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Abstract: 

Electrochemical polymerization is a versatile method for rapid deposition of conducting 

polymer (CP) films. In addition to the fine control over the geometry of coatings, the technique 

enables to incorporate various biomolecules and additives in the CP matrix. The target 

substrates have, however, been limited to planar, metallic surfaces, hence, the devices that 

integrate electropolymerized CP films have predominantly been passive electrodes. In this 

work, we show that electrochemical polymerization has a high degree of freedom, allowing to 

grow biofunctionalized CP films in microscale transistor channels. We electrochemically 

deposit CP films from two monomers, namely, 3,4-ethylenedioxythiophene (EDOT) and 

hydroxymethyl EDOT (EDOTOH), inside the channel of an organic electrochemical transistor 

(OECT). When operated in aqueous electrolytes, the copolymer p(EDOT-ran-EDOTOH) 

shows charging capability and OECT performance superior to the homopolymer pEDOT that 

is electropolymerized under the same conditions. Moreover, the presence of hydroxyl groups 

facilitates stable incorporation of catalytic enzymes in the copolymer matrix during 

electropolymerization, rendering OECT channels biologically-functionalized, as confirmed by 

X-ray photoelectron spectroscopy (XPS) and Fourier-transform infrared spectroscopy (FTIR). 

The OECT channels which are made of CP films with the entrapped enzyme glucose oxidase 

show output characteristics that change with respect to a broad range of glucose concentrations. 

Designed as a single, miniaturized chip, the multi-transistor platform comprising p(EDOT-ran-

EDOTOH) derivatives that incorporate two other catalytic enzymes simultaneously measures 

glucose, cholesterol and lactate concentrations of a given fluid. With the ability to grow and 

pattern CPs functionalized with biorecognition units on miniaturized areas, this technique 

promises for the development of multiplexed platforms for electronic sensing of analytes. 
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Main Text: 

The last decade has seen a tremendous growth in the development of conducting polymers 

(CPs) applied at the interface with biological milieu. These materials and devices made thereof 

have received particular interest for sensing weak biological signals and detecting small 

concentrations of biologically relevant molecules.[1-2] Amongst all, poly(3,4-

ethylenedioxythiophene) (PEDOT) is the most popular conjugated polymer due to its high 

electrical conductivity, optical transparency, soft mechanical properties, electrochemical and 

thermal stability, and biocompatibility.[3-5] The most common form of PEDOT is the aqueous 

dispersion of the polymer that is doped and stabilized with polystyrenesulfonate (PSS), i.e., 

PEDOT:PSS. The commercial availability of PEDOT:PSS has further contributed to the 

success of this family, rendering the material the gold standard for bioelectronics as well as 

industrial applications. Despite its favorable characteristics, PEDOT:PSS has one major 

drawback, that is, the difficulty to tailor the polymer and add a functionality to meet the needs 

of a particular application.[6-7] Synthetic efforts have thus focused on routes to develop EDOT 

derivatives that carry the functionality required for the intended application such as biochemical 

sensing,[8-9] interfacing with living systems,
[10-11]

 electrochromism,[12-13] and energy storage.[14] 

Chemical oxidative polymerization enabled bulk production of PEDOT based CPs furnished 

with various functionalities coexisting with conductivity, however, the chemistry behind is not 

easily adaptable, limiting their wide spread use. A straightforward method omitting multiple 

and long steps of synthesis as well as hazardous chemicals and solvents used throughout the 

process is highly desirable to tailor the properties of PEDOT to suit numerous applications.  

 

Electrochemical polymerization (or electropolymerization) is a strong candidate along this 

direction.[15-16] Electropolymerization of CPs involves the electrochemical oxidation of the p-

type monomer in the presence of its counterion in the reaction solution.[17] The polymerization 

requires only small amounts of the monomer and the deposition is fast and localized on the 
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selected area of a conducting substrate. In addition to the nature of the counterion, the 

magnitude and type of the oxidation potential as well as the solvent used for the reaction have 

a strong effect on the characteristics of the resulting film and as such they stand as specific 

process parameters that can be employed to modify the resulting film properties.[18] When 

biologically relevant molecules (such as proteins) are added into the reaction mixture, they 

typically end up incorporated into the CP network without chemical modifying the conjugated 

backbone. Despite being a small area coating technique, electropolymerization has thus 

rendered itself valuable for niche applications in bioelectronics as it allows for easy 

biofunctionalization of CPs. Biological molecules were either physically entrapped inside the 

polymeric matrix or those that carry negative charges were incorporated acting as the polyanion 

dopant.[19-21] When electropolymerized in the presence of catalytic enzymes reacting with 

specific metabolites, CP films showed an electrical output proportional to the metabolite 

concentration .[19-22] 

 

Electropolymerization has almost exclusively been used to deposit CP films on electrode 

surfaces, which has led to the perception that the deposition is limited to electrode 

configuration. The first organic electrochemical transistor (OECT), the state-of-the-art device 

of organic bioelectronics, is, however, made of a CP film electropolymerized onto and within 

the gaps of interdigitated gold contacts.[23] The OECT is an electrolyte gated transistor 

consisting of a (semi)conducting polymer film deposited between two metal electrodes (the 

source and the drain), and a gate electrode that is physically separated from the channel via an 

electrolyte.[24] Because of the high gain of these devices resulting from the volumetric charging 

of the CP channel upon application of a gate voltage, the OECT configuration has been explored 

to sense a variety of biologically relevant species such as metabolites,[25-26] ions,[27-28] 

neurotransmitters[29] and proteins such as Immunoglobulin G[30] and amyloid beta.[31] Ever since 

this first report of the electrodeposited OECT channel, only a recent work has demonstrated 
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that a CP can be electropolymerized within the source and drain electrodes separated by a few 

tens of micrometers.[32] The authors showed that the channel was formed within minutes of 

application of an oxidizing source-drain voltage, generating a device with short‐ term and 

long‐ term memory functionalities.  

 

Scheme 1. The conducting polymer composite grown in the organic electrochemical transistor 

(OECT) channel. The enzyme is physically entrapped within the conducting polymer network. 

The electropolymerization continues until the source and drain contacts are both covered with 

the polymer.  

 

In aspiration of combining the features of electropolymerization with the performance of 

OECTs in biochemical sensing, in this work, we electropolymerize enzyme-functionalized 

PEDOT derivatives in microscale OECT channels. We grow conducting polymers by 

electrochemically addressing the drain contact of the channel and continue the polymerization 

until the polymer makes a physical contact with the source contact (Scheme 1). Adding catalytic 

enzymes such as glucose oxidase into the reaction mixture generates conducting polymers with 
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enzymes entrapped therein. We design a platform where each microscale channel is 

functionalized with a different enzyme, assembling altogether a multi-metabolite sensor. With 

the ability to form OECT channels which show a current response scaling with the 

concentration of the target metabolite, we explore the performance of this platform for sensing 

three metabolites at once from the mixture sample. 

 

Firstly, we examine the channel forming ability of the monomers that we chose. We use 

hydroxylmethyl EDOT (EDOTOH) alongside EDOT as the building blocks of the CP network, 

while ClO4
- and water are used as the dopant and the medium, respectively (Figure 1a). Our 

polymers contain EDOTOH because the monomer introduces hydroxyl (-OH) groups to the 

polymer network which are envisaged to interact with target enzymes but also enable chemical 

coupling reactions for further modification.[33-34] We chose ClO4
- as the dopant instead of the 

more commonly used PSS- because of the hygroscopicity and acidic nature of the latter leading 

to CPs with aqueous instability and sensitivity to humidity.[35] Moreover, ClO4 is known to lead 

to CP films with high porosity.[36] Such a loose architecture should provide more space to the 

enzyme, increasing the amount of the protein accommodated therein. We electropolymerized 

three polymers under identical conditions: homopolymer of EDOT (pEDOT:ClO4), 

homopolymer of EDOTOH (pEDOTOH:ClO4) and the random copolymer made from these 

two monomers, p(EDOT-ran-EDOTOH):ClO4 (Figure 1a). The copolymer was prepared from 

a co-monomer feed ratio of 1:1. The channel was patterned to have a width of 100 µm and a 

length of 10 µm, and we used a 1.5 µm thick Parylene film to insulate the gold 

contacts/interconnects (see Experimental section for details on device fabrication). To facilitate 

electropolymerization, we designed the channel with a large overlap on gold contacts: the 

uninsulated area on top of each contact is about 1000 µm2 (Figure 1b). The channel was formed 

within 120 seconds of a continuous potential at 1 V applied at the drain contact. We monitored 

the formation of the polymer in the channel using a microscope (Movie S1) and show selected 
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snapshots in Figure 1b taken before the polymerization starts, at the 1st minute of the 

polymerization and once the bias was stopped. Since the polymerization starts on one contact 

and proceeds towards the second one, the film thickness throughout the channel is not 

homogenous (Figure S1). The typical photolithographic fabrication of OECTs requires a 

second, sacrificial layer of Parylene coating and its removal (known as peel-off) to pattern the 

spin casted, drop casted or vapor deposited PEDOT films in the channel.[37] By 

electropolymerizing the CP film in the channel, we omit this step as well as the antiadhesive 

coating before that. The thickness of the polymer grown in the channel can be up to 7 µm as 

revealed by cross-sectional FIB-SEM studies (Figure 1c). Moreover, the technique is 

compatible with smaller or larger channel dimensions (e.g. 10 µm x 10 µm and 50 µm x 50 µm 

for width x length) as long as the polymerization time is regulated. 
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Figure 1. a) Chemical structure of the polymers. b) Microscope images showing the growth of 

p(EDOT-ran-EDOTOH):ClO4 in the OECT channel. Electropolymerization lasts for 2 mins 

and the images were taken at t=0 min (before the bias), at t=1 min (half time of polymerization) 

and t=2 min (from top to bottom). The polymerization starts at one gold contact by applying a 

constant potential at 1 V and continues until the two contacts are bridged by the polymer. The 

channel width and length are 100 µm and 10 µm, respectively, and the uninsulated area on each 

contact is 1010 µm2. The scale bar is 50 µm. c) FIB-SEM image of p(EDOT-ran-

EDOTOH):ClO4 polymerized in situ. The Pt (1) and Carbon (2) layers were used as protective 

coatings, while (3) is the polymer, (4) is the gold and (5) is the glass substrate. The scale bar is 

5 µm. d) The transfer characteristics of OECTs with electropolymerized channels recorded 
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using an Ag/AgCl electrode immersed in PBS (10 mM). The dashed lines represent the 

transconductance (gm) as a function of VG, measured at VD = -0.6 V.  

 

All the three polymers electropolymerized in situ exhibit clear transistor characteristics with 

well-defined linear and saturation regimes (Figure S2). Since the polymers are intrinsically 

doped, the transistors operate in depletion mode. The electropolymerized films in the channel 

are electrochemically de-doped upon application of a positive voltage at the gate electrode (VG) 

and the drain current (ID) decreases further with an increase in VG (Figure 1d). Among the three 

polymers electropolymerized under the same conditions, pEDOTOH:ClO4 exhibits the highest 

current at VG = 0 V and the largest modulation in the ID: the maximum transconductance (gm, 

measured at VD = -0.6 V) is 2.36 mS at VG = 0 V (Figure 1e). The copolymer based OECTs, on 

the other hand, outperform those comprising the pEDOT homopolymer.  

 

 

Figure 2. a) Cyclic voltammetry (CV) curves and b) electrochemical impedance spectra (Bode 

plot) of the polymers deposited on Au electrodes (500 µm x 500 µm). CV measurements were 

performed at a scan rate of 0.1 mV s-1 over a potential window of -0.6 to 0.6 V vs. Ag/AgCl, 
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while the impedance spectra were acquired at 0 V vs the open-circuit potential (VOC). The 

electrolyte is 10 mM PBS. Scanning electron microscopy (SEM) images of these films: c) 

pEDOT:ClO4, d) pEDOTOH:ClO4, and e) p(EDOT-ran-EDOTOH):ClO4. The scale bar is 1 

µm. pEDOT:ClO4, pEDOTOH:ClO4 and p(EDOT-ran-EDOTOH):ClO4 films have a thickness 

of 2.7 µm, 3.9 µm and 3.2 µm, respectively, deposited on Au electrode. 

 

To understand the differences in the OECT performance, we investigated the electrochemical 

properties of the films. Cyclic voltammetry curves of the films recorded in PBS show the typical 

capacitive behavior of PEDOT based CPs,[38] with pEDOTOH exhibiting the highest current 

density values (Figure 2a). The electrochemical impedance spectra show that pEDOTOH film 

has the lowest impedance magnitude at all the frequencies scanned (Figure 2b). As we cannot 

determine the molecular weight and the number of repeat units of the polymers, we report the 

volume normalized capacitance of the films. By using the complex impedance formula, we 

construct capacitance-frequency plots (Figure S3) and extract the volumetric capacitance by 

dividing the capacitance at 0.1 Hz with the volume of the corresponding film. We calculate the 

volumetric capacitance of pEDOT, pEDOTOH, and p(EDOT-ran-EDOTOH) to be 102 Fcm-3, 

227 Fcm-3, and 153 Fcm-3, respectively. The films that contain EDOTOH exhibit a higher 

electrochemical capacitance than the pEDOT, in agreement with previous work reporting that 

hydoxylmethyl groups increase the electropolymerization efficiency resulting in polymers with 

low electrochemical impedance.[39-44] The capacitance of a polymer film is governed by the 

charge carrier density (depending on the length of conjugated backbone and the delocalization 

of the polaron along the chain) and the ability of ions to penetrate the film. A dense network 

can impose a mechanical barrier for ion penetration whereas a porous film will typically allow 

for facile penetration as well as enhanced water uptake which will improve ion transport in 

water swollen channels.[45] The PEDOT film exhibits a relatively smooth surface, while 

EDOTOH based film surfaces are rougher with a larger area, which is expected to contribute to 
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the high capacitance (compare Figure 2c with d and e). The dense population of OH groups in 

the homopolymer pEDOTOH, however, may lead to steric hindrance during bioconjugation, 

providing a low degree of conformational freedom for biorecognition units. [9,28, 33,46] Secondly, 

EDOTOH monomer has low solubility in water with aggregates visible to bare eye in the 

reaction mixture. Despite the superior electrochemical performance of pEDOTOH, we thus 

chose to further work with the copolymer p(EDOT-ran-EDOTOH). While exhibiting high 

transconductance, p(EDOT-ran-EDOTOH) also benefits from the presence of OH groups. For 

instance, while a fluorescent dye labeled insulin could readily adhere on the p(EDOT-ran-

EDOTOH) film surface, it does not show an affinity to pEDOT film (Figure S4). Hydroxyl-

rich network of the copolymer enables hydrogen bonding and electrostatic interactions with 

biomolecules. [11, 41, 46-48] Taken altogether, we conclude that p(EDOT-ran-EDOTOH) is the 

ideal polymer to incorporate enzymes via electropolymerization and for use in an OECT 

channel. 

 

 

Figure 3. Compositional characterization of the p(EDOT-ran-EDOTOH) films prepared in the 

presence (red) and absence (green) of the enzyme (glucose oxidase, GOx) in the reaction 

mixture. a) High-resolution of XPS C 1s spectra of the polymer films. The peak at 287.6 eV is 

attributed to the characteristic bond of C=O originating from the amino acids. b) High-

resolution of N 1s XPS spectra of the polymer films. The spectrum of the enzyme entrapped 
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polymer film demonstrates a characteristic peak for NH2 groups. c) FTIR spectra of the polymer 

films. 

 

We next electropolymerized p(EDOT-ran-EDOTOH) films in the presence of the catalytic 

enzyme, glucose oxidase (GOx), in the reaction mixture. To investigate the incorporation of the 

enzyme in the CP matrix, we used X-ray photoelectron spectroscopy (XPS) and Fourier 

transform infrared spectroscopy (FTIR). The high-resolution XPS C 1s spectrum of the 

enzyme-functionalized copolymer shows a peak at 287.6 eV corresponding to C=O bond 

(Figure 3a).[49] The N 1s spectrum of this polymer film displays a distinct peak at 399.6 eV 

attributed to NH2 groups (Figure 3b). Neither of these peaks are present in the spectra of the 

pristine copolymer and both C=O and –NH2 groups originate from the enzyme. FTIR spectra 

support these findings: we detect C=O bonds only in the spectrum of the copolymer 

polymerized in the presence of the enzyme (Figure 3c). These results suggest the GOx 

molecules are incorporated into the polymer network, and not only bound on the surface of the 

film but also in its bulk.  

 

Figure 4. Sensing performance of the OECT with GOx-entrapped p(EDOT-ran-EDOTOH) 

channel. a) Real-time response of the channel to successive additions of glucose from 10 µM 

to 40 mM. Inset shows the changes in the ID of a pristine (GOx-free) p(EDOT-ran-EDOTOH) 

channel in response to glucose. b) The change in channel current (∆ID) as a function of glucose 

concentrations. Inset shows the same plot in logarithmic scale. c) Real-time response of the 

sensor to the additions of uric acid (UA), ascorbic acid (AA), dopamine (Dop) and glucose 
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(Glu) into the measurement solution and to subsequent rinsing with PBS. The error bars were 

derived from measurements with 3 devices. The gate electrode is Ag/AgCl and the electrolyte 

is PBS (10 mM), VD = -0.2 V and VG = 0 V. 

 

As we verified that polymer channel is successfully functionalized with GOx, we next 

investigated whether the enzyme incorporated is catalytically active and the performance of the 

OECTs in detecting glucose. An active enzyme will electronically communicate with the 

polymer, transferring electronic charges and byproducts generated upon its reaction with the 

metabolite to the conducting network. We first recorded the transfer curves of an enzyme-free 

and an enzyme-entrapped channel in PBS containing a variety of glucose concentrations (Figure 

S5). While the biofunctionalized device showed an increase in its current scaling with glucose 

content of the solution at all gate voltages applied, the pristine (enzyme-free) device had no 

response to glucose. The changes in the drain current in response to glucose are maximized at 

VG = 0 V, which is also the gate voltage that leads to the highest transconductance (Figure 1e). 

We, therefore, monitored the current of the channel when it is gated continuously with VG at 0 

V while changing the glucose concentration in the electrolyte. Figure 4a displays the real time 

changes in channel current in response to different glucose concentrations. The current 

increases with the glucose content of the electrolyte from 10 µM to 40 mM. In contrast, enzyme-

free channel is insensitive to glucose (inset to Figure 4a), suggesting that the entrapped enzyme 

is responsible from the current response. Note that during these measurements the gate current 

is in the range of few nA and seems to be independent of the glucose content of the electrolyte 

(Figure S6a), indicating that glucose detection happens in the channel. In the conventional 

three-electrode electrochemical configuration, the current measured from this film in the 

microscale channel is much lower and the change that the enzymatic reaction causes is very 

small when monitored in chemiresistor configuration (Figure S6b-c). Despite the inherently 

low current of such a microscale pattern, we are able to detect the glucose dependent changes 
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therein thanks to the OECT configuration. OECT provides a high channel current right at the 

point of detection, making the measurement much less sensitive to noise associated with 

external amplifiers.[50] Note that the gate voltage applied is zero, meaning that the system is 

practically biased with just one power supply. These results justify the use of OECT 

configuration which allows to record signals from microfabricated glucose-responsive CPs 

without the need of external amplifiers. 

 

We attribute the increase in ID upon enzymatic reaction to the oxidation of the CP film with 

hydrogen peroxide (H2O2), a by‐ product of the enzymatic reaction. To verify this hypothesis, 

we recorded the impedance spectrum, CV curve and drain current of the GOx-entrapped channel 

as H2O2 is added into the measurement solution (Figure S6d-f). With H2O2 present in the 

solution, we observe a lower impedance at the 1-100 Hz regime accompanied with an increase 

in the anodic current. The current flowing in the channel increases with H2O2, particularly at 

high concentrations (10 mM). Recent work reported PEDOT:PSS to be an effective catalyst for 

H2O2, i.e., neutral PEDOT is oxidized by H2O2 to its charged bipolaronic form in acidic 

conditions.[51] We thus hypothesize that the detection mechanism of these OECT sensors is 

based on H2O2 catalysis at the EDOT comprising channel. Note that the increase in the channel 

current caused by H2O2 is not as significant as that triggered by glucose. We attribute this to 

the limited interactions between H2O2 and EDOT when H2O2 is introduced externally to the 

solution. During the enzymatic reaction, H2O2 is released locally at the reaction site in the 

channel, and as such it effectively reacts with pEDOT chains. On the other hand, when H2O2 is 

introduced into the solution by pipetting, its interactions with the polymer are restricted mostly 

onto the surface of the film and limited by diffusion.  

 

Figure 4b shows that the change in the channel current is proportional to the concentration of 

glucose, allowing for its quantification. The sensitivity of the device is 4.04 µAmM-1 and 0.35 
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µAmM-1 in the range of 0.1 mM to 1 mM and 1 mM to 10 mM, respectively. Moreover, the 

device shows negligible response to endogenous electroactive species commonly found in 

biological media such as uric acid, dopamine and ascorbic acid (Figure 4c). Besides its 

compatibility with biorecognition elements that can be sensitive to high bias, the low gate bias 

that we use (VG = 0 V) minimizes signals from these species which can interfere with those 

arising from the oxidation of glucose by the enzyme. Once rinsed with PBS, the current reverts 

to its initial value and the device can be used again for glucose detection. The OECT can indeed 

be continuously operated with square shaped pulses at the gate electrode for more than 6 hours 

with negligible decay of performance (Figure S7). We evaluated the stability of the device 

response for a period of two months by recording the current output in response to 100 µM of 

glucose. The devices used for this test have been stored in sealed vacuum bags at 4 ºC after 

each measurement. After two months, 65 ± 4 % of the current response is maintained (Figure 

S8) however the sensors need to be re-calibrated before use.  
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Figure 5. Multi-metabolite sensing using enzyme-entrapped OECT sensors. a) Photograph of 

a 4-channel OECT array. Each channel has width of 100 µm and length of 10 µm. The scale 

bar is 200 µm. b) Calibration curves of the sensors to different concentrations of cholesterol 

and lactate. c) The response of the 4-channel OECT array to 100 µM of glucose, 100 µM of 

lactate and 100 µM of cholesterol as well as a mixture containing all these metabolites. VD= -

0.2 V and VG= 0. Each color represents the response of a channel functionalized with one 

enzyme alongside the response of bare p(EDOT-ran-EDOTOH) channel (green). 

 

Glucose oxidase is not the only enzyme which can be incorporated into p(EDOT-ran-

EDOTOH) based OECT channels. To demonstrate the applicability of the approach, we 

entrapped two other catalytic enzymes, cholesterol oxidase (ChOx) and lactate oxidase (LOx) 

in two other channels of one OECT array platform, for cholesterol and lactate detection, 

respectively (Figure 5a). We fabricated 4 OECT channels in a 1x1 mm area, where channel 1, 

2 and 3 are assigned for glucose, cholesterol and lactate sensing, respectively, and they contain 
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the respective enzyme. Channel 4 is set as the reference sensor to monitor any change in current 

that is triggered by interferents, for instance, H2O2 generated during the enzymatic reactions 

happening in the neighbor channels as it diffuses out to the solution. The enzyme-entrapped 

OECTs have a current response linearly scaling with the respective analyte and the channels 

are not responsive to non-target metabolites. The sensitivity to cholesterol and lactate is 1.94 

µAmM -1 and 2.31 µAmM-1 in the range of 0.1 to 1 mM, respectively (Figure 5b). The superior 

performance of glucose sensing is a result of the more robust nature of the enzyme glucose 

oxidase compared to others.[52] Although electropolymerization conditions are set to induce 

minimal interference on enzyme structure (the aqueous reaction medium, the low magnitude of 

the voltage applied and its duration), denaturation is unavoidable as multiple interactions can 

take place between p(EDOT-ran-EDOTOH) and the protein. Note that while these interactions 

may reduce the activity of the enzyme, they are also required to prevent its leakage.[53] Figure 

5c displays the current response of these four channels to different solutions. Each channel that 

is functionalized with a particular enzyme exhibits the highest current response to the 

corresponding, target metabolite. For example, GOx-functionalized channel is most sensitive to 

glucose in the solution, similar to LOx- and ChOx-functionalized channels exhibiting highest 

current changes in response to lactate and cholesterol, respectively. The functionalized channels 

show a current response to non-target metabolites; however, the values are much lower than the 

signals generated by target metabolites. Such interference can be accounted for by recording 

the response of the reference channel. Future work will focus on improving the readout 

accuracy of this platform by involving microfluidics which will avoid crosstalk between the 

channels.  

 

In this work, we presented an easy approach to electrochemically grow conducting polymers 

within the microscale channel of an organic electrochemical transistor (OECT). The hydroxyl 

containing copolymer p(EDOT-ran-EDOTOH) showed remarkable OECT performance and 
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strong affinity to biomolecules. We entrapped catalytic enzymes inside the matrix of this 

copolymer during electropolymerization and used the bio-functionalized channels to detect 

metabolites. The glucose oxidase-functionalized channel showed a current response scaling 

with the glucose content of solution, within the range of 10 µM to 10 mM, and with stability 

up to 2 months. We designed a multi-channel platform where each microscale channel is 

functionalized with a different enzyme, assembling altogether a multi-metabolite sensor. With 

the ability to form OECT channels which show a current response specific to the concentration 

of the target metabolite, we explored the performance of this platform for sensing three 

metabolites at once from complex media. Conducting polymers developed in this work can be 

integrated into different bioelectronic device configurations, while the electropolymerization 

method can easily be adapted to functionalize polymers with various biomolecules via 

molecular entrapment or chemical bonding through reactive groups such as hydroxyls. 

 

Experimental Section 

Materials 

We purchased 3,4-ethylenedioxythiophene (EDOT), hydroxymethyl EDOT (EDOTOH), 

lithium perchlorate (LiClO4), glucose oxidase (GOx), lactate oxidase (LOx), cholesterol oxidase 

(ChOx), fluorescein isothiocyanate (FITC) labeled insulin, human serum from human male AB 

plasma, and phosphate buffer solution (PBS) from Sigma-Aldrich, and used all as received. We 

purchased S1813 and AZ9260 photoresists as well as MF-319 and AZ developers from 

Microchemicals GmbH. The aqueous solutions were prepared using ultrapure water (Millipore 

Milli-Q). 

Fabrication of organic electrochemical transistor (OECT) 

We fabricated the OECTs on glass wafers (D 263® T eco, Schott) using photolithography. We 

started the device fabrication by patterning of Au contacts and interconnects. We deposited the 

photoresist S1813 on cleaned substrates, followed by the exposure to UV light using contact 
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aligner and development with MF-319 developer. We next sputtered 10 nm of Cr and 100 nm 

of Au on the substrates and patterned the metal through a standard lift-off process. The second 

layer of photoresist AZ9260 was then spin-coated on the substrate and developed using AZ 

developer to define the channel areas. A Parylene-C layer (ca. 1.5 µm) was evaporated to 

insulate the gold interconnects. The channel patterns and the contact pads were opened via 

reactive ion etching. The polymer was electropolymerized in the channel as described above. 

Electropolymerization of the conducting polymer and enzyme entrapment 

We prepared an aqueous dispersion of EDOTOH (20 mM) and of EDOT (20 mM) for the 

polymerization of the homopolymers, and an aqueous mixture of EDOTOH (10 mM) and 

EDOT (10 mM), i.e. the feed ratio of 1:1, for the copolymer. We added 100 mM of LiClO4 as 

the counter ion and sonicated the dispersion for 30 min at room temperature. This dispersion 

was then used as the reaction solution placed on top of the transistor channel. An Ag/AgCl and 

a platinum wire were immersed into the solution and used as the reference and counter 

electrode, respectively. Potentiostatic electropolymerization mode at 1 V was performed for 

120 s until the polymer grew and covered the uninsulated area of both source and drain contacts 

of the channel that were in contact with the solution. We then washed the electropolymerized 

film with deionized water and dried the samples with N2 spray to remove any material that has 

weakly bound to the surface as well as unreacted monomers. For the functionalization of the 

film with the enzyme, the respective enzyme was added into the monomer dispersion (5 

mg/mL) and a portion of it got entrapped into the polymer network during the electro-synthesis. 

Physicochemical characterization 

We examined the surface morphology of the polymer films using FEI Nova nano scanning 

electron microscope (SEM) with an accelerating voltage of 3 kV and a working distance of 5 

mm. The films were mounted onto aluminum stubs and attached with conductive double-sided 

tape. Cross-sectional images were taken with a focused ion beam (FIB)/SEM (FEI Helios 

NanoLab 400S). FIB/SEM dual-beam system was equipped with a Ga+ ion source. Carbon and 
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platinum layers were deposited on the surface region of interest by Electron & Ion beam for 

sample protection. To characterize the elemental composition of the films, we performed X-ray 

photoelectron spectroscopy (XPS) and Fourier transform infrared (FTIR) studies. XPS was 

carried out using a KRATOS Analytical AMICUS instrument equipped with an achromatic Al 

Kα X-ray source (1468.6 eV). The source was operated at a voltage of 10 kV and a current of 

10 mA generating a power of 100 Watts. The high-resolution XPS spectra were acquired with 

a step of 0.1 eV. The pressure in the analysis chamber was in the range of × 10-7 Pa during the 

course of the measurements. We recorded the FTIR spectra in the range 550-4000 cm-1 at room 

temperature using Thermo Scientific Nicolet iS10. We used attenuated total reflection (ATR) 

FTIR mode to obtain the reflectance infrared spectra of the polymer film. We signal-averaged 

64 scans to form a single spectrum which was then displayed in terms of transmittance. The 

baseline was corrected using OMNIC FTIR software.  

Electrochemical characterization 

We evaluated the electrochemical performance of each polymer film using a potentiostat 

(Autolab PGstat128N, MetroOhm) and a three-electrode configuration. The polymer films were 

grown on top of Au coated electrode (500 µm x 500 µm) as described above. A three-electrode 

electrochemical cell was used with a 10 mM PBS solution (pH = 7.4) used as the electrolyte 

and a platinum wire as the counter electrode and Ag/AgCl electrode (in 3 M KCl) as the 

reference electrode. For the CV measurements, the potential was swept from -0.6 to +0.6 V at 

a scan rate of 10 mV/s. The impedance measurements were performed by applying 10 mV 

sinusoidal perturbations onto a DC potential fixed at 0 V, -0.2 V and 0.2 V vs. Ag/AgCl (or vs. 

open circuit potential (VOC)) in the range of 0.1 to 10000 Hz. All measurements were performed 

at room temperature inside a grounded Faraday cage and in air unless stated otherwise. The 

capacitance-frequency plots were constructed by using the complex impedance formula as 

described in equation 1.  
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𝑍 = √𝑅2 +
1

𝜔2𝐶2
    (1) 

OECT characterization and evaluation of sensor performance 

We characterized OECTs using a semiconductor analyzer (Keithley 2612 A) controlled with 

customized LabVIEW software. The output and transfer characteristics were recorded by 

sweeping the drain voltage (VD) from 0 to -0.6 V and gate voltage (VG) from 0 to +0.6 V. For 

the pulsed VG measurements (VG = 0 V applied for 5 seconds), a constant VD of -0.2 V was used. 

The gate electrode was Ag/AgCl, the electrolyte was 10 mM PBS and we used a 

poly(dimethylsiloxane) (PDMS) well to confine the electrolyte on top of the transistor. For the 

sensing measurements, after stabilization of the background current, aliquots of metabolite 

solution at different concentrations were introduced to the solution while maintaining a constant 

electrolyte volume (30 µL) and the current changes were recorded in real-time. The response 

of the OECT to the corresponding metabolite (∆ID) was calculated by the following equation: 

∆𝐼𝐷 = 𝐼 − 𝐼0    (2) 

where I and I0 are the current outputs of the OECT in the presence and absence of the metabolite, 

respectively.  

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 

Acknowledgements 

This research was supported by King Abdullah University of Science and Technology 

(KAUST) Office of Sponsored Research Competitive Research Grants (CRG) OSR award 

number OSR‐2016‐CRG5‐3003 to S.I. Scheme 1 and TOC image were produced by Xavier 

Pita, scientific illustrator at KAUST. 

 



  

22 

 

Received: ((will be filled in by the editorial staff)) 

Revised: ((will be filled in by the editorial staff)) 

Published online: ((will be filled in by the editorial staff)) 

 

References 

1. J. Borges-González, C. J. Kousseff, C. B. Nielsen, J. Mater. Chem. C 2019, 7, 1111-1130. 

2. J. Hopkins, K. Fidanovski, A. Lauto, D. Mawad, Front. Bioeng. Biotechnol. 2019, 7.  

3. A. Sanchez-Sanchez, I. del Agua, G. G. Malliaras, D. Mecerreyes in Chapter 6 - Conductive 

Poly(3,4-Ethylenedioxythiophene) (PEDOT)-Based Polymers and Their Applications in 

Bioelectronics, Eds.: M. R. Aguilar and J. San Román), Woodhead Publishing, 2019, pp. 

191-218. 

4. M. Berggren, X. Crispin, S. Fabiano, M. P. Jonsson, D. T. Simon, E. Stavrinidou, K. 

Tybrandt, I. Zozoulenko, Adv. Mater. 2019, 31, 1805813. 

5. S. Inal, J. Rivnay, A.-O. Suiu, G. G. Malliaras, I. McCulloch, Acc. Chem. Res. 2018, 51, 

1368-1376. 

6. D. C. Martin, MRS Communications 2015, 5, 131-153. 

7. L. Ouyang, B. Wei, C.-C. Kuo, S. Pathak, B. Farrell, D. C. Martin, Sci. Adv. 2017, 3, 

e1600448. 

8. Y. Hui, C. Bian, S. Xia, J. Tong, J. Wang, Anal. Chim. Acta 2018, 1022, 1-19. 

9. W. Hai, T. Goda, H. Takeuchi, S. Yamaoka, Y. Horiguchi, A. Matsumoto, Y. Miyahara, 

ACS Appl. Mater. Interfaces 2017, 9, 14162-14170. 

10. J. Sekine, S.-C. Luo, S. Wang, B. Zhu, H.-R. Tseng, H.-H. Yu, Adv. Mater. 2011, 23, 4788-

4792. 

11. S.-C. Luo, E. M. Ali, N. C. Tansil, H.-h. Yu, S. Gao, E. A. B. Kantchev, J. Y. Ying, 

Langmuir 2008, 24, 8071-8077. 



  

23 

 

12. C. A. Cutler, M. Bouguettaya, T.-S. Kang, J. R. Reynolds, Macromolecules 2005, 38, 3068-

3074. 

13. C. D. Spicer, M. A. Booth, D. Mawad, A. Armgarth, C. B. Nielsen, M. M. Stevens, Chem 

2017, 2, 125-138. 

14. J. Kim, J. H. Kim, K. Ariga, Joule 2017, 1, 739-768. 

15. M. Gerard, A. Chaubey, B. D. Malhotra, Biosens. Bioelectron. 2002, 17, 345-359. 

16. M. Kim, R. J. Iezzi, B. S. Shim, D. C. Martin, Front. Chem. 2019, 7, 234. 

17. G. Schiavon, S. Sitran, G. Zotti, Synth. Met. 1989, 32, 209-217. 

18. P. H. Aubert, L. Groenendaal, F. Louwet, L. Lutsen, D. Vanderzande, G. Zotti, Synth. Met. 

2002, 126, 193-198. 

19. A. Kros, S. W. van Hövell, N. A. Sommerdijk, R. J. Nolte, Adv. Mater. 2001, 13, 1555-

1557. 

20. B. C. Thompson, O. Winther-Jensen, J. Vongsvivut, B. Winther-Jensen, D. R. MacFarlane, 

Macromol. Rapid Commun. 2010, 31, 1293-1297. 

21. G. Yang, K. L. Kampstra, M. R. Abidian, Adv. Mater. 2014, 26, 4954-4960. 

22. W. J. Sung and Y. H. Bae, Anal. Chem. 2000, 72, 2177-2181. 

23. H. S. White, G. P. Kittlesen, M. S. Wrighton, J. Am. Chem. Soc. 1984, 106, 5375-5377. 

24. J. Rivnay, S. Inal, A. Salleo, R. M. Owens, M. Berggren, G. G. Malliaras, G. G., Nat. Rev. 

Mater. 2018, 3, 17086. 

25. C. Diacci, J. W. Lee, P. Janson, G. Dufil, G. Méhes, M. Berggren, D. T. Simon, 

E. Stavrinidou, Adv. Mater. Technol. 2019, 1900262. 

26. S. Wustoni, A. Savva, R. Sun, E. Bihar, S. Inal, Adv. Mater. Interfaces 2019, 6, 1800928. 

27. P. Lin, F. Yan, H. L. W. Chan, ACS Appl. Mater. Interfaces 2010, 2, 1637-1641. 

28. S. Wustoni, C. Combe, D. Ohayon, M. H. Akhtar, I. McCulloch, S. Inal, Adv. Funct. 

Mater. 2019, 1904403.  



  

24 

 

29. L. Kergoat, B. Piro, D. T. Simon, M.-C. Pham, V. Noel, M. Berggren, Adv. Mater. 2014, 

26, 5658-5664. 

30. E. Macchia, P. Romele, K. Manoli, M. Ghittorelli, M. Magliulo, Z. M. Kovács-Vajna, F. 

Torricelli, L. Torsi, Flex. Print. Electron. 2018, 3, 034002. 

31. S. Wustoni, S. Wang, J. R. Alvarez, T. C. Hidalgo, S. P. Nunes, S. Inal, Biosens. 

Bioelectron. 2019, 143, 111561. 

32. J. Y. Gerasimov, R. Gabrielsson, R. Forchheimer, E. Stavrinidou, D. T. Simon, M. 

Berggren, S. Fabiano, Adv. Sci. 2019, 6, 1801339. 

33. H.‐A. Lin, B. Zhu, Y.-W. Wu, J. Sekine, A. Nakao, S.-C. Luo, Y. Yamashita, H.-

H. Yu, Adv. Funct. Mater. 2018, 28, 1703890. 

34. S. Kumar, P. Rai, J. G. Sharma, A. Sharma, B. D. Malhotra, Adv. Mater. Technol. 2016, 1, 

1600056. 

35. C. Duc, G. G. Malliaras, V. Senez and A. Vlandas, Synth. Met. 2018, 238, 14-21. 

36. J. Xia, N. Masaki, K. Jiang, S. Yanagida, J. Mater. Chem. 2007, 17, 2845-2850. 

37. D. Khodagholy, J. Rivnay, M. Sessolo, M. Gurfinkel, P. Leleux, L. H. Jimison, E. 

Stavrinidou, T. Herve, S. Sanaur, R. M. Owens, G. G. Malliaras, Nat. Commun. 2013, 4, 

2133. 

38. E. Mitraka, M. J. Jafari, M. Vagin, X. Liu, M. Fahlman, T. Ederth, M. Berggren, M. P. 

Jonsson, X. Crispin, J. Mater. Chem. A 2017, 5, 4404-4412. 

39. S. Akoudad and J. Roncali, Electrochem. Commun. 2000, 2, 72-76. 

40. S. Zhang, J. Xu, B. Lu, L. Qin, L. Zhang, S. Zhen, D. Mo, Journal of Polymer Science Part 

A: Polymer Chemistry 2014, 52, 1989-1999. 

41. Y. Xiao, X. Cui, J. M. Hancock, M. Bouguettaya, J. R. Reynolds, D. C. Martin, Sens. 

Actuator B-Chem 2004, 99, 437-443. 

42. Y. Lu, Y.-p. Wen, B.-y. Lu, X.-m. Duan, J.-k. Xu, L. Zhang, Y. Huang, Chin J Polym Sci  

2012, 30, 824-836. 



  

25 

 

43. F. G. Guler, H.-D. Gilsing, B. Schulz, A. S. Sarac, J. Nanosci. Nanotechnol.  2012, 12, 

7869-7878. 

44. C.-L. Lin, C.-Y. Chen, H.-F. Yu, K.-C. Ho, Sol. Energy Mater. Sol. Cells  2019, 202, 

110132. 

45. M. ElMahmoudy, S. Inal, A. Charrier, I. Uguz, G. G. Malliaras, S. Sanaur, Macromol. 

Mater. Eng. 2017, 302, 1600497. 

46. H. Jiang and F.-J. Xu, Chem. Soc. Rev. 2013, 42, 3394-3426. 

47. K. M. Hutchins, Royal Society Open Science 2018, 5, 180564. 

48. Z. You, H. Cao, J. Gao, P. H. Shin, B. W. Day, Y. Wang, Biomaterials 2010, 31, 3129-

3138. 

49. H. Shen, Y. Zou, Y. Zang, D. Huang, W. Jin, C.-A. Di, D. Zhu, Mater. Horizons 2018, 5, 

240-247. 

50. J. Rivnay, P. Leleux, M. Sessolo, D. Khodagholy, T. Hervé, M. Fiocchi, G. G. Malliaras, 

Adv. Mater. 2013, 25, 7010-7014. 

51. E. Miglbauer, P. J. Wójcik, E. D. Głowacki, Chem. Commun. 2018, 54, 11873-11876. 

52. B. Lillis, C. Grogan, H. Berney and W. A. Lane, Sens. Actuator B-Chem 2000, 68, 109-114. 

53. R. A. S. Luz, A. R. Pereira, J. C. P. de Souza, F. C. P. F. Sales, F. N. Crespilho, 

ChemElectroChem 2014, 1, 1751-1777. 

 

 

  



  

26 

 

Supplementary Information  

for 

In situ electrochemical synthesis of a conducting 

polymer composite for multi-metabolite sensing 

Shofarul Wustonia, Tania C. Hidalgoa, Adel Hamaa, David Ohayon a, Achilleas Savvaa, Nini 

Weib, Nimer Wehbeb, and Sahika Inala,* 

 

a Biological and Environmental Science and Engineering Division, King Abdullah University 

of Science and Technology (KAUST), Thuwal 23955-6900, Saudi Arabia. 

b Imaging and Characterization Core Labs, KAUST, Thuwal 23955-6900, Saudi Arabia. 

 

E-mail: sahika.inal@kaust.edu.sa 

 

 

 

 

 

 

 

 

 

 

 



  

27 

 

 

Figure S1. SEM image of the copolymer p(EDOT-ran-EDOTOH) electropolymerized in the 

OECT channel. The scale bar is 5 µm. 

 

 

 

Figure S2. Output characteristics of a) pEDOT, b) pEDOTOH, and c) p(EDOT-ran-EDOTOH) 

OECTs gated with an Ag/AgCl pellet immersed in PBS (10 mM).  
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Figure S3. The capacitance versus frequency plots of the polymer films deposited on Au 

electrodes (500 µm x 500 µm). The electrochemical impedance spectra were recorded at 0 V 

vs Voc in PBS. 

 

 

 

 

 

Figure S4. Fluorescence microscopy images of pEDOT (a,c) and p(EDOT-ran-EDOTOH) 

(b,d) deposited into the OECT channel (100 µm x 10 µm, width x length, top) and on the Au 

patterns (500 µm x 500 µm, bottom). The fluorescein isothiocyanate (FITC) labelled insulin 

molecules (green) were entrapped within the polymer matrix during electropolymerization.  

 

 

Figure S5. Transfer characteristics of p(EDOT-ran-EDOTOH) OECTs in the presence of 

glucose in PBS solution. a) The channel comprises GOx and b) the channel is GOx-free 
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Figure S6. a) Gate current (IG) of GOx-entrapped p(EDOT-ran-EDOTOH) OECT during 

chronoamperometric sensing measurements. The spikes indicate the time points where we 

introduce a new concentration of glucose into the solution. b) CV curve and c) the amperometric 

response of GOx-entrapped p(EDOT-ran-EDOTOH) film in the channel in the presence of 

glucose in PBS. d) Electrochemical impedance spectra and e) CV curve of the GOx-entrapped 

p(EDOT-ran-EDOTOH) film recorded in the presence of different concentrations of H2O2. f) 

Drain current of GOx-entrapped p(EDOT-ran-EDOTOH) OECT in response to H2O2 addition 

and subsequent rinsing with PBS. 
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Figure S7. The operational stability of a p(EDOT-ran-EDOTOH) OECT upon square-shaped 

pulses continuously applied at VG= 0.1 V for about 6 hours. VD= -0.2 V. 

 

 

Figure S8. The stability of the OECT sensors that have been stored for up to two months. The 

current response to 100 µM of glucose was tested multiple times at each day. 

 

 


