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Abstract

Polypyrrole (PPy) is a conducting polymer that enables controlled drug release upon electri-
cal stimulation. We characterized the biocompatibility of PPy with human primary osteo-
blasts, and the effect of dopants. We investigated the biocompatibility of PPy comprising
various dopants, i.e. p-toluene sulfonate (PPy-pTS), chondroitin sulfate (PPy-CS), or dode-
cylbenzenesulfonate (PPy-DBS), with human primary osteoblasts. PPy-DBS showed the
roughest appearance of all surfaces tested, and its wettability was similar to the gold-coated
control. The average number of attached cells was 45% higher on PPy-DBS than on PPy-
CS or PPy-pTS, although gene expression of the proliferation marker Ki-67 was similar in
osteoblasts on all surfaces tested. Osteoblasts seeded on PPy-DBS or gold showed similar
vinculin attachment points, vinculin area per cell area, actin filament structure, and Feret's
diameter, while cells seeded on PPY-CS or PPY-pTS showed disturbed focal adhesions
and were enlarged with disorganized actin filaments. Osteoblasts grown on PPy-DBS or
gold showed enhanced alkaline phosphatase activity and osteocalcin gene expression, but
reduced osteopontin gene expression compared to cells grown on PPy-pTS and PPy-CS.
In conclusion, PPy doped with DBS showed excellent biocompatibility, which resulted in
maintaining focal adhesions, cell morphology, cell number, alkaline phosphatase activity,
and osteocalcin gene expression. Taken together, conducting polymers doped with DBS
are well tolerated by osteoblasts. Our results could provide a basis for the development of
novel orthopedic or dental implants with controlled release of antibiotics and pharmaceutics
that fight infections or focally enhance bone formation in a tightly controlled manner.

Introduction

Although the current initial success rate of dental implants is high, there are complications
associated with dental implant placement, e.g. peri-implantitis, which results in tissue
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degeneration close to the implants due to inflammatory processes. The incidence of peri-
implantitis varies between 7 and 17% depending on the implant type and bone quality five to
ten years after surgery [1]. Considering the high number of implants placed within the last
decade, the absolute number of expected new cases of peri-implantitis is extremely high. Peri-
implantitis causes extensive and costly revisions, and no preventive measures currently exist.
The survival rate of implants is even lower when placed for the second or third time due to
implant loosening, and therefore clinicians tend to avoid dental implant placement peri-
implantitis cases. Thus, a controlled release of antibiotics and/or growth factors from the
implant surface over an extended time after implantation could provide a promising treatment
option. Currently, many devices are under development for controlled drug release. Most of
these devices are limited with respect to the amount of control that can be exerted over the tim-
ing and kinetics of the release. Conjugated or conducting polymers are promising materials
due to their high biocompatibility and electrical conductivity. The surface topography, wetta-
bility, and mechanical properties can be altered depending on the type of dopants and the syn-
thesis method [2-4]. Using a conducting polymer with biological active molecules or drugs in
combination with electric stimulation would open up treatment strategies for controlled drug
release from bone implants [5]. The conducting polymer polypyrrole (PPy) doped with bioac-
tive agents supports the viability of tissues and cells including osteoblasts [6], cardiac progeni-
tor cells [7], endothelial cells, renal epithelial cells [8], keratinocytes, fibroblasts, neurons, and
mesenchymal stem cells [9]. However, only limited knowledge is available on how the osteo-
genic potential and activity of human primary osteoblasts is influenced by different dopants. In
the current study, the biocompatibility of the conducting polymer PPy synthesized with three
different dopants on human osteoblasts was determined. During electrosynthesis the conduct-
ing polymer is oxidized, and a negatively charged counter ion from the electrolyte solution is
incorporated to balance the charge [10]. Due to its analogy with the doping of other semicon-
ductors such as silicon, this counter ion is often addressed as a dopant. The biologically active
molecule chondroitin sulfate (CS) was chosen since it plays a key role in the attachment and
adhesion of osteoblasts to the extracellular matrix (ECM) in bone [11]. CS is actively produced
by osteoblasts and stored in their membrane, thereby preventing osteoblast-mediated activa-
tion of osteoclasts [12]. Dodecylbenzenesulfonate (DBS) and p-toluene sulfonate (pTS) are
simple aromatic dopants that are commonly used to synthesize PPy with good material proper-
ties, such as high electrical conductivity and stability [13-15]. In addition, these dopants have
been extensively characterized during the last years, using a broad variation of different cell
types, thereby providing good controls for comparison. Our primary goal was to find a bio-
compatible surface for bone implants, and therefore we compared the biocompatibility of PPy
incorporated with CS, DBS, or pTS in relation to a gold control surface, in primary osteoblast
cultures. The primary osteoblasts were harvested from three patients who underwent primary
hip arthroplasty. The overall aim was to find a dopant that is biocompatible with human osteo-
blasts, on which the cells remain viable and keep their osteogenic function, and that has the
potential to be used as a drug delivery system. We determined how these dopants affect osteo-
blasts in terms of cell attachment and morphology, viability, proliferation, and osteogenic stim-
ulation potential to provide fundamental knowledge for optimization of bone implant surfaces
for osteogenic cells and ultimately bone (re)generation.

Material and Methods
Synthesis of biomaterials

Si wafer pieces were coated with a 100 nm Au and a 5 nm Ti adhesion layer using thermal
evaporation. The gold-coated Si pieces were cleaned with ethanol and subsequently rinsed with

PLOS ONE | DOI:10.1371/journal.pone.0134023 July 30, 2015 2/17



@’PLOS ‘ ONE

Biocompatibility of Polypyrrole with Primary Osteoblasts

ultrapure RN Aase-free water (18 MQ). PPy was synthesized on 1 or 4 cm” of the Au pieces
using electrochemical polymerization in a three electrode electrochemical cell using a stainless
steel mesh counter electrode and an Ag/AgCl reference electrode (BASi, West Lafayette, IN,
USA). Since only part of the Au sample was covered with the conducting polymer, we could
use the non-coated Au as an integrated control. For all polymerization processes the aqueous
monomer solution contained 0.1 M PPy and 2 mg/ml of the appropriate dopant, which were
electrochemically synthesized with a current density of 0.5 mA/cm? for 10 min using a Com-
pactstat.e (Ivium, The Netherlands). The dopants used were chondroitin sulfate A sodium salt
(Sigma-Aldrich, MO, USA), dodecylbenzenesulfonic acid sodium salt (TCI, Europe), and
sodium para-toluenesulfonate (Sigma-Aldrich). After polymerization, the samples were
cleaned with ultrapure RNAse-free water (18 MQ) and dried with N,.

Contact angle goniometry

A CAM200 optical contact angle meter (KSV Instruments, Finland) was used for comparative
evaluation of the surface energy of PPy. The sessile drop method using ultrapure RN Aase-free
water (18 MQ) was used to measure the interface angle. For each film, three samples were ana-
lyzed by measuring the left and right angle of the drop ten times.

Profilometry

The roughness and thickness of the polymer films were measured using a Dektak 6M profil-
ometer (Veeco Instruments Inc., New York, NY, USA). The roughness was investigated by
measuring the surface three times per sample at different locations over a length of 5000 um
with a stylus force of 3 mg. The thickness was measured three times per sample at different
locations at the Au PPy boundary.

Scanning electron microscopy

Scanning electron microscopy (SEM) micrographs were taken using a Leo 1550 Gemini scan-
ning electron microscope operating at 5.02 keV. The samples were coated with a gold layer via
evaporation.

Cell culture

Human primary osteoblasts were harvested from patients undergoing primary hip arthroplasty
as described previously [16]. Cells were obtained in an anonymized fashion from surgical
waste material, which was forwarded exclusively by the attending physician. According to the
Dutch law, neither approval of an ethics committee nor written consent of the patients is
required when using surgical waste material. However, the patients were informed and gave
verbal consent, which was not further recorded. The protocol for using cells from waste mate-
rial in the experiments was approved by the Ethical Review Board of the VU University Medi-
cal Center, Amsterdam, The Netherlands. Frozen cells of 3 donors at passage 0 or 1 were pre-
cultured for 5 days in Dulbecco’s Minimal Essential Medium (DMEM,; Life Technology,
Orange, CA, USA) with 1% penicillin/streptomycin/fungizone (PSF, Sigma Aldrich), 0.2% hep-
arin 5000 UI/ml (LEO Pharma, Ballerup, Denmark), and 5% platelet lysate (VU University
Medical Center, Amsterdam, The Netherlands) at 37°C with 5% CO, in a humidified atmo-
sphere. Osteoblasts were seeded at a density of 5,000 cells/cm” onto the biomaterial samples

in DMEM with 1% PSF and 10% FC1 (HyClone, Thermo Scientific, Logan, UT, USA). Cells
were allowed to attach and grow until subconfluency for 3 days, at which point 10 M
1o,25-dihydroxyvitamin D5 (10,,25-(OH),D3;, Sigma Aldrich) was added to the medium to
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induce osteogenic differentiation (i.e. start of the experiment, day 0). 10,25-(OH),D; was only
added during the first 3 days of the experiment. Analysis of DNA content, gene expression,
and alkaline phosphatase (ALP) activity was performed in duplicate on 4 cm” PPy dopant sam-
ples, while analysis of F-actin staining was done in triplicate on 1 cm® polymer samples. Three
separate experiments were performed with different donors of human primary osteoblasts.

F-actin filament staining and analysis of cell morphology

Osteoblasts grown on polymer samples were fixed in 4% formaldehyde at room temperature
(RT), and stained using 5 units/ml fluorescent phallotoxin (Alexa Fluor 488 phalloidin (Life
Technologies)) in PBS for 30 min. The stained samples were washed twice with PBS, and stored
at 4°C. Changes in cell morphology were detected by fluorescence microscopy. Images were
taken using Leica DMRA fluorescence microscope (Leica Microsystems, Wetzlar, Germany)
and Leica QWin Image Software (Leica Microsystems) at a magnification of 20-fold, and used
for F-actin image analysis. Cell area, perimeter, and Feret’s diameter were analyzed using Fiji
Image] (National Institute of Mental Health, MD, USA) [17], after applying the Auto Thresh-
old Triangle Method [18], followed by binarization of the images. Cells that appeared clearly
separated were used for further analysis. The number of cells was manually counted in 3 pic-
tures per sample, and was presented as number of osteoblasts/100 um”. The length and number
of F-actin filaments were analyzed by using FilaQuant [19], that was kindly provided by Dr.
Konrad Engel (University Rostock, Institute for Mathematics, Rostock, Germany). Pictures
were pre-processed using Fiji Image] (see detailed description provided in S1 File). Subse-
quently, the color channels were split, and the result of the green channel was used for further
analysis by FilaQuant. To avoid skewing of the data due to fragmented F-actin filaments, a
minimum length of 2.5 um was taken for statistical analysis. The settings for analyzing the F-
actin filaments are provided in S1 Table.

Vinculin staining and analysis of focal adhesions

After fixation with 0.4% formaldehyde of osteoblasts grown on polymer samples, vinculin was
detected by monoclonal anti-vinculin produced in mouse clone hVIN-1 (Sigma) at a 1:400
dilution for 1h at RT in PBS with 0.5% BSA (Sigma) and 0.025% Triton-X100 (Merck). Goat
anti-Mouse IgG (H+L) polyclonal antibody conjugated with Alexa Fluor 488 (Life Technolo-
gies) at a concentration of 2 pig/ml was used as secondary antibody, and actin filaments were
stained with 450 mU/ml fluorescent phallotoxin (Alexa Fluor 568 phalloidin (Invitrogen,
Molecular Probes, Eugene, OR, USA)) in PBS with 0.025% Triton-X100 (Merck) for 1 h, dark
at RT. Epifluorescence images were taken using an Axiovert 200M inverted microscope (Carl
Zeiss, Oberkochen, Germany) with an alpha Plan-Apochromat 63x/1,46 Oil Korr M27 objec-
tive, AxioCam MR camera (Carl Zeiss) and ZEN2 Software (Carl Zeiss). The number of vincu-
lin attachment points/100 um? cell, and the percentage vinculin area/cell area were analyzed
using Fiji Image] [17] (National Institute of Mental Health, Bethesda, MD, USA) particle anal-
ysis feature after applying the Auto Threshold Triangle Method [18] followed by binarization
of the images. Only cells that appeared clearly separated were used for analysis. Pictures were
pre-processed using Fiji Image J (see a detailed description in S2 File).

DNA Quantification

The DNA content was measured after 24 h using CyQUANT Cell Proliferation Assay Kit (Life
Technologies, Orange, CA, USA) according to the manufacturer’s instructions.
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Table 1. Primer sequences used for qPCR.

Gene name

HPRT1

WHYAZ

RUNX2

ALP

OCN

OPN

SPARC

COL1A

KI-67

doi:10.1371/journal.pone.0134023.t001

Alkaline phosphatase (ALP) assay

ALP activity was quantified after 24 h by a p-n-phenyl phosphate colometric assay (Merck,
Darmstadt, Germany). The absorbance at 405 nm was measured by a microplate reader. ALP
activity values were normalized for DNA content of the respective donor.

RNA isolation and real-time gPCR

Total RNA was extracted using the TRIzol method. cDNA was prepared using a Revert Aid
First Strand cDNA Synthesis Kit (Fermentas, Thermo Scientific, Waltham, MA, USA) accord-
ing to the manufacturer’s instructions. Gene expression of for the cell proliferation marker KI-
67, the bone-specific genes runt-related transcription factor 2 (RUNX2), alkaline phosphatase
(ALP), osteocalcin (OCN), Osteopontin (OPN), Osteonectin (SPARC) and Collagen, Type I,
Alpha 1 (COL1A), as well as the house-keeping genes hypoxanthine phosphoribosyltransferase
1 (HPRT1) and tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein
zeta (YWHAZ) were quantified (Table 1) in a Light Cycler 480 (Roche Diagnostics; Indianapo-
lis, IN, USA). The relative concentration of the gene of interest compared to the HPRT1 and
YWHAZ concentration was calculated using a standard curve of serially diluted cDNA to cor-
rect for PCR efficiency. The measurement of the gene expression was normalized based on the
square root of the product formed by HPRT1 and YWHAZ.

Statistics

Statistical analysis of biomaterial surface characteristics was performed using one-way
ANOVA, followed by t-tests with Bonferroni correction for post-hoc comparisons. For experi-
ments with primary human osteoblasts, one-way repeated measured analysis of variance
(ANOVA) was performed with paired-samples t-tests for post-hoc comparisons, while data
obtained with cells from the same human donor were considered paired. Gene expression and
ALP activity data were normalized to values obtained with cells seeded on gold surface of each

Primer sequences 5-3’ Product size [bp]
Fw: GCTGACCTGCTGGATTACAT 250
Rev: CTTGCGACCTTGACCATCT

Fw: GATGAAGCCATTGCTGAACTTG

Rev: CTATTTGTGGGACAGCATGGA 229
Fw: ATGCTTCATTCGCCTCAC

Rev: ACTGCTTGCAGCCTTAAAT 156
Fw: GCTTCAAACCGAGATACAAGCA .
Rev: GCTCGAAGAGACCCAATAGGTAGT

Fw: GCCCAGCGGTGCAGAGT

Rev: GGCTCCCAGCCATTGATACA 106
Fw: TTCCAAGTAAGTCCAACGAAAG

Rev: GTGACCAGTTCATCAGATTCAT 181
Fw: CTGTCCAGGTGGAAGTAGG 33
Rev: GTGGCAGGAAGAGTCGAAG

Fw: TCCGGCTCCTGCTCCTCTTA

Rev: GGCCAGTGTCTCCCTTG 336
Fw: CCCTCAGCAAGCCTGAGAA i

Rev: AGAGGCGTATTAGGAGGCAAG
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donor. DNA content and ALP activity values obtained with osteoblasts grown on PPy-CS or
PPy-pTS were below the detection limit in cells from 2 out of 3 donors. For statistical analysis,
representative data were calculated by using half of the lower limit of the detection of the assay
performed [20]. All data are presented as mean + SD. A p-value <0.05 was considered to be
statistically significant.

Results and Discussion
Surface characterization

Wettability and roughness are important parameters commonly discussed for surface charac-
terization. The choice of dopant has a major influence on the surface roughness and hydrophi-
licity of electrochemically polymerized polymers [7]. These surface properties in turn affect cell
attachment, proliferation, and differentiation potential [21]. The surface properties are not
only affected by the structure of the dopant, but also synthesis parameters during electrochemi-
cal polymerization play a key role [22]. A direct chemical influence by dopants present within
the material slightly affects the ability of cells to adhere to the surface [4], while physical mate-
rial surface properties have a much greater influence on cellular behavior [2,5]. Surface rough-
ness is important for cell adhesion. Experimental synthesis parameters, including current
density (charge passed per area per time), synthesis time, choice of dopant, as well as the dop-
ant and monomer concentration directly affect the roughness and thickness of the polymer
[7,13]. In the current study, the roughness and thickness of the polymers were measured by
profilometry. The thickness of pTS (250 + 50 nm) appeared to be thinner than that of CS

(560 + 150 nm) or DBS (620 + 50 nm). However, these thickness values did not correlate to the
roughness of the materials. The roughness value of the polymer Ppy-DBS was different in mag-
nitude (R, =98 + 15 nm) (Fig 1E) than that of the other materials tested. pTS (R, = 15 £+ 3 nm)
was also significantly more rough than gold, but not to the same magnitude as DBS. The gold
control surface was smooth (2.2 + 0.03 nm) without features, as expected for an evaporation-
coated silicon surface. However, the roughness values were relatively low for all materials

(< 100 nm). This low degree of roughness of a material surface is more preferable for bone
cells than flat or micro-scale roughness surfaces [23]. Surface roughness has a significant influ-
ence on osseointegration, where nano- and micro-scale structures result in improved osseoin-
tegration compared to a smooth surface [24]. Furthermore, an increased roughness value
directly influences osteoblast adhesion and proliferation [24]. Osteoblasts attach to a rough
surface at more positions with less strength compared to a smooth surface [25]. All of the mate-
rials tested demonstrate hydrophilicity. However, the water contact angle values showed that
PPy-CS was most hydrophilic of all dopants (22.2 + 0.2°) compared to gold (68.1 + 0.2°),
whereas hydrophilicity of PPy-DBS (73.5 + 0.2°) and PPy-pTS (51.2 + 0.7°) was similar to that
of gold (Fig 1F). All materials tested revealed contact angles between 10° and 80°, which is con-
sidered normal hydrophilic with good wettability. Hydrophilic surfaces are favorable for
anchorage-dependent cells, like osteoblasts, since these result in higher cell proliferation and
reduced cell apoptosis rates [26]. Surface topography is also important for cell adhesion and
proliferation. SEM images (Fig 1 A-1D) showed the very smooth surface and the typical nodu-
lar features of PPy. PPy-CS displayed a low density of sub-micron diameter nodules, unlike
PPy-pTS, that revealed similar sized nodular features but with a higher nodule density. The
diameter of the nodular features on PPy-DBS was approximately 1-2 um. The control surface
of sputter evaporation-coated gold was featureless, as expected. Implant surface microtopogra-
phy is more important than surface chemistry for early healing and bone regeneration due to
the attraction of platelets, which release chemotactic growth factors leading to osteoblast
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Fig 1. Surface characterization. SEM images of gold [A] and Polypyrrole (PPy) doped with chondroitin sulfate (CS) [B], dodecylbenzenesulfonate (DBS) [C]
and p-Toluene sulfonate (pTS) [D]. Contact angle test [E] and roughness analysis [F] of the different surfaces. The value represents mean + standard
deviation (n = 3). **p<0.01, v. gold control. The scale bars represent 2 ym.

doi:10.1371/journal.pone.0134023.g001

recruitment and bone matrix formation [27]. Variation of physiochemical properties might
also influence attachment, viability, and osteogenic properties of osteoblasts [28].

Cell viability and proliferation

Cell viability and proliferation are important parameters in biocompatibility studies. Mostly
only partial cell viability parameters are studied, such as life-death staining. Here, we report a
detailed analysis of osteoblast viability using DNA content, visualization of cell number per
area, and mRNA expression of a proliferation marker to determine potential inhibitory effects
of biomaterials [29]. We found that the DNA content and cell number were similar on PPy-
DBS and on gold, while both cell number and DNA content were decreased on PPy-CS and
PPy-pTS (Fig 2A-2B). The DNA content of osteoblasts attached to PPy-CS and PPy-pTS was
below the detection limit in 2 out of 3 donors, indicating a poor adhesion of human osteoblasts
to these surfaces. Thus, cells that were poorly attached to the material surface could be easily
removed by performing washing steps. Besides the number of primary human osteoblasts
attached to the biomaterials, we also determined the proliferative activity of the cells attached
to the material surface by analyzing gene expression of KI-67. We did not detect differences in
the expression of this proliferation marker KI-67 in cells attached to the different materials
(Fig 2C). Therefore we suggest that none of the materials tested did induce cell proliferation.
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Fig 2. Cell viability and survival. Analysis of cell number/mm? on 1 cm? samples [A], DNA concentration on 4 cm? samples [B] and of the gene expression
of the proliferation factor KI-67[C] of gold and Polypyrrole (PPy) doped with chondroitin sulfate (CS), dodecylbenzenesulfonate (DBS) and p-Toluene
sulfonate (pTS). The value represents mean + standard deviation. The value of KI-67 was normalized based on the square root of the product formed by
HPRT1 and YWHAZ gene expression and represent mean + standard deviation normalized to gold control (n = 5). *p<0.05, **p<0.01v. gold control.

doi:10.1371/journal.pone.0134023.9002

Nevertheless, excellent attachment of bone cells is essential to provide a favorable situation to
improve cell proliferation by electric stimulation of the conducting polymer [30].

Cell attachment and morphology

F-actin and vinculin protein expression were used to investigate the arrangement of the actin
cytoskeleton and focal adhesions. In all fields of tissue engineering, cell adhesion and attach-
ment are equally important as are soluble growth factors, cell-cell interaction, and mechanical
stimulation [31]. Cells that attach properly do form a healthy environment that supports osteo-
blast activity and osseointegration.

The morphology of adherent osteoblasts on the different material surfaces was visualized by
fluorescent staining of cytoskeletal F-actin filaments after 72 h 10,,25-(OH),Dj5 treatment to
induce an osteogenic phenotype. F-actin morphology illustrated that gold, PPy-DBS, and PPy-
CS were highly potent in maintaining an osteoblastic phenotype (Fig 3A-3C). This finding was
strengthened by the well-visible F-actin filament network and the developed filopodia-fiber
extensions. In contrast, osteoblasts grown on PPy-pTS (Fig 3D) were enlarged with disorga-
nized actin filaments. This suggested that pTS prevents the formation of an appropriate envi-
ronment for osteoblast attachment. The increased size as a result of cell spreading might
indicate that the osteoblasts are desperately trying to find spots to attach [32]. An inappropriate
growing potential was further demonstrated by the decreased number of osteoblasts attached
on PPy-CS or PPy-pTS.

The actin cytoskeletal properties of osteoblasts adhered to different material surfaces were
analyzed by measuring different parameters of fluorescent F-actin. The F-actin area, perimeter,
filament length, number of F-actin filaments/100 pmz cell area, and Feret’s diameter of the
cells on PPy-DBS were similar as on the gold-coated surface (Fig 4A-4E). On the other hand,
PPy-pTS and PPy-CS resulted in increased F-actin area, perimeter, and Feret’s diameter,
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C [PPy-DBS]

B [PPy-CS]

D [PPy-pTS]

Fig 3. Osteoblast morphology staining. Representative F-actin filament staining with Alexa488 phalloidin [A-D] of gold and Polypyrrole (PPy) doped with
chondroitin sulfate (CS), dodecylbenzenesulfonate (DBS) and p-Toluene sulfonate (pTS). The magnification is 20-fold.

doi:10.1371/journal.pone.0134023.9003

suggesting that the cells were enlarged and spreading. Although the F-actin was disorganized,
the cells kept their osteogenic function on these dopants, suggesting that they were still toler-
ated by human primary osteoblasts (Fig 3A and 3C). Elongation of F-actin filaments occurs in
cells that are stably anchored to their substrate. This mechanism provides an enhanced connec-
tion to focal adhesions that further strengthen cell attachment [32]. In the current study there
was no difference in the length or total area of the F-actin filaments. However, beside the length
of the actin filament for osteoblast attachment and migration, the physically connection to the
surface by connector proteins are crucial for focal adhesion.

F-actin filaments and stress fibers are connected by focal adhesions via integrins to the bio-
material surface. Focal adhesions are organized protein complexes that physically connect the
extracellular matrix to the cytoskeleton. This connection is crucial for osteoblasts to maintain
their morphology and osteogenic potential. To better understand the distribution of focal adhe-
sions in osteoblasts, the focal adhesion protein vinculin was labeled with fluorescent antibodies.
Vinculin couples, transmits, transduces, and regulates mechanical forces between the
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Fig 4. Cell morphology analysis. Area [A], Perimeter [B] and Feret’s diameter [C] was analyzed with Fiji ImagedJ. F-actin filament quantification in terms of
length [D] and number/10um? cell area [E] with FilaQuant. The value represents mean + standard deviation (n = 5). *p<0.05 v. gold control.

doi:10.1371/journal.pone.0134023.g004

cytoskeleton and adhesion receptors. The size of the vinculin complex has been suggested to
predict cell migration [33]. Microscopic analysis of our samples showed a punctuated arrange-
ment of labeled vinculin attachment points linked to F-actin, which is typical for focal adhesion
complexes (Fig 5A-5D). Osteoblasts seeded on PPy-DBS or PPy-pTS showed the same number
of labeled vinculin attachment points per cell area as gold (Fig 6A), while cells on PPy-CS
showed a reduced number of vinculin attachment points per cell area as gold. The osteoblasts
on PPy-pTS had a larger labeled vinculin area per cell area (Fig 6B) than osteoblasts on the
other material surfaces tested. Large spots of vinculin in a non-appropriate environment might
be considered as a stress response by adhering cells to withstand mass cellular detachment
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B [PPy-CS];

Fig 5. Vinculin staining. Representative vinculin staining of attachment points, visualized with Alexa Flour 488(green) and F-actin filament staining with
Alexa Fluor 568 phalloidin(red) of gold [A] and Polypyrrole (PPy) doped with chondroitin sulfate (CS) [B], dodecylbenzenesulfonate (DBS) [C] and p-Toluene
sulfonate (pTS) [D]. The magnification is 63-fold.

doi:10.1371/journal.pone.0134023.9005

from an implant surface [34]. Indeed, detachment of osteoblasts from PPy-pTS was demon-
strated by changed morphological features and decreased DNA content.

Materials that stimulate osteoblast attachment are promising for enhanced osseointegration.
Bone implants coated with bisphosphates show stronger fixation and more surrounding bone
in humans, which might lead to new strategies for orthopaedic surgery and dental implant
placement in osteoporotic bone [35]. Moreover, local delivery of zoledronic acid has been used
as antitumor treatment [36]. Local delivery of bisphosphonates into areas with high bone deg-
radation, such as bone tumors or peri-prosthetic osteolytic zones, opens up the possibility for
treatment using higher dosages locally while avoiding systemic side effects. Interestingly, the
current PPy-material could be charged with bisphosphonates that would be released upon elec-
tric stimulation.
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Fig 6. Focal adhesion and attachment. Vinculin attachment points / 100 um? cell area [A] and percentage
share of vinculin area / cell area [B] was analyzed with Fiji Imaged. The value represents mean + standard
deviation (n = 27). *p<0.05, **p<0.01 v. gold control.

doi:10.1371/journal.pone.0134023.g006

Osteogenic function

The field of dentistry is a highly promising area of application for conducting polymers. The
primary stability and surface microtopography of dental implants are crucial to induce early
bone healing with osteoblasts attached to the implant surface. Efficient osteoblast adhesion and
attachment to the bone implant is important since it induces a fast healing response. During
differentiation and maturation of osteoblasts, the transcription factor RUNX2 is expressed. A
mature osteoblast functions by producing ECM containing the glycoproteins SPARC and
OPN, COL1A, OCN and the enzyme ALP, which is involved in ECM calcification. Enhance-
ment of osteoblast activity with controlled drug release from an implant coated with conduct-
ing polymers can open up strategies to enhance osseointegration and implant stability in
patients with bad or low bone stock.

Osteoblast function was analyzed by measuring gene expression of the transcription factor
RUNZX2, the glycoproteins OCN and OPN, the gene coding COL1A and the differentiation
markers ALP and OCN. ALP is the basic phosphatase in bone and is crucial for osteoblast
function. Gene expression and ALP enzyme activity of osteoblasts seeded on PPy-DBS was
similar to that of osteoblasts seeded on a gold surface, suggesting that this dopant was main-
taining the osteogenic potential (Fig 7A and 7C). In contrast, PPy-pTS and PPy-CS suppressed
ALP gene and protein expression compared to gold. Moreover, ALP activity of osteoblasts
grown on PPy-CS and PPy-pTS was below the detection limit in 2 out of 3 donors, suggesting
that these materials were not favorable for osteoblasts.

COLI1A is the most dominant component in the bone matrix, providing a favorable ECM
for progenitor cells [37], but RUNX2 is the most important transcription factor to induce oste-
ogenesis by activating downstream differentiation marker genes via multiple interactions [38].
RUNZX2 and COLIA gene expression was similar for all dopants compared to the gold surface
(Fig 7B and 7E), suggesting that all materials tested were tolerated by the osteoblasts and pre-
vented de-differentiation.
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Fig 7. Osteogenic potential. ALP activity measurement [A] of osteoblasts grown on gold and Polypyrrole (PPy) doped with chondroitin sulfate (CS),
dodecylbenzenesulfonate (DBS) and p-Toluene sulfonate (pTS). Gene expression of the bone specific genes RUNX2 [B], ALP [C], OCN [D], COL1A [E],
OPN [F] and SPARC [G]. Gene expression levels were normalized based on the square root of the product formed by HPRT1 and YWHAZ and represents
mean + standard deviation normalized to gold control (n>4). *p<0.05, **p<0.01 and ***p<0.001 v. gold control.

doi:10.1371/journal.pone.0134023.g007

SPARC supports osteoblast survival, is able to strengthen osteoblastic lineage commitment,
and modulates the balance of bone formation and resorption. SPARC expression decreases
after termination of ECM mineralization [39]. OPN is a glycoprotein, which is maximally
expressed during the mineralization process. It is known to enhance osteoclastogenesis and to
inhibit mineralization. SPARC and OPN expression was similar in osteoblasts seeded on PPy-
DBSA and on a gold surface. SPARC expression deceased in osteoblasts seeded on PPy-CS and
PPy-pTS compared to gold (Fig 7G), while OPN gene expression increased in osteoblasts
grown on PPy-CS and PPy-pTS compared to gold (Fig 7F). OCN is a late stage marker of oste-
oblast differentiation and is associated with enhanced mineralization due to its ability to bind
calcium and hydroxyapatite. There is evidence that OCN is able to compensate a lack of ALP
activity during the mineralization process [37]. OCN enhances osteochondrogenic differentia-
tion and thereby calcification in the presence of vitamin D [40]. Cells on all dopants expressed
similar amounts of OCN compared to cells on the gold surface (Fig 7D). Cells on both PPy-
pTS and PPy-CS showed an up-regulation of OPN expression and a downregulation of
SPARC, while OCN gene expression was unaffected. The differential expression of these matrix
proteins could be explained by the epigenetic state of the osteogenic genes. Silencing of certain
histone deacetylases (HDAC) by valproic acid, has been shown to directly promote the avail-
ability of osteogenetic markers such as OPN and OCN [41]. Mechanical stimulation can induce
epigenetic changes and promote availability of osteogenetic genes [42]. In current study, the
dopants might affect HDAG, thereby altering DNA methylation and the expression of factors
such as OPN and OCN. Using dopants on implants or bone grafts, which allow a controlled
release of drugs by electric stimulation might be an option for direct manipulation of the epige-
netic state of cells.

In conclusion, all dopants tested showed similar gene expression levels of the early tran-
scription factor RUNX2, the bone matrix protein OCN, and COL1A, compared to a gold sur-
face (Fig 7B, 7D and 7E), suggesting that all materials were tolerated by the osteoblasts. Only
PPy-DBS, but not the other dopants tested, showed similar gene expression of OPN, SPARC,
and ALP compared to gold. PPy-pTS and PPy-CS also revealed increased OPN gene expression
levels,that might indicate less favorable osteogenic properties. All together these data suggests
that PPy-DBS might be more promising for osseointegration than PPy-pTS and PPy-CS.

Conclusion

Local delivery of pharmaceutics can reach the bone cells or the infection area around the
implant more efficiently than systemic delivery. Local delivery of bisphosphonates has shown
remarkable results in orthodontic implants [35], which might open up treatment alternatives
for patients that are not allowed to receive specific systemic doses of pharmaceuticals due to
side effects. Moreover, improved cell adhesion and differentiation is crucial to improve implant
osseointegration. The ultimate goal of the current study was to find a material that is biocom-
patible with human osteoblasts, and that has the potential to be used as a drug delivery system.
Besides local delivery of drugs released from the implant, polypyrrole could be coated on elec-
tro-spun nanofibers for scaffolds. Scaffolds could be seeded with either osteoblasts or stem cells
in the presence or absence of different drugs for bone regeneration [43]. Dental pulp stem cells
have been suggested as a promising source of stem cells and have recently been used to restore
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bone defects in the oralfacial region [44]. We showed that all dopants tested were tolerated by
human primary osteoblasts. However, PPy incorporated with the dopant DBS provides the
most potent material surface for focal adhesion, and maintains the osteoblast-like phenotype of
human primary osteoblasts. PPy-CS and PPy-pTS showed less ability to maintain the osteo-
blast phenotype. This demonstrates that PPy-coated implants doped with DBS have great
potential for the (re)generation of bone tissue by providing electrical stimulation and/or con-
trolled release of drugs or growth factors. The cells used in this study were harvested from
patients who underwent primary hip arthroplasty, thereby reflecting a representative bone
stock of patients with need for both dental and orthopedic applications. Therefore, conducting
polymers might provide a novel and promising material for the design of orthopedic or dental
implants that can fight infections, or focally enhance bone formation in a tightly controlled
manner. The next step in our investigation will be to study the effect of a controlled release of
antibiotics and/or growth factors from DBS-doped PPy materials on primary osteoblasts.
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