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ABSTRACT

Traumatic Brain Injury, one of the significant causes of mortality and morbidity, affects worldwide and continues
to be a diagnostic challenge. The most desirable and partially met clinical need is to simultaneously detect the
disease-specific-biomarkers in a broad range of readily available body fluids on a single platform with a rapid,
low-cost, ultrasensitive and selective device. Towards this, an array of interdigitated microelectrodes was
fabricated on commercially existing low-cost single-side copper cladded printed-circuit-board substrate followed
by the bioelectrodes preparation through covalent immobilization of brain injury specific biomarkers on car-
boxylic functionalized multi-walled carbon nanotubes embedded polypyrrole nanocomposite modified inter-
digitated microelectrodes. Subsequently, the immunological binding events were transduced as the normalized
change in bioelectrode resistance with and without the target analyte via current-voltage analysis. As proof of
concept, current-voltage responses were primarily recorded using a conventional probe station, and later, a
portable handheld-electronic-readout was developed for the point-of-care application. The data compilation and
analysis were carried out using the in-house developed android-based mobile app. Notably, the smartphone
powered the readout through a PL-2303 serial connector, avoiding integrating power sources with the readout.
Further, this technology can be adapted to other point-of-care biosensing applications.

1. Introduction

and patient prognosis at different stages of TBI (i.e., mild, moderate and
severe) [1-5]. So, multiplexed detection of multiple biomarkers with

Low-cost, ultra-sensitive and selective quantification of multiple
biomarkers simultaneously in easily accessible body fluids (i.e., blood,
serum, plasma, urine, tears, etc.) for point-of-care (PoC) diagnostic ap-
plications is the most desirable clinical need in recent times. The greatest
need for such devices is in diagnosing life-threatening neurological
disorders, such as traumatic brain injury (TBI), where every hour delay
in treatment increases the mortality and morbidity rate significantly. A
detailed explanation of TBI, such as the impact of disease on human
health and economy, current diagnostic techniques and their limita-
tions, etcetera, is presented in Annexure A of supplementary material.
Unfortunately, no single TBI biomarkers (i.e., UCHL1, GFAP, NSE, NfL,
S-100p) have the potential to exhibit appropriate sensitivity and speci-
ficity, which plays a crucial role in evaluating the severity of the injury
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ultra-sensitivity and specificity is essential to serve the purpose — our
work aimed at this view. Notably, the simultaneous detection of UCHL1
and GFAP in blood or blood-derived products (i.e., plasma/serum) at
significantly low concentrations (i.e., sub nano to picogram per mL) was
recently approved by the Food and Drug Administration (FDA), having a
high potential to detect TBI at various stages [6]. In this view, we re-
ported the design and development of a low-cost, ultra-sensitive and
selective, stable and portable multi-analyte sensing platform for simul-
taneous detection of FDA-approved TBI-specific UCHL1 and GFAP bio-
markers in human plasma, specifically toward PoC TBI diagnosis.
Among various transduction mechanisms (i.e., mechanical, optical,
thermal, electrochemical and electrical) based biosensors, electro-
chemical transduction has been highly preferred for PoC applications
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over the past several decades. On the other hand, electrical transduction
is one of the viable alternative to electrochemical transduction, which
has a high potential to extend to PoC applications due to its cost-
effectiveness, ease of fabrication, fast response, amenability towards
miniaturization, and minimal or almost no sample preparation [7-9].
Further, the possibility of integration with nanotechnology (i.e., inte-
gration with nanomaterials) accounts for its better sensing performance
(i.e., sensitivity, limit, and dynamic range of detection). Previously,
numerous metal oxides and its composites, conducting polymers, carbon
and its derivatives, were used as transducing materials in combination
with these platforms [10-14]. Among these, conducting polymers,
specifically polypyrrole (PPY), have created substantial research interest
because of its ease of synthesis and surface modification, biocompati-
bility, environmental stability, and feasibility in tuning electrical prop-
erties during the synthesis itself. Even though PPY has significant
advantages over other polymers, it lacks in terms of long-term stability,
which is essential when using it as a bioelectrical transducer. The origin
of such instability is eminently due to the performance degradation of
nanomaterials in long-term storage [15-18]. So, one must improve the
long-term stability of PPY without affecting its other properties. This can
be achieved by embedding the secondary phase materials in the primary
matrix (i.e., composites) [19-22]. In addition to this, the sensing plat-
form’s sensitivity and LoD along with stability can also be improved if
the embedded secondary phase material is functionalized and con-
ducting in nature [23-27]. The explanation for the same is elaborated in
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Annexure A of supplementary information. Given this, we selected
carboxylic (-COOH) functionalized multi-walled carbon nanotubes (f-
MWCNTs) as a secondary phase material and the corresponding PPY and
f-MWCNT nanocomposite (PPY/-MWCNT) was prepared using
chemical-oxidative polymerization method (resulting in high yield and
controlled conductivity by tuning monomer and oxidant concentration
ratio). Further, as-synthesized nanocomposite was integrated with
interdigitated microelectrodes (IDpEs) to create an electrical bridge
between the electrode’s fingers. Furthermore, due to the change in
chemical environment (i.e., surface-modification/antibody-immobili-
zation/antigen—-antibody immunoreaction), the surface potential of the
nanocomposite is altered, thereby changing the electrical properties (i.
e., resistance/capacitance/impedance). By correlating this change with
the target analyte concentration, one can quantify the desired bio-
markers. In our previous work, a similar principle was adapted to detect
the UCHL1 and GFAP target analytes in terms of change in capacitance
(AC analysis) of PPY/f-MWCNT [28]. Though, the results showed
excellent selectivity and sensitivity with LoD in range of fg/mL, adapting
the same technology for PoC applications is challenging [28]. As an
alternative to this, here we have extended our work in terms of resis-
tance change (DC analysis), which has a high potential to serve as PoC
applications by developing handheld portable electronic readout. Spe-
cifically, an array of IDuEs based multi-analyte sensing platform was
utilized to detect UCHL1 and GFAP target analytes simultaneously on
the same substrate in terms of variation in the resistance of PPY/f-

—

EDC-NHS

(A) (B) Biochip
XAl - &
2 8 O
%8 &
U}
> m
Q.
o0
o
0
o
=
(n) a
. aQ
T [=]
o 9 ‘“’osgf’? o %
B 279

Inopeay-gdd

S3: UCHL1/GFAP
S2: GFAP
S1: UCHL1

PL2303 USB to
TTL converter *

PPY/MWCNT-COOH
)

Glutaraldehyde

()

UCHL1/GFAP antibody

Y ¢

UCHL1/GFAP analyte

(V)

BSA
(v)

()

Scheme 1. PPY/f-MWCNT nanocomposite based portable multi-analyte (UCHL1 and GFAP) chemiresistive immunosensing platform — (A) pictorial representation of
fabricated biochip (i.e., array of interdigitated microelectrodes (IDuEs), inset showing isolation masked IDpEs defining specific circular working area of each sensor,
(B) PPY/-MWCNT nanocomposite modified biochip, (C) protocol for preparation of UCHL1 and/or GFAP bioelectrodes, (D) pictorial representation of handheld-

portable electronic readout platform.



P. Supraja et al.

MWCNT nanocomposite (i.e., bioelectrical transducer).

The proposed portable multi-analyte chemiresistive immunosensing
platform involved four major steps, namely — (1) Low-cost chip with an
array of IDuEs fabricated on PCB substrate, (2) Synthesis of PPY/f-
MWCNT bioelectrical transducing nanocomposite and it’s incorpora-
tion onto the working area of the chip followed by immobilization of
bioreceptors, (3) Portable readout circuitry board for electrical mea-
surements, (4) Android-application based mobile interface for data
collection and analysis. The schematic of the proposed multi-analyte
sensing platform with various preparation steps is presented as
scheme 1, and a detailed description of each step is provided in section
2.2, Further, in table S1 (Annexure A of supplementary information),
the analytical sensing performance of the proposed platform is weighted
against recent literature. As can be seen, the present sensing platform
showed superior performance concerning limit of detection and range of
detection. Moreover, it also facilitated simultaneous multianalyte
detection on the same substrate. Embedding such a feature in sensing
systems is essential to enhance the diagnostic accuracy of disease.
Further, in terms of the testing cost and time, the developed multi-
analyte sensing platform shows a clear advantage over existing single
analyte testing platforms. Furthermore, developing a portable handheld
readout and its integration with the android mobile interface for data
collection and analysis provided the feasibility of adapting the proposed
sensing platform for PoC applications.

2. Materials and methods
2.1. Materials and reagents

N-N-dimethylformamide (DMF), pyrrole, ferric chloride hexahydrate
(FeCl3-6H20), ethanol, acetone, isopropanol (IPA), phosphate buffered
saline (PBS, 0.01 M) tablets, carboxylic functionalized multi-walled
carbon nanotubes (3-15 walls, 10 um length), glutaraldehyde (GD), 1-
Ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC), N-Hydroxy
succinimide (NHS), human serum albumin (HSA), bovine serum albu-
min (BSA), streptavidin (Stpvd), troponin T and I (Tpn-T and Tpn-I)
were purchased from Sigma-Aldrich, USA. Ubiquitin carboxy-terminal
hydrolase L1 protein (UCHL1, 14-855) and glial fibrillary acidic pro-
tein (GFAP, 345996) were purchased from EMD Millipore Corporation,
USA. Further, anti-UCHL1-antibody (ab75275), anti-GFAP-antibody
(ab10062), human-Tau (Tau, ab246005) and phosphorylated Tau 181
protein (P-Tau, GMP181), amyloid-beta 1-42 peptide (AB42,
ab120301), amyloid-beta 1-40 peptide (AB40, ab120479), amylin
(A6594) and insulin (12643) were purchased from Abcam, UK. Deion-
ized water (resistivity 18.4 MQ-cm™ 1) from the Q-Millipore water pu-
rification system was used for all experimental protocols.

2.2. Methods and protocols

2.2.1. Synthesis of PPY/f-MWCNT nanocomposite

In this work, f-MWCNTs embedded PPY nanocomposite was pre-
pared using the protocol mentioned in our earlier publication [28]. In
brief, pyrrole, ferric chloride, and MWCNTSs were utilized as a monomer,
oxidizing agent, and conductive fillers, respectively. Initially, 0.05 M of
pyrrole prepared in DI water was added dropwise to 0.1 M of ferric
chloride solutions under vigorous stirring for 20 min to initiate the
polymerization reaction. To this mixture, 0.1 % (w/v) f-MWCNTs was
added and allowed to stir for a minimum of 4 h, resulting in a black
precipitate. The resulted precipitate mixture was filtered and washed
several times with DI water, acetone and ethanol consecutively. Such a
multi-stage washing step is essential to remove the reaction byproducts
from the filtered product. Finally, the washed black residue was air-
dried overnight at 60 °C in an incubator. At last, the dried powder
was collected in an air-tight glass vial and stored at room temperature
whenever not in use. The same procedure was followed to synthesize
various PPY/f-MWCNT nanocomposites (PMC_0.2 % and PMC_0.3 %) by
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varying the weight percentages of f-MWCNTs (0.2 % and 0.3 %),
respectively. The pristine PPY was synthesized following the procedure
mentioned above without adding f-MWCNTs, and was utilized for
comparison purposes.

2.2.2. Preparation of bioelectrode

Bioelectrodes for detecting TBI-specific UCHL1 and GFAP bio-
markers were prepared through covalent immobilization of anti-UCHL1
and anti-GFAP antibodies onto the working area of IDuEs (inset of
Scheme 1(A)). The array of IDuEs (i.e., biochip) fabricated on
commercially existing cost-effective printed circuit board (PCB) sub-
strate having single-sided copper clads is already mentioned in our
previous publication [28]. A detailed description of biochip dimensions
and IDuEs feature size is provided in Annexure A of supplementary
material. The bioelectrode preparation (Scheme 1(B) and 1(C)) was
carried out in four steps, namely — (1) nanomaterial modification, (2)
surface functionalization, (3) antibody immobilization, and (4) non-
specific binding site blocking. Initially, 1.5 pL of PPY/f-MWCNT (1
mg/mL in DMF) nanocomposite dispersion was drop-casted onto each
working area of IDuEs (i.e., S1, S2 and S3), followed by air-dying at
60 °C for 20 min in the incubator. Subsequently, to create aldehyde
(-CHO) functional groups on PPY nanoparticles present in PPY/f-
MWCNT nanocomposite, the modified IDuEs were incubated with 2.5
% GD solution (Bifunctional linker, 1.5 pL) for 15 h. To activate the
carboxylic (-COOH) functional groups present on the f-MWCNTs, these
electrodes were further incubated with 1.5 pL of 0.4 M EDC and 0.1 M
NHS mixture for 4 h at room temperature. Such activation converts the
—COOH groups to an ester (-COOR), known as esterification. Later, 1.5
uL of antibody solution (UCHL1 and/or GFAP) was drop-casted onto
each surface-functionalized PPY/f-MWCNT electrodes (i.e., GD treated
followed by EDC-NHS activated) and incubated at 4 °C for 12 h. During
the incubation, the amine (-NHj5) end of the antibody interacts with the
ester (-COOR) and aldehyde (-CHO) groups that are present on the
surface-activated electrodes and form a covalent amide (CO-NH) and
imide (C=N) bond, respectively. Subsequently, to block the unbonded
binding sites on the electrode surface, 1.5 pL of BSA solution was drop-
casted onto the electrodes’ working area and incubated at 37 °C for 30
min. Post-incubation, the electrodes were washed with PBS and dried at
room temperature. When not in use, the as-washed and dried electrodes
were packed in sealed air-tight boxes and stored at 4 °C. Note: S1 and S2
sensors are dedicated to UCHL1 and GFAP, respectively, whereas, in S3,
one can use either UCHL1 or GFAP based on the requirement.

2.2.3. Development of portable readout platform

In this work, towards the point-of-care diagnosis of TBI, a portable
handheld PCB-based electronic readout was designed and developed to
measure the sensors’ electrical DC resistance. A pictorial representation
of the same is shown in Scheme 1(D). As shown, the electronic readout
majorly contains five parts, namely — (1) female edge connector: to
connect the biochip to the readout board, (2) PL-2303 serial connector:
to interface the readout with an android-application based smartphone
and also to powerup the readout from mobile, (3) multiplexing circuit:
to switch between three sensors present on the biochip during resistance
analysis, (4) microcontroller: to carry the operational logic (i.e., multi-
plexer switching, reference resistance estimation using SARS algorithm
[29,30], voltage divider logic to calculate the sensor resistance based on
estimated reference resistance), and (5) voltage divider circuit using
operational amplifiers. Along with this readout, an android-based
application was developed to facilitate data acquisition from the
portable readout. The said application offers a simple user interface (UI)
and accounts for a minimally interacting protocol for the desired data
acquisition. Protocol for data acquisition from the readout using an
android application-based mobile interface and consolidated mobile
screenshots of the same protocol at every step are provided in Annexure
B of supplementary information.
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2.2.4. Protocols for target analytes preparation and detection

Target analyte preparation — In this work, all the initial stock so-
lutions of all target analytes (i.e., UCHL1 and GFAP) were prepared in
the buffer solutions (as specified in the products’ datasheet), and the
corresponding lower concentrations in the matrix (i.e., plasma) were
prepared through the serial dilution protocol. Further, the initial stock
solutions of the analytes were stored at —20 °C, and the corresponding
serial-diluted low-concentrated samples were held at 4 °C whenever not
in use. Notably, in this work, a pooled human plasma obtained from the
ESIC hospital laboratory (Employees State Insurance Corporation:
Hyderabad, India) was used for real-time-plasma based detection
studies.

Target analyte detection - In this work, towards label-free detec-
tion of the target analytes through chemiresistive transduction mecha-
nism, a 1.5 pL of TBI-specific target analyte (UCHL1/GFAP) spiked in
human plasma was added onto each working area of bioelectrode and
allowed to incubate at 37 °C for 30 min, to facilitate the specific antigen
and antibody interaction. Post incubation, the bioelectrodes were
washed with PBS buffer following the washing protocol mentioned in
Annexure B of supplementary information. Such a washing step ensures
the removal of non-specifically adsorbed analytes from the bioelectrode
surface before recording their electrical response (i.e., probe station/
portable readout).

Electrical current-voltage (I-V) measurement — The DC Electrical
I-V (i.e., Resistance) measurements reported in this work were carried
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out in two ways — (1) conventional cascade summit 11 K probe station
(two-probe arrangement) combined with Agilent B1500A parametric
analyzer, (2) handheld portable PCB based readout interfaced with an
android application-based smartphone. In the conventional probe sta-
tion, initially, the electrical contact between two IDuEs was established
by probing the metallic tips of precision positioners. Later, a specific DC
voltage sweep between 0.1 V and 1 V (step size 10 mV) was applied
across the device and the corresponding current response was recorded
using the parametric analyzer. Subsequently, the device resistance from
these recorded I-V responses was calculated using the ohms law. A
schematic of the probe-station setup used for I-V characterization is
presented in Annexure B of supplementary information (fig. $3). On the
other hand, in the case of portable readout, initially, the electrical
contact between contact pads of IDuEs and edge connector pins was
established by inserting a biochip into the female connector. Later, the
chemi-resistance of each sensor on the biochip was measured by
switching the multiplexing circuit digitally among the three sensors. The
same data was displayed on the mobile screen using an android
application-based user interface. A detailed description of the protocol
for data acquisition from the readout using an android application-based
mobile interface and consolidated mobile screenshots of the same at
every step are provided in Annexure B of supplementary information.
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Fig. 1. Characterization: (A)-(C) TEM image of PPY/f-MWCNT nanocomposite at various magnifications, (D) HRTEM image depicting the crystallinity nature of
MWCNTs, amorphous nature of PPY and interface of both, (E) SEM image of IDuEs with 2.4 mm diameter circular isolation mask, (F) magnified image of Fig. 1 (E)
depicting 25 um finger width and 30 um inter-finger distance, (G) SEM image of nanocomposite modified IDuEs forming the electrical bridge between two successive
fingers of electrodes, (H) UV-VIS absorbance spectroscopic and corresponding Tauc plot based bandgap analysis of PPY/f-MWCNT nanocomposites by varying f-
MWCNTs weight percentage as 0 (PPY), 0.1 (PMC_0.1 %), 0.2 (PMC_0.2 %) and 0.3 (PMC_0.3 %), respectively, (I) XRD analysis of pristine PPY, MWCNT and its

nanocomposites.
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3. Results and discussion
3.1. Characterization of PPY/f-MWCNT nanocomposites and IDuEs

The structural and morphological analysis of the PPY/f-MWCNTs
nanocomposite was carried out using Transmission Electron Micro-
scopy (TEM, JEOL 2100), and the corresponding images at various
resolutions are presented in Fig. 1(A)-2(D). Initial, Fig. 1(A) and 2(B)
depict the networking structure of nanocomposite at various magnifi-
cations after drop-casting onto a copper grid. Further, Fig. 1(C)
(magnified version of Fig. 1(B) at specified region) discloses the coaxial
morphology of nanocomposite, in which long MWCNTSs were uniformly
encapsulated by PPY nanoparticles coating. Furthermore, high-
resolution TEM (HRTEM) shown in Fig. 1(D) depicted the amorphous
and crystalline nature of PPY and MWCNTs (0.33 nm interlayer
spacing), respectively. The close interfacial contact between PPY and f-
MWCNT validated the successful synthesis of PPY/f-MWCNT nano-
composite. Fig. 1(E) and 1(F) represent the Scanning Electron Micro-
scopic images of IDuEs (i.e., fabricated on PCB substrate) at various
magnifications, depicting the width of 25 um and inter-finger distance of
30 um. Fig. 1(E) also shows 2.4 mm diameter circular isolation mask on
top of IDuEs, which is the uniform working area of each device. In
addition to this, it also prevents the mixing of liquid between two
adjacent devices on the biochip. Further, Fig. 1(G) shows the SEM image
of nanocomposite drop casted IDuEs, which shows the aggregation of
nanocomposite between two successive neighbouring fingers of IDuEs,
resulting in a conducting pathway between the electrodes (i.e., electrical
bridge).

Further, the optical bandgap analysis of these nanocomposites was
carried out using UV-Visible spectroscopy (UV-VIS, PerkinElmer
Lambda 750). Fig. 1(H) represents the absorption spectrum with cor-
responding Tauc plots of 0.1 %, 0.2 % and 0.3 % f-MWCNTs embedded
PPY nanocomposites (PMC_0.1 %, PMC_ 0.2 % and PMC_0.3 %) in
comparison with pristine PPY. As can be seen, the pristine PPY ab-
sorption band was observed at 341 nm, whereas it shifted to 355, 371
and 394 nm when embedded with various weight percentages of
MWCNTs (0.1 %, 0.2 %, and 0.3 %). Such increment in absorption
wavelengths to higher values can be attributed to the band gap reduc-
tion of nanocomposite (E; = hc/A), calculated by the Tauc relation
((ahv)? = hv — Eg). In graphical view, the x-intercept of the Tauc plot
((ahv)? vs hv) indirectly depicts the material’s bandgap. The detailed
discussion of the same is provided in Annexure B of supplementary
information. By using the Tauc relation and corresponding plot, we
found the bandgap of PPY, PMC_0.1 %, PMC_0.2 % and PMC_0.3 % as
3.64, 3.49, 3.33 and 3.15 eV,

respectively. Furthermore, crystallographic analysis of the same
nanocomposites was carried out using X-ray diffraction spectroscopy
(XRD, Bruker Cu Ka Radiation, A = 1.54 A) and as-recorded diffraction
spectrums in comparison with pristine f-MWCNTSs and PPY is presented
in Fig. 1(I). As can be seen, two sharp peaks at 25.8° and 43.4° corre-
spond to pristine MWCNTs (MC) i.e. diffractions of graphite C(002) and
C(100) planes, respectively [31-33]. Further, the broad peak at 25.3°
corresponds to pure PPY i.e. intermolecular spacing of pyrrole [34-36].
Moreover, the composites of PPY and f-MWCNTs showed both PPY
broad peak (25.3°) and MWCNTs peaks (25.8° and 43.4°), confirming
the successful synthesis of the nanocomposite without losing its nature
of crystallinity. Further, it was also observed that the diffraction peak
intensity of MWCNTs increased with increasing the weight percentage of
MWCNTs embedded into the PPY matrix (0.1 % to 0.3 %), notably, all
stronger than PPY intensity. The peak positions detected correlate well
with the literature [37-40], hence confirming the successful synthesis of
PPY/f-MWCNT nanocomposite.

3.2. DC electrical characterization of PPY/f-MWCNT nanocomposites

Embedding MWCNTs into the PPY as secondary phase conducting
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fillers improves the conductivity of PPY. Such a rate of improvement
inherently depends on the embedding quantity of MWCNTSs. A detailed
explanation about origin of such inherent behaviour is presented in
section 5 of Annexure A (supplementary information). Notably, in
electrical transducers-based biosensors, the sensing platform’s sensi-
tivity/resolution in detecting target analytes depends on the electrical
conductivity of transducing material. Specifically, too high and too low
conductivity is not preferred on account of the poor resolution of the
sensor. In view of this, optimizing the weight percentage of f-MWCNTSs
in PPY/-MWCNTSs nanocomposite is crucial. Fig. 2(A) depicts the I-V
responses of PPY/f-MWCNT nanocomposite modified IDuEs (PMC_0.1
%, PMC_0.2 % and PMC_0.3 %) recorded using conventional I-V probe
station in combination with Agilent B1500A semiconductor parametric
analyzer in the voltage range of —1 to + 1 V (experimental setup shown
in Annexure B of supplementary information). Further, Fig. 2(B)
demonstrates the comparative list of current responses and corre-
sponding resistances calculated at 0.5 V of each I-V curve shown in 3(A).
As can be seen, increasing the weight percentages of embedded f-
MWCNTs from 0.1 % to 0.3 % increased the current response and
reduced resistance. More, the same trend is persisted even for various
solution concentrations of composites (1 mg/mL and 2 mg/mL). Spe-
cifically, resistances of all PMC nanocomposites are lower than the bare
PPY, indicating the successful embedding of MWCNTs into PPY to
improve the conductivity. Also, except for PMC_0.1 % (1 mg/mL), all
other PMC resistances are below 1 KQ. Since highly conducting nano-
materials are not preferred for biosensors as bioelectrical transducers, 1
mg/mL concentrated PMC_0.1 % was selected as optimized material for
sensor design.

3.3. Analysis of matrix effect

As mentioned in the introduction, according to FDA, detecting
UCHLI1 and GFAP target analytes in blood or its derived products such as
plasma and/or serum have the high potential to diagnose TBI accurately
at various stages. Blood is a complex liquid containing several cells (Red
and white blood cells), proteins, peptides and ions. These can non-
specifically interact with bioelectrode and produce a significant un-
wanted response that inherently deteriorates the sensing platform’s
LoD, known as the matrix effect. On account of reducing the matrix
effect, we moved towards blood-derived plasma/serum products where
red and white blood cells can be separated effectively. Further, plasma is
preferred between plasma and serum because of its high sample yield,
no delayed clotting and less risk of hemolysis during separation. Addi-
tionally, on-chip separation of plasma over serum is facile and less
complex, which is essential for PoC applications. Notably, in this work, a
microfluidics-based on-chip portable system designed and developed by
our research group was used to separate plasma from the blood [41].
Even though plasma shows less interference than blood, it still offers a
significant response due to various common proteins, peptides and en-
zymes. So, one must reduce the matrix effect further. Dilution of plasma
with buffer is one of the strategic ways to reduce the matrix effect
effectively. In view of this, we have diluted 100 % human plasma with
PBS buffer at various percentages (50 %, 25 %, 10 % and 5 %), and the
electrical I-V responses of UCHL1 and GFAP bioelectrodes to these un-
diluted and diluted samples were recorded separately to determine the
baselines against blank samples in terms of normalized change in the
electrical resistance of bioelectrode (AR/Ry, R is absolute resistance of
bioelectrode and AR is the resistance variation of bioelectrode after
incubating with various target samples). As recorded, normalized re-
sistances of bioelectrodes against plasma and PBS buffer samples are
presented in Fig. 2(C). From this fig., it was observed that the normal-
ized change in resistance of UCHL1(GFAP) bioelectrodes to 100 %
plasma and 0 % plasma (i.e., PBS buffer) is 6.8 (8.5) and 0.5 (0.3),
respectively. Further, the response of bioelectrodes decreased with an
increase in the dilution of plasma, indicating a lowering of the matrix
effect. Notably, the 5 % plasma sample response is identical to the PBS
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Fig. 2. (A) I-V characterization (DC analysis, —1 to 1 V) of IDuEs modified with 1 and 2 mg/mL concentrations of nanocomposites (PMC_0.1 %, PMC_0.2 % and
PMC_0.3 %), inset showing the I-V responses of 1 mg/mL of PPY and PMCO.1 on the magnified scale, (B) DC electrical resistance (i.e., output current at 0.5 V input)
comparison of PPY and its nanocomposites, (C) Plasma optimization: normalized change in resistance (AR/Ry: where Ry is the resistance of the bioelectrode) of
PMC_0.1 % nanocomposite based UCHL1 and GFAP bioelectrodes to blank PBS and plasma (100 %, 50 %, 25 %, 10 % and 5 %) (n = 3).

response, representing a minimal matrix effect. In lieu of this, all the 3.4. Detection of UCHL1 and GFAP target analytes

UCHL1 and GFAP target analyte doses were prepared in 5 % real-time

human plasma samples for envisaged TBI diagnosis. Note: The abso- Towards target analyte detection, the UCHL1 and GFAP antibody
lute values of the histograms shown in Fig. 2(C) are presented in table immobilized bioelectrodes (i.e., biochip) were exposed to various con-
$2 of supplementary information. centrations of target analytes (10 fg/mL-1 pg/mL, spiked in 5 % human

plasma), corresponding I-V responses were recorded and the same are
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Fig. 3. (A) and (E) electrical I-V responses of PMC_0.1 % nanocomposite-based anti-UCHL1 and anti-GFAP antibody immobilized bioelectrodes for 10 fg/mL-1 pg/
mL concentrations of UCHL1 and GFAP target analyte spiked 5 % plasma samples, respectively. (B) and (F) magnified version of I-V responses shown in Fig. 3. (A)
and (E) in 0.4-0.6 V voltage range, respectively. (C) and (G) four-parameter logistic sigmoidal curve fitting for the dose-response characteristics obtained from Fig. 3
(A) and (E), (n = 3), respectively. (D) and (H) linear curve fitting (10 fg/mL-1 ug/mL) for the dose-response characteristics obtained from Fig. 3(A) and (E), (n = 3),
respectively.
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shown in Fig. 3(A) and 4(E), respectively. As can be seen, in the wide
range (0.1 to 1 V), the responses are non-linear, limiting the application
of ohm’s law for device resistance calculation. So, one can approximate
the I-V response to several small segments where piece-wise linearity
can be existed and can directly apply ohm’s law to calculate the device
resistance in the specified range. From Fig. 3(B) and 4(F) (i.e., magni-
fied responses of I-V curves shown in Fig. 3(A) and 4(E) in the voltage
range 0.4 to 0.6 V), one can observe that majority of the [-V curves are
linear in the specified range. So, the resistive response of I-V curves in
the specified range is equal to the average resistance calculated at
multiple voltages in the range, which is also equal to the resistance at
average voltage (i.e., 0.5 V: average of 0.4 and 0.6 V). Notably, all the
resistances shown in this work were obtained with the current response
at 0.5 V. Further, from Fig. 3(B) and 4(F), we observed that current
response decreased with the increase in target analyte concentration,
which can be attributed to the fact that the carrier mobility in PPY/f-
MWCNT nanocomposite would with target analyte binding to its cor-
responding specific antibody (covalently immobilized on the surface of
nanocomposite). Such behavior is known as chemiresistive with PPY/f-
MWCNT nanocomposite as a chemiresistor (i.e., change in resistance of
nanocomposite as a response to change in nearby chemical environ-
ment) and specific antibody-antigen interaction on the nanocomposite
surface as required stimulation (i.e., chemical interaction). The strength
of such stimulative antibody-antigen immuno reaction inherently de-
pends on the binding kinetics of solvent phase antigen (here plasma) and
surface-immobilized antibodies. In particular, the binding kinetics de-
pends on various factors, namely — (1) antibody orientation and surface
density, (2) concentration of antigen in solution, (3) association and
dissociation constants of immunoreaction (i.e., antibody-antigen bind-
ing). On account of these, the binding fraction varies directly in accor-
dance with the change in target analyte concentration near the sensor
surface, and therefore, the incremental change in device resistance was
observed with respect to target analyte concentrations. In addition to the
factors mentioned above, the binding kinetics also get affected by mass
transport of target analytes in solution phase (i.e., diffusion rate). Spe-
cifically, small target diffusion lengths are preferred for faster kinetics.
One can modulate the diffusion length by controlling the test sample’s
volume near the sensor surface. In view of this, a solder mask with
specific openings was used to define circular working areas on the.
IDuEs, which can hold a maximum of 2 pL sample volume without
spilling it out of the device working area. Notably, in this work, the
bioelectrodes were incubated with 1.5 uL of the target UCHL1 and GFAP.
Since the sample volume is minimal (shorter diffusion length), the
binding kinetics is not limited by mass transport, resulting in enhanced
interaction of antibody and antigen, which can be transduced in terms of
variation in bioelectrode resistance before and after the addition of
specific target analyte concentrated test sample. In view of this, the
proposed testing protocol is advantageous. Further, Fig. 3(C)-3(D) and
3(G)-3(H) show the dose-response characteristics of UCHL1 and GFAP
bioelectrodes for 10 fg/mL-1 pg/mL concentrations of UCHL1 and GFAP
target analytes spiked in 5 % plasma. To derive the empirical correlation
between the normalized change in resistances of bioelectrodes (AR/Rg)
for the various target analyte concentrations, the dose-response char-
acteristics were fitted with a logistic sigmoidal model resulting in cali-
brated equations (with a correlation coefficient of 0.985 and 0.992),
appended in corresponding figures. Further, the accuracy of calibrated
equations in determining the target analyte concentration in the test
sample is investigated by comparing the target dose (T) with estimated
dose (E). For this, the prepared bioelectrode’s response to several target
samples is recorded, and the estimated dosage was back calculated using
the obtained calibration equations. As calculated doses were compared
with the target dose in table S3. From the error values of the dose
prediction from the response (error column in table S3), one can
conclude that the proposed immunosensing platform can detect both the
UCHLI1 and GFAP analytes effectively in human plasma with reasonably
good accuracy in the 10 fg/mL-1 pg/mL range. Further, the proposed
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PPY/f-MWCNT based sensing platforms’ sensitivity and theoretical LoD
was computed using the standard procedure presented in Annexure C of
supplementary information [42]. The sensitivity and LoD were calcu-
lated as 77.75 ((AR/RO)/ng.mLfl)/cm2 and 0.197 fg/mlL, respectively
for UCHL1, and 84.70 ((AR/Ro)/ng.mL_l)/cm2 and 0.181 fg/mL,
respectively, for GFAP. In view of medically relevant plasma levels of
UCHL1 and GFAP peptides in diagnosing TBI, these LoDs are consider-
able, thus, making the proposed biosensing platform suitable for the
targeted diagnosis of mild TBI along with moderate and severe.

In addition to detecting TBI-specific biomarkers through conven-
tional probe station based I-V characterization, the response of UCHL1
and GFAP bioelectrodes for various concentrations of specific target
analyte samples was also recorded using the portable PCB readout
(shown in Scheme 1(D)) through interfacing it with android application
based mobile. As-recorded normalized responses (AR/Rg) of sensors
(UCHL1 and GFAP) were compared with the responses of sensors
measured with probe-station setup (bulky and costly), and the
comparative study is presented in Fig. 4. As can be seen, the low-cost and
portable PCB readout produced more or less same response with mar-
ginal deviation (assigned to the associated electronics). This demon-
strated that the proposed PPY/f-MWCNT nanocomposite based multi-
analyte sensing platform combined with the portable PCB electronic
readout and the android application is appropriate for PoC diagnosis of
TBI.

3.5. Stability, selectivity, interference repeatability, and reproducibility
analysis

Testing sensing platform’s efficiency in terms of long-term stability,
repeatability, reproducibility, selectivity and interference with most
abundantly existing non-specific targets is essential before adapting it
for real-time PoC applications. A detailed description of testing pro-
tocols and obtained results is presented below categorically.

Stability — To evaluate the degradation performance of PMC_0.1 %
nanocomposite based UCHL1 and GFAP bioelectrodes with time, cor-
responding responses of the bioelectrodes stored at 4 °C in sealed air-
tight package were recorded after 30 weeks of storage. During this
storage time, the absolute resistance of UCHL1 and GFAP bioelectrodes
(Rp) varied by 17.1 % (n = 3) and 14.69 % (n = 3) compared to dayO,
respectively. Also, in regard with shelf life, the bioelectrode’s Ry was
measured after every three weeks for 30 weeks: as-measured data in
terms of change in resistance with respect to day0 (i.e., AR/Ry) is rep-
resented in Fig. 5(A). As can be seen, within 30 weeks of storage, R of
UCHL1 and GFAP bioelectrodes varied by 18.45 % and 17.03 %
compared to day0, which is significantly less compared to the variation
of PPY-based UCHL1 and GFAP bioelectrodes (i.e., 75 % and 69 %),
indicating excellent long-term stability.

Further, in order to confirm such improvement in the stability of
bioelectrodes is due to the introduction of a secondary phase into the
PPY nanomaterial (i.e., nanocomposite), one has to investigate the long-
term stability of nanocomposite with respect to time. In view of this, the
pure PPY and PPY/f-MWCNT nanocomposite modified IDuEs were
stored for 30 weeks, and the corresponding responses (i.e., resistance)
were recorded periodically every three weeks once. As-recorded data in
terms of change in resistance with respect to dayO (i.e., AR/Rq, Ro-
resistance of nanomaterial at day0) is represented in Fig. 5(B). The re-
sults showed that within thirty weeks of storage, the resistance of PPY
varied by 115.9 %, whereas the same for PPY/f-MWCNT nanocomposite
varied by 47.51 %. This confirmed that adding MWCNTs to PPY as a
secondary phase significantly improved the nanomaterial’s stability,
inherently assisting in enhancing the sensing platform’s overall stability.

Selectivity and Interference — The selectivity and interference
analysis of the proposed platform was carried out against several non-
specific proteins related to Alzheimer’s (AB40, AB42, Tau, P-Tau), car-
diac arrest (Tpn-I, Tpn-T), diabetes (Amylin, Insulin), and other inter-
fering proteins (BSA, HSA, Stpvd), following the testing protocol
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Fig. 4. Comparative study of PMC_0.1 % nanocomposite-based (A) UCHL1 (B) GFAP immunosensor’s data (AR/Ry) measured with the standard probe-station and
portable PCB-based electronic readout (n = 3) for 10 fg/mL-1 pg/mL (UCHL1/GFAP) concentrations of specific target analytes spiked in 5 % plasma.

mentioned in section 2.2.4. The physical existence of these compounds
with their respective concentrations in human plasma is presented in
Annexure C of supplementary information. Fig. 5(C) shows the
normalized change in resistance of UCHL1 and GFAP bioelectrodes (AR/
Ro) for each of 10 ng/mL concentrated non-specific compounds
mentioned above, in comparison with the same concentration of
specific-target analytes (i.e., UCHL1 or GFAP), respectively. As can be
seen, compared to the analogous normalized response of bioelectrodes
(UCHL1 and GFAP) to the corresponding specific-target analytes (AR/
Ro: UCHL1: 24.043, GFAP: 23.297), the non-specific target analytes
response (UCHL1 bioelectrode: 0.2783, 0.223, 0.189, 0.161, 0.099,
0.147, 0.0763, 0.1494, 0.156, 0.091,0.0825 and 0.28) (GFAP bio-
electrode: 0.186, 0.1688, 0.151, 0.148, 0.133, 0.183, 0.095, 0.171,
0.091, 0.107, 0.134 and 0.2098) is significantly low, thus, validating the
platform’s excellent selectivity towards specific target analytes (UCHL1
or GFAP). Further, towards interference study, the response of both
UCHL1 and GFAP bioelectrodes to the mixture of above-mentioned
compounds (specific + non-specific) was recorded, and the corre-
sponding normalized change in resistance was calculated as 22.441 and
20.895, respectively. In comparison to the response of bioelectrodes to
only specific-target analytes (i.e., AR/Rg - UCHL1: 24.043 and GFAP:
23.297), these are almost the same. From this, one can infer that the
sensor’s response to a specific target analyte with or without the pres-
ence of non-specific compounds are nearly the same. This confirmed that
the developed immunosensing platform is less prone to interference
even in human plasma samples.

Reproducibility and Repeatability - Fig. 5(D) represents the
reproducibility of the PMC.0.1 % nanocomposite-based protocol,
analyzed by measuring the absolute resistance of thirty bioelectrodes (n
= 30). In addition to this, the repeatability of these bioelectrodes were
recorded by taking four consecutive readings, and the corresponding
relative standard deviation (n = 4) is represented as an error bar at each
electrode data point in Fig. 5(D). The maximum %RSD observed for the
resistance values recorded against a single bioelectrode (i.e., repeat-
ability) is 2.1 % and 2.5 %, for UCHL1 and GFAP, respectively. Further,
the %RSD of the resistance values of thirty distinct UCHL1 and GFAP
bioelectrodes (i.e., reproducibility) is 6.91 % and 8.89 %, respectively.
These results revealed that the majority of the bioelectrodes followed a
certain resistance range with a nominal deviation from the mean,
inherently assisting in developing an accurate system to estimate the
target analytes concentrations effectively from patient’s blind samples.

4. Conclusion

In this work, we developed a low-cost, ultrasensitive and selective,

stable and portable, self-powered immunosensing platform that can
detect the FDA-approved TBI-specific plasma UCHL1 and GFAP bio-
markers simultaneously on a single platform, intended for the PoC
diagnosis of TBI. In order to reduce the production cost of electrodes,
lithographic patterned Cu electrodes were electroplated with Ni fol-
lowed by Au metal through low-cost electrodeposition setup. This
inherently aided in reducing the cost per chip significantly. The
antibody-antigen binding event occurring on the bioelectrode surface
was transduced in terms of variation in DC electrical resistance of the
bioelectrical transducer (PPY/f-MWCNT). Further, a portable PCB
electronic readout in combination with an android based mobile inter-
face was used for resistive data collection and analysis from multiple
sensors on the biochip. Specifically, a multiplexing circuit was explicitly
used to switch the operation logic among the three sensors after
mounting the biochip onto the PCB readout. Since the portable readout
can be powered from a smartphone through a PL-2303 serial connector,
one can avoid integrating power sources onto the test kit. This inher-
ently aids in improving portability and reducing the overall cost of the
system.

The developed PPY/f-MWCNT based portable immunosensing plat-
form showed sensitivity and LoD as 77.75 (84.7) ((AR/Ro)/ng.mL_l)/
cm? and 0.197 (0.181) fg/mL in detecting UCHL1 (GFAP) target ana-
lytes in 5 % human plasma samples, respectively. Moreover, the sensing
platform’s efficiency was evaluated by analysing long-term stability (i.
e., 30 weeks of storage), selectivity, interference, repeatability, and
reproducibility. Notably, the said portable PCB readout reproduced the
data of the conventional probe station with minimal deviation, showing
its pertinency towards PoC diagnosis of TBI. However, an extensive
medical trial needs to be performed with TBI patients’ samples for test
kit validation, which we intend to take up shortly in collaboration with
the ESIC Hospitals, Hyderabad.
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Fig. 5. (A) Stability of bioelectrodes - Relative
normalized change in the resistance of PMC_0.1 %
nanocomposite-based UCHL1 and GFAP bio-
electrodes over 30 weeks of storage duration (at
4 °C) with respect to dayO; Responses of bio-
electrodes measured every three weeks once (n = 3).
(B) Stability of nanomaterials - Relative normal-
ized change in the resistance of PPY and PMC_0.1 %
nanocomposite modified IDuEs over 30 weeks of
storage duration with respect to Day0; Responses of
nanomaterial modified electrodes measured every
three weeks once (n = 3). (C) Selectivity/Inter-
ference analysis — Relative normalized change in
resistance of UCHL1/GFAP bioelectrodes for 10 ng/
mL concentration of specific and non-specific targets
and a mixture of these compounds (M) (n = 3). (D)
Absolute resistance (Ro) change for reproducibility
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