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Abstract— In this study, we introduce a novel methodology to 

investigate and model the nonlinear perturbative behaviour in an 

Electrolyte-Gated Field-Effect Transistor (EGFET) based on 

biosensors that are enhanced with immobilised nanoparticles. Our 

approach systematically addresses the perturbations occurring 

due to redundant silanol sites by quantifying their impact on 

sensor output, thereby improving the reliability of the sensor 

readings. Additionally, we explore the role of neutral gold 

nanoparticles in augmenting the sensor ability to detect and 

differentiate amino acid fingerprints effectively. Moreover, our 

research delves into the effects of random partial hybridisation of 

carboxylic acids (amino acids) under varying conditions, which 

alter the reactive sites available for binding. By integrating these 

factors into our analysis, we provide a robust framework for 

calibrating and benchmarking experimental data.  
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I. INTRODUCTION 

In the evolving landscape of biosensing technologies, 
Electrolyte-Gated Field-Effect Transistors (EG-FETs) [1] 
represent a significant leap forward, particularly when 
integrated with nanoparticle-modified surfaces [2][3][4]. EG-
FETs, by design, leverage the field-effect modulation of charge 
carriers near the sensor surface to transduce biological 
interactions into measurable electrical signals [5][6]. The 
presence of an electrolyte as the gating medium introduces a 
spectrum of non-linearities, primarily due to the dual ionic-
electronic conduction mechanisms [7]. These non-linearities, 
often manifesting as shifts in threshold voltage or changes in the 
transconductance, are significantly influenced by the interaction 
of biological analytes with the sensor surface. Further 
complicating this response are the silanol sites [8] on the sensor 
surface, which can interact with the electrolyte ions, altering the 
local charge environment and, consequently, the sensor output. 

The integration of nanoparticles (NPs) onto the biosensing 
surface introduces additional variables into this already complex 
system. NPs can enhance the effective surface area and promote 

higher degrees of biomolecular interactions due to their high 
surface-to-volume ratio [9]. This manuscript explores how 
different nanoparticles, particularly those immobilised via silane 
coupling agents such as (3-Aminopropyl)triethoxysilane 
(APTES), affect the biosensor performance [10][11]. The effect 
of capping these nanoparticles with various protective groups to 
shield the amine sites on APTES from non-specific interactions 
is analysed in detail. These protective strategies are vital for 
minimising false signals and enhancing the robustness and 
reliability of the biosensor under test conditions. 

Through analytical modeling, this research endeavours to 
provide a comprehensive understanding of how these multiple 
layers of complexity interact within an EG-FET biosensor. The 
insights gained not only contribute to the fundamental science 
of biosensor materials but also pave the way for the design of 
the next-generation biosensors with enhanced analytical 
performance for real-world biological and chemical sensing 
applications. 

II. METHODOLOGY 

The proposed architecture to capture the perturbations is 
derived from the solution of the Gouy-Chapman-Stern and Site-
Binding model simultaneously providing the effective surface 
potential due to the amino acids [12][13]. The silanol sites act as 
separate reactive sites in addition to the amino acids resulting in 
a superimposed surface potential from various components of 
distinct charge densities. The distinct charge densities, that occur 
due to amino acids, silanol sites or any non-specific bindings, 
are locally distributed but under electrolyte (highly conductive) 
these charge densities can be averaged over the sensing surface. 

The amino acids with no sidechain, carboxylic side chain or 
amine sidechain immobilised along the carboxylic terminal can 
be represented by charge density ���, ���, and ��� respectively. 
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If we consider the presence of redundant silanol sites, the 
total charge density will be the summation of the respective 
charge density of amino acid and ���  with the dissociation 
constants of silanol sites. 

III. RESULTS AND DISCUSSION 

Here, we have studied the case of Carboxyl-terminal 
immobilised aspartic acid (D) having an amine and carboxylic 
sidechain with SiO2 as a gate oxide for the FET [Fig. 1(a)] [3]. 
The total surface states (NT) are composed of attached analytes 
(AA) (NAA) and the free silanol sites (NOH = NT - NAA) that 
contribute to the surface charge density (σ0) [Fig. 1(b)]. The 
presence of silanol sites changes the surface potential and 
isoelectric point due to the superposition of charge from the 
protonated/deprotonated silanol radicals with the AA depending 
on the pH value. The silanol site is more prone to acquire a 
negative charge as compared to the carboxylic radical of D but 
silanol site is less effective in protonating as compared to the 
amine radical of D. As the percentage of the silanol sites 

increases from a low value (0%) to 10%, the surface potential 
tends to have lower values due to a more acidic dissociation 
constant of silanol sites as compared to the carboxyl sites of 
aspartic acid [Fig. 1(c)]. The zero-crossover point of the double 
gradient correlates with the isoelectric point of the system with 
either 100% AA or silanol sites. The isoelectric point shifts to 
acidic values as the percentage of the silanol sites keeps 
increasing due to the higher effect of smaller dissociation 
constants of silanol radicals. In the presence of reactive sites 
from AA and silanol, the zero-crossover point depicts the 
change in the slope of surface potential and the ascendancy of 
the silanol over the AAs. At lower silanol contributions, D 
dominates the behaviour in d2Ψo/dpH2, which is more significant 
in the range of alkaline pH values as compared to the acidic 
range due to the early deprotonation of silanol radicals. As the 
isoelectric point shifts to more acidic values, the maxima of 
d2Ψo/dpH2 associated with the amino groups however shift to 
the right to leave space for changes in convexity that occur 
because of the contributions from the silanol groups to the 

 
Figure 1. (a) Conceptual schematic view of the Electrolyte-gated Field Effect Transistors (EG-FETs) with subsequent boundaries of redundant 
silanol sites and biomolecule interface (Linker or amino acids) along with the capacitance circuit representing the shown layers (b) Approximated 
macroscopic view of EG-FET sensing surface with immobilised APTES and the electrolyte interaction (c) 2nd order derivative of surface potential 
(d) Total capacitance corresponding to the bulk pH for different percentage of the redundant silanol reactive sites [Note: Fig. 1(c) and 1(d) are 
shifted vertically to show the zero-crossover points of the 2nd order derivative of surface potential and Total capacitance] 

 
Figure 2. (a) Drain current (b) Total capacitance and normalised capacitance for Alanine (amino acid) on the sensing surface, Alanine with 10nm 
and 20nm diameter neutral gold nanoparticles relating to the bulk pH [Note: Amino acid density of the sensing surface with and without the 
nanoparticles is considered the same] (c) Surface potential (d) Drain current for Alanine (amino acid) on the sensing surface and Alanine with 
10nm diameter neutral gold nanoparticles relating to the bulk pH [Note: Amino acid density of the sensing surface with and without the 
nanoparticles is different] 
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electrostatic equilibrium with the double layer capacitance as 
shown in Fig. 1(d). Because of these contributions, the linearity 
of the surface potential increases flattening d2Ψo/dpH2, making 
precisely the most linear contribution at 50% contribution from 
each of the reactive sites. In the presence of a high contribution 
of silanol sites that decreases the effective affinity of the surface 
for protonation as compared to the individual amine sites of D, 
the behaviour is dominated by the silanol groups and the peaks 
of d2Ψo/dpH2 are then observed in the acidic range of pH.  

For the enhancement of the amino acid fingerprints, we have 
considered the uniform density of the gold nanoparticles as a 
neutral sensing surface. Considering the equal density of amino 
acids on the sensing surface with and without the nanoparticles, 
the surface potential remains unchanged due to the same number 
of reactive sites. However, with the variation in nanoparticle 
size, there is a significant variation in the sensor capacitance and 
output signal as a drain current [Fig. 2(a) and 2(b)] due to an 
increase in the distance of the diffuse layer away from the oxide 
surface. As the nanoparticle size increases, the drain current 
increases as the considered device is p-type, which requires a 
higher bias to be turned off. Thus, as shown in Fig. 2(b), the 
decrease in effective oxide capacitance (including the 
nanoparticle capacitance) with the increase in nanoparticle size 
reduces the channel control allowing more current to flow across 
the device. The variation of the total capacitance as a function of 
the pH is higher for the amino acid in the absence of 
nanoparticles and it decreases with the increase in the size of 

nanoparticles due to the higher capacitance of nanoparticles as 
compared to the electrical double-layer capacitance. For 
different nanoparticle sizes, if the active surface area of 
nanoparticles is considered which is approx. 0.5π times larger 
than the total surface area without nanoparticles, there is a 
notable variation in the surface potential and the drain current of 
the biosensor as shown in Fig. 2(c) and 2(d).  

We have also considered the different interactions of the 
carboxylic and amine-reactive sites of the Carboxyl-terminal 
immobilised carboxylic acid to capture the possible partial 
hybridisation of the amino acids as shown in Fig. 3. Assuming 
C-Imm. Aspartic acid (D) as an example, we have only two free 
reactive sites, one is the alpha-amine site and the other is the 
carboxyl sidechain. D is a trifunctional AA that after the 
immobilisation by the C-terminal remains with a free amine 
radical (pK = 9.60) and a sidechain of the carboxylic group (pK 
= 3.65). D acquires a positive charge at lower pH values due to 
the protonated amine and neutral carboxylic group. With an 
increase in pH, Ψo decreases from positive to negative values 
due to the deprotonation of the amine and carboxylic radicals 
changing the overall charge of the molecule and allowing the 
AA to have an isoelectric point in the zwitterion state, which 
happens at the pH value that is the average of the pK values of 
amine and carboxylic radicals. Using such a concept, our 
simulations showed that as the percentage of interactions with 
carboxylic sidechain increases from 0% to 99%, the surface 
potential decreases by approx. +0.25V at the highest acidity and 

 
Figure 3. (a)/(e) Surface Potential (b)/(f) Total capacitance (c)/(g) Depletion width and (d)/(h) Current for C-terminal immobilised Carboxylic 
acid (D) on the sensing surface having different % of interactions with carboxylic/amine sidechain relating to the bulk pH respectively. [Note: 
The considered device is a Junctionless p-type FET with the resistivity of 1Ωcm-2, width of 4μm and channel length = 10μm; The considered
surface state density for the amino acid interactions is 5x1014cm-2] 

(a) (b) 

(h) 

(c) (d) 

(e) (f) 
(g) 

Authorized licensed use limited to: TU Wien Bibliothek. Downloaded on November 07,2024 at 14:02:12 UTC from IEEE Xplore.  Restrictions apply. 



-0.2V at the highest alkalinity as shown in Fig. 3(a). As the 
interactions change the number of total reactive sites, the 
isoelectric point changes for the system. The total capacitance 
curve shifts to the higher alkaline pH with the increase in the 
interactions but the capacitance minima remain at the same 
value as shown in Fig. 3(b). The depletion width and the drain 
current follow the surface potential with the same range of 
variations as shown in Fig. 3(d) and 3(e). However, the variation 
of drain current realting to the Bulk pH mimics the significant 
change in surface potential keeping the zero-crossover point of 
2nd order differentiation of drain current exactly as the 
isoelectric point or the pH at capacitance minima. The opposite 
trend can be observed with the interactions that happen with the 
amine site rather than the carboxylic sidechain as interactions 
with the amine site decrease the reactive sites that can acquire 
positive charges on the sensing surface as shown in Fig. 3(e). 
The capacitance curve shifts to the left with the increase in the 
amine interactions [Fig. 3(f)]. The depletion width and the 
current follow a similar pattern as that of the surface potential 
and total capacitance for different amine interactions as shown 
in Fig. 3(g) and Fig. 3(h) respectively. The proposed work can 
be helpful in detailing the non-linearities in the biosensors 
allowing better calibration and benchmarking of the 
experimental data. 

IV. CONCLUSION 

We have proposed a novel methodology to analyse the dynamic 
perturbation in the electrolyte-gated FET based biosensors due 
to the redundant silanol sites, partial-hybridisation of the amino 
acids reactive sites and captured the effect of nanoparticles on 
the sensitivity of the amino acids. The proposed model accounts 
for the effect of different sizes of nanoparticles along with the 
amino acid density variation in the sensing surface. The zero-
crossover fingerprints of the 2nd order differentiation of surface 
potential and capacitance minima variation relating to the pH 
help in quantifying the effect of redundant silanol sites. The 
interactions with the carboxylic and amine terminals of the 
amino acids provide significant information about the binding 
sites for protein-peptide interactions. The optimised analytical 
module paves the way for an accurate and reliable protein 
sequencing tool. 
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