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ABSTRACT: Noninvasive manipulation of cell signaling is critical in basic
neuroscience research and in developing therapies for neurological disorders and
tissue engineering and regenerative medicine approaches. In this work, biomimetic
synthesized conductive copolymer 3,4-ethylenedioxythiophene (EDOT)-Pyrrole
nanoparticles (RB02 NPs) were used for wireless and localized stimulation of
neurons. 1H nuclear magnetic resonance was used to monitor the polymerization.
RB02 NPs were characterized by Raman spectroscopy, Fourier transform infrared
spectroscopy, and dynamic light scattering. The electrochemical properties were
characterized by galvanostatic charge−discharge, voltammetry, and electro-
chemical impedance spectroscopy. For electrical stimulation of neurons, RB02
NPs were charged by applying 1 V to a NP suspension using platinum electrodes. The effect of NPs on ND7/23 neuron hybrid cell
line viability was assessed by live/dead staining using flow cytometry. ND7/23 differentiation was evaluated by cell cytoskeleton
staining and quantification of morphological parameters such as the dendrite number and length. Primary cortex neuron stimulation
was studied by calcium ion influx detectable through the dynamic fluorescence changes of Fluo-4. RB02 NPs presented no toxicity
toward ND7/23 cells. Furthermore, charged NPs enhanced cell differentiation at short times after addition (<6 h). Charged RB02
NPs largely increased the cortex neuronal activity. Altogether, biocompatible copolymer EDOT-Pyrrole nanoparticles present great
potential for remote control of neural activities.
KEYWORDS: wireless stimulation, neuronal differentiation, biomimetic synthesis, conductive copolymer, drug-free neurostimulation

1. INTRODUCTION
Noninvasive modulation of neuronal functions is critical for
basic neuroscience research and to the development of therapies
for neurological disorders and psychiatric conditions, such as
Parkinson’s disease or depression. Different techniques for drug-
free selective and deep stimulation of the nervous system include
transcranial magnetic stimulation (TMS),1 transcranial direct
current stimulation (tDCS),2 deep brain stimulation (DBS),3

and optogenetics.4 These techniques present major drawbacks
such as low spatial resolution (about 1 cm) and limited target
depth for TMS and tDCS;5 the requirement of a highly invasive
neurosurgical operation to implant the electrodes for DBS and
concomitant inflammation and gliosis;6 and low penetration of
visible light through tissues in optogenetic approaches.7

Recently, transcranial focused ultrasound stimulation (tFUS)
has appeared as a promising candidate due to its high spatial
resolution (about 1 mm) and long penetration depth.8

Nanotechnology advances are enabling new neuromodulation
modalities with deeper penetration, less invasiveness, improved
biointerfaces, and higher spatiotemporal precision.9 Wireless
neuronal stimulation has recently been achieved using nano-
technology approaches like magnetomechanical actuation by
magnetic discs,10,11 magnetothermal transduction by magnetic
nanoparticles,12,13 chemomagnetic approaches,14,15 photother-

mal polymeric nanotransducers,16 electric field generation using
piezoelectric nanomaterials,17 and photovoltaic effects from
conjugated conductive polymers18 or magnetoelectric materi-
als.19,20

In this vein, conjugated conductive polymers are receiving
increasing attention due to their electrical and ionic con-
ductivity, which make them ideal for neuronal stimulation.21

However, traditional chemical polymerizations may require
toxic starting materials or generate toxic side products that
hinder their use in the interface with living cells. The use of
enzymes as green catalysts allows obtaining of macromolecules
with a controlled structure and free of toxic products, similarly as
in in vivo enzymatic polymerizations.22−24 Though enzymes
show some drawbacks like weak stability under low pH and
organic solvents, several research groups have developed
biomimetic synthesis to overcome these limitations. Biomimetic
synthesis uses small molecules or nanoparticles that resemble
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the active site of oxidoreductases, allowing the polymerization of
electrically conductive and conjugated polymers.23,24 The
synthesis of conjugated semiconductor polymers (CSP)
through biomimetic catalysis has generated great interest in
terms of its feasibility to generate new structures using low-
environmental-impact chemicals and reusable catalysts. Though
poly(3,4-ethylenedioxythiophene) (PEDOT) and polypyrrole
(PPy) precursor monomers are accessible and inexpensive,25

their copolymers remain barely studied for application in
neuroengineering.26,27 Several reports have shown the unique
properties of conjugated conductive copolymers such as
enhanced electrical conductivity and good electrochemical
stability and response.28−30 Recently, Martinez-Cartagena et
al. reported the fabrication of electrocardiogram (ECG)
electrodes by the electrophoretic deposition of the 3,4-
ethylenedioxythiophene (EDOT)-Pyrrole copolymer biomi-
metically synthesized using hematin as the catalyst.31 The
electrodes displayed good electrical and electrochemical proper-
ties comparable to commercial ECG electrodes. Moreover,
Martinez-Cartagena et al. also recently reported the biomimetic
synthesis of EDOT-Pyrrole and EDOT-Aniline copolymers,
achieving remarkable electrical conductivity and stability in
suspension.32 A later publication showed that codoping with p-
toluenesulfonic acid and PSS produces highly stable nano-
particle suspensions.
Here, we report the biomimetic synthesis of EDOT-Pyrrole

nanoparticles using hematin as the catalyst and their use in
neuronal differentiation and neurostimulation. Polymerization
of PEDOT, PPy, and EDOT-Py was followed by 1H nuclear
magnetic resonance (NMR). The nanoparticles obtained using a
mole fraction of EDOT of 0.9 in the EDOT-Pyrrole copolymer,
hereinafter called RB02 NPs, presented accurate electrical

conductivity, suspension stability, and charge storage capacity.
In comparison, the NPs obtained using amole fraction of EDOT
of 0.7 and 0.5 presented a diminished electrical conduction.32

RB02 NPs were characterized by dynamic light scattering
(DLS), scanning electronmicroscopy (SEM), Fourier transform
infrared spectroscopy (FTIR), and Raman spectroscopy.
Further electrochemical characterization was performed by
cyclic voltammetry, electrochemical impedance spectroscopy,
and galvanostatic charge−discharge measurements. The NPs
displayed a pseudocapacitive behavior and large specific
capacitance, allowing their use as nanocapacitors by charging
them through electrical current exposure, obtaining C-RB02
NPs. ND7/23 cells, a hybrid cell line derived after fusion of
primary neonatal rat dorsal root ganglion neurons with mouse
neuroblastoma,33 and primary rat cortical neurons were used for
studying the effects of RB02 and C-RB02 NPs on neuronal
differentiation and stimulation, respectively. Exposure to C-
RB02 NPs enhanced cell differentiation at short times and
largely increased the cortex neuronal activity. The adsorption of
RB02 NPs on a planar surface was studied by quartz-crystal
microbalance with the dissipation monitoring technique
(QCM-D) and the obtained values were used to estimate the
electrical charge supplied to the cells by C-RB02 NPs.
Altogether, biocompatible semiconducting conjugated copoly-
mer EDOT-Pyrrole nanoparticles present great potential for the
wireless control of neural activity.

2. RESULTS AND DISCUSSION
2.1. RB02 NPs Synthesis and Characterization.

2.1.1. Polymerization Monitoring via 1H Nuclear Magnetic
Resonance.NMR is a powerful tool for studying polymerization
reactions. However, cross-linked polymers require a solid NMR

Figure 1. 1HNMR spectra obtained in D2O from the polymerization reaction at times 0min (a, c, e) and 45min (b, d, f) for PEDOT (a, b), PPy (c, d),
and EDOT-Py (e, f). Red arrows indicate the possible proton assignation of chemical shift, α and β protons of the pyrrole ring are denoted as Cα and
Cβ. Chemical structures contain the associated numeral protons in the ring.
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technique due to their insolubility.34 To overcome the
limitations that impose the insolubility of PEDOT or PPy
polymers or EDOT-Py copolymers, we performed an in situ
liquid NMR to monitor the progress of the reaction. The
polymerization of PEDOT, PPy, and EDOT-Py using hematin
as a catalyst and hydrogen peroxide as an oxidant was monitored
using NMR to better understand the mechanism of polymer-
ization (Figure 1). Hematin and then hydrogen peroxide were
added to the monomer solution. The reaction was then
monitored by NMR spectroscopy. The NMR experiment was
conducted by adding D2O as a solvent and H2SO4 as a dopant to
a tube containing liquid samples. The tube was then placed in a
magnetic field, which caused the nuclei of hydrogen atoms in the
sample to process at their characteristic frequency. The
frequency of precession depends on the strength of the magnetic
field, which can be varied by changing its intensity or orientation.
The frequency also depends on the number of protons in each
nucleus.
Figure 1a shows the 1H NMR spectrum of PEDOT 0 min

reaction time, and the spectrum shows two main chemical shifts
at 3.6 and 5.9 ppm. The high field signal at 3.6 ppm is assigned to
the oxyethylene ring protons undergoing magnetic deprotection
of the nucleus. Because of the neighboring oxygens, the second
signal at 5.9 ppm shows a different chemical shift with respect to
the monomer in CDCl3 (6.3 ppm), and it has moved upfield and
has broadened respect to CDCl3 probably due to solvent effects
(Figure S1). H2O signal was detected at 4.7 ppm in all samples,
probably due to water from the hydrogen peroxide (data not
shown). After 45 min of reaction (Figure 1b), it is observed that
the signals widen and decrease in intensity, and this is typical in
polymeric chains.35 Moreover, a second system appears with
signals at 5.27 and 2.98 ppm, which can be attributed to
oligomers of higher molecular weight, indicating a change in the
chemical environment of molecular structures. In the case of the
PPy reaction (Figure 1c), two fine signals are observed at time
zero at 6.16 and 6.8 ppm, which are attributed to β and α protons

of the ring, respectively. Two broad signals are shown at 6 and
6.2 ppm (protons in the β position of the ring) and are attributed
to the formation of a new aromatic system, which is in agreement
with the formation of oligomers in the first second of reaction.
After 45 min of reaction (Figure 1d), these signals become
broader and more intense, which corresponds to polymer chain
growth.36 The chemical shift upfield is associated with the effects
of magnetic protection by the chemical environment. Finally, a
peak can be identified at 7.3 ppm, which is attributed to the
proton of the heteronucleus (N−H). Figure 1e shows the NMR
spectrum at time zero of the EDOT-Py copolymerization
reaction. Two signals are observed, at 3.4 and 5.8 ppm, which are
associated with the EDOT ring, while the small peaks at 6.1 and
6.75 ppm are attributed to the ring of the monomeric pyrrole.
The signal at 6.16 ppm is attributed to the β proton of the
pyrrole ring of the copolymer in formation. In general, small
displacements are observed in the high field of all of the signals,
indicating a different chemical environment, maybe correspond-
ing to the interactions between the monomers and the solvent.
After 45 min of reaction (Figure 1f), a small peak is observed at
6.77 ppm, which, judging by its intensity and width, could
correspond to terminal α protons of the pyrrole in the
copolymer. This signal was not observed in the case of the
PPy spectrum. The small signals at 6.1 and 6.2 ppm are assigned
to the β protons of the pyrrole ring: one corresponds to terminal
segments and another to intermediate protons of the copolymer
chain that experiences a different chemical environment. The
shift of the signal at 6 ppm of the PPy homopolymer to 6.1 ppm
in the copolymer can be interpreted as magnetic deprotection of
the β protons of the pyrrole ring as an effect generated by
neighboring EDOT rings. Likewise, the singlet that moves from
7.3 to 7.8 ppm indicates that the proton of the heteronucleus
suffers greater magnetic deprotection, most likely due to the
surrounding thiophenic rings. These two changes in the position
of the singlets of both the β protons and the protons attached to
the N of the pyrrole ring offer strong indications of the formation

Figure 2.Characterization of RB02NPs. (a) Hydrodynamic size distribution of PEDOT, PPy, and PEDOT-Py (RB02) NPs. (b) TEM image of RB02
NPs. (c) FTIR spectra of PEDOT and PPy homopolymers and PEDOT-Py copolymers biomimetically synthesized using hematine as the catalyzer.
XEDOT represents the EDOT mole fraction in the EDOT-Py copolymer (XEDOT = 0.9 is RB02). (d) Raman spectra of RB02 NPs.
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of the EDOT-Py copolymer. In general, real-time monitoring of
EDOT-Py polymerization by NMR offers a consistent and
complementary basis to confirm the formation of copolymers,
and this contributes as a novel strategy for in situ monitoring the
polymerization reaction, considering that the cross-link side
reactions eventually produce insoluble nanoparticles, which are
not possible to analyze through the liquid NMR technique.
2.1.2. Chemical Characterization. First, the size and

morphology of RB02 NPs were characterized. DLS measure-
ment of PEDOT homopolymers presented a narrow size
distribution with a mean of 455 nm, and PPy homopolymers
presented a broader distribution with a peak at 1863 nm (Figure
2a). RB02 copolymers presented a distribution broader than
PEDOT homopolymers and a peak at 503 nm. The size of the
dehydrated RB02 NPs observed by transmission electron

microscopy (TEM), though smaller, was in a similar range to
the hydrodynamic size found in DLS measurements (black
quasi-circular structures in Figure 2b). Additional information of
DLSmeasurements and TEMof RB02NPs charged at 1 V and 1
A for 30 s (C-RB02NPs) is shown in Figure S2. As the chemistry
of the NPs has not been modified, the exposure of RB02 NPs to
the electric field does not significantly affect the size, ζ-potential,
and morphology of the NPs.
Chemical characterization of the copolymer was conducted

by FTIR and Raman Spectroscopy. The FITR spectrum bands
identified for each copolymer EDOT-Pyrrole show coincidence
with some bands obtained for its homopolymers (PEDOT and
PPy), which corroborates the presence of both chemical
structures in the copolymer skeleton, with more resemblance
to one or the other depending on the EDOT molar fraction of

Scheme 1. Biomimetic Synthesis of EDOT/Py NPs

Figure 3. Electrochemical characterization: (a) cyclic voltammetry, (b) electrochemical impedance spectroscopy, and (c) galvanostatic charge−
discharge measurements of PEDOT:PSS and RB02 ink drop-cast on a glassy carbon electrode. (d) Specific capacitance vs current density calculated
from panel (c).
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the copolymer (Figure 2c). Table S1 summarizes the main
bands identified in the different copolymers and homopolymers
analyzed. RB02 FTIR spectrum shows bands from its
homopolymers, in agreement with that previously reported.37

The Raman spectra of RB02 NPs exhibits two peaks around
1420 and 1500 cm−1, which are associated with symmetric and
asymmetric α-β stretching of the thiophene ring (Figure 2d and
Scheme 1), and the sharping of the signals between 1500 and
1550 cm−1 indicates conjugation of the segments of poly-
pyrrole.38 As expected, RB02 NPs appear to show spectral
characteristics closer to PEDOT than to PPy. In our previous
publication, it is possible to find additional details related to
FTIR and Raman studies of EDOT/Py copolymers at different
molar ratios.32

2.1.3. Electrochemical Properties. Cyclic voltammetry (CV)
was performed to elucidate the electrochemical behavior of
RB02 NPs and to compare it with PEDOT:poly(styrene
sulfonate) (PSS), which is one of the most investigated
conductive copolymers in the bioelectronics field.39 Specifically,
CV developed in a three-electrode configuration is useful in the
study of pseudocapacitive contributions inherent to the
electrode material. This is the most appropriate technique to
investigate any contribution of faradic origin present in the
system.28 Figure 3a shows the voltammograms obtained for
PEDOT:PSS and RB02 NPs at 100 mV s−1 and a working
window of −0.2 to 0.9 V. The graphs show quasi-rectangular
shapes that can be attributed to the pseudocapacitive behavior of
the materials. The voltammograms do not exhibit evident redox
couples, though it is known that there are redox processes
associated with protonation and deprotonation of the backbone
chain heteroatoms. An ideal electrochemical double layer
capacitor (EDLC) generates cyclic voltammograms with a
perfect rectangular shape, the presence of Faradic reactions leads
to the existence of capacitive peaks that generate the distortion
of the rectangular shape toward a quasi-rectangular or
completely irregular shape.40 The discrepancy of the 90° angle
concerning the abscissa is governed by the intrinsic resistance of
the system. Both PEDOT:PSS and RB02 NPs presented similar
trends in electrochemical impedance spectroscopy (Figure 3b)
that shows a low charge-transfer resistance between the
electrode surface and the solution. Figure 3b shows the Nyquist
curves for RB02 and PEDOT, which were obtained in the
frequency range from 100MHz to 100 kHz with an amplitude of
10 mV alternating voltage under conditions of potential of open
circuit (Eoc). An impedance spectrum can typically be divided
into three regions: high, mid, and low frequencies. The increase
in the resistance of the interface with the electrolyte solution and
electrode (Ω) shifts the origin of the curves in the Z’ axis. The
intersection of the curve with the X axis at high frequencies
represents the internal resistance of the system or equivalent
series resistance (ESR), sum of the resistance of the electrolyte,
intrinsic resistance of the active material, and the resistance of
the interface between the active material and the collector.
These resistances condition the speed of loading and
unloading.41 A good approximation of the ESR can be obtained
by reading the initial value of Z′ in the Nyquist diagram, which is
20.5 Ω for RB02 and 21.7 Ω for PEDOT. These resistor values
are very close, so it can be concluded that the rate of charge
transfer is very similar in both materials. Both curves are similar
and present two well-defined parts, a section at high frequencies
close to 45°, and another at low frequencies ∼90°, known as
Warbug’s tail.42 This is the impedance involved in the transfer of
ionic current to an electrode by a faradic process and it is a

measure of the ion diffusion rate, which varies inversely with the
square root of the frequency.43 According to the Nyquist
diagram of RB02 and PEDOT (Figure 3b), it can be inferred
that the diffusion properties of the ions are strongly influenced
by the nanostructural characteristics of the material. The low-
frequency region exhibits a finite straight line that it extends to
high values of Z″ with an angle of ∼90°, which indicates high
ionic mobility. Specifically, both the copolymer and PEDOT
particles showed very similar trends in the electrochemical
impedance spectroscopy (EIS) analysis, which indicates that the
copolymer, in addition to having a higher specific capacitance,
also shows little resistance to charge transfer between the
electrode surface and the solution, the fact that is favorable for
efficient electrical discharge in the cell culture bed.
The increments of discharge times (Figure 3c) involve charge-

transfer and ionic migration processes and are directly
proportional to the increment of material capacitance (Figure
3d). RB02 NPs present larger specific capacitance than
PEDOT:PSS. Applying a constant current to the electrode
causes the electroactive species to be oxidized/reduced at a
constant rate. The electrode potential varies according to the
time in which the concentration of the reactants to products
modifies the surface of the electrode.44 Once the charge-transfer
and mass transfer processes have started through the electrode,
each material takes different times until the electroactive surface
has accepted all of the charge that it is capable to store at a
constant current.45 The increase in discharge time is directly
proportional to the increase in the capacitance of the material.
RB02 NPs present longer discharge times than PEDOT. This
phenomenon has been attributed by different authors to the
increase in surface area, decrease in the intrinsic resistance of the
material, ordered nanomorphology, and a homogeneous
chemical structure throughout the electroactive polymer
chains.45−47

The discharge branch time is universally accepted for
calculating the specific capacitance of materials, which is
calculated according to eq 1 in the Section 4. Figure 3d shows
the specific capacitances (Cs) obtained for materials at different
current densities. In general, the discharge time increases with
decreasing current. At lower currents, the ions slowly diffuse
within the electrode, resulting in greater available surface area
and therefore greater Cs. On the contrary, with higher current
density, theCs is reduced due to the ionic diffusion limited to the
interior of the electrode and governed by the available surface
area at the interface.48 RB02 NPs showed higher specific
capacitance, which can be related to the larger surface area as
well as faster electronic transfer between the solution and the
material.
The higher Cs value of the copolymer is related to the increase

in the speed of the electronic and diffusion transfer phenomena
due to nanomorphological and structural qualities that favor it,
and it also maintains high values of Cs even at high current
densities.49 This indicates that the ionic diffusion rate is not
significantly impacted by increasing current density, which is
explained by the presence of short ion migration routes and a
large available surface area that allows an increase of the
electrolyte−electrode interface substantially. The RB02 copoly-
mer was chosen to carry out the biological tests because it
presents conduction and capacitance characteristics superior to
PEDOT:PSS. Moreover, it shows good balance through ζ-
potential, size, and electrochemical performance compared with
EDOT 0.7 and 0.5 molar fractions.32 However, studying the
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biological effect of NPs synthesized with different molar ratios of
EDOT and Py is of our interest for future work.
2.2. Cell Stimulation. 2.2.1. DRG-Like Cell Growth and

Differentiation. The live/dead assay showed no toxicity of
RB02 NPs added to ND7/23 cells for 48 h (viability above 98%,
Figure S3). The addition of RB02 and C-RB02 NPs to the cells
in differentiation media caused visible effects on the cell
morphology (Figure 4a) and consequently cell differentiation.
The changes in the cell morphology during neuronal morpho-
genesis can be divided into five stages.50,51 In our experimental
conditions, only stages 0−1, 2, and an incipient stage 3 were
evident. At short times, initially spherical neurons (stage 0)
begin extending circumferential lamellipodia and filopodia
(stage 1). Then, lamellipodia protrude and stable filopodia
become engorged, forming short neurites (neurite initiation,
stage 2). Eventually, one of these neurites elongates at a faster
rate and becomes the axon (stage 3). Apart from classifying the
cells into stages 0−1, 2, and 3, their aspect ratio and solidity
(ratio between the cell area and its convex hull) were evaluated
to further study their morphology.52 Cells on different stages of
differentiation presented different trends in their shape factors.
Stage 0−1 cells presented solidity values between 0.7 and 1 and
aspect ratio values in the 1−2 range (Figure 4b). Stage 2 cells
presented aspect ratios between 1 and 2.5 but solidity values in
the 0.4−0.7 range. Finally, cells with an incipient axon (stage 3)
had solidity values in the 0.3−0.6 range and could reach aspect
ratio values of 4−5. With the presence of RB02 NPs, the
percentage of cells in stages 0−1 decreased and the percentage

of cells in stages 2 and 3 increased with respect to cells in the
control experiment. This effect was more pronounced on the
cells exposed to C-RB02 NPs (Figure 4b,c). Moreover, with the
addition of C-RB02 NPs, the cells exhibited statistically
significant larger aspect ratio and solidity values with respect
to both control cells and those exposed to noncharged RB02
NPs (Figure 4d,e). Both RB02 and C-RB02NPs caused the cells
to exhibit longer dendrites (Figure 4f). The mere addition of
conductive RB02 NPs has a significant effect in promoting early
ND7/23 differentiation, and this effect can be enhanced by
charging the NPs before administration. Conductive scaffolds
have been shown to promote electroactive cell growth, function,
and differentiation, even in the absence of external electrical
stimulation.53,54 Polymers and nanoparticles with electro-
conductive properties are promising candidates for neuron
stimulation and nervous tissue regeneration.55,56 However, they
are mostly used as constituents of scaffolds, and little is known
about their effect when they are directly delivered to cells or as
coatings. In situ electrochemical polymerization of conductive
PEDOT around living neurons has been performed to generate
an electroconductive environment for cells.57 Though PEDOT
can use the cell membrane as a scaffold for polymerization to
obtain an intimate electrode−cell interface, considerable cell
damage can be induced depending on the current density.58 Kim
et al. demonstrated that direct delivery of polyaniline and gold
nanoparticle nanocomposites followed by electrical stimulation
can induce neurogenesis.59

Figure 4. Differentiation of ND7/23 cells 3 h after the addition of β-nerve growth factor (β-NGF), cyclic adenosine monophosphate (cAMP)-
supplemented media, and RB02 or charged RB02 NPs. (a) Confocal images of ND7/23 cells (orange, actin cytoskeleton; blue, cell nucleus). (b)
Solidity vs aspect ratio scatter plots. Each symbol represents a cell (n is 219, 135, and 182 for control, RB02, and C-RB02 conditions, respectively). (c)
Percentage of cells that exhibited stages 0−1, 2, and 3 morphologies when cultured under different conditions. Average (d) aspect ratio, (e) solidity,
and (f) dendrite length. The standard error is included. *Indicates statistically significant differences with respect to the control and **indicates
statistically significant differences with respect to both control and RB02 condition (one-way ANOVA, followed by Fisher’s LSD test, p value <0.05).
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2.2.2. Cortical Cell Stimulation. Confocal microscopy and
scanning electronmicroscopy were performed to study the cell−
nanoparticle interface. Figure 5a shows a representative confocal
microscopy image of RB02 NPs within cortical neurons. Figure
5b displays scanning electron microscopy (SEM) images of
cortical neurons exposed to RB02 NPs. RB02 NPs were found
on the cell membrane of cortical neurons localized either in the
cell body or within the axons. NP adsorption on top of the planar
surface of the silicon dioxide sensor was studied by the QCM-D
technique. The adsorbed masses of NPs were 0.22 ± 0.08, 0.45
± 0.08, and 1.1 ± 0.15 μg cm−2 at 10, 180, and 1200 min,
respectively (Figure S4).
Intracellular calcium dynamics was studied as a reflection of

neuronal activity. Calcium imaging videos were recorded for 90 s
at 250 frames per second (Video S1). Calcium images illustrate
the increase of intracellular calcium (increase of color intensity)
over time associated with neuronal stimulation (Figure 6a).
Larger neuron activity can be observed in cortical cells
cocultured with C-RB02 NPs (Figure 6b). Significantly higher
activity was observed for cortical neurons in the presence of C-
RB02 NPs with respect to cells in control conditions and cells
exposed to RB02 NPs (Figure 6b). Electrical stimulation using
electrodes can induce calcium signaling in cortical neurons,60

dorsal root ganglions,61 and even nonexcitable brain cells.62

Here, wireless electrical stimulation and intracellular calcium
release is achieved by charged NPs. The copolymer nano-
particles act as individual nanocapacitors that deliver charge
through the double electrochemical layer on multiple points of
the neuronal cell membrane, which locally triggers action
potentials. This suggests that the charge retention capacity of
nanoparticles in the extracellular medium is efficient to generate
punctual discharges at the membrane−particle interface.
Though the discharge of these pseudocapacitive NPs is almost
instantaneous, the discharge of NPs in suspension is not favored
as the pseudocapacitors need to experience a potential
difference. This can occur by entering in contact with another

surface such as air, petri dish walls, or the cell membrane. Thus,
the discharge kinetics should be governed up to some point by
the mass deposition kinetics (Figure S4). It is worth noting that
due to hardware and data-size limitations, neuron stimulation
videos were recorded for just 90 s, but two or three videos
focusing different regions of the petri dish were recorded one
after the other upon adding the C-RB02 NPs and the cells
remained active during those 6−10 min time period.
Considering that the RBO2NPs have a specific capacitance of

30 F g−1 by charging them at 1 V and 1 A g−1 for 250 s (Figure
3c,d) and that for cell experiments the NPs were charged
through 30 s at 1 V and 1 A, it is possible to estimate the
approximated total charge amount delivered in the stimulation
experiment (see Supporting Note 1). A mass density of 0.22 μg
cm−2 of NPs should be adsorbed on top of the cells at 10 min of
incubation (the time needed to add the suspension of NPs, focus
the cells on the microscope, and take three videos of 90 s). The

Figure 5.RB02NP colocalization within primary cortical neural networks. (a) Confocal images of cortical neurons. Cell cytoskeletonmicrotubules are
stained with anti-tubulin β-III (magenta); presynaptic vesicles labeled with a synaptophysin antibody (cyan); actin cytoskeleton is labeled with
phalloidin (gray); nuclei counterstaining was performed with DAPI (red); RB02 NPs were imaged in bright field (black dots) and the color was
inverted in the merged image (orange). (b) SEM images of cortical neural networks exposed to RB02 NPs (white dots and clusters).

Figure 6. Stimulation of cortical neurons mediated by RB02 NPs. (a)
Calcium fluorescence images from a representative video of cortical
neurons exposed to C-RB02 NPs at time 0 and 70 s. Areas of increased
intracellular calcium concentration are indicated with black arrows. (b)
Percentage of responsive neurons determined by dividing the number
of neurons that were active at least 0.75 s during the length of the video
by the total number of analyzed neurons. *Indicates statistically
significant differences with respect to both control and RB02 condition
(one-way ANOVA, followed by Fisher’s LSD test, p value <0.05).
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charge per cm−2 in the 10 min electrical stimulation experiment
with cortical neurons is ∼6.6 μF or considering that we charged
the particles at 1 V, 6.6 μC. This value is enough current to
depolarize electrical responsive cells.63 In vivo experiments
using capacitor electrodes implanted in a cat’s cortex showed
that using 0.8−1 μCpulses per hour is enough to evoke neuronal
activity.64

3. CONCLUSIONS
In this work, we developed a soft nanomaterial platform for the
wireless stimulation of biological signaling in neurons.
Biomimetic synthesized conductive EDOT-Pyrrole copolymers
doped with PSS (RB02 NPs) were used to fabricate nano-
capacitors. Biomimetic synthesis was utilized to avoid
cytotoxicity of the nanomaterials associated with traditional
wet chemistry protocols. The biomimetic synthesized RB02NPs
display similar charge-transfer velocity and larger specific
capacitance as PEDOT:PSS, a benchmark in electroconductive
materials for bioengineering applications. Electroconductive
RB02 NPs were shown to enhance ND7/23 differentiation
within 3 h of coculturing. The differentiation effect was more
pronounced when charged nanoparticles were employed. As
anticipated, RB02 NPs showed no toxicity toward ND7/23 cells
in our live/dead assays. To our knowledge, this work is among
the first reporting the capability of standalone conductive
nanoparticles for cell differentiation. Previous investigations
using conductive nanoparticles to promote cell differentiation
rely on conductive polymeric scaffolds to interface with cells.
The nanocapacitor behavior of RB02 NPs was shown to evoke
neural activity. Charged RB02 NPs largely increased the
neuronal activity in primary rat cortical networks assessed by
calcium imaging. Further work will investigate the specific
biophysical mechanism that allows localized wireless electrical
stimulation and ionic bases for the enhanced neuronal cell
differentiation. Overall, the biocompatible RB02 NPs fabricated
here have a great potential for the remote control of biological
signaling, which is anticipated to contribute in the progress of
basic neuroscience research and in developing novel neuro-
logical therapies.65

4. EXPERIMENTAL SECTION
4.1. Biomimetic Synthesis of Nanoparticles. In our experi-

ments, 1 mL of a 100 mg mL−1 hematine (Sigma-Aldrich) solution in
dimethyl sulfoxide (DMSO, Sigma-Aldrich) and 200 mg of 3,4-
ethylenedioxythiophene (EDOT, Sigma-Aldrich) were added to 20 mL
of 1:40 poly(styrene sulfonate) (PSS)/toluene sulfonic acid (TSA)
(Sigma-Aldrich) solution pH 2. PSS with a molecular weight of 70 000
g mol−1 was obtained by RAFT (sodium p-styrenesulfonate was used as
the precursor, Sigma-Aldrich). The emulsion was stabilized for 2 h
under magnetic stirring. Then, pyrrole (Py) was added, and constant
stirring was maintained at 1000 rpm for 2 h at room temperature. To
obtain RB02 NPs, Py was added to maintain a molar fraction of EDOT
equal to 0.9 (XEDOT = 0.9). Polymerization begins by microdosing 200
μL of 30%H2O2 for 1min, keeping the system at 0 °C. The temperature
and stirring conditions (0 °C, 250 rpm) were sustained for 18 h. Each
copolymer was frozen at −25 °C and lyophilized for 24 h, then
resuspended in cold acetone, filtered on a 0.25 μm polytetrafluoro-
ethylene (PTFE, Merck) membrane, and multiple acetone washes were
running over the product until a colorless filtered liquid was obtained.
Finally, the product was dried at 70 °C for 12 h. The synthesis of the
homopolymers and copolymers without PSS, doped only with TSA,
was carried out keeping the same synthesis conditions described above.
4.2. 1H Nuclear Magnetic Resonance Spectroscopy. NMR

spectra of the solution were obtained on a Brucker Avance III HD
Ascend 400 MHz spectrometer with a 5 mm multinuclear cryogenic

probe, with Z-grad. 1H spectra were acquired with 30° pulses and 1 s
hold times.

4.3. Dynamic Light Scattering (DLS). The synthesized materials
were dispersed on distilled water (1 mg mL−1) and size distribution
measurement was carried out by dynamic light scattering with a ζ-sizer
Nano S90 equipment, operating a He−Ne laser at 633 nm and 4 mW,
with a detection angle of 90°. The diameters of the particles by average
intensity and the polydispersity index (PDI) were calculated by
cumulative analysis according to the ISO13321 standard. The size
distribution by intensity was obtained from function correlation
analysis using the general-purpose algorithm included in the instrument
software, and the said algorithm is based on nonnegative least-squares
fit.

4.4. Transmission Electron Miscroscopy (TEM). Transmission
electron microscopy images were taken on a Titan Fei Thermo Fischer
instrument with an acceleration voltage of 200 kV. The samples were
prepared by immersing lacey-carbon grids in an isopropanol suspension
(1 mg mL−1), allowing them to dry in a vacuum oven for 2 h at 60 °C.

4.5. Fourier Transform Infrared Spectroscopy (FTIR). Fourier
transform infrared spectra were acquired using a Thermo Fischer
Scientific FTIR Spectrophotometer in the attenuated total reflectance
(ATR) mode using a diamond crystal. The nanoparticle powder was
placed on the surface of the ATR crystal (KRS-5) and the measurement
was carried out by taking an average of 32 scans with a resolution of 4
cm−1 within a range of 400−4000 cm−1.

4.6. Raman Spectroscopy. Raman spectra were acquired on a
LabRAM HR Evolution confocal Raman microscope, using a 100×
objective, 532 nm laser, 10 accumulations, 20 s acquisition time, and a
400−1800 cm−1 range (ND filter 5%, grating 600 (500 nm)).

4.7. Electrochemical Characterization. 4.7.1. Preparation of
theWorking Electrode (WE).The working electrodes were prepared by
dispersing 4 mg of RB02 or PEDOT:PSS in 1 mL of ethanol/water
(1:1), using 10 μL of naphion 0.05 wt % as a binder (Sigma-Aldrich).
The mixture was dispersed in an ultrasonic bath for 15 min, obtaining a
homogeneous and stable suspension. A volume of 10 μL of the obtained
suspension was deposited (taking extreme care to measure volumes and
the correct application on the exposed area of the electrode) on a 3 mm
diameter vitreous carbon electrode, completely covering the work area
without the existence of interior cavities or external remnants. This is
decisive to compare the amount of active material between experi-
ments. Multiple repetitions of the electrode were fabricated for each
material to statistically ensure that the measurements were not biased
by human error. The electrodes coated with the active material were
dried at 60 °C for 60 min. Cyclic voltammetry (CV) was performed on
the electrodes prepared according to the previous step using a Biologic
SP potentiostat and using a three-electrode cell, where the working
electrode (we) corresponds to a 3 mm vitreous carbon electrode coated
with the materials to be evaluated, the counter electrode (CE) consists
of a platinum wire, and Ag/AgCl was used as a reference electrode
(RE). The electrolyte of choice was phosphate-buffered saline (PBS)
solution in all tests. Once the electrodes were submerged in the
electrolyte, N2 was bubbled in for 20 min. The operating conditions
consisted of a potential window of−0.2 to 0.9 V, and sweep speeds from
5 to 100 mV s−1 in 10 cycles.

4.7.2. Galvanostatic Charge−Discharge. The galvanostatic
charge−discharge test basically consists of a chronopotentiometric
experiment. The cell configuration and the electrolyte correspond to
the aforementioned. In this measurement, the current was set at 0.2, 1,
2, 3, 4, and 5 A g−1 and the potential window was −0.2 to 0.9 V. The
specific capacitance reported in this work is derived from this
measurement, which is calculated according to eq 1

=C it
m Vs (1)

where Cs is the specific capacitance, i is the current used, t is the
discharge time,m is the mass of the pseudocapacitor material, andΔV is
the potential window used. The calculation of power density and energy
density was carried out using eq 2
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In the case of a three-electrode cell, a correction must be made that
results in division using a factor four times greater.
4.7.3. Electrochemical Impedance Spectroscopy. Electrochemical

Impedance spectroscopy was performed respecting the cell and
electrolyte configuration described above. Measurements were
performed at an alternating voltage amplitude of 10 mV in the
frequency range from 100 mHz to 100 kHz against the open-circuit
potential (Eoc).
4.8. Quantification of Nanoparticle Adsorption Using the

QCM-D Technique. Adsorption of RB02 nanoparticles on a planar
surface was studied using the quartz-crystal microbalance with a
dissipation (QCM-D) technique. QCM-D measurements were
performed on a QSense Explorer microbalance with a single channel
(Biolin Scientific). A 14 mm diameter silicon dioxide-plated quartz
crystal with a fundamental frequency of 5 MHz was used as a sensor
(QSX 303, Biolin Scientific). The frequency and dissipation were
recorded for seven odd overtones (1st−13th). The sensors were
cleaned before the experiment according to the procedures
recommended by the manufacturer. Briefly, the crystals were exposed
to a UV/ozone treatment for 15 min, sonicated for 15 min in 2% w/v
solution of sodium dodecyl sulfate (SDS), rinsed thoroughly with
Millipore water, air dried, and treated again with UV/ozone for 15 min.
Frequency and dissipation values before RB02 NP adsorption were
determined in air and verified to be within the acceptable range
specified by the manufacturer. Then, the sensors were removed from
the QCM-D chamber, placed on top of a parafilm sheet inside a 35 mm
petri dish, a 14 mm diameter rubber O-ring placed on top of the sensor
and 250 μL of a 10 μg mL−1 suspension of nanoparticles in Millipore
water added. After 0, 10, 180, and 1200 min, the liquid was carefully
removed using a pipette and the sensor was dried in an oven at 37 °C. As
it is not possible to remove all of the liquid with a pipette tip, time 0 min
was used to correct the other times for the adsorption of NPs from the
liquid remaining after pipetting. The sensors were placed inside the
QCM-D chamber and frequency and dissipation values were
determined in air. Each condition was tested at least three times,
performing the cleaning process between each replicate.

Changes in frequency (ΔF) and dissipation (ΔD) were calculated by
subtracting the frequency and dissipation values after incubation with
RB02 NPs by the ones determined before (after cleaning) for that
sensor. The adsorbed mass (m) was calculated using Sauerbrey
equation (eq 3)

=m C
F

n
n

QCM (3)

where CQCM is the mass sensitivity constant of the crystal, which is 17.7
ng cm−2 Hz−1 for crystals with a fundamental frequency of 5MHz, and n
is the overtone number. The Sauerbrey equation can be applied to
model the adsorbed mass of monolayers of discrete particles or
nanosized objects, provided that the layer is rigid.66 In our experiments,
the relationship |ΔDn/(ΔFn/n)|was smaller than 4× 10−7 Hz−1 and the
overtone-normalized frequency shift was independent of the overtone
order (ΔFn/n ∼ constant), fulfilling the conditions to use the Sauerbrey
equation.67,68 As the measurements were performed in air after drying
the samples, we expect the solvated solvent and trapped solvent effect to
be minimal, and we assume that the calculated mass is of RB02 NPs.69

An adsorbed mass of 2.29 ± 0.06 μg cm−2 was obtained for a sample
where the 250 μL of suspension of NPs was dried, close to the expected
value of 2.5 μg cm−2.
4.9. ND7/23 Cell Culture and Differentiation. ND7/23 cells,

mouse neuroblastoma x rat dorsal root ganglion neuron hybrid cell line
produced by poly(ethylene glycol) (PEG)-mediated cell fusion, were
used for cell differentiation experiments (Sigma, 92090903). Cells were
cultured at 37 °C and 5% CO2 in Dulbecco’s modified Eagle’s medium
(DMEM, 10-014-CV, Corning) supplemented with 10% fetal bovine
serum (FBS, 35-010-CV, Corning) and 1% penicillin−streptomycin
(15140-122, Gibco), hereinafter, complete DMEM.

For differentiation experiments, cells were seeded on 35 mm
collagen-coated glass-bottom dishes (P35GCOL-0-14-C, MatTek) at a
concentration of 25 000 cells per dish and cultured for 24 h to allow
attachment. After that, the media was replaced by 2 mL of complete
DMEM supplemented with 50 ng mL−1 recombinant rat β-nerve
growth factor (β-NGF, 556-NG-100/CF, R&D Systems) and 1 mM
dibutyryl-cAMP (dbcAMP, S7858, Selleckchem), hereinafter differ-
entiation media, with or without 10 μg mL−1 of RB02 or charged RB02
(C-RB02) nanoparticles. Twenty micrograms of RB02 NPs was
charged in a chamber consisting of platinum electrodes (3 mm apart)
with a cap secured to a vial containing 2mL of differentiationmedia and
connected to a 1 V at 1 A generator. The media was exposed for 30 s to
the electric field before being transferred to the dish with cells.
Therefore, in this study, instant and wireless electrical stimulation was
applied. After media replacement, the cells were incubated for 3 h
before fixation. Each condition was performed by tetra plicate.

4.10. Live−Dead Assay. To assess the effect of RB02 NPs
exposure on cell viability, a live/dead assay was used to quantify live and
dead cell populations using flow cytometry. Cells were seeded in a 96-
well plate (Greiner) at a concentration of 103 cells per well in 200 μL of
complete DMEM. After 24 h, to allow cell attachment, RB02 NPs were
added at a concentration of 50−250 μgmL−1. After 24−48 h incubation
with RB02 NPs, the medium was aspirated and 50 μL of TrypLE
Express (12604-013, Gibco) was added to detach the cells from the
wells. The cells were suspended in 200 μL of fluorescence-activated cell-
sorting buffer (FACS buffer) containing 0.8 μM Calcein (C34852,
Invitrogen) and 0.5 μMSytox (S34859, Invitrogen) to stain the live and
dead cells, respectively. FACS buffer was prepared by mixing 20 μL of
0.5 M EDTA and 20 μL of FBS in 20 mL of PBS. The live and dead cell
populations were then quantified using flow cytometry (BD Accuri C6
Plus, Becton−Dickinson, Franklin Lakes, NJ).

4.11. Isolation and Maintenance of Primary Rat Cortical
Neurons. All experiments in this study were approved by the UTSA
Institutional Animal Care and Use Committee (approval no. MU-
RA007). Cortex was extracted from neonatal rats, dissociated, and
plated on 35 mm collagen-coated glass-bottom dishes.70,71 Primary
neurons were maintained in neurobasal media (21103-049, Gibco)
supplemented with 2% B27 (17504-044, Gibco) and 1% Glutamax-I
(35050-061 Gibco) at 37 °C and 5% CO2. Glial inhibition was
performed after 3 days with a solution of 5-fluoro-2′-deoxyuridine and
uridine (FURD, Sigma-Aldrich). Half of the media was replaced with
fresh media every other day.

4.12. Neuron Stimulation Experiments.Cells were labeled prior
to stimulation experiments with the calcium indicator Fluo-4 (F10471,
Invitrogen) following the manufacturer’s protocol. The experiments
were performed on healthy cultures between 8 and 12 days after
isolation. Culture media was removed from the dishes and replaced
with Tyrode buffer with or without RB02 or C-RB02 NPs (10 μg
mL−1). Cells were imaged for 90 s under a stereomicroscope (Leica
M205 FCA) equipped with 2× and 5× Plan Apo objectives, and a
sCMOS camera (Leica DFC9000).

4.13. Immunohistochemistry and Confocal Imaging. For the
fluorescence staining of cell actin cytoskeleton, microtubules,
presynaptic vesicles, and cell nucleus, the samples were fixed with 4%
paraformaldehyde in PBS. After washing 3 times with washing solution,
i.e., PBS containing 0.05%Tween-20 (BP337, Fisher Bioreagents), cells
were permeabilized with 0.25% Triton X-100 (T8787, Sigma-Aldrich)
for 10 min followed by three washes. Blocking solution, i.e., 1% bovine
serum albumin (0332, VWR) in PBS, was applied for 1 h. Anti-tubulin
β-III antibody (clone TU-20, Alexa Fluor555 Conjugate, CBL412A5
from Sigma-Aldrich) and mouse monoclonal synaptophysin antibody
(Alexa Fluor647 Conjugate, NBP147483AF647 from Novus Bio-
logicals) were diluted to a working concentration in blocking solution,
added to the samples, and incubated overnight at 4 °C. Cells were
washed 3 times 10 min each, and actin cytoskeleton was stained using
Acti-Stain 488 Phalloidin (PHDG1-A, Cytoskeleton). After incubation
for 1 h, the cells were washed 3 times and cell nucleus counterstaining
was performed by incubating with DAPI for 5 min (90229, Merck
Millipore). The samples were washed, and PBS was added to the petri
dish before visualization in a Leica TCS SP8 confocal microscope.
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Image processing was completed using the open-source software
ImageJ (Fiji) 1.52p (National Institutes of Health).
4.14. Sample Preparation for Scanning ElectronMicroscopy.

Samples were rinsed twice with PBS and fixed with 4% paraformalde-
hyde in PBS. Cells were gradually dehydrated in a serial change of
ethanol in Milli-Q water for 5 min each (0, 5, 10, 25, 35, 50, 65, 75, 90,
100%). Then, 100% ethanol was removed and the samples were
exposed to 2:1 and 1:2 solutions of ethanol/hexamethyldisilazane
(AAA15139AC, Fisher), 20 min each. Finally, the samples were left
with hexamethyldisilazane for 20 min, then it was removed leaving a
thin layer covering the cells, and samples were left to dry. The glass
bottom was carefully removed from the petri dish. The samples were
mounted on aluminum pin stubs using a double-sided carbon tape and
gold-coated (PELCO SC-7 Sputter Coater) before imaging in a Hitachi
SU1510 scanning electron microscope.
4.15. Quantification of ND7/23 Cell Differentiation. Cell

differentiation stages were manually tagged according to their
shape.50,51 Cell morphologic parameters were quantified to evaluate
differentiation under different conditions. Cell contours were manually
traced and analyzed using ImageJ. Aspect ratio and solidity were chosen
as shape descriptors to characterize different stages of cell differ-
entiation (Scheme 2). Cell dendrite length was quantified using
NeuronJ (ImageJ plugin).
4.16. Analysis of Calcium Imaging. The analysis was performed

using ImageJ functions to subtract the background and measure the
fluorescence intensity.10 Time resolution of fluorescence microscopy
was insufficient to be interpreted as resolving individual spikes. Instead,
it might be taken to show time-integrated levels of neuronal activity. An
automated code was generated inMATLAB to analyze the fluorescence
intensity traces of neurons in each video.10 Three different videos
containing 300−500 neurons were analyzed for each condition.
4.17. Statistical Analysis. Experiments were performed in

triplicate unless otherwise stated. All data were reported as mean ±
standard error unless otherwise stated. One-way analysis of variance
(ANOVA) followed by Fisher’s least significant difference (LSD) test
was performed for means comparison (significance level of 0.05,
OriginPro 2016).
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Scheme 2. Typical Shapes of Cells on Stages 0−1 (Rounded Cells or Cells Extending Circumferential Lamellipodia and
Filopodia, Respectively)a−d

b(a, b) Schematic representation of aspect ratio and solidity determination, respectively. cAspect ratio is calculated as the quotient between the
major (blue) and minor (orange) axes of the best fitting ellipse (black) of the cell area (a). astage 2 (cells exhibiting multiple minor neurites), and
stage 3 (cells presenting one elongated neurite that will become the axon). dSolidity is calculated as the ratio between the cell area (orange area)
and the convex hull area (blue area + orange area) (b).
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