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Abstract: Bone marrow mesenchymal stem cells (BMMSCs) possess a strong ability to differentiate
into the chondrogenic lineage, which is important for cartilage regeneration. External stimuli, such
as electrical stimulation (ES), are frequently studied for chondrogenic differentiation of BMMSCs;
however, the application of conductive polymers such as polypyrrole (Ppy), has never been used for
stimulating BMMSCs chondrogenesis in vitro before. Thus, the aim of this study was to evaluate the
chondrogenic potential of human BMMSCs after stimulation with Ppy nanoparticles (Ppy NPs) and
compare them to cartilage-derived chondrocytes. In this study, we tested Ppy NPs without and with
13 nm gold NPs (Ppy/Au) for BMMSCs and chondrocyte proliferation, viability, and chondrogenic
differentiation for 21 days, without the use of ES. The results demonstrated significantly higher
amounts of cartilage oligomeric matrix protein (COMP) in BMMSCs stimulated with Ppy and
Ppy/Au NPs, as compared to the control. The expression of chondrogenic genes (SOX9, ACAN,
COL2A1) in BMMSCs and chondrocytes were upregulated by Ppy and Ppy/Au NPs, as compared to
controls. Histological staining with safranin-O indicated higher extracellular matrix production in
Ppy and Ppy/Au NPs stimulated samples, as compared to controls. In conclusion, Ppy and Ppy/Au
NPs stimulate BMMSC chondrogenic differentiation; however, BMMSCs were more responsive to
Ppy, while chondrocytes possessed a stronger chondrogenic response to Ppy/Au NPs.

Keywords: bone marrow mesenchymal stem cells; chondrocytes; chondrogenic differentiation;
polypyrrole; polypyrrole/gold nanoparticles

1. Introduction

Polypyrrole (Ppy) is a biocompatible polymer used in different biomedical applica-
tions, usually under electrical stimulation (ES). Ppy is mostly applied by covering specific
layers/scaffolds or mixing it with hydrogels/electrospun fibers to stimulate cellular func-
tions in vitro. This polymer can be obtained by electrochemical and chemical synthesis
in the form of layers or micro- and nanoparticles (NPs) at neutral pH of aqueous solu-
tions [1,2]. It has excellent biocompatibility, flexibility, and stability. Ppy is a potential tool
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in the delivery of drugs or target proteins and can be used either in combination with other
compounds, such as organic molecules, or used alone as NPs [3,4]. Ppy structures are
known to improve the rate of charge transfer across the cell membrane and stimulate the
proliferation and differentiation of stem cells [5–7].

Nowadays, there is a huge interest in the use of Ppy and its derivatives for various
tissue regeneration purposes, mostly to stimulate excitable cell differentiation towards
muscle, cardiac and neural tissues under ES [2,8]. Additionally, many studies analyzed
non-excitable cells, such as mesenchymal stem cells’ (MSCs) potential to differentiate into
various tissue-like cells under ES using Ppy structures [6,9,10].

Bone marrow MSCs (BMMSCs) are considered one of the means for different tissue
regenerative purposes, including poorly self-repairing tissues such as cartilage [11,12].
Articular cartilage is an avascular tissue, which contains primary cells, chondrocytes,
responsible for tissue integrity. Once damaged, cartilage is challenging to repair and
regenerate itself, often leading to the development of osteoarthritis (OA) [13]. BMMSCs
possess a strong ability to differentiate into chondrocyte-like cells and their differentiation
in vitro is stimulated using the specific chondrogenic medium, which includes transforming
growth factor β3 (TGF-β3), important for chondrogenic gene expression [14]. ES is a
frequent method and was previously applied for BMMSCs chondrogenic differentiation
studies [15,16]. ES activates cells, depolarizes the plasma membrane, and improves the
flow of calcium (Ca2+) ions important for chondrogenic differentiation, which stimulates
the production of further cartilage tissue proteins [17,18]. However, to the best of our
knowledge, chondrogenic differentiation of BMMSCs using Ppy NPs has never been
studied before.

The aim of this study was to evaluate the chondrogenic potential of human BMMSCs
after stimulation with Ppy NPs and compare them to cartilage-derived chondrocytes
without the use of ES. In this study, we tested two types of NPs-Ppy NPs and Ppy combined
with gold NPs (Ppy/Au) for BMMSCs and chondrocyte functions, including proliferation,
viability, and chondrogenic capacity. Ppy/Au NPs were chosen due to their positive
effects in drug or gene delivery, photothermal therapy, and other tissue regeneration-
related studies made before [19,20]. The study focused on the investigation of BMMSCs
chondrogenic differentiation capacity after incubating with Ppy and Ppy/Au NPs without
the use of ES. According to the literature, Ppy itself supports some cellular functions
even without additional application of ES, such as proliferation and differentiation [21,22];
therefore, we were interested to test the effects of its NPs on BMMSCs and chondrocyte
functions, which will be important background data for the further experiments introducing
ES for chondrogenic stimulation. Chondrocytes were used as control cells for a qualitative
chondrogenic response. We synthesized Ppy and Ppy/Au NPs and applied them in
BMMSCs and chondrocyte proliferation/viability testing, as well as in two chondrogenic
differentiation models (2D and 3D).

2. Materials and Methods
2.1. Synthesis of Ppy and Ppy/Au NPs

The colloidal gold NPs (AuNPs) were obtained from hydrogen tetrachloroaurate
trihydrate (HAuCl4 · 3H2O) according to the previous study [23]; 40 mL of 0.0125% (w/v)
aqueous solution of HAuCl4 and 10 mL of a second aqueous solution consisting of 0.2%
(w/v) sodium citrate and 0.00125% (w/v) tannic acid were heated separately to 60 ◦C. The
solutions were mixed, stirred, heated to 95 ◦C, and incubated at this temperature for 5 min.
AuNPs colloid was cooled at room temperature and stored in the dark at +4 ◦C. AuNPs
were characterized using UV-VIS spectrophotometer Lambda 25 (PerkinElmer, Waltham,
MA, USA) and high-resolution field emission scanning electron microscope SU-70 (Hitachi,
Tokyo, Japan).

Ppy and Ppy/Au NPs were synthesized using an adapted previously published
procedure [24]; 0.05 M citric buffer, pH 2, was prepared using citric acid monohydrate
(Sigma Aldrich, Steinheim, Germany) and trisodium citrate dihydrate (Scharlau, Sentiment,
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Spain). Pyrrole (Alfa Aesar, Kandel, Germany) was distilled before use. Then, a 0.25 M
pyrrole solution in citric buffer, pH 2, was prepared by stirring in an ultrasonic bath.
Ppy NPs polymerization solution was obtained by adding H2O2 (Carl Roth, Karlsruhe,
Germany) to a final concentration of 9 mM. In the case of Ppy/Au NPs, the preparation
procedure was supplemented by adding 5 mL AuNPs colloid and mixing before H2O2 was
introduced. Both polymerization solutions were left at 40 ◦C for 48 h. Ppy and Ppy/Au
NPs were washed three times by centrifugation with distilled water. Obtained Ppy and
Ppy/Au NPs were characterized using scanning electron microscopy (SEM).

2.2. BMMSCs and Chondrocyte Isolation and Culture

All procedures with the donor tissues were performed in accordance with the Bioethical
Permission (No. 158200-14-741-257) and its supplemented version (Permission No. 158200-
741-PP2-34) approved by the Vilnius Regional Biomedical Research Ethics Committee.

Both BMMSCs and chondrocytes were isolated and cultured according to our previous
study [25]. Briefly, BMMSCs were isolated from the healthy human bone marrow samples
(n = 5), received from Santaros Klinikos after joint surgery in Vilnius. Bone samples were
washed with phosphate-buffered saline (PBS) (Sigma Aldrich), excluded from the bone, and
chopped to liquid consistency in low glucose (1 g/L) Dulbecco’s modified Eagle’s medium
(DMEM) (Capricorn Scientific, Germany). The obtained suspension was filtered through
a 100 µm filter and centrifuged for 10 min at 350× g. The cell pellet was resuspended in
DMEM medium, supplemented with 10% FBS (Gibco, Life Technologies, Grand Island, NY,
USA) and 1% penicillin/streptomycin (PS) (Gibco, Life Technologies) (later referred to as
complete DMEM medium), and fibroblast growth factor 2 (FGF-2) (20 ng/mL) (Thermo
Fischer Scientific), counted and cultured in flasks under regular cell growth conditions.

Chondrocytes were isolated from post-operative human articular cartilage samples
(n = 5), received from Santaros Klinikos after joint surgery. Cartilage samples were washed
with PBS containing 1% PS solution and chopped into small pieces, with an average size of
1 mm2. Minced cartilage tissue was incubated in 1 g/L DMEM with 1% PS at 37 ◦C, and
5% CO2 overnight. After the incubation, cells from cartilage tissue samples were isolated
enzymatically in pronase (Sigma Aldrich) solution for one hour at 37 ◦C and 5% CO2, later
with type II collagenase solution (545 U/mL) (Biochrom AG) 10 milliliters/1 g of cartilage
sample. Chondrocyte isolation was performed for 4 h at 37 ◦C and 5% CO2 under constant
shaking. After, the cell suspension was centrifuged at 400× g for 5 min and the cell pellet
was suspended in a complete DMEM medium. Isolated chondrocytes were cultured in
flasks with a complete DMEM medium in a 37 ◦C incubator with 5% CO2. BMMSCs and
chondrocyte complete medium was changed twice a week. For further experiments, the
cells were detached using trypsin/EDTA 0.25% solution (Thermo Fischer Scientific) and
counted using a hemocytometer.

2.3. Cell Proliferation Analysis

For proliferation analysis, BMMSCs and chondrocytes were seeded into 12 well plates,
at a density of 20,000 cells/well, with/without Ppy and Ppy/Au NPs (10 µg/mL). Cell
proliferation analysis was determined at 1, 3, and 7 days by commercially available Alamar
blue (Thermo Fischer Scientific) according to the manufacturer’s recommendations. The
Alamar blue kit allows measuring cell proliferation and/or the metabolic activity of the
cells by producing the dye, which is reduced by intracellular dehydrogenases and produces
a pink substrate easily measured by spectrophotometer (SpectraMax i3, Molecular Devices,
San Jose, CA, USA) at 560/590 nm. The intensity of dye absorption generated by cells is
directly proportional to the number of proliferating cells. Three technical replicates of three
donor cells of each type were measured.

2.4. Cell Viability Test

BMMSC and chondrocyte viability were evaluated using a commercial Live/Dead
cell viability assay (Thermo Fischer Scientific). The cells were seeded into 6 well plates,
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at a density of 20,000 cells/well, with/without Ppy and Ppy/Au NPs (10 µg/mL), and
cultivated for 21 days. After the cells were stained with Live/Dead reagents, containing
fluorescent Calcein-AM dye, which reacts with an intracellular esterase for alive cells, and
ethidium homodimer-1, which intercalates into DNA of dead cells. The cells were then
visualized with a fluorescent microscope (EVOS).

2.5. Chondrogenic Differentiation of Cells

Chondrogenic differentiation of cells was induced using a protocol routinely used at
State Research Institute Centre for Innovative Medicine, Lithuania [26]. The chondrogenic
medium consisted of high glucose (4.5 g/L) DMEM medium, 1% PS, 1% insulin-transferrin-
selenium (Gibco Life Technologies), 350 µM L-proline (Carl Roth), 0.1% dexamethasone,
170 µM ascorbic acid-phosphate (Sigma Aldrich). For stimulating chondrogenic response,
10 ng/mL of TGF-β3 (Gibco, Life Technologies) was used.

The cells were differentiated in 2D and 3D models. For 2D differentiation, the cells
were detached and 250,000 cells were seeded into 12 well plates with complete DMEM
medium. The next day, after the cells are attached, the complete medium was changed
to a chondrogenic medium containing or not NPs, and TGF-β3. For 3D differentiation,
250,000 cells were transferred into 15 mL tubes, centrifuged for 5 min, 500× g, and 250 µL
of the chondrogenic medium was carefully applied on top of the cell pellet.

During chondrogenic differentiation, both, 2D and 3D cells were divided into six
groups: 1. Without NPs (w/o NP); 2. Ppy NPs (10 µg/mL); 3. Ppy/Au NPs (10 µg/mL);
4. TGF-β3 (10 ng/mL); 5. TGF-β3 + Ppy NPs; 6. TGF-β3 + Ppy/Au NPs. The cells were
differentiated for 21 days, changing the medium every other day.

2.6. COMP ELISA

Chondrogenic differentiation of BMMSCs and chondrocytes in 2D was evaluated
by synthesized and released cartilage oligomeric matrix protein (COMP) after 21 days of
chondrogenesis. Cell supernatants (3 days after the last medium change) were collected
and the levels of COMP were estimated using COMP ELISA (Biovendor) according to
the manufacturer’s instructions. The absorbance was measured at 450 nm using the
spectrophotometer SpectraMax i3 (Molecular Devices, USA).

2.7. RNA Extraction from and RT-qPCR

After 2D chondrogenic differentiation, the cells were listed using LTR lysis buffer
(Qiagen, 74104, Hilden, Germany) and RNA was extracted according to the manufac-
turer’s protocol. The RNA concentration and purity of all samples were measured with
SpectraMax i3 (Molecular Devices, USA). RNA was reverse-transcribed with a Maxima
cDNA synthesis kit including dsDNase treatment (Thermo Fischer Scientific). RT-qPCR
reaction mixes were prepared with Maxima Probe qPCR Master Mix (Thermo Fischer Sci-
entific) and TaqMan Gene expression Assays (RPS9–Hs02339424_g1, B2M–Hs00984230_m1,
COL2A1–Hs01060345_m1, ACAN–Hs00153936_m1, SOX9–Hs00165814_m1 (Thermo Fis-
cher Scientific), and ran on the Agilent Aria MX instrument (Agilent Technologies) in
technical triplicates starting with denaturation step at 95 ◦C for 10 min followed by 40 cy-
cles at 95 ◦C for 15 s of denaturation and 60 s for annealing and extension. Relative levels
of gene transcripts were calculated by subtracting the threshold cycle (Ct) of the normalizer
(the geometric mean of the two housekeeping genes RPS9 and B2M) from the Ct of the
gene of interest, giving the dCt values that were subsequently transformed to 2-dCt values
and multiplied by 1000 to scale-up for better graphical representation.

2.8. Histology and Immunohistochemistry

Histochemical analysis was applied to 3D differentiated cell pellets. The samples
were fixed in 10% of neutral formalin and embedded into paraffin; 4 µm sections were
deparaffinized and stained with safranin-O (Sigma Aldrich) (pH 2.0) for 3 min. The safranin-
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O stains negatively charged glycosaminoglycans (GAGs) pink/red. Stained sections were
evaluated and blindly scored independently by two histology experts.

2.9. Statistical Analysis

The results are presented by the mean ± standard deviation (SD) from three repeats
of not less than three cell cultures. Data are significant at a p-value of ≤0.05 calculated by
Excel and GraphPad PRISM8.4.0 (455) software.

3. Results
3.1. AuNPs, Ppy, and Ppy/Au NPs Synthesis

The synthesized AuNPs were characterized before the preparation of Ppy/Au NPs.
The AuNPs of regular round shape with size 13.66 ± 1.63 nm were observed using SEM
(Figure 1). The λmax of AuNPs was indicated at 519 nm. The prepared AuNPs were very
similar to the NPs obtained previously [19].
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Figure 1. SEM image of synthesized AuNPs. Inset: UV-Vis spectra of AuNPs suspension.

After 48 h of polymerization, black Ppy and Ppy/Au NPs solutions were monitored.
Both solutions were washed by centrifugation to remove residual Ppy monomers and
oligomers to obtain biocompatible NPs. The morphology of the NPs was studied using
SEM (Figure 2). In both cases, nanostructured agglomerates/aggregates were monitored,
where it is clearly seen that they are composed of smaller NPs. Individual AuNPs were not
obtained on the surface of the Ppy/Au NPs sample, which can be described as evidence of
their presence within the Ppy/Au NPs. AuNPs could possibly act as seeds for Ppy/Au
NPs. The actual size of Ppy and Ppy/Au NPs is difficult to estimate. However, it is obvious
that Ppy/Au NPs are smaller than Ppy NPs.

3.2. Cell Morphology, Proliferation, and Viability after Incubation with Ppy and Ppy/Au NPs

BMMSCs were characterized according to stem cell properties: surface markers and
ability to differentiate into adipogenic, osteogenic lineages, as published before [25,26].
BMMSCs and chondrocytes were cultivated for 7 days with Ppy and Ppy/Au NPs and vi-
sualized under a light microscope for evaluating cell morphology and Ppy NPs distribution
(Figure 3).
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Figure 3. BMMSCs and chondrocytes cultivated without and with Ppy or Ppy/Au NPs (10 µg/mL)
for 7 days. (A): macroscopic view of the cell plate. (B): cells visualized under light microscopy, X40.
w/o NP control cells, cultivated under the same conditions, but without NPs.

It was observed that Ppy and Ppy/Au NPs cover cell monolayers and remain sta-
ble during the whole cultivation period. Cell proliferation was analyzed after 1, 3 and
7 days by measuring Alamar blue dye fluorescence, to evaluate cell metabolic activity and
proliferation sensitivity to Ppy NPs (Figure 4).
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Figure 4. The proliferation of BMMSCs and chondrocytes cultivated with and without Ppy and
Ppy/Au NPs (10 µg/mL) after 1, 3 and 7 days, measured using Alamar blue dye, which fluorescence
measured with a spectrophotometer at 560/590 nm. w/o NP control cells, cultivated under the same
conditions, but without NPs (n = 3). Data are presented as mean ± SD. * Horizontal bars represent
p ≤ 0.05.

It was noticed that BMMSCs are more sensitive to Ppy NPs than chondrocytes. Ppy
and Ppy/Au NPs significantly inhibited BMMSCs proliferation after 3 and 7 days. Chon-
drocytes demonstrated different effects of Ppy and Ppy/Au NPs, where incubation with
Ppy NPs resulted in significantly lower proliferation after 3 and 7 days, while Ppy/Au NPs
significantly increased chondrocyte growth after 3 and 7 days.

For the cell viability test, BMMSCs were incubated with Ppy and Ppy/Au NPs for
21 days, a period required for chondrogenic differentiation, and stained with a Live/Dead
kit (Figure 5). According to viability dyes, most of the BMMSCs remained viable after
21 days with Ppy and Ppy/Au NPs, as compared to control cells without NPs.
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Figure 5. BMMSC viability after cultivating with/without Ppy and Ppy/Au NPs (10 µg/mL) for
21 days, after stained with viability dyes calcein-green for live cells and propidium iodide for dead
cells (Live/Dead kit). (A): cells visualized under fluorescent microscopy, using blue (488 nm) and
green (532 nm) lasers, ×100. (B): quantified percentage of Live/Dead cells. w/o NP control cells,
cultivated under the same conditions, but without NPs.
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3.3. Chondrogenic Differentiation after Incubation with Ppy and Ppy/Au NPs
3.3.1. Cartilage Oligomeric Matrix Protein Level in Cell Supernatants was Higher after
Incubation with Ppy and Ppy/Au NPs

COMP was measured in cell supernatants after chondrogenic induction. COMP
may be used as an indicator for chondrogenic differentiation in cells and its synthesis
reveals the formation of the cartilage extracellular matrix (ECM) [27]. Levels of secreted
COMP by BMMSCs and chondrocytes after chondrogenic induction were measured in cell
supernatants (Figure 6).
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There was no significant change in chondrocyte COMP secretion; however, a signifi-
cant increase in COMP levels was observed in BMMSCs samples stimulated with Ppy and
Ppy/Au NPs in the absence of TGF-β3. No significant differences were observed between
the effects of Ppy and Ppy/Au groups. This result indicates the stimulatory effects of Ppy
and Ppy/Au NPs on BMMSCs even without important growth factors for chondrogenesis,
i.e., TGF-β3.

3.3.2. Chondrogenic Gene Expression in Cells was Higher after Incubation with Ppy and
Ppy/Au NPs

After 21 days of chondrogenic induction, cartilage-specific gene expression was ana-
lyzed in chondrocytes and BMMSCs. Aggrecan (ACAN), collagen type II (COL2A1), and
early chondrogenesis marker transcription factor SOX9 are presented in Figure 7.

SOX9 gene expression was upregulated by Ppy and Ppy/Au NPs in both cell types,
as compared to non-stimulated with NPs controls. Chondrocytes SOX9 gene expression
was significantly higher in both, Ppy and Ppy/Au NPs samples without TGF-β3 stimula-
tion, whereas in BMMSCs application of Ppy and Ppy/Au NPs resulted in a significant
increase of SOX9 in the TGF-β3 stimulated group. Additionally, Ppy/Au NPs significantly
upregulated SOX9 in BMMSCs even in the absence of TGF-β3, similarly as in chondrocytes.

Aggrecan gene (ACAN) expression was downregulated in BMMSCs samples stimu-
lated by Ppy and Ppy/Au NPs without TGF-β3; in Ppy/Au NPs samples this difference
was significant, as compared to samples without NPs. In chondrocytes, the ACAN gene
was downregulated after incubation with Ppy and Ppy/Au NPs. No significant differences
were observed in samples with TGF-β3.

Collagen type II is the most robust type of collagens present in cartilage and according
to its gene expression, Ppy and Ppy/Au NPs significantly upregulated its expression in
BMMSCs, as compared to control samples incubated without NPs. Important to note, that
the COL2A1 gene was upregulated more in samples without TGF-β3, which is similar
to COMP secretion in BMMSCs (Figure 6). In chondrocytes, Ppy in the absence of TGF-
β3 downregulated COL2A1 gene expression, while Ppy/Au NPs to TGF-β3 stimulated
samples significantly increased COL2A1 expression, as compared to non-stimulated with
NPs controls.
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Figure 7. Chondrogenic gene (SOX9, ACAN, COL2A1) expression in BMMSCs and chondrocytes,
after 21 days of chondrogenic differentiation in monolayer with TGF-β3 (10 ng/mL), Ppy (10 µg/mL),
Ppy/Au NPs (10 µg/mL), as well as without TGF-β3 (w/o TGF-β3) and without NPs (w/o NP).
Relative mRNA level was normalized to two housekeeping genes (B2M and RPS9) and expressed
as 2−∆Ct*1000, the ratio of Ppy and Ppy/Au NP stimulated samples vs. non-stimulated controls.
Data are presented as mean ± SD. * represent differences p ≤ 0.05, which was calculated vs. controls
without NPs.

Thus, even though both Ppy and Ppy/Au NPs stimulated BMMSCs chondrogenesis,
these cells were more responsive to Ppy, than to Ppy/Au NPs, as Ppy effects were more
pronounced even in the absence of TGF-β3. Chondrocytes expressed more COL2A1 in
response to Ppy/Au NPs.

3.3.3. Chondrogenic Differentiation in Pellets after Incubation with Ppy and Ppy/Au NPs

Histological samples of BMMSC and chondrocyte pellets after 21 days of chondrogenic
differentiation, stained with safranin-O (for cartilage ECM proteins) are presented in
Figure 8, with the most representative samples. In accordance with gene expression,
incubation with Ppy and Ppy/Au stimulated the production of ECM in BMMCSs and
chondrocytes even in the absence of TGF-β3, which is visible by Safranin O dye staining
by pinkish-red colored GAGs. Adding TGF-β3 resulted in a much stronger production of
GAGs in BMMSCs and chondrocytes. It is important to note that the BMMSCs stimulated
with TGF-β3 and Ppy possessed the strongest ECM (GAG) formation, as compared to
other samples. Similar effects were observed in BMMSCs chondrogenic gene expression
profile, where single Ppy stimulation resulted in an upregulated of the COL2A1 gene
similar to TGF-β3 stimulation. Chondrocytes showed stronger ECM synthesis in samples
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stimulated with Ppy/Au NPs without TGF-β3 (Figure 8), while Ppy tended to decrease
ECM without TGF-β3, as compared to samples without NPs. These results correspond to
gene expression results.
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Figure 8. Chondrogenic differentiation of BMMSCs and chondrocytes (macroscopic and microscopic
views). Cells were incubated in a chondrogenic differentiation medium with/without TGF-β3
(10 ng/mL) and with/without Ppy (10 µg/mL), Ppy/Au NPs (10 µg/mL) for 21 days, after cell
pellets were histologically analysed. Histological sections of cell pellets, stained with safranin-O
and visualized under light microscopy ×40/×100 magnification. w/o NP control cells without NPs.
Cartilage positive control staining for cartilage histological sections with safranin-O.

4. Discussion

Conductive nanomaterials have attracted a lot of researchers’ attention and have
been used in different applications, including biomedicine and tissue regeneration. Ppy is
one of the most studied polymers due to its biocompatibility, easy synthesis and ease of
application in different approaches [28,29]. Ppy can be combined with different molecules,
including organic compounds and metal NPs, as well as incorporated into synthetic or
organic scaffolds/hydrogels, used as layers/films/membranes. Ppy constructs are usually
tested in combination with ES, as an additional charge conductor. Ppy/ES platform has
been studied in different in vivo and in vitro systems, stimulating cell/tissue functions or
introducing the drugs. However, most of these studies were focused on muscle, nerve and
cardiac tissue functions, but not cartilage [30–32].

Cartilage is a dense, avascular tissue with a very low number of cells, which makes
it highly susceptible to vast diseases such as OA. In previous studies, ES was used to
stimulate chondrocyte functions and even boost BMMSCs ability to differentiate into
the chondrogenic lineage, as these cells are the most potential candidates to be used for
cartilage regeneration. However, according to our knowledge, chondrogenic differentiation
of BMMSCs using Ppy NPs has never been studied before, except for the development of
Ppy-hydrogels for cartilage tissue engineering [32].

In this study, we analyzed BMMSCs and chondrocyte functions after incubating with
Ppy and Ppy/Au NPs and evaluated the chondrogenic differentiation capacity of both cell
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types. First of all, we incubated the cells in cell culture plates with Ppy and Ppy/Au NPs
and observed cell morphology, as well as their proliferation and viability. As expected, Ppy
and Ppy/Au NPs covered the cell monolayer; however, the cells remained viable even after
21 days of incubation with NPs. Many studies tested different Ppy-based platforms on
cell viability using a Live/Dead kit and reported that cell viability was not attenuated. For
instance, Ppy-nanorods used for MC3T3-E1 (mouse calvaria-derived osteoblast precursor
cells), or PC12 cells (pheochromocytoma of rat adrenal medulla-derived cell line) cell lines
did not affect cell viability and were not cytotoxic [33]. Similar viability was observed in
endothelial and cardiac progenitor cells after seeding them to Ppy films [34] and neural
stem cells seeded on collagen/Ppy scaffolds [35], indicating good biocompatibility of
Ppy structures.

Despite a positive viability test, BMMSC and chondrocyte proliferation capacity with
Ppy and Ppy/Au NPs demonstrated differences. Both, Ppy and Ppy/Au NPs decreased
the proliferation of BMMSCs, while only Ppy NPs decreased chondrocyte proliferation
after 3 and 7 days. Most of the studies made before support MSC proliferation on Ppy-
films/layers/hydrogels [36–38]; however, in our case, we used Ppy and Ppy/Au NPs,
which were demonstrated to not have any cytotoxic effects on mice peritoneum cells
in vivo [38]. The decreased proliferation rate of cells might be caused due to particles
covering the cell monolayer, which affects their metabolic activity, but not viability.

Chondrogenesis of BMMSCs and chondrocytes was stimulated in two different mod-
els, monolayer (2D) and classical pellets (3D). To verify chondrogenic differentiation in cells,
synthesis, and secretion of COMP were measured in cell supernatants after chondrogenic
differentiation. COMP or thrombospondin-5, is a classical cartilage ECM biomarker [27].
We observed a significant increase of COMP in BMMSCs Ppy and Ppy/Au NPs samples
without TGF-β3. This indicates that Ppy NPs stimulate the cell response for the produc-
tion of COMP, even without classical chondrogenesis stimulating growth factor TGF-β3,
which activates chondrogenesis in cells [39]. The mechanism of Ppy and Ppy/Au NPs
actions is still under investigation; however, several hypotheses link their effect to elec-
trophysiological modulation, and hyperpolarizing of the cell membrane, which leads to
activation of voltage-gated Ca2+ channels and voltage-gated sodium channels, as described
before [7]. MSCs, including BMMSCs are often used in various systems to stimulate their
cellular changes through ion channels in order to bioelectrically support specific tissue
formation. Most of the non-excitable cells express a wide range of ion channels, including
voltage-gated Ca2+ channels and voltage-gated sodium channels. Ca2+ ions are known
to be important for stimulating chondrogenic response, such as ECM production, and
activation of Ca2+ dependant transcription factors (SOX9) [40,41].

Chondrogenic gene expression was also upregulated in BMMSCs and chondrocytes
after incubation with Ppy and Ppy/Au NPs, as compared to the non-stimulated control.
Transcription factor SOX9 is important for further induction of cartilage ECM matrix
protein synthesis. Ppy and Ppy/Au NPs significantly upregulated SOX9 gene expression
in BMMSCs after incubation with TGF-β3, while in chondrocytes SOX9 was upregulated
by Ppy and Ppy/Au NPs in the absence of TGF-β3, as compared to non-stimulated with
NPs samples. ACAN gene expression was upregulated in BMMSCs Ppy/Au NPs together
with TGF-β3, whereas in chondrocytes it was upregulated in Ppy with TGF-β3 samples.
Collagen type II (COL2A1 gene), which is the most abundant type of collagen in cartilage
was also upregulated in both cell types. In chondrocytes, collagen type II expression was
significantly higher after stimulation with TGF-β3 and Ppy/Au NPs samples, while in
BMMSCs, Ppy resulted in strong upregulation of COL2A1 without TGF-β3, as compared
to non-stimulated with Ppy NPs control. Therefore, BMMSCs were more sensitive and
responsive to Ppy NPs, than Ppy/Au NPs, while chondrocytes were more responsive to
Ppy/Au NPs. Histological pellet analysis also revealed similar results as gene expression.
Production of cartilage proteoglycans was observed after staining histological sections
safranin-O in Ppy and Ppy/Au NPs samples, even without TGF-β3 stimulation in BMMSCs.
In chondrocytes, proteoglycans were more abundantly produced in samples stimulated
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with Ppy/Au NPs. As mentioned before, Ppy or Ppy/Au NPs were never used before for
chondrogenic differentiation studies of MSCs; however, Ppy-based structures were used
for stimulating cardiac, neural, osteogenic, and muscle differentiation in MSCs and showed
promising results. For instance, Ppy films increased the osteogenic differentiation of rat
BMMSCSs by enhancing calcium deposition and ECM mineralization [42]. Additionally,
Poly(lactic-co-glycolic acid) fiber scaffold coated with Ppy was used for iPSC cardiogenic
differentiation and it increased expression of cardiac genes (Actinin, NKX2.5, GATA4, Myh6)
and decreased the level of stemness factors (Oct4, Nanog) [31]. Ppy/chondroitin sulfate,
Ppy/dextran sulfate and Ppy/(dodecyl benzene sulfonic acid increased the proliferation
and differentiation of primary mice skeletal muscle myoblasts [43] and the Ppy coated
poly(trimethylene carbonate) scaffold increased proliferation and enhanced expression of
calponin, myosin heavy chain and smooth muscle actin in human adipose stem cells [44].

Thus, the diverse effects of Ppy and Ppy/Au NPs on BMMSCs and chondrocytes
bring novel insights for in vitro differentiation and cartilage tissue ECM synthesis using
conductive polymers. In addition to that, Ppy has been shown to be efficient in drug
delivery or sustained active release of molecules, such as growth factors, which are crucial
for the chondrogenesis of stem cells. For instance, Ppy-coated polyvinylidene fluoride fibers
were used as an electrosensitive growth factor release system for nerve growth factor [45].
Ppy combined with bone morphogenetic proteins has shown the potential to promote
osteogenic differentiation of MC3TC-E1 cells in light-to-heat photothermal systems [46].
Polydopamine-Ppy microcapsules or Ppy-coated nanostructured electrodes can be used as
an on-demand release system of the anti-inflammatory drug dexamethasone as a potential
approach for rheumatic diseases [47,48]. The controlled release of the non-steroidal anti-
inflammatory drug ibuprofen from Ppy films was also demonstrated [49]. Therefore, the
broad application of Ppy and its combination with drugs/growth factors is a promising
area for further chondrogenesis-related studies and cartilage tissue repair.

5. Conclusions

In conclusion, this study presents novel data on the potential effects of Ppy and
Ppy/Au NPs for BMMSCs chondrogenic differentiation in vitro, even without applying ES,
which is important information for further cartilage regeneration protocols using ES-based
techniques. We demonstrated the effects of Ppy NPs in stimulating chondrogenic response
in human BMMSCs, while chondrocytes possessed stronger chondrogenic gene expression
response in the presence of Ppy/Au NPs.
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Abbreviations

ACAN aggrecan gene
Au NPs gold NPs
BMMSCs bone marrow mesenchymal stem cells
CCK-8 cell counting kit 8
COL2A1 collagen type II gene
COMP cartilage oligomeric matrix protein
DMEM Dulbecco’s modified Eagle’s medium
ECM extracellular matrix
ES electrical stimulation
FBS fetal bovine serum
FGF2 fibroblast growth factor-2
MSCs mesenchymal stem cells
NCDCs nasal crest-derived chondrocytes
NP nanoparticle
OA osteoarthritis
PBS phosphate-buffered saline
PFA paraformaldehyde
SD standard deviation
TGF-β3 transforming growth factor β3
Ppy polypyrrole
Ppy NPs polypyrrole nanoparticles
Ppy/Au NPs polypyrrole/gold nanocomposites
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