA levels were observed in the
cells incubated with NP3 nanoparticles, with a 82.98% increase com-
pared to control group (p < 0.001). MicroRNA levels increased
43.96% in cells treated with NP2 nanoparticles and 24.88% increase
were reported in cells with NP1 nanoparticles (Fig. 7a). The smallest
nanoparticles with the highest chondroitin sulfate amount had the
highest transfection efficiency, inhibiting the target gene 61,57%
(p≤ 0.001). Cells incubated with naked microRNA and NP1 did not
differ significantly in FUT-1 mRNA levels, NP2 nanoparticles prevent
FUT-1 translation 32.04% (p≤ 0.01) (Fig. 7b).

Effects of chondroitin sulfate on chondrogenesis were also in-
vestigated with gene expression analysis, as they are main components
of cartilage ECM. The clear effect of increasing chondroitin sulfate is
seen on expression levels of SOX-9 and COMP in Fig. 7c & d, which are
the early markers for chondrogenesis [50]. NP3 nanoparticles increased
SOX-9 mRNA levels 5-fold and COMP mRNA levels to 10-fold
(p≤ 0.001). NP2 and NP1 nanoparticles also increased SOX-9 and
COMP mRNA levels significantly compared to control group. For
chondrocyte markers, AGC and COL2A1 gene expression levels, it was

Fig. 7. Gene expression analysis of NP1, NP2 and NP3 (a) microRNA-149-5p, (b) FUT-1, (c) COMP, (d) SOX-9, (e) COL2A1, (f) AGC.

Fig. 8. Safranin O stainings of cells incubated with (a) no particles, (b) NP1, (c)
NP2 and (d) NP3 nanoparticles.
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observed that mRNA levels increase proportionally with increasing
chondroitin sulfate amounts (Fig. 7e & f). NP3 and NP2 nanoparticles
were shown to increase COL2A1 mRNA levels to 3 fold and 2 fold,
respectively. NP1 nanoparticles increased COL2A1 mRNA levels by
88.64% compared to control group (p≤ 0.01). For AGC mRNA levels,
statistically significant increase (p≤ 0.01) were also observed for all
experimental groups, proportional with chondroitin sulfate amounts
likewise COL2A1 gene expression profiles.

3.7. sGAG staining

Glycosaminoglycan synthesis of mesenchymal stem cells after in-
cubation with ChoS (HA/CS) nanoparticles are represented with
Safranin Orange staining (Fig. 8). Images showed glycosaminoglycan
synthesis increase with increasing chondroitin sulfate content, highest
sGAG staining was observed in cells treated with NP3 nanoparticles.
These results are correlated with gene expression analysis, in which
SOX-9 and COMP mRNA levels were shown to be increased, as these
genes are known to be regulating sGAG synthesis [51,52].

4. Conclusion

To conclude, in this study, microRNA loaded ChoS (HA/CS) nano-
particles were successfully synthesized for simultaneous delivery of a
therapeutic gene and cartilaginous matrix components to stem cells, to
promote chondrogenesis and downregulate pathological markers re-
garding osteoarthritis. Chemical and morphological characterizations
of nanoparticles were performed before and after microRNA loading.
Stability and release behaviour of ChoS (HA/CS) NPs were also de-
termined. Nanoparticles were tested cytotoxically prior to in vitro stu-
dies of their transfection efficiencies on mesenchymal stem cells.
Results demonstrated a successful transfection of microRNA-149-5p
and down-regulation of its target gene, FUT-1. Owing to high poly-
saccharide content, nanoparticles were also shown to promote synthesis
of chondrogenic markers and upregulate responsible genes, which was
also demonstrated by cytological staining of sGAG synthesis. Overall,
microRNA loaded ChoS (HA/CS) NPs are shown to have a great po-
tential for future applications as combined therapeutic strategies in
osteoarthritis treatment.
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