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Abstract—Protein sequencing is an important key to
personalized medicines, but the process is complex
enough to halt the ongoing progress in proteomics. In this
paper, we have proposed a novel simulation methodology
for the detection of oligopeptide fingerprints using a
Field-Effect-Transistor. In our approach, the Gouy-
Chapman-Stern and Site-Binding models are solved self-
consistently to capture the response of immobilized
peptides in the presence of an electrolyte. Our results
show the unique signatures of two anti-hypertensive
tripeptides in terms of variation in surface potential,
inflection points and point-of-zero-charge in 2" order
differentiation of surface potential and total surface
capacitance. We have shown that the presence of silanol
sites, in the presence of single or multiple oligopeptides, is
responsible for reduced sensor’s sensitivity. We have
proposed a novel noise-reduction technique to eliminate
the noise present in the experimental data.

L. INTRODUCTION

Several modifications are made to Field-Effect Transistors
(FETs) to build the platform for further advancements in
biosensors [1]-[12]. Ion-sensitive (IS) FET is the simplest
structure for sensing applications [13]-[16]. There are several
ISFET architectures [17]-[19] used to tune the sensing
parameters but using them for biosensing is limited by the
Debye length [20]-[22]. The idea of sensing proteins using
FETs was proposed by P. Bergveld [6], [23], [24] but it was
discarded as the protein charges reside over the Debye length
which are balanced by the counterions in the electrolyte
making the sensor insensitive to the immobilized proteins.
However, amino acids (AAs) and oligopeptides can be sensed
due to their short length keeping the Debye screening within
acceptable limits of ionic concentration [25]-[29].

In this work, to show the proof of concept, we have
considered two anti-hypertensive tripeptides Isoleucine-
Proline-Proline (IPP) and Leucine-Lysine-Proline (LKP)
derived from milk B-casein [30]. The FET sensor is immersed
in an electrolyte with SiO, as the gate oxide. (3-
Aminopropyl)triethoxysilane (APTES) is deposited on SiO; as
a linker to facilitate the immobilization of the oligopeptides
[29], [31], [32]. The presence of linker [1], [8], [11] and non-
specific binding [1]-[3], [5], [10] can be extracted by
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Figure 1. Schematic diagram of the BioFET sensor with immobilized
oligopeptides over the oxide. The top of a silanol group is covered
with yellow color which is the linker. Oligopeptides have the possibility
to be protonated/deprotonated due to active sites (for the receptors).

calibrating the sensor. The variation in device behavior is
captured by analyzing the parameters such as surface potential
(%), 2" gradient of ¥, (d?*¥,/dpH?) and total surface
capacitance (Cr).
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The novel analytical model, used here, to analyze
oligopeptides sensing is based on the self-consistent solution
of Gouy-Chapman-Stern and Site-Binding model (SB) [33]-
[35]. SB model explains the probability of the immobilized
oligopeptides on the oxide surface resulting in terms of surface
charge density (o,). 0, depends on the active surface states
(Ns), bulk pH (pHp) and dissociation constants (K, K» K. &
K,) of the active sites present on the oligopeptides [15], [36]—
[38]. Here, we have used 5 combinations of both tripeptides
immobilized by Carboxylic terminal (C-Imm.) to account for
the addition, substitution, and mutation of the considered
tripeptides. Every combination corresponds to a different o,
considering the active sites (amine site (N) and sidechains)
[IPP (d51), RIPP (0,3), DPP (g52), RDPP (054), LKP (gp3),
RLKP (0,5), DKP (0,4), RDKP (0,¢) where R: Arginine & D:
Aspartic Acid] except the affinity of the carboxylic terminal
reacted in the immobilization with APTES.

METHODOLOGY
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CHZ + cH3K, + cHZK oK) — KoKpKoKq
Op6 = qNS 4 3 2
CH} + CHZK, + CHZKyKp + cHs KoKy K. + KqKpK:Kq
-y,
Where, (K.>Ky>K->Kj), cH (cH s = CHgexp Z—V") & cHpg
T

(cHg = 107PHB) are the surface and bulk proton concentration
respectively and V7 is the thermal voltage. ¥, is calculated by
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Figure 4. (a) to (e) Surface Potential (¥,) (solid line) and 2" Gradient
of Surface Potential (d¥,%dpH? (dashed line) (f) to (j) Total
Capacitance of ISFET with respect to the pH for Carboxy-terminal
immobilized for LKP, DLKP, DKP and RDKP respectively. [Assumed
100% coverage]. The difference in ¥, dials down with same
proportion for lower surface coverage
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Figure 2. Structures of the used tripeptides (lle-Pro-Pro and Leu-Lys-
Pro) and additional amino acids (Arginine (R) and Aspartic Acid (D)).
R is joined with tripeptides by the carboxylic group (yellow) to form
tetrapeptides. R is joined with dipeptides (-PP & -KP) by the
carboxylic group (yellow) to form tripeptides. If the position of D is
2"9/3" in the sequence of tri/tetrapeptide, it is joined by both carboxylic
(yellow) and amine groups (light purple)
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Figure 3. (a) to (d) Surface Potential (¥,) (solid line) and 2" Gradient
of Surface Potential (d¥,%dpH?) (dashed line) (e) to (h) Total
Capacitance (Cr) of ISFET with respect to the pH for Carboxy-
terminal immobilized for IPP, RIPP, DPP and RDPP respectively.
[Assumed 100% coverage]. The difference in ¥, dials down with

same proportion for lower surface coverage

equating the o, with the double-layer charge density (op;)
from GCS model and the charge density in the
semiconducting channel while considering a constant Stern
capacitance (Cyer) of 0.8 Fm [33].

N
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Where ¥:represents the zeta potential (at the shear plane).
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III. RESULTS

FET sensor is fully depleted at the lowest pH by setting a
constant reference bias and it starts conducting with an
increase in pH. The Cris the series combination of the double-
layer capacitance, Cgen and effective capacitance of the
oligopeptides [25], [26]. Figure 1 schematically shows the
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Figure 5. (a) Surface Potential (¥,) (b) 2™ Gradient of Surface

Potential (d¥,%dpH?) (c) Total capacitance (C;) Vs pH. Graphs shown

for different % of DPP in presence of IPP. Note- IPP population varies

with the change in surface coverage by DPP (keeping Ns constant)
molecular arrangement at the FET interface with deposited
linker and immobilized oligopeptides immersed in an
electrolyte. Figure 2 shows the details of the molecular
structure of the peptides (IPP & LKP) with Amine
(highlighted green and purple) and carboxylic sites
(highlighted red) responsible for positive and negative charges
of the oligopeptides. In our simulation, we considered R and D
AAs joined either by the carboxylic terminal (yellow) or by
both carboxylic and amine (light purple) terminals depending
on the position in the sequence. Considering the linker, the
presence of APTES shifts the surface potential to more
alkaline values due to the higher affinity of amine sites to get
protonated resulting in a better sensitivity at lower pH. Our
analytical model successfully captures the effect of deposited
APTES with and without the presence of silanol sites.

A. Sensing oligopeptides fingerprints

The addition of R to tripeptide combinations (IPP—RIPP [Fig.
3(a)—(b)], DPP-RDPP [Fig. 3(c)—(d)], LKP—RLKP [Fig.
4(a)—(b)], DKP—RDKP [Fig. 4(c)—(d)]) shifts the surface
potential and Cr to the more alkaline values due to higher
protonation affinity of the extra amine sidechain which keeps
the oligopeptide positively charged at pH greater than the pK
of the original reactive sites. The substitution of I & L with D
at the 1% position in the tripeptide sequence (IPP—DPP [Fig.
3(a)—(c)], LKP—DKP [Fig. 4(a)—(c)]) and 2™ position in
the tetrapeptide sequence (RIPP—RDPP [Fig. 3(b)—(d)],
RLKP—RDKP [Fig. 4(b)—(d)]) can be differentiated due to a
carboxylic sidechain with a higher affinity of deprotonation
leading to a negative charge on the oligopeptides, in the
presence of pH,.. and Cr minima at pH,... The zero crossover
point of d? ¥, /dpH? [Fig. 3 and Fig. 4 (c), (d)] and the Cr
minima [Fig. 3 and Fig. 4 (g), (h)] represent the isoelectric
point associated with the neutral oligopeptides. Without the
presence of D, the oligopeptide combinations don’t exhibit
isoelectric point (or Cr minima) as the amine sites don’t have
an affinity to acquire negative charge within the pH range.



B. Unique fingerprints of multiple oligopeptides

For the detection of multiple oligopeptides, we have assumed
the presence of DPP (derivative of IPP) with IPP immobilized
over the same oxide surface. We have varied the percentage of
DPP while keeping the Ns constant. Even with a slight
increase in DPP, the surface potential starts exhibiting the
pH,-. due to the carboxylic sidechain of D [Fig. 5(a)]. DPP
starts becoming more dominant by sh(’)\wing the saturated
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Figure 6. (a) Surface Potential (¥,) (b) 2" Gradient of Surface
Potential (d¥,%dpH?) (c) Total capacitance (C;) Vs pH. Graphs shown
for different % of silanol sites in presence of IPP. Note- IPP population
also varies with the change in surface coverage by silanol sites

transition with lower sensitivity after it reaches more than 50%
as shown in d? ¥, /dpH? [Fig. 5(b)]. Cr shifts towards acidic
pH values with increasing DPP population highlighting the Cr
minima as compared to the IPP [Fig. 5(c)]. The variation of
amplitude, inflection points and pH,.. shift for higher DPP
populations constitute the unique fingerprints for detection.

C. Effect of Silanol Sites

The presence of silanol sites can vary the reference point of
the measured signal leading to hampering the detection of the
biomolecule’s actual signal. Thus, with an increase in the
population of the silanol sites in presence of IPP, the ¥, shifts
towards the left-hand side, as shown for 2<pH,..<14 in Fig.
6(a). The amplitude of minima and maxima points of
d?¥,/dpH? clarifies the transition or saturation of charges
with the increase in silanol sites [Fig. 6(b)]. The charge
saturation/transition can be observed in FET sensor output
between the inflection points for silanol sites close to 50%
whereas for the silanol population close to 10% or 90% can be
differentiated by the change in drain current amplitude across
the PH range. Similarly, to the potential the Cr minima shift
towards lower pH values (left-hand side) with the increase of
the silanol sites mimicking the pH,.. [Fig. 6(c)].

D. Noise reduction

Noise, due to the random motion of the ions in the electrolyte
alters the original signal. Here, we have used the analytical
model, as a reference, to filter out the noise much better as
compared to the moving mean, Savitzky—Golay and traditional
Fast-Fourier filtering. The simulated signal (SS) is subtracted
from the noisy signal (NS) [Fig. 7(a)] to be assumed as the
noise which is filtered from the NS. The filtered noise is
compared with the noise extracted [Fig. 7(b)] from the next
iteration with a different SS and the same NS. The extracted
signal from the NS agrees with the simulated data even when
the SNR is 10dB (Fig. 7(c)). The maximum power spectral
density of the extracted noise (threshold) [Fig. 7(d)] decreases
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Figure 7. (a) Noisy Signal (NS) (b) Extracted Noise (c) Simulated and
Extracted Signal with respect to pH for SNR=10dB and (d) Max.
Power Spectral Density (PSD) as the threshold to filter the noise with
the variation of SNR for C-Imm. IPP and DPP

with the increase in SNR of the NS (measured) which is
different for every oligopeptide combination.

IV. CONCLUSION

In this work, we have presented an analytical model that
allows us to detect unique fingerprints of oligopeptides using
potential and capacitance in FET based sensor. These unique
signatures allow us to differentiate between oligopeptides or
any possible change (mutations) in the sequence of the
oligopeptide itself. Moreover, the developed model can extract
the population of a single short peptide even in the presence of
other oligopeptides in the solution. The effect of silanol sites,
on the sensor surface, in the presence of oligopeptides, is also
studied. Such simulation results provide a solution to extract
the actual signal and linearize the sensor output. We have
developed further the simulation methodology by considering
noise in the system. We have proposed a novel noise reduction
technique that can help us to filter out the noise while
pinpointing the fingerprints which can be used as parallel
processing of experimental signals in measuring instruments.
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