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Novel Polypyrrole-Coated Polylactide Scaffolds
Enhance Adipose Stem Cell Proliferation
and Early Osteogenic Differentiation
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An electrically conductive polypyrrole (PPy) doped with a bioactive agent is an emerging functional biomaterial
for tissue engineering. We therefore used chondroitin sulfate (CS)-doped PPy coating to modify initially elec-
trically insulating polylactide resulting in novel osteogenic scaffolds. In situ chemical oxidative polymerization
was used to obtain electrically conductive PPy coating on poly-96L/4D-lactide (PLA) nonwoven scaffolds. The
coated scaffolds were characterized and their electrical conductivity was evaluated in hydrolysis. The ability of
the coated and conductive scaffolds to enhance proliferation and osteogenic differentiation of human adipose
stem cells (hASCs) under electrical stimulation (ES) in three-dimensional (3D) geometry was compared to the
noncoated PLA scaffolds. Electrical conductivity of PPy-coated PLA scaffolds (PLA-PPy) was evident at the
beginning of hydrolysis, but decreased during the first week of incubation due to de-doping. PLA-PPy scaffolds
enhanced hASC proliferation significantly compared to the plain PLA scaffolds at 7 and 14 days. Furthermore,
the alkaline phosphatase (ALP) activity of the hASCs was generally higher in PLA-PPy seeded scaffolds, but due
to patient variation, no statistical significance could be determined. ES did not have a significant effect on hASCs.

This study highlights the potential of novel PPy-coated PLA scaffolds in bone tissue engineering.

Introduction

POLYLACTIDE-BASED POLYMERS have been extensively used
in various applications for over two decades. However,
lack of bioactivity has limited their use especially in tissue
engineering applications."” To overcome this problem, sev-
eral approaches have been developed, such as integrating
growth factors, or other bioactive agents into the polymer
structure.>* Another potential strategy to functionalize
polylactide scaffolds could be the application of conductive
polymers as a functional surface coating. Among these con-
ductive polymers, polypyrrole (PPy) has emerged as a
promising polymer group for tissue engineering due to its
high biocompatibility and its good electroconductive prop-
erties.”

The surface roughness, hydrophilicity, and elasticity of
PPys can be tailored by the choice of the dopants or surfac-
tants used in their synthesis.®” One of the most studied

biopolymer dopants is chondroitin sulfate (CS), a naturally
occurring ubiquitous glycosaminoglycan.>” CS is found not
only in the ECM, but was also discovered on the cell surfaces
of most mammalian cells and reported to be involved in
osteogenic processes, including development, maturation,
remodeling, and repair.'”!" CS has previously been shown to
enhance bone remodeling when applied together with hy-
droxyapatite/collagen bone cement.” Due to the osteogenic
potential of CS, we hypothesized that by using CS-doped
PPy coating, we could stimulate the osteogenic differentia-
tion of human adipose stem cells (hASCs), a potential mes-
enchymal stem cell (MSC) group in the field of skeletal tissue
engineering.

In an earlier study, we already verified the good bio-
compatibility of PPy using hASCs.” The effect of PPy sur-
faces with or without electrical stimulation (ES) has been
studied with various cell types, such as skeletal muscle cells,
neurites, endothelial cells, fibroblasts, osteoblasts, and
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MSCs.'*™” However, so far, the effects of PPy on osteogenic
differentiation of human ASCs have not, to the best of our
knowledge, been reported either with or without ES.

ES has been applied to a number of cell types to enhance
proliferation and to direct cell differentiation, but mainly to
electrically active cells, such as neurons or cz;lrdiomyoblasts.18
Interestingly, a few recent publications have focused on the
stimulation of electrically inactive MSCs, demonstrating that
ES has a significant impact on ASC proliferation and differ-
entiation.'*" ES has also been successfully applied via PPy
for different cell types resulting in increased cell proliferation
and significant changes in other cell functions.”*>* This
article is the first to report the effects of novel conductive
poly-96L/4D-lactide/PPy (PLA-PPy) scaffolds and their
combined effects with the ES on hASC viability, prolifera-
tion, and early osteogenic differentiation studied in a three-
dimensional (3D) culture system.

Materials and Methods
Materials

Medical grade PLA with an inherent viscosity of 2.1 dL g-1
(PURAC biochembv) was used in melt spinning and scaffold
manufacturing. Pyrrole monomer, ammonium perox-
ydisulfate oxidant (APS), and chondroitin 6-sulfate sodium
salt from bovine trachea were purchased from Sigma-
Aldrich. Pyrrole was distilled in a vacuum before use. Other
reagents were used without any further purification. Dis-
tilled water was used in the polymerizations.

Synthesis of 3D scaffolds

Polylactide fibers and nonwoven scaffolds. PLA was
extruded (GimacMicroextruder TR 12/24 B.V.O.; Gimac)
and hot-drawn to 16ply multifilament fiber. The diameters
of the single filaments were 10-20 um. To manufacture the
nonwoven scaffolds, the fibers were cut and carded using a
manually operated drum carder (Elite Drum Carder; Louét
BV). Several cards were then combined by needle
punching using a James Hunter Needle Punching Machine
(James Hunter Machine Co.) to obtain 10x10x2mm size
scaffolds.

Chemical oxidative polymerization of PPy. The poly-
merization parameters were optimized to ensure optimal
conductivity and uniformity of the coating; the pyrrole
concentration varied between 0.03-0.3 M, the CS concentra-
tion between 0.5-2mg/mL, the oxidant concentration be-
tween 0.01-0.1M, and the polymerization time from 30s to
15min in an ambient temperature. The following optimized
concentrations were used for all the in vitro samples: [pyr-
role]=0.036 M, [APS]=0.1M, and [CS]=1mg/mL, poly-
merization time 150s.

Before polymerization, CS and APS were dissolved sep-
arately in distilled water. CS and APS solutions were
combined and pyrrole added immediately with vigorous
stirring. The sample was placed in the polymerization bath.
The nonwoven scaffolds were pretreated in ethanol before
polymerization. After polymerization, the samples were
rinsed thoroughly with water and dried in air. Samples
were sterilized by gamma irradiation (BBF Sterilizations
service GmbH) with an irradiation dose of >25kGy.
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Characterization

Hydrolysis and conductivity measurements. Gamma ir-
radiated scaffolds were incubated in sealed plastic specimen
chambers containing either a phosphate buffer solution PBS
(Sorensen, pH 7.4+0.2; Na,HPO, 0.0546 mol 1-1, KH,PO4
0.121mol 1-1) or a maintenance medium consisting of the
Dulbecco’s modified Eagle’s medium/Ham’s Nutrient Mix-
ture F-12 (DMEM/F-12 1:1 1 x; Invitrogen), 10% human
serum type AB (HS; PAA Laboratories GmbH), 1% L-
glutamine (GlutaMAX I, Invitrogen), and 1% pen-strep
(100U/mL penicillin, 0.1 mg/mL streptomycin; Lonza) at
+37°C for up to 42 days. Test conditions were set as specified
in ISO-15814:1999(E) standard. The pH of the buffer solution
was measured and changed every 3 days twice a week to
exclude the acidic autocatalytic hydrolysis of PLA.

Directly after the synthesis and during the hydrolysis test,
the direct current (DC) conductivity of air-dry scaffolds was
measured using custom-made copper flat alligator clips
(contact area 6mm?) and Fluke 189 multimeter. Non-
sterilized samples were used for conductivity measurement
since the electrical properties of PPy have been reported to be
stable™ with the irradiation dose used.

Electrospray ionization mass spectroscopy. Gamma-
sterilized, noncoated PLA and PPy-coated samples of 10 mg
were hydrolyzed for 30 days at +60°C in 1.0 mL pure water.
The hydrolyzed samples were analyzed with a single qua-
druple Perkin Elmer SQ 300 electrospray mass spectrometry
(MS) system (PerkinElmer) in the positive ion mode. The
drying gas (nitrogen) temperature was set at +175°C and the
drying gas flow rate at 8 L/min. The capillary exit voltage
was varied between 60 and 200V to screen the onset of
cracking of the PLA oligomers. The MS was operated in a
scan mode (mass range 200-1000) and dwell time was set at
0.1ms. Briefly, the (hydrolysis) solution was filtered through
0.45-um PTFE filter, 0.5mL methanol was added to the
mixture (water/MeOH 2:1v/v) and the sample injected by a
syringe pump into the mass spectrometer at a flow rate of
5 pL/min.

Scanning electron microscopy. Noncoated PLA and
PPy-coated PLA scaffolds were imaged by JSM-6360 LV
SEM (JEOL). Low 3kV acceleration voltage was applied to
prevent sample damage and to induce contrast between
electrically conductive and insulating areas. For the non-
coated scaffold, the imaging was first done without metallic
surface coating and, subsequently, a thin 20-nm sputter-
coated gold layer (SCD 050; Balzers AG).

Atomic force microscopy. The morphology of individual
PLA-PPy fibers in air was imaged by noncontact mode
atomic force microscopy (Park XE-100 AFM; Park Systems).
Silicon probes (ACTA-905M, Applied NanoStructures, Inc.)
with a nominal resonance frequency of 300 kHz and spring
constant of 4 N/m were applied with a pyramidal shaped
tip (radius<10nm) and an aluminum reflective coating.
5x5um? scans were taken with a scan rate of 0.5Hz. The
surface roughness of the hydrolyzed sample was deter-
mined from the data by Park Systems XEI image process-
ing software (Park Systems). For the roughness data, the
analyzed area size was varied to test the consistency of
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the result. Roughness analysis was done on the raw data.
For the presentation of the surface topography of the
curved surfaces, the raw data was Oth order flattened along
the fiber axes, which were parallel to the slow axis of
the AFM.

Electrical stimulation

Stimulation setup. The scaffolds were placed in custom-
made bottomless 24-well plates (Greiner Bio-One GmbH).
The two electrodes were in galvanic contact with the cell
culture medium in each well (Fig. 1A). The top and the
bottom electrodes were sputter-coated polyethylene-naph-
thalate (PEN)/Au films (125 pm DupontTeonex®, with 50 nm
Au-coating applied by VIT). The bottom electrode (PEN/Au
film) was attached to the well plate with biomedical grade
Silastic® Q7-4720 liquid silicone rubber. The top electrodes
were bent strips of PEN/Au-film, partly extending to the cell
culture medium (Fig. 1A). The four strips were connected in
parallel (Fig. 1B). Hence, the individual wells were also
electronically connected in parallel. The electrode surface
area was approximately 1cm? for the top electrode and ap-
proximately 1.5cm? for the bottom electrode in each well.
The distance between the top and the bottom electrodes was
approximately 2 mm, matching the thickness of the scaffolds
under mild (<10kPa) compression. Hence, the fibers of the
scaffolds were in physical contact with both the top and
bottom electrodes.

Human ASCs were exposed to symmetric biphasic pulsed
DC voltage repeated at a frequency of 1 or 100 Hz, ES for
4h/day. Stimulation waveforms were generated by AFG
3010B (Tektronix Inc.) and the stimulation signal supplied by
a laboratory voltage amplifier (VIT). The waveforms for the
1 and 100 Hz stimulation were pulsed DC voltages 250 ms

A
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(+200mV)/250ms (—200mV)/500ms (0mV) and 2.5ms
(+200mV)/2.5ms (—200mV)/5ms (0mV), respectively. A
schematic illustration of the voltage is presented in Figure
1C. According to cyclic voltammetry (CV), the PEN/Au-
electrodes were electrochemically stable in the +200mV
potential window (CV data not shown). The transient cur-
rent generated by the pulsed DC signal was monitored for
the 24-well plate assembly with Tektronix TDS 3054B oscil-
loscope and 100 Q series resistor. The measured peak current
into the 24-well plate assembly in series with the 100 Q was
2mA. The measured steady state (DC) current after the
2.5ms and the 250 ms pulses was in the range of 40-50 pA/
cm?, corresponding to cell impedance of 5kQ. Such a low
current level could be only roughly measured with the 100 Q
resistor and the oscilloscope. Therefore, the range of the
current densities was also based on the impedance spectro-
scopic data recorded earlier in the DMEM.

The electrical charge of one pulse containing both the
transient electrical double layer charging of the Au-electrodes
(Q1, Q2 in Fig.1C) and the contribution of the ionic DC
current (dashed line in Fig.1C) of the 1 and 100 Hz wave-
forms were estimated 28.0 and 8.2pC, respectively. The
charging conditions for the top and the bottom electrodes
were not balanced electronically and the open circuit voltage
of the system was not measured. A nonstimulated group was
used as a control.

Impedance of the electrode, cell culture medium, and the
nonwoven scaffolds. Impedance spectra of circular parallel
1 cm? PEN/Au-film electrodes and parallel rigid TiN-coated
steel electrodes (electrode material TiN) in the DMEM were
measured using an HP 4192A impedance analyzer. In the
measurement a 100 Q series resistor and excitation voltage of
sinusoidal 50 mV,, , was used.

Cc

'] V] +200 mv

V5-200 mV

;25 ms

FIG. 1.

(A) Schematic illustration of the stimulation device geometry as the side projection. Top and bottom electrodes were

made of gold-coated polyethylene-naphthalate film. (B) The voltage waveform applied to the samples. Biphasic pulses are
shown in blue color. The dashed line presents an estimation of the transient net current. Q; and Q, present both the transient
electrical double layer charging of the Au-electrodes. (C) Schematic illustration of the stimulation device geometry as the

above projection.
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Subsequently, the impedance of the insulating PLA scaf-
fold and the electrically conductive PLA-PPy scaffold was
measured between the rigid TiN electrodes (Oerli-
konBalzersSandvik Coating). TiN electrodes were utilized as
they provided an electrochemically stable, smooth, and me-
chanically rigid construction for the measurement cell.
Constant phase element analysis (CPE) was done using the
curve fitting tool provided in OriginPro 8.5.1 software (Ori-
ginla‘g{) Corporation) using protocols described by Tandon
et al.

hASC culture

The experiments were repeated three times, each with a
different human hASC line. The cells were isolated from the
adipose tissue collected in surgical procedures from three
females (aged 39, 43, and 79) at the Department of Plastic
Surgery, Tampere University Hospital. Human ASC isola-
tion from the tissue samples was conducted in accordance
with the Ethics Committee of Pirkanmaa Hospital District,
Tampere, Finland. The minced tissue samples were digested
with collagenase type I (1.5mg/mL; Invitrogen) and cell
isolation was performed as previously described.” After
primary culture in T-75 flasks, hASCs of passage 1 were
harvested and analyzed by flow cytometry (FACSAria; BD
Biosciences). Monoclonal antibodies against CD14-PE-Cy7,
CD19-PE-Cy7, CD45RO-APC, CD49D-PE, CD73-PE, CD90-
APC, CD106-PE-Cy5 (BD Biosciences Pharmingen); CD34-
APC, HLA-ABC-PE, HLA-DR-PE (Immunotools GmbH
Friesoythe); and CD105-PE (R&D Systems, Inc.) were used.
Analysis was performed on 10,000 cells per sample, and the
positive expression was defined as a level of fluorescence
99% greater than the corresponding unstained cell sample.

Cell expansion and experiments were carried out in the
maintenance medium. When the ASCs reached 80% conflu-
ence, the cells were passaged. Cells of passages 4 to 5 were
used for all experiments. Each scaffold was pretreated with
the maintenance medium for 48h at 37°C in custom-made
24-well plates. The scaffolds were seeded with 87,500 cells in
a volume of 30 puL. of the maintenance medium and the cells
were allowed to attach for 3 h.

Viability. Cell attachment and viability were evaluated
qualitatively using live/dead viability assay (Molecular
Probes) at 7- and 14-day time points. CellTracker™ Green [5-
chloromethylfluorescein  diacetate (CMFDA; Molecular
Probes) and ethidium homodimer-1 (EthD-1; Molecular
Probes) were utilized to dye viable cells (green fluorescence)
and dead cells (red fluorescence), respectively, as previously
described.”

Proliferation and differentiation. The DNA content in the
hASC-seeded scaffold constructs was measured after 1, 7,
and 14 days’ culture using the CyQUANT® Cell proliferation
assay kit (Molecular Probes-Invitrogen) according to the
manufacturer’s protocol and as earlier described.”” To uni-
formly extract the DNA, cells were lysed in the scaffold using
0.1% Triton X-100 followed by a freeze-thaw cycle, and then
the scaffold was disrupted and the cell lysate carefully col-
lected from the scaffolds for the analysis. The fluorescence
was measured with Victor 1420 Multilabel Counter; Wallac).
The quantitative alkaline phosphatase (ALP) measurement
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was performed at time points of 7 and 14 days according to
the Sigma ALP procedure (Sigma Aldrich)* with minor
modifications. Quantitative ALP activity results were nor-
malized to the total amount of DNA measured from the
same samples.

Statistical analysis. The statistical analyses were per-
formed with SPSS, version 17. All assays were performed in
triplicate and the data were presented as meanz+standard
deviation (SD) for both quantitative analyses. The equal
variance assumption was checked by the Levene’s Test. All
statistical analyses were performed at a significance level
p<0.05 using one-way analysis of variance (ANOVA) or the
T-test. Bonferroni post hoc correction for multiple corrections
was used. The effects of different culturing periods (1 day vs.
7 days vs. 14 days), scaffold materials (PLA vs. PLA-PPy),
and stimulation setup (ES 1Hz vs. ES 100Hz vs. control)
were evaluated from the combined data of the three exper-
iments.

Results
Effect of hydrolysis on DC electrical conductivity

Incubation of the PPy-coated PLA fiber scaffolds in PBS
(pH 7.4) resulted in a significant decrease in DC conductivity
during the first day (Fig. 2). Directly after the synthesis the
in-plane resistance of the air-dried samples was 50+20 kQ.
Rinsing with deionized water increased the resistance to
90+40kQ on day 0. At day 1, the measured resistance was
2.5+0.8MQ and steadily increased to 29+14MQ on day 7.
According to optical microscopy, the surface of the fiber was
still fully covered with the PPy coating on day 20. The DC
conductivity of the hydrolyzed scaffolds could be partly re-
stored by rinsing with a diluted hydrochloric acid (pH 2)
solution and subsequent air drying. Roughly, 5%-10% of the
conductivity of the hydrolyzed scaffold was restored by the
acid rinse irrespective of the hydrolysis time.
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FIG. 2. Resistance of the poly-96L/4D-lactide-polypyrrole

(PLA-PPy) scaffold in air (n=4). The samples were rinsed
with deionized and air-dried before each measurement. The
conductivity of the sample remains at a level relevant for
electrical stimulation for at least 2 days.
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TABLE 1. SUMMARY OF IMPEDANCE SPECTROSCOPIC DATA MEASURED IN DULBECCO’s MODIFIED EAGLE’S
MEDIUM AND THE CORRESPONDING CONSTANT PHASE ELEMENT ANALYSES
Sample |Z|cen at 1Hz (Q) |Z| e at 10kHz (Q) CPE capacitance (uF) idealitycoeff. n
PEN/Au/film 240000 15 2 0.97
TiN 83000 17 20 0.94
TiN/PLA scaffold 13000 26 20 0.90
TiN/PLA-PPy scaffold 1700 12 14 0.83

HP 4192A impedance analyzer, excitation voltage is sinusoidal 50 mVp-p
CPE, constant phase element; PEN, polyethylene-naphthalate; PLA-PPy, poly-96L/4D-lactide-polypyrrole.

Impedance of the electrode, cell culture medium,
and the nonwoven scaffolds

The results of the impedance measurement are summa-
rized in the following Table 1.|Z|.y is the magnitude of cell
impedance, CPE represents the capacitance of the cell, and n
is a fit parameter describing the ideality of capacitance in the
CPE model.*®

According to the measured data, the PLA and the PLA-
PPy scaffolds both had a significant effect on cell impedance
in the DMEM. The low-frequency impedances specially were
significantly lower for the cell containing the scaffolds in the
DMEM (either PLA or PLA-PPy) than for the empty cell
containing only the medium. As anticipated, the PLA-PPy
scaffold induced the most significant decrease in cell im-
pedance at lower frequencies. The ideality coefficient n was
low (0.83) for the PLA-PPy scaffold, suggesting that the ca-
pacitive CPE model did not describe the cell impedance
spectrum in this case. Contrary to expectations, the PLA
scaffold also decreased the cell impedance. This was sur-
prising since the relative permittivity of the medium (around
80) is much higher compared with the dry PLA polymer
(around 3.5). The result can be explained by a marked en-
hancement of (low-frequency) ionic conductivity along the
PLA fibers. The low-frequency impedance was three-fold
higher, and the capacitance was 10-fold lower for the Au-
electrodes than for the TiN electrodes.

We used impedances derived from sinusoidal test signals
(2.4.2) for estimating the order of magnitude for the stimu-
lation current during the biphasic pulses. The Ohm’s law and
the impedances measured at 1 Hz and 10 kHz were used for
estimating the current densities in the Au-electroded stimu-
lation 24-well setup. Theoretical current densities I;, pc+
13.3pA/ cm? L1 2 maxt16.7mA/ cm? for the DC current and
the transient current were calculated, respectively. The real
transient current density, which is not directly measurable
using our system, was limited by the current amplifier to
roughly£0.4mA/cm? The discrepancy between the ob-
served and the calculated values was likely due to the dis-
crepancies between the impedance measurement and the ES
setup. However, both the measured and the estimated DC
and transient currents were within a physiologically relevant
range, but could be considered minimally invasive for the
hASCs.?®

Electrospray ionization mass spectroscopy

The electrospray ionization-MS (ESI-MS) spectra for the
PLA-PPy and PLA scaffolds were very similar (Fig. 3). The
spectra contained peaks of PLA hydrolysis products® and
the corresponding Na peaks. No significant peaks associated

with potential PPy or CS degradation products, such as ox-
idized pyrrole oligomers or oligosaccharides, were found in
the studied m/z range of 200-1000.

Scanning electron microscopy

According to scanning electron microscopy (SEM) images,
the surfaces of the PPy-coated PLA fibers were covered with
a conductive layer. This was clearly detected (Fig. 4, left),
since the fiber scaffold did not build up any electrostatic
charge under the electron beam at 3-kV acceleration voltage.
The surface of the metallized (20nm Au) PLA fibers ap-
peared smooth in comparison to the PPy-coated fibers (Fig.
4, right).

Atomic force microscopy

Figure 5 shows representative topography and the mea-
sured surface roughness of individual PPy-PLA fibers after
hydrolysis in PBS. The long axis of the fiber in each AFM was
set parallel to the slow scan axis (45 degrees in the images in
Fig. 5A). On day 0, the fiber surface appears extensively
covered by fine nodular material individual nodules being
200nm in diameter. This presented the typical morphology
for PPys prepared by chemical polymerization. On day 10,
the nodular surface morphology of the fibers was detected as
on day 1. However, smoother areas and coarser (>400nm)
nodules with fine structure had appeared on day 10. On day
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FIG. 3. Electrospray ionization-mass spectrometry spectra
of the hydrolysis products from PLA-PPy and PLA scaffolds.
All detectable peaks are found in the m/z range of 200-700.
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18 1m

20, the fraction of smoother areas had further increased from
day 10. According to optical microscopy, the fibers were still
fully covered with PPy after the 20 days in PBS. Hence, the
observed changes were probably due to the changes of the
PPy coating morphology and/or the hydrolysis of the PLA
surface under the PPy coating.
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FIG. 4. Scanning electron
microscopy image of PLA-
PPy scaffold (left) without
sputtered gold layer and PLA
scaffold (right) with 20 nm
gold coating. At 3-kV
acceleration voltage, the PPy-
coated PLA scaffold could be
readily imaged, but the
electrically insulating PLA
scaffold could not be imaged
without a thin coating layer
(typically gold or carbon) due
to heavy electrostatic
charging.

188 5m 14 45 SEI

The changes in the AFM images were reflected in the surface
roughness values (Ra) derived from the images (Fig. 5B). Within
10 days, the Ra values decreased significantly from about
160nm to less than 80nm. The roughness analysis showed a
consistency independent of how the analyzed surface area was
chosen from the images (5x5 pm?, 22 pm? subareas).
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FIG. 5. Atomic force microscopy images (A) and the sur-
face roughness (B) of the PLA-PPy scaffold at day 0, 10, and
20 over a scanning area of 10 x4 um. The surface of the fiber
is gradually losing its fine granular morphology and
changing its appearance toward smoother surface. Z-scale in
the images is 600nm.Color images available online at
www liebertpub.com/tea
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Cell culture

Flow cytometry. The flow cytometric analysis demon-
strated that hASCs show high expression of CD105 (endoglin),
CD73 (ecto 5 nucleotidase), and CD90 (Thy-1), moderate ex-
pression (<50% >2%) of CD34 (hematopoietic progenitor and
endothelial cell marker), and CD49d (integrin ¢4), while lack-
ing expression (<2%) of CD14 (monocyte and macrophage
marker), CD19 (B cell marker), CD45RO (pan-leukocyte
marker), CD106 (vascular cell adhesion molecule 1), and HLA-
DR (HLA class II). Surface marker expression characteristics of
undifferentiated ASCs from one donor cell line is presented in
Figure 6. The results showed that hASCs expressed several of
the specific antigens proposed by the Mesenchymal and Tissue
Stem Cell Committee of the ISCT* defining human stem cells
of mesenchymal origin. According to ISCT, CD34 should not
be expressed in stem cells of mesenchymal origin; however, it
showed moderate expression with high donor variation.
However, varying results have been reported for CD34 on
hASCs cultured in a medium supplemented with human se-
rum®? and fetal bovine serum.*"**?°

Viability. Live/dead staining showed that the majority
of hASCs were viable and spread homogenously in both
scaffold types with and without ES on day 14 (Fig. 7). By
qualitative estimation, the number of hASCs was higher in
PLA-PPy scaffolds than in the plain PLA scaffolds at all time
points. This difference was evident on the cell seeding surface
(Fig. 7) and the bottom surface of the scaffolds as well as
inside the scaffolds (Supplementary Figs. S1 and S2; Supple-
mentary Data are available online at www. liebertpub.com/
tea). The ES did not seem to have any effect on cell viability or
the cell number.

Proliferation and early osteogenic differentiation. The
number of hASCs was assessed quantitatively using the
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CyQUANT proliferation method (Fig. 8), which is based on
the relative absorbance values according to the amount of
DNA. As demonstrated with live/dead staining, the number
of hASCs was higher in PLA-PPy scaffolds at each time point
compared to PLA scaffolds. This difference was statistically
significant, excluding 7-day time point, in the nonstimulated
and in the stimulated (100Hz) group. In addition, the cell
number in PLA scaffolds did not increase over time, whereas
the cell proliferation during the 14-day culture period was
detected in PLA-PPy scaffolds. Neither did the stimulation of
1Hz nor 100 Hz show any effect on cell proliferation.

ALP analysis was performed on the same samples as used
for DNA amount analysis (Fig. 9). ALP activity of hASCs
was higher in PLA-PPy scaffolds in each stimulation group
than in the PLA scaffolds at 7 and 14 days. One donor line
did not show reliably detectable ALP activity at any of the
measured time points. Therefore, data from two other re-
peats only are shown. The ALP activity values varied nota-
bly between the two donor lines; hence, no significant
differences were detected between different scaffold types or
stimulation groups.

Discussion

As our main finding, the PPy coating enhanced hASC
proliferation. A similar trend was also seen in ALP activity, but
no significant differences were detected. ALP activity peaked at
the 7-day time point, which is typical behavior for ASCs in 3D
scaffolds in the maintenance medium.*® To the best of our
knowledge, this is the first study to investigate the effect of ES
on hASCs in a 3D culture system on PLA-PPy scaffolds by
exploiting the conductivity properties of PPy. For the ES in the
3D culture system, we designed a custom-made stimulation
setup, where multiple scaffolds could simultaneously be stim-
ulated. Symmetric biphasic pulsed DC voltage with +100mV/
mm pulse amplitude (2.5ms/250ms pulse duration and
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CD49d-PE CD106-PECy5
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FIG. 7. Representative images of viable (green fluorescence) and dead (red fluorescence) human adipose stem cells at 14-
day time point attached to PLA and PLA-PPy scaffolds visualized at top/cell seeding side of the scaffolds. Scale bar is
500 pm. Color images available online at www liebertpub.com/tea

100Hz/1Hz pulse frequencies, respectively), was chosen on
the basis of earlier studies demonstrating their physiological
relevance, safety, and applicability to stimulating hASCs.">*!
ES can be considered a potential way to stimulate hASCs
as it offers a means to exert similar influence on cells as, for
example, growth factors, but in a safer, more inexpensive
and repeatable way.'” Nevertheless, no significant differ-
ences in early osteogenic differentiation or proliferation were
detected between electrically stimulated and nonstimulated
hASCs in our setup. This result was in contrast to many
recent studies reporting favorable effects of ES on hASC
osteogenic differentiation. McCullen et al. demonstrated
hASC mineralization and differentiation toward bone tissue
under ES in a 2D culture system'® when the osteogenic
medium was used (the maintenance medium supplemented
with 50mM ascorbic acid, 0.1 mM dexamethasone, and
10mM B-glycerofosfate, while Tandon et al?! demonstrated
that hASCs align and elongate in the presence of ES. Similar
to our study, no differentiation medium or growth factors
were used to increase the differentiation processes. As a re-
sult, they did not detect osteogenic differentiation, but rather
fibroblastic or vasculogenic differentiation. As our study set

80000+

EA PLA p=0.026

out to investigate early osteogenic differentiation, it remains
to be determined if differentiation into other lineages oc-
curred.

Hammerick et al. used mouse ASCs and stimulated them
using very similar parameters to ours. Their results on pro-
liferation were consistent with ours since they did not detect
any effect of ES on proliferation during a 10-day culture
period. On the other hand, osteogenic differentiation was
observed only in combination with ES and the osteogenic
medium (the maintenance medium supplemented with
100mg/mL of ascorbic acid and 10mM B-glyceropho-
sphate).

It should also be noted that most of the studies of using ES
for stem cells have not been done in combination with elec-
trically conductive biomaterial. PPy and ES may have syn-
ergistic effects, such as redox activity upon potential changes
and bioactive molecules as dopants, which can affect also to
the cell response in addition to the applied ES.®

The electrical impedance of the Au-electrodes in the
DMEM changed significantly in the frequency range of si-
nusoidal (50mV) 1-1000-Hz test signals, as confirmed by
impedance spectroscopy. Indeed, the nonlinearity of the
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FIG. 8. Relative DNA
content of human adipose
stem cells cultured for 1, 7,
and 14 days in PLA and PLA-
PPy scaffolds. The results are
expressed as mean=*SD, n=3.
The total number of technical
samples was 9. *p <0.05 with
respect to the corresponding
PLA scaffold.
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FIG. 9. Relative ALP activity of human adipose stem cells
cultured for 7 and 14 days in PLA and PLA-PPy scaffolds.
The results are expressed as mean+SD, n=2. The total
number of technical samples was 6.

stimulation cell impedance was found to be an important
factor in designing electronic stimulation setups and wave-
forms for stem cells. As anticipated, the electrically conduc-
tive PPy-PLA scaffold placed between the circular 1 cm? TiN
electrodes decreased the impedance of the TiN/DMEM/TiN
cell significantly, in particular, in the lower frequency range.
A less significant, but a surprising decrease in cell impedance
was also observed for the PLA scaffold, which is an excellent
electrical insulator in air. In both cases, a possible explana-
tion would be a marked enhancement of the conductivity of
the fibers, extending to the interior of the scaffold. In the case
of PLA fibers, the enhancement was likely due to increased
surface ionic conductivity. For the PLA-PPy fiber, the en-
hancement was more easily understood since PPy is an
electronic conductor both in air and in a medium. Our results
suggest that an electronically conductive PPy can better de-
liver the stimulation currents to the cells located in the in-
terior of the scaffold, which may have an additional effect on
cell response. It is noteworthy that a significant enhancement
of the electronic conductivity resulted from only 2-3 wt-% of
the conductive PPy in the composite PLA-PPy fibers.

The in-plane DC resistance of air-dried PLA-PPy scaffolds
was 50kQ on day 0. The DC conductivity of the PPy coating
was roughly 10-30S/m, based on an order of magnitude
estimation of the DC conductivity of the PPy-layer and a
careful extrapolation of the impedance spectroscopic data to
very low frequencies. The estimated conductivity was within
the range of the electronic volume conductivity reported for
bulk PPy-sulfate powders prepared by APS oxidation in
water.”” Hence, the incorporation of the CS dopant did not
adversely affect the electronic conductivity of PPy. The loss
of DC conductivity of PPy coating was partly restored by
acid doping in pH 2. Therefore, the loss of electronic con-
ductivity was partly due to reversible de-doping of PPy
chains in high pH 7.4.° Other mechanisms, such as PLA
degradation, were also affecting the PPy coating and/or
detachment, and cracking of the PPy layer. According to the
impedance spectroscopy (1-10kHz) and the DC measure-
ments, the AC conductivity (electronic and ionic) of the PPy
layer remained considerably (>2 decades) higher than the
ionic conductivity of the DMEM at least on days 0-2. Al-
though the impedance measurement cannot discriminate
between the electronic conductivity and the ionic conduc-
tivity of the scaffold material, we find this a clear indication
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that the scaffold will enhance the stimulation current flow for
periods far exceeding 2 days.

Irreversible changes were also apparent in the morphol-
ogy of the fibers according to AFM topography images,
which showed that the appearance of the fibers changed
significantly during incubation. According to optical micros-
copy, the fibers were still fully covered with PPy after the 20
days in PBS. The data suggested extensive morphological
changes in the thin PPy layer due to dopant ion exchange,
hydration, osmotic pressure, and/or hydrolysis of the PLA
surface under the PPy coating. Both factors may have affected
the morphology of PPy, the local adhesion of the PPy coating,
and consequently, the electronic conductivity of the coating.

Between the electrochemical potentials of the ES signals
(£200mV) used, the PPy remained in oxidized state. Thus, it
is unlikely that redox chemistry had any significant effects on
PPy morphology. Hydration and hydrolytic degradation of
the outermost surface of the PLA may have been affected by
the PPy coating and the ES, mainly due to the high ionicity of
PPy. However, we found no direct evidence of such effect
using SEM, AFM, and ESI-MS. This should be further stud-
ied in future.

Under the oxidative polymerization conditions, the CS
was rapidly split into fragments (C4-C6) as evidenced by the
viscosity measurements (data not shown). Although it was
evident that the CS induced permanent hydrophilicity of the
PPy coating, the role of the CS dopant in the cell response of
PPy coating remained unclear. After hydrolysis in deionized
water at +60°C, we did not detect pyrrole oligomers or CS
fragments in the hydrolysis products of the PLA-PPy fibers
by ESI-MS. It is therefore debatable if molecular fragments of
the CS remained in PPy. This needs elucidation since CS
fragments have well reported biological activity both in vitro
and in vivo.’®® Nevertheless, our results showed that the
effect of PPy coating on hASC response was as strong with
and without ES, suggesting that the surface chemistry of PPy
plays a more important role in triggering cell response than
in the electrical conductivity of PPy.

According to the ESI-MS spectra, the influence of PPy
coating on the hydrolysis of the PLA scaffold was negligible.
According to our interpretation, the thin PPy coating was not
hydrolytically degraded in water and had little effect on the
hydrolytic degradation of the PLA scaffolds in vitro.

In conclusion, the novel PPy-coated scaffolds significantly
enhanced hASC proliferation. In addition, early osteogenic
differentiation was consistently more enhanced by PPy
coating than by plain PLA scaffolds. This study highlights
the future potential of PPy-coated PLA scaffolds seeded
with hASCs in clinical bone tissue engineering applications.
The ES of the relatively noninvasive biphasic pulsed volt-
age waveforms in 3D geometry did not have a significant
effect on hASC proliferation or differentiation on days 1, 7,
and 14.
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