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ARTICLE INFO ABSTRACT

The impedance of electrode and photostimulation artifacts (short-duration and high-amplitude spikes) are still
hindering the employment of silicon-based neural probe in optogenetics. A fiber-based optrode modified with a
double-layer platinum black-poly (3,4ethylenedioxythiophene) PEDOT/poly (4-styrenesulfonate) PSS (Pt-PP)
coating has been developed for improvement of neural recording quality and mitigation of photoelectric artifact
simultaneously. The Pt-PP coating was made by layer-by-layer electrochemical deposition followed by the ul-
trasonication and Cyclic Voltammetry (CV) scanning to verify its mechanical and electrochemical stability. Both
in-vitro and in-vivo experiments demonstrated that Pt-PP coated optrode had outstanding recording performance
(high signal-to-noise ratio about 9.64) and low photoelectric amplitude (850 uV). The artifact recovery time of
Pt-PP coated optrode (0.3 ms) after photostimulation was significantly decreased when compared to platinum
black (6 ms) or PEDOT/PSS (0.7 ms) coated one which has potential to retain high-quality neural signals in
animal experiments. At last, the optogenetics experiments revealed the capability of Pt-PP coated optrode to
record the change in neural spike rate with certain spatial resolution and shorter artifact recovery time. These
results suggest that Pt-PP coating has great potential for neural electrodes in the application of neuroscience.
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1. Introduction

Optogenetics has emerged as an effective tool for neural scientists to
understand the architecture and function of neural system circuits in
recent years, which is a new technology to achieve cell-type specific
neuromodulation with millisecond-scale temporal precision (Goncalves
et al., 2017). The employment of light activation or inhibition for
evaluating neural system network dynamic requires synchronous ap-
plication of neural recording techniques and external network mod-
ulation (Li et al., 2018; Wu et al., 2015). Combining optogenetics and
electrophysiological recordings is the tendency to achieve the ultimate
goal of catalyzing new treatments for brain disorders and diseases, such
as dysfunctional parkinsonian motor control (Kravitz et al., 2010; Vazey
and Aston-Jones, 2013), blindness (Henriksen et al., 2014) and de-
pression (Lobo et al., 2012). The silicon-based neural probes are turning
into welcome recording tools in neural science due to the high density,
customization of recording sites and the repeatability low unit costs
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meet the demand of batch fabrication schemes (Fekete, 2015).

So far, two specific challenges arise when combining optical sti-
mulation and silicon-based neural probe recordings in-vivo. The first
one is the direct laser beam striking metal which can induce electrical
artifacts with various short duration and high amplitude during elec-
trophysiological recordings (Cardin et al., 2009; Han et al., 2009;
Khurram and Seymour, 2013). These artifacts whose emerged causes
ranging from possible photoelectric effects to temperature-dependent
effects on electrode conduction properties. It can contaminate bio-
signals and preclude useful data from being acquired (Cardin et al.,
2010). The interface material and impedance level of electrode are
relevant to the artifact (Khurram and Seymour, 2013). Glass-based
optrodes have been reported to mitigate the artifact (Canales et al.,
2015; Dufour et al., 2013; LeChasseur et al., 2011). However, limited by
the quantity of the recording sites, high spatial and temporal resolution
is unachievable for glass-based optrodes. The second challenge is the
electrode sites of silicon-based neural probe downsized to microscale
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with a diameter ranging from 7.5 um to 20 um, whose primordial thin-
film Aurum (Au), Platinum (Pt), and Iridium (Ir) would all produce
significant noise without additional steps to increase surface roughness
or decrease impedance (Seymour et al., 2017). Modification of the
electrodes is an effective way to lower the impedance and recording
noise (Luo et al., 2019; Zeng et al., 2019). As is known, electroplated Au
(Du et al., 2009), platinum black (Rui et al., 2012), reactive sputtering
of tin (Weiland et al., 2002), and sputtered iridium oxide (Ji et al.,
2018; Negi et al., 2010) are common modification methods, which
show significantly improvement of electrode performance. Nonetheless,
the surface photoelectric effect in thin metal overlayers has been one of
the most long-standing problems in metal physics (Petersen and
Hagstrom, 1978; Wallden, 1985) which give rise to intense electric
artifact to vitiate useful neural signal. Therefore, it is urgent to develop
a low recording noise electrode-tissue interface for signal quality im-
provement without intense photoelectric artifact.

Over the last decade, inherently conducting polymers, particularly
poly (3, 4-ethylenedioxythiophene) doped with poly (4-styr-
enesulfonate) (PEDOT/PSS) has been studied in neural probe and
prosthetic research as a means of improving the electrode-tissue inter-
face (Cogan, 2008; Ludwig et al., 2006). It can greatly ameliorate the
electrode-tissue communication by reducing impedance and increasing
charge injection limit dramatically (Kovalenko et al., 2010). Compared
with the metal, conductivity in polymer materials arises from the pre-
sence of conjugated double bonds along the backbone of an insulative
structure (Green et al., 2008) rather than the loosely held electrons
which may absorb energy from photons. Meanwhile, it is hard to
manufacture photosensitive polymeric materials for the lack of special
chromophore groups in them to absorb a photon (Aleksandrova, 2007),
which explain the poor photosensitivity performance of polymeric
materials. Hence, the PEDOT/PSS coating is able to mitigate photo-
electric artifact to some extent. However, challenges in conducting
polymers include poor electroactive stability and mechanical properties
which limit its application in long-term implantation in-vivo (Green
et al., 2008; Kozai et al., 2016; Zhang and Zhao, 2012).

Taking the performance of noble metals and conducting polymers
into account, in this study, we report a double-layer platinum black-
PEDOT/PSS (Pt-PP) coating for the application of neural recording
combined with optogenetics. The double-layer Pt-PP coating was ob-
tained by electrochemical layer-by-layer deposition. A thin layer of
platinum black was electroplated by pulse current under ultrasonica-
tion firstly to roughen the surface of Au electrode, and then the gal-
vanostatic method was applied to electroplate another layer of PEDOT/
PSS coating. The performance of recording stability and improvement
of signal to noise ratio, especially the mitigation of photoelectric arti-
fact by Pt-PP coating were verified. To the best of our knowledge,
electrochemical modification of electrode to alleviate photoelectric
artifact during optogenetics has rarely been reported.

2. Materials and methods
2.1. Regents and materials

All solutions, if not specified, were prepared in deionized water (DI).
PSS and EDOT were purchased from Sigma Aldrich Chemicals Co.
(USA). Chloroplatinic acid, lead acetate and phosphate buffered saline
(PBS, pH7.4) were purchased from Sinopharm Chemical Reagent
Co.,Ltd (China). ACF (AC-7813KM) was purchased from Hitachi che-
mical Co.,Ltd (USA). SOI wafers were purchased from RDMICRO
Co.,Ltd (China).

2.2. Microelectrodes fabrication
Figure S1 showed the fabrication process of the silicon-based mi-

croelectrodes. A P-type, silicon-on-insulator (SOI) was chosen as sub-
strate. The thickness of the silicon device layer, the buried oxide layer
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and the handle layer of the SOI were 30 um, 2pum, and 475pm re-
spectively. A detailed description of the fabrication process is shown in
our previous work (Wang et al., 2018b). The microelectrode has four
shafts with a dimension of 8 mm length, 100 pm width and 30 pym
thickness, 32-channel distribute over 4 shanks uniformly and every four
recording sites with area of 121 ym? merge into a tetrode (Fig. S2).

2.3. Construction of the fiber-based optrode

To obtain optrode that enable both electrophysiology recording and
optical stimulation of local cluster of neurons, the micro-scale optical
fiber and home-made silicon microelectrodes was assembled together.
A flexibility Polyimide (PI) cable joint the microelectrodes and Printed
circuit board (PCB) together (Fig. S3) with the aid of anisotropic con-
ductive film (ACF). Firstly, the probe was placed on the glass slide, a
layer of ACF was stuck on the surface of bonding pads, then the first
ACF lamination was operated at 140°C, and 0.14 MPa for 3s after
alignment of bonding pads with the heat head of the ACF attachment
machine. After the releasing film of ACF was peeled off, placed the PI
cable on the surface of the ACF coated bonding pads and a precise
alignment was conducted under a microscope. Then the final bonding
was operated at 240 °C, and 0.18 MPa for 18s after alignment of PI
cable with the heat head of the ACF attachment machine. The ACF
bonding process of the PCB with the PI cable was similar to that of the
probe with the PI cable.

After the microelectrode was packaged, the integration of optical
fiber to microelectrode started with the treatment of optical fiber. A
diamond knife was used to incise fiber so as to obtain a smooth output
facet. After that, the probe was mounted on a glass slide. The optical
fiber was placed on the shank of silicon probe with the aid of micro-
manipulators under microscopic view. When the fiber was in right place
where fiber output facet should be 100 ym away from the recording
sites (Royer et al., 2010). A needle tubing was used to infuse the epoxy
around the fiber at the root of probe. The glass slide was placed for
15 min in an oven maintained at 70 °Cfor immobilization of the epoxy.

2.4. Preparation of electrolyte and electrochemical deposition

The electrolytes for platinum black deposition included the fol-
lowing: Firstly, 1.5g Chloroplatinic acid (3%) was added to 50 ml
deionized water and stirred for 10 min to dissolve, then 5mg lead
acetate was added.

The electrolytes for PEDOT/PSS deposition consisted of the fol-
lowing: Firstly, 250 mg PSS was added to 50 ml deionized water, then
ultrasonic treatment was made for 5min and stirred for 10 min to
dissolve the components. Lastly, 0.01 M EDOT was added, and the so-
lution was stirred for 1 h to obtain the electrolyte solution.

The best modification parameters were identified by measuring the
electrochemical impedance spectrum (EIS) of modified electrode with
different deposition cycles (platinum black) and deposition time
(PEDOT/PSS). After multiple comparison experiments (Fig. S4), the
best modification parameters were obtained as follows: the electro-
chemical deposition of platinum black was carried out under ultra-
sonication. Repetitive current pulses (duty ratio of 5ms: 500 ms, peak
current density of 4.5mA/cm?, cycles of 200) was generated with
electrochemical workstation (CHI660C,CH instrument) by using a gold
rod as the reference and the counter electrode. Then the constant cur-
rent (current density of 0.2mA/cm?, time of 10 min) was applied to
electroplate PEDOT/PSS in a three-electrode cell with a Pt foil as
counter electrode and saturated calomel electrode (SCE) as reference
electrode. Meanwhile, two optrodes were modified with single layer
platinum black and PEDOT/PSS respectively. The modification para-
meters are the same with double Pt-PP coating to investigate the dif-
ference of optrodes modified with three coatings.
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2.5. In-vitro characterization

The electrochemical properties of the microelectrodes were closely
related to the performance of electrophysiological signal recording.
Both the cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) test were carried out by using Autolab (PGSTAT204,
Switzerland) with a Pt foil as counter electrode and SCE as reference
electrode in phosphate-buffered saline (PBS, 0.1M, pH 7.4). Applied
frequency of EIS ranged from 0.1 Hz to 100 kHz at an amplitude of
10 mV. The potential range of CV scan was from —0.6V to 0.8 Vat a
scanning rate of 0.1 V/s.

The interference of photoelectric artifact to microelectrodes ser-
iously depended on the amplitude and the recovery time. Light-induced
artifacts show an onset ramp that continues for the duration of a sti-
mulus which able to submerge biosignals and preclude useful data from
being acquired during stimulation (Cardin et al., 2010). Photoelectric
artifact and background noise tests were performed in a shielding box.
The fiber-based optrode was fixed at a 3D micromanipulator and im-
mersed in PBS solution (0.1M, pH 7.4) with an optical fiber connect to
473 nm laser source (BL473T3-100FC, Laser& Optical Century) which
transmitted blue light to the tip of microelectrodes. The signal acqui-
sition system was composed of an RHD2000 Evaluation System (Intan
Technology, LA, CA) connected to a computer with sampling frequency
20 kHz and band-pass filtered from 250 to 8000 Hz. A series of blue
light with frequency of 10 Hz, duration of 50 ms, optical power of 0.03,
0.3, 1, 2, 6,9, 12mW were used to investigate photoelectric artifact.
The background noise and photoelectric artifact in PBS solution were
recorded without or with light radiation respectively.

The largest component of background noise in-vitro is thermal noise
which can be defined as follows:

Vioise = V4KTZAF (€8]

where k is Boltzman's constant, T is the temperature, AF is the fre-
quency band of interest and Z is the impedance at the frequency band of
interest (Ludwig et al., 2006). Therefore, the recorded noise in-vitro
varies with the impedance of the electrode when T and /\F are certain
values. The root-mean-square (RMS) noise voltage for each recording
with electrodes in PBS solution was calculated by Matlab and the re-
cording performance of electrode was characterized. The negative
amplitude of photoelectric artifact is defined as “the generated negative
photovoltage amplitude at the time when light is on” and the recovery
time is defined as “interval from the generation of photovoltage to the
amplitude decreasing to baseline”.

2.6. In-vivo experiment

In-vivo experiment was performed on male adult mice infected with
Thy1-ChR2-YFP (Jackson Labs 07615). All animal studies and experi-
mental procedures were approved by the Animal Care and Use
Committee of the Institute of Neuroscience, Chinese Academy of
Sciences, Shanghai, China. The isoflurane was used to narcotize mice
before surgery, then the skull was exposed after scalp and soft tissue
were removed and rinsed with 3% hydrogen peroxide solution and
filtered artificial cerebrospinal fluid (ACSF) with cotton applicators.
Next, a layer of tissue adhesive (Kwik-Sil) was daubed on the surface of
the skull and then a steel plate was placed which was fixed by dental
cement. After that, the mice were settled at the stereotaxic frame by the
steel plate and craniotomies of ~2mm in diameter were operated
above the Ventral tegmental area (VTA). Finally, the fiber-based op-
trodes were implanted to the working sites where 4.2 mm below the
cortical surface and the PCB was fixed on the metal plate by dental
cement for the chronic implantation.

In chronic animals recording experiments, the male adult mice were
undergone normal feeding for four weeks after optrodes implantation.
The recording was carried out to testify the electrical recording and
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prolonged implantation stability of optrodes modified with different
coatings. PEDOT/PSS coated optrode was not carried in-vivo experiment
for its poor electroactive stability, mechanical stability in long-term
chronic experiments (Green et al., 2008; Kozai et al., 2016; Zhang and
Zhao, 2012).

A Multi-channel Neural Acquisition Processor (Plexon Inc, Dallas,
TX) was used to record neural signals which were amplified and band-
pass filtered. The neural signals were sampled at 40 kHz and band-pass
filtered from 250 to 8000 Hz, while local field potentials were band-
pass filtered from 0.5 to 250 Hz. Animals were settled in an electrically
shielded box during recording. In-vivo optogenetic experiments, a series
of blue light with power of 2mW (corresponding to 255 mW/mm?),
frequency of 1, 5, 10, 20, 40 Hz (5ms duration, 10 pulses for each
frequency) were applied simultaneously with signal recording.

OfflineSorter was applied to perform Offline spike detection. Raw
signals were filtered in 250-8000 Hz. Typically negative three times of
standard deviation of recorded signals were set as thresholds for de-
tecting spike events and deflections lower than the threshold were
marked as putative spike events. The maximal peak-to-peak amplitude
of each cluster was identified as signal amplitude. The data used for
RMS noise voltage calculation should be pure noise data after all spike
waveform segments 250us before and 750ps after the threshold
crossings have been removed, then the Matlab was used to calculate the
RMS noise (Wang et al., 2018a). So, the signal-to-noise ratio (SNR) for a
given cluster was defined as follows:

SNR = Signal Amplitude / (2 x Averaged RMS Noise Voltage) (2)

3. Results and discussion
3.1. Construction and modification of the fiber-based optrode

The schematic diagram of the construction and modification of the
fiber-based optrode is shown in Fig. 1a. The package of silicon-based
microelectrode was made by the ACF bonding to rear-end PCB, and
then a single-mode optical fiber was fixed at root of the probe by epoxy.
Fig. 1b shows the microelectrode used throughout this work compared
with a coin. It is tiny enough only about 0.035g which has little effect
on the normal life of mice in long-term implantation. The partition view
of ACF bonding was shown in Fig. 1d. The trenches encircled bonding
pad have a depth about 32 um and a dimension of 150 um X 400 pm
which is large enough to satisfy the area of ACF bonding (Wang et al.,
2018a). The conductive particles were only released from Au bonding
pads to realize unidirectional conduction (Fig. S5). Fig. 1e shows the
optical fiber with smooth outlet facet is assembled into the center of
four shanks. The outlet of fiber should be about 100 um away from the
nearest recording site to ensure the light-evoked neural activity well
recorded.

The fiber-based optrode was modified with double-layer Pt-PP
coating to improve the recording performance as illustrated in Fig. 1lc.
A thin layer of platinum black (black circle) was electroplated via pulse
current under ultrasonication to roughen the surface of Au electrode,
then the galvanostatic was applied to electroplate another layer of
PEDOT/PSS (red circle) on platinum black with rough and porous
surface. The reproducibility of this modification method was also ver-
ified (Fig. S6). In brief, the batch fabrication technique, construction
and modification method are important to ensure the consistency of the
fiber-based optrode.

3.2. Recording performance characterization

The recording performance of Pt-PP coated optrode was firstly
verified by electrochemical testing. The measurement of charge storage
capacity (CSC) using CV is a common way of electrode material char-
acterizing. Fig. 2a illustrates that the CV curve of Pt-PP coated optrode
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(a) ACF Bonding

Optical fiber

PEDOT: PSS
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has a larger enclosed area than PEDOT/PSS coated optrode and thence
holds a larger CSC, which meant excellent charge injection capacity.
While the reductive peak at about —0.3 V of platinum black is attribute
to pseudocapacitance property (Merrill et al., 2005). Impedance at
1 kHz is important for neural recording electrodes for the pulse width of
an action potential is approximately 1ms (Khurram and Seymour,
2013). From Fig. 2b and c, the EIS curve shows Pt-PP coated optrode
has two orders lower magnitude of impedance than bare Au in all fre-
quency ranges and the phase angle of Pt-PP coated optrode is similar to
PEDOT/PSS at low frequency (1-100 Hz) and similar to platinum black
at high frequency (10°-10°Hz). Meanwhile, the impedance of Pt-PP
coating decreases to 47 kQ lower than PEDOT/PSS (91 kQ) and pla-
tinum black (58k€) at 1kHz which indicate good electrochemical
performance of Pt-PP coating (Fig. 2d, n = 3). The inset in Fig. 2d
shows the electroplating consistency of Pt-PP coating on the bare Au
electrodes.

The background noises in PBS solution recorded by signal acquisi-
tion system of different modification electrodes are shown in Fig. 2e.It
shows obvious noise burrs in Au electrodes and the RMS noise was
321 pV. The noise burrs disappeared and noise baseline dropped rapidly
after modification. The RMS noises of PEDOT/PSS, platinum black, Pt-
PP coating are 111 puV, 92V and 59 uV respectively, which is in ac-
cordance with impedance performance showed in Fig. 2b. In a word,
compared to PEDOT/PSS and platinum black, the Pt-PP coated optrode
shows outstanding performance in recording ability.

3.3. Photoelectric artifact characterization

The photoelectric artifact tests were carried out in a shielding box to
isolate electromagnetic interference in the air as shown in Fig. 3a. The
waveforms of photoelectric artifact recorded in PBS solution are illu-
strated in Fig. 3b, c, d. As the optical power increases, the artifact
amplitude induced by photons augments as well, but the trend of
augment and waveform are different which depends on different
modified materials. Meanwhile, the amplitude of photoelectric artifact
of Pt-PP coated optrode falls to almost 0 mV at optical power of
0.03 mW (corresponding to 3.82 mW/mm?) which is enough to activate
opsin-expressed neurons (Stark et al., 2012). The histograms in Fig. 3e
show the Pt-PP coated optrode obtains the lowest negative artifact
amplitude which attribute to the direct light irradiation on polymeric
material (PEDOT/PSS), and the lower impedance spectrum of Pt-PP
coated optrode accounted for the lower artifact amplitude than PEDOT/
PSS coated one, because the impedance level of electrode is positive
related to the artifact (Khurram and Seymour, 2013). Compared to
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Fig. 1. The construction of the Pt-PP coated
optrode. (a)The assembly of the fiber-based
microelectrode. (b) A homemade micro-
electrode compared with a coin. (c) The
schematic diagram of the Pt-PP coating
patterning at the surface of Au electrode via
layer-by-layer deposition. (d) The partition
view of the ACF bonding structure. (e) The
micrograph of an optical fiber fixed at the
tip of the probe, and the outlet of fiber is
about 100 um away from recording sites.

platinum black, the negative artifact amplitudes of Pt-PP and PEDOT/
PSS coated optrodes decrease by 58.5 = 0.9% (n = 3) and 42.6 = 1%
(n = 3) respectively at optical power of 2mW. The recovery time
marked in artifact waveforms of different coatings is illustrated in
Fig. 3f. Pt-PP coated optrode holds the shortest recovery time (0.3 ms)
which is able to greatly retain useful neural signal in-vivo.

3.4. Stability experiment

The mechanical agitation and CV scanning were applied to measure
the mechanical and electrochemical stability of Pt-PP coating on elec-
trodes. The detailed description of test is shown in our previous work
(Wang et al., 2018b). Firstly, a CV scanning was performed from
—0.6V to 0.8V in PBS solution with a scanning rate of 1V/s and
scanning cycles of 10000 to research the electrochemical cycling sta-
bility. Then, the optrode was inserted into brain model made of agarose
shown in the inset of Fig. 4a, an ultrasonic bath was applied with a
power of 50 W to simulate the micromotion of brain tissue. The im-
pedance spectrum error diagram of electrode before and after CV
scanning and sonication treatment are illustrated in Fig. 4a. The im-
pedance at 1 kHz increases by 9.5 = 0.7% (n = 3) and CSC value de-
creases by 4.2 = 1.8% (n = 3) after 10000 CV cycles. On this basis,
increment of impedance 7.8 = 1.2% (n = 3) at 1 kHz and decrement of
CSC 3.9 = 1.3% (n=3) are obtained after 100 min sonication
(Fig. 4b). The SEM images of bare Au and platinum black coated
electrode are shown in Fig. 4c and d. Bare Au electrode displays a
smooth surface while electrode modified with platinum black obtains
rough and porous surface (inset in Fig. 4d) which can enhance the
mechanical strength of later PEDOT/PSS electroplating. The CV scan-
ning and ultrasonication experiments confirm that Pt-PP coated op-
trodes are qualified to execute long term recording in-vivo.

3.5. In-vivo neural recording and optogenetics experiment

The outstanding recording performance of Pt-PP optrode is shown
in Fig. 5. As illustrated in Fig. 5a, b,the spikes are more apparent in Pt-
PP coated optrode than platinum black coated one on account of lower
background noise, and this may give the credit to the outstanding
electrochemical performance of Pt-PP coating described in section 3.2.
The corresponding SNR of the Pt-PP and platinum black coated elec-
trodes are 9.64 and 7.14 respectively. Fig. 5¢ shows the representative
neuronal spikes recorded from Pt-PP coated optrode with average peak-
to-peak amplitude of 220 pV and corresponding firing rate of 7 Hz
(Fig. 5d). The principal component analysis of the recorded spikes is
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Fig. 2. The electrochemical characterization of Bare Au, PEDOT/PSS, PtBlack, Pt-PP coated optrode. (a) CV and (b, c¢) EIS diagrams of Bare Au, PEDOT/PSS, PtBlack,
Pt-PP coated optrode. (d) The histograms show the impedance at 1 kHz of Pt-PP coated optrode lower than PEDOT/PSS, PtBlack coated optrode, (the inset shows the
micrograph of Pt-PP coating modified microelectrodes). (e) The background noise of electrode modified with different coatings recorded in PBS solution with a
sampling rete of 20 kHz, and Pt-PP coated electrode shows the lowest RMS noise of 59 V.

shown in Fig. 5e, and the 3D cluster of each spike indicates little
otherness.

Optogenetics experiments were carried out by applying a train of
laser pulses with power of 2 mW at the outlet of the fiber in VTA and
recording neural signal simultaneously (Fig. 6a). Fig. 6b shows the 16
channels spontaneous action potentials recorded from Pt-PP coated
optrode during three laser pulse trains. Fig. 6¢c and d shows the

recorded signal during a laser pulse train and the negative artifact
amplitudes for platinum black and Pt-PP coated optrodes are about
2300 = 100pV (n = 3) and 850 = 100 puV(n = 3) respectively. The
frequency change has little effect on the artifact amplitude. On the
other hand, the enlargement of one artifact waveform (Fig. 6e and f)
from Fig. 6¢c and d at frequency of 10 Hz illustrates the recovery time
(1.11 ms) of Pt-PP coated optrode is lower than platinum black coated
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one (2.45ms). The laser pulses (duration of 5ms, frequency of 10 Hz)
are competent for activating the ChR2-expressed neurons in VTA(Eshel
et al., 2015). The neural spiking events can be recorded obviously
during light pulse stimulation (Fig. S10) owing to the shorter recovery
time and lower amplitude of Pt-PP coated optrode can greatly retain
useful signal. The difference of the recovery time between in-vivo and
in-vitro tests at power of 2 mW may attribute to the refractive index of
brain tissue. Fig. 6g illustrates the raster pattern and recorded signal in
electrode 1 (Fig. 6i) of Pt-PP coated optrode before and after a train of
laser pulses. Each vertical line in raster pattern represents a spiking
event, the black line represents non responsive spiking event while the
blue line represents light modulation spiking event whose firing rate is
modulated by light pulse. Neural waveform 1 and waveform 2 are re-
corded in different electrodes and illustrated in Fig. 6i, the waveform
and trend of firing rate in Fig. 6h are almost the same which indicate
the two waveforms are fired by the same neuron whose position is
closer to electrodel. Meanwhile, both of the firing rates increased sig-
nificantly when the laser was turned on and return to normal after the
laser was turned off, which demonstrated the neuron was modulated by

blue light. The results reveal that Pt-PP coated optrode is competent for
long-term optogenetics application.

4. Conclusions

In conclusion, we have developed a fiber-based optrode modified
with a double-layer Pt-PP coating for improvement of neural recording
performance and mitigation of photoelectric artifact simultaneously.
The recording performance of Pt-PP coated optrode was investigated by
CV, EIS and background noise tests in PBS solution. The results illu-
strated the outstanding recording performance of Pt-PP coating with
lower impedance at 1 kHz and background noise (59 uV) than PEDOT/
PSS and platinum black coating. Meanwhile, photoelectric artifact ex-
periments in-vitro demonstrated the shortest recovery time of 0.3 ms
and lowest artifact amplitude for Pt-PP coated optrode. In-vivo experi-
ments proved higher SNR, lower artifact amplitude and shorter re-
covery time in the recording signals for Pt-PP coated optrode than
platinum black coated one. Besides, the mechanical and electro-
chemical stability were verified by 100 min of ultrasonication and
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10000 cycles of CV scanning tests. In short, the Pt-PP coating is an
excellent candidate in the application of neural interface for the high
SNR ensure the quality of recording signal and the lower artifact am-
plitude and shorter recovery time can greatly retain useful signals in
optogenetics experiments. The shortcoming is the recording wires in-
duced artifact can't be mitigate by Pt-PP coating, thus future work will
focus on how to eliminate artifact by replacing electrode materials and
make advance in probe structure to avoid direct light exposure of
electrodes and recording wires.
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