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ABSTRACT: Methods that enable the sensitive and label-free detection of protein biomarkers are well placed to make potentially
significant contributions to diagnostics and derived personalized healthcare. In supporting this goal a myriad of (electrochemical)
methodologies have been developed; recently electrochemical capacitance spectroscopy (ECS) emerged as an impedance-derived
approach which, in employing surface-confined redox-transducers, circumvents problems associated with the use of solution-phase
redox-probes. Herein, we expand this scope by utilizing phytic acid-doped polyaniline (PANI-Pa) as a novel redox-charging polymer
support enabling the reagentless assaying of C-reactive protein (CRP) in serum with good sensitivity. The construction of the sensory
interface via electropolymerisation allows facile tuning of the polymers” surface coverage and redox (capacitive) properties which in
turn modulate both assay selectivity, fouling and sensitivity. Significantly, this methodology is readily extendable to a wide range of

electrode materials and analytes.

The label-free detection of disease-specific biomarkers has
potentially profound potential in diagnostics and point-of-care
settings if performance is retained when scaled.' Electrochem-
ical immunosensors are particularly promising sensory plat-
forms, offering high sensitivity, rapid analysis, viable scalabil-
ity, native multiplexing capability, and a low cost of fabrica-
tion.*” As an inherently spectroscopic, highly sensitive analyt-
ical platform electrochemical impedance spectroscopy (EIS)
has been increasingly employed for the label free analysis of a
myriad of biomarkers, most commonly in a format where in the
presence of a solution-phase redox probe the interfacial charge
transfer resistance (R.) of a receptor-modified electrode is uti-
lized as a signal transducer.®!! The need to dope any analytical
solution with a very large excess of highly charged reagent is
untidy and can be associated with deleterious effects. Some
prior work has noted these challenges, where signal increase
can be caused by either protein binding or baseline drift.'>"*
We have developed reagentless, capacitive approaches to EIS,
most notably the use of surface-confined redox-transducers en-
abling sensitive signal transduction via a redox-capacitance
(Cp).517 The inherently high sensitivity of C; on its local (die-
lectric) environment has been exploited in a variety of biosen-
sors, whereby, almost exclusively, ferrocene (Fc) is utilized as
aredox transducer.'® The use of Fc, most commonly in self-as-
sembled monolayers (SAMs) on gold, is however associated
with certain drawbacks, particularly an often compromised re-
dox and thus voltammetric/capacitative baseline stability.!>2
Redox-active conducting polymers are promising candidates in
such sensory interfaces, which due to their high tuneability
(film thickness, monomer nature, doping state etc.) and ease of
preparation (electropolymerisation on various conducting sub-
strates) have been applied in numerous sensors.?' 2 As a result
of their polymeric, 3-dimensional structure they are furthermore
supportive of a high level of bioreceptor loading (relevant to
sensor sensitivity).

In order to extend the scope of label-free capacitive sensors
we have herein systematically investigated the redox capacitive

properties of electropolymerised polyaniline (PANI) films. As
a proof-of-principle we have utilized this platform in supporting
the assaying of CRP in 1% of serum across its clinically relevant
range.

EXPERIMENTAL

Electrochemical experiments: All electrochemical experi-
ments were carried out with a PalmSens potentiostat in a three-
electrode configuration comprising a screen-printed graphene
nanoplate working electrode (SPE), a screen printed Ag refer-
ence electrode and a screen printed Au counter electrode. All
potentials are reported with respect to the Ag reference elec-
trode. All experiments were carried out in 0.1 M phosphate
buffer (PB), pH = 7.4, unless otherwise stated. Cyclic voltam-
metry (CV) was carried out at a scan rate of 100 mV/s. Square-
wave voltammograms (SWV) were measured with a step po-
tential of 5 mV, an amplitude of 50 mV and a frequency of
10 Hz. Electrochemical impedance spectroscopy was per-
formed between 9 kHz to 0.1 Hz (20 frequencies), with a sig-
moidal AC perturbation of 10 mV (peak-to-peak). These exper-
iments were carried out at different DC potentials including the
“redox-in” potential (OCP; -0.16 V, the half-wave potential of
PANI-film), the “redox-out” potential (0.4 V, no redox-activity)
as well as between -0.8 — 0.4 V (20 mV potential steps) at a
fixed frequency of 0.1 Hz with waiting time of 5 s. Impedance-
derived capacitance was obtained via C"”(w) = Z'/wZ? and
C'(w) = Z" /wZ?, where o is the angular frequency. The ca-
pacitance of the interface was obtained either graphically as the
diameter of the semicircular region in the capacitive Nyquist
plots of via circuit fitting as discussed in the main text. Circuit
fitting and data analysis was carried out with PSTrace software
5.7. The relative response (RR%), i.e. the decrease in C;, was

normalised as follows: RR% = " 100%. Langmuir-
To

Freundlich isotherms were fitted according to 8 = CRPIZ_

14+K+[CRP]™

The limit of detection (LOD) was determined according to



LOD = 3*70, where s is the slope of the linear region of the cal-
ibration curve and ¢ the standard deviation of the blank.

Sensor construction: The electrodes were washed with copi-
ous amounts of water followed by electrochemical polishing in
0.1 M KOH, between -1.0 to 1.3 V for 20 cycles. The electro-
active surface area of the cleaned electrodes was determined via
the Randles-Sevcik coveragetion by measuring the CV of the
Fe(CN)s*"* couple (5 mM in 0.1 M PB), utilising a diffusion
coefficient of 7.60 x 10 cm%s. This afforded an electroactive
surface area of 0.0056 cm?, 1.47 times larger than the geomet-
rical area, in good agreement with prior reports.?’ Electropoly-
merisation was carried out in an aqueous solution of 1 mL 98%
aniline and 2 mL of 50% phytic acid (w/w in H>O) with addition
of 17 mL of MilliQ water by applying a current density of 10
pA/cm? for 5, 10, 20, 40 or 80 min. The films were rinsed with
0.1 M PB and then equilibrated in the same buffer for 10 min
before further characterisation. Covalent immobilization of the
receptor was carried out by exposure of the PANI-PA films to
2.5% glutaraldehyde (in PB) for 30 min, followed by rinsing
with copious amounts of PB. The antibodies were then coupled
to the activated interface by exposure to 5 pg/mL anti-CRP or
5 pg/mL anti-D-dimer for 30 min. After rinsing with 0.1 M 7.4
pH PB remaining active sites were deactivated with 10 mM eth-
anolamine in 0.1 M 7.4 pH PB for 30 min followed by rinsing
with PB.

Protein assays: The sensor was equilibrated in PB for 30 min
to obtain a stable baseline. Afterwards the sensor was exposed
to increasing CRP concentration (0.25, 0.5, 1, 2, 4, 8, 16
pg/mL)) for 10 minutes followed by rinsing with copious
amounts of PB. The redox capacitance was then measured in
pure PB as described above.

RESULTS AND DISCUSSION

Phytic acid-doped polyaniline (PANI-PA) films on screen
printed graphene nanoplate electrodes were generated by apply-
ing a controlled current density for specific and varied amounts
of time (between 5 — 80 min, for details see experimental sec-
tion). The FT-ATR-IR signatures of the so generated films in-
clude peaks at 1097, 1248 and 1719 cm™! (Figure S1). The latter
most likely arises from the phosphate groups of the phytic acid,
indicating incorporation into the polymeric film. Phytic acid
doping has been previously shown to endow the PANI films
with higher conductivity in physiological pH and high hydro-
philicity.”®?* The latter is commonly associated with an in-
creased resistance to non-specific adsorption and was assessed
here by water contact angle measurements. As can be seen in
Figure S2 the high water contact angle of the bare electrode
(126°) is indicative of a hydrophobic interface which becomes
gradually more hydrophilic with increasing PANI deposition
(polymerization time). After 80 min a relatively hydrophilic
film (43°) can be obtained.

The electrogenerated PANI-PA films were investigated by
CV and EIS in 0.1 M PB, pH = 7.4 in the absence of any solu-
tion-phase redox probe. As can be seen in Figure 1a, the PANI
films display a well-defined quasi-reversible redox couple at -
0.16 V whose peak currents are, as expected, proportional to
polymerization time (5 — 80 min). This is indicative of a contin-
uous growth of the PANI film even at long polymerization
times and enables good control over the PANI surface coverage
and thus thickness. An increased film thickness also induces a
larger peak separation, indicative of a predictably and progres-
sively reduced electron transfer rate through thicker films.

These general observations were also confirmed by impedance-
derived capacitance measurements. In the capacitive Nyquist
plots (Figure 1b) an increased redox-capacitance (C;) at the “re-
dox-in” potential (i.e. half-wave potential) can be resolved as
the semi-circle diameter, which, again, is proportional to the
polymerization time. This capacitance can also be obtained by
fitting to an equivalent circuit (Figure S3), where R; is the solu-
tion resistance and C, the redox capacitance. Q;and Rare addi-
tional parameters that account for the non-ideal behavior of the
porous polymer.%3%3! Importantly, C, obtained via circuit fitting
(utilized throughout herein) is almost identical to that obtained
by graphical analysis and can further be utilized to quantify the
surface coverage (I') of redox active aniline subunits ((1) eq.
SI).!® The hereby obtained molecular surface coverage (6-35
nmolcm™) is in a good agreement with that obtained by integra-
tion of the peak area in the CVs (deviations 2-20%, Figure S4,
Table S1).

The same capacitive analyses outside of the window of PANI
Faradaic activity (0.4 V), resolve capacitances that are much
smaller (by at least one order of magnitude, Figure S5) than C,
measured at the redox potential. A direct analysis of capacitance
at different potentials as described previously*? confirms C; to
be directly correlated with the Faradaic activity of the film as
resolved by SWV (Figure S6). Importantly, the baseline stabil-
ity of C; is excellent for all PANI-PA films (see inset of Figure
1b), being negligible after an initial brief stabilization.
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Figure 1. Electrochemical characterisation of PANI-PA films after
different polymerization times (5-80 min) in 0.1 M PB, pH 7.4. a)
CVs at scan rate of 100 mVs™'. b) Capacitive Nyquist plots at redox
IN potential (-0.16 V) where C; can be resolved as the diameter of
the semicircular region. The inset shows the temporal stability of
Cy; after an initial signal decrease the baseline is stable within <2%.

Further analysis of the EIS data showed that the relaxation
time constant (z,.), which is associated with the Faradaic charg-
ing event, decreases with increasing film thickness (Figure S7,
Table S2), indicative of slower electron transfer as similarly re-
solved by CV (vide supra).??

Subsequently, signal response/suppression of the PANI-PA
films upon exposure to (several dilutions and 100 %) fetal bo-
vine serum (FBS) was studied, an analysis which indirectly re-
ports on fouling. Across all serum concentrations utilized the
relative response (relative decrease in capacitance) was largest
for the thinnest PANI film (5 min polymerisation), with thicker
films being associated with a reduced signal suppression/foul-
ing (Figure S8), an empirical observation in good agreement
with enhanced interfacial hydration (as assessed by water con-
tact angles). As expected, fouling is generally lower for more
diluted FBS media.

The so generated film, with their tuneable redox capacitance
and fouling profile, can be instilled with selective recognition



characteristics through the facile integration of receptors. As
proof-of-concept, CRP, a clinically relevant biomarker for car-
diovascular health, was chosen as the analyte and assayed in
pure PB and 1% FBS. A selective CRP-receptive PANI-based
interface was constructed by immobilization of anti-CRP via
glutaraldehyde crosslinking of amine functionalities in the
PANI film and the antibody. This induced a significant C; re-
sponse (75% signal change, from 32.7 + 2.1 pF (PANI-10min)
to 8.15 £ 0.32 uF (PANI/anti-CRP)) as shown in Figure S9,
consistent with a large degree of anti-CRP recruitment. This
was further confirmed by assessing the anti-CRP depletion from
the immobilization solution using the Bradford assay, which re-
vealed a total anti-CRP coverage of 909 + 80 ng/cm? on PANI-
10min. This receptor coverage is, as expected, larger than a
monolayer coverage,® but interestingly also larger than that re-
ported for other PANI films.**

Exposure of the receptive interface to CRP induces marked
changes in its capacitive signatures which are easily resolved in
capacitive Nyquist plots (a standard impedimetric analysis can-
not report on these changes, Figure S10). The capacitive re-
sponse of these anti-CRP modified PANI interfaces towards
CRP in PB could be accurately described by a Langmuir-Freun-
dlich adsorption isotherm (Figure 2a). Interestingly, the sensi-
tivity of the sensor (as determined by the slope of the linear re-
gion in the calibration curve) decreases with increasing PANI
coverage, as shown in Figure S11-d). We attribute this to an
enhanced receptor-to-transducer ratio in the thinner films (the
quantified antibody loading is constant within error, across dif-
ferent film thicknesses). If one assumes that only the outer pe-
riphery of the film is functionalized with the receptor, then
thicker films will be associated with a greater proportion of re-
dox charging entities more remote from the recognition process
(and presumably less sensitive to it).

The optimal balance of sensitivity and fouling was observed
for PANI-10min and this interface responds selectively to CRP
in dilute serum with a response accurately described by a Lang-
muir-Freundlich adsorption isotherm (R? = 0.9995), with a K4
of 19 nM, n = 2.1 (indicative of a somewhat heterogeneous in-
terface) and a maximum relative response of 38%. Over a linear
range from 0.25 — 2 pg/mL this corresponds to a sensitivity of
24%/decade, significantly higher than that attainable for a pre-
viously reported Fc-SAM-based CRP sensor operating in pure
buffer.>> Importantly, these PANI-PA interfaces enable CRP
detection across the whole clinical range, with a LOD of 0.5
pg/mL (4.5 nM).
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Figure 2. a) Relative response of PANI-10min/anti-CRP towards
CRP in PB and in 1% of FBS in clinically relevant range. The data
was fitted to a Langmuir-Freundlich isotherm. b) Relative response

of anti-CRP or anti-D-dimer-modified PANI-10min after exposure
to 2 ng/mL of CRP or D-dimer in 1% FBS. Error bars represent
one standard deviation from independent measurements on differ-
ent electrodes.

The interfacial specificity was additionally assessed by expo-
sure of the anti-CRP/PANI-10min to spiked 1% FBS. Specifi-
cally, the most abundant proteins in human blood, fibrinogen,
human serum albumin (HSA) and IgG were added at 100
pg/mL (a concentration that is both 50x higher than CRP and in
the range expected for 1% serum). Importantly, the response
was negligible (<2%) in all of these controls (Figure S12). As-
say selectivity was further confirmed by switching the IgG’s
between anti-CRP and anti-D-dimer (Figure 2b).

CONCLUSIONS

In summary, we report a novel redox capacitive biosensor
based on a phytic acid-doped PANI polymer. This redox active
support displayed excellent baseline stability (<2% drift over 7
h after an initial stabilization over 30 min) and showed, without
any further integration of antifouling components, a good re-
sistance to non-specific protein adsorption. The redox charging
features (scale and timeframe) are tunable through film thick-
ness and enable a tuning of the sensitivity of the interface. The
subsequent facile integration of a high antibody load generates
interfaces of good target specificity. At optimal redox charging:
receptor ratios a selective assaying of the cardiac biomarker
CRP is possible across its entire clinically relevant range and
down to 0.5 pg/mL. To the best of our knowledge this is the
first report of a redox-active polymer in supporting reagentless
redox capacitive biosensing. Importantly, the electropolymeri-
sation assembly is readily translatable to any conductive surface
(and any biomarker of interest).
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