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Abstract 

Organic mixed ionic-electronic conductors (OMIEC) have emerged as pivotal materials in organic 

bioelectronics, particularly when integrated into organic electrochemical transistors (OECTs). 

Conducting polymer-based devices have indeed demonstrated their capability to transduce 

biological signals into amplified output signals, harnessing the high transconductance of OECTs. 

The OECT operating principle and sensing capability strongly depends on ion-conjugated 

backbone coupling: the dual nature of OMIECs, i.e. ion-conductor and electron/hole-conductor, 

presents an intrinsic interface in the bulk of the thin film across which transduction of ionic signals 

into electronic signals and vice versa occurs. Recent works have shown how selective sodium and 

potassium detection can be achieved by direct chemical modification of the polymer. Such 

modifications introduce ligands with affinity for the cations of interest as substituents on the 
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polymer chain. The present work explores the integration of specifically modified conducting 

polymers into OECT channels, offering selectivity for zinc cations. Zinc fluxes are crucial in 

various biological processes, and their reliable detection, especially at low concentrations, is an 

important challenge. By electropolymerizing a thiophene-based trimer, modified with a 

dipicolylamine (DPA) substituent, we obtain a conducting polymer-based OECT that can 

selectively detect Zn2+ in the 10-6 to 10-3 mol L-1 concentration range in physiological buffers. 

1. Introduction 

Bioelectronics1 holds great promise for developing a new generation of medical devices that will 

allow advances in diagnostics, monitoring and treatment of diseases and conditions. Due to their 

ionic and electronic conductivity, as well as their mechanical properties, conducting polymers have 

been at the forefront of organic bioelectronics2, especially when integrated as active materials in 

organic electrochemical transistors3 (OECTs). The necessary requirements for a conducting 

polymer to be used in OECTs is that it should behave as an organic mixed ion/electron conductor 

(OMIEC).4 

During OECT operation, the OMIEC has to be able to undergo reversible electrochemical 

doping/dedoping in a given electrolyte, e.g. aqueous electrolyte for bioelectronics applications5. 

OMIEC-based devices have already shown the ability to transduce biological signals, related e.g. 

to ion fluxes occurring among cells, into an amplified output signal6. Their amplification power, 

stemming from the high transconductance7 of OECTs, has also been exploited to develop analytical 

methods8 with sensitivities that rival most advanced electrochemical methods, even without the 

need of a Faraday cage9. 
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OECT sensing capabilities8 are based on the interaction of an analyte with either the channel or the 

gate electrode and the resulting modulation of the transistor readout, i.e. the drain current, Id. The 

working principle of these devices for detecting a specific target analyte is mainly based on either 

amperometric or potentiometric sensing10 to quantify selectively redox active biological molecules 

or ionic species in solution, respectively, coupled to the intrinsic amplification power of OECTs. 

These endeavors have been generally achieved by functionalization of the gate electrode or channel 

materials with antibodies11,12,13,14 or enzymes15,16,17,18 having specific interactions or catalytic 

activity towards a target molecule of biological interest. Customized materials, which show 

preferential catalytic redox activity for specific biological molecules19, or which can be used as 

ion-selective membranes, have been employed in this context for specific cation sensing.20,21,22  

Since the electrochemical doping/dedoping process is intimately governed by ion-aromatic 

backbone coupling23, an alternative route to achieve selectivity towards cations of biological 

interest involves adding this functionality to the conducting polymer through direct chemical 

modification. A few examples of exploring this strategy have revealed that the electrochemical 

doping/dedoping of OMIECs can be influenced, allowing discrimination between sodium and 

potassium in the electrolyte, based on the introduction of crown ether substituents on the OMIEC 

backbone.24,25,26 

For example, OECT-based membrane-free specific cation sensing has been achieved by 

implementing poly(3,4-alkoxy thiophene) (PEDOT) derivatives with added functionality at the 

gate electrode of an OECT through electropolymerization. In this work24, Wustoni et al. obtained 

devices that could monitor potassium and sodium concentration changes in human serum thanks 

to the specific interaction between the target cation and the modified gate surface. More 

specifically, a pseudo-Nernstian relationship between the concentration of the target cation and the 
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output current of the OECTs could be determined, showing detection limits of 10-4 mol L-1 for 

potassium and 10-5 mol L-1 for sodium, as well as linear regimes between 10-4 and 10-1 mol L-1, 

comparable to state-of-the-art OECT devices employing ion-selective membranes. 

Through a similar chemical modification, Salinas et al. showed that the interaction between sodium 

and a crown ether substituent has a specific effect on the evolution of the electrical conductivity26 

of the modified OMIEC and could therefore be exploited to determine if sodium is present in the 

electrolyte. These results suggest the possibility of integrating a modified conducting polymer with 

selectivity towards a specific target cation in the channel of an OECT. 

In its cationic form, zinc plays key-roles in numerous biological processes27,28 relevant to the 

immune, nervous and endocrine systems, as well as in the metabolism of RNA and DNA. 

Therefore, the development of methods for detecting and monitoring its dynamic concentrations is 

currently investigated intensively to provide tools for biological and medical in vivo or in vitro 

studies. Dipicolylamine (DPA) is a well-known complexing agent of transition metals29,30,31 in 

general and has been successfully used to detect zinc mainly by fluorescence techniques32, also in 

cell cultures33. 

In this work, we present the design of a novel OMIEC that is able to detect zinc ions in aqueous 

solutions when implemented as a channel material of an OECT (see Figure 1). The OMIEC is 

obtained by electropolymerization of an aromatic precursor based on a thiophene trimer, more 

specifically 2,5-bis(3,4-ethylenedioxy thiophene)thiophene, already used as a platform for other 

OECTs34 and bioelectronics35,36 applications. The interaction that allows a specific response 

towards zinc is achieved by the chemical modification of the thiophene-based trimer with a DPA 

substituent. The resulting molecule is 2-(bis(pyridin-2-ylmethyl)amino)ethyl 2-(2,5-bis(3,4-

ethylenedioxy thiophene)thiophen-3-yl)acetate and from here on will be referred to as Tri-DPA. 
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Through electropolymerization of Tri-DPA in the presence of zinc cations, we obtained a 

conducting polymer that we label Zn-templated pTri-DPA. This polymer can reversibly switch 

between its conducting and insulating state in aqueous solutions, and also in biological buffers 

typically used in cell cultures. Most importantly, we integrate this conducting polymer in OECT 

devices and demonstrate its selectivity towards zinc with respect to other cations usually present in 

biological media. To the best of our knowledge, this is the first example of an OECT showing 

specific detection of this biologically relevant cation. Moreover, we show how changes in zinc 

concentration as low as 1.5 µM can be detected, i.e. one order of magnitude lower than what has 

been achieved for potassium and sodium with other membrane-free OECT-based sensing 

techniques24. 

Figure 1. Scheme representing the process to obtain Zn-templated pTri-DPA and the sensing principle allowing its 

use as active material in OECT-based Zn2+ sensors in aqueous solutions. 

 

2. Results and discussion 

2.1 Electropolymerization of the Tri-DPA:Zn2+ complex 
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First, we synthesized and characterized Tri-DPA and analogs (synthesis and chemical 

characterization details are reported in SI – see Figures S1-10). In order to ensure that the 

interaction between zinc and DPA is retained by our precursor, we performed NMR titrations by 

adding the target cation to a solution of Tri-DPA. As zinc equivalents are increased from 0 to 1, 

most 1H peaks present changes in chemical shift and intensity (see Figure S11), confirming the 

formation of a complex. Since DPA and zinc can form both 1:1 and a 2:1 host-guest complexes37, 

we could not determine a reliable value for the binding constant. However, the observed changes 

of the NMR spectrum of Tri-DPA when zinc equivalents are added to the solution suggest that the 

interactions between the cation and DPA is retained by the precursor. 

The subsequent step to obtain the conducting polymer consisted in the electropolymerization of 

Tri-DPA by oxidation of the thiophene-based trimer. However, the DPA moiety is itself redox 

active and the products of secondary and tertiary amine oxidation can undergo further irreversible 

reactions, leading to bond cleavage38. This would result in the degradation of the DPA moiety and 

the loss of the zinc binding functionality. Interestingly, we noticed that the redox transformation of 

DPA can be prevented when this molecule is complexed by Zn2+ (see Figure S12).  

Therefore, we investigated the effect of adding increasing Zn equivalents during 

electropolymerization in an acetonitrile (ACN) solution of 5 mmol L-1 Tri-DPA and 100 mmol L-

1 of tetrabutyl ammonium perchlorate (TBAP) as supporting electrolyte on the final 

electrochemical and optical properties of pTri-DPA films. Cyclic voltammetry (CV) experiments 

of such solutions containing 1.25, 2.5 and 5 mmol L-1 of Zn(ClO4)2 showed partial or complete 

suppression of the anodic processes related to DPA oxidation (see Figure S13A). As perchlorate is 

the counter-anion of the supporting electrolyte, Zn(ClO4)2 has been chosen as the Zn2+ source to 
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avoid mixed anion effects. The prevention of this competing oxidation should beneficially affect 

the electropolymerization process and the final properties of the conducting polymer layer.  

 

Preliminary inspection of pTri-DPA films obtained by potentiostatic deposition (see details for 

chronoamperometric recordings of the electropolymerization experiments in SI and Figure S13B) 

in the presence of 0, 0.25, 0.5 and 1 Zn equivalents showed a color gradient for such films (see 

Figure S14A). This evidence suggests a correlation between the polymer’s optoelectronic 

properties and Zn content of the electropolymerization solution, quantified in terms of a 

bathochromic absorption maxima, λabs max shift measured by UV/vis spectroscopy (see Figure 

S14B). Such a red shift can be ascribed to a longer effective conjugation length, usually associated 

with a minimization of torsional defects of conducting polymer backbone in the solid thin-film 

structure39. 

 

Figure 2. A) CVs measured in an ACN solution of 100 mmol L-1 TBAP of pTri-DPA films obtained by 

electropolymerization in the presence of increasing Zn equivalents, (gradient from red to black for 

electropolymerization solutions containing 0, 0.25, 0.5, and 1 Zn equivalents); B) anodic peak potentials related to the 
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doping process of pTri-DPA extracted from the CV curves in A (squares and triangles – left axis) and absorption 

maxima wavelengths (circles – right axis) from Figure S14B plotted against Zn equivalents present during 

electropolymerization. Lines are guides to the eye to show the decrease in the required potential to oxidize pTri-DPA 

and the increase in absorption wavelength. Currents are normalized by volume, v, calculated from the electrode area 

in cm² and the thickness of the polymer films in cm (ranging from 70 nm to 90 nm) as determined by profilometry. 

The spectroscopic evidence above suggests that adding Zn ions to the electropolymerization 

solution results in a beneficial effect in terms of a better planarity of the polymer chains, which 

should facilitate the oxidation of the conducting polymer in the solid state40. Indeed, the 

electrochemical characterization of these films by means of CV in a 100 mmol L-1 TBAP/ACN 

solution supports our hypothesis: as Zn equivalents increase, the anodic peak potential, Epa, related 

to the doping of pTri-DPA shifts towards more negative potentials (see Figure 2A). 

The effects of adding Zn equivalents on both, the final optoelectronic and redox properties of pTri-

DPA are summarized in Figure 2B, indicating the decrease in the potential required to oxidize the 

polymer and the concurrent increase of the UV/vis absorption maxima. In order to ensure that these 

effects are indeed due to the formation of the Tri-DPA:Zn2+ complex prior to 

electropolymerization, we performed a control experiment with a trimer molecule that bears a 

substituent (i.e. methyl ester group) that should not show any interaction with zinc. More 

specifically, Tri-COOMe (see synthesis details in SI, Figures S9-10) was electropolymerized in the 

presence of increasing Zn equivalents to yield pTri-COOMe films, that were then characterized 

electrochemically (see Figure S15). No effect on the redox properties is observed, ensuring that the 

previous behavior is specific to Tri-DPA and not due to a generic effect of Zn2+ on the 

electropolymerization of the trimer. 

Prior to characterizing and comparing further the two polymers obtained in the absence and in the 

presence of Zn2+, named from this point forward pTri-DPA and Zn-templated pTri-DPA, 
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respectively, we electrochemically extracted Zn2+ from the latter to clear the DPA sites, which will 

be needed later for detecting zinc cations. It is well known41 that organic mixed conductors undergo 

swelling and shrinking during electrochemical doping/dedoping since the charging/discharging 

process of the conjugated backbone is accompanied by injection and expulsion of electrolyte ions 

and solvent molecules.42,43,44,45 We expect that the swollen state will provide pathways for zinc 

ions to leave the polymer. We therefore cycled the polymer 20 times in a Zn-free TBAP/ACN 

solution under vigorous stirring between +0.4 and -0.6 V, stopping the CV experiment at the 

positive potential to ensure an additional electrostatic repulsion of the zinc ions. A slow scan rate 

(≈ 0.01 V s-1) was used in order to give time to the polymer layer to swell and shrink in a controlled 

fashion, allowing zinc to diffuse out of the organic semiconductor film, while avoiding detrimental 

effects on its microstructure and electrical properties. In order to confirm the efficient removal of 

Zn2+ from the Zn-templated pTri-DPA, Energy Dispersive X-ray Spectroscopy (EDX) was carried 

out on three gold wires modified with 1) as-prepared pTri-DPA, 2) as-prepared Zn-templated pTri-

DPA, and 3) Zn-templated pTri-DPA cycled in a Zn-free TBAP/ACN solution. EDX data (reported 

in Figure S16 along with experimental details) reveal that for the latter sample the peak intensity 

for Zn L-edge is more than halved, suggesting that a large fraction of Zn2+ cations has been 

removed. 

 

2.2 In-situ electrochemical conductance of pTri-DPA and Zn-templated pTri-DPA in organic 

and aqueous electrolytes. 

We further investigated the differences between the pTri-DPA and Zn-templated pTri-DPA-based 

polymers by using the in-situ electrochemical conductance technique46,47. This technique allows 

monitoring the evolution of conductance measured across interdigitated microelectrode arrays 
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(IDMEAs) by applying a small potential difference (Vd between 10 and 50 mV) with a potentiostat, 

while a second potentiostat performs the electrochemistry measurement. It can therefore be used 

to extract information about the electrical properties of the polymer layer during its formation or 

simply the charging/discharging of the electroactive material. Importantly, it allows to evaluate the 

onset potential of the insulating/conducting transition and simultaneously address polymer stability 

with respect to electrochemical cycling, both relevant material characteristics for applications of 

electroactive materials as biosensors. 

First, we performed electropolymerization of Tri-DPA in the absence and in the presence of Zn2+ 

(2 Zn equivalents) on gold IDMEA by potentiostatic deposition with an electrochemical 

conductance setup, consisting of two potentiostats (see details in SI). A rather high concentration 

of Zn2+ with respect to Tri-DPA was used in order to ensure that 1) all DPA sites are protected by 

the target cation, and 2) the most prevalent complex species would be the 1:1 host:guest thanks to 

the excess of Zn2+ in solution. The evolution of the charge related to the oxidation of Tri-DPA and 

Tri-DPA:Zn2+, prompted by applying 0.4 V vs. Ag/AgNO3 with the first potentiostat, is shown in 

Figure 3A (see red and black dashed lines representing the charge for Tri-DPA and Tri-DPA:Zn2+, 

respectively) and can be considered proportional to the amount of deposited polymer. Under these 

conditions, electrodeposition will initially occur on the surface of the microelectrodes. Therefore, 

monitoring the current flowing between the two terminals of the IDMEA with the second 

potentiostat will yield low conductance. As the amount of deposited polymer increases, 

connections will start to form across the gap between microelectrodes, causing a steep increase in 

conductance46,48. Finally, a saturation region is reached where conductance increases slowly as the 

thin polymer layer across the gap grows vertically. The conductance evolution shown in Figure 3A 

allows two observations: 1) a smaller amount of deposited charge is required to get to the saturation 
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region for Tri-DPA:Zn2+ than for Tri-DPA, and 2) the maximum conductance value reached is 

roughly twice in the case of polymerization of the Zn complex. The first effect can be explained 

by considering that the deposited charge measured during the electropolymerization process is 

related to all anodic processes occurring at the IDMEA surface. When free Tri-DPA is present in 

solution, both the conjugated trimer and the DPA moiety are oxidized. However, the latter 

oxidation process is prevented when Zn protects the DPA moiety. This allows avoiding deposition 

of a polymer with a degraded molecular recognition unit. The second observation concerning the 

maximum conductance value reached could be rationalized in terms of an overall better 

conductivity of the final polymer, which depends on the amount of charge carriers that can be 

stored on the conjugated backbone and their mobility, for the same amount of deposited polymer. 

These properties of conducting polymers are generally enhanced when the effective conjugation 

length of their π-system is increased. 

Rationalization of the observed behavior implies that for the same deposited charge, the amount of 

deposited polymer should be higher for electropolymerization conducted in the presence of Zn2+, 

i.e. when oxidation of DPA is prevented and the measured charge relates mostly to the oxidation 

of the trimer moiety. This is confirmed by measuring the thickness of polymer layers obtained for 

different deposition charge values while varying the Zn2+ equivalents. The polymer films 

electrodeposited in the absence of Zn2+ are systematically half as thick as those obtained when this 

cation is present in solution (see Figure S17 and details in SI). Therefore, we can consider both 

observations consistent with our hypothesis, previously deduced from the electrochemical and 

spectroscopic characterization of the films, that the electropolymerization of Tri-DPA:Zn2+ leads 

to a more planar and defect-free conjugated backbone structure.  
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Figure 3. A) Deposited charge recorded during electropolymerization of Tri-DPA and Tri-DPA:Zn2+ (red and black 

dashed lines, respectively) on Pt IDMEAs and the simultaneously recorded conductance (red and black solid lines, 

respectively); B,C) Evolution of the conductance during electrochemical cycling of pTri-DPA and Zn-templated pTri-

DPA, shown in red and black, respectively (solid lines represent conductance and dashed lines represent CV traces) in 

B) a 100 mmol L-1 TBAP/ACN solution (Emin = -0.6 V; Emax = 0.4 V vs. Ag/AgNO3 ν = 0.01 V s-1, ΔV = 10 mV); and 
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in C) an aqueous buffer solution used in typical cell cultures (Emin = -0.35 V; Emax = 0.65 V vs. Ag/AgCl in sat KCl 

ν = 0.01 V s-1, ΔV = 10 mV). Data obtained in aqueous buffer solution show the 1st and 10th cycles in light and dark 

coloring, respectively). 

We then went on to compare the electrochemical conductance of a pTri-DPA film with a Zn-

templated pTri-DPA film after the electrochemical removal of Zn2+. The CVs of Figure 3B show 

that the onset potential, Eonset, required for the transition from the insulating to the conducting state, 

shifts to much lower values for the Zn-templated polymer as opposed to pTri-DPA. The large 

negative shift of the low potential anodic peak of pTri-DPA (∆Epa ≈ -0.35 V) is quite promising to 

assure that the transition of the polymer from its insulating to its conducting state, which is driven 

electrochemically in an OECT, falls within the electrochemical stability window of an aqueous 

electrolyte. Due to this shift, it is not possible to precisely determine the saturation conductance for 

non-templated pTri-DPA because a degradation process occurs that causes a 25% decrease in 

maximum conductance when its conductivity is probed beyond 0.35 V vs. Ag/AgNO3. This is not 

the case for Zn-templated pTri-DPA, which shows no significant conductance loss when cycled to 

its highly conductive state (see comparison of normalized conductance evolution in Figure S18 for 

pTri-DPA and Zn-templated pTri-DPA over 10 cycles). 

Next, we performed in-situ electrochemical conductance for both polymers using a complex buffer 

typically used in cell cultures (see buffer composition details in SI) as an electrolyte. Figure 3C 

clearly demonstrates the importance of the Zn-templating effect. While Zn-templated pTri-DPA 

can be effectively cycled to its conducting state, non-templated pTri-DPA barely switches on, even 

at a relatively high voltage (Emax = 0.65 V vs. Ag/AgCl). 

2.3 Electrochemistry of Zn detection with Zn-templated pTri-DPA in a complex physiological 

buffer. 
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The encouraging results of the in-situ electrochemical conductance measurements allowed moving 

on to the proof-of-concept experiments with respect to the detection of Zn2+ when these polymers 

are present in the IDMEA channels. While keeping the polymer in its conductive state by applying 

a relatively low positive voltage (≈ + 0.3 V vs. Ag/AgCl), we expect the measured conductance to 

drop as we add increasing amounts of Zn2+ to the electrolyte buffer solution (see Figure 4A and 

B). This drop in conductance should be prompted by the chemical adsorption of the cation due to 

the interaction with the DPA ligands and the resulting partial reduction of the conjugated backbone, 

according to the following reaction: 

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑛𝑛+ + 𝑥𝑥𝑥𝑥𝑥𝑥2+ + 2𝑥𝑥𝑒𝑒− → 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑛𝑛−2𝑥𝑥)+:𝑥𝑥𝑥𝑥𝑥𝑥2+     (eq. 1) 

In Figure 4C, we show the current flowing across the IDMEA through the Zn-templated pTri-

DPA, measured in three experiments using the biological buffer at pH 7.4 as electrolyte and 

applying a constant doping potential: 1) blank experiment; 2) adding increasing Zn2+ amounts; and 

3) removing the chemically adsorbed Zn. In the first experiment, one can observe that potentiostatic 

electrochemical doping leads to a fast increase in current (dotted light gray line), followed by a 

slow drift that leads to a marginal increase of the maximum current over 20 minutes. Next, we 

repeated the same experiment when spiking with Zn2+ concentrations from 0 to 20 µM, 200 µM, 

and 2 mM, under constant stirring. A clear drop is observable at each injection of buffer solution 

spiked with Zn2+ (black solid line). Finally, by doping again in a Zn-free buffer solution, we record 

the full recovery of the initial current (dark gray solid line). 
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Figure 4. A) Schematics of the in-situ electrochemical conductance measurements during Zn additions (working 

electrode: Pt-IDMEA on which Zn-templated pTri-DPA was electrodeposited, counter electrode: Pt mesh, and 

reference electrode: Ag/AgCl in saturated KCl); B) Physico-chemical principle of Zn detection with pTri-DPA in its 

doped state; C) Measurements of the current, id, flowing through the Zn-templated pTri-DPA with Vd = 50 mV bias 
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applied across the IDMEA terminals during application of a doping pulse of + 0.3 V vs Ag/AgCl and sequential 

addition of Zn2+ (at each step the final concentration was 20 µM, 200 µM and 2 mM); D) Conductance evolution, G = 

id/ Vd, (top panel) and simultaneously recorded current, iWE, (bottom panel) measured by the potentiostat driving the 

electrochemical doping of the semiconducting polymer.  

In Figure 4D, we compare the conductance evolution (top panel) during the Zn2+ additions 

corrected for the slow drift and the simultaneously recorded current by the potentiostat applying 

the constant doping pulse (bottom panel). Overall, an average normalized response of 0.07 dec-1 is 

observed, while the Faradaic current of the IDMEA, serving as a working electrode, shows 

corresponding cathodic peaks that can be attributed to the reduction of Zn-templated pTri-DPA. 

Since we are applying a constant doping potential (+0.3 V vs Ag/AgCl), we explain this by the 

decrease in the doping level of the polymer, prompted by an increase of the effective oxidation 

voltage required by the polymer once it has absorbed Zn2+ cations. 

2.4 Miniaturized Zn-templated pTri-DPA OECTs.  

After these promising results, we integrated Zn-templated pTri-DPA as channel material into 

miniaturized OECTs to test their selectivity and determine their sensitivity and detection limit. We 

electropolymerized the Tri-DPA:Zn2+ complex on an OECT substrate with typical channel 

dimensions of 100 µm in width and 10 µm in length (see fabrication details in SI) and subsequently 

removed Zn by electrochemical cycling. These steps were performed using the two-potentiostat 

system of the in-situ electrochemical conductance setup as it allows monitoring the formation of 

the channel and the effect of Zn removal on the conductivity evolution during electrochemical 

doping/dedoping. 

First, we determined electrodeposition conditions by performing a CV and normalizing the current 

by the surface of the bare source and drain electrodes, which served as the working electrode in a 
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three-electrode setup with a Pt mesh and a silver wire acting as counter and pseudo-reference 

electrodes, respectively (see Figure 5A). The CV curve shown in Figure 5B presents the typical 

cross-line shape observed for the electropolymerization of thiophene-based conducting polymers49. 

At 0.58 V vs. Ag+/Ag, we observe a current density j of 0.5 mA/cm², which allows for a controlled 

deposition process. In Figure 5C, we show the results of a potentiostatic deposition where the 

current density starts around the expected value (0.5 mA/cm²) and then steadily increases to tens 

of mA/cm². This behavior differs greatly from what we observed on large area electrodes or 

IDMEAs and can be attributed to an edge effect due to the interplay between the diffusion of the 

redox active species to the source and drain electrode surface and the polymerization reactions 

occurring with non-oxidized trimers. During the electrodeposition, a small potential difference of 

10 mV was applied across the source and drain terminals, to monitor the formation of the channel 

material with the in-situ electrochemical conductance setup. The electropolymerization reaction 

was stopped when the measured conductance showed values of about 5 mS (see Figure 5C – 

bottom panel) which should yield OECTs with on-currents, iON, of the order of 0.1 to 1 mA. By 

integrating the electrodeposition current, we can obtain the deposited charge, which allows 

estimating the amount of deposited polymer (see Figure 5C – top panel). 
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Figure 5. A) Schematics of the in-situ electrochemical conductance measurements during electropolymerization 

conducted in a three-electrode electrochemical cell where source and drain act as the working electrode while a Pt 

mesh and an Ag wire are used as counter electrode and reference electrode, respectively. The solution used is 10 mmol 

L-1 Tri-DPA:Zn2+ in 0.1 mol L-1 TBAP/ACN). B) CV curve recorded with a bare OECT substrate (total area of source 

and drain equals 3000 µm²) to determine deposition conditions (indicated with dashed gray lines) for potentiostatic 

electropolymerization. The inset shows Tri-DPA oxidation onset; C) Current density j recorded during potentiostatic 

deposition at 0.58 V vs. Ag+/Ag and the corresponding integrated charge of 24 µC are shown in the top panel while 

the simultaneously recorded conductance is reported in the bottom panel (Vd = 10 mV); D) Schematics of the OECT 

characterization setup using an Ag/AgCl pellet as gate electrode (device dimensions: length = 10 µm and width = 100 

µm); E) Transfer characteristics on a logarithmic scale obtained at VDS = -0.1 V with iON/iOFF ratio > 104 and negligible 

gate current, iGS; F) Transfer characteristics showing a transconductance peak of 1.7 mS at VGS = -0.5 V, typical of 

OECT behavior. 
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After thoroughly rinsing the devices with ACN and Zn removal by electrochemical cycling in a 

Zn-free TBAP/ACN solution (see morphological characterization by optical and electron 

micrographs in Figure S19), we obtained the OECT transfer characteristics using the same aqueous 

buffer as for the previous in-situ conductance measurements in a typical OECT setup, i.e. using an 

Ag/AgCl pellet as gate electrode (see Figure 5D). With a high ON/OFF ratio and transconductance 

of nearly 2 mS at about -0.5 V vs Ag/AgCl (see Figure 5E and F, respectively), these devices 

showed promise to detect Zn2+ in a complex biological buffer. The values obtained are on par with 

average OMIEC-based OECTs, which show output currents ranging between 0.1 mA and 10 mA 

and transconductances between 1 and 10 mS50.  

2.5 Zn Selectivity and sensitivity of pTri-DPA OECTs. 

To test the selectivity of Zn-templated pTri-DPA devices, we added Zn2+, Mg2+, Ca2+, and K+ to a 

simple sodium buffer (see composition in SI) at pH = 7.4 while applying a constant doping potential 

at VGS = -0.35 V. No significant change in the normalized current response, ∆IDS, defined as (IDS-

I0)/I0, is observed for the interfering cations, however Zn2+ addition to a final concentration of 550 

µmol L-1 led to a significant drop in the output current (see Figure 6A). We note that the kinetics 

of the response is relatively slow and we attribute this to the thick nature of the polymer layer 

constituting the channel. However, a large change occurs in a matter of minutes, i.e. on the same 

time scale as state-of-the-art devices based on ion exclusion membranes. Additional experiments 

showed that even by varying concentrations by more than three orders of magnitude, the 

characteristic response time stays more or less in the same range.  
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Figure 6. A) Selectivity measurement comparing the normalized current response, ∆IDS, for Zn2+, Mg2+, Ca2+, and K+ 

for 550 µmol L-1 (final concentrations) additions. B) Real-time sensitivity measurement for Zn2+ concentrations 

ranging over 5 orders of magnitude. C) Normalized current response, ∆IDS, plotted against the logarithm of the Zn2+ 

concentration. A linear fit (dotted line) to the data points in the 10-6 to 10-3 concentration range yields a 0.032 dec-1 

slope and an apparent detection limit of 1.5 µmol L-1, represented by the intersection of dotted lines (see details in SI, 

Table S1 and S2). 
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This is nevertheless compatible with real sensing applications as some biological processes, e.g. 

glucose-stimulated insulin release in pancreatic β-cells involving Zn2+ dispersion in extracellular 

fluids, occur on such time-scales and continue physiologically for 2 to 3 hours. If needed, varying 

channel dimensions and device geometry51 is an already proven strategy capable of speeding up 

the time response of OECTs. Next, we estimated the sensitivity of Zn2+ detection by performing 

consecutive additions in the sodium buffer over a concentration range spanning from 55 nmol L-1 

to 400 µmol L-1. The evolution of ∆IDS following additions every 500 s is plotted in Figure 6B. By 

measuring the response of three devices, we could determine the relationship between ∆IDS and the 

logarithm of Zn2+ concentration present in the solution in the range between 10-6 and 10-3 mol L-1. 

By fitting the data in Figure 6C, a slope of 0.032 ± 0.003 dec-1 and a lower bound to the limit of 

detection of 1.5 ± 0.3 µmol L-1 is obtained (see data obtained for measurements across three devices 

and line fitting parameters in Table S1 and Table S2 in SI). This detection limit is comparable with 

that of fluorescent Zn2+-specific probes used to measure Zn2+ release during exocytosis of insulin-

containing vesicles from pancreatic β-cells.52 Our values are on par with what has been achieved 

for other cations of biological interest, such as sodium and potassium, with membrane-based20,21,22 

or membrane-free24 OECTs, and this is, to the best of our knowledge, the first demonstration that 

this type of measurements can be also carried out for Zn2+.  

3. Conclusions 

OECTs permit to detect even weak biological signals in intact biological systems or micro-organs 

and open the possibility of detailed analysis of complex biological systems53,54. In this work, we 

present Zn2+-selective OECT sensors based on a novel material consisting of an electropolymerized 

thiophene derivative trimer, bearing a DPA substituent. The target cation was used in the 

electropolymerization process to protect the DPA moiety from undesired oxidation, leading to a 
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highly conductive polymer. The templating effect of Zn2+ was beneficial to tune the optoelectronic, 

electrochemical and electrical properties of pTri-DPA as investigated by spectroscopic, voltametric 

and in-situ electrochemical conductance measurements. Most importantly, the strategy of 

protecting the complexing group with the target cation itself during the electropolymerization 

process could open up the possibility of coupling otherwise unexplored redox-active molecules as 

substituents that might show specific interactions towards analytes of biological interest. 

After showing evidence that supports the envisaged physico-chemical principle of Zn2+ detection 

by in-situ electrochemical conductance measurements, we proceeded to implement the Zn-

templated pTri-DPA in micrometric-sized OECT devices, which showed device characteristics on 

par with typical OMIEC-based transistor devices operating in aqueous electrolytes. OECT channel 

formation was monitored during the electropolymerization process in order to deposit the minimal 

amount of polymer that allowed sufficiently high output currents.  

The resulting devices were then successfully employed for the highly selective detection of the 

target cation in a typical sodium buffer, with no interference from other cations, such as Mg2+, Ca2+ 

and K+, usually present in biological media. This selectivity, coupled with the sensitivity 

determined for our devices (0.032 dec-1 and LoD of 1.5 µmol L-1) makes Zn-templated pTri-DPA 

a good candidate to develop new OECT platforms for bioelectronics applications. To the best of 

our knowledge, this is the first time that detection of this target cation has been achieved directly 

due to the functionality added to the channel material. 
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