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Abstract 

 

The development of electronics adept at interfacing with the nervous system is an ever-growing 

effort, leading to discoveries in fundamental neuroscience applied in clinical setting. Highly 

capacitive and electrochemically stable electronic materials are paramount for these advances. 

We present a systematic study where we electropolymerized copolymers based on 3,4-

ethylenedioxythiophene (EDOT) and its hydroxyl-terminated counterpart (EDOTOH) in an 

aqueous solution in the presence of various counter anions and additives. Amongst the 

conducting materials developed, the copolymer p(EDOT-ran-EDOTOH) doped with 

perchlorate (ClO4) in the presence of EG shows high specific capacitance (105 F.g−1), and 

capacitance retention over 1000 galvanostatic charge-discharge cycles (85%). We fabricate a 

microelectrode array-based on this material and culture primary cortical neurons therein for 

several days.  The microelectrodes electrically stimulate targeted neuronal networks and record 

their activity with high signal to noise ratio. We validate the stability of charge injection 

capacity of the material via long-term pulsing experiments. While providing insights on the 

effect of additives and dopants on the electrochemical performance and operational stability of 

electropolymerized conducting polymers, this study highlights the importance of high 

capacitance accompanied with stability to achieve good performance electrodes at biological 

interfaces. 
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Introduction 

Electronics that interface with the nervous system is a forefront area of research not only for 

basic science but also in clinical translation. Neural interface systems encompass connections 

between the brain and the outside world beyond those that the sensory and motor systems 

provide.[1] Highly capacitive and stable electronic materials are required to establish this 

interfacing. Hence, noble metals like platinum (Pt), iridium (Ir), or gold (Au) are commonly 

used for the fabrication of devices. Yet, the interfaces made by these electrodes suffer from the 

mechanical softness and flexibility mismatch, leading to weak adhesion of cells or tissues.[2] To 

this end, conjugated polymers have emerged as the building block of next-generation 

bioelectronic devices due to their low Young’s modulus, water-compatible transport 

phenomena, processability, biocompatibility as well as the possibility of tailoring their chemical 

structures and physisochemical properties to meet specific application requirements.[3] The 

addition of particular functionalities to their chemical structure enables conjugated polymers 

for enhanced device characteristics.[4] Furthermore, different processing conditions and 

polymerization environments tune the surface properties of the films,[5] and mixed (ionic and 

electronic) charge transport properties [5], allowing them to integrate with the neural tissue for 

biosensing and stimulation applications.[6–8] 

 

The prime exemplar of conjugated polymers in neural interfacing is poly(3,4-

ethylenedioxythiophene) (PEDOT), which is used in an intrinsically p-doped state, integrated 

with (poly)anions. PEDOT has positioned itself as the organic material of choice for neural 

electrodes. It offers sufficient charge delivery at low voltages and sensitivity to weak biological 

signals even when fabricated in miniaturized forms such as microelectrodes with a diameter in 

the range of 5 to 50 μm.[3,9,10] The mixed conduction of PEDOT is paramount for neural 

electrodes as the ionic-to-electronic charge translation at the biointerface is governed by the 

capacitance of the electrode/electrolyte interface. Along with its volumetric, bulk charge 
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storage in aqueous, biological media,[4] PEDOT films possess mechanical flexibility and low 

oxidation potentials.[11–15] PEDOT dispersions with PSS and the monomer EDOT with a 

versatile family of derivatives are commercially available. Several methods including chemical 

polymerization, electropolymerization, vapour phase polymerization, and thermal 

polymerization have been used to prepare the PEDOT films.[16] Among these methods, the 

electropolymerization of the monomer, EDOT, represents a facile and straightforward route to 

form PEDOT films on any conducting substrates.[17,18] Electropolymerization allows the 

polymer  film to be patterned directly on a specific area.[6] Furthermore, a control over 

parameters such as the counterion type, solvent, additives, and electropolymerization mode 

produces polymer films with different electrochemical properties.[19–21] The ease of 

electropolymerization allowed the polymerization of PEDOT inside neural tissue, generating 

direct contact with surrounding neurons[22]. 

 

Therefore, electropolymerized PEDOT films are commonly used as microelectrodes that record 

or stimulate neural cells either in implantable formats or in vitro cell cultures. Several studies 

have shown that PEDOT lowered the impedance of any metal electrode that it was 

electropolymerized onto due to enhanced surface area and ion conduction.[23–28] Despite 

PEDOT’s potential for neural interfacing, some issues need further improvements. The most 

prominent one involves delamination and cracks during electrode operation (particularly crucial 

for electrodes used for stimulation).[29–31] During ion transport inside, conducting polymers are 

reduced and oxidized with conformational changes occuring in the polymer chains. The ions as 

well as charged small molecule dopants may dissociate and associate in the polymer matrix 

causing changes in film volume.[32] Numerous strategies have been suggested to overcome the 

instability issue. These include electrochemical grafting of ultrathin layers incorporating 

thiophene or ethylene dioxythiophene moieties[33], using silane linkers bearing aromatic units 

that covalently bind to the substrate[34], covalent anchoring of EDOT on free-radical initiator 
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(azobisisobutyronitrile)-functionalized surfaces,[35] and the development of EDOT-acids [36] 

and amine-functionalized EDOT derivatives[32] that can be chemically linked to oxide 

substrates via chemisorption of reactive groups. Recently, a hydrophilic nanometer-thick 

polyurethane layer introduced between the substrate and PEDOT:PSS has been suggested as 

another alternative.[37] However, those works mostly require additional steps to coat an 

intermediate layer between the substrates and polymer films or change the monomer’s nature. 

To this end, improving PEDOT electrodes’ performance towards higher capacitance, adherence, 

and better stability via optimization of electropolymerization conditions and additives is of great 

interest.  

 

In this work, we systematically screened the effect of most commonly used additives and 

dopants during electropolymerization on the electrochemical properties and stability of the 

resulting polymers. We benchmarked the electrochemical performance and the stability of a 

series of PEDOT based copolymers comprising different counterions  (ClO4 and PSS) and 

additives spanning from ethylene glycol (EG), MXene, multi-walled carbon nanotubes 

(MWCNTs) to ionic liquids such as 1-ethyl-3-methylimidazolium hexafluorophosphate 

(EMIMPF6) and 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

(EMIMTFSI). The selection of additives aims to boost the specific capacitance and stability of 

the films. We chose to work with a copolymer of EDOT and EDOTOH, given the reactivity of 

the latter for future biofunctionalization routes[38,39] and the positive impact of hydoxylmethyl 

groups on the electropolymerization efficiency and capacitance of the resulting films.[25,39,40] 

We found that the copolymer p(EDOT-ran-EDOTOH) with ClO4 dopant and EMIMPF6 as the 

additive yielded the highest capacitance (120 F.g−1) but a poor charge storage capability (>21% 

loss after 1000 GCD cycles). The copolymer p(EDOT-ran-EDOTOH) with ClO4 dopant and 

EG as an additive, on the other hand, displayed one of the highest specific capacitance (105 

F.g−1) and double layer capacitance (5 mF.cm-2) yet the best electrochemical stability (i.e., 85% 
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capacitance retention, 7% loss in ion diffusion rate and 11% loss in total resistance (i.e., double 

layer and contact resistance). We evaluated the performance of this conducting polymer-coated 

microelectrode array (MEA) in interfacing primary cortical neurons. The impedance of the 

p(EDOT-ran-EDOTOH):ClO4/EG electrode showed no significant change during long-term 

immersion in PBS and cell media and upon repetitive stimulation cycles. The MEA comprising 

this polymer coating applied sufficient stimulation to cortical neurons and also recorded the 

spike activity. This work presents a systematic study on the effect of dopant and additives on 

the electrochemical performance and stability of electropolymerized PEDOT films. The results 

suggest that the neural electrode stability in the intended application environment and operating 

conditions should not be overlooked, and it is as important as high capacitance values.  
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Results and Discussion 

The deposition method of electropolymerization (e.g., potentiostatic, galvanostatic, or 

potentiodynamic), and the deposition time affect film properties such as thickness, roughness, 

and porosity.[41] Previous studies suggest that the galvanostatic mode can propagate a uniform 

polymer growth and generate identical applied charges on different electrodes, hence, ensuring 

comparability among different samples.[6,23,42] Therefore, we chose to implement a five-minute 

galvanostatic electropolymerization at a normalized current density of 0.5 mA cm−2, high 

enough to allow for stable polymerization without the risk of overoxidation.[43] A fixed amount 

of monomer was introduced in the aqueous solution in the presence of either ClO4 or PSS. A 

schematic of the polymerization setup, together with the polymerization route, is given in 

Figure 1 a-b. The electrochemical polymerization of EDOT and EDOTOH starts with the 

oxidation of the EDOT and EDOTOH monomer that leads to the formation of activated EDOT 

and EDOTOH radical cations, followed by a dimerization procedure where the dimers are 

deprotonated by proton scavenging (H2O/H3O+).[25] The hydrogens in the 2,5 positions on the 

opposite sides of the S atom in the conjugated thiophene ring ensure that the resulting polymer 

chains remain fairly linear and that residual hydrogen atoms are close to the conjugated 

backbone, improving the chemical stability[44]. A five-minute electropolymerization generates 

conjugated p(EDOT-ran-EDOTOH) chains doped with PSS, i.e., p(EDOT-ran-

EDOTOH):PSS, with a weight of 57 g (x=5, 57±2.1 g, Figure 1c) and thickness of 1.71 µm 

(Figure 1d). The chronopotentiometric curves recorded during the electropolymerization of 

p(EDOT-ran-EDOTOH):ClO4 are similar to those in Figure 1c (Figure S1). To confirm the 

formation of the polymer chains, we used fourier transform infrared (FTIR) spectroscopy 

(Figure S2a). The FTIR spectra revealed the characteristic C-S-C bond of the thiophene chain, 

at 692 cm−1, 838 cm-1 and 929 cm−1. In addition, the vibration bands at 1518 cm−1 and 1315 

cm−1 were attributed to the stretching mode of C=C and inter-ring stretching mode of C-C in 
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the thiophene chain, indicating further that the polymerization occured. Moreover, we 

confirmed that the polymers are doped with the respective counter ions (PSS or ClO4) by using 

X-ray photoelectron spectroscopy (XPS). High-resolution S 2p XPS spectra of the PSS peak at 

169 eV is visible for the polymer doped with PSS (Figure S2b). The Cl 2p XPS spectrum of 

Figure S2c validates the existence of Cl-O peak from the ClO4 present in p(EDOT-ran-

EDOTOH):ClO4 film. SEM images show no obvious morphological dissimilarities between the 

copolymers prepared with either ClO4 or PSS dopants. Both films exhibit a uniform surface 

with a root mean square (RMS) roughness of ~25 nm as gleaned from the AFM images (Figure 

S3).  

 

Figure 1. (a) Polymerization route of p(EDOT-ran-EDOTOH). Adapted from ref. [45]. 

Copyright 2016, Wiley. (b) Schematic showing the three-electrode setup for the galvanostatic 

electropolymerization. The aqueous polymerization mixture contains EDOT and EDOTOH, the 

counterion (PSS or ClO4) and the corresponding additive. (c) Chronopotentiometric curves 

recorded during the electropolymerization of p(EDOT-ran-EDOTOH):PSS in an aqueous 

mixture, under a constant current density of 0.5 mA.cm−2 applied for 5 minutes. The mass of 

the film was calculated from the average of results of five successive electrodeposition cycles. 

The standard deviation () of the average mass is ca. 2.1 g. (d) Cross-sectional SEM picture 

of the resulting p(EDOT-ran-EDOTOH):PSS film. 

 

Next, we evaluated the films’ electrochemical performance (with and without additives) 

prepared under the same conditions described above. Figure 2 summarizes the specific 

capacitance and capacitance retention of the films determined from galvanostatic charge-
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discharge cycling (GCD) profiles. In these plots, we label the copolymers without any additives 

(i.e., p(EDOT-ran-EDOTOH):PSS and p(EDOT-ran-EDOTOH):ClO4) as “control”. Figure 2a 

shows an example of GCD plots (representing the 1st, 500th, and 1000th cycles) of p(EDOT ran-

EDOTOH):PSS recorded at a normalized current density of 1.7 A.g−1, assessing the stability of 

the materials subject to repetitive ion penetration and extraction. The GCD curves are 

symmetric, typical of capacitive materials, while the linear slopes indicate constant capacitance 

as a function of potential. We delineated the specific capacitance of the films from the discharge 

profile of the fifth cycle using Equation S1 as detailed in the Experimental Methods section of 

the Supplementary Information. For the case of p(EDOT-ran-EDOTOH):PSS, the specific 

capacity is equal to 91 F.g−1 compared to 98 F.g−1 for the p(EDOT-ran-EDOTOH):ClO4 (Figure 

2b). Importantly, these values are higher than other PEDOT flexible electrodes fabricated by 

chemical polymerization of EDOT with Fe(III) and p‐toluene‐sulfonate oxidant (70 F.g−1)[46]. 

The slightly higher charge storage capacity of the sample doped with ClO4 suggests that the 

polymer film with the small dopant generates a film microstructure with larger room for ion 

storage.[47] Yet, p(EDOT-ran-EDOTOH):PSS is more stable upon repetitive cycling, with a 

retention of 84% as opposed to 76% of p(EDOT-ran-EDOTOH):ClO4 (Figure 2d). This result 

is in agreement with previous studies reporting that pristine PEDOT:PSS films show better 

stability than PEDOT:ClO4 in aqueous medium.[48]  

As we investigated the impact of the dopant, we next explored how additives affect the specific 

capacitance and its retention upon repetitive GCDs of PEDOT as summarized in Figure 2b-d. 

We chose these additives based on previous work reporting superior properties of films that 

comprise them. For instance, studies have reported that CNTs link the intermolecular structure 

of PEDOT regions and improve the mechanical properties of the film[10] and that MXenes exert 

higher capacity and stability due to increased interlayer spacing between MXene layers and 

PEDOT.[49,50] Ionic liquids (IL) and EG, on the other hand, enhance the PEDOT electrical 

conductivity by structural and morphological re-arrangements (i.e., reorientation of PEDOT 
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chains leading to more PEDOT-rich and better-connected particles).[51,52] PEDOT nanotubes 

were reported to act as a “template” for PEDOT arrangement during polymerization and 

enhance film’s electrical properties.[53,54] Figure 2b shows that irrespective of the additive, the 

polymers doped with ClO4 exhibited higher specific capacitances than those doped with PSS. 

The double-layer capacitance (Cdl) of the films determined from the scan rate dependent cyclic 

voltammetry (CV) studies (Figure S4) also revealed higher Cdl values for the p(EDOT-ran-

EDOTOH):ClO4 derivatives of the order of 5 mF.cm-2, indicative of a larger electrochemical 

surface area of these films (i.e., high density of active sites)[55,56] (Figure 2c).  Secondly, aside 

from the IL and EG bearing films, all other films showed inferior specific capacity than the 

control p(EDOT-ran-EDOT) polymers, lingering between 70 and 90 F.g−1. Therefore, MXene, 

CNT, PEDOT NT, and MWCNT are not considered as “performance enhancers” for p(EDOT-

ran-EDOTOH) films electropolymerized under these conditions. On the other hand, the 

presence of EMIMPF6 or EG boosts the film conductivity[11,57], translated herein in higher 

charge capacitance, reaching up to 120 F.g−1 in the presence of ClO4.  
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Figure 2. Electrochemical performance of the p(EDOT-ran-EDOTOH) derivatives in a 0.1 M 

NaCl quiescent solution, at 25°C. (a) Repetitive galvanostatic charge-discharge (GCD) profiles 

of a p(EDOT-ran-EDOTOH):PSS electrode recorded at a current density of 1.7 A.g−1. (b) 

Specific gravimetric capacitance of the copolymers, gleaned from the discharge curve of the 

GCD profiles. (c) Areal double-layer capacitance of the investigated films. In (b) and (c), error 

bars originate from triplicate experiments conducted for each sample. (d) Capacitance retention 

of the same films. Control: no additive, i.e. p(EDOT-ran-EDOTOH):ClO4 and p(EDOT-ran-

EDOTOH):PSS.  

 

Regarding the cycling stability, as observed for the control samples, compared to ClO4, the 

derivatives with PSS showed overall superior capacitance retention (i.e., an average of ~82%) 

(Figure 2d). Notably, although p(EDOT-ran-EDOTOH):ClO4 film prepared in the presence of 

EMIMPF6 reached a record-high capacitance, the films were not stable upon continuous cycling. 

Interestingly, with ClO4 dopant, the addition of EG lifted the retention to 85%, leading to 

electrochemical stability on par with PSS bearing films comprising conducting additives. To 

understand the differences in the electronic behavior and stability of the films, we next 

performed electrochemical impedance spectroscopy (EIS) measurements. EIS allows us to 
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evaluate the potential of an electronic material for neuronal interfacing. Low impedance of an 

electrode is important as it assures enhanced signal quality through an increase in signal strength 

and a reduction in baseline noise for neural recordings.[58] Low impedance also signifies low 

injection thresholds for a particular amount of charge used for stimulation.[58] We recorded the 

impedance spectra of films after the 1st and 1000th GCD cycle. An exemplary Nyquist plot for 

the p(EDOT-ran-EDOTOH):ClO4/ EG is given in Figure S5a and the designated equivalent 

electronic circuit (Figure S5b). The latter enables us to locate the changes occurring in the 

material structure due to chemical reactions or degradation.[59,60] The aqueous solution is an 

ionic conductor, and Rsol decribes its conductance. Cdl and Rdl represent the double-layer 

capacitance and resistance of the charge transfer between electrolyte and polymer. The bulk 

capacitance of the materials is associated with Cmat.. Cc and Rc stand for the contact capacitance 

and resistance, respectively, and are related to the charge accumulation between the gold 

substrate and the electropolymerized polymer.[60,61] Finally, the straight line at the low 

frequency represents the diffusion of charges (ions) inside the material[62] and is modeled using 

a so-called “open Warburg” element.  

 

The boxplots (Figure 3a and b) categorize the equivalent circuit elements for each counterion 

(ClO4 and PSS) and the subsequent class of derivatives. A summary of these elements is given 

in Table S1 and S2. For the samples containing ClO4, repetitive cycling led to an increase in Rdl 

and Rc while Rsol. stands unaltered. For the PSS doped samples, however, only Rc increased. We 

further observe an increase in Cmat for the PSS derivatives with cycling, symptomatic of the 

films’ activation with time. For the films with ClO4, the initially high Cmat decreased with 

cycling. The diffusion coefficient (D) values shown in Figure 3c (calculated from the 

relationship between the real part of the impedance (Z) and 1/2 in the low-frequency region) 

represents the ease of diffusion of ions into the film. Overall, the copolymers with ClO4 yielded 

larger D values than those with PSS. In contrast, certain copolymers (i.e., EMIMPF6, MXene, 
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PEDOT NTs, EMIMTFSI, and control) irrespective of the dopant produced lower diffusion 

rates than the rest. The general trend suggests that cycling reduces D presumably, except 

p(EDOT-ran-EDOTOH):PSS/TetraEG and MWCNT. Dissimilar D rates suggest changes in 

film morphology upon the doping and de-doping processes,[63] which we attribute to the 

repeated expansion and contraction of the material by the penetrating and ejecting ions. Here, 

once more, p(EDOT-ran-EDOTOH):CLO4/EG is the only sample that shows a minimal change 

in D and a high D value, highlighting its stability. 
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Figure 3. Boxplots summarizing the effect of cycling on the different components of the 

equivalent circuit for the films containing (a) PSS and (b) ClO4. (c) Effect of repetitive cycling 

on the diffusion coefficient (D) of the electropolymerized films with different additives and 

counterions. Triplicate experiments were conducted for each sample. For the calculation of D, 

see equation S3 in the supplementary information. 

 

From the above-investigated copolymers, we identified the p(EDOT-ran-EDOTOH):ClO4/EG 

as the best performing candidate for exhibiting 1) a high gravimetric specific capacitance (105 

F.g-1) and double-layer capacitance (5 mF.cm-2), 2) low resistance (22.5 ), and 3) good 
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stability (85% capacitance retention, 7% loss in D and 11% loss in Rtotal (Rdl + Rc) with cycling). 

Consequently, we chose p(EDOT-ran-EDOTOH):ClO4/EG as the polymer coating of the 

microelectrode arrays (MEAs), which were used for recording and stimulation studies using an 

in vitro neural culture. We fabricated MEAs with the p(EDOT-ran-EDOTOH):ClO4/EG 

polymer as the active contact material for cells while the gold contacts were insulated with a 

parylene-C coating (see the Supplementary Information for fabrication details). One MEA chip 

contained 64 disk-shaped Au electrodes as recording and stimulation sites with a diameter of 

30 µm (Figure 4a and b). The polymer film was the only material other than parylene that was 

in contact with cell media. Mouse cortical neurons were cultured on top of the MEAs over 9 to 

14 days (Figure 4c). We observed comparable uniform distributions of neurons near and away 

from the electrodes, harboring processes with typical morphologies found in a plasma-treated 

culture dish. This suggests that the conducting material and the insulator are compatible with 

the culture conditions, confirming results of previous studies[21]. Neurons adhered well to the 

device and developed complex networks during cell maturation.  

 

As we conformed the compatibility of the cell culture with our electronic device, before 

performing measurements, we monitored the electrodes’ stability in culture media and 

incubator conditions. Figure 4d presents the variation of the impedance of the electrodes stored 

in the incubator with cell culture media over two weeks. The small change in the impedance 

validates the stability of the polymer electrodes in cell culture medium. Figure 4d also shows a 

60-fold lower impedance of the PEDOT (i.e., 19861± 9168 Ω) electrodes compared to 

(uncoated-bare) Au electrodes (i.e., 1154310 ± 93079 Ω) at 1 kHz. Similar findings have been 

reported for PEDOT-coated microelectrodes processed in propylene carbonate and acetonitrile, 

where the impedance increased by a factor of two upon immersion in PBS but remained much 

lower than that of the uncoted Au electrodes[64]. These measurements assessed the 

electrochemical stability of the electrodes in the absence of any electrical current passing 
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through the films. Conducting polymer coatings tend to be operationally unstable as they 

delaminate during continuous current injection.[30,31] Therefore, we stimulated the p(EDOT-

ran-EDOTOH):ClO4/EG microelectrodes in the form of 10,000 consecutive 100 µA pulses at 

1 Hz, higher than typical currents implemented for in vitro studies (i.e., 10-20 µA).[65,66] The 

impedance data presented in Figure 4e revealed no significant degradation of the electrodes 

after stimulation (i.e., of the order of 15%), corroborating the electrode’s stability, in line with 

the GCD cycling results of Figure 3. These results imply that with their low and stable 

impedance over 14 days in cell culture and stability against successive stimulation cycle and 

compatibility with cortical neurons, p(EDOT-ran-EDOTOH):ClO4/EG microelectrodes are 

suitable for recording and stimulation of extracellular potentials. 
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Figure 4. P(EDOT-ran-EDOTOH):ClO4/EG based MEAs for neural interfacing. (a) An optical 

image of the MEA chip. Scale bar is 1 cm. (b) Microscope image of the MEA clip.  Each 

electrode has a diameter of 30 µm. Scale bar is 500 m. (c) A microscope image of a portion 

of MEA chip covered with cortical neurons after 11 days of cell culture. Scale bar is 100 m 

(d) The average impedance magnitude of microelectrodes obtained at 1 kHz over different days. 

The electrodes were incubated with cell media in an incubator (37ºC) for 2 weeks. (n=13). (e) 

Impedance of microelectrodes incubated in cell media before and after 10,000 cycles of 

biphasic current stimulation at 100 µA. The middle line represents the median, the box edges 

represent the 75th and 25th percentile, the whiskers represent the 99th and 1st percentile, and the 

symbols (square) represent the average. The statistical test we ran (Kruskal-Wallis test) is a 

non-parametric ANOVA, and it compares the medians of the two categories (before and after 

cycling). (f) The stimulation profile applied in this work. (g) Fluorescent images of neurons 

cultured on MEA electrodes. The colored arrows outline neurons of interest, and the white circle 

outlines the electrode. Scale bar is 50 µm. (h) Calcium signals of neurons before and after 
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stimulation. The colored traces represent the Ca2+ imaging signal of the neurons outlined by the 

arrows. The black line shows voltage recordings from nearby neurons detected by the p(EDOT-

ran-EDOTOH):ClO4/EG microelectrode marked by the white cycle in (g). The activity of the 

neurons is recorded before and during a stimulation period consisting of ten biphasic current 

pulses, which can be seen as artifacts in the recordings.  (i) The spike waveforms of N=5 pulses 

at about the time marked by the pink and blue stars in h).  

 

Spontaneous neuronal activity was monitored using p(EDOT-ran-EDOTOH):ClO4/EG 

electrodes. To attest the capacity for both recordings and stimulations, we used a stimulation 

protocol and evoked activity, as summarized in Figure 4f. To verify the accuracy of electrical 

recordings, we simultaneously conducted calcium (Ca2+) imaging of neurons loaded with a 

fluorescence Ca2+ dye using a microscope equipped with a fluorescence module. Representative 

fluorescence images from these neurons before and after stimulation are displayed in Figure 4g, 

and a movie is provided in the Supplementary Information (Movie S1). The latter depicts the 

changes in fluorescence intensity in neurons over time, upon evoked stimulation. In Figure 4g, 

the dashed circle indicates the position of the electrode used to stimulate nearby neurons. The 

neurons of interest are marked by colored arrows, while their calcium activity signals are 

illustrated in Figure 4h (top panel). The signals from these neurons increased as they were 

stimulated with the biphasic current pulses. Simultaneously, the electrodes recorded the spike 

activity of the adjacent neurons (bottom panel, Figure 4h). The grey lines at the bottommost of 

Figure 4h present the extracted spike waveforms produced by the Neuroexplorer5 software. 

The correlation between the fluorescence signals and electrical signals is purely qualitative due 

to i) the difference in the sampling rate acquisition of the calcium imaging (33 FPS) and 

electrical signals (30 kHz), and ii) the fact that the electrode records signals from a group of 

neurons surrounding the electrode. Nevertheless, Figure 4h confirms that Ca2+ responses 

stemming from the burst of action potentials are synchronized with the period when stimulation 

pulses are delivered. The frequency of spikes markedly increased during stimulation with a 

change in the waveform compared to the spontaneous activity, as shown in Figure 4i. Notably, 

p(EDOT-ran-EDOTOH):ClO4/EG modified microelectrodes enable electrical stimulation at 
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relatively low stimulation amplitude (i.e., 10 µA) compared to other reported flat thin-film 

based electrodes[67–69]. These results endorse the suitability of the p(EDOT-ran-

EDOTOH):ClO4/EG as a conductive electrode coating for neuron interface for direct electrical 

stimulation and recording. 

 

Conclusions 

While PEDOT has been studied extensively in bioelectronics, an examination of operational 

stability and electrochemical properties in biological media is essential for translational 

research and to establish the material composition that guarantees high and reliable performance. 

Through a simple and reproducible electropolymerization technique, we benchmarked a series 

of conductive polymer films that originated from 3,4-ethylenedioxythiophene (EDOT) and its 

hydroxyl-terminated counterpart (EDOTOH) with robust capacitance and stability 

characteristics in aqueous media including neural cell culture. The results demonstrate a 

capacitance of 105 F.g−1 and operational stability of the p(EDOT-ran-EDOTOH):ClO4/EG in 

PBS and cell media upon i) 1000 galvanostatic charge-discharge cycles and ii) 10,000 cycles 

of biphasic current stimulation at 100 µA, rendering it a promising conducting polymer material 

to for recording and simulation applications at the neural interface. This study underscores the 

significance of additives and anions to act synergistically and yield electropolymerized coatings 

with a stable interface and low impedance.  The positive attributes of the polymers developed 

in this work can be further explored for different applications, including electrocardiography 

(ECG), electroencephalography (EEG), biosensors, and supercapacitors. At the same time, their 

easy fabrication method suggests they can be integrated into various device configurations. 
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