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Multifunctional Graphene–PEDOT Microelectrodes for On-
Chip Manipulation of Human Mesenchymal Stem Cells
 All-solution-processed multifunctional organic bioelectronics composed of 
reduced graphene oxide (rGO) and dexamethasone 21-phosphate disodium 
salt (DEX)-loaded poly(3,4-ethylenedioxythiophene) (PEDOT) microelectrode 
arrays on indium tin oxide glass are reported. They can be used to mani-
pulate the differentiation of human mesenchymal stem cells (hMSCs). In the 
devices, the rGO material functions as an adhesive coating to promote the 
adhesion and alignment of hMSC cells and to accelerate their osteogenic 
differentiation. The poly( L -lysine- graft -ethylene glycol) (PLL- g -PEG)-coated 
PEDOT electrodes serve as electroactive drug-releasing electrodes. In 
addition, the corresponding three-zone parallel devices operate as effi cient 
drug-releasing components through spatial-temporal control of the release of 
the drug DEX from the PEDOT matrix. Such devices can be used for long-
term cell culturing and controlled differentiation of hMSCs through electrical 
stimulation. 
  1. Introduction 

 Bone-marrow-derived human mesenchymal stem cells 
(hMSCs) are multipotent progenitor cells that are capable of 
differentiating into different cell lineages, including osteo-
blasts, adipocytes, chondrocytes, and neurons. Controlling the 
differentiation of hMSCs is one of the most exciting aspects of 
tissue regeneration therapeutics. [  1–3  ]  Much progress has been 
made in the use of extracellular stimuli, including both physical 
and chemical cues, to regulate the differentiation of hMSCs. 
For example, physical cues, such as the mechanical properties 
of the extracellular matrix [  4  ,  5  ]  and the electrical potential of the 
extracellular environment, [  6  ,  7  ]  have been varied to mediate the 
differentiation of hMSCs into specifi c osteogenic and/or adipo-
genic lineages; chemical cues, such as selective-chemical sur-
faces [  8–10  ]  and small-molecule drugs, [  11  ,  12  ]  have been employed 
to regulate cell behavior through control of the extracellular 
matrix (ECM). Using these approaches, it is possible to mani-
pulate the cell behavior of hMSCs on chips in defi ned extracel-
lular environments. 

 Bioelectronic interfaces, potentially bridging the communi-
cation gap between biology and electronics, are used widely to 
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enhance the readout performance of bio-
logical events in the form of electronic sig-
nals and to promote gene expression and 
biological phenotypes through electrical 
stimulation (ES). [  13–15  ]  Moreover, chemical 
and topographic design of bioelectronic 
interfaces can be used to regulate cell 
behavior, including adhesion, spreading, 
proliferation, and differentiation. [  16–20  ]  By 
combining contact attraction and repul-
sion coatings on bioelectronic interfaces, 
the behavior of cells can be manipulated 
in both space and time through ES. There-
fore, electrically responsive biocompatible 
interfaces have great potential in a variety 
of bioelectronic applications, including 
electrical signaling, [  21–23  ]  stimulating, [  24–27  ]  
and controlled drug release devices. [  28–30  ]  
In the development of bioelectronic 
interfaces, two classes of materials: 
i) conducting polymers [CPs; e.g., polypyrrole (PPy), poly(3,4-
ethylenedioxythiophene) (PEDOT)] with a diverse array of 
anionic dopants [e.g., poly(sodium styrene sulfonate) (PSS), 
tosylate, (dodecylbenzenesulfonate) (DBS)] [  13  ,  15  ,  26  ,  31  ,  32  ]  and 
ii) carbon materials [CMs; e.g., carbon nanotubes, gra-
phene], [  27  ,  31  ,  33–38  ]  are often used as biocompatible interfaces 
for preparing tissue–electrode and cell–electrode interfaces in 
developmental biology and cell therapies. The electrical, elec-
trochemical, and surface properties of CPs are, however, quite 
different from those of CMs. For example, CPs and CMs are 
hole and electron transporting materials, respectively; the redox 
capabilities of thin fi lms of CPs are higher than those of CMs; 
and anion-doped CPs and unfunctionalized CMs present nega-
tively charged and neutral surfaces, respectively. Notably, the 
solution-processable reduced graphene oxide (rGO) is a prom-
ising CM, that has the potential to mediate the molecule and 
gene expression levels in various cell types, including neurons, 
fi broblasts, osteoblasts, etc. [  27  ,  35  ,  37  ,  38  ]  Because the facile solution-
processes for preparing CPs and rGO materials are compatible 
in thin fi lm fabrication, it is possible to design optoelectronic 
devices incorporating both materials to obtain functions that 
cannot be performed by the individual materials. 

 In this paper we describe a multifunctional bioelectronic 
interface, composed of rGO and dexamethasone 21-phosphate 
disodium salt (DEX)-loaded PEDOT microelectrode arrays on 
indium tin oxide glass, that takes advantage of the individual 
properties of the CM and the CP. Because of the effi cient anti-
adhesive coating of poly( L -lysine- graft -ethylene glycol) (PLL-
 g -PEG) on PEDOT surfaces and the DEX-condensing behavior 
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of rGO surfaces, [  27  ,  37  ]  this rGO–PEDOT microarray device 
can be used to manipulate the location and differentiation of 
hMSCs on chips and electrically activate the release of the drug 
for long-term osteogenic differentiation.   

 2. Results and Discussion  

 2.1. Electrical Characteristics of PEDOT and rGO Materials 

 To assess the electrochemical properties of PEDOT and rGO 
materials for use in bioelectronic interfaces, we used cyclic 
voltammetry (CV; voltage swept from –0.9 to 0.5 V) to explore 
the charge capacity density (CCD) of PEDOT- and rGO-coated 
ITO electrodes in phosphate-buffered saline (PBS, 0.1 M, 
pH 7.2) ( Figure    1  a). The higher CCD of PEDOT (4.22 mC 
cm  − 2 ) indicates that it is capable of more-effi cient drug loading 
and release, relative to that measured for the rGO electrode 
(0.58 mC cm  − 2 ). In addition, we used electrochemical imped-
ance spectroscopy to measure the ionic conductivity in the fre-
quency range from 1 to 10 5  Hz (Figure  1 b). The impedance of 
PEDOT at 1 Hz was approximately two orders of magnitude 
lower that that of the bare ITO and rGO/ITO electrodes in 
PBS (0.1 M, pH 7.2), indicating that the PEDOT would readily 
undergo ionic exchange during the cyclic potential ES. There-
fore, we expected an integrated rGO–PEDOT bioelectronic 
interface to exhibit high electrical stability toward cells on the 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  1 .     Electrical properties of various bioelectronic interfaces on ITO glas
swept from –0.9 to 0.5 V at a scan rate of 100 mV s  − 1 . CCDs for ITO, PED
were 0.07, 4.22, and 0.58 mC cm  − 2 , respectively. b) Electrochemical impeda
(frequency range, 1–10 5  Hz). c) Decline of electroactivity in PBS (1 × ).  
rGO electrodes, while its PEDOT electrodes would function as 
an effi cient electrically modulated drug release system.    

 2.2. DEX Drug Effect on hMSCs 

 To determine the effect of the drug DEX on the osteogenic dif-
ferentiation of hMSCs, we used electric cell–substrate imped-
ance sensing (ECIS) to monitor the long-term changes in the 
cell membrane properties as well as the degree of osteogenic 
differentiation of the hMSCs.  Figure    2  a presents the time-
course measurement of the mean impedance of the hMSCs, at 
16 kHz, over 12 days for four groups ( n   =  3): no cell control, cells 
under the growth medium, cells under osteogenesis induction 
medium without DEX, and cells under osteogenesis induction 
medium with DEX. Although replacement of the medium every 
3 days created some artifi cial peaks in the impedance spectra 
(as a result of slight changes in pH, temperature, and dissolved 
CO 2  [  39  ] ), the trends in impedance were clearly evident after 
induction for approximately 50 h. No features appeared in the 
impedance spectra for the no-cell group; in contrast, the growth 
medium–only group promoted cell proliferation, resulting in a 
steady increase in the fi rst 6 days of cultivation, reaching a pla-
teau of approximately 300  Ω  during the 6–12 day period. The 
osteogenesis induction medium without DEX group exhibited 
cell confl uency and detachment responses, [  39  ]  thereby causing 
the impedance spectra to level off after 12 days of long-term 
cultivation. When DEX was added to the osteogenesis induc-
mbH & Co. KGaA, Weinh

s. a) CV: Potential 
OT:PSS, and rGO 
nce spectroscopy 
tion medium in the cell culture, however, 
the membrane potential increased rapidly, 
as evidenced by the impedance spectra 
over the course of differentiation toward 
the osteogenic lineage during the 3–9 days, 
reaching a plateau of approximately 600  Ω  
after 12 days. In addition, we used the alka-
line phosphatase (ALP) assay to directly 
evaluate the differentiation status of the 
hMSCs at the end of the ECIS experiments 
(Figure  2 b–d). Comparing the results from 
previous studies [  39–41  ]  with our results for 
ALP expression in the osteogenesis induc-
tion medium with and without DEX in the 
growth medium, the drug appears to play an 
important role in signaling the osteogenic 
differentiation. Therefore, we selected a 
9-day period of osteogenesis induction with 
DEX as the drug model to further investigate 
the manipulation of hMSCs and controlled 
drug release induced by our rGO–PEDOT 
microelectrode arrays.    

 2.3. Accelerating Osteogenic Differentiation 
of hMSCs on rGO 

 Recently, it has been demonstrated by many 
groups that graphene is a candidate mate-
rial for accelerating gene expression and 
osteogenic differentiation. [  34  ,  36  ,  37  ]  To evaluate 
eim Adv. Funct. Mater. 2013, 23, 4649–4656
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     Figure  2 .     a) Cell culture medium and drug screening for hMSCs using ECIS chips. b–d) ALP 
analyses of hMSCs after 12 days in various induction media: b) growth medium, c) osteogen-
esis induction medium in the absence of DEX, and d) osteogenesis induction medium in the 
presence of DEX.  
the conversion of hMSCs to the rGO electrodes, we used two 
immunofl uorescent staining markers, CD-44–positive and 
     Figure  3 .     Immunofl uorescence staining of hMSCs grown on rGO-coated ITO substrates for 0, 
3, 6, and 9 days of osteogenesis induction. a–d) CD44, marker for undifferentiated stem cells; 
e–h) osteocalcin, marker for bone cells.  
osteocalcin (OCN)-negative markers, to stain 
the hMSCs at different periods of time (0, 3, 
6, and 9 days) during osteogenesis induction. 
The progressive decrease in the CD-44 fl uo-
rescence intensity and enhanced OCN fl uo-
rescence ( Figure    3  ) confi rmed the successful 
osteogenic differentiation on the rGO/ITO 
electrodes after 9 days of induction. In addi-
tion, the hMSCs became more spread out 
and larger after 3 days of incubation.  

 To confi rm that the rGO electrodes of 
our devices could accelerate hMSC differ-
entiation into the osteogenic lineage, we 
recorded light microscopy images of rGO/
ITO electrodes with hMSCs on tissue culture 
polystyrene (TCPS) dishes that had been sub-
jected to Alizarin Red S staining after 3, 6, 
and 9 days of osteogenesis induction in the 
presence of the drug DEX.  Figure    4  a–f reveal 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2013, 23, 4649–4656
a higher differentiation potential toward 
the osteogenic lineage for the hMSCs on 
the rGO surfaces than those on the TCPS 
dishes at day 9 of induction. Notably, more 
of the hMSCs growing on the rGO electrodes 
could develop into osteoblast-like cells with 
the formation of the mineralized nodule 
(Figure  4 f,g). To precisely quantify the osteo-
genic differentiation potential of hMSCs on 
our rGO surfaces in the presence of DEX, we 
used the red color of the calcium deposits to 
further analyze the cell percentage of ALP 
coverage (Figure  4 h). In a result similar to 
that of our ECIS study, the ALP expression of 
the hMSCs on the rGO/ITO surfaces exhib-
ited an impressive osteogenic differentiation 
potential after a 9-day period of osteogenesis 
induction in the presence of DEX.    

 2.4. rGO–PEDOT Devices for Manipulating 
hMSCs Behavior 

 To test the on-chip concept for mani pulating 
stem cells and controlling drug release 
through ES, we used DEX as the drug model 
to develop an organic bioelectronic plat-
form (rGO–PEDOT) with alternating micro-
electrode arrays of rGO and DEX-loaded 
PEDOT ( Figure    5  ). The rGO–PEDOT micro-
electrodes of different sizes (rGO–PEDOT-
20, rGO–PEDOT-50, rGO–PEDOT-100; the 
numbers indicate width in micometers) 
were patterned through photolithography 
and subsequent electrical polymerization of 
the PEDOT materials (Figure  5 a–f). [  27  ]  The 
attenuated total refl ection Fourier transform 
infrared (ATR-FTIR) spectra in Figure S1 
(Supporting Information) confi rmed that DEX could be loaded 
into the PEDOT fi lms during the polymerization process.  
4651wileyonlinelibrary.comeim
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     Figure  4 .     a–f) Immunohistochemical staining of hMSCs grown on TCPS dishes (control) and 
rGO-coated ITO substrates for 3, 6, and 9 days of osteogenesis induction. Scale bar: 200  μ m. 
g) Morphological analysis of mineralized nodule formation of hMSCs. h) Quantifi cation of 
ALP expression through Alizarin Red staining of hMSCs differentiated on various substrates.  
 To test the drug release capability, we fabricated rGO–PEDOT 
architectures (Devices 1–3) (Figure  5 g–i) featuring three dif-
ferent coating schemes: no coating was applied in Device 
1, a poly(3,4-ethylenedioxythiophene):polystyrenesul fonate 
(PEDOT:PSS) blocking layer was added in Device 2, and an addi-
tional anti-adhesive coating of PLL- g -PEG was used in Device 
3. The drug releasing capabilities of the three different rGO–
PEDOT electrodes were activated by a cyclic potential ES with 
the voltage swept from–1 to  + 1 V at a scan rate of 100 mV s  − 1  
for  n  cycles in PBS (1 × ).  Figure    6  a presents the DEX release 
profi les of Devices 1–3 in PBS (1 × ) solution, as measured at 
242 nm using UV spectroscopy. As expected, in the absence 
of the PEDOT:PSS blocking layer on the PEDOT:DEX surfaces 
(Device 1), a signifi cant amount of DEX was released from the 
rGO–PEDOT microelectrode arrays in the absence of ES, due 
to diffusion. When a blocking layer of PEDOT:PSS was present 
on top of the PEDOT:DEX layers, however, the DEX molecules 
were sealed very well in Devices 2 and 3 in the absence of ES; 
upon ES, DEX was released linearly over time in these devices, 
due to the swelling/deswelling kinetics of the conducting pol-
ymeric materials. [  28  ,  42  ,  43  ]  Figure  6 b illustrates the long-term 
DEX release profi le of Device 3 in PBS solution, where almost 
no DEX was released without ES. Upon ES, approximately 
19  μ g cm  − 2  of DEX were released from our device after incu-
bation for 6 days. With the aim of applying this electrically 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
responsive drug release system to the osteo-
genic differentiation of hMSCs, we further 
optimized the DEX-loaded rGO–PEDOT 
microelectrode arrays into three-zone par-
allel devices (ES1–3) that could provide drug 
release at three different time points during 
the osteogenesis induction period (Figure  6 b, 
inset). Figure  6 c reveals that the rGO–PEDOT 
device provided the system with a fresh dose 
of DEX released every 3 days for 9 days in 
vitro (DIV). Notably, the cyclic potential 
method not only provides the controlled 
release of DEX but also preserves the anti-
adhesion performance of PLL- g -PEG during 
ES, thereby maintaining the attachment of 
hMSCs onto the rGO strips (Figure  6 d).  

 When using hMSCs in tissue regeneration 
therapy, the attachment, alignment, and spa-
tial organization of the hMSCs are entirely 
responsible for guiding tissue generation 
through long-term induction of the differen-
tiation process. Therefore, it is desirable to 
control the alignment of the hMSCs on chips. 
Accordingly, we tested rGO–PEDOT micro-
electrode arrays of various sizes for their 
ability to spatially manipulate the location 
and spreading orientations of the hMSCs at 
6 DIV in the growth medium ( Figure    7  ). The 
large widths of the rGO–PEDOT-100 elec-
trodes effectively prevented the hMSCs from 
spreading over two neighboring electrodes, 
as evidenced by the effi cient anti-adhesive 
coating of the FITC-labeled PLL- g -PEG on 
the PEDOT stripes (Figure  7 a–d). Further-
more, the cell-orientation distributions of the hMSCs, obtained 
using Image J software and summarized in Figure  7 e for the 
differently sized rGO–PEDOT devices (300 cells measured in 
each case), revealed that the narrow electrodes in the rGO–
PEDOT-50 and rGO–PEDOT-20 devices provided better control 
over the alignment of the hMSCs along the direction of the 
stripes, with approximately 95% of the cells oriented at angles 
of less than 40 ° .  

 To demonstrate the potential application of our rGO-PEDOT 
electrode system in stem cell therapy, we used the optimized 
three-zone parallel device ( Device 3 ) to study the long-term 
cell alignment stability and osteogenic induction for hMSCs 
( Figure    8  a–e). During the 9-day period of osteogenic induc-
tion, three doses of DEX drugs were released from the differ-
ently sized rGO–PEDOT devices under ES, thereby inducing 
osteocalcin expression (immunofl uorescence image; green) 
in the hMSCs and eventually leading to formation of bone 
matrix nodules. [  36  ,  37  ]  Furthermore, Figure  8 a–d reveal that the 
anti-adhesive coating, which we used to guide cell attachment 
and orientation, on our devices survived the long-term incuba-
tion with hMSCs on the rGO–PEDOT-20 devices, presumably 
because of confl uence and physical constriction of the hMSCs 
on the small adhesive microelectrode arrays as a result of cell 
crowding. [  44  ,  45  ]  As expected, the larger rGO–PEDOT-100 device 
could up-regulate osteocalcin expression on the rGO stripes, as 
heim Adv. Funct. Mater. 2013, 23, 4649–4656
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     Figure  5 .     a–f) Schematic representation of the fabrication of DEX-loaded organic bioelectronics featuring alternating microelectrode arrays. g–i) Archi-
tectures of DEX-loaded organic bioelectronics: g) Device 1, rGO-PEDOT device; h) Device 2, Device 1 with PEDOT:PSS blocking layers; and i) Device 
3, Device 2 with anti-adhesive coatings of PLL- g -PEG.  
indicated by the arrows in Figure  8 e. Comparing our present 
results with those in previous reports, [  27  ,  28  ,  36  ,  37  ,  44  ,  45  ]  it is evident 
that some important bioelectronic features can be integrated 
into our rGO–PEDOT devices (Figure  8 f): i) the optimized 
device architecture of the DEX-loaded PEDOT can serve as a 
drug release component under electrical modulation; ii) the 
rGO electrodes have the ability to preconcentrate the drug DEX 
on their surfaces to enhance the cell endocytic process; iii) rGO 
microelectrode arrays featuring optimized dimensions can 
increase the degree of osteogenic expression in hMSCs; and 
iv) PLL- g -PEG–coated PEDOT microelectrode arrays can be 
used as an effi cient means of regulating cell spreading mor-
phologies on rGO surfaces.     

 3. Conclusions 

 We have constructed a multifunctional rGO–PEDOT bioelec-
tronic interface for manipulating the attachment and orienta-
tion of hMSCs; we further integrated this device with a drug 
releasing model to up-regulate the osteogenic differentiation of 
hMSCs under electrical modulation. Adding an anti-adhesive 
coating of PLL- g -PEG onto the PEDOT microelectrode arrays 
allowed us to organize the cells onto rGO stripes, extend the 
electrochemical behavior of the PEDOT material toward long-
term drug release, and facilitate the drug preconcentration and 
delivery performance of the graphene material, thereby accel-
erating the osteogenic differentiation of hMSCs. Furthermore, 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 4649–4656
we explored the effect of the dimensions of the rGO–PEDOT 
microelectrode arrays on the cell spreading and expression 
of differentiation; whereas the smaller rGO–PEDOT-20 array 
exhibited better cell alignment ability, the larger rGO–PEDOT-
100 exhibited better performance at inducing osteocalcin 
expression in hMSCs. We also found that using three-zone par-
allel devices made it possible to release drugs at three points 
in time. This concept could presumably be extended to release 
different types of drugs at different lineages on defi ned pat-
terns. Eventually, such devices might be applicable in tissue 
engineering and regenerative medicine.   

 4. Experimental Section 
  Device Fabrication with Alternating rGO–PEDOT Microelectrode 

Arrays : Figure  5 a–e presents a schematic representation of the 
fabrication of rGO-PEDOT microelectrode arrays; this procedure 
was identical to that described previous reports. [  27  ,  46  ]  Briefl y, GO 
was fi rst synthesized based on a modifi ed version of Hummers 
method. [  47  ]  A large-scale rGO-coated ITO glass was then obtained 
after spin-coating of the fully exfoliated GO aqueous dispersion 
and subsequent chemical reduction in hydrazine vapor at 60  ° C 
for 6 h. A standard photolithography process, with positive resist 
(S-1813, Shipley) and development (MF-319, Shipley), was used 
to fabricate S-1813 microarray patterns of three different sizes 
(100, 50, and 20  μ m) on the rGO-coated ITO glass; the patterns 
were then subjected to oxygen plasma treatment to remove the 
opening area of the rGO from the ITO surface. Thin PEDOT layers 
were then deposited electrochemically on ITO from a bath aqueous 
4653wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  6 .     a) Time-dependent DEX release profi les from rGO–PEDOT-100 microelectrode array devices. The release of DEX ( n   =  5) in PBS (1 × ) with 
and without ES was detected at 242 nm using UV–Vis spectroscopy. b) Long-term stability of the electrically triggered DEX release from Device 3 in 
the incubator at 37  ° C. Inset: Schematic representation of Device 3 with three zones of ES. c) Final DEX concentration after the individual electrically 
modulated drug release from the three zones of ES. Prior to ES, PBS (1 × ) was replaced with fresh buffer; the DEX concentration was measured 40 min 
after changing the PBS. d) hMSC spreading morphologies on Device 3 after three cycles of ES and 1 day of incubation, as revealed by F-actin (red) for 
the cytoskeleton and DAPI (blue) for the nucleus.  
solution containing 0.01 M 3,4-ethylenedioxythiophene (EDOT; 
Sigma–Aldrich), 0.01 M DEX (Sigma–Aldrich), 10% (w/v) PEG 
( M n    =  20 000) and/or anionic poly(sodium 4-styrenesulfonate) (PSS, 
 M n    =  70 000, 2 wt%; Sigma–Aldrich) using the three-electrode system 
of an Autolab PGSTAT-12 electrochemical analyzer (EcoChemie, 
Utrecht, Netherlands). A constant potential of 1 V (vs. Ag/Ag  +  ) was 
used to produce PEDOT:DEX and PEDOT:PSS layers with a range 
of deposition densities (10–20 mC cm  − 2 ). The S-1813 photoresist 
was removed by washing with acetone, leaving the surfaces of the 
ITO glasses covered with rGO–PEDOT microelectrode arrays (rGO–
PEDOT). PLL- g -PEG (Surface Solution, Switzerland) was used to 
modify the PEDOT surface of rGO–PEDOT for 1 h, resulting in a 
contact repulsion surface that prevented cell seeding in the fi rst 
growth phase. The PLL- g -PEG solution (0.1 mg mL  − 1 , pH 7.2) was 
prepared in 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid (HEPES) buffer. Contact repulsion coatings of PLL- g -PEG on 
rGO–PEDOT microelectrode arrays have been described in a previous 
report. [  27  ]  

  Electrically Modulated Drug Release : The cyclic potential ES was 
performed in a two-electrode set-up with the voltage swept from 
–1 to  + 1 V at a scan rate of 100 mV s  − 1  for  n  cycles in PBS (1 × ). The 
DEX release was monitored at 242 nm using UV spectroscopy. The 
calibration curve for DEX in PBS (1 × ) featured high linearity (R 2   =  
0.9993) (Figure S2, Supporting Information). After fi ve CV cycles of ES, 
UV reading of the PBS (1 × ) solution was performed fi ve times with a 
time interval of 5 min. For long-term cell cultures prepared using the 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
rGO–PEDOT devices, 40 CV cycles were applied for each active area of 
the rGO–PEDOT microelectrode arrays. 

  Cell Culture : The hMSCs (Neuromics, Edina, MN) used in experiments 
were at passage 3-9. Each passage of hMSCs was maintained on the 
TCPS dishes with a pre-coating of Geltrex reduced growth factor 
basement membrane matrix (Invitrogen, CIBCO, NY). All hMSCs 
were maintained in the growth medium, Dulbecco’s modifi ed Eagle’s 
medium-low glucose (DMEM-LG) supplemented with mesenchymal cell 
growth supplement (MSCGM, Lonza) containing  L -glutamine, penicillin, 
and streptomycin, and incubated in an atmosphere containing 5% CO 2  
at 37  ° C. The medium was replenished every 3 to 4 days. 

 For osteogenic differentiation, the hMSCs were cultured in the 
osteogenesis induction medium, DMEM-LG supplemented with 
mesenchymal stem cell osteogenesis kit (Chemicon, Cat. No. SCR028), 
and incubated on the TCPS dishes (control) and test devices. To 
study the drug release from the devices, hMSCs were cultured in the 
osteogenesis induction medium in the absence of DEX. The fresh 
medium was replaced every 2 to 3 days. 

  Microscopy and Data Analysis : For measurements of drug release, 
immunofl uorescence staining, and ALP activity, the cell seeding density 
was 12 000 cells cm  − 2  in each case. After incubation, the differentiated 
hMSCs were monitored directly through a confocal microscope (Leica 
TCS SP5) using phase, differential interference contrast (DIC), or 
fl uorescent imaging. Markers (CD44 and osteocalcin) were purchased 
from Millipore. Alexa Fluor 488 goat anti-mouse IgG (H + L) was 
purchased from Invitrogen. 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4649–4656
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     Figure  7 .     a–c) Immunofl uorescence staining of hMSCs grown on rGO–PEDOT microelectrode arrays of various sizes (rGO–PEDOT-100, rGO–PEDOT-
50, rGO–PEDOT-20). d) Immunofl uorescence staining of hMSCs grown on rGO–PEDOT-100, as evidenced by the anti-adhesive coating of the FITC-
labeled PLL- g -PEG (green) on the PEDOT stripes. Cells were seeded and cultured for 6 days in growth medium; F-actin (red) revealed the cytoskeleton 
and DAPI (blue) revealed the nucleus. e) Cell-orientation distributions of hMSCs on rGO–PEDOT microelectrode arrays of various sizes.  

     Figure  8 .     a–d) Osteocalcin expression in hMSCs cultured on rGO–PEDOT microelectrode arrays 
of various sizes (rGO–PEDOT-20, rGO–PEDOT-50, rGO–PEDOT-100), revealed through immu-
nofl uorescence staining. Cells were cultured for 9 days in osteogenesis induction medium in the 
absence of DEX; drug release was modulated electrically through three cycles of ES (three-day 
interval); osteocalcin (green) revealed the bone matrix and DAPI (blue) revealed the nucleus. 
e) Enlarged view of immunofl uorescence of osteocalcin expression in hMSCs cultured on rGO–
PEDOT-100. Arrows indicated the formation of bone matrix nodules. Scale bar: 100  μ m. f) Sche-
matic representation of some bioelectronic features integrated into our rGO–PEDOT devices.  

Adv. Funct. Mater. 2013, 23, 4649–4656
 The ALP activity was analyzed using Alizarin Red 
S staining; Alizarin Red solution was purchased 
from Chemicon (cat. no. 2004012). Briefl y, the 
medium was aspirated out from each well and then 
the cells were fi xed with ice-cold 70% EtOH for 
1 h at room temperature. The cells were rinsed 
twice with DI water and then each well was covered 
with Alizarin Red solution (1.5 mL). After 30 min of 
incubation, the unstained Alizarin Red was washed 
four times with DI water and then the samples were 
visualized under an inverted microscope (Leica 
DMIL).   
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