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This work presents the charge dynamics and the effect of the density of amino acids on a sensing surface with the
help of analytical modelling. We have implemented an in-house simulator incorporating the Gouy-Chapman-
Stern and Site-Binding model to capture the perturbations in the proton affinity of reactive sites with the vari-

ation of amino acid density over a sensing surface. The results of the models are explained for Alanine, Glutamic
Acid and Histidine with their a-carboxylic terminal immobilized on the sensor surface. The results show that an
increase in amino acid density on the sensing surface over a certain limit deviates the fingerprints of the proton
affinity away from the affinity of the reactive sites of individual amino acids. The effect of different electrolyte
concentrations on steric hindrance is also captured for Alanine and Glutamic Acid. Finally, we used a junctionless
FinFET to model unique signatures of amino acids down to a single molecule.

1. Introduction

As the building blocks of proteins, amino acids play a crucial role in
various biological processes such as building hormones and neuro-
transmitters, tissue growth or repair, etc. They contain functional groups
that can be ionized under specific conditions, leading to changes in their
charge state. The charge dynamics of amino acids are affected by various
factors, such as temperature, pH and the presence of other ions or
molecules. The charge dynamics of amino acids [1] are essential to
understand the physicochemical properties and functions of proteins
and for studying protein-protein interactions, enzymatic reactions, and
other cellular processes. When amino acids are densely packed on the
sensing surface, they can experience steric hindrance [2], which can
limit the binding of protein ligands to the surface by affecting the
ionization of amino acid functional groups, leading to changes in their
charge state and properties. A similar effect on the surface energy can
happen when a high density of amino acids can lead to increased surface
energy. Surface energy is one of the parameters affecting the structural
integrity and conformational stability [3] of packed layers of sensor
receptors, and it can lead to undesired nonspecific binding of proteins,
resulting in a high background signal and reduced specificity of the
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assay. Understanding the density in surface energy for phenomena like
protein folding [4], stability, and function, as well as for designing and
optimizing protein-based drugs and therapeutics. In this context,
studying the fingerprints of amino acids and their charge dynamics is
relevant for developing new technologies and methods for protein
analysis and manipulation.

2. Methodology

In this study, the analytical model was based on the self-consistent
solution of the Gouy-Chapman-Stern (GCS) and Site-Binding model
[56]. The calculated surface charge density (c,) using the site-binding
model depends on the active surface states (Ng), bulk pH (pHp), and
dissociation constants (K, and Kp) of the active sites of the amino acids.
Each amino acid is immobilized by the a-Carboxylic terminal (C-Imm.)
and corresponds to a different 6, due to the active sites (amine site (N)
and sidechains) [Alanine (A) (6,1), Glutamic Acid (E) (c,2), Histidine
(H) (003)] except for the affinity of the C-terminal reacted in the
immobilization with APTES [78].
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Fig. 1. (a) to (c) Surface Potential (solid line) and 2nd Gradient of Surface Potential (x10~* d¥,/dpH?) (dashed line) for A, E and H amino acids, respectively (d) to
(f) Total Capacitance (Cr) (solid line) and Normalized ACr [x107° (Cr-min(Cp))/(min(Cp))] (dashed line) of ISFET with respect to the pH for Carboxy-terminal

immobilized amino acids for A, E and H, respectively. [Note: Calculated for electrolyte concentration = 0.001 M and density = 1012
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Fig. 2. (a) & (d) Surface Potential (b) & (e) Normalized 2nd Gradient of Surface
Potential [(d*¥,/dpH?)/(max(d*¥,/dpH?))] of ISFET with respect to the bulk
pH for C-Imm. Alanine and Glutamic Acid respectively [Note: Calculated for
electrolyte concentration = 0.001 M] (c) & (f) Zero-crossover point (in terms of
pH) of d*¥,/dpH? of ISFET with respect to the density of C-Imm. Alanine and
Glutamic Acid respectively on the sensing surface of Electrolyte-Gated FinFET
for different electrolyte concentrations.

cH? — KK,
G = qNs |~y 2
cH + cHgK, + KK,
cH? + cHK,
0,3 = gqNs 2‘—5 3
cH + cHgK, + K,K,

Where, (K, > Kp), cH; (cH = cHpexp 4" ) & cHg (cHp = 107P) are

the surface and bulk proton concentration respectively and Vr is the
thermal voltage. Surface potential (¥,) is calculated by equating the o,

mol.cm~2].

with the double-layer charge density (op.) from GCS model and the
charge density in the semiconducting channel while considering a
constant Stern capacitance (Csgrn,) of 0.8 Fm—2

3. Results and discussion

Fig. 1 shows the output characteristics of the amino acids in terms of
¥, (solid line- left y-axis), dz‘l’o/de2 (dash line- right y-axis) and Cr
with respect to the bulk pH. In Fig. 1(a) and 1(b), C-Imm. Alanine and
glutamic acid show the variation of ¥, from positive to zero and positive
to negative respectively as the bulk pH increases from basicity to alka-
linity and reflects zero-crossover-point (zcp) of d2¥,/dpH2 which equals
the affinity constant of the corresponding reactive site. At zcp, even with
the dynamic process of protonation and deprotonation of reactive sites,
the o, reaches 50% of the value. However, even with two free reactive
sites, histidine shows a zcp only for a reactive site with a higher affinity
constant due to the similar protonated state of the amine sidechain and
o-amine site. The Cr of alanine and histidine decreases with the increase
in bulk pH but for glutamic acid, the capacitance shows a U-curve with a
minimum at the isoelectric point due to the charged electrical-double-
layer capacitance away from the isoelectric point.

The surface potential of C-Imm. alanine decreases for lower densities
with a more abrupt transition from the protonated state of the amine site
to the deprotonated state as shown in Fig. 2(a). As observed, the zcp of
2nd order differentiation of surface potential shifts towards the lower
value (pH) with the increase in the amino acid density. This happens
because the diffuse layer thickness decreases for higher densities
resulting in an increased Cr allowing the charge to transit state at lower
pH due to the electrostatic interaction with the higher concentration of
H™ ions (shown by red dots in Fig. 2(b)). As the electrolyte concentration
increases, the zcp of 2nd order differentiation of surface potential sus-
tains the decrement towards higher pH values as the higher ionic con-
centration prevents the charge transition due to interactions with the
higher number of counter-ions.

Similarly, for C-Imm. Glutamic acid, the surface potential decreases
to lower values as the density decreases throughout the pH range as
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Fig. 3. (a) Silicon based n-type SOI-FinFET (b) (I) Sample 1 (SI)- Point charge at the center (II) Sample 2 (SII)- Point charge at the right corner (near drain) (III)
Sample 3 (SII)- Point charge at the left corner (near source) of the top-gate (c) Ion and Iogr for both positive and negative point charges for all three samples (d) Ips-
Vgs characteristics for positive and negative interface charge density of 10'2cm 2. Note: ZC: Zero charge.

shown in Fig. 2(c). The zcp of 2nd order differentiation of surface po-
tential of C-Imm. Glutamic acids confirm the shifting of two zcps (cor-
responding to the carboxylic sidechain and a-amine reactive sites) away
from the isoelectric point which remains the same for all densities. This
is due to the higher number of counter-reactive sites (Carboxylic side-
chain to amine-reactive site and vice-versa) which balances the charge
for a broader range of bulk pH (shown by olive and purple dots in Fig. 2
(e)).

A Silicon-on-Insulator based junctionless Fin-Field-Effect Transistor
[9] was simulated using Synopsys TCAD to detect the amino acid based
on the observed fingerprints as shown in Fig. 3(a). The gate length of the
10 nm x 10 nm (width x height) FinFET is 20 nm and the doping of
source/channel/drain regions is the same as 10'° cm™ (n-type)
respectively. The gate work-function is tweaked to operate the device as
npn configuration. Assuming the possibility of single (protonated or
deprotonated) amino acid on the sensing surface of the FinFET, a point
charge (Fig. 3(b)) and interface charge density was considered in the
simulation with positive and negative polarity separately to mimic the
conditions. Considering the variability, FInFET was simulated with
different locations of a point charge (center, near source and near drain).
These data are preliminary data to understand the behaviour of a single
point charge, prior to the simulations where we would include the effect
of the electrolyte. The device characteristics are analyzed for different
samples and compared with FInFET without any charge. The presence of
a single protonated amino acid (positive point charge) can change the
ON-current (Ipy) maximum by approx. 0.15pA as compared to approx.
0.18pA for a single deprotonated amino acid (negative point charge)
when it is placed at the center of the device. However, for sample-II and
sample-III, the variation is limited to approx. 0.09pA. Even for the case
of OFF-current (Iogg), the device is around 8% more sensitive to positive
point charge as compared to its negative counterpart. For the amino acid
density of 10'%2cm ™2 on the sensing surface as interface charge density at
extreme (acidic and basic) pH values, a 3-order difference in Iopr and
approx. 40% variation Ioy is enough to capture the fingerprints of amino
acids.

4. Conclusions

We have investigated the charge dynamics of the amino acid fin-
gerprints and the effect of higher density on the sensing surface using a
developed analytical model. The variability of the affinity constant of
amino acids was confirmed at a higher density which can be helpful in
accurately predicting the behaviour of amino acids in different biolog-
ical systems. The simulated FinFET device showed promising results as a

platform to detect a single amino acid for a highly sensitive point-of-care
sensor or next-generation protein sequencing. The proposed methodol-
ogy will also help in tackling the non-linearities behind the single-point
amino acid sequencing using an Electrolyte-gated FET sensor for the
advancement of drug discovery.
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