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Abstract

This study is focused on the particular advantagesorganic-based devices to
measure cells that do not generate action potenago known as non-electrogenic
cells. While there is a vast literature about tpeli@ation of organic conductors to
measure neurons, cardiomyocytes and brain tisglesyical measurements of non-
electrogenic cells are rare. This is because nectrelgenic cells generate weak
signals with frequencies below 1 Hz. Designing Ioaise devices in a millihertz
frequency range is extremely challenging due toitiensic thermal and f/itype
noise generated by the sensing electrode. HereJen®nstrate that the coating of
cellulose nanofibers with conducting PEDOT:PSS alllows the fabrication of a
nanostructured surface that establishes a lowrelalcdouble-layer resistance with
liquid solutions. The low interfacial resistancemtmned with the large effective
sensing area of PEDOT:PSS electrodes minimizeshéirenal noise and lowers the
amplitude detection limit of the sensor. The elgitr noise decreases with frequency
from 548 nVr.m.s at 0.1 Hz to a minimum of 6 nV r.m.s for fuegcies higher than
100 Hz. This low noise makes it possible to meadowe frequency bioelectrical
communication signals, typical of non-electrogeoétls, that have until now been
difficult to explore using metallic-based microdhlecle arrays. The performance of
the PEDOT:PSS-based electrodes is demonstratedcbyding signals generated by
populations of glioma cells with a signal-to-noiaéio as high as 140.

* Correspondence to: hgomes@ualg.pt

T Present affiliation: Center of electronics opto#laaics and telecommunications
(CEOT), Universidade do Algarve.

Keywords: PEDOT:PSS, Printed electronics, Bactegallulose, Extra-cellular
electrodes, Non-excitable cells.



1- Introduction

Organic conductors and semiconductors are widalg@ed as ideal materials
to develop the next generation of electrophysiaalsensing devices [1-4)rganic-
based electronics possesses the desired mechaoingpliance with soft matter and
elicit signals with a better signal-to-noise raf®NR) than conventional metallic
electrodes [5-10]. A number of studies in the &tere have demonstrated the
superior performance of organic semiconductors whearporated into structures,
such as simple electrodes or transistors [11],etmond bioelectrical signals from
electrogenic cells, like neurons [6,12,13] and manyocytes [14—16] and even for in
vivo recordings [17,18].

The good electrical performance of organic-basedcde is part due to the low
interfacial impedance, when in contact with liqui€rganic conducting polymers,
and in particular, poly(3,4-ethylenedioxythiophepe)ystyrene  sulfonate
(PEDOT:PSS), have an extremely high capacitancsmaiiet al.[19] showed for the
first time the intriguing feature that the capacga in PEDOT:PSS films scales with
their thickness and introduced the concept of veliim capacitance [20].

The origin of the high capacitive behavior has batso addressed by Volkov et
al.[21] who related the high capacitance with tldymer morphology. The authors
based their arguments on the fact that as PEDOT.&8Sists on a two-phase
structure, formed by hole-conducting PEDOT-richimggaand ion-conducting PSS-
rich grains, the capacitance originates from eleaitdouble layers formed along the
interfaces between nano-scale PEDOT-rich and R@Ssierconnected grains.

While the capacitance of PEDOT:PSS electrodes elghtrolyte solutions has been
well-documented, the corresponding parallel int@diaresistance, often also named
charge transfer resistance or ionic resistancéefbuble layer, has not received so
much attention, probably because scientists in dhé have focused on recording
action potentials. Action potentials generated leyirons or cardiac cells are fast
varying signals occurring in milliseconds; theiwlampedance path is the interfacial
capacitor. The corresponding parallel resistaneehgh impedance path for alternate
(ac) signals and essentially only contributes ttssethermal noise. Nonetheless, it is
desirable to have a relatively low resistance bseatimproves the signal-to-noise
ratio.



When recording signals generated by non-electrageslis, the low frequency<1
Hz) noise is of utmost importance. For frequenbiglew 1 Hz, both the thermal noise
and the I/ noise, also known as pink noise [22], combinentoe@ase the noise of the
sensing electrode. This problem is aggravated leyltv amplitude of the non-
electrogenic cell signals, typically below iv'.

In biology, low frequency signals are particulamnglevant because there is an
enormous variety of cell-cell communication meckars that use extremely low
frequency {<mHz) signals. For example, cancer cells use le@guency signals to
proliferate, migrate and synchronize their actiy$,24]. Recently, the measurement
of bioelectrical signals generated by non-electnogecells has started to attract
attention. Using gold-based electrodes, we prelyaeported the recording of these
low frequency signals in astrocyte populations @nglioma cells [25-28], and others
have also reported the recording of signals intatescancer cells [29] using similar
electrodes. Other approaches have used organid-baaesistors to stimulate
astrocytes [30] and silver nanowires to recordoagte signals [31]. However, the
detection of these low frequency cellular signalthva good signal-to-noise ratio
relies on the use of very large sensing areadr@nge). This strategy has two severe
handicaps: firstly, there is a total lack of spatesolution and, secondly, the co-
occurrence of many uncorrelated signals resultaniroverall signal that resembles
noise.

In this study, we propose that organic-based deyidee to their low interfacial
resistance with liquids, offer a disruptive teclogy to access an important class of
low frequency bioelectrical communications in ndeegrogenic cells. The low
interfacial resistance of organic devices has twpdrtant roles that are presented and
discussed. First, the low resistance minimizeghkemal noise and, second, provides
a low impedance path for slow varying or long-lagtisignals. This steady-state
component of the signal contributes to increased¢herded signal strength, therefore
increasing the SNR.

With the perspective of taking full advantage o€ telectronic properties of the
organic thin films, we deposited PEDOT:PSS on badteellulose (BC) substrates.
BC is a biomaterial produced by some non-pathogbaateria in the form of wet
membranes [32]. In comparison with plant celluld3€, has several advantages such

as high purity, superior water uptake capacity amechanical robustness. In the



context of PEDOT:PSS-based electrophysiologicaiogsy BC offers a number of
crucial advantages. Particularly relevant is thedyadhesion of PEDOT:PSS to the
BC substrates. PEDOT:PSS does not delaminate frénsubstrates, as often occurs
in flat substrates, such as glass. In addition,8€ a peculiar 3D porous structure
composed of nano- and micro-fibrils [32] whose miopbughness provides an
enhanced active area to contact with cells. Furteach microarchitecture and
porosity can be adjusted by controlling the baatéermentation process [33]. The
high affinity for water results in hydrogel-like grerties, which are ideal to host cells.
In addition, BC is approved by United States Food Brug Administration (FDA) to
be used in biomedical devices [34] and it has leegxored in tissue engineering [35],
wound healing [36,37], and drug delivery [38—43]cang others. However, to the best
of our knowledge, the use of BC membranes has né&emn addressed for
electrophysiological-based devices.

The basic concepts of the interfacial electricaulde-layer and the role of each
impedance component (capacitance and resistanciearecorded signal shape and
thermal noise is presented. Then, the low frequengyedance of PEDOT:PSS
deposited either on glass or on bacterial cellul@g) is compared with a gold
electrode. The thermal noise of the different semsurfaces is compared to establish
the detection limit of each type of electrode. Tell-characterized beating of a
zebrafish heart is used to benchmark the relateréopnance of each of the sensing
surfaces being analyzed. The optimized sensor uBB®OT:PSS on bacterial
cellulose is then applied to record oscillatiomgliioma cells. Finally, the advantages
of using PEDOT:PSS-based electrodes in low frequetectrophysiology studies are
discussed.



2- Material and methods

Fabrication of nanofibrous bacterial cellulose

Bacterial cellulose membranes were produce@hyonacetobacter sacchari strain,

in Hestrin and Schramm (HS) medium, using glucaseasbon source [44]. In more
detail, flasks with thés. sacchari bacteria were kept in static conditions, at 30fec,
96 hours. After that period, the membranes wereweh and treated three times with
0.5 M of sodium hydroxide, at 90 °C, for 30 minuté$terwards, the membranes
were purified by washing with distilled water. Inder to obtain thin membranes, wet
membranes were dried at 40 °C.

Electrodes

A standard ink-jet printer (DMP-2831, Fujifilm Dirtba Material Printer) was used to
print the sensing devices. Poly(3,4-ethylenediowyghene):polystyrene sulfonate,
also known as PEDOT:PSS, was purchased from AGFAja@rd™. The
PEDOT:PSS ink was loaded into a proprietary cag&idnodel (DMC-11610,
Fujifilm). Each printed electrode was the resulteajht consecutive prints, resulting
in 8 layers of PEDOT:PSS, which corresponds toicktiess of approximately 500
nm. The samples were annealed on a hot plate &€ 66r 8 hours. After annealing,
the films were immersed into ethylene glycol (E@Y ahen dried in a vacuum oven
at 60°C for 12h.

Gold electrodes were deposited by thermal evamoratough a shadow mask. The
electrodes are approximately 200 nm thick.

The electrode design consisted of parallel fingéts equal dimensions, with a depth
(D) of 0.5 mm, lengthW) of 10 mm, and separated by a gap distabhy®f(0.5 mm,
forming a total printed electrode area of 5 m@nly 2 mnf was used for sensing. A
photograph of the fabricated electrodes made af gold PEDOT:PSS on bacterial
cellulose and of PEDOT:PSS on a glass slide is showig.1 (b).

Electrical and atomic for ce microscopy characterization

The entire electrical system was maintained witaitarge iron Faraday cage to
minimize external interference. The small-signalp@dance measurements were
carried out using an RCL meter (Fluke PM 6306)himita frequency range 50 Hz-1
MHz, by applying an ac voltage of 50 mV. Electricadise measurements were
performed using low noise voltage and current pneldiers (SR 560, and the SR

570 Stanford Research Systems) configured for eiagted input. The pre-



amplifiers were connected to a dynamic signal am@al\{DSA) (35670A, Agilent).
The DSA recorded the output signal of each predimplby applying uniform
windows with unitary amplitude to the input signg@ifoceeded by an FFT to
determine the spectral signal densigy).( The output noise for the setup using the
SR560 is given by&(f) = (S(f) /Av)?, whereS(f) is the r.m.s noise measured in
V/NHz for a given frequency, ar, is the gain of the ampilifier.

The power spectral density was measured by divithiecgfull frequency range (¥0
10° Hz) in several shorter ranges. The total smoofimdler spectrum was obtained
by joining the 15 shorter frequency bands i.e. 6125 12.5 Hz, 25 Hz, 50 Hz, 100
Hz, 200 Hz, 400 Hz, 800 Hz, 1.6 kHz, 3.2 kHz, 6Hzk12.8 kHz, 25.6 kHz, 51.2
kHz and 102.4 kHz. All frequency spans representasarage of at least 100
continuous recordings.

Due to redox reactions at the electrode-cell iatmf DC voltage levels appear at the
sensing electrodes. This DC offset causes a diffeleDC input signal that can
saturate a high-gain DC-coupled differential angif[45]. The DC offset was
removed by adjusting a tuning capacitance usindrtm-end offset potentiometer of
the SR 560 amplifier.

3 or 4 pairs of sensing electrodes for each typemaferial and substrate were
characterized. Although, there is a small varigbibf the impedance and noise
caused by the material processing, there is alsabiity caused by the mounting of
the sample holder. Because it is difficult to distnate both sources of variability,
statistical analysis of electrical measurementsnedsarried out.

The bacterial cellulose surface was characterizedtdmic force microscopy (AFM)
using a NanoObserver from Concept Scientific Imegnts (CSI). The sample
morphology was analyzed in noncontact mode usilcpsi probes from APPNano
with a radius smaller than 10 nm. The obtained esagere processed and analyzed
using Gwyddion software.

A Studentdg-test was used to evaluate the statistics of tp@asito-noise ratio and to
estimate the significance leve)(

Histogram analysis was used to evaluate the redobdest of ultra-low frequency
signals generated by the Rat C6 glioma cells. Tisedram uses bin distributed
logarithmic in frequency.

Biological material

Rat glioma cells C6 (ATCE CCL-107") were cultured in F-12K nutrient medium



supplemented with 15% fetal horse serum, 2.5% fetline serum, and 1%
penicillin and streptomycin. The cells were mainéai in an aseptic environment at
37 °C in a CQincubator (Thermo Scientific Midi 40) with a hunfidd atmosphere
and 5% CQ. The cells were harvested and 50,000 cells wexresterred to the
sensing device in 40QL of medium. The cell suspension generated a cenftlu
monolayer of cells that covered the entire devigéase.

A zebrafish heart, when kept in a suitable envirentncan beat in a reproducible
way for a period as long as 8 hours. This is endungl to move the heart to different
electrodes and record the corresponding cardia@akighree experiments with three
different zebrafish hearts were carried-out. Howetree data presented here refers to
a single heart, the strongest beating one. Thendigmee of SNR on the electrode
material was identical in all hearts tested.

Zebrafish were anesthetized and sacrificed by irsimeiin water with an overdose of
300 mg.L* ethyl-3-aminobenzoate methane sulfonate salt (M$2Zthe hearts from
the zebrafish were surgically extracted and pldaoedrebs solution (40QuL) at 24
°C. Under these conditions the hearts kept be#&bingp to 24 hours. The size of the
zebrafish heart is about 1 mm and it beats aboidgetw second. Fish care and
experimentation complied with the national legishatfor the use of laboratory
animals under a Group-1 license issued by the Wetgr General Directorate of the

Ministry of Agriculture, Rural Development and Festes of Portugal.
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Fig. 1. Electrodes and sample holders. (a) Schend&igram of the device and the

electrical connections to the amplifier. (b) Photgans of the three types of electrodes
fabricated. (c) Schematic model of the sensor ensimple holder, (d) Photograph of
the fabricated prototype.

3- Reaults

The goal of this study was to demonstrate the twid-fole of the electrical
double-layer (EDL) resistance on the quality of teeorded bioelectrical signal. The
results are divided into three parts. The firstt gaifocused on the role of the EDL
resistance in minimizing the thermal noise. The ctetele performance is
demonstrated in the high frequency region (kHz)nbgasuring the beating of a
zebrafish heart. The second part demonstratesotbeof the EDL resistance on the
shape of the signal. Finally, in the third part, lgasuring signals in populations of
glioma cells, we demonstrate the performance of dleetrodes in the ultra-low

frequency regionf€0.1Hz).

3.1- Small signal impedance of the sensing electrodes



We [46] and other authors [16,47-50] have previpuséscribed the electrical
coupling between cells and sensing electrodes fordthis reason, only a brief
summary of the essential features needed to uatersthe data analysis is provided.
The sensing layer is the electrical double-laye®L(E which, in a simplistic way, is
described by an equivalent parallel RC circuit rekyas shown in the inset of Fig. 2
(@). EDL is modeled by the parallel network comgdisof the double layer
capacitance(p) and resistancdR(), also known as charge transfer resistance oc ioni
resistance of the double layer. The EDL is in sevi&h the bulk electrolyte layer.
The bulk electrolyte layer is form by the paralietwork comprised by the bulk
resistanceRg) and capacitanceCf). We include also a series resistanReg),(due to
the electrodeRs is very small for metallic electrodes but it cahbe neglected when
PEDOT:PSS electrodes are used.

The impedance analyzer measures the overall pacalleponentsRe and Cp. The
impedance of the system is strongly frequency degetin The frequency dependence
arises from the fact th&p is higher than the capacitance of the series éhelétrolyte
solution Cg). The electrode in contact with a liquid behaves$veo-layers in series, in
addition Cp and Rp are also frequency dependent. Fig. 2 (a) showsrteasured
parallel capacitanceCt) and the parallel resistancBp) expressed as los&g). Lp
=1/(21f.Rp), wheref is frequency of the ac probing signah has a relaxation called
the Maxwell-Wagner relaxation [51]. This relaxatioccurs at the frequency at which
the high interfacial capacitance begins to be stioctited as the frequency of the

signal increases.
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Fig. 2. Electrical double-layers, equivalent citcaind the thermal noise. (a)
Frequency response of a gold/electrolyte systena ithermally oxidized silicon
substrate. The inset scheme represents the sietpéfjuivalent circuit of the EDL in
series with the bulk electrolyte. (b) Nois&/)X power spectrum density for the
electrode with the impedance presented in (a).ifi$e&t circuit represents the thermal
noise due tdp.

The power spectral density of the electrical namsgoltage §,) measured for the
gold/electrolyte interface is shown in Fig. 2 (bhe gold electrode was deposited on
a thermally oxidized silicon substrate and thetetdyte was the cell culture medium.
The electrode design is presented in Fig. 1 (bi).fleguencies below 1 Hz, the noise
evolves approximately asf1?. This type of noise is known as pink noise and is
common in EDLs [52]. In general terms, this type rafise has power spectra
following a 1f * (with 0.550<1.5) behavior at low frequencies. It has been ofeskr
in a large variety of areas, including, physicpldgy and music. However, no
general physical explanation off Hloise has been proposed and its physical origin

remains unsolved.
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The pink noise in electrode/electrolyte systems avadyzed in detail in a study by
Hassid et al. [52]. This reference on the noiseclettrode/electrolyte systems
shows that in the absence of electrochemical @atat the electrode interface,
the system should only exhibit thermal noise. Theeovation of excess noise is
only expected when charge transfer occurs at tiegface. The shape of the noise
spectrum depends then on the nature of the cheagsfeér process: (i) if the mass
transfer at the interface is dominated by eledieicls, then noise spectra possesses
a 1f type dependency; (ii) if the charge relocatiom@ninated by diffusion, the
dependency will be of 17 type.

For frequencies above 1 kHz the noise becomesdrenyindependent (white noise).
This noise is caused by thermal noise generatetidoyesistance associated with the
electrode/electrolyte interface. In contrast to pwek noise, thermal noise is well
understood and quantitatively explained. The edentecircuit in the inset of Fig. 2
(b) shows the noiseless resistBp) in series with the corresponding thermal noise
source ).

The frequency regions relevant for two types otetghysiological processes, action
potentials and slow oscillations are also highkghin Fig. 2 (b). The recording of
action potentials requires a bandwidth of a fewhartz (300 Hz - 5 kHz) [53], while
bioelectrical oscillations generated by non-eleggroc cells require a frequency
window from mHz up to 1 Hz. This milli-hertz speddtregion is dominated by pink
noise as shown in Fig. 2 (b). When the goal isdweetbp devices to measure non-
electrogenic cells, the lowering of the interfadiesistance is a critical issue. A low
interfacial resistance minimizes the intrinsic &lede noise, and PEDOT:PSS-based
electrodes on bacterial cellulose substrates dffedowest interfacial resistance and,
therefore, the lowest intrinsic noise. To show tREDOT:PSS has the performance
required to measure non-electrogenic cells, the ®EBSS impedance was
compared with the impedance of a metal electrodifgnd how the morphology of
the substrate modifies the impedance of the serssirfgce is also demonstrated. The
impedance of several electrode/electrolyte intedas shown below. The frequency
dependence of the parallel capacitanGg) (is presented in Fig. 3 (a) and the
corresponding parallel losd{) in Fig. 3 (b). This individual representation of
capacitive and resistive components discriminagttebtheir individual contributions
to the impedance of the electrodes and the subésthatagreement with previous

reports, PEDOT:PSS offers a remarkably low impedanben compared with gold
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electrodes. Interestingly, the analysis of theviatlial impedance componen;and
Re, reveals that, for frequencies above 1 kHz, theelavg of the impedance is
essentially due to a lower interfacial resistant¢he PEDOT:PSS electrodes. This
low resistance is particularly important for lowegithe intrinsic thermal noise.

Fig. 3 (b) compares the loss as function of fregyefor the three electrodes under
study. The loss of the PEDOT:PSS measured at tbgudéncy of 60 Hz is
approximately 14 times higher than the loss ofgbll-based electrode. Since loss is
inversely proportional to the resistance, the PEBRSB has 14 times lower
resistance that the gold electrode. The differemteresistance between the
PEDOT:PSS electrode printed on glass and on cs#uko due to the higher effective
surface area of the cellulose nanofibers.

The inset in Fig. 3 (b) showses andLp in a Cole-Cole representation. In this type of

plot, a resistor is simply a dot while an idealaapor is a horizontal straight line.
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printed PEDOT:PSS and gold electrodes on celluloseglass substrates. (a)

Frequency dependence of capacitar@ and in (b) frequency dependence of loss
(Lp). The inset show<r and Lp in a Cole-Cole representation. All plots were

normalized by the total sensing electrode area, Wa®.

The low impedance of PEDOT:PSS on bacterial cail@BC) is related to the
morphological structure of the BC membrane as shawirig. 4 (a). Bacterial
cellulose is formed by an entangled mesh of nardfibapproximately 100 nm thick
and several microns long. Living cells seeded @se¢hsubstrates encounter a 3D-like

13



surface, as schematically represented in Fig. Atlilaj better mimics the extracellular
matrix. Fig. 4 (c) shows an AFM topography imagettué cellulose coated with a
PEDOT:PSS thin film. The corresponding profile viesvshown in Fig. 4 (d). The
roughness of cellulose means it has valleys thatreach 180 nm deep. When the
PEDOT:PSS ink impregnates the upper cellulosedibieenhances the active area of
the electrode.

(b)
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Fig. 4. Morphology of the bacterial cellulose suatd. (a) Topography AFM
image with a scan area of 3uf of the surface of the bacterial cellulose showing
nano-fibrillar structures. (b) Schematic represtmaof the PEDOT:PSS sensing
electrode with cells on the bacterial cellulose séx#te. (c) Topography AFM
image of inkjet-printed PEDOT:PSS on bacterialudeBe (d) Profile view of the
PEDOT:PSS/bacterial cellulose electrode.

The frequency dependence of the noiSg for the four types of electrodes under
study is compared in Fig. 5. The amplifier noiSe 10"’ V?/Hz for a bandwidth

higher than 300 Hz) is well below the noise geregtaby the electrodes and all
extrinsic noise sources have been minimized bygpate shielding and grounding

14



as described in the experimental section. The gl@drode, deposited either on glass
or on cellulose, has the highest noise. The higbere of the gold electrode is in line
with the higher interfacial resistance. The lowtsrmal noise & = 6 nVr.m.s) is
observed for frequencies above 100 Hz and thisensischieved when PEDOT:PSS
is printed on bacterial cellulose, in agreemenhite lowest interfacial resistance.
The noise power spectral density analysis also shbat, for frequencies above 10
Hz, the noise of PEDOT:PSS on bacterial cellulgsenie order of magnitude lower
than the noise generated by a gold electrode dulast (Fig. 5).

The extremely low noise of the PEDOT:PSS-basedtreldes extends up to
frequencies as high as 100 kHz, also covering itbguency band used to measure
action potentials. Although, this work has focusedthe recording of low frequency
signals, where noise is a critical issue, in rgaREDOT:PSS electrodes are
advantageous over the full frequency range usedhdasure electrophysiological
signals.

The pink noise (1/*dependence) is common to all electrodes. With Ktegtion of
the curve corresponding to the PEDOT:PSS on gidk#he other curves shown in
Fig. 5 run parallel to each other. This independenicthe 1f noise on the electrode
material may shed some light into the physical iorigf this type of noise in
electrode/electrolyte systems.

The spectral dependence of the noise measuredrientidor a PEDOT:PSS-based
electrode on a cellulose substrate is shown innet of Fig. 5. The noise in current
shows two distinct spectral regions separated bgllay centered at 1 Hz. Below 1
Hz, the noise increases following thd @dépendence. In contrast, above 1 Hz the
noise increases until a plateau is reached atqadrey of 100 Hz. When measured
in current detection method, the noise of the PEIXSE electrode on cellulose has
two relevant features; (i) it follows afdependency, which is a smoother rise than the
1/f ? dependencebserved in voltage detection mode and, (i) thgebof the ¥/tail
begins one decade lower in frequency than tfi€ fdil. These two aspects of the
current detection mode are beneficial for low frelgey measurements because they

contribute to increase the SNR.

15



10
\
-11 o
10 N10E Ny
= \ / PEDOT:PSS
-12 < FW on cellulose
1 e '
)
T 13
5 10
Q 10 -1 0 1 2 3 4 5
> \ 10 10 10 100 100 10 10
1 0'14 “ Frequency (Hz)
~
! \
-15 \
10 “ (2) Gold on glass
1f?
1 0-16 (b) Gold on cellulose

(c) PEDOT:PSS on glass
(d) PEDOT:PSS on cellulose

10" 10° 100 10 10° 10* 10
Frequency (Hz)

Fig. 5. Noise power spectral densif) for the four different types of electrodes
(gold and PEDOT:PSS, deposited on glass or orebaktellulose) evaluated in
this study. (a)-magenta, gold on glass; (b)-rett] ga bacterial cellulose; (c)-blue,
PEDOT:PSS on glass and (d)-black, PEDOT:PSS onlasdl. The inset shows the
noise of the PEDOT:PSS on cellulose electrode wheasured as current.

Having characterized the intrinsic noise of thecetaes, we now proceed to show
how the noise affects the quality of the recordgda. The best way to evaluate the
relative performance of our sensing electrode® iase a well-defined bioelectrical

signal source and perform comparative recordingk alli the electrodes. For this

purpose, a surgically extracted zebrafish heart plased on top of the sensing
electrode. To assure that the signal strength dexgtical in all experiments, the same
zebrafish heart was moved between devices and foseall the electrodes under

study. This procedure was used as proof of conessyring that the signal strength
was equal in all the experiments. The relative ityualf the signals recorded by the
different electrodes was compared and is shownign 6 (a) and (b). The highest
SNR of 55 (in voltage detection mode) was obtainsidg PEDOT:PSS on bacterial
cellulose and the poorest recordings (SNR=10) wétained with a gold electrode

on the cellulose substrate. As described abovehititesignal quality obtained using
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PEDOT:PSS on bacterial cellulose is due to the tommse and to the higher
interfacial capacitance. The relative values of MR are shown in the bar plot in
Fig. 6 (c) for both voltage and current detectioades. The comparative effect of
detecting signals in voltage or in current has baédressed in our previous works
[26].
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Fig. 6. Comparison of the signal quality obtainethg diffent types of electrodes.
(a)Three consecutive zebrafish heart beatingD@wil view of individual signals.
(c) Signal-to-noise ratio measured both in cureamd voltage detection mode in
different types of electrodes. Signals were geredray placing the same zebrafish
heart on top of each of the electrodes. ** and tfnote significant differences
between SNR values detected in voltage and cumadtes of p < 0.01 and p <
0.001 (Student-test), respectively.

3.2- Effect of the electrode/electrolyte interfacial resistance on the signal shape

The low interfacial resistance of the PEDOT:PS$tebdyte interface minimizes the
thermal noise and the recorded signal shape isthatimproves the SNR. In order to
understand the role of the resistance and capaeitamthe definition of the signal
shape, we need to analyze the current flowing tjitothe equivalent circuit that
describes the electrode/electrolyte interfacehasvae in Fig. 7(a). In this analysike
bulk electrolyte layer is described by the resistaRe. In the equivalent circuit
represented in Fig. £ was ignored because it is relatively small whemgared

with Cp. When a single square voltage pulse is appligdaalevice, the curremg (t)
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that flows through the system consists of two congods, one is the displacement
current througtCp, and the other is a steady state current flowingughRp:

dv(t) 4 ve(t) (1)

is(t) = Cp dt R,

To calculatas (t) the differential Eq. 1 for the voltage; (t), across the capacit@p
has to be solved [46]. The analytical solutioniigeg in terms of the time constant

__RoRsGp @)
Rp+Rg

Tin EqQ. 2 is the time constant of an RC circuithnain effective resistance consisting
of two in-parallel resistors_; andRg).

To visualize how the circuit time constant affecke shape of the signal, an
experiment was performed in which a well-definedasg-like signal from a signal
generator was applied to the counter electrode.flbwe of signal through the EDL
was recorded as current signal on the sensing ekt

The signal shapes recorded in current upon thecapipin of an input voltage pulse of
100 pV for 2 s is presented in Fig. 7 (b). When the algmas recorded with a gold
electrode (see red curve on Fig 7 (b)), the cooedimg signal in current was
comprised of two current spikes, one upward ati$ieg edge and another downward
at the falling edge of the voltage pulse, which displacement currents. When the
voltage was constant, the current fell rapidly #yozbecause the gold/electrolyte
interface behaved almost as a purely capacitiverfaxte. The application of an
identical voltage pulse to a PEDOT:PSS-cellulogefeblyte interface causes a
slightly different response of the current sigiisge black curve in Fig 7 (b)).

The output current signal also contains the curdesplacement spikes, but now the
current takes nearly 2 seconds to decay to a stetatky. Fig. 7 (c) shows that the
current decay is not a pure exponential as pretlioyethe simple equivalent circuit,
but is comprised of a fast componeni=0.25 s) followed by a slower component
(12=0.64 s). We will show that these times constamés ane order of magnitude
higher than the predicted time constant based o2 Eq

To obtaint using Eq. 2 we need to know the quasi-static wahfeCp, Ry andRe.

However bothCp andRp are frequency dependent and the lowest frequehoyro
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impedance analyzer is 60 Hz. To obtain the quasiestalues we measured a series
of current-voltage I€V) loops with voltage ramps with a scanning spee@®f0
mV/s (not shown). The voltage range was limitedotdy 100 mV to minimize
charging effects and redox reactions. From theengstsin thel-V loops, we extract
the displacement component that is related withgtheesi-static capacitanc&;g=100
uF) and from the DC component we extracted the egtasic resistanceRH6=12.5
kQ). The quasi-static capacitance is 134 times higinen the capacitance measured
at 60 Hz Cp=742 nF) and the quasi-static resistance is 10stiltigher than the
resistance measured at 60 HRg£1.2k?Q). Using the quasi-static impedance values in
Eq. 2 we estimate aof 34 ms, a value that is one order of magnituaeet than the
values of 250 ms or 640 ms experimentally recorded.

We propose that the slow response of the PEDOTd#&S/bolyte interface upon the
application of a voltage step is caused by a chgrgffect on the PEDOT:PSS
electrode. The application of a voltage step on REOT:PSS electrodes causes
outflow or inflow (depending on the voltage sigr)anic species at the PEDOT:PSS
electrode, moving the interface out of equilibriuAt. the outer interface with the
electrolyte, ion diffusion occurs at on a fast tismale; the non-equilibrium state
generated by the voltage pulses is then rapidlggrelibrated. However, ions that
were pushed deeper into the PEDOT:PSS by thenattéeld will face not only a
constricted environment but also longer pathwaydiffase out to the free electrolyte.
The consequence is that a longer time is neededh&isystem to re-attain again
equilibrium once it has been displaced from it upovoltage pulse. In summary, the
shape of the current transient suggests thatthteisedistribution of the ionic charges
that governs the transient response time and edR@ time constant as estimated by
simple equivalent circuit modeling. These resutts ia agreement with the reported
transient response of organic electrochemical istors, where it is claimed that the
ion redistribution in the film determines the tremé response [51],[52], and in
neuromorphic devices [54]. For example, it is kndwat protons, (B, can easily be
transported via the water molecules within the PECRSS film through Grotthuss
mechanism where protons will be transported frora water molecule to another

through hydrogen bonding [53].
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Fig. 7. The electrical signal recorded on differeletctrodes upon the application of a
square voltage pulse. (a) Equivalent circuit ugeitterpret the transient response to a
voltage pulse. (b) Comparison of the response gbld-based electrode with the
response of a PEDOT:PSS electrode printed on afegctellulose substrate. (c)
semi-logarithmic plot of the current decay acrdss REDOT/electrolyte interface on
cellulose after the application of a voltage stefp@ uV. The dashed lines are fits to
the fast {,=0.25s) and slow decay components(.64 s).

3.3 Detection of signalsin non-electrogenic cell populations

The optimized ultra-low noise PEDOT:PSS/bacter@lutose electrodes were used
to measure electrical fluctuations generated byufations of C6 glioma cells.
Glioma cells synchronize their activity to generat®perative oscillations. These
oscillations travel across the cell network at siseaf 10-30um/s and often become
quasi-periodic. Details about this bioelectricalepbmenon have previously been
reported [30,55-58]. When the travelling oscillatiuts the electrode, cells on top of
the electrode synchronize and generate a voltagmlsproportional to the width of
the sensing electrode. Glioma cells are a robustetrto evaluate the detection limits
and the performance of our PEDOT:PSS-based eledrothis is because glioma
cells generate long-lasting signals fitting welthe class of signals generated by non-
electrogenic cells, for instance astrocytes [25¢81] prostate cancer cells [29].

A time-trace in current of quasi-periodic burstsofivity of C6 glioma cells is shown
in Fig. 8 (a). The pattern of activity is describadour spans: (i) silent region (green
color); (ii) quasi-periodic signals, representiraglg synchronization of C6 cells (blue
color); (iii) synchronized activity of C6 cells @ik color); and (iv) weak and
unsynchronized activity (red color)To identify the major signal frequencies, the
inter-spike time intervals were analyzed and distied into corresponding frequency

20



bins to build the histogram in Fig. 8 (b). This gedure was adopted because the
signals were not periodic and had a broad disiobuin frequency. For clarity, the
bins on the histogram were distributed in a loganit frequency scale with 5 bins
per interval of 10. The histogram shows that thenidant signal frequency is 0.126 +
0.011 Hz.

A detailed view of 3 consecutive individual signatseasured both as a current and
voltage signal is shown in Fig. 8 (c). The sigmaloltage has a square-like shape of
about 60uV in amplitude and lasted for 2 seconds with anreximately 8 seconds
periodicity and the corresponding signal in currésitowed the trend presented
above. Displacement current spikes dominated tberded signal edges. When the
bioelectrical signal was measured as a currenh digplacement currents and the dc
contribution added together to strengthen the ogEmbbioelectrical signal.

To illustrate the dramatic effect of the electrodaterial on real recorded bioelectrical
signals, three signals recorded for glioma cekssimown in Fig. 8 (d). In gold-based
electrodes, the displacement spikes dominate tpealsi In PEDOT:PSS based
electrodes, the slow relaxing component becomesopiriced and the overall power
of the signal is higher. As a consequence, thege striking difference between the
signal quality measured using bacterial cellulosd the other types of electrodes.
The signals recorded using PEDOT:PSS/bacteriallosk electrodes reach a SNR of
140, while SNR is only 89 for PEDOT:PSS on glaslse Tmprovement in signal
guality, is due, to the high capacitance, to a lomase, and also to a charging effect
on the PEDOT:PSS.

It is important to emphasize, that in additionhe tminimization of the thermal noise,
charging effects on the PEDOT:PSS are also cruniale-shaping the measured
bioelectrical signal and in improving the SNR. A®wn in Fig. 7 (b), the slow decay
in current upon the application of a voltage pulsésoduces a slow component,
which we attribute to a charge redistribution wittihe polymer. This charging effect
should also occur in the PEDOT:PSS, when exposedntall ionic fluctuations
generated by the cells. Fig. 8 (c) shows clearft the biosignal in voltage has a
square-like component. This shape is expected becthe native biosignal is a
traveling wave crossing an electrode of a definédttwas described in our previous
publication [57]. However, the square voltage shagellowed by a slow component

with at between 1.2 and 1.5 s. This slow relaxing phen@mes in agreement with
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our previous analysis carried out using the sinedlagignal described in Fig.7. It is
plausible that this slow decay of the biosignalli® to charges slowly relaxing back
to equilibrium after oscillation has passed trotigh electrode.

The voltage signal generated by the cell populatm@y not be a symmetric signal,
which means that the amplitude of the rising edg@at necessarily equal to the
amplitude of the falling edge. This asymmetry beesrmore pronounced when the
signal is measured in current, because the digplkacespike is proportional tovidit

as shown in Eq.1. This feature may explain whydigmal recorded using the gold

electrode (in Fig 8 (d)) is strongly asymmetric.
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Fig. 8. (a) Time trace of current signals recordedlioma cells using PEDOT:PSS-
based electrodes in BC. (b) Histogram of the numidesignals distributed into
frequency slots. (c) Detailed view of the voltagel &urrent signals recorded from a
glioma population using a PEDOT:PSS/bacterial é=dkel electrode. (d) Comparison
of the signals recorded from a glioma cell popolatiusing different types of
electrodes.
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4- Discussion and conclusions

PEDOT:PSS/electrolyte interface has a very lowinstc thermal noise in the
frequency range from 0.1 Hz up to 100 kHz. In fregjuency range, the noise of the
PEDOT:PSS electrode is one order of magnitude |dinam that noise generated by
the gold electrode. The low intrinsic thermal nomseximizes the SNR ratio and
makes the PEDOT:PSS-based electrodes ideally stitetheasure a variety of
electrophysiological signals, including action puials and long lasting oscillations
generated by non-excitable cells.

In comparison with flat hard substrates, the uséaafterial cellulose as substrate
lowers the PEDOT:PSS impedance. The findings redohiere suggest that the
cellulose fibrous structure creates a micro-poyasiat enhances the effective area of
the electrical double-layers formed between the plhases of the PEDOT:PSS, the
nano-scale PEDOT-rich and PSS-rich interconnectedng Therefore, bacterial
cellulose substrate takes full advantage of thetmeric properties related with two-
phase structure of PEDOT:PSS.

Moreover, we showed the influence of PEDOT:PSSgihgreffects on shaping the
biosignal decay. We demonstrated that, when thealgare long lasting (a few
seconds long), the slow relaxation of the chargsridution to equilibrium state
contributes to enhance the SNR.

Because noise is critical at low frequencies, #iigly is focused on the electrode
requirements that must be satisfied to record Iegtfency signals from non-
electrogenic cells. The interfacial resistance leetwthe electrode and the electrolyte
solution plays a crucial role because it contrbks intrinsic noise generated by the
electrode and also the long relaxation time toeady component that influences the
recorded signal shape. Using electrodes based DIOPEPSS deposited on glass and
on bacterial cellulose substrates, we experimgntaValuated the electrode
performance in the recording of extracellular actpotentials from zebrafish hearts
and ultra-slow (0.1 Hz) oscillations from gliomdlgepulations.

To detect long lasting signals, the bottleneck teermines the detection limit is the
1/f % noise. Here, we show that the low EDL resistarfai@ PEDOT:PSS printed on
bacterial cellulose provides a way to minimize deéeterious effects of theffnoise.
These findings should be of value in configuringvitro andin vivo extracellular

electrode arrays for recording non-electrogeniclsceh various applications.
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Particularly interesting research fields are agt®tieuron communications [59-61]
and cancer research [27,62,63]. In addition toattheantage of low intrinsic thermal
noise, bacterial cellulose substrates are softdonpatible and low cost. Furthermore,

bacterial cellulose-based electrodes do not repte@stiture environmental hazard.
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Highlights:

PEDOT:PSS-based electrodes in low frequency el ectrophysiology studies.

* PEDOT:PSS/electrolyte interfaces have avery low intrinsic noise.

» Charging effects on PEDOT:PSS electrodes improve the SNR in biosignal
recordings.

* PEDOT:PSS-based electrodes provide access to signals in non-electrogenic
cells.



