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A B S T R A C T   

We present a new strategy of Acetylcholinesterease (AchE) immobilization on graphene field-effect transistors 
(gFETs) for building up Acetylcholine sensors. This method is based on the electrosynthesis of an amino moiety- 
bearing polymer layer on the graphene channel. The film of the copolymer poly(3-amino-benzylamine-co-ani-
line) (PABA) does not only provide the suitable electrostatic charge and non-denaturing environment for enzyme 
immobilization, but it also improves the pH sensitivity of the gFETs (from 40.8 to 56.3 μA/pH unit), probably due 
to its wider effective pKa distribution. The local pH changes caused by the enzyme-catalyzed hydrolysis produce 
a shift in the Dirac point of the gFETs to more negative values, which are evidenced as differences in the gFET 
conductivity and thereby constituted the signal transduction mechanism of the modified transistors. In this way, 
the constructed biosensors showed a LOD of 2.3 μM and were able to monitor Ach in the range from 5 to 1000 μM 
in a flow configuration. Moreover, they showed a sensitivity of � 26.6 � 0.7 μA/Ach decade and also exhibited a 
very low RSD of 2.6%, revealing good device-to-device reproducibility. The biosensors revealed an excellent 
selectivity to interferences known to be present in the extracellular milieu, and the response to Ach was 
recovered by 97.5% after the whole set of interferences injected. Finally, the biosensors showed a fast response 
time, with an average value of 130 s and a good long-term response.   

1. Introduction 

Acetylcholine (Ach) was the first identified neurotransmitter and is 
recognized to play a crucial role in the cholinergic system as a trans-
mitter of impulses on the cholinergic synapse (Sattarahmady et al., 
2010). Moreover, the alteration of central cholinergic transmission is 
coupled to a number of brain disorders including Alzheimer’s disease, 
Parkinson’s disease, addiction, epilepsy, schizophrenia, and depression 
(Kong et al., 2019). In a recent report by the World Health Organization, 
it was stated that neurological disorders are affecting nearly 1 in 100 of 
the world’s inhabitants (Kergoat et al., 2014; World Health Organiza-
tion, 2006). Since abnormal levels of acetylcholine are related to such 
disorders (Mitchell, 2004), considerable effort has been devoted in 
recent years to develop highly sensitive and specific techniques to detect 

the local Ach concentration. 
Although different analytical procedures exist for Ach detection, 

including capillary electrophoresis and liquid chromatography, they are 
usually expensive and time-consuming (Andreescu and Marty, 2006; 
Sangubotla and Kim, 2018). Therefore, it is a priority to develop a 
portable and rapid detection strategy for Ach. Here is where Field-Effect 
Transistors (FETs) technology emerges as a highly sensitive option for 
biosensing, which also allows for miniaturization. Particularly, 
graphene-based field effect transistors (gFETs) have gained much 
attention in last years because they are suitable for real-time, high--
throughput and highly sensitive detection (Andronescu and Schuhmann, 
2017). The sensing principle of gFETs roots on a change of the electrical 
conductance of the graphene channel upon adsorption of ions or mole-
cules on the sensor surface. In this way, as pH changes are able to modify 
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the doping of graphene, gFETs can also work as pH sensors (Fu et al., 
2017). If the pH variation is generated by an enzymatic reaction, one 
could build a biosensor by immobilizing an enzyme close to the gra-
phene surface and detect changes in the analyte concentration by the 
conductivity change induced by the local pH change, this constituting 
the signal transduction mechanism of the biosensor. Recently, this 
approach has been successfully applied to the determination of relevant 
biomolecules, such as urea (Piccinini et al., 2017), acetylcholine (Chae 
et al., 2018), and L-arginine (Berninger et al., 2018). 

Nevertheless, as the performance of the biosensor greatly depends on 
the properties of the interfacial architecture, the enzyme must be 
immobilized in a way that guarantees the conservation of its biological 
activity and the accessibility to its active sites, as well as the function-
ality of the transducing element (Bliem et al., 2018). To date, the ma-
jority of the research efforts in graphene-based FETs biosensors have 
focused on the immobilization of enzymes by covalent binding to 
functional groups of previously modified graphene or to a linker mole-
cule (Fu et al., 2017). This is the case of all reports on gFETs for Ach 
sensing (Chae et al., 2018; Hess et al., 2014; Sohn et al., 2013). However, 
the covalent attachment of biomolecules presents some drawbacks, such 
as poor reproducibility and, as crucial groups can be involved in the 
immobilization, the possibility of disrupting the folding and function-
ality of the enzyme, thus affecting the biosensor performance (Sheldon 
and van Pelt, 2013; Vakurov et al., 2005). Moreover, direct covalent 
attachment to the graphene surface can also provoke damage to the sp2 

structure of the graphene and therefore deteriorate the signal trans-
duction (Bliem et al., 2018; Niyogi et al., 2010). 

Polyelectrolyte adsorption on gFETs constitutes a versatile and 
simple technique of functionalization that can provide adequate moi-
eties for subsequent electrostatic enzyme immobilization, preserving the 
bioactive functionality of the enzyme and ensuring substrate accessi-
bility (Chakrabarti et al., 2013). Within this scenario, amino-moieties 
bearing polymers have been recently reported to improve the pH 
response of gFETs, as the change in the degree of protonation of poly-
mers in the vicinity of the graphene induces a shift in the Fermi level 
(Hess et al., 2014; Piccinini et al., 2017). 

On the other hand, electropolymerization offers several advantages 
as functionalization method, such as a precise control on the polymer 
film thickness and mechanical stability towards detachment. In the 
typical modification by polyelectrolytes adsorption, no real control on 
the amount of polymer deposited is attained as it usually takes place 
until surface saturation. Moreover, in opposition to the typical layer-by- 
layer fabrication technique, a counter-polyelectrolyte is not required, 
producing nanofilms with chemical homogeneity. Although the elec-
trochemical functionalization of graphene has been already reported 
(Chakrabarti et al., 2013) and even the non-covalent electrochemical 
attachment of aromatic amino groups on gFETs was studied in order to 
modify the Dirac voltage of the transistors (Zuccaro et al., 2015), as far 
as we know, there have been no reports on the electrochemical func-
tionalization of gFETs with polymers for biosensing applications. 

Among electroactive polymers, polyaniline (Pani) and related poly-
mers have been much employed in a variety of applications. However, 
the electrosynthesis of polymers with pendant primary amine groups is 
not trivial. In this sense, we have recently developed a synthetic pro-
cedure that allows obtaining stable and electroactive films of poly(3- 
amino-benzylamine-co-aniline) (PABA) with a considerable proportion 
of primary amine groups by electropolymerization (Marmisoll�e et al., 
2015). Within the field of gFETs, the presence of a variety of 
amine-imine groups in PABA (those from the Pani-like backbone and 
those from the pendant groups) could be able to transduce pH changes 
into different sensor responses in a wide pH range. Therefore, in this 
work we explored the electrodeposition of PABA on gFETs as an alter-
native for the construction of neurotransmitter biosensors. Thus, we 
developed a new strategy for building up Ach biosensors by immobi-
lizing AchE on gFETs previously functionalized by PABA electrosyn-
thesis (AchE-PABA-gFETs) (Scheme 1). The PABA film does not only 

provide the suitable environment for enzyme immobilization, but it also 
improves the pH sensitivity of the gFETs. In this way, the local pH 
changes caused by the enzyme-catalyzed hydrolysis produce differences 
in the gFET conductivity, which were employed as the signal trans-
duction mechanism to sense Ach in a flow configuration. 

2. Results and discussion 

2.1. gFETs preparation, characterization and performance 

The gFETs were fabricated using a wet chemical approach on inter-
digitated electrodes (IDEs) (see SI). Briefly, the glass space between the 
Au IDEs was modified with APTES and, in the next step, the introduced 
amino groups were used for anchoring the negatively charged GO sheets 
by drop-casting. Next, two reduction steps were performed (Fig. S1). 

An electrolyte-gated configuration (Fig. 1A) was used for the gFETs 
measurements. By changing the voltage of the gate electrode (VG) at a 
constant drain-source voltage (VDS), it is possible to modulate the con-
ductivity of the rGO channel, resulting in a V-shaped transfer curve. The 
point of the minimum conductivity is called Dirac point and occurs at 
the Dirac voltage (Vi). Voltages more negative than Vi imply majority of 
holes as charge carriers, whereas carriers are electrons for more positive 
voltages. Charge carrier mobility for the present gFETs was determined 
to be 12 cm2 V� 1 s� 1 (see SI). 

The inset in Fig. 1B shows a commercial IDE, whereas the SEM image 
in Fig. 1C (see also Fig. S2) clearly reveals the effective coverage and 
bridging of the electrodes by rGO. The slight variation introduced to the 
protocol reported before (Piccinini et al., 2017) resulted in very high 
device transconductance values (up to 1600 μS, Fig. S3B), stated as a 
critical requirement for the development of highly sensitive biosensors 
(Zhang et al., 2015). Moreover, the use of IDE allows for a stable 
response as well as high device-to-device reproducibility (the RSD of 
conductivity values for the finished gFETs was less than 15% for 20 
transistors). 

Scheme 1 shows the successive steps for the construction of bio-
sensors and the enzyme-catalyzed hydrolysis which constitutes the 
signal transduction mechanism. 

2.2. PABA electropolymerization and pH response improvement 

In order to turn the gFETs into an adequate platform to immobilize 
AchE, the electropolymerization of PABA in acidic medium was per-
formed as described in previous works (Fenoy et al., 2018b) (see SI for 
details). The electrosynthesized copolymer bears pendant amino groups 
that allow for the incorporation of different molecules and functional-
ities. The complete coverage and the good electronic conductivity of 
rGO between and onto the Au pads has been confirmed in previous 
works by using different techniques as SECM and KFM (Kotlowski et al., 
2018; Reiner-Rozman et al., 2015), which ensures a suitable surface for 
electropolymerization. 

Voltammograms of the PABA electrodeposition are shown in Fig. 2A. 
The features of the voltammetric response are very similar to those re-
ported on gold electrodes (Fenoy et al., 2018a; Marmisoll�e et al., 2015), 
even when comparing the current density values during the electro-
polymerization. From EQCM results, a film thickness of approximately 
7 nm can be estimated for the PABA-modified gFETs (Fenoy et al., 
2018b). The effective deposition of the copolymer can be observed by 
SEM (Fig. 2B). 

The transfer characteristics at pH 7 of a gFET before and after the 
polymer electrodeposition are shown in Fig. 2C. After the electro-
polymerization, there is a shift of 50 mV in the Dirac point to more 
negative values. This behavior has been attributed to the electrostatic 
gating effect of the positively charged copolymer onto the transistors 
(Wang and Burke, 2014). The deposition of cationic polyelectrolytes and 
polymer brushes have been reported to cause the same effect in gra-
phene field-effect transistors (Hess et al., 2014; Piccinini et al., 2017). 
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Furthermore, the PABA-gFETs transfer characteristics and the trans-
conductance curve at pH 7 (KCl 10 mM, HEPES 0.1 mM) are shown in 
Fig. S4. The transconductance values remains barely the same for the 
gFETs before (Section 3.1, Fig. S3) and after the electropolymerization 
(which has been reported as a decisive parameter for highly sensitive 
sensors), revealing that no worsening of the gFETs performance occurs 
after the polymer deposition. 

As the signal transduction mechanism of our devices is based on the 
detection of pH changes caused by the enzyme-catalyzed hydrolysis, the 
pH response of the bare (Fig. S3A) and PABA-gFETs was studied in both 
static and flow conditions (Fig. 2D and E). As the pH decreases, the Dirac 
point of the gFETs shifts to more negative values due to H3Oþ adsorption 
(n-type doping). Similarly, at basic pH, the OH� adsorption (p-type 
doping) shifts the Dirac point to more positive voltage values (Salvo 
et al., 2018). For a real-time measurement (continuous flow mode, 
operational setup for potential biosensors), the gate potential is fixed at 
a value at which no chemical reaction is known to occur (VG ¼ � 0.2 V in 
this case). As the gFET is biased in the hole regime (VG lower than the 
Dirac point), lowering the solution pH yields a higher drain-source 
current (at a fixed positive VDS). In this continuous flow configuration, 
the pH sensitivity of the bare gFET system was 40.8 � 1.0 μA/pH unit. 
Interestingly, the electrodeposited polymer was found to improve the 
pH sensitivity at this fixed gate potential by 38% (from 40.8 to 
56.3 μA/pH unit) (Fig. 2D). This phenomenon was already reported for 
PEI and cationic polymer brush-modified gFETs, and it was postulated 
that the change in the degree of protonation of polymers induces a shift 
in the graphene Fermi level and affects the pH response of the transistors 
(Hess et al., 2014; Piccinini et al., 2017). In those works, the rGO/gra-
phene channel surface was modified with polymers having a pKa around 
8 (8–9 for PEI and around 8 for N,N-dimethylaminoethyl methacrylate 
brushes). In case of PABA, the composition of the copolymer has been 
determined to be about 30% molar of ABA (Marmisoll�e et al., 2015), so 
it is necessary to take into account the differences between aniline and 
3-aminoebenzylamine residues for the analysis of the protonation states. 
In the case of the polyaniline, pKa are reported to be between 2.5 
(assigned to –NH2

þ-) and 5.5 (-NHþ¼ species) (Marmisoll�e et al., 2014; 

Ray et al., 1989). For polyaminobenzylamines, the pendant amino 
groups are still protonated at neutral pH (Marmisoll�e et al., 2015; Raffa 
et al., 2006; Zuccaro et al., 2015). The multiple protonation states of the 
electrodeposited copolymer may be ascribed to be the reason for the 
improved pH response of the PABA-gFETs compared to that of 
PEI-modified ones (38% vs 28%). The same argument has been ascribed 
for improvement of the pH response at basic pH values and the lower pH 
sensitivity in acidic conditions in the case of the brush-modified gFETs. 
In summary, the electrodeposited co-polymer does not only act as a 
priming layer for the enzyme anchoring, but it also improves the pH 
sensitivity of the device. 

2.3. Acetylcholinesterease immobilization 

The immobilization of enzymes is one of the most important steps in 
enzyme-based biosensor design and development as it affects sensitivity, 
stability, response time and reproducibility. Particularly, the anchoring 
of AchE was studied extensively along the last years (Andreescu and 
Marty, 2006; Diao et al., 2018). Among the existing methods, electro-
static immobilization can surpass some of the drawbacks of ordinary 
covalent attachment, such as poor reproducibility and the possibility of 
disrupting the folding and functionality of the enzyme, as crucial groups 
can be involved in the immobilization (Sheldon and van Pelt, 2013; 
Vakurov et al., 2005). Moreover, direct covalent attachment to the 
graphene surface can also induce the damage to the sp2 structure of the 
graphene channel and thus prejudice signal transduction (Niyogi et al., 
2010). 

Therefore, the AchE was immobilized via electrostatic interactions 
by employing a solution of higher pH than its PI (5.3) (Leuzinger et al., 
1968), at which the protein is negatively charged. The anchoring was 
observed in the FET response as a shifting in the Dirac point to more 
positive potentials (Fig. S6), coherent with negatively charged species 
adsorption; i.e., a p-doping effect (Wang and Burke, 2014). Furthermore, 
no significant changes in the form of the transfer curve were observed, 
indicating no deterioration of the gFET. Contrarily, Sohn et al. reported 
a decrease in the sensor sensitivity of approximately 50% after the 

Scheme 1. Representation of the different functionalization steps of the gFETs for the fabrication of Ach biosensors and the AchE-catalyzed hydrolysis of 
acetylcholine. 

Fig. 1. Schematic illustration of the electrolyte-gated configuration (A). Optical micrograph of a gFET and picture of the commercial IDE (inset) (B). SEM image of 
the rGO-modified IDE (C). 
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covalent immobilization of AchE on rGO-gFETs (Sohn et al., 2013). 
Quantification of the amount of immobilized AchE was performed by 
SPR (see SI), yielding a mass surface coverage of 290 ng cm� 2, which 
agrees with typical AchE surface coverages (Milkani et al., 2011). 

2.4. Acetylcholine sensing 

Firstly, the signal transduction mechanism of the biosensors was 
studied by analyzing the static response. The transfer characteristics of 
an AchE-PABA-gFET in the absence (dashed black line) and presence 
(solid red line) of 75 μM acetylcholine are shown in Fig. 3A. A clear shift 
of the Dirac point to more negative potentials can be noticed in the 
presence of the substrate, coherent with a shift obtained upon 
decreasing the pH of the solution. This outcome reveals that the AchE 
effectively catalyze the hydrolysis of acetylcholine, yielding choline and 
acetic acid (Scheme 1); thus, causing a decrease in the local pH. Then, 
the pH variation modifies the charge density of PABA triggering a 
negative shift of the Dirac point. 

Furthermore, the real-time flow response of the AchE-PABA- 
modified transistor to increasing Ach concentration can be seen in 
Fig. 3B. As was shown in Fig. 3A, the decrease on the local pH due to 
acetylcholine catalyzed hydrolysis shifts the Dirac point of the gFETs to 
more negative values. This shift causes a decrease in IDS (at a VDS > 0) as 
the transistors were biased in the hole regime, where VG <Vi. The 
continuous flow response of the transistors shows that they can be used 
for the real-time sensing of Ach. Moreover, the electrolyte gating setup 
allows for the devices to be operated at very low gate voltages 
(VG ¼ � 0.2 V), which has been reported as a critical requirement to 
minimize the disruption of biological samples or any possible 

electrochemical reaction (He et al., 2010). 
As can be noticed from Fig. 3B, the flow response of the transistors 

exhibited a logarithmic sensitivity with the Ach concentration. By 
assuming that the proton concentration is proportional to Ach (Hess 
et al., 2014), the logarithmic ratio can be comprehended by evoking the 
linear response of the gFETs to the pH (Section 3.2); that is, the loga-
rithm of proton concentration. A decrease of the drain-source current of 
approximately 70 μA was observed when flowing through the cell an 
acetylcholine concentration of 1 mM. Above this concentration, the 
enzyme could be inhibited by the high substrate concentration (the 
so-called substrate inhibition) (Wilson and Alexander, 1962). The 
analysis of the modified gFET response in terms of an enzymatic kinetics 
model is presented in the SI file. 

On the other hand, the variation in IDS can be correlated with a 
change in the local pH of 1.25 pH units using the sensitivity values 
obtained for the pH response of the sensors, i.e. from 7.4 to 6.15, 
consistent with other studies of Ach sensing with gFETs (Chae et al., 
2018; Sohn et al., 2013). This change in the pH was reported to diminish 
the activity of AchE by almost 40% (Bergmann et al., 1958). Finally, the 
obtained response was totally reversible, as the injection of buffer so-
lution after the highest acetylcholine concentration yielded an increase 
in the drain-source current to almost the initial value (ΔIDS~0), 
implying that the transistors could be reused for further measurements. 

Many methods have been described for the construction of acetyl-
choline sensors by the immobilization of AchE onto amino-containing 
matrices (Vakurov et al., 2004). In the present case, the fabrication of 
the biosensors was performed by functionalizing the surface of graphene 
field effect transistors with PABA, a polymer bearing pendant amino 
groups, to which the enzyme was anchored. However, the use of PEI also 

Fig. 2. Voltammograms for the electropolymerization of PABA (H2SO4 0.5M, 50 mV/s, 20 cycles) onto a gFET and illustration of the configuration used (A). SEM 
images of a PABA-gFET (B). Transfer characteristics of the same gFET before and after PABA electrodeposition (KCl 10 mM, HEPES 0.1 mM, pH 7) (C). PABA-gFET 
transfer characteristics while changing the pH of the electrolyte solution from 3 to 7 in HEPES 0.1 mM and KCl 10 mM buffer (D). pH sensitivity curves at a fixed gate 
potential (VG ¼ � 0.2 V, VDS ¼ 0.1 V) for the same gFET before (bare) and after PABA electropolymerization (E). 
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appears as a promising strategy to build sensing devices, as its assembly 
onto the channel of rGO transistors has been recently reported to 
improve the pH sensing parameters of bare gFETs and, concomitantly, it 
provides anchoring sites for electrostatic enzyme immobilization (Pic-
cinini et al., 2017). In order to compare the performance of the 
PABA-gFETs with PEI-gFETs for the construction of real-time biosensors, 
the immobilization of AchE was assessed on both PABA and 
PEI-SPS-modified gFETs and, subsequently, their response to acetyl-
choline was studied. It is worth adding that the PEI-gFETs were first 
modified with SPS in order to confer negative charges to the channel 
surface and afterwards a layer of PEI was anchored on top by electro-
static interactions. Note that due to the electrochemical procedure of 
modification, no pyrene anchoring layer was required, constituting an 
advantage of this functionalization approach. 

Results for the AchE-PEI-gFETs system are also presented in Fig. 3B. 
From the comparison between the PEI and the PABA-functionalized 
systems, it can be noticed that the sensitivity of AchE-PABA-gFETs 
(� 27.5 � 0.8 μA/Ach decade, R2 ¼ 0.994) is higher than the one of 
AchE-PEI-gFETs (19.1 � 1.1 μA/Ach decade, R2 ¼ 0.975) (two mea-
surements performed), showing a 43.9% improvement. Moreover, the 
enhancement on the performance of the biosensors occurs particularly 
when higher Ach concentrations are injected, meaning lower local pH. 
This result supports the hypothesis that attributes the higher sensitivity 
of PABA-gFETs to the multiple protonation states available in PABA. As 
different amine moieties from both aniline and amino-benzylamine are 
present in the polymer, different pKa-values are found in a broader pH 
range. Secondary amines present in PABA become deprotonated at more 
acidic pH values than primary ones, improving the pH response in a 
more acidic medium. 

On the other hand, it has been reported that biomolecules in solution 
can be adsorbed onto the graphene surface, triggering changes in the 
conductivity or in the charge carrier mobilities (He et al., 2010; Piccinini 
et al., 2017). Moreover, due to the high sensitivity of the transistors to 
pH, even very small variations in the pH of the solution can also generate 

changes on the current recorded. Considering these factors, the 
non-specific response of the polymer-modified transistors to different 
neurotransmitter solutions was examined preceding the enzyme 
immobilization onto the polymer layer. Real-time measurements 
increasing the neurotransmitter concentration from 10 μM to 1 mM were 
performed on PABA-gFETs (Fig. S7) and no significant changes on IDS 
were observed while flowing different concentrations of acetylcholine. 

Different figures of merit of the AchE-PABA-gFETs as repeatability, 
reproducibility and stability were also studied (Justino et al., 2010). The 
relative standard deviation (RSD) for repeatability was 4.9% for four 
successive measurements of 75 μM urea. The biosensors reproducibility 
was investigated by preparing three different AchE-PABA-gFETs and 
monitoring the real-time Ach flow response in the range of 5–1000 μM 
(Fig. 3C). The transistors sensitivities exhibited a very low RSD of 2.6%, 
revealing excellent device-to-device reproducibility. Moreover, the 
biosensors showed a fast response time, with an average value of 130 s 
for 95% of the maximum response. The stability of the devices was also 
studied, and it was found that, by storing the electrodes at 4 �C in buffer 
HEPES solution, they retained almost 94% of the original response after 
4 days of storage. The limit of detection (LOD) of our biosensor was 
calculated as 3 times the standard deviation for the buffer injection 
(blank), yielding a value of 2.3 μM. 

The selectivity of the biosensors relative to a variety of potential 
interferences known to be present in the extracellular milieu was also 
tested (Fig.3D and Fig. S8). Glucose, ascorbic acid (AA) and neuro-
transmitters dopamine (DA) and serotonin (SA), as well as other 
endogenous electroactive species as L-cysteine (L-Cys), were injected 
after 20 μM Ach flow detection and buffer washing. The concentrations 
of potential interferences tested were at levels that occur in brain ECF 
(Mitchell, 2004); the electroactive neurotransmitters DA and SA are 
typically present at concentrations much lower than 10 μM and there-
fore should have little effect on sensor response. The endogenous elec-
troactive species, as AA, are usually those that present the greatest 
potential interference. The typical ECF concentrations of AA fluctuate in 

Fig. 3. Transfer characteristics of an AchE-PABA-gFET in the absence and presence of Ach 75 μM (VDS ¼ 0.1 V, KCl 10 mM, HEPES 0.1 mM, pH 7) (A). Flow response 
of an AchE-PABA-gFET and an AchE-PEI-gFET (300 μL min� 1, VG ¼ � 0.2 V, VDS ¼ 0.1 V) at different acetylcholine concentrations, whereas the inset shows the 
sensitivity comparison between both systems (two measurements performed) (B). Reproducibility assay for the AchE-PABA-gFETs showing the results obtained for 
three different electrodes (C). Flow response of an AchE-PABA-gFET (300 μL min� 1, VG ¼ � 0.2 V, VDS ¼ 0.1 V) while flowing the analyte and different interferences 
(D). Flow response of an AchE-PABA-gFET (300 μL min� 1, VG ¼ � 0.2 V, VDS ¼ 0.1 V) while flowing spiked urine samples, whereas the inset shows the linear fitting of 
the response in a logarithmic scale (two measurements performed). (E). 
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the range 100–300 μM (Mitchell, 2004). The transistors did not show 
significant IDS changes in the presence of the interferences and the 
response to Ach was recovered by 97.5% after the whole set of in-
terferences injected. 

Moreover, in order to study the response of the biosensor in a real 
biological fluid, we performed flow measurements of Ach spiked diluted 
urine samples (1:5) (Fig. 3E). The device showed similar sensitivity to 
that reported in the buffer solution, proving that it can be used to sense 
the neurotransmitter in more complex matrices. Note, however, that in 
the case of using concentrated buffer solutions the sensitivity of the 
device could be affected due to the concomitant effect of the bulk buffer 
capacity on the local proton concentration. 

Finally, Table S1 shows a comparison of major analytical figures of 
merit between the present biosensor and other recently reported enzy-
matic FETs for Ach detection. Transistors presented in this work show 
remarkable features, such as high sensitivity, wide detection range and 
low detection limit, while being operated at small applied potentials (VG 
and VDS). Particularly when compared with similar devices involving 
the immobilization of AchE on graphene FETs, this device merges the 
above-mentioned features with the possibility of performing measure-
ments in continuous flow conditions, making feasible the real-time 
sensing of the neurotransmitter. 

3. Conclusions 

We presented a new strategy for the rational construction of gFET- 
based systems using electropolymerization as integration approach. 
The voltammetric synthesis of PABA, an electroactive polymer film with 
pendant amine moieties, allowed the immobilization of functional AchE 
and, simultaneously, the enhancement of the pH response of gFETs. The 
higher sensitivity to pH changes was ascribed to the wide pKa distri-
bution of PABA caused by a variety of amine/imine groups. 

The AchE-PABA-gFETs showed a shift in the Dirac point to more 
negative values in the presence of acetylcholine due to enzyme- 
catalyzed hydrolysis, allowing for the real-time sensing of the neuro-
transmitter in the range 5–1000 μM. Moreover, AchE-PABA-gFETs 
showed excellent selectivity to interferences, fast response time and 
good reproducibility. The sensors were even checked in real urine 
samples, with a similar sensitivity to that observed in buffer. Compared 
with similar reported gFET sensors, the AchE-PABA-gFETs present better 
response in flow conditions and a lower LOD. 

Finally, the proposed strategy represents a promissory method for 
the construction of biosensors due to the advantages of the voltammetric 
electrosynthesis, such as precise control of the film thickness, stability 
and no necessity of chemical primers. On the other hand, the electro-
synthesized polyelectrolyte constitutes a scarcely explored electroactive 
polymer with many proved advantages as building block compared to 
the wide-employed Pani, particularly when dealing with soft acidic or 
neutral media, as those needed for most enzymes to work. Thus, the 
functionalization approach could be extended to the integration of other 
enzymes or even nanomaterials, which could expand the sensing 
applications. 
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