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Most clinical tests for biomarker detection require the support of a laboratory, and the results are usually slow,
less sensitive, and lack the possibility for Point-of-Care (PoC) testing. Further, with the increasing demand for
sensitive, portable, rapid, and low-cost devices for clinical PoC applications, innovative methods are crucial.
Thus, we report on utilizing nanostructured gold-platinum (Au-Pt) hybrid electrodes as a PoC device for highly
sensitive and selective PTH detection in human serum samples. The method employs the immobilization of 3-
mercaptopropionic acid to Au and subsequent activation of the carboxyl groups to enable anti-PTH antibody im-
mobilization. Serum PTHwas detected bymonitoring the changes in electrochemical properties (ΔRct and Δi) of
the sensor using electrochemical impedance spectroscopy (EIS) and differential pulse voltammetry (DPV)
against a standard hexacyanoferrate (II/III) probe. Changes in relative responsepercentage (RR%) in electrochem-
ical properties due to increased PTH concentrations in serumwere observedwith EIS and DPV. The biosensor ex-
hibited a low detection limit of 0.36 pg.mL−1 (EIS) and 0.59 pg.mL−1 (DPV) in serum with a linear range of 1 to
100,000 pg.mL−1. Further, to validate the accuracy of the proposed method, clinical samples (n= 20) were ex-
amined using the EIS method and compared to an established commercial test.

© 2019 Published by Elsevier B.V.
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1. Introduction

Point-of-care (POC) testing has gained increasing popularity to re-
place laboratory testing due to its potential for faster therapeutic inter-
vention, portability, and improved patient outcome [1–3]. Despite their
convenience, existing PoC tests often cannot compete with the accuracy
of a clinical lab, which is why there is still a need for development and
improvement of sensitive PoC devices for improved patient outcomes
in a cost-effective way [4–6]. Medical biosensors for point-of-care
(POC) applications have gained tremendous advancement towards pa-
tient diagnosis and care because of their ability to reduce costs and, pro-
vide on the spot diagnosis. Thus, for sensitive determination of
biomarker levels in the human body it is essential to develop simple,
sensitive and economically feasible POC testing systems [7,8].
Enzyme-linked immunosorbent assay (ELISA) is the gold standard
method commonly used for antigen-antibody reactions for clinical pro-
tein biomarker detection [9]. This approach is simple and accurate but
has suffered from its inability of multiplexing, long analysis time, large
sample volume and difficulty of interpretation between serotypes
since low levels of antibodies are often undetectable or can exhibit
cross-reactivity to different antigens. Also, liquid chromatography-
in@cau.ac.kr (J. Min).
mass spectrometry (LC-MS) based biomarker detection is highly selec-
tive and sensitive, easy to use, and allows multiplexing with adequate
sensitivity [10]. However, its high cost, long assay times and technical
sophistication make routine clinical diagnostics less feasible for PoC ap-
plications. Further, there are several commercially available biomarker
analyzers for multiplexed detection based on surface plasmon reso-
nance [11] (Horiba Inc., BIO-RAD), fluorescence [12] (Luminex, Myriad
RBM), or electrochemiluminescence [13] (Roche Diagnostics). How-
ever, these commercial instruments are not appropriate for PoC
applications in limited resource settings as they require expensive con-
sumables including sample well plates, chips, and reagent kits [14].
Moreover, fluorescence-based detection strategies, on the other hand,
require precise adjustment of laser and optical components. Thus,
there is a quest for simple and cost-effective devices formultiple protein
biomarker detections that could be employed in limited resource set-
tings. Therefore, PoC, miniaturized and highly efficient ways to quantify
biomarkers are crucial to control and prevent disease.

Electrochemical detection methods have attracted considerable in-
terest because of their sensitivity, low cost, and inherent miniaturiza-
tion. One of the key advantages of electrochemical biosensors relies on
their relative simplicity. Inexpensive electrodes can be easily integrated
with simple electronics to perform rapidmeasurements inminiaturized
easy-to-use portable systems [15–17]. Considering these advantages of
electrochemical biosensors, we focused on developing a sensitive and
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low-cost biosensor device for PoC applications to provide on the spot
disease diagnostics for patient care systems. Further, electrochemical
analysis using microelectrodes provides a vast number of fascinating
characteristics due to their small electroactive area, smaller ohmic
drop, low interfacial impedance and fast mass transfer due to radial dif-
fusion at the electrode surface [18]. The overall surface area is modified
to obtain better limits of detection, higher signal/noise (S/N) ratio and a
wide dynamic range [19]. However, a weak output signal from the ana-
lyte limits the use of these microelectrodes to a specific range of analyte
detections. Thus, methods in modifying the electrode platforms that re-
sult in enhanced analytical capability for cancer diagnostics are highly
desired [20].

Nanostructured electrodes offer high surface areas and were often
found to be the best performing transducer elements for electrochemi-
cal biosensors [21]. Among many materials for nanostructured elec-
trodes, gold (Au) has emerged as a potential candidate due to its high
electrical conductivity, mechanical stability, tunability and reusability
[22]. Having better biocompatibility for immobilization and creation of
a microenvironment for biomaterials to retain their activities with
high stability and its easy accessibility to various surface chemistry pro-
cedures for bioconjugations Au nanostructured electrodes were
extensively used as transducer interface for various designs of electro-
chemical sensors [23,24]. Despite many previous reports on the devel-
opment of Au nanostructured electrodes as a biosensing element,
there is still an ongoing search for better technologies to enhance the
sensitivity of the transducer interface and decrease the analyte detec-
tion limit [25]. Recently, a method of thermal dealloying metal sub-
strates to produce controlled nanostructure morphologies [26] was
introduced. The resulting electrodes showed high electrical conductiv-
ity, large specific surface area, and exhibited a 10-fold increase in elec-
trochemical current for DNA detection. Also, a 3D Au nanostructure
with a large specific area [27] and superior conductivity [28] for
enzyme-induced signal amplification [29] and electrodeposition proce-
dures to form gold electrode substrates for an aptamer-based biosensor
[30] were adopted. Recently, a sulfur-doped graphene matrix was
reported [31] that enhanced electrocatalytic performance and
also aptamer tri-infinite amplification labels for the detection of
metalloproteinases-2 detection was reported [32]. We have also
Fig. 1. (a) The digital picture shows the fabricated Pt disk electrodes coupled with the chip read
Au-Pt modified hybrid electrode. The working electrode radius was 1 mm surrounded with Pt
area of the fabricated sensor. (d) The schematic diagram shows the binding mechanism of PTH
electrochemical PTH sensor.
developed nanostructured electrochemical immunosensors featuring
reduced graphene oxide and gold nanoparticle electrodes [18] for the
detection of various protein biomarkers [33]. However, direct detection
of Parathyroid hormone (PTH) in complex fluids using electrochemical
impedance spectroscopy (EIS) [34] and differential pulse voltammetry
(DPV) [35] has not been reported yet.

In this paper, we introduced a chemical solution phase route to pro-
duce nanostructured surfaces on platinum (Pt) disk electrodes as an
electrochemical transducer for the detection of PTH biomarkers in a
small blood sample. (Fig. 1a). Au structures on Pt disk electrodes were
utilized to further enhance the bio-affinity reaction of PTH in complex
samples (Fig. 1b). An optical image showing the sensing area of the pro-
posed electrode is presented in Fig. 1c. PTH is a polypeptide with 84
amino acid residues that regulates the Ca2+ and HPO4

2− levels and, its
concentration in blood ranges between 10 and− 65 pg.mL−1 in healthy
humans. Enhanced PTH levels are found in patients with hyperparathy-
roidism which results in numerous symptoms, including osteoporosis,
cancer, heart, and autoimmune diseases. PTH acts as an early stage indi-
cator for parathyroid cancer, which emphasizes the need for a sensitive
and selective assay for early detection of PTH. A schematic illustration of
the binding and detection of PTH in human serum is shown in Fig. 1d.

2. Experimental methods

2.1. Materials and reagents

Gold(III) chloride trihydrate (HAuCl4.3H2O; ≥99.9%), ammonium
hydroxide (NH4OH), sodium borohydride (NaBH4), hydroxylamine
(NH2OH), N-(3-dimethylaminopropyl)-N′ ethyl carbodiimide hydro-
chloride (EDC, purum, ≥ 98.0%), N-hydroxysuccinimide (NHS, 98.0%),
3-mercaptopropionic acid (MPA, ≥99.0%), potassium hexacyanoferrate
(III) (K3[Fe(CN)6]) and potassium hexacyanoferrate(II) trihydrate (K4

[Fe(CN)6].3H2O)were purchased from SigmaAldrich. Monoclonal para-
thyroid hormone antibody (anti-PTH, 10–1579), parathyroid hormone
antigen (PTH, 30R-2670) and thyroid-stimulating hormone (TSH)
were obtained from Fitzgerald (MA. USA). Triiodothyronine (T3,
Human) was purchased from CalBioreagents (CA, USA), Human serum
albumin (A9511), bovine serum albumin (A7030), immunoglobulin G
er in three electrode configurations on the PCB circuit (b) shows the digital photograph of
counter and a Pt reference electrode. (c) An optical microscopic image shows the sensing
in serum with corresponding PTH antibodies immobilized on Au-Pt electrodes towards
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(≥ 95% IgG, 56,834), C-reactive protein (CRP, C1617), casein from
bovine milk (C7078) and 2-(N-morpholino) ethanesulfonic acid (MES,
≥ 99%) were purchased from Sigma Aldrich. Anti-PTHLH antibody con-
jugated to biotin (ab82799) was purchased from Abcam. 1-Step
Ultra TMB-ELISA (34028) reagents were purchased from Thermo Fisher
Scientific and used without purification. 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) solution was purchased from
Biosesang, Inc. (H2003-1). Phosphate buffered solution (PBS, 0.1 M,
pH 7.4) used in this work was prepared using 0.1 M Na2HPO4.12H2O,
0.1 M NaH2PO4.2H2O, and 0.1 M KCl. All solutions were prepared
using Milli-Q water (18 MΩ cm−1). For practical PoC testing, serum
samples from patients with cancer and from cancer-free individuals
were assayed (n = 20) using the fabricated electrode sensor and com-
pared with results from the commercial system Roche Cobas 8000
(Roche Diagnostics, Germany). All other reagents were of analytical re-
agent grade or the highest purity available and usedwithout any further
purification unless indicated otherwise.

2.2. Pt electrode fabrication and formation of nanostructured au

Au disk electrodes and necessary transmission lines were fabri-
cated on printed circuit board (PCB) by standard lithography
methods. Each electrode combination comprised of working, coun-
ter and reference electrode respectively and featured one custom-
ized readout circuit connection per electrode chip. The electrode
fabrication included standard procedures including spin coating of
photoresist, patterning, lift off, and passivation. This process resulted
in a circular Pt disk electrodewith a diameter of 1mm surrounded by
the counter and reference electrodes. For nanostructured Au forma-
tion on Pt disk electrodes, the Pt electrodes were initially cleaned by
successive ultrasonication in isopropyl alcohol (IPA, 2 min), ethanol
(EtOH, 5 min), and copious amounts of Milli-Q water. The surfaces
were then dried using nitrogen. The cleaned electrodes were treated
with O2 plasma at 50 W, at 1 × 10−2 Torr for 10 s. (CUTE, Femto Sci-
ence, South Korea). Before anymodification of the working electrode
took place, the counter and reference electrodes were covered with
adhesive tape, leaving only the working electrode exposed. To
avoid any formation of nanostructures on the counter (CE) and
pseudo-reference electrodes (RE), passivation was necessary. Also,
this method of passivation was used in later modification steps for
monolayer formation and binding of antibody. The passivated elec-
trodes were submerged in a solution containing 5 mM HAuCl4 and
0.6% (v/v) NH4OH under vigorous agitation for 2 min. After washing
with deionized water, the electrodes were then immersed in 1 mM
NaBH4 solution (10 mL) for 5 min. Then, the electrodes were rinsed
with deionized water and again transferred into a solution contain-
ing HAuCl4 and NH2OH in equimolar concentrations (1:1) of either
0.1, 1 or 10 mM for 10 min shaking and 10 min still condition to
grow the Seeded nanoparticles grew into porous nanostructures.
Subsequently, the electrodes were rinsed with DI water, dried in a
N2 stream and stored at room temperature until further use or
modification.

2.3. Electrode characterization

Optical images of the sensing area were obtained with a CELENA S
Digital Imaging System (logos biosystem, South Korea). The surface to-
pography of the electrodeposited surfaces was examined by field emis-
sion scanning electron microscopy (FESEM) using a Carl Zeiss Sigma
operated at 5 kV.

2.4. Electrode modifications

First, the Au-Pt electrodes were modified with 100 mM 3-
mercaptopropionic acid in EtOH for 90 min. After washing thoroughly
with ethanol andDIwater, the electrodeswere immersed in an aqueous
solution of 25 mg.mL−1 EDC and 30 mg.mL−1 NHS in 100 mM MES
buffer at pH 5.0 for 40 min after which 40 μL of 10 μg.mL−1 anti-
parathyroid hormone antibody in 1 mM PBS, (pH 7.4) was spread
onto the electrodes and left to incubate in a humid chamber for 1 h.
After the anti-PTH was immobilized on Au-Pt surface via the classical
EDC/NHS conjugation reaction between –COOH groups of 3-MPA and
residual amino groups of antibodies, the electrodes were gently rinsed
with PBS and 20 μL of casein (1 ng.mL−1)were drop cast onto each elec-
trode sensor followed by incubation at 4 °C for 1 h to avoid non-specific
binding. After each step to construct the PTH detection surface, EIS and
DPV measurements were conducted to monitor characteristic changes.

2.5. Electrochemical characterization

Cyclic voltammetry (CV), DPV and EIS were performed on an
IVIUM CompactStat (Netherlands) at room temperature (25 °C). All
experiments were carried out using a conventional three-electrode
system, with modified Au-Pt as a working electrode and Pt elec-
trodes were as counter and pseudo-reference electrodes. First, CVs
were recorded in a potential window of 0.4 to −0.4 V at a scan rate
of 50 mV.s−1 in a solution of 10 mM [Fe(CN)6]3−/[Fe(CN)6]4− (1:1)
and 0.1 M KCl with all the Au-Pt electrodes formed at different con-
centrations of HAuCl4. The electrochemically active nanostructured
Au surface area was determined using the Randles-Sevcik Eq. [36].
The k0 values were estimated from the peak-to-peak separation in
the voltammogram (10–250 mV.s−1) using the Nicholson method
[36]. DPV parameters were adjusted to a scan rate of 50 mV.s−1,
10 mV pulse amplitude, 10 ms pulse width in a 0.4 to −0.2 V poten-
tial window. All potentials were referenced with a pseudo-Pt elec-
trode fabricated on the electrode chip. EIS was measured using
Au-Pt electrodes consisting of working and counter electrodes in a
solution of 10 mM [Fe(CN)6]3−/[Fe(CN)6]4− (1:1) and 0.1 M KCl,
with an AC voltage of 10 mV, in the frequency range of 100 kHz –
0.1 Hz at each step of interface formation. The input bias potential
(Ein) was estimated from CV analysis from 0.4 to −0.4 V for
10 cycles at a scan rate of 50 mV.s−1 as Ein = (Eox + Ered)/2, where
Eox and Ered are the oxidation and reduction peak potentials respec-
tively. The electrochemical properties were obtained by fitting with
a modified Randle's circuit using the commercially available soft-
ware ZView® (Scribner Associates Inc., Southern Pines, NC, USA).

2.6. Electrochemical PTH detection

The anti-PTH modified Au-Pt electrodes were immersed for 30 min
into both PBS and serum containing PTH at concentrations from 1 to
105 pg.mL−1. After rinsing with PBS, EIS and DPV measurements were
performed as described above. To test the specificity of the immun-
osensor, it was incubated with a solution of the following possible
interferants: thyroid stimulating hormone (TSH), human serum albu-
min (HSA), triiodothyronine (T3), C-reactive protein (CRP), and bovine
serum albumin (BSA). Each protein was prepared in a concentration
of 1 μg.mL−1 and 30 μLwere used to cover electrodes for 30min incuba-
tion. Subsequently, electrodes were rinsed with PBS, and impedance
spectra were recorded. Serum samples of 20 subjects were acquired
under informed consent from EONE laboratories (Incheon, South
Korea), and PTH levels were evaluated by drop casting 30 μL of serum
on the developed Au-Pt hybrid electrodes followed by 30 min incuba-
tion. After washing with 10 mM PBS, the obtained EIS results were
analyzed and compared with the commonly used electrochemical im-
munoassay device Cobas 8000, (Roche Diagnostics).

Prior to commencing the study, this study protocol, amendments,
and informed consent procedures were approved by the Institutional
Review Board and the research ethics committees of Ewon Laboratories
(IRBNo. 128477–201,611-ER-010). The studywas conducted in compli-
ance with the protocol, the current revision of the Declaration of Hel-
sinki, Good Clinical Practice, the applicable regulatory requirements,
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and all the relevant guidelines of the International Conference for Har-
monization. Before exposure to any study-related procedures, all pa-
tients gave their written informed consent. Patients were informed by
the investigator about the aims, methods, anticipated benefits, and po-
tential hazards of participating in the study.
2.7. PTH detection with ELISA

The ELISA test was performed similarly to a previously described
protocol [37]. Briefly, each well of the microplate was coated with cap-
ture antibody (mouse monoclonal PTH antibody (10 μg. mL−1) diluted
in PBS buffer (0.1 M, pH 7.4) and incubated overnight at room temper-
ature. The next day, the platewaswashed three timeswith PBS contain-
ing 0.05% (w/v) polyoxyethylene sorbitan monolaurate (TWEEN-20)
(PBST). Next, wells were blocked with100 μL of 5% (w/v) casein in
0.1 M PBS, for 60 min at room temperature, after which the plate was
once again washed three times with PBST. Subsequently, the wells
were filled with serially diluted PTH antigen in 10 mM PBS and incu-
bated at 37 °C for 1 h afterwhich followed againwashingwith PBST. Ad-
ditionally, IgG capture antibody was diluted in 10 mM PBS and
incubated in the ELISA plate as a negative control. After washing with
PBST, horseradish peroxidase (1:5000 in 0.1 M PBS) was conjugated
with anti-PTHLH antibody (in 100 μg. mL−1 BSA, 10 mM HEPES
(pH 7.4), 10 mM NaCl, 0.05% (w/v) Tween-20 in 0.1 M PBS) was
added and incubated at 37 °C for 30 min. After washing, the plate was
incubated with TMB substrate at room temperature for 15 min, and
the absorbance was measured at 650 nm using a 96-well microplate
reader.
Fig. 2. (a) Digital pictures shows the bare Pt disk electrode, passivation of Pt counter and Pt refe
disk electrode. Scanning electron microscopic images of (b) bare Pt and nanostructured Au fo
HAuCl4 with equimolar NH2OH (1:1) respectively.
3. Results and discussion

3.1. Formations of au nanostructures on Pt disk electrode surface

The digital pictures shown in Fig. 2(a) describe the series of steps in-
volved in the fabrication of Au on Pt disk electrodes. The working elec-
trode (WE) remained exposed, while all other areas were covered
with adhesive tape to limit the solution phase growth of Au structures
precisely to theWE and avoid any formations on the counter, reference,
and other areas in the vicinity. This method of Au nanostructure forma-
tion can be applied to all surfaces either conducting or insulating such as
glass, PDMS, or plastic. This insulation of the WE also enables selective
functionalization of the transducer surface with self-assembled mono-
layers (SAM) and subsequent analyte immobilization selectively on
the Au-Pt surface. The surface of the bare disk electrode revealed an ap-
parent smooth surface by SEM imaging as displayed in Fig. 2(b). Nano-
structured Au films formed on the electrodes to enhance the electron
transfer exchange rates compared to bare Pt disk electrodes which
were expected to significantly enhance the sensitivity of the electro-
chemical sensor [38]. Thepreparation of Aunanostructures on disk elec-
trodes via chemical route involved three steps; (i) seeding of Au
precursors, (ii) reduction into Au0 clusters and (iii) growth by hydroxyl-
amine reduction of HAuCl4. Seeding was accomplished by the addition
of ammonium hydroxide (NH4OH) into a solution of HAuCl4 on passiv-
ated disk electrodes. Addition of NH4OH immediately turned the solu-
tion colour into orange and caused a rapid deposition of Au3+ species
onto the surface. These Au3+ precipitates were subsequently reduced
into Au0 nanoparticles by NaBH4. This reduction step was necessary to
allow further growth of nanostructures. Subsequently, the NH2OH
rence electrodes, subsequent Au nanostructure formations, and formation of Au-Pt hybrid
rmations with different concentrations of Au with (c) 0.1 mM, (d) 1 mM, and (e) 10 mM
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medicated growthwith a conc. of 0.1mMHAuCl4 substrate resulted in a
low density of Au nanostructures. Increasing the HAuCl4 concentration
to 1 mM and 10 mM resulted in higher coverage with porous like Au
structures. These formations were confirmed by SEM analysis shown
in Fig. 2(c-e).

Nyquist plots were observed recorded by EIS using the
[Fe(CN) 6]3−/4− redox probe as described above to examine the interfa-
cial properties of the electrode like conductivity and electrocatalytic fea-
tures before and after modifications [39]. The semi-circular region at
higher frequencies indicates an electron transfer limited process, and
the straight line at lower frequencies is due to the limited mass transfer
of [Fe(CN)6]3−/4− ions. As displayed in Fig. 3(a), the bare Pt disk shows a
well-defined, enlarged semi-circle with a charge transfer resistance
(Rct) of 8 kΩ. However, the diameter of the semi-circle in the Nyquist
plot of the Au disk electrode decreases dramatically for 0.1, 1, and
10 mM Au formations resulting in lower Rct of 6.3 kΩ, 1.8 kΩ, and 180
Ω respectively. The electrodes which underwent modification with
10mMHAuCl4 showed porous nanostructures and the highest conduc-
tivity among all electrodes in the present study with a nearly straight
line in EIS spectra. The decrease in Rct confirms that the modifications
enhanced the surface area providing better conduction pathways to
promote electron transfer. We further investigated the electrochemical
properties of the [Fe(CN)6]3−/4− redox couple at the formed Au-Pt
Fig. 3. (a) Electrochemical impedance spectra and (b) cyclic voltammograms of bare Pt (—) alo
potential window of 0.4 to −0.4 V with a scan rate of 50 mV.s−1. (c,d) cyclic voltammogram
indicates the scan rates from 10, 25, 50, 100,150, 200 and 250 mV.s−1 respectively. (e,f) Ran
rate)0.5 of Au-Pt and Pt electrodes vs Pt pseudo-reference electrode in 10 mM [Fe(CN)6]3−/4- a
electrodes. Fig. 3(b) compares the CVs for 10 mM [Fe(CN)6]3−/4− in
0.1 M KCl solution obtained at bare Pt, and Au modified electrodes. At
the bare Pt electrode, one pair of well-defined redox peaks was ob-
tained, which was ascribed to the one-electron transfer process of
[Fe(CN)6]3−/4− at the electrode with anodic (Ipa) and cathodic peak
(Ipc) currents of 3.87 and − 3.93 μA, respectively. Subsequently, the
electrodes produced at increasing Au concentrations showed larger
peak currents (Ipa: 4.50, 5.47, and 7.28 μA; Ipc: −4.51, −5.50, and
− 7.56 μA respectively) than the bare Pt electrode, suggesting that de-
posited electrodes possessed excellent electrical conductivity. A relative
response (RR%) in current enhancement (ΔI) of 88.1% in Ipa which was
calculated as follows,

RR% ΔIð Þ ¼ I−I0ð Þ
I0

� 100 ð1Þ

Where ΔI is current enhancement ratio; I0 and I are the peak cur-
rent values (Ipa and Ipc) before and aftermodification of the electrode
surface. The improvement is due to the increased surface area of
the electrode in comparison to a bare Pt electrode. Also, the effect
of the scan rate on all the electrodes was elucidated and presented
for the bare Pt, and Au-Pt electrode as shown in Fig. 3(c-f). Both ca-
thodic and anodic peak currents were found linearly increasing
ng with Au-Pt electrode formed at 0.1 (- - -), 1 (....), and 10mM (-.-.-) HAuCl4 measured in
of Au-Pt and Pt electrodes in 10 mM [Fe(CN)6]3−/4- at varying scan rates and inset a to g
dles-Sevcik plot shows the cathodic (Ipc; ■) and anodic (Ipa; ●) peak currents vs. (scan
t varying scan rates from 10 to 250 mV.s−1.
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with increasing potential scan rate and were linear with the square
root of scan rate in the range from 10 to 250 mV.s−1, indicating a dif-
fusion controlled redox process of [Fe(CN)6]3−/4- at the electrode.
The electrochemically active Au surface area determined by the
Randles-Sevcik plot was 0.157 cm2, which is double the physical
area (0.0078 cm2) of the bare Pt electrode. This increment resulted
from the formation of nanostructures on the surface. The kinetics
of the reduction/oxidation of the [Fe(CN)6]3−/4- redox couple quan-
tified by the heterogeneous electron rate constant (k0) [40] also var-
ied on these surfaces. Bare Pt electrodes exhibited a k0 of 1.03 cm s−1

which increased to 1.28, 1.45, and 1.80 cm s−1 for electrodes modi-
fied with 0.1, 1 and 10 mM HAuCl4 respectively. This indicates that
nanostructured Au electrodes possessed faster, reversible kinetics
due to faster self-exchange rates among all and it is in good agree-
ment with the reported literature for Pt [41] and Au and Pt-Au [42]
electrodes.
3.2. Simulations for electric filed distributions on Pt and Au-Pt hybrid
electrodes

Electric field distributions on both clean Pt and nanostructured
Au-Pt electrodes were simulated with the software COMSOL
Multiphysics [43] and are shown in Fig. 4. To simulate the electric
field distribution on the proposed electrode, a two-electrode model
was considered which consisted of Au (σ: 4.1 × 107 S/m; εr:0.8), Pt
(σ: 9.43 × 106 S/m; εr:0.73) working and counter electrodes having
dimensions of ~5 μm with a thickness of 200 nm separated by a 5
μm insulation layer (polydimethylsiloxane; σ: 10−11 S/m; εr: 2.75)
of same thickness and 1× PBS buffer at 20 °C (σ: 1 S/m; εr: 80) as
an electrolyte. A stationary electric field potential of 10 mV was ap-
plied between working and counter electrodes and 1× PBS was
used as a reference electrolyte. The bare Pt electrode (Fig. 4a),
showed the electric field strength concentrated at the edge of the
electrode indicating that the highest measurement sensitivity was
limited to the side/edges of the electrode while lower sensitivity
would be present at the centre of the electrode. Under the same con-
ditions, Au-Pt electrodes additionally exhibited a strong electric field
at the scattered nanostructures as well as on the electrode edge
(Fig. 4b). Therefore, the formation of nanostructures increased the
electric field intensity which in turn improved the overall sensitivity
of the electrochemical sensor.
Fig. 4. Simulated electric field distributions on (a) bare Pt disk electrode and (b) Au-Pt hybrid
working electrode length (5 μm), counter electrode (7.5 μm) with an insulation gap (5 μm) u
(d) differential pulse voltammetry responses observed in 10 mM [Fe(CN)6]3−/4- in 0.1 M KCl
130 mM–260 mM), ab-PTH (−.-, 1 μg.mL−1) and Casein (−..-, 5 ng.mL−1) on the Au-Pt hybrid
3.3. Electrochemical characterization of PTH sensor

EIS [44] and DPV measurements were performed to understand the
electrode-electrolyte interface characteristics and to explore the surface
modification properties during various steps of the impedance sensor
fabrication as displayed in Fig. 4(c,d). Changes in impedancemagnitude
(|Z|) was observed upon modification with linkers, antibody and
PTH protein markers (Fig. 4c). The nanostructured Au electrode
(10mMHAuCl4) showed the lowest value of |Z|, due to the large surface
area of the electrode. A huge increase in |Z| resulted fromactivationwith
3-MPA linkerwhich formed a uniform self-assembledmonolayer on the
electrode. The alkanethiol layers constrained the electron transfer due
to effective repulsion of the anionic redox indicator, [Fe(CN)6]3−/4-

, by
the negatively charged carboxylate groups. The surface coverage (Θ)
[45] was estimated to be 91% from the changes in charge transfer resis-
tance (Rct), using the equation Θ=1–Rct/R'ct, where Rct and R'ct indicate
the charge transfer resistance before and after SAM formation. The sub-
sequent activation step with EDC-NHS resulted in the formation of neu-
tral NH2 bonds with –COOH which allowed easier penetration of [Fe
(CN)6]3−/4- ions towards the electrode surfaces yielding again a lower
|Z| compared to the previous step. The immobilization of anti-PTH anti-
bodies on the EDC-NHS activated surface lead to an increase of |Z| be-
cause antibodies hinder the movement of [Fe(CN)6]3−/4- ions towards
the electrode. Finally, the casein blocking step and subsequent PTH in-
teractions further resulted in enhanced |Z| in the low-frequency region
of the bodeplots because of the formation of the antibody-PTH complex.
The complex acts as an inert blocking layer against [Fe(CN)6]3−/4- ions.
DPV measurements, performed in parallel to EIS recordings observed
for the whole modification process, showed the current variations
with each modification step and agreed with EIS results as shown in
Fig. 4(d). These results confirm the formation of a perfect receptive
transducer interface for effective determination of PTH in serum.

3.4. Analytical performance of the immunosensor and the electrochemical
detection of PTH

Under optimized experimental conditions, the analytical perfor-
mance of the receptive interfaces was tested by EIS and DPV measure-
ments with standard solutions of PTH in PBS and serum with
concentrations ranging from 1 to 105 pg.mL−1 as shown in Fig. 5. The
charge transfer resistance (Rct) signal increased while current (i) de-
creased with increasing PTH concentrations. Both observed effects are
electrodes, cross-sectional view of the electrodes was considered for simulation having
nder the application of stationary electric field of 10 mV. (c) Bode plots (|Z|, ϕ vs. f) and
for bare Au-Pt (==) and after SAM formation of 3-MPA (− −, 100 mM), EDC-NHS (….,
electrodes for PTH (- - -, 10 pg.mL−1) binding confirmation.



Fig. 5. Nyquist plots (Z′ vs. Z′′) obtained for different concentration of (a) PTH in PBS (CPBS-PTH) and (b) PTH in human serum (CSerum PTH) for blank (■), 1(▲), 10(♦), 100(►), 1000(●),
10,000(★), 100,000 ( ) pg.mL−1with solid lines indicate thefittingwith equivalent circuit respectively. Datawere expressed as themeanof four replicatedmeasurements andfittedwith
Randle's circuit model as illustrated in the inset in (a,b). DPV responses observed for (d) PTH detection in PBS (CPBS-PTH) and (e) PTH in human serum (CSerum PTH) samples within the
potential window of −0.3 to 0.4 V for blank (—), 1 (− −), 10 (…), 100 (−.-), 1000 (−..-), 10,000 (− − -), 100,000 (....) pg.mL−1 concentrations PTH. Calibration curves for both
methods indicating relative response (RR%) w.r.t to PTH concentrations shown in (c) RR% (ΔRct) vs. CPTH-serum with a calibration curve ΔRct = 48.80 + 53.75 (serum PTH); R2 = 0.97,
and (f) RR% (Δi) vs. CPTH-serum with a calibration curve Δi = 4.51 + 16.38 (serum PTH); R2 = 0.973 respectively. Data points (■) are represented as mean ± S.D. of four replicated
measurements fitted with a linear regression line (—).
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directly connected to a decrease in the number of binding sites on the
receptive molecular layer which is due to an increase in steric blockage
of the surface caused by PTH binding, overall resulting in suppression of
electron transfer (Fig. 5(a,b,d,e)). The extracted values from the imped-
ance fitting in Fig. 5(a,b) are shown in Tables 1 and 2. The relative re-
sponse (RR%) was used as measurand for the detection and the
quantification of antigen-antibody reactions in both EIS andDPV assays:

RR% ¼ Rantigen−Rblank
� �

Rblank
� 100 ð2Þ

Here, Rblank is the response (Rct or i) of the electrode with
immobilized antibodies without PTH bound, while Rantigen is the re-
sponse (Rct or i) value after incubation with solutions of different PTH
concentrations. A calibration curve was constructed using the relation-
ship between the RR% and the logarithmic concentration of PTH over
the full range. The RR% response was evaluated with both analytical
methods, and a linear range of 1–10,000 pg.mL−1 was obtained with
Table 1
Extrapolated valuesof the equivalent circuit elements obtained byfitting the experimental
results of various concentrations of PTH antigen in PBS from the Nyquist plots as shown in
Fig. 5a.

PTH (pg.mL−1) Rs (Ω) CPE Rct (Ω)

T (×10−7 Ω−1. sP) P

Blank 22.1 ± 0.1 2.1 ± 0.5 0.98 ± 0.002 1349 ± 5.9
1 23.0 ± 0.1 2.0 ± 0.6 0.98 ± 0.002 1703 ± 9.7
10 24.1 ± 0.1 2.2 ± 0.6 0.97 ± 0.002 2263 ± 12.5
100 26.8 ± 0.1 2.4 ± 0.6 0.96 ± 0.002 2762 ± 16.7
10,000 29.3 ± 0.2 2.5 ± 0.6 0.96 ± 0.002 3761 ± 23.5
100,000 31.3 ± 0.2 2.5 ± 0.6 0.96 ± 0.002 4432 ± 29.7
1,000,000 32.1 ± 0.2 2.5 ± 0.7 0.96 ± 0.002 4660 ± 32.9
logarithmic PTH concentrations in serum. A good linear relationship
was obtained between RR% with logarithmic concentrations of PTH in
serum as shown in Fig. 5c. The regression equation is RR% (ΔRct) =
53.75 ×log[PTH] (pg.mL−1) + 48.8 and the correlation coefficient r =
0.983 with a detection limit of (LOD) 0.36 pg.mL−1 based on 3 × σ/S,
where σ is the standard deviation from the blank samples and S is the
slope of the curve [46]. Similarly, as expected, the DPV peak current de-
creases with an increase in the concentration of PTH. A good linear rela-
tionship was obtained between RR% (Δi) and the logarithm of PTH
concentrations in serum in the range from 1 to 10,000 pg.mL−1. The re-
gression equation is RR%(Δi) = 16.38 × log [CSerum PTH] (pg. mL−1)
+ 4.51 and r = 0.978 (Fig. 5f). The limit of detection (LOD) was found
to be 0.59 pg.mL−1 which is well below the normal range (10–69 pg.
mL−1) of PTH in the human body [47]. Further, the analytical perfor-
mance of the developed sensor was compared with previous reports
on PTH detection from the literature and is shown in Table 4. The sensi-
tivity in PTHdetection by EIS and DPVmeasurementswere evaluated to
be 0.163% and 0.17% per decade respectively. Furthermore, the accuracy
Table 2
Extrapolated values of the equivalent circuit elements obtained byfitting the experimental
results of various concentrations of PTH antigen in Human Serum from the Nyquist plots
as shown in Fig. 5b.

PTH (pg.mL−1) Rs (Ω) CPE Rct (Ω)

T (×10−7 Ω−1. sP) P

Blank 35.3 ± 0.8 3.3 ± 0.2 0.89 ± 0.007 1365 ± 6.9
1 45.0 ± 1.1 4.2 ± 0.3 0.83 ± 0.007 2169 ± 10.7
10 46.6 ± 1.2 4.8 ± 0.3 0.82 ± 0.006 2791 ± 13.1
100 47.0 ± 1.0 5.2 ± 0.7 0.89 ± 0.005 3369 ± 12.7
10,000 49.2 ± 0.9 5.5 ± 0.1 0.84 ± 0.005 4344 ± 16.1
100,000 54.6 ± 1.4 5.5 ± 0.1 0.84 ± 0.006 5393 ± 29.4
1,000,000 56.1 ± 1.5 5.6 ± 0.1 0.84 ± 0.005 6380 ± 27.9



Table 3
Comparison of the PTH biomarker sensing efficiency in PBS (pH. 7.0) and serum samples.

EIS DPV

PBS Serum PBS Serum

Linear range (pg.mL−1) 1–10,000 1–10,000 1–10,000 1–10,000
LOD (pg.mL−1) 0.15 0.36 0.23 0.59
R2 0.985 0.978 0.980 0.976
RSD (%) 3 ± 2 8 ± 4 4 ± 2 7 ± 3
Sensitivity (% decade−1) 0.522 0.163 0.26 0.17
Ka (pg.mL−1) 0.46 0.62 0.43 0.8
Kd (pg.mL−1) 2.2 1.7 2.4 1.3
Intra-day (%) 3.2 3.8 4.6 5.4
Inter-day (%) 5.7 6.5 5.9 7.5
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of the PTH sensors was evaluated by conducting experiments by both
EIS and DPV methods on three different nanostructured SD card elec-
trodes, each of them measured twice to acquire a relative standard de-
viation (RSD) for each PTH measurement performed. The binding
affinity constant (Ka) was calculated using the Langmuir isotherm ap-
proach, where the model assumes equal binding energy for all binding
sites [48]. Briefly, in the proposed experiments, the change in Rct
can be related to the binding energy of PTH with anti-PTH given by
the Eq. (3),

θ ¼ 1−
Rct C0ð Þ
Rct Cið Þ ð3Þ

where θ is the occupied binding sites, Rct(C0)and Rct(Ci) are charge
transfer resistance at PTH concentrations of zero and above-zero
respectively.

θ can then be related to the association constant as.

θ ¼ 1−
KaC

1þ KaC
ð4Þ

where Ka is the association constant and C is the concentration of the so-
lution. Eq. (4) can be rearranged to

KaC ¼ θ
1−θ

ð5Þ

Thus from (4) and (5)

KaC ¼ Rct Cið Þ−Rct C0ð Þ
Rct C0ð Þ ¼ ΔRct

Rct C0ð Þ ð6Þ

Using Eq. (6), a curve was plotted between ΔRct
Rct ðC0Þ and the concentra-

tion of PTH, which reveals that ΔRct
RctðC0Þ varies linearly with the concentra-

tion and a linear equation ΔRct
RctðC0Þ ¼ 0:37þ 0:62 logCSerum PTH ðpg:mL−1Þ
Table 4
Analytical characteristics of different PTH immunosensors as reported in the literature.

Transducer matrix Method Sample

PAMAMa dendrimers EIS Artificial serum
Au electrode EIS, CVd Artificial serum
Au electrode EIS Artificial serum
MoS2-Graphene/Au electrode CV Serum
Membrane based assay DPV Serum
AuNPs LFIAe Serum
Magnetic particles ELISA Serum
Au IDEb/FETc Electrical Fetal bovine serum
Au nanostructured electrode EIS, DPV Serum

a PAMAM: Poly(amidoamine).
b IDE: Interdigitated electrode.
c FET: Field effect transistor.
d CV: Cyclic voltammetry.
e LFIA: Lateral flow immunoassay.
was obtained with a correlation coefficient of 0.98. Similarly, for DPV

analysis, a linear equation ΔI
I0
¼ 0:9þ 0:8 logCSerum PTH ðpg:mL−1Þ was

obtained with a correlation coefficient of 0.97. From this, Ka was esti-
mated as the slope of the regression equation as 0.62 and 0.8 pg.mL−1

for both EIS andDPVmeasurements. Similarly, the dissociation constant
(Kd) was evaluated from the plot of different concentration of PTH in
both PBS and serum (CPTH) versus CPTH / ΔRct (ΔI) [49]. Subsequently,
Kd could be obtained by dividing the y-intercept by the slope of the lin-
ear regression curve. The analytical parameters of both EIS and DPV
measurements for PTH in PBS and serum are summarized in Table 3,
and both possessed similar performance towards the PTH detection in
serum samples.
3.5. Selectivity, reproducibility, reliability, and validation of the accuracy of
the immunosensor

The specificity of the proposed immunosensor was investigated
by performing negative control experiments where the receptive in-
terfaces were incubated with non-specific proteins TSH, albumin, T3,
CRP and IgG as interfering biomarkers (n=5) along with PTH in PBS
and serum samples all at the high concentration of 1 μg.mL−1. As
shown in Fig. 6a, the relative response (RR%) for Rct against the
non-specific proteins were much lower than those for PTH in PBS
and serum indicating that the immunosensor exhibited high selec-
tivity for PTH. Further, ELISA experiments were performed with
PTH antigen and two antibodies and compared with the EIS method
to determine the sensitivity of the assay (Fig. 6b). The absorbance
observed from different concentrations of PTH increased and fitted
with a linear regression line, A = 0.008 ×log [CSerum PTH] (pg.
mL−1) + 0.05, with R2 = 0.975. Both methods showed good sensi-
tivity for PTH detection in the range 100–105 pg.mL−1 with EIS
showing better linearity than ELISA which is an added advantage
for PoC applications.

Furthermore, to achieve high reproducibility from the developed
nanostructure-based electrode sensors and to avoid any inter and
intraassay variations during PTH detection, electrodes with the same
Rct were chosen and utilized for further experiments. The stability of
the immunosensors after storage at 4 °C in 10 mM PBS, pH 7.4, was
tested by observing the changes in the impedancemagnitude. The con-
structed immunosensors still kept 83.6% of their initial response for
1000 pg.mL−1 after storage at 4 °C for 10 days which indicated satisfac-
tory stability.

The change in charge transfer resistance (ΔRct) was used as an ana-
lytical parameter for the detection of PTH in patient serum and was
compared to results obtained with the Roche Cobas system. Differences
in PTH levels between cancer patients and cancer-free patients were
observed where cancer patients possessed higher amounts of PTH
up to 254 pg.mL−1 compared to healthy individuals (63.9 pg.mL−1).
Linear range (pg.mL−1) LOD (pg.mL−1) Reference

0.01–0.06 0.00143 [50]
0.1–0.6 0.0001 [51]
10–50 7.65 [52]
1–50 – [53]
5–5000 1 [54]
– 6.60 [55]
– 94.3 [56]
– 0.45 [57]
10–10,000 0.36 Present work



Fig. 6. (a) Relative response % (ΔRct) observed for different analytes (PBS-PTH, serum PTH, TSH, Albumin, T3, CRP and IgG) all at same concentration level (1 μg.mL−1) with the developed
immunosensor; (b) Comparison of the relative response % (ΔRct) of the immunosensorwith absorbance observed fromELISA for different concentrations of serumPTH (1 to 105 pg.mL−1).
Data points (■,○) are fitted with a linear regression line (—,……) for both EIS and ELISAmethods with a regression curve ΔRct= 48.80+ 53.75 (CSerum PTH); R=0.983 and A= 0.05+
0.008 (CSerum PTH); R=0.975, respectively. (c) Comparison of theproposed sensorwith commercially available equipment (RocheCobas 8000 system) for accurate quantification of serum
PTHwith EIS (●: healthy,■: disease) and RocheCobas (▲: healthy,♦: disease) based electrochemiluminescencemethods, respectively; (d) Receiver operating characteristic (ROC) curves
for EIS and Roche Cobas methods with AUC of 0.95 for EIS (—) and 0.89 for Roche Cobas (……) respectively.
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Both assays detected similar levels of PTH and test hypothesis (null and
alternative) at 0.05 level when the variance is assumed= and ≠ in both
tests, indicating no significant difference between the two methods
(Fig. 6c). The immunosensor detected few PTH samples as high that
were estimated a low by the Roche Cobas. Thus, these results confirm
the accuracy of the developed immunosensor using Au-Pt hybrid elec-
trode sensor. Datawere also analyzed using a receiver operating charac-
teristic (ROC) plot to predict diagnostic accuracy. Here, sensitivity (true
positive response) is plotted against 1-specificity (false positive re-
sponse) for different cutoff points (Fig. 6d). It is familiar that, a ROC
curve that passes through the upper left corner provides 100% sensitiv-
ity, and 100% selectivity and the area under the ROC curve (AUC, which
indicates the degree/measure of separability) quantifies the overall abil-
ity of the test to discriminate between normal and cancer samples. For
clinical sample (n = 20) analysis, the ROC plot has an AUC value of
0.95 for EIS and 0.89 for the Roche Cobas system respectively. Further,
the test results gave 83.33% clinical sensitivity and 92.85% clinical spec-
ificity using the combined EIS and Roche assay. The data indicate that
more clinical samples need to be analyzed for further confirmation of
the test results at a high potential for the proposed EIS method for
early-stage POC testings.

4. Conclusions

In conclusion, we have demonstrated the excellent capabilities of
nanostructured electrodes as highly sensitive electrochemical transduc-
ers for the detection of PTH in complex bioanalytical sensing environ-
ments. The present method offers a combination of scalable and
straightforward electrode fabricationwith an efficient approach for sur-
face functionalizationwith anti-PTH using 3-MPA. The Au-Pt nanostruc-
tures provided abundant binding opportunities for conjugation of
biorecognition elements. As a result, the constructed immunosensor ex-
hibited a largeworking range of 1 pg.mL−1-10 ng.mL−1, and high stabil-
ity with a LOD of 0.36 pg.mL−1 and 0.59 pg.mL−1 in EIS and DPV
measurements respectively. The developed immunosensor was used
with blood serum samples, and the results were comparable with the
Roche Cobas system, and ELISAmethods, implying its enormous poten-
tial for future diagnosis for biological samples in PoC applications. Fur-
ther, any biorecognition element can easily be immobilized on
nanostructured Au electrodes for quantitative and highly sensitivemea-
surements in serum samples. Thus,we believe that the developed Au-Pt
based hybrid chips have the potential to be directly implemented in PoC
applications for the detection of protein biomarkers towards a clinical
diagnostic system.
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