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ABSTRACT: Organic electrochemical transistors (OECTs) are
important devices for the development of flexible and wearable
sensors due to their flexibility, low power consumption, sensitivity,
selectivity, ease of fabrication, and compatibility with other flexible
materials. These features enable the creation of comfortable,
versatile, and efficient portable devices that can monitor and detect
a wide range of parameters for various applications. Herein, we
present OECTs based on PEDOT-polyamine thin films for the
selective monitoring of phosphate-containing compounds. Our
findings reveal that supramolecular single phosphate−amino
interaction induces higher changes in the OECT response
compared to ATP−amino interactions, even at submillimolar concentrations. The steric character of binding anions plays a
crucial role in OECT sensing, resulting in a smaller shift in maximum transconductance voltage and threshold voltage for bulkier
binding species. The OECT response reflects not only the polymer/solution interface but also events within the conducting polymer
film, where ion transport and concentration are affected by the ion size. Additionally, the investigation of enzyme immobilization
reveals the influence of phosphate species on the assembly behavior of acetylcholinesterase (AchE) on PEDOT-PAH OECTs, with
increasing phosphate concentrations leading to reduced enzyme anchoring. These findings contribute to the understanding of the
mechanisms of OECT sensing and highlight the importance of careful design and optimization of the biosensor interface
construction for diverse sensing applications.
KEYWORDS: Organic electrochemical transistors, PEDOT, Conducting polymers, Biosensors, Acetylcholine,
Amino−phosphate interactions

■ INTRODUCTION
Supramolecular (i.e., noncovalent) interactions play an
essential role in a wide variety of functions, ranging from the
formation of colloids, metabolic processes, and medical
therapies to biosensing applications such as wearable and
flexible monitoring.1−5 The in situ monitoring of the
components participating in supramolecular interactions is of
great importance to better understand and, thus, design,
develop, or optimize the applications that involve them.6,7 In
particular, the association between polyamines and phosphates
is an important type of supramolecular bond that has
significant implications in various biological systems.8−10

Although electrostatic interactions are the primary driving
force for the creation of polyamine−phosphate assemblies,11

hydrogen bonds are also believed to play a crucial role in
stabilizing their structure.12,13 One example is the formation of
nuclear aggregates of biogenic polyamines, such as putrescine,
spermidine, and spermine, and orthophosphate anions (Pi) in
many replicating cells.10 These aggregates hierarchically

assemble into cyclic structures with high order that can
protect DNA.14 Additionally, diatom biosilica is mainly
composed of polyamines that have up to 20 repeated units
and silaffins. Their interaction with phosphate anions (which
act as ionic cross-linkers) produces aggregates that determine
the species-specific patterning of diatom biosilica.15 Poly-
amine−phosphate-based systems have also been employed for
constructing drug delivery platforms.16 Similarly, poly-
(allylamine)-Pi (PAH-Pi) nanoparticles have been used as
carriers for silencing RNAs.17 Furthermore, polyamine−
phosphate interactions have been used to create supra-
molecular films which can modulate cell adhesion and
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proliferation,18 or integrate redox enzymes for biosensing
applications.19

On the other hand, organic electrochemical transistors
(OECTs) have emerged as a promising class of devices for
bioelectronic applications due to their unique properties such
as high interfacial sensitivity and offering scalable manufactur-
ing of flexible and miniaturized sensing arrays.20−22 These
devices consist of an organic semiconductor film that spans
source and drain electrodes and whose conductivity can be
regulated by the application of a gate voltage (VG) through an
electrolyte.23,24 This device configuration allows recording
signals using a VG of maximum transconductance, a condition
of major importance for sensors with improved sensitivity.25

Moreover, the transconductance can be augmented by
molecular doping, increase of degree of crystallinity, and film
thickness, among other approaches. On the other hand, the
need for ion injection from the electrolyte to maintain charge
balance limits the response time.26 The conducting channel
material most commonly used in OECTs is poly(3,4-
ethylenedioxythiophene) (PEDOT) as well as its water-stable
colloidal complex with poly(styrenesulfonate) (PE-
DOT:PSS).27 However, PEDOT’s intrinsic doping yields
depletion mode operation, necessitating high operating
currents and gate voltages to keep the channel in the OFF
state, which can trigger parasitic reactions and lead to device
deterioration.28 Another problem to overcome concerns the
integration of the semiconductor with biological entities
toward the development of bioelectronic devices. In this
sense, the absence of functional groups in pristine PEDOT
films hampers the integration of OECTs with biological
entities.29,30 Additionally, the excess of PSS in PEDOT:PSS
films results in a negatively charged surface that limits their
interfacing with most proteins, nucleic acids, and cells.31

Therefore, in the last years, researchers have explored
different methods to tailor the surface of PEDOT and
PEDOT:PSS films.32 A particularly interesting approach
involves the incorporation of amines moieties to the channel
material, thus conferring anchoring sites for further bio-
functionalization of the conducting polymer.33,34 In this
context, the recent development of OECTs employing
PEDOT:TOS and poly(allylamine hydrochloride) (PAH)
composites as conducting channel materials represents a
significant advancement in the field.35,36 The regulation of
the PAH:PEDOT ratio allows for the straightforward tuning of
both electronic and ionic transport of the devices, producing
transistors with low threshold voltages while maintaining high
transconductance values. Moreover, the pH-sensitive amino
moieties in the PEDOT matrix improve the pH response of the
transistors and enable the nondenaturing electrostatic anchor-
ing of functional enzymes such as acetylcholinesterase
(AchE).34

In this regard, recent studies have indicated that interactions
between phosphate and amino groups can impede the
adsorption of enzymes such as glucose oxidase and urease on
polyamine-modified surfaces.12,37 As the concentration of
phosphate in the enzyme buffer solution increases, the amount
of immobilized protein decreases significantly due to the
interaction between the polyamine-modified surface and the
phosphate species in the electrolyte. Hence, the study of the
interactions of polyamines with phosphate anions in OECTs is
of major relevance, showing important consequences for the
biosensing field.

Finally, concerning previous works on this matter, the effect
of Pi−amino interactions on the transfer characteristics of
polyamine-modified graphene field effect transistors and their
influence on the performance of urea biosensors have been
recently described.37 Regarding organic transistors, and very
recently, Mitobe et al. reported the fabrication of an extended
gate OFET-based platform for the detection of various
phosphate species such as pyrophosphate, adenosine mono-
phosphate, and adenosine triphosphate.38 However, to the best
of our knowledge, the incidence of polyamine−phosphate
interactions on the OECTs has not been studied so far.

In this work, OECTs are designed and manufactured to
allow for the in situ monitoring of compounds with phosphate
groups and, through the incorporation of enzymes, the
biologically catalyzed biosensing of acetylcholine. The
transistors were prepared based on PEDOT-PAH thin films
as channel transistors using a one-pot strategy by chemical
oxidation of EDOT in the presence of poly(allylamine)
(PAH). The incorporation of PAH and its functional impact
are evidenced by Raman characterization and field effect
measurements at different pH values, respectively. To evaluate
the sensing characteristics and transduction capacity, field
effect measurements were performed, both transfer character-
istics and transient experiments. By a systematic field effect
study in the presence of different phosphate salts and other
divalent anions, the selective affinity against phosphate groups,
the influence of the size of the anion, and the utility of the
transistor as a device to transduce molecular recognition were
demonstrated. In contrast to other previously studied devices,
such as graphene-based field-effect transistors37 or solid-state
nanochannels,39 where the effects of surface charge reversion
induced by specific phosphate ion binding dominate the
changes in response, in the case of OECTs, interpreting the
results requires considering not only surface aspects but also
ion transport through the polymer film. Lastly, the electrostatic
integration of the acetylcholinesterase enzyme for the
biosensing of acetylcholine was performed, and the impact of
the presence of phosphate salts during the enzyme
immobilization protocol on the biosensor performance was
evaluated.

■ MATERIALS AND METHODS
Reagents and Materials. Poly(allylamine hydrochloride) (PAH)

(17.5 kDa, lot no. MKBW4380 V, St. Louis, MO, USA), 3,4-
ethylenedioxythiophene (EDOT) (lot no. WXBC1309 V, Wuxi,
China), acetylcholine chloride (≥99%), sodium tripolyphosphate
(TPP) (85%), and acetylcholinesterase (AchE) from Electrophorus
electricus (≥1000 units/mg protein) were obtained from Sigma-
Aldrich. Fe (III) p-toluenesulfonate (Fe (III) Tos) (38−42% in n-
butanol) was purchased from Heraeus. Pyridine, butanol, and
potassium dihydrogen phosphate (KH2PO4) were obtained from
Biopack. Potassium chloride (KCl) and HEPES were purchased from
Anedra, and adenosine-5′-triphosphate disodium salt (ATP) was
purchased from Calzyme. Interdigitated Au electrodes (IDEs) with a
10/10 μm electrode/gap (ED-IDE1-Aul) deposited on glass
substrates were purchased from Micrux (Spain). The distance that
separates the IDEs (channel length) is 10 μm, and the total contour of
the IDEs (channel width) is 23.5 cm.

Fabrication of OECTs and Films. PEDOT and PEDOT-PAH
films were prepared by in situ oxidative chemical polymerization onto
glass and IDEs employing a Spin Coater WS-650MZ-23NPP
instrument (Laurell Tech. Corp.).34 For the fabrication of the
OECTs, IDEs were first cleaned with acetone and ethanol. Then, for
PEDOT OECTs, an oxidant solution containing 715 μL of Fe (III)
Tos, 220 μL of butanol, and 16.5 μL of pyridine was used to
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polymerize 12.5 μL of EDOT. The solution was homogenized and
filtered (pore size 0.2 μm). For PEDOT-PAH OECTs, 200 μL of
PAH solution was added in this step (15 mg of PAH in 200 μL of
Milli-Q water). Straight away, the solution was spin coated onto the
array area of the IDEs, at 1000 rpm for 1 min (acceleration 500 rpm
min−1). No mask was employed, so all of the area of the IDE was
covered by the polymerization solution. Next, in order to promote the
polymerization, electrodes were heated at 70 °C on a hot plate for 20
min. The metal contact points were cleaned by using a swab soaked in
ethanol. Finally, they were washed with distilled water and dried in
compressed air. The channel thickness of the PEDOT-PAH
transistors has been previously determined via AFM measurements
by scratching with a sharp razor blade in a perpendicular orientation
with respect to the IDEs.34 The obtained channel thickness was 114 ±
2 nm.

Raman Spectroscopy. Raman spectra were acquired from
PEDOT and PEDOT-PAH films synthesized on glass substrates.
The measurements were carried out with an i-Raman BW415−532S
(BWTek) Raman spectrometer at 532 nm as laser wavelength and
with a power of 40 mW and 4 cm−1 resolution. The samples were in
the focus of a 20× optical microscope (BAC151B, BWTek) and then

measured at three different spots. The spectral region was analyzed
from 75 to 4000 cm−1. The BWSpec 4 Software was employed for
background removal with the same procedure for all the samples.

Electrochemical Measurement. The transfer curves (drain-
source current vs gate potential) were obtained with a TEQ
bipotensiostat. The measurements were made in a top-gated
architecture (Figure 1a). The drain-source current (IDS) was
measured, while the gate potential (VG) was scanned at 10 mV s−1

from 50 to 1050 mV, and the drain-source potential (VDS) was set at
−50 mV. The electrolyte solution was 0.1 M KCl, and the gate used
was an Ag/AgCl wire. In order to obtain the threshold voltage (VTH)
for each OECT, the transfer characteristic curves were plotted and
fitted to a linear regime from 75% IDS,max to 25% IDS,max. Later, VDS/2
was added to the obtained extrapolated value at IDS= 0, as previously
reported.34

Fabrication and Evaluation of OECTs Biosensors. AchE stock
solution was prepared using 0.5 mg of enzyme in 1 mL of buffer
solution (10 mM KCl and 0.1 mM HEPES, pH 7.4). The electrostatic
anchoring was performed using a previous reported protocol.34,35

Briefly, the PEDOT-PAH OECTs were immersed into the enzyme

Figure 1. (a) Scheme of the OECTs configuration. (b) Scheme of the production of PEDOT and PEDOT-PAH films by spin coating. (c)
Resistance measurements of PEDOT and PEDOT-PAH OECTs (N = 10 for both systems). Level of significance is shown as **p < 0.05. (d)
Raman spectra measured on PEDOT (blue) and PEDOT-PAH (purple) films. (e) Ratio of Raman intensity at 1535 cm−1 regarding the maximum
intensity peak (1430 cm−1). (f) Characteristic transfer curves of PEDOT and PEDOT-PAH transistors (0.1 M KCl, pH 7.4). (g) Threshold
potential determined for PEDOT and PEDOT-PAH OECTs (N = 10). (h) Threshold potential shift as a function of pH for PEDOT and PEDOT-
PAH OECTs. Data were obtained from three independent measurements. Dashed lines are the linear fits of the data. (b, d, and f) Error bars
correspond to the standard deviation.
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solution for 30 min. Then they were rinsed with a buffer solution and
stored at 4 °C.

With the aim of assessing the effect of Pi−amino interactions on
the enzyme anchoring (and therefore on the performance of the
biosensors), the electrostatic anchoring of the enzyme to the PEDOT-
PAH OECTs was also performed by adding 1 mM KH2PO4 to the
buffer solution while performing the same steps. Next, the
performance of the biosensors was evaluated by the measurement
of transfer curves in solutions with increasing concentrations of
acetylcholine chloride. Three transfer curves were recorded for each
Ach concentration.

■ RESULTS AND DISCUSSION
PEDOT and PEDOT-PAH OECTs were prepared by in situ
oxidative chemical polymerization via a spin coating procedure
(Figure 1b). The air resistance of the deposited film on the
IDEs between both D and S electrodes was measured in order
to corroborate the proper formation of the polymer films
(Figure 1c, sample size measured n = 10). PAH brings
functional groups that ease the functionalization of the OECTs
such as the anchoring of biological elements.34 However, PAH
itself is a non-conductive electrochemically inactive block; then
the integration of PAH to PEDOT matrix produced an
increment of electrical resistance from 20 to 24 Ω.34,40

Additionally, Raman spectroscopy measurements were
performed to characterize the chemical nature of the films.
In Figure 1d, the normalized Raman spectra of PEDOT and
PEDOT-PAH films are shown. The obtained spectra show
typical bands of PEDOT films with different degrees of doping.
The main peaks are observed in the region 1300−1600 cm−1

with a sharpest band at 1430 cm−1, corresponding to the
Cα=Cβ(−O) symmetric stretching.41 Spectra in Figure 1d were
normalized regarding the maximum intensity of this peak to
simplify the comparison. As observed, the dominant changes
caused by the integration of PAH appear in the 1500−1600
cm−1 range. These results are consistent with previous

works.35,42 The asymmetric bands of the Cα=Cβ(−O)
stretching have been reported to appear split into two
contributions at about 1500 and 1567 cm−1, respectively,
and shifted to higher energies upon electrochemical doping.41

The peak observed at 1506 cm−1 for PEDOT films moved to
1498 cm−1 when the PAH was added to the polymer,
indicating that the PEDOT doping level reduces. Also, the
relative increase of the band at 1535 cm−1 becomes indicative
of a lower doping degree of the polymer.43 Figure 1e shows the
relative intensity at 1535 cm−1 of PEDOT and PEDOT-PAH
films (each sample was measured at three different spots).
Then the integration of the polyamine to the PEDOT matrix
yields a decrease in the degree of doping of PEDOT.

The transfer characteristic curves of the OECTs were
recorded by measuring the drain-source current (IDS) while
scanning the gate voltage (VG). Figure 1f shows the transfer
curves for the PEDOT and PEDOT-PAH-based transistors. As
observed, the addition of PAH leads to a shift of the transfer
curves to lower gate voltages. Additionally, the output
characteristics curves corroborate that in the working range
of VG, the transistor goes from the “on” (potential to the
maximum current occurs) to the “off” (potential to which no
current flows) mode (Figure S1). The threshold potential
(VTH), which is the minimum potential required to start the
reaction involved in the OECT system, in this case the
oxidation of semiconductor polymer, shifted from 822 to 629
mV (Figure 1g).

The shift caused by the integration of PAH has been
previously observed in PEDOT-based OECTs, and it has been
assigned to both the increase in the ionic conductivity and the
dedoping promoted by the interaction with amine groups.34 In
this regard, an enhancement of the ionic conductivity within
the films has been observed by integrating polyelectrolytes to
PEDOT-based composites.44 It has even been reported that
the incorporation of polycations to PEDOT/PSS composites

Figure 2. (a) Transfer curves of PEDOT and PEDOT-PAH transistors at increasing concentration of KH2PO4, 0.1 M KCl, and pH 7 and (b, c) its
respective change of maximum transconductance potential with phosphate concentration. Concentration scale in plot c allows a better reading at
low Pi concentrations. Bars correspond to the SD of 3 different OECTs.
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also improves the electronic conductivity by promoting
structural changes in the PEDOT domains.45 On the other
hand, the incorporation of aliphatic amines to the PEDOT
conducting channel has been reported to cause a reduction in
the doping degree leading to a shifting of the characteristic
curves to lower VG values.46,47 This last idea is consistent with
Raman results, indicating a lower doping degree by the
polyamine integration. Thus, with PAH being a polycation
with primary amine groups, the addition of PAH to the
PEDOT conducting composites would improve the ionic
conductivity but would also reduce the doping degree of
PEDOT. The product between the charge mobility (μ) and
the capacitance per unit of volume (C*) was obtained as
previously reported (see calculation details in the Supporting
Information, SI).26 A μC* product of 0.51 F cm−1 V−1 s−1 was
obtained for the PEDOT-PAH OECTs. This value is higher
than PEDOT:PMATFSILi8048 and p(gNDI-g2T)49 but lower
than PEDOT:DS + EG.50

Additionally, the inherent nature of PAH being a weak
polyelectrolyte further contributes to the pH responsiveness of
the composite. In this regard, the pH dependence of PEDOT
and PEDOT-PAH transistors response was evaluated using
solutions with increasing values of pH. It is observed that as
pH increases, the curves for PEDOT-OECTs slightly shift to
lower VG values, whereas the curves for PEDOT-PAH films
shift to higher VG values, with a more pronounced pH
dependence (transfer curves are shown in Figure S3). In Figure
1h, these differences are characterized in terms of the shifting
of the threshold potentials (ΔVTH, see the SI for calculation
details) for both types of OECTs. Slopes of the linear fittings
reported in this figure reflect the enhanced pH sensitivity of
the PEDOT-PAH OECTs, indicating that amino groups in the
conducting channel are available for the protonation/
deprotonation process according to the pH of the solution.33

■ EFFECT OF PHOSPHATE SPECIES ON THE OECT
PERFORMANCE

Figure 2a shows the transfer curves for PEDOT and PEDOT-
PAH transistors recorded in 0.1 M KCl with different
concentrations of inorganic phosphate (Pi) at pH 7. At this
pH, the main species present in the electrolyte are H2PO4

−/
HPO4

2−. A shift of the transfer curves to lower values of VG as
the phosphate concentration increases can be observed for
both PEDOT and PEDOT-PAH-based OECTs. However, it is
clearly observed that PEDOT-PAH OECTs present a higher
sensitivity to the Pi concentration (insets in Figure 2a).

The transconductance (gm) is the sensitivity of the IDS shift
with respect to changes of VG (gm = dIDS/dVG). Then, in order
to quantify the shift on transfer curves, the maximum
transconductance potential (Vgm,max) was determined as the
maximum value from the dIDS/dVG curve, that corresponds to
dgm/dVG = 0. At Vgm,max the drain-source current shifts are
more sensitive to changes in the gate potential. The obtained
values as a function of the phosphate concentration are shown
on a linear and logarithmic scale in Figures 2b and c. Average
results from the measurements of three independent X-ray
emissions of OECTs are reported.

The decrease of the ΔVgm,max values with the increase of Pi
concentration observed for PEDOT-PAH can be attributed to
the interaction between the amine and phosphate groups,
respectively. Therefore, at pH 7, monovalent and divalent
species of phosphate are in equilibrium, but the H2PO4

−/
HPO4

2− proportion of surface bound phosphate species can be

affected by the interaction with amino groups of the PAH. In
this regard, it has been proposed that the interaction between
amino groups and Pi species favors the Pi deprotonation,
which would lead to a higher ionic charge contribution from
phosphate anions.39

The effect of Pi−amino interactions on the transfer
characteristics of polyamine-modified graphene-based field
effect transistors has been recently described, showing the
specificity of the interaction and the effect on the transfer
curves of the devices.37

In order to evaluate the specificity of the Pi−amino
interactions on the OECT performance, transfer curves were
also recorded by adding other divalent anions (in the sub
milimolar concentration range) to 0.1 M KCl electrolyte. Next,
sulfate (SO4

2−) and oxalate (C2O4
−2) ions were used as

divalent anions.12,39 Considering that the pKa values of both
anions are 1.99 and 4.27, respectively, it is assumed that they
are completely dissociated at pH 7. Figure 3a shows that

phosphate anions present greater shifts in maximum trans-
conductance potential compared with the other divalent anions
used (see the SI for statistical analysis). This finding indicates
that the nature of the amino−phosphate interaction is not
completely electrostatic, but specific interactions (such as
hydrogen bonds) with the composite components would also
be important. In this regard, the importance of hydrogen
bonds between amine and phosphate groups has been assigned
as responsible for the specific interaction observed.12,51−53

Although SO4
2− and C2O4

−2 are completely dissociated,

Figure 3. Variation of maximum transconductance potential of
PEDOT-PAH OECTs in the presence of increasing concentration of
(a) different anions: phosphate, sulfate, and oxalate; and (b) different
phosphate species: KH2PO4, ATP, and TPP (0.1 M KCl, pH 7). Bars
correspond to the SD of 3 different OECTs.
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sulfates present greater ΔVgm,max, which could be associated
with the steric character since oxalate is bigger than sulfate,
hindering the interaction with amino groups.54,55

The specific interaction with amino species was further
studied by analyzing the influence of more complex phosphate
anions on the response of PEDOT-PAH OECTs. Figure 3b
shows the influence of adenosine triphosphate (ATP) and
tripolyphosphate anion (TPP). Both ATP and TPP are
molecules of biomedical interest. ATP (adenosine triphos-
phate) is indeed responsible for various biological processes
within cells. It serves as the primary energy source for cellular
activities. The concentration of ATP can be associated with
certain diseases such as hypoglycemia and malignant tumors.
Meanwhile, tripolyphosphate anion (TPP) is frequently used
as ionic cross-linker of chitosan to form complexes with
potential applications as drugs delivery systems.56,57

Considering the dissociation of ATP at the working pH and
the binding scheme sketched in eqs 1 and 2, a higher
interaction of amine groups with both ATP and TPP
compared with a single Pi species is expected:

ATP /ATP ( NH )

( NH ATP) /( NH ATP)

3 4
3

3
2

3
3

+ +

(1)

Pi /Pi ( NH ) ( NH Pi) /( NH Pi)1 2
3 3

0
3

1+ +
(2)

This trend has been systematically found when analyzing the
influence of the phosphate species on the zeta-potential of
PAH-modified microparticles,12 the conductance of PAH-
coated nanochannels,39 and the functional response of PAH-
coated gFETs.37 However, in the present case, the Pi−amino
interaction leads to higher changes in the OECT response than
ATP−amino interactions, even in the submillimolar range.
This point reinforces the hypothesis that the steric character of
the binding of anions also plays an important role in the
OECT sensing, leading to a smaller shift in ΔVgm,max and ΔVTH

if the binding species are bulkier molecules. Effective radii
values reported for Pi and ATP are ∼3 Å and ∼6 Å,
respectively,58 which indicate an effective volume 4-times
higher for ATP compared with Pi. Moreover, the size of TPP
molecule should be in between Pi and ATP, which is in line to
the trend observed for the shift in ΔVgm,max for TPP, being
lower than the one observed for Pi but higher than that
resulting for ATP. In addition, previous studies have shown
that as the ion size increases there is an observed decrease of
the concentration of ions within the polymer films.55,59

Therefore, results in this work suggest that the OECT
response reflects the physicochemical events occurring not
only on the polymer/solution interface, which is the case for
gFETs,37 but also within the conducting polymer film. For
OECTs, the ion size seems to play an important role in their
transport and concentration inside the film and therefore in the
transistor sensing performance. If the effect was solely due to
the modification of the surface charge of the conducting
channel (at the polymer/electrolyte interface) resulting from
the binding of phosphate species, one would expect to observe
a trend similar to that already reported for graphene-based
transistors: ATP and TPP similarly bind to amino groups and
produce a charge reversion more pronounced than that
obtained with single Pi ions.12,39 However, the differences in
the response of the OECTs to the concentration of different
phosphate species suggest that the effect operates not only at
the polymer/solution interface.

■ IMPLICATIONS OF PHOSPHATE ASSOCIATION ON
OECT BIOSENSORS CONSTRUCTION

We also studied the influence of inorganic phosphate species
on the electrostatic assembly of an enzyme on the PEDOT-
PAH transistors and the subsequent effect on the biosensor
performance based on the OECT response. Previous works
with urease found that the presence of Pi in the assembly

Figure 4. Assembly of biosensor in the (a) absence and (b) presence of Pi. Transfer curves of AchE/PEDOT-PAH OECT recorded in solutions of
increasing acetylcholine chloride concentrations (10 mM KCl, 0.1 mM HEPES pH 7.4), the enzyme deposition was carried out in the (c) absence
and (d) presence of 1m KH2PO4. (e) Changes of maximum transconductance potential (Vgm,max Ci − Vgm,max Co) as a function of the acetylcholine
concentration (error bars correspond to measurements made with the same OECT N = 3) . (f) Comparison of the variation of maximum
transconductance potential at selected substrate concentrations.
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buffer reduces the amount of enzyme anchored to gFETs
compared to the anchoring in Pi-free PBS.37 In the present
case, the enzyme acetylcholinesterase (AchE) was electrostati-
cally immobilized on PEDOT-PAH OECTs by dip-coating,
according to a recently reported protocol.34 This procedure
was carried out in the presence (Figure 4a) and absence
(Figure 4b) of 1 mM KH2PO4 (0.1 mM HEPES, 10 mM KCl,
pH 7.4). Then the biosensing performance of the enzyme
functionalized OECTs was evaluated toward increasing
concentrations of the enzyme substrate (acetylcholine). As
shown in Figure 4c and d, it is possible to observe the
detection of acetylcholine by the OECTs assembled in both
conditions. In agreement with previous results, the transfer
curves shift to more negative values due to the catalyzed
acetylcholine hydrolysis, producing acetic acid and choline
and, therefore, changing the local pH. These results indicate
the presence of active enzyme bound to the PEDOT-PAH
channel.34

A higher shift of the transfer curves can be observed if the
biosensor is assembled in the absence of a phosphate species.
Particularly, the variation in the maximum transconductance
potential caused by the presence of the enzyme substrate is
markedly higher for the assembly without phosphate, leading
to appreciable changes in the biosensor response at different
analyte concentrations (Figure 4e,f). This effect can be
assigned to the screening of the adsorption of the negatively
charged enzyme on the positively charged PEDOT-PAH
surface by phosphate binding, even in the millimolar range. It
has been previously shown that the presence of single
phosphate anions hinders the electrostatic anchoring of the
negatively charged enzyme glucose oxidase on PAH-function-
alized surfaces12 and also the assembly of negatively charged
urease on PAH-coated gFETs37 as a consequence of the charge
reversion of the amine-functionalized surfaces by phosphate
binding. The same phenomenon is also responsible for
facilitating the assembly of positively charged cytochrome c
on self-assembled monolayers (SAMs) of NH2-terminated
alcanethiols.60

It is important to note here that the phosphate
concentration employed in this study is relatively low,
corresponding to a 1/10 dilution of the commonly used PBS
buffer. These findings further emphasize the caution required
when using PBS or other phosphate-containing buffers for
constructing interfacial architectures involving amino-bearing
macromolecules through supramolecular interactions.

■ CONCLUSIONS
In summary, we have developed organic electrochemical
transistors (OECTs) based on PEDOT-polyamine thin films
that allow for the in situ and selective monitoring of
compounds with phosphate groups. Transfer characteristics
experiments were carried out in the presence of inorganic
phosphate, as well as molecules of biomedical interest such as
TTP and ATP. An observed decrease of the potential of
maximum transconductance in the presence of these molecules
can be attributed to the interaction between amine and
phosphate groups. Interestingly, the devices exhibited a size-
dependent response to phosphate molecules: Pi > TPP > ATP.
This trend is different to that observed on nanochannels or
gFETs, where the phosphate-amine binding affinity governs
the response. Since OECT transduction occurs not only on the
polymer film surface but also within the polymer thickness, it is

suggested that the steric constraint of bulky ions and the
decrease in ion mobility may be causing this behavior.

Furthermore, the enzyme acetylcholinesterase (AchE) was
electrostatically immobilized on PEDOT-PAH OECTs for
acetylcholine detection. We discovered that the immobilization
of AchE on the PEDOT-PAH surface is significantly influenced
by an increasing concentration of Pi in the enzyme solution,
which can be attributed to Pi−amino interactions. Our findings
demonstrate that even relatively low concentrations of Pi, such
as those commonly found in 1/10 dilutions of PBS buffer,
substantially reduce the amount of anchored AchE. The
observed influence of phosphate species on the assembly
behavior of enzymes further emphasizes the need for caution
when employing PBS and other phosphate-containing
solutions in the study of supramolecular systems involving
amino-bearing entities.
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