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The field of optogenetics has been successfully used to understand the mechanisms of neuropsychiatric
diseases through the precise spatial and temporal control of specific groups of neurons in a neural
circuitry. However, it remains a great challenge to integrate optogenetic modulation with electrophysi-
ological and behavioral read out methods as a means to explore the causal, temporally precise, and
behaviorally relevant interactions of neurons in the specific circuits of freely behaving animals. In this
study, an eight-channel chronically implantable optrode array was fabricated and modified with
poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate)-poly(vinyl alcohol)/poly(acrylic acid) inter-
penetrating polymer networks (PEDOT/PSS-PVA/PAA IPNs) for improving the optrode-neural tissue
interface. The conducting polymer-hydrogel IPN films exhibited a significantly higher capacitance and
lower electrochemical impedance at 1 kHz as compared to unmodified optrode sites and showed
significantly improved mechanical and electrochemical stability as compared to pure conducting poly-
mer films. The cell attachment and neurite outgrowth of rat pheochromocytoma (PC12) cells on the IPN
films were clearly observed through calcein-AM staining. Furthermore, the optrode arrays were
chronically implanted into the hippocampus of SD rats after the lentiviral expression of synapsin-ChR2-
EYFP, and light-evoked, frequency-dependant action potentials were obtained in freely moving animals.
The electrical recording results suggested that the modified optrode arrays showed significantly reduced
impedance and RMS noise and an improved SNR as compared to unmodified sites, which may have
benefited from the improved electrochemical performance and biocompatibility of the deposited IPN
films. All these characteristics are greatly desired in optogenetic applications, and the fabrication method
of conducting polymer-hydrogel IPNs can be easily integrated with other modification methods to build
a more advanced optrode-neural tissue interface.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Optogenetics is a technology that combines optical control and
genetic targeting using cell-type specific and optically-sensitive
proteins (e.g., channelrhodopsin-2 (ChR2) for excitation or hal-
orhodopsin (NpHR) for inhabitation) for the precise manipulation
of neuronal functions [1,2]. Recent advances in optogenetics
methodology has allowed precisely timed loss-of-function and
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gain-of-function analyses of neural circuitry in behaving animals
and has established a high spatial-temporal resolution method for
studying neural functions and understanding the characteristics of
a neuronal circuit [3,4]. This technology has offered significant
advantages and shown great potential in both understanding the
mechanisms of neuropsychiatric diseases such as Parkinson’s
disease [5,6], anxiety [7], schizophrenia [8], epilepsy [9], depression
[10], addiction [11], sleep disorders [12], and social dysfunction [13]
and in developing new therapeutic strategies.

A major advantage of optogenetics is that it enables simulta-
neous electrophysiological read out and optical stimulation with
a millisecond precision in a cell-specific manner [14]. Unlike
present neural modulation technologies such as deep brain stim-
ulation (DBS), optogenetics allows the excitation or inhibition of
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complete populations of specific neuronal subtypes and the elec-
trophysiological recording of local neuronal activity in vivo using an
integrated optical fiber-electrode (optrode). In addition, it prevents
the formation of electrical stimulus artifacts that may overlap and
influence the data analysis of the recording results [1].

To investigate the complex brain processing mechanisms at the
functional level, researchers can directly measure and manipulate
the activities of specific neurons or neural circuits in living,
behaving animals using optogenetics. In many cases, to understand
the intrinsic neural basis of cognitive and behavioral phenomena,
we need to carry out long-term studies on the characteristics of the
neural circuits that control animal behavior. Therefore, the ideal
optrodes for optogenetics are chronically implantable arrays that
integrate optical modulation with electrophysiological and behav-
ioral read out methods and can be used to explore the causal,
temporally precise, and behaviorally relevant interactions of
neurons in specific circuits in freely behaving animals [15,16].
However, most of the currently used optrodes are typically made by
coupling a multi-mode optical fiber with a tungsten recording
microelectrode [5,14,17e19] or by integrating an optical waveguide
with a multi-electrode recording array [6,20]. These optrodes are
generally used in acute studies on anesthetized rats. However, the
development of chronically implantable optrodes for awake and
freely moving animals remains a great challenge.

Another challenge is to develop advanced optrode-neural tissue
interfaces for research on brain function and destruction of neural
circuitries. The primary requirements for these interfaces include
consistent optogenetic modulation and electrophysiological
recording from a specific group of neurons at the requisite spatial-
temporal resolutions over a long period of time.

The electrode is a key element in the read out function of
implantable optrodes, because it determines the correlation
between the target neurons and the signal recording quality
required for optogenetics. In order to improve the spatial resolution
of recording media, high-density micro-scale electrode arrays have
been developed, which are biologically transparent and can mini-
mize insertion trauma [21]. However, with a decrease in size, the
electrochemical impedance of electrodes has increased signifi-
cantly. Because electrode impedance is proportional to the thermal
noise and signal loss through shunt pathways, the signal quality
may decrease with the size of the recording electrodes [22].

One of the most commonly used strategies for decreasing the
electrochemical impedance of microelectrodes involves reversible
charge transfer via transduction between the ionically conducting
tissue and electronically conducting recording electrode (typically,
gold, platinum, or tungsten) by a double-layer capacitive mecha-
nism, a reversible Faradaic mechanism, or both [21,23]. One
candidate electrode material is iridium oxide (IrO2), which is
widely used for both recording and stimulating microelectrodes,
owing to its superior electrochemical characteristics such as low
impedance (at a typical frequency of 1 kHz) and high charge
injection density limits [24].

Unfortunately, reducing the electrochemical impedance alone
does not meet the requirements of chronic recording in vivo,
because another major bottleneck hindering the long-term appli-
cations of neural electrode is the inconsistent performance caused
by the tissue responses [25e28]. It has been reported in a number
of studies that after implantation in the central nerve system (CNS),
inflammatory responses are produced at the electrode-neural
tissue interface and subsequently lead to tissue encapsulation
around the electrode [29]. This highly resistive astroglial encap-
sulation results in the electrical isolation of the electrodes from the
target neurons by hindering the diffusion of ions at the interface
and leads to a loss of neurons near the interface [30]; this
dramatically increases the electrochemical impedance at the
electrode-neural tissue interface and reduces the quality of the
recording signals [26].

Many attempts have been made to develop electrode materials
to improve the electrode-neural tissue interface and restore the
function of implanted neural electrodes. The application of con-
ducting polymers (CPs) such as polypyrrole (PPy) and poly(3,4-
ethylenedioxythiophene) (PEDOT), which have been widely used
in many fields including energy storage [31] and biosensors [32],
has now extended into the field of neuroscience [33]. Both PPy and
PEDOT exhibit particularly low electrochemical impedance and
tissue-friendly characteristics in vivo, which are highly desired for
implantable neural electrodes [21,34,35]. However, serious
delaminations have been observed on conducting polymer coated
electrodes [29,36], and it is obvious that their electrochemical and
mechanical stabilities need to be further improved [33].

In our previous work, we showed that hydrogel coatings such as
poly(vinyl alcohol)/poly(acrylic acid) interpenetrating networks
(PVA/PAA IPNs) can improve the electrode-neural interface and are
highly stable after chronic implantation [30]. On the basis of these
results, we investigated whether a combination of conducting
polymer and hydrogels will make a low impedance and biostable
interface for optrode arrays. Tailored PVA/PAA IPNs with an appro-
priate swelling ratio and bulk ionic conductivity were synthesized
and deposited on our custom-made implantable optrode arrays.
PEDOT/PSSwas then electrochemical deposited into a swollen PVA/
PAA IPN film, and interpenetrating PEDOT/PSS-PVA/PAA networks
were formed. Electrochemical characteristics such as cyclic vol-
tammetry (CV), electrochemical impedance spectrum (EIS), and the
electrochemical and mechanical stability of PEDOT/PSS-PVA/PAA
IPNs were evaluated. The chemical composition and surface
morphology of the composite IPN films were determined by Raman
microscopy and scanning electron microscopy, respectively. In
addition, the differentiation and neurite growth of PC12 cells on
PEDOT/PSS-PVA/PAA IPNs deposited on indium tin oxide (ITO)
surfaces were investigated by calcein-AM staining. After lentiviral
expression (pLenti-Synapsin-hChR2(H134R)-EYFP-WPRE), the IPN-
coated optrode arrays were implanted into the hippocampus of SD
rats for 4 weeks. Optogenetic modulation and electrophysiological
recording were successfully carried out on freely moving rats, and
the performances of the modified and unmodified optrode arrays
were analyzed in term of the signal noise ratio (SNR) and root mean
square (RMS) noise voltage of the action potentials, local field
potential (LFP), and electrochemical impedance in vivo. All these
results were evaluated and discussed against the requirements of
optogenetic applications.

2. Experimental

2.1. Preparation of samples and optrodes

Ptmicroelectrodes were used as electrodepositing substrates for
electrochemical tests and morphological studies, and they were
fabricated by sealing a Pt wire (100 mm in diameter, 99.95%) in
a glass capillary. Indium tin oxide (ITO) glass slides (10mm inwidth
and 10 mm in length, CSG Holding Co. Ltd., China) were used as
electrodepositing substrates for the Raman and cell culture studies
in vitro. Implantable optical fiber-electrode (optrode) arrays, each
containing one optical channel and eight electrical channels, were
fabricated from optical fibers (200 mm in diameter, NA ¼ 0.37,
Thorlabs, USA) and formvar-coated nickel chromium wires (36 mm
in diameter, California fine wire, USA) using a custom-made
optrode mold for in vivo studies. Eight microelectrodes in an
optrode array were arranged in two parallel rows, each containing
four wires, and the spacing between neighboring microelectrodes
was 200 mm. Approximately 2 mm of the insulation was removed
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from one end of each microelectrode using a brief flame, and each
microelectrode was soldered into separate slots of a standard
electrode connector. Two pairs of silver microwires (100 mm in
diameter, 99.95%) were then soldered into the electrode connector
as ground and reference electrodes, respectively. One end of the
optical fibers was fixed onto a custom-made optical connector and
stabilized onto the electrode connector using a layer of epoxy.

All samples for the electrochemical studies were ultrasonically
cleaned in acetone and ultrapure water three times prior to use. All
samples for the cell culture and implantation studies were steril-
ized using 75% alcohol and ultraviolet (UV) radiation prior to use.

2.2. Synthesis of PVA/PAA IPNs

Poly(vinyl alcohol) (PVA,MW ¼ 89,000e98,000) and acrylic acid
(AA) were purchased from SigmaeAldrich, USA. Ammonium per-
sulfate (AR) was purchased from Degussa-AJ, Shanghai, China.
Aqueous PVA solution (2 wt%) was prepared by dissolving PVA in
ultrapure water (resistivity of 18.25 MU/cm) at 95 �C under
magnetic stirring. The solution was then cooled down to room
temperature and transferred into a three-neck flask fitted with
a condenser. An appropriate weight of the AA monomer was added
to the PVA solution under magnetic stirring at the desired ratios
(0, 10, 20, 30, 40, 50, 60, 70, and 80 mol% of AA monomer per total
repeating unit). Ammonium persulfate was added to the flask at
1000 ppm as an initiator. The mixed solution was purged with
argon and stirred for 15 min. The flask was then sealed and
immersed in an oil bath at 80 �C. The reaction was allowed to
proceed for 72 h. The resulting polymer solution was filtered and
kept overnight to remove the undissolved solids and bubbles prior
to use. The homogeneous polymer solutionwas poured onto a PTFE
plate to form a film for chemical characterizations. The excess water
was evaporated slowly at 80 �C for 12 h in a vacuum oven.

2.3. Chemical characterization of PVA/PAA IPNs

2.3.1. Swelling experiments
The swelling ratios of polymer filmswere evaluated in both pure

water and an artificial cerebrospinal fluid (ACSF, pHw7.4). Dry
polymer films were weighed and then immersed into the testing
liquid for 48 h to reach swelling equilibrium at room temperature.
The free liquid on the surface of the swollen films was then
removed quickly using filter paper, and the weights of the samples
were measured again. The swelling ratio (SR) of the films is defined
as follows:

SR ¼ ðmt �moÞ=mo � 100%; (1)

where mo and mt are the weight of dry and swollen films,
respectively.

2.3.2. Bulk ionic conductivity
The bulk ionic conductivity of polymer films was tested in both

pure water and ACSF. Dry polymer films were immersed in the
testing liquid and maintained at room temperature for 48 h. Then,
the free liquid on the surface of the films was removed. The swollen
hydrogel films were then cut into disks with the same size as the
test electrodes. The polymer films were then sandwiched between
two symmetrical stainless steel blocking electrodes (each
w1.77 cm2 in area), and the AC impedance was measured in the
frequency range of 100 kHz to 100 Hz with a 10-mV (rms) sinusoid
signal using a CH Instruments CHI 660D electrochemical analyzer.
The bulk ionic conductivity (s) of the films was determined using
the following equation

s ¼ L=ðS� RÞ; (2)
where L, S, and R are the thickness, area, and bulk resistance of the
films, respectively. The bulk resistance of the films was determined
from the high-frequency intercept on the real impedance axis of
a ColeeCole plot.
2.4. Electrodeposition process

3,4-Ethylenedioxythiophene (EDOT) and poly(sodium
4-styrenesulfonate) (PSSNa, MW ¼ 70,000) were purchased from
SigmaeAldrich, USA. In a standard preparation procedure, the
electrodeposition substrates were coated with a thin PVA/PAA IPNs
film and dried slowly at 80 �C overnight in a vacuum oven. The
coated substrates were then immersed in an electrodeposition
solution for at least 2 h so that swelling equilibrium was attained
prior to use. In all electrochemical experiments, the electrodes
were mounted in a three-electrode cell with a saturated calomel
electrode (SCE) as a reference electrode and a large-area platinum
electrode as a counter electrode.

A 0.01M EDOT monomer and 0.25M PSSNa were mixed to
prepare an electrodeposition solution. PEDOT/PSS films were
electrodeposited onto PVA/PAA-IPN-hydrogel-coated microelec-
trodes using a CH Instruments CHI 660D analyzer at 0.9 V (vs. SCE).
To compare the PEDOT/PSS-PVA/PAA IPN films with pure CPs films,
PEDOT/PSS films were electrodeposited onto uncoated substrates
under optimized conditions. PEDOT/PSS-PVA/PAA IPN films were
also coated on ITO glass slides for Raman and cell culture studies
using the same procedure as described above.
2.5. Chemical characterization of PEDOT/PSS-PVA/PAA IPNs

2.5.1. Raman test
The prepared polymer films were characterized by measuring

micro-Raman spectra. The analysis was conducted using a Raman
Renishaw RM1000 micro-spectrometer (Renishaw plc, Wotton-
under-Edge, Gloucestershire, UK) with an excitation wavelength
of 514 nm and a spectral resolution of 1 cm�1. The micro-Raman
spectra were measured within the range of 4000 e 400 cm�1.

2.5.2. Electrochemical measurements
Cyclic voltammetric (CV)measurementswere performed in 0.1M

phosphate-buffered saline (PBS, pH 7.3) between �0.6 V and 0.6 V
(vs. SCE) at a scan rate of 50 mV/s using a CH Instruments CHI 660D
analyzer at 25 �C. The cathodic charge storage capacity (CSCC) was
calculated from the time integral of the cathodic current in one
period of the CV waveform. The electrochemical impedance spec-
trum (EIS) of the electrodeposited microelectrodes was measured
in ACSF at 25 �C using the CHI 660D analyzer with a 10-mV (rms) AC
sinusoid signal in a frequency range of 100 kHz to 1 Hz at the open
circuit potential (vs. SCE).

2.5.3. Stability test
The stability of the PEDOT/PSS- and PEDOT/PSS-PVA/PAA-IPN-

deposited microelectrodes was examined in ACSF by continuous
cyclic scanning between the potentials of�0.6 V and 0.6 V (vs. SCE)
at a scan rate of 50 mV/s for 100 cycles. Then, the microelectrodes
were immersed in the ACSF for 1week, after which the variations in
CSCC weremeasured to evaluate the stability of the deposited films.

2.5.4. Morphology
The surface morphologies and microstructures of the deposited

polymer films were examined using an extreme high-resolution
scanning electron microscope (XHRSEM, FEI Magellan 400L, US)
operated at 5 kV.
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2.6. PC12 cell culture

Rat pheochromocytoma (PC12) cells were used as a nerve cell
model system to investigate the neuronal differentiation and
extension on the deposited ITO glass slides. The seeds of the PC12
cells were obtained from the American Type Culture Collection
(ATCC) and cultured by the China Southern Cell Company
(Guangzhou, China). In order to facilitate the attachment of non-
adhering PC12 cells, all the samples were coated with 0.1 mg/mL
of poly-L-lysine (PLL, Sigma, South San Francisco, CA, USA) at 37 �C
for at least 2 h and were then rinsed with sterile water followed by
0.01M PBS prior to use. The PC12 cells were maintained in RPMI
1640 medium (Gibco, NY, USA) supplemented with a 10% fetalbo-
vine serum (Gibco, NY, USA), 2 mM L-glutamine (Gibco, NY, US),
100U/ml penicillin, and 100 mg/ml streptomycin (Sigma, South San
Francisco, CA, USA) in a 37 �C incubator (5% CO2). The samples were
fixed on each bottom of a 6-well plate, and the PC12 cells were
seeded at a density of 5 � 104 cells/mL in each well and then
subjected to 6-h serum starvation. 50 ng/mL of NGF (Sigma, South
San Francisco, CA, USA) was added on the second day of the culture
to allow cell adhesion before inducing differentiation.

To investigate the neurite differentiation and outgrowth of the
PC12 cells on the deposited surfaces, the cells were labeled with
calcein-AM after culturing in the presence of NGF for 7 days. The
samples were first washed with 0.1M PBS and then incubated in
RPMI 1640 medium with 5 mM of calcein-AM (Sigma, South San
Francisco, CA, USA) for 30 min at 37 �C. After calcein-AM loading,
the cells were washed with PBS, and fluorescence images were
observed and recorded using an Olympus X71 inverted fluores-
cence microscope.

2.7. Implantation study in vivo

2.7.1. Animals
All the procedures were conducted using sterile techniques in

accordance with the protocols approved by the Ethics Committee
for Animal Research, Shenzhen Institute of Advanced Technology,
Chinese Academy of Sciences. Adult male SpragueeDawley (SD)
rats weighting 180e220 g were used for chronic implantation. The
SD rats were individually housed for 7 days before virus injection
under a 12-h light/dark cycle and provided with food and water ad
libitum.

2.7.2. Virus preparation
DNAplasmid encoding pLenti-hSyn-hChR2(H134R)-EYFP-WPRE

was obtained from the laboratory of K. Deisseroth (see http://www.
optogenetics.org for additional details). The plasmid DNA was
amplified, purified, and collected using a standard plasmid mega-
prep kit (Qiagen, Germany). High titer lentivirus (>109 pfu/ml) was
then produced via FuGENEHD (Roche, Switzerland) co-transfection
of 293FTcells using 22 mg of a lentiviral vector,15 mg of pCMVDR8.74,
and 7 mg of pMD2.G. 24 h post-transfection, the 293FT cells were
transferred to an UltraCULTURE medium (LONZA: 12-725F) con-
taining 5 mM sodium butyrate; the supernatant was collected after
48 h and concentrated using ultracentrifugation at 25,000 rpm. The
resulting viral pellet was resuspended in 100 ml of phosphate-
buffered saline.

2.7.3. Virus injection
pLenti-Synapsin-hChR2(H134R)-EYFP-WPRE DNA was driven

by a synapsin1 promoter and housed both the ChR2 and enhanced
yellow fluorescent protein (EYFP) for imaging the transfected brain
tissue. Anaesthesia was induced using 1% phenobarbital sodium
solution (1 ml/100 g), and the body temperature was maintained
using a heating pad (CMA/150, CMA Microdialysis, Sweden). After
the subject was fixed in a stereotaxic apparatus (Stoelting, USA),
a mid-saggital incision was made at the scalp, and a 1.0-mm hole
was carefully drilled at 4.2-mm posterior to the bregma and 3-mm
left lateral to the midline. Synapsin-ChR2-EYFP virus was injected
into the left hippocampus (1 ml at �3.0 mm and �4.0 mm DV from
the top of the brain) through a 33-gauge metal needle. A 5-ml
Hamilton microsyringe was used to deliver a concentrated virus
solution via a microsyringe pump (Sarasota, FL, USA) and its
controller (Micro4; WPI, Sarasota, FL, USA).

2.7.4. Virus expression
The animals were sacrificed two weeks after the lentiviral

injection, and 120 mm thick coronal cortical slices were prepared
using a vibratome (VT 1000; Leica) in ice cold ACSF. ChR2
expressing neurons were identified using EYFP fluorescence under
an inverted fluorescence microscope (Leica DMI3000 B, German),
and images were obtained with a digital camera (Leica, German).

2.7.5. Implantation surgery
Two weeks after the lentiviral injection, the animals were

anaesthetized with 1% phenobarbital sodium solution (1 ml/100 g)
and placed in a stereotaxic apparatus for optrode array implanta-
tion and electrophysiological recording. Supplemental doses were
given to maintain a steady anesthetic state. The scalp was opened,
and a hole was drilled into the skull at 4.2-mm posterior to the
bregma and 3-mm left lateral to themidline. Four skull screwswere
driven into the skull to serve as reference and ground electrodes.
Four neighboring channels of each fabricated optrode array were
modified using PEDOT/PSS-PVA/PAA IPNs by the abovementioned
standard process prior to use. An optrode array was lowered into
the hippocampus (3.5 mm below the surface of the brain) and
cemented in place with dental acrylic (Ortho-Jet, Lang Dental).
Acute recordings were made immediately after the cement dried.
The animals were allowed to recover for at least 7 days before
further recordings were taken. Analgesia was applied before
surgery and for 3 days after surgery.

2.7.6. Optical stimulation and electrical recording
A 473-nm blue laser controlled by an analog input was used for

ChR2 activation. The laser was conducted into the implanted
optrode array using a 3-m long optical fiber (200 mm in diameter,
NA ¼ 0.37, Thorlabs, USA) terminated with a custom-made optical
connector. Before implantation, the power of the laser at the tip of
the optrode array was measured using a power meter. The power
density of the blue light was w10 mW/mm2, and the stimuli were
5-m pluses at 10 Hz.

Recordings were performed using a 64-channel neural acquisi-
tion processor (Plexon, Dallas, TX, USA). During the recording
sessions, a preamplifier (Plexon, Dallas, TX, USA) was connected to
the output connector of the optrode. Neural electrophysiological
data for all the eight recording channels were bandpass filtered.
Briefly, single and multi-unit recordings were sampled at 40 kHz
and bandpass filtered at 300e5000 Hz, and local field potentials
(LFP) were sampled at 1 kHz and bandpass filtered at 1e500 Hz.
Multiple 90-s segments of continuous neural recordings (from 30 s
before to 30 s after optical stimulation) were taken. Neural
recordings for each optrode array were taken every week after
implantation. The animals were freely moving during chronic
electrophysiological recording.

2.7.7. Optrode EIS in vivo
The EIS of the fabricated optrode array were tested using the CHI

660Dwith a 25-mV (rms) AC sinusoid signal in a frequency range of
100 kHz to 1 Hz at the open circuit potential. Prior to implantation,
the EIS weremeasured in ACSFwith an SCE as a reference electrode,

http://www.optogenetics.org
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and a large-area platinum electrode as a counter electrode. The EIS
of the implanted optrode array was obtained using two stainless
steel bone screws serving as reference and counter electrodes,
respectively. The EIS for each optrode array was taken each week
after implantation, and the animals were anesthetized throughout
the data collection sessions.

2.7.8. Data analysis
Offline neural signal analyses were performed using Plexon

Offline Sorter software (Plexon Inc., Dallas, TX) and a custom-
designed Matlab (Mathworks Inc., MA) code. First, spike detection
and an offline sorting procedure were completed in the Plexon
Offline Sorter, as described by Nicolelis et al. [37]. All the sorted
waveforms of the units were sent to the Matlab workspace, and
each unit cluster was stored in a matrix, where each row represents
a single waveform and each column represents the waveform
samples. In addition, the mean waveform of a certain unit can be
obtained by averaging the matrix along the row vectors.

The sorted datawere analyzed using the signal noise ratio (SNR),
which provides an evaluation method to compare the unit quality.
SNR for a given cluster was calculated using the following formula
described in [38]:

SNR ¼ App=ð2� SDεÞ; (3)

where App is the peak-to-peak voltage amplitude of the mean
waveform of each unit and SD

ε
is the standard deviation of noise ε

in a single unit. The amplitude, App, is the absolute value of the
difference between the maximum and minimum voltages of the
mean waveform; the noise is obtained by subtracting the mean
waveform from each individual waveform, and noise ε is the
collection of all residual values irrespective of their position in the
matrix. SD

ε
is the standard deviation taken over all values of ε.
3. Results and discussion

3.1. Chemical characteristics of PVA/PAA IPNs

3.1.1. Swelling properties
The swelling ratios of PVA/PAA IPN membranes with different

PAA contents (0, 10, 20, 30, 40, 50, 60, 70, and 80 mol%) in pure
water and ACSF are shown in Fig. 1. As can be seen, the swelling
ratio of the PVA/PAA IPN membranes in pure water decreases with
an increase in PAA content, and reaches a minimum value in PVA/
PAA IPN hydrogel with 20% PAA content. This suggests that the
carboxylic acid groups in PAA may have partly reacted with the
hydroxyl groups in PVA and that new intermolecular hydrogen
bonds or ester groups in the IPNs were formed [30]. As a conse-
quence, the semi-cross-linked PVA/PAA IPN hydrogel resulted in
a more compact polymer network. However, a further increase in
the PAA content led to an increase in the swelling ratio. This can be
explained by the fact that the carboxylic acid groups in PAA tends to
form stronger hydrogen bonds with water than the hydroxyl
groups in PVA.

The swelling ratio of the PVA/PAA IPNmembranes in the ACSF is
significantly higher than in pure water. This implies that the
unreacted carboxylic acid groups in the PVA/PAA IPN hydrogel have
reacted with the cations (Naþ, Kþ) in the ACSF, and have partly
dissociated the intermolecular hydrogen bonding of the semi-
cross-linked hydrogel [39]. In addition, it should be noted that
the swelling ratio of the membrane increased at a faster rate when
the PAA content in the hydrogel was higher than 50%. This may be
a result of a sharp increase in the unreacted carboxylic acid groups
and a less compact polymer network of the hydrogel at high PAA
contents.
3.1.2. Bulk ionic conductivity
The bulk ionic conductivity of different PVA/PAA IPN

membranes (PAA content ¼ 0, 10, 20, 30, 40, 50, 60, 70, and 80 mol
%) in pure water and ACSF are shown in Fig. 2. Obviously, the bulk
ionic conduction of PVA/PAA IPNmembrane in purewater is mainly
caused by the transfer of Hþ ions within the membrane, which is
proportional to the concentration of unreacted carboxylic acid
groups in the hydrogel [30]. As a result, the bulk ionic conductivity
of the prepared membranes has increased from 5 � 10�3 mS/cm to
1.2 mS/cm with an increase in the amount of free carboxylic acid
groups.

Unlike in pure water, the bulk ionic conductivity of the PVA/PAA
IPN membrane in ACSF rapidly increases with an increase in the
PAA content, and reaches a platform of w20 mS/cm. This may be
caused by two factors. Firstly, the swelling ratio of PVA/PAA IPN
membrane is much higher in ACSF than in water, so the amount of
ions within the membrane is also higher. Secondly, it has been
reported that the bulk ionic conduction of the membrane in ACSF is
caused by a segmental motionmechanism of the hydrogel [40], and
therefore, ionic transfer within the membrane is much easier.

As an electrode coating material, especially for chronic neural
electrophysiological recording and stimulation, a high swelling
ratio of the semi-cross-linked PVA/PAA IPN hydrogel benefits
higher ionic mobility and lower electrochemical impedance at the
electrode-neural interface, but this may pose a potential risk to its
long-term stability. Therefore, there is a tradeoff between the
electrochemical performance (higher bulk ionic conductivity) and
mechanical stability (lower swelling ratio). Taking all these factors
into consideration, PVA/PAA IPN hydrogel with a PVA content of
60% was chosen as the best candidate coating material for further
studies.

3.2. Chemical properties of PEDOT/PSS-PVA/PAA IPNs

3.2.1. Raman test
To study the molecular structure of conducting-polymer-

hydrogel composite films, the micro-Raman spectrum of the ITO
substrate and the PVA/PAA-, PEDOT/PSS-, and PEDOT/PSS-PVA/
PAA-deposited films were measured. The Raman spectrum of the
PVA/PAA IPN film (Fig. 3(B)) showed the main characteristic bands
as follows: 842 cm�1 at the CeC stretching vibration, 1100 cm�1 at
the CeC stretching vibration or CH2 rocking, 1336 and 1452 cm�1 at
the CeH and OeH bending vibrations, 1700 cm�1 at the C]O
stretching vibration, and 2915 cm�1 at the CeH stretching vibra-
tion. The Raman spectrum of PEDOT/PSS-deposited films is shown
in Fig. 3(C). The bands at 1249 and 1422 cm�1 corresponded to the
Ca-Ca’ and symmetric Ca¼Cb(eO) stretching vibrations, respec-
tively. The bands at 1498, 1526, and 1567 cm�1 corresponded to the
asymmetric Ca¼Cb stretching vibration.

However, in the Raman spectrum of PEDOT/PSS-PVA/PAA
composite films (shown in Fig. 3(C)), the band at 1249 cm�1 is
split into two bands, which are shifted up to 1265 and 1285 cm�1,
respectively. The band at 1425 cm�1 is split into two bands, which
are shifted up to 1426 and 1442 cm�1. The intensity of the bands at
1498, 1526, and 1567 cm�1 are significantly increased. These
upward shifts may be attributed to the higher doped state of the
PEDOT/PSS-PVA/PAA composite films as compared to the pure
PEDOT/PSS films [41,42]. Additionally, no bands for ITO are
observed, but a new band at 1452 cm�1 appears, overlapping with
the main band at 1442 cm�1, which may be due to the CeH and
OeH bending vibration of the PVA/PAA IPN hydrogel. These results
suggest that the highly doped conducting polymer may be attrib-
uted to the high concentration of free carboxylic acid groups in the
PVA/PAA IPN hydrogel. This also indicates that interpenetrating
networks may be formed between the conducting polymers and



Fig. 1. Swelling ratios of PVA/PAA IPN membranes in pure water and ACSF (PAA content ¼ 0, 10, 20, 30, 40, 50, 60, 70, and 80 mol%).
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hydrogel, which may significantly improve the stability of the
deposited films.

3.2.2. Cyclic voltammograms
Under the optimized conditions, the PEDOT/PSS films were

deposited onto Pt microelectrodes and PVA/PAA IPN-coated Pt
microelectrodes at a potential of 0.9 V (vs. SCE) for 300 s, and the
total applied charge density during electrochemical depositionwas
1.4 C/cm2 and 2.2 C/cm2, respectively. Because the CP-hydrogel
Fig. 2. Bulk ionic conductivity of PVA/PAA IPN membranes in pure water
films grew faster than pure CPs, the carboxylic acid groups in the
PVA/PAA hydrogel may have indeed anticipated in the electro-
depositing process.

The electrochemical characteristics of the fabricated electrodes
were studied using cyclic voltammetric scanning between �0.6 V
and 0.6 V (vs. SCE) at a scan rate of 50mV/s (shown in Fig. 4). As can
be seen from the cyclic voltammograms, no obvious oxidation or
reduction peaks were observed for the PEDOT/PSS-modified elec-
trode, but a pair of redox peaks for the PEDOT/PSS-PVA/PAA-IPN-
and ACSF (PAA content ¼ 0, 10, 20, 30, 40, 50, 60, 70, and 80 mol%).



Fig. 3. Micro-Raman spectrum of (A) ITO substrate and (B) PVA/PAA-, (C) PEDOT/PSS-, and (D) PEDOT/PSS-PVA/PAA-deposited films. Insert: enlarged Raman spectrum between
1300 and 1600 cm�1 of (B) PVA/PAA-, (C) PEDOT/PSS-, and (D) PEDOT/PSS-PVA/PAA-deposited films.
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modified electrode emerged at �0.35 V (vs. SCE). These results
suggest that amore highly doped state of the CP-hydrogel filmswas
formed with the nearby carboxylic acid groups as compared to the
pure CPs, which is in accordance with the Raman results.

After electrochemical deposition, the cathodic charge storage
capacity (CSCC) increased from 1.5 mC/cm2 to 79 mC/cm2 and
121 mC/cm2 for the PEDOT/PSS- and PEDOT/PSS-PVA/PAA-IPN-
modified microelectrodes, respectively. As the CSCC of the elec-
trode was in accordance with the total amount of electroactive
Fig. 4. Cyclic voltammograms of Pt microelectrode (������), PEDOT/PSS-deposited Pt m
material, this implies that the PVA/PAA IPNs accelerated the
deposition of CPs, which further enhanced its capacitance
performance.

3.2.3. Electrochemical impedance spectra
In order to record single neuron activity and reduce surgical

trauma, the geometric size of the neural electrode was reduced to
the micro-scale, which sharply increased the electrode impedance
and consequently decreased the quality of signal recordings [21].
icroelectrode (┈ ┈) and PEDOT/PSS-PVA/PAA-deposited Pt microelectrode (ddd).



Fig. 6. Proposed equivalent circuit model for electrochemically deposited electrodes,
with circuit elements including solution resistance (RS), coating capacitance (CC), pore
resistance (RP), double-layer constant-phase element (ZCPE), charge transfer resistance
(RT), and finite-length Warburgh diffusion impedance (ZD).
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Impedance at 1 kHz is an important characteristic parameter for
neural electrodes, and is relevant to neuronal electrophysiological
activity [43]. The electrochemical impedance spectra of the Pt
microelectrode and PEDOT/PSS- and PEDOT/PSS-PVA/PAA-IPN-
modified Pt microelectrodes were tested at their open-circuit
potentials in ACSF for assessing the electrochemical characteris-
tics at their interfaces. As shown in Fig. 5, the impedances of the
PEDOT/PSS- and PEDOT/PSS-PVA/PAA-IPN-modified microelec-
trodes at 1 kHz decreased from w51 kUe2.55 kU and 2.73 kU,
respectively, which is w95% lower than the unmodified Pt
microelectrode.

An equivalent circuit model of the electrode-polymer-
electrolyte interface is shown in Fig. 6, which has been discussed
in previous works [43]. This equivalent circuit model is comprised
of circuit elements including the solution resistance (RS), coating
capacitance (CC), pore resistance (RP), double-layer constant-phase
element (ZCPE), charge-transfer resistance (RT), and finite-length
Warburgh diffusion impedance (ZD).

The constant phase element (CPE) represents the dissipative
double-layer capacitance, which reflects the characteristics of
a microscopic fractal at the blocking liquidesolid interfaces. The
concept of the CPE is explained through the following equation:

ZCPE ¼ 1=
�
qðjuÞn�; (4)

where j¼ O-1,u is the angular frequency (rad s�1)¼ 2pf, and f is the
frequency in Hz. The parameters of the CPE are defined by q and n.
Parameter q indicates the value of the capacitance of the CPE as n
approaches 1, and has a numerical value of 1/ZCPE at u¼ 1 rad/s. The
parameter n reveals the micro fractal and distribution of the pha-
seephase interface, which correlates to energy dispersion on the
electrodeeelectrolyte interface and can be affected by a series of
factors, such as surface roughness, the distribution of the reaction
Fig. 5. Electrochemical impedance spectra of Pt microelectrode, PEDOT/PSS-depos
rates, or a non-uniform current distribution. When n ¼ 1, the CPE is
identical to a capacitor.

The finite-length Warburgh diffusion impedance (ZD) is intro-
duced in order to describe the ion diffusion within the polymer
films. Element ZD is characterized by the following equation:

ZD ¼ fRD=ð juCDÞg1=2cothðjuRDCDÞ1=2; (5)

where CD is the diffusional pseudocapacitance and RD is the
diffusion resistance.

The fitting data for the proposed equivalent circuit model are
given inTable 1. As shown in the table, the pore resistance (RP) of the
PEDOT/PSS-PVA/PAA-IPN-modified microelectrode is slightly
higher than the PEDOT/PSS-modified electrode. This suggests that
thehydrogel componentof the CP-hydrogel composite polymerfilm
mayhave reduced its porosity,whichmayhinder the transfer of ions
within the polymer film and subsequently increase the charge
transfer resistance (RT). The coating capacitance (CC) increased from
0.14 mF for the PEDOT/PSS-modified microelectrode to 0.18 mF
for the PEDOT/PSS-PVA/PAA-IPN-modified microelectrode, which
ited Pt microelectrode and PEDOT/PSS-PVA/PAA-deposited Pt microelectrode.



Table 1
Fitting data for proposed equivalent circuit model shown in Fig. 7.

Parameters Unit Pt PEDOT/PSS PEDOT/PSS-PVA/PAA

Z (at 1 kHz) kU 51.2 2.54 2.73
RS kU 2.96 2.23 2.46
CC mF d 0.14 0.18
RP kU d 0.35 0.37
CPE-q mFs�1 0.01 0.32 0.73
CPE-n 0 � n � 1 0.85 0.93 0.88
RT kU d 0.15 0.23
CD mF d 0.048 0.068
RD kU d 13.7 14.6
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correlateswith the variation in the cathodic charge storage capacity.
It also implies that the deposited PEDOT/PSS-PVA/PAA IPN film is
thicker than a pure CP film, thus resulting in an increased diffusion
resistance (RD).
Fig. 7. Cyclic voltammograms of (A) PEDOT/PSS- and (B) PEDOT/PSS-PVA/PAA
Furthermore, the CPE-n values of these deposited microelec-
trodes are close to 1, suggesting that they are also close to the ideal
capacitance. The double-layer capacitance (CPE-p) and diffusional
pseudocapacitance (CD) of the PEDOT/PSS-PVA/PAA-IPN-modified
microelectrode are higher than for the PEDOT/PSS-modified
microelectrode. This can probably be attributed to the component
of the PVA/PAA IPN hydrogel, which worked not only as a scaffold
but also as a dopant (eCOO�) for the composite polymer film.

3.2.4. Stability test
Both electrochemical and mechanical stabilities are critically

important for chronically implanted neural probes, as the damage
from the electrodes or a delamination of the coating material may
harm the surrounding tissue and sharply bring down the perfor-
mance of the implanted medical device. In order to investigate the
electrochemical and mechanical stabilities, the PEDOT/PSS- and
-deposited microelectrodes before (ddd) and after (┈ ┈) stability test.



Fig. 8. SEM images of deposited PVA/PAA (A, D), PEDOT/PSS (B, E), and PEDOT/PSS-PVA/PAA (C, F) films on electrodes under optimized conditions. In (A, B, C) the scale bar is 1 mm;
in (D, E, F) the scale bar is 400 nm.
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PEDOT/PSS-PVA/PAA IPN-modified microelectrodes were cyclic
voltammetric scanned between the potentials of �0.6 V and 0.6 V
(vs. SCE) at a scan rate of 50 mV/s for 100 cycles, followed by
immersion in an ACSF for 1 week.

After cyclic voltammetric scanning, the CSCC loss was 15% and 8%
for the PEDOT/PSS- and PEDOT/PSS-PVA/PAA-IPN-modified micro-
electrodes, respectively. The lossofCSCCmaybedue to the irreversible
reactions of the PEDOT backbone, which represents a deterioration
of the electrochemical reversibility [29]. This suggests that the
PEDOT/PSS-PVA/PAA-IPN-modified microelectrode demonstrated an
improved electrochemical stability as compared to the pure CPs.

After immersion in the ACSF for 1 week, serious delaminations
were observed on the PEDOT/PSS-modifiedmicroelectrode, and the
Fig. 9. PC12 cells cultured on ITO substrate (A, D), PVA/PAA-coated ITO substrate (B, E), and
seventh day. The scale bar is 50 mm.
CSCC loss increased to 95% (shown in Fig. 7(A)). One possible reason
for this degradation of the deposited film is the volume change
caused by the mass transport during cyclic voltammetric scanning
[44]. The volume change may subsequently result in mechanical
instability after the electrochemical stability tests, such as delam-
ination or poor adhesion of the deposited films to the electrode
substrate. However, in contrast with PEDOT/PSS films, the cyclic
voltammograms of the PEDOT/PSS-PVA/PAA-IPN-modified micro-
electrode remained almost unchanged after the stability tests, and
the total CSCC loss remained at 8% (shown in Fig. 7(B)).

Although the electrodeposition for each type of filmwas carried
out under optimized conditions, it is obvious that the PEDOT/PSS-
PVA/PAA-IPN-modified microelectrode exhibits much improved
PEDOT/PSS-PVA/PAA-deposited ITO substrate (C, F) in presence of 50 mg/mL of NGF on
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electrochemical and mechanical stabilities over the PEDOT/PSS-
modified microelectrode. Several reasons may account for this
result. Firstly, the interpenetrating networks of the PEDOT/PSS-
PVA/PAA composite polymer significantly enhanced the flexibility
and mechanical strength, thus creating a much better adhesive and
less brittleness than for pure CPs. Secondly, the component of PVA/
PAA IPNs acted as a charge balancing anionic dopant, and the
oxidation of the polymer was accompanied by the expulsion of
smaller cations (such as Naþ and Kþ) rather than anion intercala-
tion, which minimized the volume changes of the composite films
[45]. Thirdly, it should also be noted that the entire surface of the
microelectrodes, including the insulating parts, were coated with
the synthesized PVA/PAA IPN films before the electrochemical
deposition. Since the hydrogel coating is highly stable on the
electrode surface, the adhesion and mechanical stability have also
been strengthened.

3.2.5. Morphology
The surface morphologies of the PVA/PAA, PEDOT/PSS, and

PEDOT/PSS-PVA/PAA films prepared under optimized conditions
are shown in Fig. 8. The coated PVA/PAA IPN film (Fig. 8(A) and (D))
exhibited a homogeneous surface morphology with numerous tiny
folds on a nanometer scale. The electrodeposited PEDOT/PSS film
(Fig. 8(B) and (E)) shows a porous microstructure with a large
number of compact particles with an average diameter of
w150 nm. However, the deposited PEDOT/PSS-PVA/PAA IPN film
(Fig. 8(C) and (F)) reveals a very different morphology. The average
size of the composite particles grew up to w200 nm, and the
roughness of the surface was significantly reduced. In addition,
various tiny nano-scale folds, which are similar to those on the PVA/
PAA IPN film, were also observed on the surface of the deposited
composite particles.
Fig. 10. Calcein-AM fluorescent images showing living PC12 cells cultured on ITO substrate (A
NGF on seventh day. The scale bar is 100 mm.
As in the standard preparation process, the hydrogel films were
deposited onto the surface of the electrodes prior to the electro-
chemical deposition. The SEM study suggests that the PVA/PAA IPN
films may have served as scaffolds for the growth of PEDOT/PSS.
Moreover, as discussed above, this implies that the carboxylic acid
groups in the PVA/PAA IPN hydrogel interacted with PEDOT/PSS
and formed an interpenetrating polymer network structure. Thus,
an interpenetrating network of deposited PEDOT/PSS-PVA/PAA
films offer advantages of high mechanical stability and high elec-
trochemical performance.

3.3. PC12 cell culture

A PC12 cell is a common model used for the study of neuronal
development, and can be induced to differentiate toward sympa-
thetic neurons after exposure to a nerve growth factor (NGF). ITO
glass slides are normally used as substrates for cell culture, which
facilitates both electrical deposition and optical observation. The
morphologies of PC12 cells cultured on the ITO substrate and the
PVA/PAA IPN- and PEDOT/PSS-PVA/PAA-IPN-modified ITO
substrates in the presence of 50 mg/ml of NGF on the seventh day are
shown in Fig. 9. It was observed that neurite extensions of the PC12
cellswere inducedby theNGFand thathighly interconnectedneurite
networks were formed on all of the surfaces. However, the cell
densities on the ITO (Fig. 9(A and D)) and PEDOT/PSS-PVA/PAA-IPN-
modified ITO substrates (Fig. 9(C and F)) were significantly higher
than on the PVA/PAA IPN-coated ITO substrate (Fig. 9(B and E)),
suggesting that these two substrates are more suitable for cell
attachment and growth.

To investigate the viability of PC12 cells on the semitransparent
PEDOT/PSS-PVA/PAA films in detail, further study was conducted
using calcein-AM staining. Fluorescence photos of PC12 cells
, C) and PEDOT/PSS-PVA/PAA-deposited ITO substrate (B, D) in presence of 50 mg/mL of



Fig. 11. (A) Expression of ChR2-EYFP in hippocampal neurons two weeks after lenti-
viral injection (5 � ); (B) higher magnification image of hippocampus (20 � ).
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cultured on the ITO substrate and PEDOT/PSS-PVA/PAA-IPN-
modified ITO substrate in the presence of 50 mg/mL of NGF on the
seventh day are shown in Fig. 10. Although the cell densities on the
ITO (Fig. 10(A and C)) and PEDOT/PSS-PVA/PAA-IPN-modified ITO
substrates (Fig. 10(B and F)) are comparable, and well-developed
neurite extensions of the PC12 cells were observed on both
surfaces, it is clear that the cells cultured on the ITO substrates
appeared to be more crowded. In addition, the degree of PC12 cell
differentiation seems to be higher on the PEDOT/PSS-PVA/PAA-IPN-
modified ITO substrate. As ITO glass is a generally used substrate for
cell culturing and biosensing, the results imply that the deposited
PEDOT/PSS-PVA/PAA IPNs possess a better cytocompatibility with
neurons, which may presumably be a benefit from the nano-scale
surface morphology of the deposited films.
3.4. Optical stimulation and electrical recording with optrode
in vivo

3.4.1. Expression of ChR2
Before electrophysiology recording, it is important to confirm

that the functional ChR2 could be expressed in the targeted
neurons of the hippocampus in SD rats. A lentivirus vector-
encoding YFP-tagged ChR2 under the control of the human Syn-
apsin I promoter, which has been used to selectively target exog-
enous gene to neurons in mammals [46,47], was stereotactically
injected into a rat hippocampus. Two weeks after lentiviral
injections, brain slices of the injected region show a significant
fluorescence expected within the entire hippocampus (Fig. 11(A)),
while fluorescence images at higher magnification (Fig. 11(B))
shows numerous intact neuronal somata and dendrites. These
results imply that the expression of ChR2 in rat hippocampal
neurons can be achieved two weeks after lentiviral injection.

3.4.2. Optrode for optical stimulation and electrical recording
in vivo

A custom-made 8-channel optrode array, shown in Fig. 12(A),
was used in this study for optical stimulation and electrical
recording. The 473 nm excitation laser was conducted into the
optrode array using an optical fiber terminated with a custom-
made optical connector (Fig. 12(B)). Prior to implantation, the
power density of the laser at the tip of each optrode was measured
and adjusted to w10 mW/mm2 in order to avoid potential photo-
damage to the target neurons [48]. To investigate the recording
performance of the modified and unmodified optrodes in a similar
biological environment, four neighboring recording sites of each
optrode array (illustrated in Fig. 12(C)) were modified using PEDOT/
PSS-PVA/PAA IPNs in a standard procedure prior to use. The tip of
the optrode (Fig. 12(D)) was enwrapped with polyethylene glycol
(PEG, MW ¼ 2000, SigmaeAldrich, US.) in order to enhance its
mechanical strength during implantation. To ensure illumination of
the recorded ChR2-expressing neurons, the tips of the recording
sites were w400 mm deeper than the optical fiber (Fig. 12(E)). The
fabricated optrode array is a hybrid optical stimulation-electrical
recording device that is highly suitable for chronic use in freely
moving animals (Fig. 12(F)).

3.4.3. Optrode EIS in vivo
The experimental data above suggests that the PEDOT/PSS-PVA/

PAA IPN film exhibits superior electrochemical characteristics and
stability comparedwith pure CPs, as well as good cytocompatibility.
The optrode arrays, the recording sites of which were modified
using the CP-hydrogel IPNs, were then implanted into the hippo-
campus of SD rats after virus injection for further studies. In Fig. 13,
the average impedance (at 1 kHz) of the modified and unmodified
recording sites of the optrode arrays over time are shown as
mean � standard error of the mean (mean � SEM). The average
impedance of the unmodified and modified optrode recording sites
tested in an ACSF is 674 kU and 233 kU, respectively. The decrease
in the percentage of the impedance after modification was lower
than the valuementioned in Section 3.2.3, whichmay caused by the
difference between standard glass sealed electrodes and polymer-
isolated electrodes, as well as the “edge effect” from the use of
smaller electrodes.

After implantation, the average impedance of the unmodified
optrode recording sites dramatically increased to the level of 1 MU,
while the average impedance of the modified optrodes was only
345 kU. This increase of impedance may be attributed to the lower
ionic conductivity in vivo than that found in the ACSF, as well as to
the immediate protein absorption on the optrode-neural interface
[21]. Afterward, the average impedance of the unmodified optrodes
increased to 1.2 MU between days 7 and 14, while the average
impedance of the modified optrodes was 453 kU. This increase in
impedance may due to an acute response aroused by implantation
trauma. Next, a chronic response occurred, and the glial encapsu-
lation layer around the optrode arrays became thinner and denser,
finally stabilizing [28]. Meanwhile, the impedance of both the
unmodified and modified optrodes was slightly decreased. The
chronic EIS study suggests that the modified optrode shows much
lower impedance in vivo, which may be a benefit from the superior
electrochemical characteristics (high pseudocapacitance and low
electrochemical impedance) and improved biocompatibility of the
modified optrode-neural tissue interface.



Fig. 12. Optrode array and optical fiber terminated with custom-made optical connector: (A) light off, and (B) light on. (C) Top view of optrode array. Tip of optrode array: (D) light
off, and (E) light on. (F) Optical stimulation and electrical recording using optrode array implanted in freely moving animal.
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3.4.4. Optical stimulation and electrical recording of optrode in vivo
The average RMS noise and SNR of the electrical recording

results of the ChR2-expressing neurons in the hippocampus with
and without optogenetic stimulation using the optrode array are
shown in Fig. 14(A). The signals were recorded immediately after
Fig. 13. Average site impedance of optrode arrays before and after modification at 1 kHz
The impedance of the optrode array was measured in ACSF prior to implantation and on t
implantation (n ¼ 6 rats). Before optical stimulation, the average
RMS potentials of the unmodified and modified optrodes were
9.31 mV and 8.51 mV, respectively, and the average SNRwas 5.42 and
6.18. This suggests that the recording noise decreased with
a decrease in impedance, which subsequently raised the SNR of the
over time (n ¼ 3 rats). The results are shown as mean � standard error of the mean.
he day of surgery.



Fig. 14. (A) Average RMS noise and SNR of electrophysiological recordings of ChR2-expressing neurons in hippocampus with and without light stimulation using optrode array
(n ¼ 6 rats). The results are shown as mean � standard error of the mean. (B) Percentage of sites recording low (SNR > 2), medium (SNR > 3), and extremely high (SNR > 5) quality
units.
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units. During optical stimulation, the average RMS voltages of the
unmodified and modified optrodes were increased to 13.65 mV and
10.00 mV, respectively, which may have been caused by light-
induced artifacts such as photoelectric effects and temperature-
dependent effects [49]. It was noted that the increased amplitude
of the modified optrodes was much lower than in the unmodified
optrodes, which may be a benefit from the high pseudocapacitance
of the deposited PEDOT/PSS-PVA/PAA IPN films.

In this study, the synapsin-ChR2 expressing neurons in the
hippocampus of the SD rats were activated by blue light at
a frequency of 10 Hz. The increased neuron activity elevated the
peak-to-peak voltage amplitude (App) of themeanwaveformof each
unit, and subsequently promoted the SNR of the modified optrodes
to 6.43.However, the SNRof theunmodifiedoptrodeswasdecreased
by the increase in RMS voltage during optogenetic modulation.

The percentage of sites recording low (SNR > 2), medium
(SNR > 3), and extra high (SNR > 5) quality units are shown in
Fig. 14(B). Before optical stimulation, nearly all of the unmodified
and modified optrode sites recorded waveforms categorized as
poor or better. 89% and 41% of the unmodified optrode sites
recorded waveforms categorized as medium and extra high,
respectively, in contrast to 98% and 48% for the modified sites.

Amore significant difference in the performance of themodified
and unmodified optrodes was observed during optical stimulation.
Only 81% of the unmodified optrode sites recorded waveforms
categorized as poor or better, compared to 98% for the modified
sites. The percentages of recorded waveforms categorized as
medium and extra high for the unmodified sites were 69% and 34%,
respectively, while the percentages for the modified sites were 87%
and 48%.

Typical raw data recorded in the ChR2-expressing neurons in
the rat hippocampus by the neighboring recoding sites of the
chronically implanted optrode array are depicted in Fig. 15
(n ¼ 3 rats for each group). Immediately after implantation, the
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continuous action potentials of the optogenetically activated
neurons were observed, which correlate to the frequency of light
stimulation (shown in Fig. 15(AeD)). The peak-to-peak spike
amplitudes recorded for the modified site are significantly larger
than for the unmodified site, while the voltage RMS is lower.

One week after implantation, optogenetic stimulation and
electrophysiological recordings were carried out in freely moving
SD rats (shown in Fig. 12(F) and Fig. 15 (EeH)). Continuous,
frequency-dependant action potentials were observed, but the
peak-to-peak spike amplitudes recorded for the modified and
unmodified sites were significantly decreased, whichmay due to an
acute tissue response at the optrode-neural interface. Nevertheless,
the peak-to-peak spike amplitudes recorded for the modified site
were remarkably larger than those recorded for the unmodified
site, while the signal quality remained almost at the same level
within 4 weeks (Fig. 15(J)), and the peak-to-peak spike amplitudes
recorded for the unmodified site decreased sharply (Fig. 15(I)).

The local field potentials (LFPs) were collected immediately after
implantation and at the end of the four-week study in order to
investigate whether the deposited PEDOT/PSS-PVA/PAA IPN films
could reduce low-frequency artifacts [22], as well as the influence
of tissue response to LFP recordings. The LFPs recorded for four
neighboring sites in the optrode array are shown in Fig. 15(K).
Voltage drifts at low frequencies (<1 Hz) were observed at the
unmodified sites in the optrode array, but were nearly removed at
the modified sites, which may be a benefit from the high pseudo-
capacitance of the PEDOT/PSS-PVA/PAA IPN coatings. Additionally,
the voltage amplitudes recorded at the modified sites at higher
frequencies (>1 Hz) are notably larger than at the unmodified sites,
suggesting a higher sensitivity in the recording of electrophysio-
logical events. Moreover, as shown in Fig. 15(K), the higher voltage
Fig. 15. Raw spike recordings of ChR2-expressing neurons in hippocampus with light stimul
Raw spike recording results of freely moving animals with light stimulation (blue bar) usin
results in freely moving animals with light stimulation (blue bar) using unmodified (I) and m
day of surgery (K) and on the 28th day (L). (For interpretation of the references to colour i
amplitudes at the modified recording sites remained in the LFP
recording throughout the 4-week experiment.

Generally speaking, benefitting from the merits of the electro-
deposited PEDOT/PSS-PVA/PAA IPN films, such as a high pseu-
docapacitance, low impedance, enhanced electrochemical and
mechanical stabilities, and tissue-friendlycharacteristics, thequality
of the electrophysiology read out obtained on themodified optrodes
improved significantly. In addition, as discussed in previous works
[50], a flexible conducting polymer-hydrogel IPN film bridges the
gap between a tough metal electrode and soft neural tissue, and
results in a more compatible optrode-neural interface.

In this study, chronic optogenetic modulation and electrophys-
iology recording were successfully achieved in freely moving
animals with the aid of modified optrode arrays. However, it should
also be noted that the quality of chronically recorded spontaneous
and light-evoked spikes were considerably lower than those
recorded immediately after implantation. The reason behind this is
complex and remains unclear. Some issues such as the tissue and
immune response at the optrode-neural interface in lentiviral-
expressing animals after optical stimulation, as well as the design
of advanced optrodes and optrode materials, still require further
systematic investigation.

One application area of the optrode array with great potential is
the developing neural-interface technology. Currently, most
developments of fully implanted brain control systems in animal or
human subjects have focused on recording and translating neural
spikes or LFP signals into output commands, and meanwhile, either
visual or auditory feedback has been given via the natural sensory
pathway. Moreover, in addition to how to “read out” from the brain,
there is growing interest in delivering (“write in”) the output state
information directly back into the sensory areas through electrical
ation (blue bar) using unmodified (A, B) and modified (C, D) optrodes on day of surgery.
g unmodified (E, F) and modified (G, H) optrode on seventh day. Raw spike recording
odified (J) optrode on 28th day. The raw LFP results of the optrode were obtained on the
n this figure legend, the reader is referred to the web version of this article.)
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or optical stimulation. However, artifacts in the electrical stimulus
create a significant challenge to systems designed for integrating
the two parallel technologies into a fully implanted closed-loop
feedback neural-interface system. Optical stimulation using
microbial opsins and fiberoptics may provide an optoelectronically
isolated, cell-type specified stimulation technique to restore and
substitute normal sensory input, which may be compatible with
the simultaneous detection of motor intention output. Additionally,
the optrodemay be a key hub to achieve a bi-directional interaction
between the central neural system and external artificial devices.

4. Conclusion

In this study, we demonstrated the feasibility and advantages of
an electrodeposited PEDOT/PSS-PVA/PAA IPN film for improving an
optrode-neural tissue interface. Conducting polymer-hydrogel IPN
films were fabricated by the electrochemical deposition of PEDOT/
PSS on swollen PVA/PAA IPN with a high bulk ionic conductivity
and an appropriate swelling ratio. This IPN film exhibited a signifi-
cantly higher capacitance and lower electrochemical impedance at
1 kHz as compared to unmodified optrode sites, and it also showed
improved electrochemical characteristics and stability (both
mechanical and electrochemical) as compared to the pure con-
ducting polymer films. The IPN film showed good cytocompatibility
with the neurons, presumably owing to the nano-scale surface
morphology as evidenced by the SEM study. Furthermore, we
investigated the feasibility of chronically optogenetic modulation
and electrophysiology recording using a custom-made implantable
optrode array modified by an electrodeposited PEDOT/PSS-PVA/
PAA IPN film in freely moving animals. Light-evoked, frequency-
dependant action potentials were observed on both the modified
and unmodified optrodes, but the electrical recording results
suggest that the modified optrodes exhibited lower impedance and
RMS noise and an improved SNR as compared to the unmodified
sites. All these characteristics are crucial to chronic implantable
optrode arrays used for exploring the temporally precise and
behavior-related interactions of neurons in specific circuits in freely
moving animals. Over all, this work has shown the great potential
for combining conducting polymers and hydrogels into neural
probes and has opened new avenues for investigation on new
methods for stabilizing or delivering bioactive materials such as
polypeptides and neurotrophins (NTs). Although some work has
been pursued and has shown improved outcomes, electrode tech-
nology is now facing new challenges to meet the extreme goal of
providing consistent performance in optogenetic applications.
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