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has led to smart (disposable) sensor assemblies for health-, 
food- and environmental monitoring [4–9]. Another attrac-
tive property of organic semiconductor (OSC) materials 
is the generally good biocompatibility, which is important 
when it comes to biomedical applications and the envi-
sioned human interfacing [10–12]. Moreover, the chemi-
cal and physical properties of organic compounds can be 
tailored to obtain a distinct sensitivity and selectivity with 
respect to target analytes, or to meet a specific requirement 
[13–15].

For the emerging fields of biomedical diagnostics and 
environmental monitoring, sensing of ions and biologi-
cal substances in appropriate aqueous media is of interest. 
Therefore, a water-stable operation of OFET-based sensors 
is crucial, demanding their operation at low voltages and the 
resistance of the semiconductor layer to degradation and/or 
delamination over extended operation under aqueous con-
ditions. In general, low voltage operation can be achieved 
by employing gate insulators with a high capacitance (using 
thin high-k dielectrics [16] or electrolytes [17]). Especially, 
the electrolyte gated field-effect transistor (EGOFET) archi-
tecture, which differs from an OFET by having the gate 
separated from the transistor’s channel by an electrolyte, 
has shown much promise [18–21]. The non-linear potential 

1  Introduction

Aside from the main application of organic field-effect 
transistors (OFETs) in display and integrated circuit tech-
nologies, OFETs have proved to be excellent candidates as 
transducer devices for many different sensing applications 
[1–3]. The outstanding features of organic-based devices, 
such as low temperatures processability, low-cost fabrica-
tion, miniaturization and integration on flexible substrates, 
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Abstract
Electrolyte-gated organic field-effect transistors (EGOFETs) have the potential to be versatile transducing devices for the 
realization of modular environmental monitoring and biomedical diagnostic sensor platforms. For the practical realisa-
tion the EGOFET offers several operation modes to transduce a specific analyte/receptor interaction into an easy to read 
out electrical response. Here we report on the interaction between the analyte (glucose and urea) using specific enzyme 
(glucose-oxidase and urease, respectively) based bioreceptor anchored to the EGOFET gate electrode rather than a bind-
ing/affinity device. The presented EGOFET-based enzymatic biosensor for glucose and urea displays a linear and ana-
lyte selective response in the range between 10− 6 and 10− 3 mol/L. Changes in the local ionic strength affect the Debye 
length which modulates the EGOFET responses through the electric double layer capacitance variation. The possibility 
of exchanging the modified gate electrode to detect specific analytes using the same EGOFET system allows the modular 
sensor which might be reused and applied for a broad range of applications.
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drop across the electrolyte, due to the formation of elec-
tric double layers (EDLs) at the gate/electrolyte and OSC/
electrolyte interfaces, realizes high capacitance values for 
the gate dielectric, thereby allowing for low voltage opera-
tion (< 1 V) and high-density charge accumulation [22]. 
The charge distribution in an EDL can be described by the 
Gouy-Chapman-Stern model and the EDL capacitance can 
be related to the Debye length [23] according to:

CDL = ϵrϵ0

λD
� (1)

where CDL represents the capacitance of the electrical dou-
ble layer, λD is the Debye length, and the parameters εr and 
ε0 are the relative and the vacuum permittivity, respectively. 
Thus, the expression for the channel current formula of 
EGOFET model can be expressed as [24]:

IDS = W

L
· µ · CDL ·

[
VGS − Vth − VDS

2

]
· VDS � (2)

Where W and L are channel width and length, respectively, 
µ is the charge mobility, CDL is the capacitance of the 
device, Vth is the threshold voltage for the device, VGS is the 
potential applied to the gate and VDS is the electrical bias 
applied between drain and source electrodes. Therefore, the 
EGOFET platform is extremely sensitive to modifications 
at the gate electrode [25, 26] as well as the composition 
of the electrolyte. For sensing applications, the electrolyte 
in the EGOFET can act as an analyte medium where high 
sensitivity can be achieved as a result of analyte-induced 
changes to the electrochemical potential across the dielec-
tric (see below for more detail) [27]. In order to achieve 
analyte selectivity, a receptor site can be incorporated into 
the device and several different sensing concepts based 
on EGOFETs have been demonstrated so far [28–36]. For 
operation under electrostatic control, i.e. where chemical/
electrochemical doping of the channel are assumed absent, 
two concepts for achieving analyte selectivity have been 
developed, either based on functionalization of the semi-
conductor surface [37–39] or the gate electrode [40–42]. 
In the first sensing concept, the semiconductor itself serves 
as the transducer. Depending on the device, the active area 
may be restricted to the surface, where adsorption of analyte 
molecules modifies the local charge distribution and thereby 
the conductivity of the channel, or it may extend into the 
bulk, where analyte permeation or doping directly alters the 
carrier density throughout the material. In both cases, the 
semiconductor material and device must be tailored to the 
specific analyte, since the interaction mechanism is intrin-
sic to the semiconductor. In the second sensing concept, by 
contrast, the gate surface is functionalized with a receptor 

that selectively binds the analyte. This receptor–analyte 
interaction is then transduced capacitively into the channel, 
enabling a modular architecture in which the same semicon-
ductor device can be combined with differently functional-
ized gates, each dedicated to a particular analyte.

In this study, we use the latter concept and we investigate 
enzymatic biosensors for the detection of glucose and urea 
using an EGOFET architecture where the gate electrode 
is selectively functionalized (Fig. 1 (a)) with glucose oxi-
dase (GOx) or urease (Ur), respectively, via grafting using 
N-hydroxysuccinimide/1-ethyl-3-(3-dimethylaminopropyl) 
(NHS/EDC) chemistry onto 11-mercaptoundecanoic acid 
(MUA) modified gold wire gate electrodes [43, 44]. The 
active channel was formed from poly(3-hexylthiophene) 
(P3HT), which remained physically and chemically decou-
pled from the enzymatic reactions, and has previously shown 
very stable performance in EGOFET devices using aque-
ous electrolyte systems and operational gate voltages below 
600 mV [45, 46]. This study brings an EGOFET biosensors 

Fig. 1  The functionalization of the gate electrode of an EGOFET 
(showed in cross-section in a), allows for the fabrication of biosen-
sor for analytes such as urea or glucose. In (b), from left to right the 
strategy for the enzyme immobilization onto carboxylate-terminated 
SAMs on Au gate rod is shown. Starting with MUA-SAM linker, fol-
lowed by the addition of NHS and the water soluble carbodiimide 
EDC to the SAMs results in the formation of an NHS ester. Reaction 
of enzyme side-chain lysine residues with the ester results in the for-
mation of an amide bond
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based on enzymatic reactions which have been widely 
exploited in OECT [47, 48] (organic electrochemical tran-
sistor) based devices while EGOFETs are based on binding/
affinity reactions [49]. The EGOFET allows the reuse of the 
sensor, not the case for OECTs due to ion penetration from 
electrochemical reactions and doping to the OSC layer and 
presents an architecture appropriate for biosensing applica-
tions. We evaluate the transduction physics of the EGOFET 
developed, which operates through the electric double layer 
capacitance variation rather than interfacial electrochemical 
processes in the gate/electrolyte interface, enabling sensor 
reuse and providing a modular biosensing strategy. From a 
broader perspective, the development of low-voltage, solu-
tion-processable transistor architectures such as EGOFETs 
aligns with international roadmaps for emerging electronic 
technologies, which emphasize flexible, energy-efficient, 
and application-specific devices. Modular biosensing plat-
forms based on EGOFETs represent a promising route 
toward scalable and reconfigurable bioelectronic systems.

2  Materials and methods

2.1  Device fabrication

The EGOFET devices were fabricated using low-density 
prefabricated OFET test chips (Ossila Ltd, Sheffield, UK) 
comprising a Si++/SiO2 (dox = 300  nm) substrate struc-
tured with gold source, drain and gate electrodes (channel 
length L = 30 μm and channel width W = 1 mm) having pre-
fabricated octadecyltrichlorosilane/2,3,4,5,6-pentafluoro-
benzenethiol (OTS/PFBT) layers on the SiO2/Au surfaces, 
respectively. The substrates were cleaned by sonication 
method for five minutes in deionized (DI) water and ace-
tone. After drying under a flow of N2, the substrate was used 
immediately. Regioregular poly(3-hexylthiophene) (P3HT) 
(Rieke Metals, Lincoln, Nebraska, USA, MW = 37,000  g/
mol, 98% regioregular) was deposited from a 5  mg/mL 
chlorobenzene solution. All devices were deposited via 
spin-coating (1000  rpm, for 60  s) and annealed on a hot 
plate for 30 min at 120 °C, inside a N2 glovebox.

2.2  Gate functionalization

The EGOFETs were gated via a gold (Au) functionalized 
electrode. The gate wire functionalization occurred via 
enzyme immobilization on the wire’s structure, as shown on 
Fig. 1 (b). The Au gate wire (approximately 25 mm length 
and 1.0 mm diameter) was immersed on a 11-Mercaptoun-
decanoic acid (MUA) ethanol solution (10 mmol/L) for 20 
h to ensure the formation of a dense and well-ordered mono-
layer [50]. The MUA was used to form a self-assembled 

monolayer (SAM) on the gold gate electrode through thiol–
gold chemisorption, providing terminal carboxyl groups 
for subsequent covalent enzyme attachment. Upon removal 
from the solution, the sample was rinsed twice with absolute 
ethanol and dried in a nitrogen stream. Next, the Au gate 
wire was immersed in a 0.05 mol/L N-hydroxysuccinimide 
(NHS) and 0.20 mol/L 1-ethyl-3-(3-dimethylaminopropyl 
(EDC) DI-water solution for 1.5 h [51]. The solution was 
prepared immediately before use. Activation with NHS/EDC 
enables the formation of reactive esters, which react with 
lysine residues of the enzymes to form stable amide bonds. 
Upon removal from the solution, the sample was rinsed 
with DI-Water. Finally, the Au gate wire was immersed in a 
10 mg/mL enzyme solution (GOx or Ur) in phosphate buf-
fer solution (PBS) for 1.5 h [52]. Upon removal from the 
solution, the sample was rinsed with PBS and stored under 
dry condition at 4 °C in a refrigerator when not in use. All 
experiments were carried out at room temperature.

2.3  Biosensor testing

A reservoir, made of polydimethylsiloxane (PDMS, Syl-
gard 184) was used to confine the static electrolyte, which 
was either deionized water, or an aqueous solution of glu-
cose or urea. PDMS was chosen for its ease of fabrication 
and chemical compatibility with aqueous electrolytes. The 
devices were completed by inserting the (modified) gate 
electrode into the electrolyte solution. Electrical character-
ization was performed in air with the device connected to a 
dual channel Keithley 2636B SMU controlled via a home-
written LabVIEW program, measuring the output and trans-
fer characteristics of the devices in VGS and VDS ranges over 
which such devices have been shown to operate stably [53].

Solution exchange of the reservoir was performed manu-
ally using two syringes, one for introducing the new electro-
lyte to be measured and another for removing the existing 
solution already measured, in a home-made fluid circuit. 
This configuration ensured that the P3HT channel was con-
tinuously immersed in the electrolyte and never exposed to 
air during the experiments. During electrical measurements, 
the electrolyte remained static, and no continuous flow was 
applied. The volume of flushed electrolyte was 5 mL for every 
exchange. Figure SM 1 in the Supporting Information shows 
a schematic and a photograph of the experimental setup.

3  Results and discussion

3.1  Sensing mechanism

Regarding the enzymatic biosensors, the interactions 
between analytes and the enzyme for FET based devices 
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capacitance also increases, along with the drain-source 
current.

3.2  EGOFET-based biosensor performance

In a first step, the EGOFET performance was studied with 
the bare Au gate electrode and the two modified Au gate 
electrodes: one functionalized with glucose-oxidase (GOx/
Au), and the other with urease (Ur/Au), using DI water as 
the gate dielectric. Figure 2 (a) shows a comparison of the 
transfer curve in the linear regime from the three differ-
ent gate electrodes (for the transfer curve in the saturation 
regime, see Supporting Information Figure SM 2). A shift 
in threshold voltage is observed with gate functionaliza-
tion. For the bare-Au gate, the IDS current reaches approxi-
mately 0.06 µA at VGS = – 0.3 V in the linear regime (VDS 
= – 0.1 V), while for the GOx and Ur modified gate, the IDS 
results approximately 0.02 and 0.04 µA at VGS = – 0.3 V, 
respectively. For both enzymatic modified gates, a shift in 
the threshold voltage occurred, varying from 0.23 ± 0.01 V 
for bare Au to 0.03 ± 0.01 and – 0.06 ± 0.01 V for GOx and 
Ur modified gate, respectively. The enzymatic functional-
ization of the gate’s electrode give rise to a negative shift 
of threshold voltage which means that both enzymes reduce 
the charge carrier density in the organic channel with respect 
to bare Au electrode [59]. The threshold voltage is affected 
by the variation in the gate’s surface potential [25] which is 
induced by the surface coverage of the Au electrodes with 
the enzymes [60].

To verify the device response to the analyte concentra-
tion, the transfer curves of the GOx-modified device were 
measured for different concentrations of glucose in DI-
water. The concentration of glucose ranged from 10− 6 to 
10− 1 mol/L. Figure 2 (b) shows the evolution of the GOx-
modified EGOFET transfer curves (in the linear regime), 
when the measurement is carried out with increasing glu-
cose concentration (from 10− 6 to 10− 3 mol/L, DI-water is 
also reported as reference). In the linear regime (VDS = – 
0.1 V, fixed in the VGS = – 0.3 V) the outputted IDS level 
for the glucose solution ranging from 10− 6 to 10− 3 mol/L 
changes from 0.025 µA to 0.040 µA. Equivalent results are 
obtained with the urea biosensor, using the Ur-modified gate 
(see Supporting Information Figure SM 3).

From the devices’ transfer curve (measured in the linear 
regime), it is possible to obtain a calibration curve for the 
glucose biosensor. The calibration curve is shown in Fig. 3 
(a) as relative variation of drain current (ΔIDS/IDS = (IDS 
(solution) – IDS (DI-water))/ IDS (solution)) as a function 
of the glucose concentration (from 10− 6 to 10− 1 mol/L). 
As expected, the relative electrical response of the device 
using the bare-Au as gate is negligible (grey circles). (The 
transfer curves in linear regime for Au gate rod measuring 

produce species which results in electronic perturbations in 
the system generating an output. Generally, the enzymes are 
immobilized on one of both interfaces gate electrode/elec-
trolyte or electrolyte/OSC. Upon a binding event between 
the substrate and the enzyme, the products of the reac-
tions contribute to the transduction process. The reaction 
mechanism for glucose start with its catalysis to gluconic 
acid and hydrogen peroxide, followed by the latter’s oxida-
tion leading to oxygen and proton ions at the appropriate 
potential (0.75 V) [54], while the reaction mechanism for 
urea is described by its hydrolysis catalysis to ammonium, 
hydroxyl ion and bicarbonate ions [55]. Both processes are 
shown below:

Glucose + O2
Glucose oxidase−−−−−−−−−−→ gluconic acid + H2O2

Urea + 3 · H2O
Urease−−−−→ HCO−

3 + 2 · NH+
4 + OH− � (3)

Figure 1 (a) depicts the schematic of a device with a func-
tionalized gate electrode for biosensor applications, show-
ing the cross-section of the EGOFET device with a P3HT 
layer over the drain and source contacts, on top of the sub-
strate. The (modified) gate electrode is dipped in the elec-
trolyte to complete the device structure. For gate electrodes 
modified according to the reaction scheme in Fig. 1 (b), 
the enzymatic recognition/conversion of the analyte is able 
to cause a combined effect on the device, a local change 
to the electrochemical potential at device interfaces and 
changes in the transconductance of the EGOFET which, 
in turn, affects the charge accumulation in the P3HT chan-
nel, thereby yielding a detectable current response [41]. It 
is important to note that hydrophobic interactions at PDMS 
interfaces may influence biomolecular processes [56] and 
that alternative reservoir materials could be explored in 
future studies.

For field effect based biosensors the change in conduc-
tance is the principal reason for the potential difference 
variation measurable in EGOEFT devices [57]. As noted by 
Huang and co-workers, variations in conductance can arise 
from multiple mechanisms associated with chemical reac-
tions and structural reorganization upon analyte–receptor 
binding, and device optimization is often guided by empiri-
cal approaches. The underlying mechanisms include orbital 
hybridization, surface polarization effects, changes in dipole 
moment, as well as adsorption and affinity binding of vari-
ous biomolecules. Torsi and co-workers [58], demonstrated 
an example of electrical dipole formation due to binding of 
dopamine to a self-assembled monolayer of boronic acid. 
The interactions between analyte and enzyme produce elec-
troactive species which results in electronic perturbations at 
the device interface. The products act modifying the system 
conductance by changing the enzyme/electrolyte capaci-
tance. With increasing analyte concentration, the system 
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measurements via injection, while always keeping the gate 
immersed and the semiconductor layer covered with elec-
trolyte. It has been reported that P3HT does not remain 
stable when exposed to oxygen. Especially when combined 
with light, Abdou et al. showed that it leads to an increase in 
carrier concentration and conductivity of the material, asso-
ciated with a decrease in mobility by field effect, due to the 
presence of scattering centres of carriers [61]. The fluid cir-
cuit was necessary to yield reversibility since without it, the 

glucose and urea can be found in Supporting Information 
Figure SM 4). For the GOx-modified gate, the relative 
drain current change is linearly proportional to the loga-
rithm of the glucose concentration between 10− 6 and 10− 3 
mol/L, resulting in a limit of detection of 5.5 ± 0.6 × 10− 6 
mol/L and a limit of quantification of 18.3 ± 2.1 × 10− 6 
mol/L (using IUPAC definitions). For concentration higher 
than 10− 3 mol/L the change in electrical response saturates. 
The drain-source current of the biosensor does not change 
accordingly to the analyte concentration, remaining at, 
approximately, 0.05 µA.

To investigate the device reversibility, the home-
made fluid circuit was connected to the PDMS reservoir 
to be able to change the analyte concentration during the 

Fig. 3  In (a) the changing in the relative drain-source current (ΔIDS/IDS) 
of the EGOFET device for the glucose biosensor, GOx/Au, at glucose 
concentration varying from 10− 6 to 10− 1 mol/L in the linear regime, 
VDS = − 0.1 V, in a forward measurement protocol. The same response 
for the EGOEFT device for the Au bare gate rods also shown. In (b) 
the reversibility analysis of the EGOFET based glucose biosensor. The 
first five experiments were done with pure water, then with glucose at 
10− 4 mol/L and back to pure water until the device recovered it previ-
ous response level

 

Fig. 2  Transfer curves of P3HT transistors in the linear regime with 
three different gate electrodes: The Au bare gate wire, the glucose-
oxidase, GOx/Au, modified gate wire and the urease, Ur/Au, modified 
gate wire in (a). Variation in the transfer curve in the linear regime, 
VDS = − 0.1 V, for the glucose biosensor, GOx/Au, at glucose concen-
tration varying from 10−6 to 10−3 mol/L and for DI-water
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does the device operate below any redox potential for redox 
reactions involving the products of the enzymatic reaction 
[66], but direct electron transfer between the GOx enzyme 
and the Au electrode is also extremely difficult because the 
active site of GOx, (flavin adenine dinucleotide) FAD, is 
deeply embedded within a protective protein shell [67, 68].

Due to the isolation between the gate and channel regions 
in the EGOFET, local processes occurring at the gate/elec-
trolyte interface do not influence channel properties [69]. 

devices underwent a rapid degradation [62] (The evolution 
of the relative drain current after a sequence of measure-
ments with and without the fluid circuit can be found in Sup-
porting Information Figure SM 5). First the measurements 
were carried out in DI-water, then following the injection of 
a 10− 4 mol/L glucose solution, and finally the measurements 
were repeated once the solution was flushed with DI-water, 
and flushing was repeated until the current level returned to 
its original level. Five measurements were made for each 
change in electrolyte solution. Figure 3 (b) shows the results 
of this analysis for the GOx electrode system. The GOx/Au 
system presented a reversible operating mode. This result is 
important since it indicates that the system may be reused 
using differently functionalized gates for different analyte 
detection.

The same experimental procedures were performed to 
test the urea biosensor, i.e. the measurements were car-
ried out with a P3HT based EGOFET device employing an 
Ur-modified gate and variable urea concentrated solutions. 
Figure 4 (a) shows the relative change in the drain-source 
current as function of the urea concentration. The measure-
ments were first carried out with the bare-Au gate which 
yielded no response to changes in the urea concentration 
between 10− 6 and 10− 1 mol/L. As seen for the glucose bio-
sensor, the drain current level increases linearly with the 
logarithm of the analyte concentration, and the saturation 
point is reached at 10− 3 mol/L, resulting in a limit of detec-
tion of 7.2 ± 1.1 × 10− 6 mol/L and a limit of quantification 
of 23.8 ± 3.6 × 10− 6 mol/L (using IUPAC definitions). The 
reversibility of the urea biosensor was tested with the simi-
lar home-made setup used in the GOx-modified EGOFET 
described above. The device was first measured in DI-water 
and showed a consistent value of IDS with time, as shown in 
Fig. 4 (b). Upon injection of the urea solution (10− 4 mol/L) 
the device showed an abrupt increase in IDS, demonstrating 
the immediate electrical response as result of the hydrolysis 
of urea by the enzyme. The reservoir was then flushed with 
several cycles of DI-water. Unlike for the glucose sensor, 
the decay in IDS was much slower following the flushing 
of the urea. However, with repeated flushing, the device 
response showed a clear trend towards its original value. At 
higher concentrations the device is poorly reversible.

In an EGOFET-based biosensor, biorecognition events 
alter the conformation and/or charge distribution of the bio-
receptors at the interfaces, thereby shifting the transistor’s 
threshold voltage or altering transconductance [63, 64]. As 
previously described, enzymatic biosensors exhibit changes 
in the slope of the transfer curves indicating variations in 
the device’s transconductance [65]. Figure 5 (a) shows the 
relative change in threshold voltage as a function of analyte 
concentration. The data show no variation in changes in ana-
lyte concentration between 10− 6 and 10− 1 mol/L. Not only 

Fig. 4  In (a) the changing in the relative drain-source current 
(ΔIDS/IDS) of the EGOFET device for the urea biosensor, Ur/Au, at 
glucose concentration varying from 10− 6 to 10− 1 mol/L in the linear 
regime, VDS = − 0.1 V, in a forward measurement protocol. The same 
response for the EGOEFT device for the Au bare gate is also shown. 
In (b) the reversibility analysis of the EGOFET based urea biosensor. 
The first five experiments were done with pure water, then with urea at 
10− 4 mol/L and back to pure water for 4 times
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capacitance with change in analyte concentration between 
10− 6 and 10− 1 mol/L follows the pattern presented in the 
calibration curves in Figs. 3 (a) and 4 (a) for glucose and 
urea measurements, respectively. This indicates that the 
EGOFET-based biosensor measures the change in capaci-
tance of the EDL formed at the enzyme-modified gate elec-
trode interface. This capacitance is smaller than the in series 
capacitance of the OSC/electrolyte (approximately 3–6 µF/
cm2) [45] and can be approximated as the total capacitance 
of the EGOFET. Changes in EDL capacitance are a conse-
quence of variations in the Debye length (Eq. (1)) which are 
caused by local variations in ionic strength due to the release 
of products from reactions between enzymes and substrates 
[70–72]. The Debye length is inversely proportional to the 
square root of the ionic strength, according to [24]:

λD =
√

ϵrϵ0kBT

2NAe2I
� (4)

where kB is the Boltzmann constant, T is the temperature, 
NA is the Avogadro constant, e is the elementary charge, and 
I is the ionic strength of the electrolyte.

The irreversibility of the devices at higher concentrations 
can be explained by local charge saturation at the enzyme-
modified gate electrode interface. Nguyen and co-workers 
[60] demonstrated that the EDL capacitance saturates at 
specific analyte concentrations in EGOFETs with Au gate 
electrodes. At low concentrations, this process does not 
affect device sensitivity, but at higher concentrations of 
the target analytes, saturation is reached, affecting the EDL 
capacitance and influencing the biosensor response.

3.3  Biosensor selectivity

To test the enzymatic selectivity of the functionalized 
gate electrode, the relative drain-source current change 
(ΔIDS/IDS) was calculated for the GOx-modified Au gate and 
the Ur-modified Au gate. First, the GOx/Au (Ur/Au) device 
was exposed to glucose (urea), followed by water, then urea 
(glucose), and finally to water (analytes concentration = 
10− 3 mol/L). Figure 6 displays the results of the measure-
ments carried out with the functionalized gates as well as 
for a reference bare-Au gate. For the GOx-modified gate 
the glucose analyte gives a high response (approximately 
ΔIDS/IDS ~ 0.6). However, in the presence of urea, the device 
also shows a modest increase in IDS (approximately ΔIDS/IDS 
~ 0.25). Although the immobilization of GOx enzyme over 
substrates improved its stability, retaining its activity, the 
GOx denaturation by the presence of urea affect the enzy-
matic conformational structure, which induces interactions 
between the analyte and the bio-receptor [73]. In the case 
of the Ur-modified gate, the presence of urea showed a 

Therefore, changes in transconductance are changes in 
capacitance, if channel mobility is kept constant:

gm = W

L
· µ · CDL · VDS � (4)

where gm is the transconductance in the linear regime. Fig-
ure 5 (b) shows the relative change in capacitance as func-
tion of the analyte concentration. The variation in relative 

Fig. 5  In (a) the changing in the relative threshold voltage and in (b) 
the changing in the relative capacitance of the EGOFET device as 
function of both the analyte concentration, glucose and urea. There 
is no variation in relative threshold voltage to changes in both ana-
lytes’ concentration while the relative capacitance shows variation in 
the same pattern of the calibration curves with relative drain-source 
current
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Au and Ur-modified Au gate electrodes. The devices also 
exhibited cross-selectivity toward their respective target 
analytes, a crucial feature for applications in combined or 
matrix systems. Although the present study was carried out 
in controlled electrolyte solutions to understand the trans-
duction mechanism of enzymatic EGOFET biosensors, the 
system is extendable to real biological samples and will be 
the subject of future work.
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high response (approximately ΔIDS/IDS ~ 0.45), but showed 
negligible change in the presence of the glucose analyte 
(approximately ΔIDS/IDS ~ 0.0). These results clearly show 
that both the proposed biosensors are selective regarding 
cross analysis between glucose and urea, with the Ur-mod-
ified gate showing almost perfect selectivity between these 
two analytes. In contrast, the bare Au gate showed negli-
gible change in IDS in the presence of either urea or glucose, 
showing that the specificity of the biosensor came from the 
enzyme immobilized in the gate electrode.

4  Conclusions

From the presented results it is possible to summarize that 
the coating of the enzymes in the Au gate rod was success-
fully achieved, and thus enzymatic biosensors based on 
P3HT EGOFET devices were realized. A change in analyte 
concentration induces a variation in the EGOFET response 
through modulation of the electric double layer capacitance, 
which arises from changes in the local ionic strength and 
the associated variation of the Debye length. For both bio-
sensors the linear range was from 10− 6 to 10− 3 mol/L, after 
which, a saturation in the response was observed in both 
cases. To be a useful biosensor device, reversibility should 
be observed, as was demonstrated for measurements with a 
10− 4 mol/L solution. It is noteworthy that this system fol-
lows a modular design, allowing the functionalized gate to 
be exchanged without compromising the performance of the 
EGOFET, provided that the active channel remains intact 
and is not subjected to chemical or electrochemical doping. 
In this study, devices were investigated with GOx-modified 

Fig. 6  Selectivity analysis of the EGOFET based enzyme modified 
biosensors with relative drain-source (ΔIDS/IDS) of the device against 
glucose and urea analytes. The Au bare gate rod electrode was mea-
sured for non-specific binding analysis
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