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ABSTRACT

Extracellular microelectrodes have been widely used to measure brain activity, yet there are still
basic questions about the requirements for a good extracellular microelectrode. One common
source of confusion is how an electrode’s impedance affects the amplitude of extracellular spikes

and background noise.

Here we discuss how an electrode’s impedance affects data quality in extracellular recordings,
which is crucial for both the detection of spikes and their assignment to the correct neurons. This
study employs commercial polytrodes containing 32 electrodes (177 um?) arranged in a dense

array. This allowed us to directly compare, side-by-side, the same extracellular signals measured
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by modified low impedance (~100 kOhm) microelectrodes with unmodified high impedance (~1
MOhm) microelectrodes. We begin with an evaluation of existing protocols to lower the
impedance of the electrodes. The poly(3,4-ethylenedioxythiophene)-polystyrene sulfonate
(PEDOT-PSS) electrodeposition protocol is a simple, stable, and reliable method for decreasing
the impedance of a microelectrode up to tenfold. We next record in vivo using polytrodes that are
modified in a ‘chess board’ pattern, such that the signal of one neuron is detected by multiple
coated and non-coated electrodes. The performance of the coated and non-coated electrodes is then

compared on measures of background noise and amplitude of the detected action potentials.

If the proper recording system is used, then the impedance of a microelectrode within the range of
standard polytrodes (~ 0.1 to 2 MOhm) does not significantly affect data quality and spike sorting.

This study should encourage neuroscientists to stop worrying about one more unknown.
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INTRODUCTION

Throughout the electrophysiology literature, an electrode’s impedance magnitude measured at 1
kHz in a saline solution is regularly used as a proxy for its ability to detect the activity of
individual neurons [1]-[3]. The impedance is a measure of the ability of the electrode-solution
interface circuit to resist the flow of charge across the interface’s phases (i.e., from the ionic to

electronic conductor).
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Do high impedance electrodes reduce the amplitude of the signal and/or increase the background
noise? Clearly, lowering the signal-to-noise ratio (SNR) will make spike detection and sorting
more difficult. How exactly does electrode impedance affect SNR? Several studies have shown
an impact of electrode impedance on data quality [4]-[14]. However, there is also literature

showing that electrode impedance does not affect the extracellular spikes recorded [15]-[17].

Commercially available silicon probes, also called polytrodes, have relatively high impedance
electrodes due to their low surface area and small diameters (< 50 um), which are suitable for
recording single unit activity. Materials such as Au, Pt, and Ir are often used as the electrode

material in polytrodes, and lowering the electrode impedance prior to recording is a ‘standard’

step in various laboratories [17]. How does one lower the impedance of commercial polytrodes?

Electrodeposition is a simple and reproducible technique, yet has great flexibility to produce a
variety of coatings [4]. For more details about electrodeposition techniques see [18]. By
electroplating Au or Pt, the surface roughness increases and the electrode impedance decreases
[4], [17], [19], [20]. Over the last decade, conductive polymers, particularly poly(3,4-
ethylenedioxythiophene) (PEDOT), have been electrodeposited onto electrodes due to their
chemical stability and mechanical integrity when implanted in the brain [5], [6], [21]. Moreover,
when compared to metals, these polymers are typically softer materials offering a more intimate
contact between the electrode surface and brain tissue [22]. Prior to the electrodeposition, a
dopant is added to the synthesis solution to improve conductivity; the most common dopant

molecule is polystyrene sulfonate (PSS) [23], [24].

Our goal was simply to answer the question: ‘should I reduce the impedance of my polytrode

electrodes’? Despite the prevalence of this question in the field, a definitive answer is still
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lacking. It is important to understand the impact of a particular electrode impedance and

electrodeposition technique to determine if the effort to reduce impedance is necessary.

EXPERIMENTAL SECTION

Polytrodes
All experiments were performed with a commercially available 32-channel probe (A1x32-Poly3-
5mm-25s-177-CM32, NeuroNexus), with 177 um? area electrodes (iridium) and an inter-site
pitch of 22-25 um (Figure S1 from Supplementary Information). Following each surgery,
cleaning was performed by immersing the probe in a trypsin solution (Trypsin-EDTA (0.25 %),

phenol red, TermoFisher Scientific) for 30-120 minutes and rinsing with distilled water [25].

Coatings
NanoZ hardware and software (Neuralynx) was used to perform gold and PEDOT-PSS coating
depositions. Moreover, both coatings were galvanostatically deposited in a two electrode cell
configuration consisting of the probe microelectrodes individually selected as the working
electrode and a platinum wire as the reference electrode. The reference wire was placed around
the deposition cup while the probe was maintained at a fixed and equal distance to all points of
the reference wire. By selecting ‘“Manual Control’ from the NanoZ software it is possible to

select individual probe electrodes [26].

For the gold coatings, a commercial non-cyanide gold solution was obtained from Neuralynx.
The deposition solution for PEDOT-PSS consisted of 0.01 M of EDOT (Sigma-Aldrich, 97 %,
Mw = 142.18) and 0.1 M of PSS (Sigma-Aldrich, Mw = 1000000) dissolved in deionized water.
The optimal deposition parameters were -30 nA during 120 seconds for gold and +30 nA during

5 seconds for PEDOT-PSS [26]. Before and after the deposition, an electrode’s impedance
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magnitude at 1 kHz, in sterile phosphate buffer saline solution (PBS, 1 mM, pH 7.4), was
measured with the NanoZ. Post-deposition assessment of coating morphology was performed by

scanning electron microscopy (SEM-FIB, Zeiss Auriga).

Electrochemical characterization
The electrochemical behavior of the microelectrodes was studied in PBS (1 mM, pH 7.4) by
electrochemical impedance spectroscopy (EIS). For the electrochemical characterization, a
potentiostat (Reference 600, Gamry Instruments) was used with a three electrode cell
configuration where the probe microelectrodes were connected individually as the working
electrode, a platinum wire served as the counter electrode, and an Ag-AgCl (3 M KCI, Gamry
Instruments) as the reference electrode. The impedance was measured at frequencies from 1 Hz

to 100 kHz by applying a sinusoidal signal with an amplitude of 10 mV.

In vivo recordings
Before and after each surgery, the impedance magnitude of each electrode was measured using a
protocol implemented by the RHD2000 series chip (Intan Technologies) with the probe
microelectrodes placed in a dish with sterile PBS (1 mM, pH 7.4) and a reference electrode, Ag-

AgCl wire (Science Products GmbH, E-255).

For the surgeries under ketamine, Long Evans rats (400 to 700 g, both sexes) were anesthetized
with a mixture of ketamine (60 mg/kg) and medetomidine (0.5 mg/kg), and placed in a
stereotaxic frame. At the initial stage of each ketamine surgery, atropine was given to suppress
mucus secretion (0.1 mg/kg, atropine methyl nitrate, Sigma-Aldrich). For the surgeries under
urethane, rats (400 to 700 g, both sexes) of the Lister Hooded strain were anesthetized with

urethane (1.6 g/kg) and placed in a stereotaxic frame. At the initial stage of each urethane
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surgery, the animal was injected with atropine (0.05 mg/kg), temgesic (20 pug/kg) and rimadyl (5
mg/kg). Ketamine, medetomidine and urethane were administered by intraperitoneal injection,
while temgesic and rimadyl were administered by subcutaneous injection. Atropine was

administered by intramuscular injection

Anesthetized rodents then underwent a surgical procedure to remove the skin and expose the
skull above the targeted brain region. Small craniotomies (2 mm medial-lateral and 2 mm
anterior-posterior) were performed above the target area. The reference electrode Ag-AgCl wire
(Science Products GmbH, E-255) was inserted at the posterior part of the skin incision.
Equipment for monitoring body temperature as well as a live video system for performing probe
insertion were integrated into the setup. For the extracellular recordings we used the Open Ephys
[27] acquisition board along with the RHD2000 series interface chip that amplifies and digitally
multiplexes the signal from the 32 extracellular electrodes (Intan Technologies). Extracellular
signals in a frequency band of 0.1-7,500 Hz were sampled at 20 or 30 kHz with 16-bit resolution
and were saved in a raw binary format for subsequent offline analysis using the Bonsai

framework [28], [29].

Animal experiments under urethane were approved by the local ethical review committee and
conducted in accordance with Home Office personal and project (167952617; 70/8116) licenses
under the UK Animals (Scientific Procedures) 1986 Act. Animal experiments under ketamine
were approved by the Champalimaud Foundation Bioethics Committee and the Portuguese

National Authority for Animal Health, Direccdo-Geral de Alimentacéo e Veterinaria.
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Analysis
For the analyses described in the following, a third order Butterworth filter with a band-pass of
250-9,500 or14,250 Hz (95 % of the Nyquist frequency) was used in the forward-backward

mode.

The magnitude of the background noise was estimated from the median absolute signal,
assuming a normal noise distribution, gy.4ien = Median(|signal(t)|/0.6745) avoiding
contamination by spike waveforms [30]. Alternatively, the noise was defined as the standard
deviation (ogps) Of the signal [13]. Some results are also represented as mean * standard

deviation.

We ran Kilosort [31] on all the datasets with the maximum number of templates set to 128 (four
times the number of electrodes on our probe). This algorithm iteratively generates templates and
then uses these templates to detect and classify the individual spikes. Each spike is assigned to
the template that matches it best. Afterwards, we used Phy [32] to check the automatically
generated units/clusters. Phy is a graphical user interface for refining the results of spike sorting.
After the manual sorting we used functions to assess cluster quality (https://github.com/cortex-
lab/sortingQuality). The “well isolated” units considered for the analysis have simultaneously
low interspike interval (ISI) violations and contamination rates, and high isolation distances
values. Units with more than 50 spikes were considered for further analyses. Additionally, the
average peak-to-peak (P2P) amplitude of all spikes from each unit on a given recording site was

computed (see Figure S2 from Supplementary Information).
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RESULTS

Electrode coating
Figure 1a-c reveals the morphological differences between a pristine iridium electrode, PEDOT-
PSS coated electrode, and gold coated electrode (Figure 1a, b and c, respectively). Pristine
electrodes typically display a smooth surface with almost no irregularities (although some might
occur during to the microfabrication process). Gold coating creates a rough structure on the
electrode, which leads to an increase in surface area, one of the key factors in lowering the
impedance modulus at 1 kHz. PEDOT-PSS coated electrodes have a ‘fuzzy’ coating. For gold
coated electrodes (Figure 1c and d), we observed that even though the mean impedance after
coating is relatively low when compared to the pristine counter-part, these values tended to
increase following brain insertion. This may reflect the poor adhesion of the gold coating to the
iridium electrodes (Figure 1d). The gold instability and delamination was also observed in some
previous studies [13]. In the case of PEDOT-PSS (Figure 1b and e), the impedance values
remained stable for a long period of time, allowing for repeated surgeries and penetrations.
Therefore, taking into account the impedance value after PEDOT-PSS coating (values under 100
kOhm), the stability and resilience over time, this coating was considered ideal for reducing the
polytrode microelectrodes impedance. Figure 2a illustrates the microelectrode array design
employed to assess the impact of impedance on data quality (see also Figure S1 from
Supplementary Information). Electrodes were coated in a ‘chess board’ pattern such that the
signal of one neuron is detected by both coated and non-coated electrodes. The mean impedance
at 1 kHz for three polytrodes was 1.1 + 0.4 MOhm and 0.084 + 0.015 MOhm pre- and post-
coating, respectively. The deposition protocol is stable across probes and electrodes (npristine = 48

and npepot = 46) (Figure 2b).
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Figure 1. SEM images showing the surface morphology of electrodes from a commercial
polytrode in their original state, and after the coatings. (a) Pristine electrode, (b) PEDOT-
PSS coated electrode and (c) gold coated electrode; (d) Stability of gold coating for 8
electrodes from one polytrode (impedance variation of electrodes) after the deposition and
after an acute surgery. SEM image insert of the gold coating from one electrode after the
surgery; (e) Stability of PEDOT-PSS coating for 16 electrodes from one polytrode
(impedance variation of electrodes) for the duration of approximately 6 months with
surgeries being performed during that period. In the boxplots, line: median, square: mean,
box: 1st quartile-3rd quartile, and whiskers: 1.5 x interquartile range above and below the

box.

Noise characterization: in saline
First, the performance of PEDOT-PSS coated electrodes was compared to pristine electrodes in
terms of noise, both in saline solution and during in vivo recordings. The contribution of all non-
biological noise sources was measured by recording signals from single microelectrodes
immersed in a saline solution. The non-biological sources include the electronic noise due to the
amplifier, thermal noise, and noise associated with the double layer interface [9], [33]. At room
temperature, the actual noise measured in saline solution for pristine and coated microelectrodes
is shown in Figure 2c. The ogys and oyeqiqnvValues are similar in saline solution. The noise in
saline, the oy.qian Value, for the pristine electrodes was 5.6 + 0.4 puV, and for the coated

electrodes was 3.9 + 0.4 uV, which represents a reduction of about 30 %.

10


https://doi.org/10.1101/270058
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/270058; this version posted February 23, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

The thermal noise depends on the real part of the measured impedance and it is defined by

\/ 4kT | ; 12 Zrear Af , Where K is Boltzmann’s constant, T is the temperature in degrees Kelvin,

f1 and f2 are the lower and upper limits of the recording bandwidth in Hz, and Zrea is the real
part of the impedance in the respective frequency bandwidth (f1 to f2). The thermal noise
computed in the 200 — 8,000 Hz frequency band for pristine (n = 3) microelectrodes was 5.0 uV
and for coated (n = 3) microelectrodes was 2.8 uV (Figure 2d and for a detailed description see
Supplementary Information). Additionally, the electronic noise due to the amplifier in our
system, measured by shorting the headstage inputs, was 2.0 + 0.1 uV. We can predict the non-
biological noise value as the square root of the sum of the squared thermal noise (~ 5.0 uV and
2.8 uV for pristine and coated microelectrodes, respectively) and squared electronic noise (~ 2.0
uV). We found similar values for the total noise measured in saline (5.6 uV in non-coated and

3.9 uV in coated) and the predicted ones (5.4 pV in non-coated and 3.4 uV in coated).

Noise characterization: in vivo
We next recorded in vivo using polytrodes with the ‘chess board’ pattern described in Figure 2a.
These recordings were conducted in different brain regions and at different depths (Figure S3
and Table S1 from supplementary Information). Also, ketamine or urethane anaesthesia was used
to compare signal and noise levels recorded during different brain states (Figure 2e and f). Under
ketamine, the cortex switches between periods of high neuronal activity and periods of much
lower activity (up and down states)[34]. Under urethane anaesthesia, the activity is similar to

natural brain activity during sleep [35], [36].
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Figure 2. Impact of impedance on data quality. (a) Schematic of a polytrode where
electrodes were modified in a ‘chess board’ pattern. Red circles represent PEDOT-PSS
electrodes and blue circles represent pristine electrodes; (b) Stability of PEDOT-PSS
deposition protocol. Impedance measured for 3 polytrodes (npristine = 48 and npepot = 46).
Black points denote individual measurement for each electrode (3 measurements for each
electrode); (c) Noise ogys and 6 yegian Of recordings performed in PBS (npristine = 48 and
npepot = 46). (d) Impedance spectroscopy of PEDOT-PSS coated (n=3) and pristine (n=3)
electrodes shows a significant decrease in the impedance real value. The light purple shaded
area corresponds to the frequency range in which the thermal noise was computed; (e)1 s-
long raw data traces from 6 electrodes, 3 coated and 3 non-coated, from the recording
‘amplifier2014 11 25723 00_08.bin". This recording was carried out in cortex under
ketamine anaesthesia. Top: signals correspond to the 0.1-7.5 kHz frequency band. Bottom:
high-pass filtered traces to highlight spontaneous spiking activity. Green arrows indicate the
time of spikes identified for a putative neuron; (f) The same representation as in (e) for the
recording ‘amplifier2017 02_02T15_49_35.bin’. This recording was carried out in cortex
under urethane anaesthesia; (g) Representative putative neurons from each of the
recordings shown above. Left panel corresponds to the cortex/ketamine recording and right
panel to the cortex/urethane recording. Schematic of two polytrodes with red and blue
colored waveforms and circles denoting the electrodes with higher peak-to-peak
amplitudes from each unit, respectively. The asterisks indicates the electrode with the
highest amplitude P2P; (h) ogys and o yeqian Of 9 recordings performed in rat cortex, 6 of
wich under ketamine, and 3 under urethane (npepoT ket = 96, Npristine ket = 96, NPEDOT_ure = 48

and nNpristine_ure = 48); (i) The maximum P2P amplitude per unit for coated electrodes and for
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non-coated is plotted. The P2P amplitude averages from 109 clusters are plotted. In the
boxplots, line: median, square: mean, box: 1st quartile-3rd quartile, and whiskers: 1.5 x

interquartile range above and below the box.

Figure 2e, fand h highlight very different levels of noise in vivo due to variations in background
neural firing rate (i.e., biological noise level is highly variable). Note that, in general, the levels
of noise under ketamine are higher compared to urethane, due to the increase in this background
activity. Moreover, the values of noise vary with the method used to compute the noise
magnitude. Higher values for the noise in vivo were found when taking into consideration ogps
values, probably due to a contribution of spikes. The a5 Value is based on the standard
deviation of the signal, which increases with the firing rate [30]. Therefore, the oycqian NOISE
values were used to compare the noise between experiments, and within an experiment. Under
urethane, the oy.4iqan Values from coated electrodes are smaller compared to the non-coated
electrodes. On average, the oy.4iqn Value was reduced from 8.4 £ 0.4 uV in non-coated to 5.8 £
0.5 uV in PEDOT coated microelectrodes, a ~ 30 % reduction. Under ketamine the

OMedian NOISE Was 15.4 + 1.2 nV in non-coated and 14.8 + 1.3 pV in PEDOT coated
microelectrodes. The noise values found for in vivo recordings are highly variable (Figure 2h)
and the noise reduction observed in saline is likely preserved in vivo, yet masked by the much

larger variation in background spiking activity.

Does the difference in noise observed between coated and non-coated electrodes matter for

detecting spikes? Usually, the negative voltage deflection of a well isolated unit exceeds 40-70
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MV. Therefore, the benefits resulting from the ~ 2 pV noise reduction achieved by coating

electrodes would be largely irrelevant for detecting spikes.

Signal characterization: amplitude of action potentials
Although not resulting in a major reduction of noise at relevant frequencies, it is still possible
that coating electrodes might increase the magnitude of each spike’s signal. Figure 2g shows two
examples of putative neurons where each waveform corresponds to the average of all the spikes
from each unit on a given recording electrode. Additionally, red and blue colored waveforms and
circles denote electrodes where the peak-to-peak average amplitude is larger than half of the
maximum peak-to-peak average amplitude of the isolated unit. Therefore, they represent the

electrodes with the highest peak-to-peak amplitude from each unit.

For each of the 109 putative neurons sorted from 11 recordings, the largest average peak-to-peak
amplitudes from the pristine and PEDOT electrode groups were plotted (Figure 2 i). Therefore,
for each unit, two values are plotted in Figure 2i, corresponding to the pristine and PEDOT
channel with the largest average peak-to-peak amplitude. If the largest peak-to-peak amplitude
spikes are detected by the PEDOT coated electrodes (low impedance electrodes), then the scatter
points would fall above the unity line. However, if the largest peak-to-peak amplitude spikes are
detected in the pristine electrodes (high impedance electrodes) the scatter points would fall
below the line. Our results show that the probability of recording spikes exceeding an amplitude
peak-to-peak of 40 uV is similar for coated and non-coated electrodes. Therefore, there is no
obvious relationship between impedance and the peak-to-peak amplitude of sorted units in this

impedance range (100 kOhm to 1 MOhm).
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DISCUSSION

Side-by-side impedance comparison
The ability to record from closely-spaced electrodes permitted accurate comparisons between
electrodes with two very different impedance values. The PEDOT-PSS deposition protocol made
it possible to decrease impedance up to tenfold on average, from 1.1 £ 0.4 MOhm to 0.084 +
0.015 MOhm. We divided our noise analysis into non-biological noise (noise measured in saline
solution) and biological noise, where the level of noise was assessed during acute recordings
within the cortex of anesthetized rats. As expected with the impedance reduction, we found a
reduction in noise magnitude in saline after coating, since the thermal noise is proportional to the
square root of the real part of the impedance [9]. The reduction in impedance resulted in an
average ~ 30 % decrease in the non-biological noise. Nevertheless, when using electrodes in
vivo, this reduction in the thermal noise is largely overwhelmed by the much larger biological
noise and would not improve the detection of spikes with commercial polytrodes. Moreover, we
found no significant effect of impedance on spike peak-to-peak amplitude and detection
probability on both coated and non-coated electrodes. In summary, the impedance values found
at 1 kHz in commercial silicon polytrode microelectrodes don’t seem to affect data quality
during spike recording. Moreover, the entire dataset used to quantify the effect of an electrode’s
impedance on data quality is available online (http://www.kampff-lab.org/polytrode-impedance/)

and summarized in Table S1 of the Supplementary Information.

But why such different views about the role of impedance?
Electrophysiological studies routinely report two different views of the impact of impedance on

data quality. Many studies show that decreasing the impedance improves the signal-to-noise
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ratio, while others find that impedance did not affect the data quality or subsequent analysis.

Here we will attempt to rectify these discrepant views.

In studies where researchers use tetrodes and single microwires, lowering the impedance is
beneficial because a low-impedance electrode minimizes signal loss through shunt pathways
(usually capacitive coupling to ground). Shunt capacitance can be significant in long, thinly-
insulated electrode wires that connect a recording site to the pre-amplifier [37]. Thus, for tetrodes
and microwires, lowering impedance will result in a larger signal for both local field potentials
and spikes [4]. However, with silicon polytrodes, shunt capacitance is much smaller and does not

appear to cause signal attenuation for typical values of polytrode electrode impedance [38].

However, if polytrodes, particularly those with higher impedance values (> 2 MOhm), are used
with an amplifier that has a (relatively) low input impedance, then a voltage-divider is formed
between the electrode and amplifier. The amplifier from Intan Technologies has an input
impedance of 13 MOhm, and with electrode impedances of 1 MOhm and 100 kOhm, the signal
loss is around 7 % and 1 %, respectively, which may be negligible, but for an electrode with 3
MOhm impedance, this signal loss is around 20 %. For more detailed explanation, see Figure S4

from Supplementary Information.

Do we need to coat our polytrode electrodes? No, assuming we have a good amplifier and low
shunt capacitance. But we propose that microelectrode coatings, in chronic applications, may do
more than just reduce the impedance. Some coatings may help to promote cell health at the
electrode surface and minimize the immune response of surrounding brain tissue. Strong neural
attachment to implanted electrodes is desirable as it increases interface stability and improves

electrical transfer across the tissue-electrode interface [3], [22], [39], [40]. We thus propose that
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we stop worrying about impedance magnitude (as long as it stays well below the input

impedance of the amplifier) and start focusing on bio-compatible materials [39], [41], [42].

Supporting Information

Information about the commercial polytrode, an example of one of the 109 putative neurons, a
detailed explanation about the thermal noise calculation, information about the acute recordings
performed in anesthetized rat brain, summary of the dataset gathered to quantify the effect of
electrode impedance, and a detailed explanation about the effect of electrode’s impedance on

signal amplitude.

Corresponding Author

Joana P. Neto, Sainsbury Wellcome Centre, University College London, London, United

Kingdom (joanasneto@gmail.com).

Author Contributions

J.P.N,, G.L., J.F. and A.R K. conception and design of research; J.P.N., J.LF., J.N., and P. Baido
performed experiments; J.P.N. and A.R K. analyzed data; J.P.N., J.F., and A.R.K. interpreted
results of experiments; J.P.N. and A.R.K. prepared figures; J.P.N. and A.R.K. drafted manual.

All authors have given approval to the final version of the manuscript.

Funding Sources
This work was supported by funding from the European Union’s Seventh Framework Programme
(FP7/2007-2013) Grant Agreement 600925 and the FCT-MCTES Doctoral Grant

SFRH/BD/76004/2011 (to J. P. N.) and Bial Foundation Grant 190/12.

18


https://doi.org/10.1101/270058
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/270058; this version posted February 23, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

Note

under aCC-BY-NC-ND 4.0 International license.

Readers are alerted to the fact that additional materials related to this manuscript may be found at

http://www.kampft-lab.org/polytrode-impedance/.

ACKNOWLEDGMENT

We would like to thank the institutional support and funding provided by the Champalimaud

Foundation, CENIMAT/I3N and Sainsbury Wellcome Centre (funded by the Gatsby Charitable

Foundation and the Wellcome Trust).

REFERENCES

[1]

[2]

[3]

[4]

A. P. Alivisatos, A. M. Andrews, E. S. Boyden, M. Chun, G. M. Church, K. Deisseroth, J.
P. Donoghue, S. E. Fraser, J. Lippincott-Schwartz, L. L. Looger, S. Masmanidis, P. L.
McEuen, A. V Nurmikko, H. Park, D. S. Peterka, C. Reid, M. L. Roukes, A. Scherer, M.
Schnitzer, T. J. Sejnowski, K. L. Shepard, D. Tsao, G. Turrigiano, P. S. Weiss, C. Xu, R.
Yuste, and X. Zhuang, “Nanotools for neuroscience and brain activity mapping.,” ACS

Nano, vol. 7, no. 3, pp. 1850-66, Mar. 2013.

N. A. Kotov, J. O. Winter, L. P. Clements, E. Jan, B. P. Timko, S. Campidelli, S. Pathak, A.
Mazzatenta, C. M. Lieber, M. Prato, R. V. Bellamkonda, G. a. Silva, N. W. S. Kam, F.
Patolsky, and L. Ballerini, “Nanomaterials for Neural Interfaces,” Adv. Mater., vol. 21, no.

40, pp. 3970-4004, Oct. 2009.

Y. Nam, “Material considerations for in vitro neural interface technology,” MRS Bull., vol.

37, no. 6, pp. 566572, Jun. 2012.

J. E. Ferguson, C. Boldt, and A. D. Redish, “Creating low-impedance tetrodes by

19


http://www.kampff-lab.org/polytrode-impedance/
https://doi.org/10.1101/270058
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/270058; this version posted February 23, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

electroplating with additives,” Sensors Actuators A Phys., vol. 156, no. 2, pp. 388-393, Dec.

2009.

[5] K. A. Ludwig, J. D. Uram, J. Yang, D. C. Martin, and D. R. Kipke, “Chronic neural
recordings using silicon microelectrode arrays electrochemically deposited with a poly(3,4-
ethylenedioxythiophene) (PEDOT) film,” J. Neural Eng., vol. 3, no. 1, pp. 59-70, Mar.

2006.

[6] K. A.Ludwig, N. B. Langhals, M. D. Joseph, S. M. Richardson-Burns, J. L. Hendricks, and
D. R. Kipke, “Poly(3.,4-ethylenedioxythiophene) (PEDOT) polymer coatings facilitate

smaller neural recording electrodes,” J. Neural Eng., vol. 8, no. 1, p. 14001, Feb. 2011.

[71 E. W. Keefer, B. R. Botterman, M. 1. Romero, A. F. Rossi, and G. W. Gross, “Carbon
nanotube coating improves neuronal recordings.,” Nat. Nanotechnol., vol. 3, no. 7, pp. 434—

9, Jul. 2008.

[8] A. Ansaldo, E. Castagnola, E. Maggiolini, L. Fadiga, and D. Ricci, “Superior
electrochemical performance of carbon nanotubes directly grown on sharp

microelectrodes.,” ACS Nano, vol. 5, no. 3, pp. 220614, Mar. 2011.

[9] G. Baranauskas, E. Maggiolini, E. Castagnola, A. Ansaldo, A. Mazzoni, G. N. Angotzi, A.
Vato, D. Ricci, S. Panzeri, and L. Fadiga, “Carbon nanotube composite coating of neural
microelectrodes preferentially improves the multiunit signal-to-noise ratio,” J. Neural Eng.,

vol. 8, no. 6, p. 66013, Oct. 2011.

[10] T.D. Y. Kozai, Z. Du, Z. V. Gugel, M. A. Smith, S. M. Chase, L. M. Bodily, E. M.

Caparosa, R. M. Friedlander, and X. T. Cui, “Comprehensive chronic laminar single-unit,

20


https://doi.org/10.1101/270058
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/270058; this version posted February 23, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

multi-unit, and local field potential recording performance with planar single shank

electrode arrays,” J. Neurosci. Methods, vol. 242, pp. 1540, Mar. 2015.

[11] Z. Zhao, R. Gong, L. Zheng, and J. Wang, “In vivo neural recording and electrochemical
performance of microelectrode arrays modified by rough-surfaced aupt alloy nanoparticles

with nanoporosity,” Sensors (Switzerland), vol. 16, no. 11, p. 1851, 2016.

[12] J. Du, T. J. Blanche, R. R. Harrison, H. A. Lester, and S. C. Masmanidis, “Multiplexed,
High Density Electrophysiology with Nanofabricated Neural Probes,” PLoS One, vol. 6,

no. 10, p. €26204, Oct. 2011.

[13] K. M. Scott, J. Du, H. a Lester, and S. C. Masmanidis, “Variability of acute extracellular
action potential measurements with multisite silicon probes.,” J. Neurosci. Methods, vol.

211, no. 1, pp. 22-30, Oct. 2012.

[14] T. Chung,J. Q. Wang, J. Wang, B. Cao, Y. Li, and S. W. Pang, “Electrode modifications to
lower electrode impedance and improve neural signal recording sensitivity,” J. Neural Eng.,

vol. 12, no. 5, p. 56018, Oct. 2015.

[15] S. Suner, M. R. Fellows, C. Vargas-Irwin, G. K. Nakata, and J. P. Donoghue, “Reliability
of signals from a chronically implanted, silicon-based electrode array in non-human primate
primary motor cortex.,” I[EEE Trans. Neural Syst. Rehabil. Eng., vol. 13, no. 4, pp. 52441,

Dec. 2005.

[16] X.Cui, V. A. Lee, Y. Raphael, J. A. Wiler, J. F. Hetke, D. J. Anderson, and D. C. Martin,
“Surface modification of neural recording electrodes with conducting polymer/biomolecule

blends.,” J. Biomed. Mater. Res., vol. 56, no. 2, pp. 261-72, Aug. 2001.

21


https://doi.org/10.1101/270058
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/270058; this version posted February 23, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

[17] S. A. Desai, J. D. Rolston, L. Guo, and S. M. Potter, “Improving impedance of implantable
microwire multi-electrode arrays by ultrasonic electroplating of durable platinum black.,”

Front. Neuroeng., vol. 3, no. May, p. 5, 2010.

[18] L. Santos, J. P. Neto, A. Crespo, P. Baido, P. Barquinha, L. Pereira, R. Martins, and E.
Fortunato, “Electrodeposition of WO3 Nanoparticles for Sensing Applications,” in

Electroplating of Nanostructures, InTech, 2015, pp. 1-22.

[19] X. Cui and D. C. Martin, “Fuzzy gold electrodes for lowering impedance and improving

adhesion with electrodeposited conducting polymer,” Most, vol. 103, pp. 384-394, 2003.

[20] G. Marton, 1. Bakos, Z. Fekete, 1. Ulbert, and A. Pongracz, “Durability of high surface area
platinum deposits on microelectrode arrays for acute neural recordings,” J. Mater. Sci.

Mater. Med., vol. 25, no. 3, pp. 931-940, 2014.

[21] T.D.Y. Kozai, K. Catt, Z. Du, K. Na, O. Srivannavit, R. M. Haque, J. Seymour, K. D.
Wise, E. Yoon, and X. T. Cui, “Chronic In Vivo Evaluation of PEDOT/CNT for Stable

Neural Recordings.,” IEEE Trans. Biomed. Eng., vol. 63, no. 1, pp. 111-9, Jan. 2016.

[22] R. A. Green, N. H. Lovell, G. G. Wallace, and L. A. Poole-Warren, “Conducting polymers

for neural interfaces: Challenges in developing an effective long-term implant,

Biomaterials, vol. 29, no. 24-25, pp. 3393-3399, Aug. 2008.

[23] U. A. Aregueta-Robles, A. J. Woolley, L. A. Poole-Warren, N. H. Lovell, and R. A. Green,
“Organic electrode coatings for next-generation neural interfaces,” Front. Neuroeng., vol.

7, no. May, p. 15, May 2014.

22


https://doi.org/10.1101/270058
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/270058; this version posted February 23, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

[24]

[25]

[26]

[27]

[28]

[29]

[30]

under aCC-BY-NC-ND 4.0 International license.

N. K. Guimard, N. Gomez, and C. E. Schmidt, “Conducting polymers in biomedical

engineering,” Prog. Polym. Sci., vol. 32, no. 89, pp. 876-921, Aug. 2007.

J. P. Neto, G. Lopes, J. Frazao, J. Nogueira, P. Lacerda, P. Baido, A. Aarts, A. Andrei, S.
Musa, E. Fortunato, P. Barquinha, and A. R. Kampff, “Validating silicon polytrodes with
paired juxtacellular recordings: method and dataset,” J. Neurophysiol., vol. 116, no. 2, pp.

892-903, Aug. 2016.

P. Baido, “Nanostructuring silicon probes via electrodeposition: Characterization of

electrode coatings for acute in vivo,” 2014.

J. H. Siegle, A. C. Lopez, Y. A. Patel, K. Abramov, S. Ohayon, and J. Voigts, “Open Ephys:
an open-source, plugin-based platform for multichannel electrophysiology,” J. Neural Eng.,

vol. 14, no. 4, p. 45003, Aug. 2017.

G. Lopes, N. Bonacchi, J. Frazao, J. P. Neto, B. V Atallah, S. Soares, L. Moreira, S. Matias,
P. M. Itskov, P. A. Correia, R. E. Medina, L. Calcaterra, E. Dreosti, J. J. Paton, and A. R.
Kampff, “Bonsai: an event-based framework for processing and controlling data streams.,”

Front. Neuroinform., vol. 9, p. 7, Jan. 2015.

Bonsai, “Bonsai,” 2017. [Online]. Available: http://bonsai-rx.org/. [Accessed: 31-Oct-

2017].

R. Q. Quiroga, Z. Nadasdy, and Y. Ben-Shaul, “Unsupervised spike detection and sorting
with wavelets and superparamagnetic clustering.,” Neural Comput., vol. 16, no. 8, pp.

1661-87, Aug. 2004.

23


https://doi.org/10.1101/270058
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/270058; this version posted February 23, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

[31]

[32]

[33]

[34]

[35]

[36]

[37]

under aCC-BY-NC-ND 4.0 International license.

M. Pachitariu, N. Steinmetz, S. Kadir, M. Carandini, and K. D. Harris, “Kilosort: realtime
spike-sorting for extracellular electrophysiology with hundreds of channels,” Cold Spring

Harbor Labs Journals, Jun. 2016.

C. Rossant, S. N. Kadir, D. F. M. Goodman, J. Schulman, M. L. D. Hunter, A. B. Saleem,
A. Grosmark, M. Belluscio, G. H. Denfield, A. S. Ecker, A. S. Tolias, S. Solomon, G.
Buzsaki, M. Carandini, and K. D. Harris, “Spike sorting for large, dense electrode arrays,”

Nat. Neurosci., vol. 19, no. 4, pp. 634—641, Mar. 2016.

A. Hassibi, R. Navid, R. W. Dutton, and T. H. Lee, “Comprehensive study of noise
processes in electrode electrolyte interfaces,” J. Appl. Phys., vol. 96, no. 2, pp. 1074-1082,

Jul. 2004.

M. Ruiz-Mejias, L. Ciria-Suarez, M. Mattia, and M. V Sanchez-Vives, “Slow and fast
rhythms generated in the cerebral cortex of the anesthetized mouse,” J. Neurophysiol., vol.

106, no. 6, pp. 2910-2921, Dec. 2011.

E. A. Clement, A. Richard, M. Thwaites, J. Ailon, S. Peters, and C. T. Dickson, “Cyclic and
Sleep-Like Spontaneous Alternations of Brain State Under Urethane Anaesthesia,” PLoS

One, vol. 3, no. 4, p. e2004, Apr. 2008.

S. Pagliardini, S. Gosgnach, and C. T. Dickson, “Spontaneous Sleep-Like Brain State
Alternations and Breathing Characteristics in Urethane Anesthetized Mice,” PLoS One, vol.

8, no. 7, p. €70411, Jul. 2013.

D. A. Robinson, “The electrical properties of metal microelectrodes,” Proc. IEEE, vol. 56,

no. 6, pp. 1065-1071, 1968.

24


https://doi.org/10.1101/270058
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/270058; this version posted February 23, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

[38]

[39]

[40]

[41]

[42]

under aCC-BY-NC-ND 4.0 International license.

M. E. J. Obien, K. Deligkaris, T. Bullmann, D. J. Bakkum, and U. Frey, “Revealing
neuronal function through microelectrode array recordings,” Front. Neurosci., vol. 8, no.

JAN, p. 423, Jan. 2015.

M. Jorfi, J. L. Skousen, C. Weder, and J. R. Capadona, “Progress towards biocompatible
intracortical microelectrodes for neural interfacing applications,” J. Neural Eng., vol. 12,

no. October, p. 11001, 2015.

G. Kook, S. Lee, H. Lee, 1.-J. Cho, and H. Lee, “Neural Probes for Chronic Applications,”

Micromachines, vol. 7, no. 10, p. 179, Oct. 2016.

R. V. Bellamkonda, S. B. Pai, and P. Renaud, “Materials for neural interfaces,” MRS Bull.,

vol. 37, no. 6, pp. 557-561, Jun. 2012.

S. Chen and M. G. Allen, “Extracellular matrix-based materials for neural interfacing,” MRS

Bull., vol. 37, no. 6, pp. 606613, Jun. 2012.

25


https://doi.org/10.1101/270058
http://creativecommons.org/licenses/by-nc-nd/4.0/

Pristine

PEDOT-PSéS

¥

¥

N
=

12| @ 1 kHz (Ohm)
=

D G- Afeme g
Pristine Gold Gold Pristine PEDOT-PSS
Deposition  After Surgery Deposition After After After
Surgery  Surgery Surgery
#1week #3weeks #6 months



https://doi.org/10.1101/270058
http://creativecommons.org/licenses/by-nc-nd/4.0/

A 117 pm B C D

iv preprint d his versfonposted-February 23,2018 Fhecopyright hold thispre y S
rtified by pe has _granted iv a license to ﬂwégyame preprint in p ify. It is made available
A 1M '1CC-%_(-I\C-ND .U International license: oML
< ~ =
ogl =
e = 6 % E uf
N E L
= 100k ® <
py E 2 T 100k E
a 4
o I = .
N =z
10k
10k - — 2 . , . | 1k
PEDOT-PSS Pristine Pristine PEDOT  Pristine PEDOT B AP Th ) P P A P
© ® Frequency (Hz)
Raw data F Raw data
E Cortex/Ketamine Cortex/Urethane

15 T T ———

W T —
20 MW/\N"M»

: T -

Voltage (uV)
>

5
High-pass filtered data High-pass filtered data
Cortex/Ketamine Cortex/Urethane
@ e - Pt
2 @t ey @ e
> ® ' W; f r\'ﬂf @ frer gt
©
;, WW" Wv fousmnti w @ i ] i 1
@ gt < ot
F.”‘f’ 1“”' ’Wv f i‘h'\w ® | ™ ri ‘ 500 pV
G A /77N A & A A A A
/S v 15 e —V™~ 2ms
20 1"
o — i * 15
16 1
Ly
% 26 5 16
—~ —_ S
\ v ==
—_— —
600 le

Hippocamus/Urethane e Cortex/Urethane e Cortex/Ketamine

Ketamine Urethane
o
35 Orms O edian IGRMS ‘ F’Median ‘ = Rr .
30} 1t ] 2 gL ‘
= 25} 1T 1 = ©
>
= 20—%5% 1T 1 2 gl :
9 15/ $:#L] i ] a O
> L] L]
2 e § L .
£ 10t é 2 o . &7 .
8 == E‘ Sr i o .
o o .
z # < 3L o Sl *
5- 1 & N 2 s> a.' ‘
; i i i ; . L . a o ® o e e
Pristine PEDOT Pristine PEDOT Pristine PEDOT Pristine PEDOT ST e :. °

100 200 300 400 500 600 700
P2P Amplitude Pristine (uV)


https://doi.org/10.1101/270058
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/270058; this version posted February 23, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

11.3 mm

(%]
(]
©
o
=
+—
O
Q
]
(9
(a0}



https://doi.org/10.1101/270058
http://creativecommons.org/licenses/by-nc-nd/4.0/

Cluster3

Cluster 3
Cluster 3

(=]
(=1
™~

o
)

) a3eyo
(Arl) abe3joA (AT) a3eljon

Cluster 3
cluster3

(=T =]
(=T =]
~N o

(A1) 23e3j0A


https://doi.org/10.1101/270058
http://creativecommons.org/licenses/by-nc-nd/4.0/

A B C

bioRxiv preprint doi: https://doi.org/10.1101/270058; this version posted Februgr 23, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the autl ygger, who has granted bioRxiv a ligénse to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4. ional license.

Tcm


https://doi.org/10.1101/270058
http://creativecommons.org/licenses/by-nc-nd/4.0/

A

i(t)
bioRxiv preprint doi: https://doi.org/10.1104/270058;-this version posted February 23, 2018. The copyright holder for this preprint (which was
not certified by pger review) is the autl ho hag/ granted bioRxi ﬂcense to disgRawisataeprint in perpetuityzﬁﬁ ade available
nt ional license.

3Y-NC-NE‘ pat
o Wﬂ/\\

ref

Currents

— 4k —lr —Ingt

B < P
AV ?
/N
\) Ze’ Vv )
e — +
Za_e’
o 4 R, a olution
1 Amplifier < wﬂéﬁw solut
‘ Za ref’ e

Z
ref = ref ref’



https://doi.org/10.1101/270058
http://creativecommons.org/licenses/by-nc-nd/4.0/

