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The fabrication of cost-effective, rapid and specific paper based point-of-care (POC) diagnostics based on

the principles of bio-recognition is currently at the vanguard of biomedical research, as it is playing a key

role in early diagnosis and treatment, resulting in the inhibition of infection and reducing the mortality
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rate. In the present report, we demonstrate that biomolecules can be directly attached to a paper matrix

covalently, by suitable modification of the paper matrices. A high conductivity is achieved and the porosity
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Introduction

For advanced developments in POC devices, the selection of
the matrix and the immobilization of bio-analytes for the rapid
and sensitive detection of bio-recognition through suitable
processes to obtain elevated signals is a major challenge.
Utilizing the principles of nanotechnology and biotechnology,
presently a wide range of materials have been employed as the
matrices for biosensing.'® Among them, paper-based POC
diagnostics have enormous potential as next generation
biosensors, because of their prospects for the design of low-
cost, portable and user friendly analytical devices, with the
obvious advantages of safe disposal and biosafety manage-
ment. Paper-based strips have recently been explored for the
qualitative bio-analytes. Recently,
Whitesides and his group have introduced the miniaturized
“POCKET Immunosensor” based on paper-based substrates.”
A new POC system combining a microfluidic paper based
analytical device and a handheld optical colorimeter has also
been developed for finding the concentration of specific
analytes in biological fluids. In the recent past, a new
inexpensive method for patterning paper with wax was
introduced by Lu et al.® As an alternative to plastic 96 well
plates, a new type of paper-based microarray was created using
a photolithography technique.’ This multi-zone paper plate
enables the parallel and multiplexed analysis of samples. A

analysis of various
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can be tailored and has been utilized for the quantitative estimation of bio-analytes. We prove the
feasibility of our approach for the detection of cancer biomarkers in a wide detection range.

non-conventional paper-based ELISA comprising the
ASSURED criteria has been developed with a faster detection
time."’

Many efforts have been directed toward developments in
fabrication and functionalization of quantitative methods for
paper-based devices, to enhance the sensitivity of the detection
and stability of the POC biosensing strips. The performance of
the biosensor can be improved through the surface functio-
nalization of the paper with suitable functional groups that
enable a proper interaction with biomolecules; which ulti-
mately lead to quantitative detection. The surface modification
of paper with multi-walled carbon nanotubes and chitosan for
the development of electrochemical immunosensors was
reported by Zang et al.'' They reported a high-throughput,
smart, 3D microfluidic paper-based device, utilized for the
detection of the cancer biomarker r-fetoprotein (AFP), carci-
noma antigens CA-125 and CA-199, and carcinoembryonic
antigen (CEA) having detection limits of 0.01 ng mL ™", 6.0 mU
mL™", 8.0 mU mL ™" and 5.0 pg mL™", respectively. However,
wax-printing followed by screen-printing and chemical treat-
ment, make this device preparation intricate and expensive.
The modification of paper with graphene and gold nanopar-
ticles for the sensitive and simultaneous diagnosis of a panel
of breast cancer markers, CA-153, CA-125 and CEA, with limits
of detection 1.5 x 10 *UmL *,3.4 x 10 *UmL ', and 1.2
x 107° ng mL ™", respectively has also been reported.'> Many
analytical methods including immunoradiometric assay,
enzyme-linked immunosorbent assay, indirect fluorescent
antibody techniques, immunocytochemical inhibition assay
and an immunohistochemical technique have been employed
in the detection of the soluble interleukin-2 receptor alpha,
sIL2Ro.."*”” Recently, electrochemical immunosensors with a
high orientation of electrode-bound antibodies have shown
promise as a successful technique for the detection of a wide
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range of analytes with an enhanced stability.'®'® However, the

appropriate tailoring of a suitable substrate for the better
immobilization of antibodies for the desired sensitivity and
stability is extremely vital for the fabrication of an electro-
chemical immunosensor for sIL2Ra. detection.

Conducting polymers are multifunctional materials that
can be employed as receptors as well as transducers or
immobilization matrices in electrochemical biosensing. These
are attractive alternative methods involving the formation of a
biomolecule film from biological entities functionalized by
electro-polymerizable groups, or the covalent binding of the
biomolecule to polymer films bearing appropriate functional
groups. Recently, a wide number of applications have been
explored using the modification of paper with these conduct-
ing polymers.?°* These printing and coating techniques are
promising for the paper modification, and electrochemical
deposition procedures allow the reproducible and precise
formation of a polymer-coated surface. Electrochemical poly-
merization thus constitutes an attractive method for the
preparation of biochips. In the present work, pre-treated paper
electrodes using a screen printing technique were chemically
modified by polyaniline deposition through an electrochemi-
cal polymerization, to obtain amino functional pendant
groups, which are suitable for the grafting of antibodies.
Conducting paper strips (CoPS) and antibody immobilized
conducting paper strips (Immuno-CoPS) have been character-
ized using detailed electrochemical, morphological and
spectroscopic investigations. The conductivity of the polymer
coating is studied exclusively as a function of the number of
scans and the detailed structure property correlations have
also been elucidated.

Experimental section

Materials and chemicals

Whatman filter paper (Grade 1, with a pore size of 11 pm) was
used for fabricating the conducting paper electrodes. Aniline
was purchased from Merck India Limited and was distilled
before use. Graphite and silver powders were purchased from
BHEL, India. The monoclonal antibody of sIL2Ra and Human
sIL2Ra were purchased from Sigma-Aldrich, India. All the
biochemicals, chemicals and reagents were of analytical grade
and were used without further purification.

Fabrication of immuno-conducting paper strips (Immuno-
CoPS)

The strategy used for the fabrication of label free immuno-
sensors for cancer detection, using nanostructured polyani-
line-paper strips is depicted in Scheme 1. Initially, a silver
pattern followed by carbon patterns were screen-printed on the
surface of the filter paper. Then, they were allowed to dry for
20-30 min. Nanostructured polyaniline (PANI) was deposited
onto the filter paper by polymerization of the aniline in an
acidic medium (pH = 1) by adopting a cyclic voltammetric
technique at a potential cycling (n = 5, 10, 15, 20) between

This journal is © The Royal Society of Chemistry 2013

View Article Online

—200 and +1200 mV versus a Ag/AgCl reference electrode at a
scan rate of 100 mV s~ .

The covalent immobilization of anti-sIL2Ro on the surface
of the CoPS was done using 1-ethyl-3-[3-dimethylaminopro-
pyl]carbodiimide hydrochloride as a cross-linker in the
presence of N-hydroxysuccinimide (EDC-NHS). For this pur-
pose, the CoPS electrode was incubated at 4 °C for about 6 h in
a solution of 0.2 pg ml~" of anti-sIL2Ra containing 0.2 M EDC
and 0.1 M NHS. The electrode was then rinsed with phosphate
buffer (PBS, 50 mM, pH 7.2, 0.9% NacCl) to remove unbound
antibodies, and 1% of bovine serum albumin (BSA) in PBS was
added to the antibody-modified electrode to block unspecific
sites. After rinsing again with PBS, the electrodes were stored
at 4 °C before carrying out the sensing studies.

Measurements and characterization

The electrochemical characterization and electrochemical
polymerization were performed using an Autolab potentio-
stat/galvanostat (Autolab, Netherlands). All the electrochemi-
cal measurements were carried out using a three-electrode cell
with CoPS as the working electrode, platinum as the auxiliary
electrode and a Ag/AgCl electrode as the reference electrode in
phosphate buffer (PBS, 50 mM, pH 7.2, 0.9% NaCl) containing
5 mM [Fe(CN)s]> /*". Fourier transform infrared (FTIR)
spectra of CoPS and anti-sIL2Ra/CoPS were recorded using a
Perkin-Elmer, Spectrum BXII spectrometer in transmission
mode in the region of 400-4000 cm ™. The morphology of the
bio-electrodes was investigated using a scanning electron
microscope (LEO 440).

X-ray photoelectron spectroscopic (XPS) investigations were
carried out using a Perkin Elmer 1257 model, operating at a
base pressure of >3.2 x 10~ ® Torr at 300 K with a non-mono-
chromatized Mg-Ka line at 1253.6 eV. The overall instrumental
resolution was about >300 meV. Pass energies for a general
survey scan and the core level spectra were kept at 143.05 and
71.55 eV with measurement steps of 0.5 and 0.05 eV,
respectively.

Results and discussion

The nanostructured polyaniline deposition onto filter papers
was successfully demonstrated by morphological investiga-
tions using scanning electron microscopy (SEM) (Fig. 1A). The
CoPS show a well aligned porous nanofibrous/nanostructured
three-dimensional inter-connected network morphology.
Whereas, after the immobilization of anti-sIL2Ra (Fig. 1B),
small globules representing the antibody at the chain ends of
the polyaniline matrix, indicate the presence of biomolecules
on the surface. The electrode exhibits a smooth nanofibrous
structure and a shiny appearance due to the accumulation of
static charge, revealing the successful covalent immobilization
of the antibody. Electron diffraction X-ray analysis of the CoPS
electrode (Fig. 2A) shows the existence of nitrogen, which
confirms the presence of the amino group of aniline, whereas
the presence of oxygen in the Immuno-CoPS (Fig. 2B) confirms
antibody immobilization.
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Scheme 1 Schematic representation of the fabrication of Immuno-CoPS and the detection of sIL2Ra using Immuno-CoPS.

The presence of polyaniline in its conducting emeraldine
base form on the surface of the conducting paper strips (CoPS)
was confirmed by FTIR spectroscopic analysis (Fig. 2C (i)), by
the benzenoid ring and quinoid ring peaks at 1421 cm™ " and
1585 em™ ', respectively.”® The emeraldine base dominancy is
shown by the higher intensity of the quinoid peak compared to
that of the benzenoid peak.>***
by the peaks at 1590 cm™'. C-N stretching of the aromatic
amine, in-plane C-H bending of the quinoid ring and out-of-
plane bending of the C-H bond in the aromatic ring are
confirmed by the peaks at 1269 ecm™', 1176 cm™ " and 820
em ™, respectively.”®*” Similarly, The FTIR (Fig. 2C (ii)) peak at
1680 cm ' in the spectrum of the bio-electrode after the
immobilization of the antibody anti-sIL2Ro, indicates the
presence of the C=0 stretching for amide I. The C-N stretching
and N-H bending at 1550 em ™" for amide II***° confirms the
anti-sIL2Ra immobilization onto the CoPS electrode.

Before carrying out a detailed XPS analysis, the conductivity
measurements using a four-probe method, as a function of the
number of potential cycles, as well as time of deposition were
carried out and the results are depicted [Table 1]. It was found
that the bare screen-printed paper electrode exhibits the
conductivity at 199.85 S cm™ *, whereas after polyaniline
deposition over 5 cycles, the conductivity was enhanced
significantly to 2849 S cm™ 2. However, after increasing the
number of cycles (n = 10), the conductivity was found to fall
radically. This is attributed to the increased thickness of the

C=N vibrations are confirmed
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film. As expected, after 15 cycles, the conductivity further
dropped to 1.23 S cm ™2,

The chemical composition analysis of the PANI films at
different scan cycles (5, 10, 15 and 20) was studied using XPS
analysis. The XPS survey scan (Fig. 3) of the PANI samples
shows the presence of N (1s) (~400 eV), C (1s) (~285 eV), Cl
(2p) (~199 eV) and O (1s) (~532 eV). All the spectra were
corrected to the C (1s) peak (285 eV). The elements carbon and
nitrogen originate from the PANI backbone, whereas the
element chlorine is a counter ion in the case of the protonated
PANI samples. Oxygen, in the polyemeraldine base, originated
from partial oxidation of the films’ surface, or from weakly
complexed oxygen atoms.

In particular, the proportions of the quinoid imine (=N-
moiety), benzenoid amine (-NH- moiety), and the positively
charged nitrogen, corresponding to a particular oxidation and
protonation level of the polymer, can be quantitatively
differentiated. Therefore, a systematic deconvolution was
performed using peak-fit software with a linear background
subtraction and providing reference binding energy values for
species and full width at half maxima [Table 2] on N (1s) and C
(1s) core level spectra, which are shown in Fig. 4 and Fig. 5,
respectively. It is evident from Fig. 4 that N (1s) has four
species: N1-neutral imine nitrogen (~398.5 eV), N2-neutral
amine nitrogen (~399.5 eV), N3-oxidized amine (~400.8 eV)
and N4-protonated imine (~402.2 eV).

The systematic change in the deconvoluted species N (1s)
was performed and the % area under the curve for each

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c3ra40491a

Published on 07 May 2013. Downloaded by University of Aberdeen on 22/08/2013 12:03:53.

Fig. 1 Morphological investigations of (A) CoPS and (B) Immuno-CoPS using a
scanning electron microscope at a magnification of 5000x.

species was obtained. The change in the % area of the species,
plotted as a function of the number of scans is shown in
Fig. 6a. The decrease in the peak corresponds to N4 and the
increase in the peak N1, with respect to the number of scans,
shows the de-protonation of the protonated imine, resulting in
the formation of a neutral imine, which is generally a barrier
to charge transfer. This reflects the development of a more
neutral imine nitrogen species, corresponding to the transfor-
mation of the conductive emeraldine form into the neutral
and reduced leucoemeraldine form of polyaniline.**!

The systematic deconvolution of the XPS C (1s) core level
spectrum of PANI (Fig. 5) shows several different features, with
binding energies spanning the range from ~287 eV to 284
eV.** The spectrum contains a large peak centred at around
285 eV and has a slight asymmetric broadening towards high
binding energies, due to a combination of the protonation of
imine and amine sites. The C (1s) core level spectra can be
deconvoluted into four peaks: C1 - neutral C-C/C-H (284.5 eV)
bonds, C2 - neutral C-N/C=N (285.4 eV) bonds, C3 - C-N"
(286.4 eV) carbon atoms bonded to polaronic-type and C4 -
C=N" (287.4 V) carbon atoms bonded to bipolaronic-type
nitrogen atoms.

The depletion (Fig. 6b) of the protonated imine and the
enhancement of neutral amine groups, which correspond to

This journal is © The Royal Society of Chemistry 2013

1 2
'l Scale 17493 cts Cursor: 4697 (82 cts)

Element

C
N
S
Cl

Total

View Article Online

Weight%  Atomic%
79.26 86.62
10.07 9.44
-0.09 -0.04
10.76 3.99

100

Polyaniline coated paper

(%

Element Atom %
7000
66.70
e N 20.01 2017
o 7.50 6.62
Na 1.49 0.92
5000 Al 0.05 0.03
a 13.64 543
Fe 0.55 0.14
1000
Total 100.00 100.00
30004
a
2000
10001
N0 ta o
N A
YO
- - . . - - : : 7 -
05 10 15 20 25 30 35 10 i 50
105 "

954

90 -

T%

854

80

754

70

500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm')

Fig. 2 Energy-dispersive X-ray spectroscopy of (A) conducting paper strips and
(B) Immuno-CoPS. (C) FTIR spectra of (i) CoPS and (ii) Immuno-CoPS.

Table 1 Conductivity of polyaniline-paper strips as a function of the number of

polymerization cycles

No. of cycles

Deposition time (s)

Conductivity (S em™?)

0 (bare electrode)
5

10

15

0
199
398
597

199.85
2849.00
328.96
1.23
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Fig. 3 XPS survey scan spectra for polyaniline as a function of number of
polymerization cycles of polyaniline.

the formation of the reduced leucoemeraldine state, are
confirmed with the descending and ascending trends of C4
and C1, respectively. Hence, from following the trends of the
species N1, N4, C1 and C4, it is clear that the increase in the
number of scan cycles leads to the transformation of the
conducting emeraldine state into the neutral leucoemeraldine
state of polyaniline, on the surface of the paper electrode.

Cyclic voltammetry (CV) was performed on the BSA/anti-
SIL2Ra/CoPS bio-electrode in a phosphate buffer (PBS, 50 mM,
pH 7.2, 0.9% NaCl), containing 5 mM [Fe(CN)s> /*", as a
function of the scan rate from 10-90 mV s~ ' (Fig. 7). It can be
seen that the magnitude of both anodic (Z,) and cathodic (I.)
current exhibits a linear relationship with the square root of
the scan rate (Fig. 7A), revealing a diffusion-controlled process.
— Ep] has
been found to increase proportionally, with respect to the scan
rate plot (Table 3), (Fig. 7B) revealing the facile electron
transfer of the electrolyte and follows eqn (1)—(3).

Also, the peak to peak separation potential [AE = E,,,

I. (BSA/anti-sIL2Ra/CoPS) = 18.6 x 10 *
x scan rate (mV s ') — 7.39 x 10~ * (1)

I, (BSA/anti-sIL2Ra/CoPS) = —24.9 x 10~*
x scan rate (mV s ) — 12.2 x 10* (2)

AE (V) (BSA/anti-sIL2Ra/CoPS) = 0.011
x scan rate (mV s~ ') + 0.601 (3)
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Fig. 4 XPS deconvoluted spectra of nitrogen (1s) as a function of number of
polymerization cycles of polyaniline.

Table 2 Detailed description of species obtained from the deconvolution of nitrogen (1s) [Fig. 4] and carbon (1s) [Fig. 5]

Percentage of areas under the curve

Species Description Binding energy (eV) 5 10 15 20

N1 Neutral imine nitrogen 398.5 20.42 14.84 15.38 24.36
N2 Neutral amine nitrogen 399.5 41.02 23.25 26.79 44.13
N3 Oxidized amine (polarn type structure) 400.8 25.13 48.95 48.49 28.07
N4 Protonated imine (bipolarn type structure) 402.2 13.41 12.94 9.32 3.42
C1 Neutral C-C or C-H bonds 284.5 37.44 47.80 50.58 51.65
C2 C-N bonds with N1 and N2 285.4 26.50 30.25 30.70 31.15
C3 C-N bond with polarnic type (N3) 286.4 20.51 18.65 15.74 15.08
C4 C-N bond with bipolarnic type (N4) 287.4 15.53 3.29 2.97 2.10
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Fig. 5 XPS deconvoluted spectra of carbon (1s) as a function of number of
polymerization cycles of polyaniline.

with regression coefficients of 0.995, 0.976 and 0.98, respec-
tively. The surface concentration (t) of the BSA/anti-sIL2Ra/
Immuno COPS was estimated from the plot of I, against v
from the Brown-Anson model®** using the equation:

IJv = n’F’At (4RT) " @)

where n represents the number of electrons transferred in the
process (1), F is the Faraday constant, A is the surface area of

This journal is © The Royal Society of Chemistry 2013
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the bio-electrode, 7 is the surface concentration of the BSA/
anti-sIL2Ra/PPS bio-electrode, R is the gas constant and T is
the absolute temperature. The surface concentration was
obtained as 6.126 x 10~ mol cm™>.

The electrochemical response studies of the BSA/anti-
sIL2Ro/CoPS immunoelectrode were conducted as a function
of the sIL2Ra concentration (0 to 50 ng ml ') in phosphate

buffer (PBS, 50 mM, pH 7.2, 0.9% NacCl) containing 5 mM
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Fig. 7 Cyclic voltammogram (CV) of the Immuno-CoPS bio-electrode as a
function of the scan rate. Inset A, plot between | (A) and the square root of the
scan rate (mV s ). Inset B, plot between AE (V) and the scan rate (mV s ).
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Table 3 Peak to peak separation potential at each scan rate

Scan rate Scan
(MVs™) Epe (V) Epa(V) AE(V) rate Epe (V) Epa (V) AE (V)

10 —0.438 0.247 0.685 60 —0.717 0.518 1.235
20 —0.520 0.318 0.838 70 —0.814 0.569 1.383
30 —0.585 0.398 0.983 80 —0.893 0.634 1.527
40 —0.675 0.458 1.133 90 —0.910 0.683 1.593
50 —0.688 0.487 1.175
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Fig. 8 Electrochemical response studies of the Immuno-CoPS as a function of
the soluble interleukin-2 receptor « (sIL2Ra) concentration, at a scan rate of 50
mV s~ ' Inset A, calibration plot between the magnitude of the current and the
sIL2Ra concentration.

[Fe(CN)e]*/*~, using cyclic voltammetry (Fig. 8). The magni-
tude of the current is found to increase on the addition of
sIL2Ra, due to the formation of an antigen-antibody complex
at the electrode surface, between sIL2Ra and anti-sIL2Ra, that
might be due to a favourable conformational change after
complex formation that acts as a layer for the faster transfer of
electrons.®® The reproducibility of the electrode was confirmed
by repeating the experiments at least three times. A linear
relationship between the magnitude of the current and the
sIL2Ra concentration is observed (inset Fig. 8A) in the range
0.5-3 ng ml~" with a sensitivity of 0.737 mAng ' mL™" cm™?,
a response time of 150 s and follows eqn (5):

I(A) =0.737 x [sIL2Ra concentration] + 13.07 (5)

with a regression coefficient of 0.99. The association constant
(Ka) of the antigen-antibody complex formation was calculated
using a Hans-Woolf plot and was found to be 3.525 x 10" L
mol ', revealing a strong interaction between the sIL2Ra and
the anti-sIL2Ra.
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Conclusions

In conclusion, a novel approach for making conducting paper
electrodes for the quantitative estimation of biomarkers has
been developed. Conducting paper strips were utilized for the
fabrication of Immuno-CoPS, representing a new electroche-
mical sensing platform for the detection of sIL2Ra in the
concentration range from 0.5 ng ml~' to 3 ng ml~' with a
sensitivity of 0.737 mA ng”' mL™" cm™? and a response time
of 150 s. We believe that this approach has great potential for
the development of cost effective clinical diagnostics, espe-
cially for developing countries.
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