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e Leveraging kosmotropic and kao-
tropic behavior of RTILs for electro-
chemical detection of biomolecules.

e Correlation between surface charge
modulation using zeta potential to
non-faradaic impedance
measurements.

e Enhancement in sensitivity for
cortisol and IL-6 using RTIL/sensor
interface.

o Identifying and matching the appro-
priate RTIL to biomolecule for maxi-
mizing  non-faradaic  interfacial
response.
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We have investigated the role of kosmotropic anionic moieties and chaotropic cationic moieties of room
temperature hydrophilic ionic liquids in enhancing the biosensing performance of affinity based
immunochemical biosensors in human sweat. Two ionic liquids, 1-butyl-3-methylimidazolium tetra-
fluoroborate (BMIM[BF4]) and choline dihydrogen phosphate (Choline[DHP]) were investigated in this
study with Choline[DHP] being more kosmotropic in nature having a more protein stabilizing effect
based on the hofmeister series. Non-faradaic interfacial charge transfer has been employed as the
mechanism for evaluating the formation and the biosensing of capture probe antibodies in room tem-
perature ionic liquids (RTILs)/aqueous human sweat interface. The charge of the ionic moieties were
utilized to form compact electrical double layers around the antibodies for enhancing the stability of the
antibody capture probes, which was evaluated through zeta potential measurements. The zeta potential
measurements indicated stability of antibodies due to electrostatic repulsion of the RTIL charged moi-
eties encompassing the antibodies, thus preventing any aggregation. Here, we report for the first time of
non-faradaic electrochemical impedance spectroscopy equivalent circuit model analysis for analyzing
and interpreting affinity based biosensing at hybrid electrode/ionic liquid-aqueous sweat buffer interface
guided by the choice of the ionic liquid. Interleukin-6 (IL-6) and cortisol two commonly occurring bio-
markers in human sweat were evaluated using this method. The limit of detection (LOD) obtained using
both ionic liquids for IL-6 was 0.2 pg mL~' with cross-reactivity studies indicating better performance of
IL-6 detection using Choline[DHP] and no response to cross-reactive molecule. The LOD of 0.1 ng/mL was
achieved for cortisol and the cross-reactivity studies indicated that cortisol antibody in BMIM[BF4] did

* Corresponding author. 800 W. Campbell Rd. BSB 11, Richardson, TX 75080, USA.
E-mail address: shalini.prasad@utdallas.edu (S. Prasad).

https://doi.org/10.1016/j.aca.2018.02.013

0003-2670/© 2018 Elsevier B.V. All rights reserved.

Please cite this article in press as: B. Jagannath, et al., Electrical double layer modulation of hybrid room temperature ionic liquid/aqueous buffer
interface for enhanced sweat based biosensing, Analytica Chimica Acta (2018), https://doi.org/10.1016/j.aca.2018.02.013



mailto:shalini.prasad@utdallas.edu
www.sciencedirect.com/science/journal/00032670
www.elsevier.com/locate/aca
https://doi.org/10.1016/j.aca.2018.02.013
https://doi.org/10.1016/j.aca.2018.02.013
https://doi.org/10.1016/j.aca.2018.02.013

2 B. Jagannath et al. / Analytica Chimica Acta xxx (2018) 1-11

not show any signal response to cross-reactive molecules. Furthermore, improved sensitivity and LOD
was achieved using ionic liquids as compared to capture probes in aqueous buffer.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Human sweat contains a wide range of ions, proteins such as
interleukin-6 (IL-6), and hormones such as cortisol. These bio-
molecules are biomarkers that can provide health information [1]
and therefore, this biological fluid is suitable for rapid non-invasive
biosensing. IL-6 is a cytokine secreted by lymphoid and non-
lymphoid cells. IL-6 is an important inflammatory biomarker that
can be useful in monitoring immune response for cancer treatment
[2]. IL-6 also impacts basal glucose intake [3] and increases cortisol
secretion during psychological stress [4,5]. The physiological levels
of IL-6 in sweat range between 5 and 15 pgmL~! and show a good
correlation to plasma levels [6]. Therefore, IL-6 levels can be
monitored non-invasively using sweat based biosensors. Cortisol, a
hormone, is a generic biomarker for stress and is expressed in
sweat in the concentration range 20—140ngmL-! [7]. The
increased physiological stress is a growing concern and monitoring
of cortisol serves as the most valuable biomarker [8] for stress-
related disorders. Furthermore, cortisol levels vary as per the
circadian rhythm and environmental conditions which necessitates
continuous monitoring of cortisol [9]. Sweat being a non-invasive
fluid would be the most suitable biological fluid for real-time
continuous monitoring of these biomarkers. Among the existing
methods for non-invasive biosensing from human sweat, electro-
analytical techniques, particularly, non-faradaic impedance mea-
surements have high sensitivity, fast response time and can be
miniaturized for low cost diagnostic assessments of biomolecules
[10].

Electrochemical impedance spectroscopy (EIS) is a label-free
method that utilizes very small voltage perturbations to measure
biomolecular interactions and hence, is more robust as compared
to other electrochemical techniques in detecting biomolecules
without the requirement of a redox label or tag. EIS measures
changes in impedance across measurement electrodes in biosensor
systems due to biomolecular binding with in the electrical double
layer (EDL) at the electrode-solution interface [11]. Furthermore,
EIS based measurement is most attractive to human sweat based
biosensing as modulation to the EDL associated with biomolecule
binding can be captured with low power bioelectronics interfaces
thus enabling wearable biosensing. In this article, we have inves-
tigated methods of enhancing the modulation of EDL in order to
enhance the analytical performance of a human sweat based
biosensor.

In an affinity mechanism based biomolecule sensing system
measured using EIS, the changes in impedance resulting from the
interaction between the capture probe and target analyte within
the EDL can be modeled as a Randle's equivalent electrical circuit.
The modulation of EDL resulting from bimolecular interactions at
the electrode-solution interface may be attributed to changes in
terms of charge-transfer resistance (Rc¢) or double layer capacitance
(Cq1)- Hence, to accurately identify these biomolecular interactions
vis-a-vis non-specific interactions, it is necessary to have a stable
and compact EDL formed at the electrode-solution interface.
Although an EDL is formed upon voltage bias at the electrode-
aqueous solution interface, it is primarily dependent on the ioniz-
able content within the buffer which is subject to a number of

microscale electro-kinetic mechanisms such as electro-osmosis
and electro-convection, thus, resulting in charge screening effects
and producing reduced signal response at the electrode interface.

One strategy that our group has adopted to enhance the EDL
stability and obtaining resolution in the modulation to the EDL is
the use of room temperature ionic liquids (RTILs). These non-
aqueous highly polar solvents exhibit excellent capacitive proper-
ties and form compact EDLs [12] that enhance the signal response
in addition to enhancing protein stability. Effective affinity based
biosensing can be achieved when there is a stable bio-
functionalization of the affinity based capture probes required for
the detection of the target biomolecules. RTILs are known to sta-
bilize proteins and enzymes [13]. We have previously shown a
stable and reliable detection of proteins in human sweat for up to 1
week using capture probe antibodies in RTILs as compared to
capture probes in aqueous buffers that lack stability over time [12].
This enhanced performance in RTIL is primarily due to the protein
stabilization property of RTIL and formation of compact EDL
resulting in high charge density. However, no characterization on
the modulation of EDL due to biomolecular binding at the elec-
trode/ionic liquid interface has ever been performed. Here, we
report for the first time using electrochemical equivalent circuit
analysis of the tuning of compact EDL at the hybrid ionic liquid
interface that results in enhanced biosensing performance. Most of
the biosensing platforms that use RTILs do not leverage these
electro-chemical properties of RTILs and rely mostly on ampero-
metric or potentiometric techniques which often require the use
redox labels in conjunction with the RTILs. These techniques with
redox molecules require higher input voltages and have slower
response time, and the measurement mechanism is faradaic in
nature. Faradaic impedance spectroscopy requires high concen-
tration of redox labels and is dependent on the electron transfer
kinetics between the electrode and redox probe. Whereas, non-
faradaic impedance spectroscopy is a label-free technique as it
does not involve any redox probe and therefore, eliminates any
complexity in the electrochemical system [14]. Non-faradaic EIS
measures capacitive changes in the electrical double layer at the
electrode-solution interface with a fast response time [14—16].

Table 1 summarizes various biosensing platforms using RTILs
and the corresponding method of electrochemical detection. The
stable biosensing performance using RTILs may be influenced by
the properties of RTILs such as size, hofmeister series or charge
density. The interactions between the anionic moiety of the RTIL
and protein affect the stability of the immunoassay. 1-butyl-3-
methylimidazolium tetrafluoroborate (BMIM[BF4]) and Choline
dihydrogen phosphate (Choline[DHP]) that fall at the center and
more kosmotropic region of the hofmeister series respectively have
shown to enable biomolecule stabilization [13]. EDL modulation
mediated through the use of these two RTILs independently was
investigated for biosensing of two well established biomarkers in
human sweat, IL-6and cortisol.

In this work, we provide a comprehensive analysis on the gold/
ZnO and aqueous/RTIL buffer hybrid EDL interfaces and its impact
on the electrochemical biosensing of proteins and metabolites in
sweat.
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Table 1

Comparison of biosensing performance using ionic liquids and the electrochemical method used for biosensing.
RTIL Detection Method Limit of CpL Reference

detection Modulation
1-butyl-3-methylimidazolium hexafluorophosphate DNA Cyclic Voltammetry, 3.72ugmL~! X [17]
hybridization Differential Pulse
Voltammetry
1-octyl-3-methylimidazolium trifluoromethylsulfonate ([OMIM][NTF;]) Cholesterol Faradaic EIS 4.4 M X [18]
1-Decyl-3-methylimidazolium chloride(DMIM-CI) Glucose Cyclic Voltammetry 0.028 mM X [19]
1-butyl-3-methylimidazolium bis(trifluoromethane)sulfonimide Tri glycerides Cyclic Voltammetry 0.11pgmL™! X [20]
(BmimNTF,)

1-butyl-3-methylimidazolium tetrafluoroborate(BMIM[BF,]) IL-6 Non-Faradaic EIS 0.2pgmL~! Yes This
Choline dihydrogen phosphate (choline[DHP]) Cortisol 0.1ngmL~! work

2. Materials & methods
2.1. Reagents and materials

Polyamide substrates of 200nm pore size were purchased from
GE healthcare Life Sciences (NJ, USA). The cross-linker molecule
Dithiobis (succinimidyl Propionate) (DSP) and Dimethyl Sulfoxide
(DMSO) were procured from Thermo Fisher Scientific Inc. (MA,
USA). The two antibodies, a-interleukin-6 and o-cortisol, and
cortisol hormone (hydrocortisone) were purchased from Abcam
(MA, USA). Interleukin-6 full length recombinant protein was or-
dered from Thermo Fisher Scientific Inc. BMIM[BF4] was purchased
from Sigma-Aldrich (MO, USA). Choline[DHP] was purchased as an
ionic salt from lonic-Liquid Technolgies-USA (AL, USA). It was
reconstituted into an ionic liquid by mixing in 97.5% (W/V) DI water.
Single donor human sweat of pH 5.98 was procured from Lee
Biosolutions Inc. (MO, USA) and was stored in —20 °C. Synthetic
sweat for zeta potential measurements was prepared in the labo-
ratory according to the protocol from Mathew et al. [21]. The syn-
thetic sweat prepared at pH 2, 4, 6 and 8 comprised of uric acid,
lactic acid, ammonia, Na*, K* and CI~ ions. All dose concentrations
of IL-6 and cortisol were performed in human sweat.

2.2. Sensor fabrication

The sensor shown in Fig. 1A was fabricated on a flexible nano-
porous polyamide membrane. The fabrication of the sensor was a
two-step process. Detailed description of the fabrication process
has been provided elsewhere [22]. Briefly, 125 nm gold electrodes
were deposited using e-beam deposition. The active region at the
center of the electrode for immunoassay functionalization was
sputtered using magnetron sputter with 100 nm thick ZnO.

2.3. ATR-IR spectroscopy setup

The infrared spectra (IR) was collected using Nicolet iS-50 FTIR
(Thermo Scientific Inc.) in Attenuated Total Reflectance mode. The
tool comprised of deuterated triglycine sulfate (DTGS) detector and
KBr window. The spectra were collected using Germanium crystal
for 256 scans at a resolution of 4cm™! in the wavelength range
4000 cm™~! to 600 cm™ . Samples were prepared on glass substrates
deposited with Gold/ZnO (Au/ZnO) similar to the deposition pa-
rameters of the sensor substrate. Similar to the sensor immuno-
assay (described in detail in 2.5), the Au/ZnO surface was
immobilized with DSP. o IL-6 and a cortisol antibodies in 100% PBS,
90% BMIM|BF4] and 90% Choline [DHP] were incubated separately
on the DSP functionalized ZnO surface.

2.4. Zeta potential measurements

Zeta Potential measurements provide the charge state of protein

by measuring the electrophoretic mobility in a buffer solution. In
this study, zeta potential (ZP) ({) was measured for the two anti-
bodies, IL-6 and cortisol in various concentration dilutions of two
RTILs in synthetic sweat using Malvern Zetasizer NanoZS (Malvern
Instruments, UK). ZP measurements for the two antibodies were
performed in 25% and 60% BMIM[BF4] in varying synthetic sweat of
pH 2, 4, 6 and 8 and in 25%, 60% and 97.5% Choline[DHP] in syn-
thetic sweat at pH 2, 4, 6 and 8. Also, ZP measurements were per-
formed in only synthetic sweat of pH 2, 4, 6 and 8. Viscosity of the
various volumetric ratios of ionic liquids in synthetic sweat was
performed using pVisc viscometer (Rheosense, San Ramon, USA).
Smoluschowski approximation was used to compute the zeta po-
tentials from the measured electrophoretic mobility [23].

2.5. Electrochemical impedance spectroscopy (EIS) measurements
on ZnO sensor

The immunoassay of the biosensor was developed by func-
tionalization of DSP thiol-cross linker on ZnO deposited PA sub-
strate using 3uL of sample volume. 10 pug/mL of a-IL-6 and 100 pg/
mL a-Cortisol antibody in aqueous PBS buffer and in both RTILs,
BMIM|BF4] and Choline[DHP] was then incubated for 30 min on
DSP functionalized biosensor. 3 uL of human sweat was dispensed
to compute the baseline response of the sensor. This was followed
by dispensing various dilutions 0.2—200pgmL~! of IL-6 and
0.1-200 ng mL~! of cortisol. In order to determine the specificity of
the biosensor, cortisol doses in the range 0.2—200 pgmL~! was
dispensed on sensor functionalized with IL-6 antibody and IL-6
doses in the dose concentration range 0.1—-200ngmL~! was
dispensed on sensor functionalized with cortisol antibody.

EIS measurements were performed over the frequency range of
1Hz- 1 MHz with an AC input voltage of 10 mV using a potentiostat
(Gamry Instruments, USA). The sensor response was calculated for
n =3 replicates. The ratio impedance change with respect to the
baseline impedance was computed for developing calibration dose
response curve of the sensor at 100 Hz. Data is represented as
mean + standard error of mean.

3. Results & discussion

The present work is aimed at understanding the hybrid elec-
trical double layer interface that is formed when an ionic liquid
interacts with an aqueous polar fluid at one interface and the
semiconducting electrode on the opposite interface towards the
detection of protein biomolecules. In this paper, we are investi-
gating the EDL modulation when integrated with ionic liquids for
detection of IL-6 and cortisol from aqueous ionic buffer with
varying pH namely human sweat.

Interleukin-6 (IL-6) and cortisol are the two biomarkers detec-
ted and quantified using affinity based assays with the use of a
monoclonal antibody mechanism. This work focuses on (i)
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Fig.1. A. Picture of the sensor, B. Schematic representation of functionalized sensor with Ab in RTIL introduced from front side. The inset shows the schematic representation of RTIL
molecules surrounding the protein C. Molecular structures of RTILs, BMIM[BF4] and Choline[DHP].

investigating the role of the ionic moieties of the RTIL buffer on the
electrical double layer (EDL) formed in confined volume nano-
porous systems (ii) method of interaction of the biomolecules
present in aqueous sweat buffer onto semiconductor electrode
surfaces mediated through the ionic liquid and (iii) the biosensing
performance of affinity based antibody capture probes This section
has been systematically categorized into the various sections of the
hybrid EDL interface: 1. Characterization of the gold(Au)/ZnO
electrode surface for formation of the hybrid RTIL-aqueous sweat
buffer EDL towards the development of immunosensor 2. ATR-IR
analysis for biomolecule interactions towards the formation of
the immunoassay on the RTIL/aqueous buffer interface within the
electrolyte 3. Zeta potential measurements of capture probe anti-
bodies in room temperature ionic liquids across varying synthetic
sweat pH for investigating stability of the protein biomolecules in
the RTIL buffer 4. Investigation of modulation of the hybrid EDL
resulting in the measurement of the human sweat biosensor's
analytical performance metrics using electrochemical impedance
spectroscopy studies.

3.1. Characterization of the gold (Au)/ZnO electrode surface for
formation of the hybrid RTIL-aqueous sweat buffer EDL

The substrate used for characterizing the biosensing perfor-
mance comprised of a metal/semiconductor (Au/ZnO) electrode
deposited on nanoporous polyamide (PA) membrane substrate,
which was used for transduction of biomolecular binding events
into electrochemical signal. Fig. 1A shows the sensor design. A
schematic of surface functionalization of the electrode with capture
probe antibodies in RTILs is represented in Fig. 1B. Sweat (aqueous
buffer) was introduced on the opposite side of the Au/ZnO depos-
ited polyamide surface, to allow for the diffusion of the analyte
through the pores of the membrane, thus, resulting in a size based
matching and selective binding to the antibody [1]. The capture
probe antibodies in both the RTILs, BMIM|BF4] and Choline[DHP]
are represented in Fig. 1D. In order to achieve a robust EDL with

reliable electrochemical performance as characterized through the
signal to noise ratio at the hybrid interface, it is necessary to have a
uniform deposition of ZnO. Fig. 2A shows the SEM image of ZnO
deposited uniformly on the PA membrane. The EDX spectra shown
as an inset, confirms the presence of ZnO with a peak corre-
sponding to L-shell of Zn at 1KeV.

3.2. ATR-IR analysis for biomolecule interactions towards the
formation of the immunoassay on the RTIL/aqueous buffer interface
within the electrolyte

In order to establish that the mechanism of interaction of the
biomolecules under study through the immunoassay mechanism
remains persevered within the RTIL buffer, ATR-IR spectroscopy
was performed. It is necessary to have a stable immunochemistry
on the sensor surface for developing a robust biosensor. The ATR-IR
spectra for DSP functionalized ZnO surface along with o IL-6 anti-
body and « cortisol antibody in aqueous PBS buffer bound to DSP
cross-linker is represented in Fig. 2B. The symmetric carbonyl
stretch of NHS ester bond of DSP is indicated by peaks at wave-
numbers between 1777 and 1780 cm™. The peak at 1742 cm™! in-
dicates the presence of free carboxylic acid. The methylene scissors
of DSP is indicated by the peaks at 1438 cm~! and 1417 cm ™. A peak
at 1316 cm™! indicates symmetric C-N-C stretch of DSP [24,25].
Thus, the spectra of DSP bound ZnO confirms the binding of DSP to
ZnO. Further, the conjugation of the antibodies, IL-6 and cortisol,
was verified using IR spectra. The binding of antibody to DSP linker
results in the breaking of C-O bond of NHS ester in DSP. The primary
amine group of antibody binds to that position through aminolysis.
This phenomenon was evaluated from IR spectra, with decrease in
peak height at 1780 cm~! and changes in peak at 1665 cm™! at DSP-
antibody step, as compared to DSP step. The IR spectra of IL-6
antibody in PBS bound to DSP functionalized ZnO shows no peaks
in the 1780 cm™! region. A peak shift with an increased peak height
at 1652 cm~! in the IL-6 antibody bound to DSP is observed. These
confirm that IL-6 antibody was bound to the DSP-ZnO surface.
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Fig. 2. A. SEM image of uniform ZnO deposition in intercalated pores of Polyamide
substrate. Inset shows EDX spectra with Zn peak at 1KeV, B. ATR-IR spectra (i) DSP
functionalized on ZnO surface (ii) Cortisol antibody in PBS bound to DSP (iii) IL-6
antibody in PBS bound to DSP functionalized ZnO surface.

Further, cortisol antibody in PBS bound to DSP exhibits similar
changes as IL-6 antibody conjugated to DSP (Fig. 2B). No peaks were
observed in the 1780 cm™! region. A peak shift with increased peak
height at 1652 cm™! indicates aminolysis of DSP and binding of
cortisol antibody to DSP, thus confirming antibody conjugation to
DSP functionalized ZnO surface.

Once the immunochemistry on the Au/ZnO surface with anti-
bodies in aqueous PBS buffer was confirmed, the stability of the
immunoassay for o IL-6 and « cortisol antibodies in RTILs was
evaluated using ATR-IR spectra. Conjugation of antibodies in RTILs
to DSP functionalized ZnO surface is represented in Fig. 3A. The IR
spectra of conjugation of « IL-6 antibody in BMIM[BF4] shows no
peak at 1780 cm ™! and 1740 cm™! indicating the breaking of C-O
bond of NHS ester of DSP. A peak shift from 1663 cm~' of the DSP
only spectra to a peak at 1647 cm ™! of o IL-6 antibody in BMIM]|BFj]
bound DSP spectra indicates aminolysis and conjugation of anti-
body to DSP. Similarly, the IR spectra of cortisol antibody in BMIM
[BF4] bound DSP indicates the breaking of C-O bond of DSP at
1774 cm~! and 1740 cm~!, and aminolysis peak at 1631 cm~! con-
firming a stable conjugation of antibody in BMIM|[BF4] to DSP.

Further, similar results for binding of o. IL-6 and a cortisol in Choline
[DHP] bound to DSP were observed. No peaks were observed at
1780 cm~! and 1740 cm™! for both the antibodies in Choline[DHP]
bound to DSP. Aminolysis peak at 1652 cm™! for o, IL-6 in Choline
[DHP] bound DSP and 1650 cm™! for o« cortisol in Choline[DHP]
bound DSP were observed confirming the binding of both the an-
tibodies in Choline[DHP] to DSP. The peak positions have been
described in Supplementary Table S1.

3.3. Zeta potential measurements of capture probe antibodies in
RTILs across varying synthetic sweat pH for investigating stability of
the protein biomolecules in the RTIL buffer

Although FTIR provides information on the stability and binding
of proteins, it does not provide information on the charge states and
electrochemical behavior of proteins in various buffer solutions.
Zeta potential measurements provide information pertaining to the
surface charge and stability of proteins in buffers such as human
sweat with varying pH, ionic composition and water content under
applied electric field. Electrophoretic mobility of protein is used to
measure the charge state/zeta potential of protein i.e. under an
applied electric field, the protein is surrounded by counter-ions and
co-ions to acquire a charge a neutral state. This protein and counter-
ion complex, held by strong electrostatic forces, acquire a charge
neutral state and travel to the opposite electrode [23]. The mobility
with which they travel towards the electrode is used to determine
the zeta potential, thus providing the charge state of the protein in
that buffer. Further, if the zeta potential is around 0 mV, the protein
is at its isoelectric point (IEP) and tends to form aggregates and
becomes unstable. In this paper, we have assessed the electro-
chemical surface charge modulation reflective of the modulation to
the EDL when the protein is dispersed into hybrid ionic liquid/
aqueous buffer at various volumetric dilutions. The primary
objective of this study was to understand stability of protein in RTIL
upon interaction with sweat buffer.

Fig. 3B represents the zeta potential (ZP) measurements of a-IL-
6 antibody and a-cortisol antibody in volumetric ratios of 25% and
60% BMIM|BF4] with synthetic sweat at pH 2, 4, 6, 8 and 25%, 60%
and 97.5% Choline[DHP] with synthetic sweat at pH 2, 4, 6, 8. Zeta
potential of antibody in only aqueous buffer (100% synthetic sweat
and 0% RTIL) was also performed to compare the electrophoretic
stability of capture probe antibodies in aqueous and RTIL buffers.
The zeta potential of o-IL-6 antibody in 0% RTIL varied between 8.6
and —4.2mV across pH 2—8 with a crossover from positive to
negative zeta potential occurring at pH 5. Similarly, the zeta po-
tential of o IL-6 in 25% BMIM[BF,] is between ~2.3 and 0.7 mV and
does not vary much with varying pH. However, when the ratio
volumetric concentration of BMIM[BF,] is increased to 60%, the zeta
potential varies from ~90 to 60 mV and does not meet the IEP. The
ZP varied between ~4 and -4mV for a-cortisol antibody in 0%RTIL
with varying pH (2—8) of synthetic sweat. In 25% BMIM|BF,], the ZP
varies between 3.8 and 0.5 mV. However, a higher magnitude of ZP
change between ~80 and 30 mV was observed for a-cortisol anti-
body in 60% BMIM|[BF4] with varying pH between 2 and 8, indi-
cating stability of antibody under applied electric field.

In choline [DHP], both ¢-IL-6 and a-cortisol have negative ZP at
volumetric ratios greater than 60% but the ZP remains closer to the
IEP when the volumetric ratio of choline[DHP] is 25% in synthetic
sweat. The ZP varied between 4 and —3.7 mV with a cross over at
pH 5 for a-IL-6 in 25% Choline[ DHP]. However, in 60% Choline[DHP]
and 97.5% Choline[DHP], the ZP varied between —3.7 and —19.5 mV
and —8.7 to —16.5 mV respectively, and did not meet the IEP. The ZP
for a-cortisol in 25% Choline[DHP] almost remained constant be-
tween ~3 and —1.8 mV across pH 2—8. However, for 60% Choline
[DHP], ZP changed between —2.4 and —19.6mV across pH 2—6 and
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Fig. 3. A. FTIR spectra of (i) DSP functionalized on ZnO surface (ii) Conjugation of IL-6 Ab in BMIM[BF,] to DSP (iii) Conjugation of Cortisol Ab in BMIM|[BF4] to DSP (iV) IL-6 Ab in
Choline[DHP] bound to DSP and (V) Cortisol Ab in Choline[DHP] bound to DSP. B. Zeta Potential of IL-6 and cortisol antibody in 100% synthetic sweat and various volumetric dilution
ratios of 25%, 60% BMIM[BF4] and 25%, 60%, 97.5% Choline[DHP] in synthetic sweat at varied pH of 2, 4, 6 and 8.

the ZP dropped slightly to —15.6 mV at pH 8. Similarly, the ZP of a-
cortisol in 97.5% Choline[DHP] varied between~—4 to —14 mV
across pH 2—6 and slightly dropped to —12 mV at pH 8. This in-
dicates that the antibody was stable in Choline[DHP] concentra-
tions greater than 60%. The low ZP in aqueous buffer (no RTIL) and
RTIL buffers with volumetric ratios <25% indicates the formation of

aggregates of the antibody, thus leading to denaturation. Since the
amount of water content in the buffer solution is in a larger content
at <25% RTIL concentration (in volume), the water molecules may
heavily interact with the protein, thus causing aggregates. While at
concentrations >60% RTIL, the RTIL forms a shield around the
protein, preventing interaction with water that causes denaturation
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of protein. Furthermore, higher magnitude of ZP indicates the
stability of protein in the buffer solution. At higher concentrations
of RTIL, more protein molecules are surrounded by RTIL molecules.
This results in repulsion of protein molecules possessing similar
charge and hence higher ZP.

ZP is a characteristic of the electrical double layer formed be-
tween the protein-counter ion complexes. The higher magnitude of
ZP also indicates the formation of compact EDL around the protein.
The ZP measurements indicate that at RTIL concentrations greater
than 60%, compact and stable EDLs are formed around the protein.
These results can be easily translated to techniques such as Elec-
trochemical Impedance Spectroscopy (EIS) that leverage the for-
mation of EDL for biosensing.

3.4. Investigating the modulation of the hybrid EDL resulting in
measurement of the sweat biosensor's analytical performance
metrics using electrochemical impedance spectroscopy studies

The immunosensor performance for the detection of IL-6 and
cortisol with the antibodies in aqueous PBS, BMIM|BF,4] and Choline
[DHP] was evaluated using non-faradaic Electrochemical Imped-
ance Spectroscopy technique. This technique is highly effective to
capture the biomolecular binding events at the electrode-solution
interface with small voltage perturbations. The biomolecular
binding events modulate either the dielectric properties or Debye
length of the EDL. This phenomenon can be captured in the low to
mid frequency regime typically between 10 and 1000 Hz [11,26]. In
this work, the analytical biosensing performance metrics have been
characterized at 100 Hz primarily due to high signal-to-noise ratio
and ease of integration into portable electronics for translation of
this biosensing system to point-of-care diagnostics.

In order to assess the biosensing performance using non-
faradaic EIS, it is necessary to understand binding mechanism at
the electrode-solution interface that can be modeled as an equiv-
alent circuit. The electrode-solution interface primarily consists of
electrical double layer (EDL) and bulk diffusion. EDL comprises of 1.
Compact stern layer formed by the ions of opposite charge attracted
to the electrode surface and 2. Diffuse layer [27]. The biomolecular
binding events occurring within the EDL can be captured using
non-faradaic EIS by measuring the impedance change at the
electrode-solution interface. The impedance change due to the
binding of molecules, when modeled as an equivalent circuit, can
be attributed to either a change in charge-transfer resistance or
double layer capacitance depending on the buffer solution used.

RTILs have excellent electrochemical, capacitive properties and
offer more stability to biomolecules [28—30]. Here, we compare the
biosensing performance for two biomolecules, interleukin-6 (IL-6)
and cortisol in human sweat with their capture probe antibodies in
aqueous PBS buffer and ionic liquids. Further, a comparison on the
choice of ionic liquid specific to a biomolecule for better biosensing
performance was evaluated.

Fig. 4 shows the calibration dose response (CDR) curve for the
detection of IL-6 and cortisol in human sweat. Specific antibody to
capture these biomolecules, dissolved in three buffer solutions PBS,
BMIM|[BF4] and Choline[ DHP] was used. The CDR curves are plotted
at 100 Hz as ratio change in impedance (Zy0q) from the baseline
step without any target biomolecule. As represented in Fig. 4A,
maximum change in Zp,oq ratio was observed to be ~0.45, ~0.5 for
IL-6 with its antibody in PBS and BMIM[BF4] respectively and Zimag
ratio of ~0.32 in choline[DHP]. The limit of detection was inter-
preted as the smallest concentration of detection molecule that can
be reliably detected over the signal to noise threshold of 3 [31]. The
specific signal threshold (SST) was calculated as three times the
standard deviation of multiple human sweat buffer washes with no
detection molecule over baseline impedance signal. It is observed

that the Limit of detection (LOD) with IL-6 antibody in PBS is
20 pg mL~ L. However, the LOD is much lower at 0.2 pg mL~! when
the antibody in ionic liquids (BMIM[BF,], Choline[DHP]) is used as
the capture probe for detection. This low LOD in both the ionic
liquids is achieved by the selective binding of IL-6 to the IL-6
antibody confined by the RTIL, thereby, negating any changes in
impedance contributed by the buffer. In other words, the confine-
ment of biomolecules within the RTIL allows for the detection of
capacitive changes at the electrode-solution interface. This
electrode-solution interface was modeled using a modified Ran-
dle's circuit to understand the metric that contributes for change in
impedance due to biomolecular binding. The circuit fit parameters
along with their equivalent circuits are represented in Fig. 4A. It is
observed that, broadly, the circuit for aqueous buffer, and both the
ionic liquids have similar circuit elements. The Rg represents the
bulk solution resistance in series with a parallel Rz,g and Czno. This
combination is in series with another parallel RC circuit at lower
frequencies, charge-transfer resistance (Rs) and double layer
capacitance (Cqj). The biomolecular binding is usually captured at
frequencies <1000Hz and is represented by changes in Rq- Cq
complex. The circuit-fit parameters highlighted in green in Fig. 4A
show that the binding of IL-6 to IL-6 antibody in PBS is primarily
driven by changes in R¢. The changes in R¢¢ could also be due to the
adsorption of ions from the buffer at the electrode interface. This
results in higher noise signal contributed by the buffer and there-
fore, the LOD is higher with aqueous buffer as compared to both the
RTILs. On the contrary, the binding of IL-6 antigen to IL-6 antibody
in RTILs causes a modulation of Cgj (as highlighted in green in the
circuit-fit parameters of Fig. 4A), that occurs due to the specific
binding of IL-6 to IL-6 antibody enclosed with in the RTIL. The Cq
signal is enhanced by the charge storing capacitive property of
RTILs.

When the antigen molecule binds to the antibody, it results in
the modulation of the permittivity of the double layer and also the
Debye-length gets shifted depending on the size of the biomole-
cule. The modulation of ‘e’ and ‘d’ results in the change in double
layer capacitance i.e. when an antigen molecule docks onto the
antibody, the RTIL surrounding the antibody modulates the height
of the double layer (Debye length) slightly. Furthermore, the
docking of the antigen molecule causes a change in permittivity
within the EDL. The modulation of Cyqj is hence used to quantify the
binding of antibody-antigen complex. The CDR curves for IL-6 in
both the RTILs have similar LOD of 0.2 pg mL~! indicating that IL-6
can be reliably detected even at low concentrations in these RTILs.
The increasing dose concentrations of IL-6 in BMIM|[BF4] shows
higher changes in Zy0q ratio of up to 0.5 as compared to change in
Zimag Tratio of Choline[DHP] of ~0.39. However, Choline[DHP] has
better R? value of 0.94 as compared to BMIM[BF] of 0.85.

Fig. 4B represents the CDR curve at 100 Hz for cortisol in human
sweat with cortisol antibody in all 3 buffers i.e. PBS, BMIM|BF4] and
Choline[DHP]. The circuit and fit parameters are represented below
the CDR curves respectively. Similar to the detection of IL-6, it is
observed that the LOD for antibody in PBS buffer is higher
(10ng mL™') as compared to both the RTILs. The changes in Re
dominate for the PBS buffer. However, in RTILs the binding mech-
anism remains similar to that of IL-6, where the modulation of Cg
contributes to the changes in impedance. The LOD and the change
in Zmoa ratio for BMIM[BFy4] is 0.1 ngmL~! and 0.52 respectively.
Since the binding mechanism is largely attributed to the changes in
Cqr, and the equivalent circuit for Choline[DHP] shows only Cgqj, a
ratio change in impedance of Zimag OVer Zimag baseline iS used to
represent the CDR curve. The LOD and change in impedance ratio
for cortisol detection using Choline[DHP] is similar to BMIM[BF4] of
0.1 ngmL~! and 0.52 respectively. The R? value for both the ionic
liquids is ~0.94.
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Fig. 4. A. Calibration dose response curves for detection of IL-6 using IL-6 antibody in PBS, BMIM|[BF4] and Choline[DHP]. The equivalent circuits for the corresponding buffer
solution are given below the CDR curves. The table shows the circuit-fit parameter values with the column highlighted in green indicating the parameter being modulated due to
the binding of IL-6 to IL-6 antibody. B. Calibration dose response curves for detection of Cortisol using cortisol antibody in PBS, BMIM|[BF,4] and Choline[ DHP]. The equivalent circuits
for the corresponding buffer solution are given below the CDR curves. The table shows the circuit-fit parameter values with the column highlighted in green indicating the
parameter being modulated due to the binding of Cortisol to Cortisol antibody. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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3.5. Selectivity to IL-6 and cortisol in RTILs

After establishing a better biosensing performance with capture
probe in RTILs as compared to aqueous buffer, the specificity for
detecting IL-6 and cortisol was performed in both the RTILs. Further
detailed analysis was performed to assess if there exists a specific
combination of RTIL-capture probe for biosensing i.e. for each
capture probe (IL-6 and cortisol antibody), we evaluated if better
biosensing was achieved in BMIM[BF4] or choline[DHP] using the
cross-reactivity studies.

The cross-reactive experiments were performed for IL-6 anti-
body in BMIM|[BF4] and Choline[DHP] with cortisol as the detection
and vice-versa. Fig. 5 shows the comparison of the cross-reactive
molecule and the actual CDR. It is observed that in both the
RTILs, the biosensor response is specific to the biomolecule of in-
terest and no cross-talk occurs. However, IL-6 antibody in BMIM
[BF4] and cortisol antibody in Choline[DHP] show a negative change
in ratio Z,hoq When the cross-reactive molecule cortisol and IL-6 are
added respectively. This negative change implies that upon addi-
tion of the cross-reactive molecule, the impedance increases from
the baseline. This change in impedance is opposite to the behavior
when a molecule of interest is captured by its capture probe, thus,
implying no cross-talk occurs. Since, the binding mechanism within
the EDL is dominated by the changes in Cqj, we further evaluated to
confirm if the negative change in impedance was not as a result of
modulation of Cq. Fig. S2 in supplementary represents the circuit fit
parameters extracted for the cross-reactive experiments. It is
observed that the Cq; values do not change with increasing dose
concentration of cross-reactive molecules. This indicates that no
binding occurs between the capture probes and cross-reactive
molecules. The RTILs enclose the antibody capture probe and a
modulation of Cq; occurs only upon specific antigen docking onto
the capture probe. Table 2 represents a comparison of this work to
other biosensors that do not use RTILs for the detection of IL-6 and
cortisol in various biological fluids. It is observed that the use of
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Table 2
Comparison of biosensing performance in aqueous and RTILs for various body fluids.
Biomolecule Analyte Buffer LOD RTIL Reference
Interleukin-6 Blood 10 pgmL™! No [32]
Serum 137 pgmL~! No [33]
Saliva/urine 0.39 pg mL~! No [34]
Human Sweat 0.2pgmL~! Yes This work
Cortisol Blood 0.6ngmL"! No [35]
Human Sweat 1ngmL~! No [1]
Human Sweat 0.1ngmL™" Yes This work

RTILs provide an enhanced and specific signal response of the
detection biomolecule. The enhanced sensor performance metrics
using RTILs demonstrated on a flexible nanoporous platform can be
leveraged for translation as wearables. Typically, wearable bio-
sensors require: 1. stable immuno-chemistry/life-time, 2. small
form factor, 3. enhanced sensor metrics. The stable immunoassay
chemistry upto 1 week on a wearable form-factor with enhanced
lifetime of the biosensor was demonstrated in our previous work
Munje et al. [12]. In addition, this work demonstrates enhanced
sensor metrics for detection of biomolecules in sweat leveraged
through optimal choice of ionic liquids with a stable immuno-
chemistry, showing a proof-of-feasibility for translation as
wearables.

4. Conclusion

In this work, we have demonstrated the detection of IL-6 and
cortisol in human sweat using electrochemical affinity based bio-
sensing with capture probe antibodies in aqueous and ionic liquid
buffers. A better biosensing performance with capture probes in
ionic liquids was achieved. A comprehensive analysis was per-
formed to understand the effect of type of buffer solution on the
signal transduction mechanism. In other words, the impedance
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Fig. 5. Sensor selectivity for A) IL-6 antibody in BMIM[BF,4] and Choline[ DHP] with Cortisol as cross-reactive molecule and B) Cortisol antibody in BMIM[BF,] and Choline[DHP] with

IL-6 as cross-reactive molecule.
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response due to biomolecular binding when modeled as an
equivalent circuit at the electrode-solution interface, exhibited
modulation of different circuit elements upon binding of target
analyte to capture probe in aqueous PBS buffer and ionic liquids.

The formation of stable immunoassay chemistry on the
biosensor to capture the target analyte was established using ATR-
IR analysis. Zeta potential measurements showed stable surface
charge state of the capture probe antibodies in BMIM[BF4] and
Choline[DHP] upon interaction with aqueous sweat buffer of
varying pH, when a bias voltage was applied. This technique
confirmed for the translatability of the developed immunoassay for
biosensing using electrochemical impedance spectroscopy.

The biosensor showed a LOD of 10 pg mL~! for IL-6 using o. IL-6
antibody in PBS. However, a better LOD of 0.2 pg mL~! was achieved
using ¢-IL-6 antibody in both the ionic liquids, BMIM[BF4] and
Choline[DHP]. Similarly, a LOD of 10ngmL™~' was achieved for
cortisol with o cortisol antibody in PBS buffer and a LOD of
0.1 ng mL~! was achieved in BMIM[BF,4] and Choline[DHP]. The key
reason for better biosensing performance with capture probe an-
tibodies in ionic liquids as compared to aqueous PBS buffer is the
difference in the binding mechanism modality and formation of
compact EDLs in ionic liquids. The binding using antibody in PBS
buffer results in modulation of charge-transfer resistance which
could also be due to the noise signal by the ions in the buffer. Thus,
the SNR is low in PBS buffer. However, the key mechanism of bio-
molecular binding in ionic liquids is the modulation of the double
layer capacitance (Cq). The electrochemical capacitive properties of
ionic liquids further enhance the signal by formation of compact
EDLs, surrounding the capture probe antibody there by, negating
any interaction from the buffer ions and allowing selective binding
to the target analyte.

Although the two ionic liquids have similar LOD for IL-6, a wider
dynamic change in sensor response is exhibited by BMIM|BF4]
(~0.45) as compared to Choline[DHP] (~0.32) in ratio change in
impedance. However, a better R? value of 0.99 was observed in
Choline[DHP] as opposed to BMIM[BF4] of R? value of 0.96. Further,
high selectivity to IL-6 was established from the cross-reactive
experiments through negative interaction to cross-reactive mole-
cule for BMIM[BF4] and no signal response to cross-reactive
molecule for choline[DHP]. Similarly, in cortisol cross-reactive
studies, no signal response was observed for BMIM[BF4] and
negative interaction to cross-reactive molecule was observed for
Choline[DHP]. A R? value of 0.96 and 0.98 for cortisol CDR was
obtained using both BMIM|BF4] and Choline[DHP] respectively.
Since highly selective and reliable detection is achieved in both the
ionic liquids, based on the specific application, either of the RTILs
can be chosen for detection of IL-6 and cortisol in human sweat.

Acknowledgments

We thank Vignesh Ravindranath for helping with schematic
representations. We also thank Richard Alexander Willis for help-
ing with data compilation program. This work was partially sup-
ported by Cecil H. and Ida Green endowed fellowship at the
University of Texas at Dallas.

Conflict of interests statement

Drs. Shalini Prasad and Sriram Muthukumar have a significant
interest in Enlisense LLC, a company that may have a commercial
interest in the results of this research and technology. The potential
individual conflict of interest has been reviewed and managed by
The University of Texas at Dallas, and played no role in the study
design; in the collection, analysis, and interpretation of data; in the
writing of the report, or in the decision to submit the report for

publication.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.aca.2018.02.013.

References

[1] R.D. Munje, S. Muthukumar, A. Panneer Selvam, S. Prasad, Flexible nanoporous
tunable electrical double layer biosensors for sweat diagnostics, Sci. Rep. 5
(2015) 14586.

[2] RE. Gaines Das, S. Poole, The international standard for interleukin-6: eval-
uation in an international collaborative study, J. Immunol. Methods 160
(1993) 147—-153.

[3] J.S. Yudkin, M. Kumari, S.E. Humphries, V. Mohamed-Ali, Inflammation,
obesity, stress and coronary heart disease: is interleukin-6 the link? Athero-
sclerosis 148 (2000) 209—214.

[4] ANN. Vgontzas, M. Zoumakis, E.O. Bixler, H. Lin, P. Prolo, A. Vela-Bueno,

A. Kales, G.P. Chrousos, Impaired nighttime sleep in healthy old versus young

adults is associated with elevated plasma interleukin-6 and cortisol levels:

physiologic and therapeutic implications, J. Clin. Endocrinol. Metabol. 88

(2003) 2087—-2095.

S. Izawa, N. Sugaya, K. Kimura, N. Ogawa, K.C. Yamada, K. Shirotsuki, I. Mikami,

K. Hirata, Y. Nagano, S. Nomura, An increase in salivary interleukin-6 level

following acute psychosocial stress and its biological correlates in healthy

young adults, Biol. Psychol. 94 (2013) 249—-254.

G. Cizza, A-H. Marques, F. Eskandari, I.C. Christie, S. Torvik, M.N. Silverman,

T.M. Phillips, E.M. Sternberg, Elevated neuroimmune biomarkers in sweat

patches and plasma of premenopausal women with major depressive disorder

in remission: the POWER study, Biol. Psychiatry 64 (2008) 907—911.

[7] Z.Sonner, E. Wilder, J. Heikenfeld, G. Kasting, F. Beyette, D. Swaile, F. Sherman,

J. Joyce, J. Hagen, N. Kelley-Loughnane, R. Naik, The microfluidics of the

eccrine sweat gland, including biomarker partitioning, transport, and bio-

sensing implications, Biomicrofluidics 9 (2015) 031301.

R.D. Munje, S. Muthukumar, S. Prasad, Interfacial tuning for detection of

cortisol in sweat using ZnO thin films on flexible substrates, IEEE Trans.

Nanotechnol. 16 (2017) 832—836.

S.A. Ventura, ]. Heikenfeld, T. Brooks, L. Esfandiari, S. Boyce, Y. Park,

G.B. Kasting, Cortisol extraction through human skin by reverse iontophoresis,

Bioelectrochemistry 114 (2017) 54—60.

[10] X. Luo, J.J. Davis, Electrical biosensors and the label free detection of protein
disease biomarkers, Chem. Soc. Rev. 42 (2013) 5944—5962.

[11] J. Daniels, N. Pourmand, Label-free impedance biosensors: opportunities and
challenges, Electroanalysis 19 (2007) 1239—1257.

[12] R.D. Munje, S. Muthukumar, B. Jagannath, S. Prasad, A new paradigm in sweat
based wearable diagnostics biosensors using Room Temperature lonic Liquids
(RTILs), Sci. Rep. 7 (2017) 0.

[13] H. Zhao, Protein stabilization and enzyme activation in ionic liquids: specific
ion effects, J. Chem. Technol. Biotechnol. 91 (2016) 25—50.

[14] S.H. Kazemi, M. Shanehsaz, M. Ghaemmaghami, Non-Faradaic electrochemical
impedance spectroscopy as a reliable and facile method: determination of the
potassium ion concentration using a guanine rich aptasensor, Mater. Sci. Eng.
C 52 (2015) 151-154.

[15] S. Prasad, A.P. Selvam, RK. Reddy, A. Love, Silicon nanosensor for diagnosis of
cardiovascular proteomic markers, J. Lab. Autom. 18 (2013) 143—151.

[16] W. Boumya, F. Laghrib, S. Lahrich, A. Farahi, M. Achak, M. Bakasse, M.A. El
Mhammedi, Electrochemical impedance spectroscopy measurements for
determination of derivatized aldehydes in several matrices, Heliyon 3 (2017),
e00392.

[17] C. Sengiz, G. Congur, A. Erdem, Development of Ionic Liquid modified
disposable graphite electrodes for label-free electrochemical detection of DNA
hybridization related to microcystis spp, Sensors (Basel) 15 (2015)
22737-22749.

[18] X. Liu, Z. Nan, Y. Qiu, L. Zheng, X. Lu, Hydrophobic ionic liquid immoblizing
cholesterol oxidase on the electrodeposited Prussian blue on glassy carbon
electrode for detection of cholesterol, Electrochim. Acta 90 (2013) 203—209.

[19] K. Kwak, S.S. Kumar, K. Pyo, D. Lee, lonic liquid of a gold nanocluster: a ver-
satile matrix for electrochemical biosensors, ACS Nano 8 (2013) 671—679.

[20] R. Pauliukaite, A.P. Doherty, K.D. Murnaghan, C.M. Brett, Application of room
temperature ionic liquids to the development of electrochemical lipase bio-
sensing systems for water-insoluble analytes, |. Electroanal. Chem. 656 (2011)
96—101.

[21] M.T. Mathew, E. Ariza, L.A. Rocha, A.C. Fernandes, F. Vaz, TiCxOy thin films for
decorative applications: tribocorrosion mechanisms and synergism, Tribol.
Int. 41 (2008) 603—615.

[22] R.D. Munje, S. Muthukumar, S. Prasad, Lancet-free and label-free diagnostics
of glucose in sweat using Zinc Oxide based flexible bioelectronics, Sensors
Actuators B: Chem. 238 (2017) 482—490.

[23] M. Instruments, Zetasizer Nano Series User Manual, 2004.

[24] B.L. Frey, R.M. Corn, Covalent attachment and derivatization of poly (L-lysine)
monolayers on gold surfaces as characterized by polarization— modulation

[5

(6

[8

(9

Please cite this article in press as: B. Jagannath, et al., Electrical double layer modulation of hybrid room temperature ionic liquid/aqueous buffer
interface for enhanced sweat based biosensing, Analytica Chimica Acta (2018), https://doi.org/10.1016/j.aca.2018.02.013



https://doi.org/10.1016/j.aca.2018.02.013
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref1
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref1
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref1
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref2
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref2
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref2
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref2
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref3
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref3
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref3
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref3
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref4
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref4
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref4
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref4
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref4
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref4
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref5
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref5
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref5
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref5
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref5
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref6
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref6
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref6
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref6
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref6
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref7
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref7
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref7
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref7
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref8
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref8
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref8
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref8
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref9
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref9
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref9
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref9
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref10
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref10
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref10
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref11
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref11
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref11
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref12
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref12
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref12
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref13
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref13
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref13
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref14
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref14
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref14
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref14
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref14
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref15
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref15
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref15
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref16
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref16
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref16
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref16
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref17
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref17
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref17
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref17
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref17
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref18
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref18
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref18
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref18
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref19
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref19
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref19
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref20
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref20
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref20
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref20
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref20
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref21
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref21
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref21
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref21
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref22
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref22
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref22
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref22
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref23
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref24
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref24
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref24

ARTICLE IN PRESS

B. Jagannath et al. / Analytica Chimica Acta xxx (2018) 111 1

[25]

[26]

[27]

[28]

[29]

[30]

FT-IR spectroscopy, Anal. Chem. 68 (1996) 3187—3193.

CY. Lim, N.A. Owens, RD. Wampler, Y. Ying, JH. Granger, M.D. Porter,
M. Takahashi, K. Shimazu, Succinimidy! ester surface chemistry: implications
of the competition between aminolysis and hydrolysis on covalent protein
immobilization, Langmuir 30 (2014) 12868.

B. Chang, S. Park, Electrochemical impedance spectroscopy, Annu. Rev. Anal.
Chem. 3 (2010) 207—229.

D.C. GRAHAME, The electrical double layer and the theory of electrocapillarity,
Chem. Rev. 41 (1947) 441-501.

H. Yuan, H. Shimotani, J. Ye, S. Yoon, H. Aliah, A. Tsukazaki, M. Kawasaki,
Y. Iwasa, Electrostatic and electrochemical nature of liquid-gated electric-
double-layer transistors based on oxide semiconductors, J. Am. Chem. Soc.
132 (2010) 18402—18407.

H. Yuan, H. Shimotani, A. Tsukazaki, A. Ohtomo, M. Kawasaki, Y. Iwasa, Hy-
drogenation-induced surface polarity recognition and proton memory
behavior at protic-ionic-liquid/oxide electric-double-layer interfaces, ]J. Am.
Chem. Soc. 132 (2010) 6672—6678.

R. Patel, M. Kumari, A.B. Khan, Recent advances in the applications of ionic

[31]

[32]

[33]

[34]

[35]

liquids in protein stability and activity: a review, Appl. Biochem. Biotechnol.
172 (2014) 3701-3720.

D.A. Armbruster, T. Pry, Limit of blank, limit of detection and limit of quan-
titation, Clin. Biochem. Rev. 29 (2008) S49.

F. Khosravi, S.M. Loeian, B. Panchapakesan, Ultrasensitive label-free sensing of
IL-6 based on PASE functionalized carbon nanotube micro-arrays with RNA-
aptamers as molecular recognition elements, Biosensors 7 (2017) 17.

H. Chen, T.K. Choo, ]. Huang, Y. Wang, Y. Liu, M. Platt, A. Palaniappan,
B. Liedberg, A.LY. Tok, Label-free electronic detection of interleukin-6 using
horizontally aligned carbon nanotubes, Mater. Des. 90 (2016) 852—857.

I. Ojeda, M. Moreno-Guzmn, A. Gonzlez-Corts, P. Yez-Sedeo, J.M. Pingarrn,
Electrochemical magnetoimmunosensor for the ultrasensitive determination
of interleukin-6 in saliva and urine using poly-HRP streptavidin conjugates as
labels for signal amplification, Anal. Bioanal. Chem. 406 (2014) 6363—6371.
B.J. Klopfenstein, ].Q. Purnell, D.D. Brandon, L.M. Isabelle, A.E. DeBarber,
Determination of cortisol production rates with contemporary liquid
chromatography—mass spectrometry to measure cortisol-d 3 dilution after
infusion of deuterated tracer, Clin. Biochem. 44 (2011) 430—434.



http://refhub.elsevier.com/S0003-2670(18)30202-2/sref24
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref24
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref25
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref25
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref25
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref25
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref26
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref26
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref26
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref27
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref27
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref27
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref28
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref28
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref28
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref28
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref28
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref29
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref29
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref29
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref29
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref29
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref30
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref30
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref30
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref30
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref31
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref31
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref32
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref32
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref32
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref33
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref33
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref33
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref33
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref34
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref34
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref34
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref34
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref34
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref35
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref35
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref35
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref35
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref35
http://refhub.elsevier.com/S0003-2670(18)30202-2/sref35

	Electrical double layer modulation of hybrid room temperature ionic liquid/aqueous buffer interface for enhanced sweat base ...
	1. Introduction
	2. Materials & methods
	2.1. Reagents and materials
	2.2. Sensor fabrication
	2.3. ATR-IR spectroscopy setup
	2.4. Zeta potential measurements
	2.5. Electrochemical impedance spectroscopy (EIS) measurements on ZnO sensor

	3. Results & discussion
	3.1. Characterization of the gold (Au)/ZnO electrode surface for formation of the hybrid RTIL-aqueous sweat buffer EDL
	3.2. ATR-IR analysis for biomolecule interactions towards the formation of the immunoassay on the RTIL/aqueous buffer interface  ...
	3.3. Zeta potential measurements of capture probe antibodies in RTILs across varying synthetic sweat pH for investigating stabil ...
	3.4. Investigating the modulation of the hybrid EDL resulting in measurement of the sweat biosensor's analytical performance met ...
	3.5. Selectivity to IL-6 and cortisol in RTILs

	4. Conclusion
	Acknowledgments
	Conflict of interests statement
	Appendix A. Supplementary data
	References


