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Abstract: An electrochemical capacitance immunosensor based on an interdigitated wave-shaped
micro electrode array (IDWµE) for direct and label-free detection of C-reactive protein (CRP) was
reported. A self-assembled monolayer (SAM) of dithiobis (succinimidyl propionate) (DTSP) was used
to modify the electrode array for antibody immobilization. The SAM functionalized electrode array
was characterized morphologically by atomic force microscopy (AFM) and energy dispersive X-ray
spectroscopy (EDX). The nature of gold-sulfur interactions on SAM-treated electrode array was probed
by X-ray photoelectron spectroscopy (XPS). The covalent linking of anti-CRP-antibodies onto the SAM
modified electrode array was characterized morphologically through AFM, and electrochemically
through cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The application
of phosphate-buffered saline (PBS) and human serum (HS) samples containing different concentrations
of CRP in the electrode array caused changes in the electrode interfacial capacitance upon CRP
binding. CRP concentrations in PBS and HS were determined quantitatively by measuring the change
in capacitance (∆C) through EIS. The electrode immobilized with anti-CRP-antibodies showed an
increase in ∆C with the addition of CRP concentrations over a range of 0.01–10,000 ng mL−1. The
electrode showed detection limits of 0.025 ng mL−1 and 0.23 ng mL−1 (S/N = 3) in PBS and HS,
respectively. The biosensor showed a good reproducibility (relative standard deviation (RSD), 1.70%),
repeatability (RSD, 1.95%), and adequate selectivity in presence of interferents towards CRP detection.
The sensor also exhibited a significant storage stability of 2 weeks at 4 ◦C in 1× PBS.
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1. Introduction

C-reactive protein (CRP; 118 kDa) is a homopentameric classical acute phase inflammatory
protein [1]. Expression of CRP increases during inflammatory autoimmune diseases such as rheumatoid
arthritis, some cardiovascular diseases, and infections [2]. Many studies have reported the role of
CRP as a potential biomarker for coronary heart disease, and likely as a direct contributor in vascular
inflammation [3]. The reference level of CRP in the blood of healthy individuals is below 3 µg mL−1 and
changes between 0 and 1 µg mL−1 (low risk), 1–3 µg mL−1 (intermediate risk), and 3–10 µg mL−1 (high
risk) are indicative of potential cardiovascular events [4]. Pepys and Hirschfield reported that minute
changes between 0.1 and 10 µg mL−1 are strongly associated with predictions of future coronary events,
while larger increases are related to chronic inflammatory diseases, such as arthritis [5]. Therefore,
detection of very low levels of CRP is needed for early detection of cardiovascular risk and inflammatory
events. Several methods have been reported for CRP detection, including a CRP enzyme-linked
immunosorbent assay (ELISA), surface plasmon resonance [6], piezoelectric cantilevers [7], quartz
crystal microbalances [8], and electrochemical analysis [9], as well as nephelometric, turbidimetric, and
luminometric methods [10]. However, many efforts are still ongoing to improve the detection limit,
dynamic range, reliability, cost, and measurement speed of such analytical methods.

To quantify very low concentrations of CRP in clinical laboratories, an ELISA protocol with a
limit of detection as low as 1.0 µg mL−1 is usually applied [11]. The detection limit is improved
to 1.0 ng L−1 if the ELISA is incorporated with beads [12]. Nevertheless, the detection limit needs
to be improved further for clinical applications. Electrochemical ELISA assays and surface plasma
resonance [13] based sensors have demonstrated CRP detection at the µg and sub-µg levels. However,
CRP detection at the pg and sub-pg levels, which would facilitate the early detection of cardiovascular
events, is not well demonstrated. Therefore, the sensitive quantification of CRP abundance using rapid,
reliable, and precise analytical methods in pharmaceutical research and clinical diagnosis has become
an important objective.

Recently, label-free electrochemical impedimetric immunosensing techniques have been reported
using microdisc ITO (Indium tin oxide) electrodes and interdigitated gold electrode arrays for selective
and ultrasensitive detection of tumor necrosis factor-α, human insulin, and CRP at the µg and sub-µg
mL−1 levels [14–16]. In addition, developments in the microfabrication industry have enabled the
fabrication of miniaturized electrochemical sensing platforms to improve the detection limits of
immunosensors [17]. Efforts are being made to develop CRP electrochemical sensing systems for
point-of-care testing applications and personalized health monitoring. Owing to developments in the
microfabrication industry, it is now possible to fabricate microelectrodes in different configurations
that are highly sensitive and provide very low detection limits and dynamic ranges. The fabrication of
a simple interdigitated micro electrode arrays in wave shapes for electrochemical CRP quantification
with low-cost manufacturing has made the present electrochemical immunosensing study competitive
with other immunosensing techniques.

SAMs provide the simplest methods to produce ultrathin, reproducible, oriented, and ordered
monolayers that can retain the bioactivity of functionalized macromolecules. SAM coatings
on gold surfaces using carboxylic acid (–COOH) functional groups containing thiols such as
11-mercaptoundecanoic [18], dithiobutyric [19], 3-mercaptoproponoic, and thioctic acids [20] are
needed to activate N-hydroxysuccinimide(NHS)/(N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride (EDC) before use under stringent reaction conditions (e.g., strict acidic conditions),
which increases the complexity of SAM preparation. However, dithiobis (succinimidyl propionate;
DTSP) can be easily used without additional activation steps compared with other SAMs by forming
covalent amide bonds between amino groups of protein lysine residues and reactive succinimidyl
group of DTSP [21]. The mild reaction conditions and short self-assembling time of DTSP (2 h) increases
the accuracy and practical utility of microelectrode surface functionalization.

Herein, we fabricated a label-free electrochemical capacitance immunosensor by functionalization
of electrode arrays using SAMs. The detection antibodies were covalently linked onto functionalized
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SAM surfaces through amide cross-linking. As a prototype, the electrode arrays were functionalized
with DTSP-SAM, and human anti-CRP-antibody was selected as the model immobilizing antibody
to detect recombinant human CRP protein. The CRP antigen was detected by probing the
interfacial properties of electrodes, (∆C; capacitance change) using electrochemical impedance
spectroscopy. The fabricated sensor with dimensions (16 × 63 mm) has the capability to function as
a portable electrochemical immunosensing system to detect CRP for point-of-care applications. The
BSA/anti-CRP-antibodies/DTSP/IDWµE array immunosensor detected CRP at sub-pg levels within
10 min. In addition, the DTSP-modified microelectrode array surfaces provided a suitable sensing
platform for CRP sensing excluding SAM activation steps (EDC)/(NHS) and retained the bioactivity of
the immobilized antibodies.

2. Materials and Methods

2.1. Materials

Recombinant human CRP and anti-CRP-antibodies were procured from AbCam (Cambridge,
UK). Dithiobis (succinimidyl propionate), sodium borohydride (NaBH4), Bovine serum albumin
(BSA), human serum (HS), potassium ferrocyanide (K4Fe(CN)6), potassium ferricyanide (K3Fe(CN)6),
and polydimethylsiloxane (PDMS) were procured from Sigma-Aldrich (St. Louis, MO, USA).
Tween-20 was purchased from Amresco (Solon, OH, USA). 1× PBS comprising 0.05% Tween-20,
and Phosphate-buffered saline (10× PBS, pH 7.4) were purchased from Tech and Innovation (Gangwon,
Korea). All solutions were prepared with deionized water of resistivity 18.2 MΩ cm supplied by
Purescience (Jungwon, Korea). All the chemicals used in the assay procedures were of analytical grade
and are used as received without further purification.

2.2. Instruments

Atomic force microscopy (AFM) images were obtained using an ambient air scanning probe
microscope (XE–100 Park Systems, Korea) operated in a typical non-contact mode with scanning at
a rate of 0.5 Hz. The scanning region was approximately 1 × 1 µm2 with a resolution of 0.05 nm.
Images were analyzed using XEP software for root mean square roughness, height differences, and
skewness (asymmetry of the height distribution). A scanning electron microscope (HITACHI S-4700,
Japan) provided with energy dispersive X-ray analyzer (HORIBA EX 250) was used to study the
elemental composition of the electrode arrays before and after SAM treatment. To study the gold-sulfur
interactions and elemental electronic structure, X-ray photoelectron spectrometer (XPS) provided
with an Al-Kα monochromatic X-ray source from Thermo Electron Corporation (Waltham, MA, USA)
was used. The high vacuum pressure in the analysis chamber during XPS scans was maintained
below 10−9 Torr. Survey spectra (data not shown) were recorded first with 200 eV pass energy,
1 eV steps, and a dwell time of 50 ms. The sample spot size was approximately 4 × 4 µm2, and
the takeoff was maintained at 45◦. The S(2p) and C(1s) region scans were determined with typical
bandwidths of 15–20 eV, pass energies of 50 eV, step sizes of 1 eV, and dwell times of 50 ms. The
obtained XPS spectra were deconvoluted using standard Gaussian curve fit with Shirley background
subtraction [22]. Electrochemical measurements were recorded using a potentiostat from IVIUM
technologies (CompactStat, Eindhoven, The Netherlands). The voltammograms were determined in
5 mM [Fe(CN)6]3−/4−) (1:1; v/v) in 1× PBS (pH 7.4, 25 ◦C), at a scan rate of 50 mV s−1 in a potential
window of +0.5 V to −0.5 V in a three-electrode system consisting of working electrode (bare IDWµE
or modified IDWµE array), a counter electrode (platinum coil), and a reference electrode (Ag/AgCl
electrode in NaCl). Impedance spectroscopy data of the bare IDWµE or modified IDWµE arrays was
also measured using potentiostat from IVIUM technologies, in 1× PBS (pH 7.4, 25 ◦C) using a two
electrode configuration. The EIS spectra were obtained by applying an A.C perturbation voltage with
root mean square value of 50 mV in 1 Hz–100,000 Hz frequency range with five points per decade.
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The obtained impedance spectra were fitted to a simplified equivalent circuit using a non-linear curve
fitting software (ZView 3.2c; Scribner Associates Inc., Southern Pines, NC, USA).

2.3. Fabrication of Interdigitated Wave-Shaped Microelectrode Array

For the capacitive detection of CRP, an interdigitated wave shaped micro electrode array (IDWµE)
was fabricated on a glass slide substrate (63 × 16 × 1.1 mm) using microelectromechanical system
(MEMS) technology. A conductive adhesion metal layer of Ti, having a thickness of 25 nm and an Au
electrode metal layer, having a thickness of 50 nm were deposited successively using electron beam
evaporation. The spacing and width of the interdigitated fingers were both 30 µm and were patterned
by a photolithographic and chemical wet etching process. The patterned electrode array consisted of a
sensing region, transmission lines, and terminal pads. Next, a PDMS chamber (d = 8 mm) prepared
was attached to the sensing area of the electrode array for the formation of SAMs, and to preserve the
solvents for affinity reactions and impedance spectra measurement (Figure S1).

2.4. Functionalization of Electrode Arrays with DTSP

The fabricated IDWµE arrays were initially cleaned by successive sonication in acetone, ethanol,
and DI water for 2 min, followed by rinsing with milli Q water, and purged under low stream of N2

gas to remove any impure materials bound on the electrode surface. DTSP was functionalized on the
sensing area of the electrode arrays by immersion in 2 mg mL−1 DTSP solution prepared in acetone for
2 h. Before SAM functionalization, DTSP solution was first reduced with 10 mg mL−1 aqueous NaBH4

for 10 min at room temperature (25 ◦C) [23–25]. Subsequently, the SAM-functionalized electrode arrays
were rinsed with acetone followed by DI water to remove free thiol moieties. An additional washing
step was performed by sonicating the substrate in fresh acetone for 5 min to remove H-bonded thiol
moieties. Subsequently, the electrodes were washed with acetone and DI water for 2 min and blown
dry under low stream of N2 gas.

2.5. Affinity Immunoassay Protocol

The DTSP-functionalized electrode array was incubated with 20 µL of anti-CRP-antibodies (50 µg
mL−1) and placed in a humid chamber for 1 h to avoid drying of the electrode array surface during the
binding process. Lysine-NH2 groups of anti-CRP-antibodies and the reactive succinimidyl group of the
DTSP-SAM formed stable covalent amide bonds during the binding process on the electrode surface.
The anti-CRP antibody/DTSP/IDWµE arrays that formed were washed with 1× PBS containing 0.05%
Tween-20 for 2 min to remove unbound anti-CRP-antibodies. To avoid nonspecific binding, BSA (1 mg
mL−1) in 1× PBS, pH 7.4, was used to form BSA/anti-CRP-antibody/DTSP/IDWµE arrays. Finally, the
electrodes thus formed (anti-CRP-antibodies/DTSP/IDWµEs) were washed with 1× PBS containing
Tween-20 (0.05%) to remove unbound BSA molecules. Different quantities of CRP were mixed into
10 mM of PBS (pH 7.4) and HS to obtain final concentrations of 0.01, 0.1, 1, 10, 100, 1000, 5000, and
10,000 ng mL−1. The functionalization of DTSP-SAM, covalent crosslinking of anti-CRP-antibodies onto
the electrode array chips, the affinity sensor electrode surface modification steps, and the underlying
detection principle are shown in Figure 1.

2.6. Preparation of HS Samples

HS was diluted 1:100 using PBS, pH 7.4, in order to circumvent matrix effects. A range of CRP
concentrations (0.01–10,000 ng mL−1) in HS samples was prepared and applied to the electrode array
for incubation (10 min) in a humid chamber to react with the available CRP.
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Figure 1. Microscopic image of the IDWµE fabricated on a glass slide with dimensions of 16 mm ×
63 mm × 1.1 mm. (a) The electrode array microscopic images at Low magnifications (100×) and high
magnifications (200×) showing a 30 µm width for finger and spacing, respectively. (b) A schematic
illustration of the DTSP functionalization and immobilization of anti-CRP-antibodies onto the IDWµE
array. (c) The underlying working principle of the CRP immunosensor based on quantifying the total
capacitance of the sensor after sequential formation of SAM, anti-CRP antibody, BSA, and CRP layers;
(where C1 = CSAM, C2 = Canti-CRP-Ab, C3 = CCRP). (d) The sequential surface modification steps of the
IDWµE array for immunosensing of CRP.

3. Results and Discussion

3.1. Characterization of Modified Electrode Arrays

3.1.1. Chemical Composition of the Modified Electrode Arrays

To confirm DTSP-SAM functionalization on the electrode array surface, EDX measurements were
first conducted to study the elemental composition of the microelectrode array before and after SAM
treatment. Figure S2 shows EDX images of the bare microelectrode array (a) and DTSP-SAM/IDWµE
array (b) surfaces in the 0–10 keV range. The bare electrode array spacing area displays O and Si as
the major elements, with Al and Ca as trace elements, while the working area of the electrode arrays
displays Au as the major element and Si, Ti, and Ca as trace elements. After DTSP-SAM treatment,
the working area of the electrode arrays had Au as the major element and S, Si, Ti, C, and Ca as trace
elements. Where the elements Au, Si, and Ti were from the electrode array surface and additional
elements S and C on electrode surfaces rose due to SAM functionalization on the electrode array.
In addition, to probe the nature of SAM–Au interactions, and focusing on the contributions of the
sulfur and carbon atoms, S2p and C1s, XPS bands are of prime importance to understand the degree of
bonding to the electrode array surface, as shown in Figure 2a,b. For the, S2p deconvoluted spectra,
three distinct components were detected; the binding energies (BE) at 161.5 eV and 161.0 eV can be
ascribed to Au-bonded sulfur atoms [25], whereas the signal at 163.0 eV is typical of non-bonded or
weakly bound sulfur atoms [26]. Figure 2b, displays a high-resolution deconvoluted carbon 1s (C-1s)
spectrum of the DTSP functionalized Au electrode array. A BE of 284.4 eV was assigned to the alkyl
chains (C-C) in the DTSP-SAM [27]. Furthermore, the functionalization of the SAM on Au electrode
arrays was probed by the additional signal detected at 287.0 eV, which is typical of the carboxyl group
(O-C=O) ([28]) of SAM functionalized on Au electrode arrays. The above two signals were not detected
in the high resolution C1s spectrum of the bare Au electrode array (inset of Figure 2b).
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Figure 2. X-ray photoelectron spectroscopy spectra (XPS) of DTSP-SAM on IDWµE: (a) S2p and C1s
(b) bands.

3.1.2. Topography of Modified Electrode Arrays

To study morphological changes of the electrode surface after major steps of electrode modification,
AFM topological images were recorded. The bare plane gold electrode array surface exhibited a
polycrystalline surface with an average roughness of 8.097 ± 0.42 nm (n = 10) (Figure 3a). The electrode
surface was transformed to a smooth surface topography in comparison to bare gold surfaces after
DTSP-SAM functionalization, with an average roughness of 4.078 ± 0.1 nm (n = 10) (Figure 3b).

Figure 3. AFM topographical images of DTSP/IDWµE (a), DTSP/IDWµE (b), anti-CRP-antibody/

DTSP/IDWµE (c), and CRP/BSA/anti-CRP-antibody/DTSP/IDWµE arrays (d) scanned at a rate of 0.5 Hz
with topographic profile.

The electrode surface was changed to a globular structure after modification with
anti-CRP-antibodies, suggesting the successful cross-linking of antibody on the surface, with an
increase in electrode roughness to 5.08 ± 0.37 nm (n = 10) (Figure 3c). Finally, with the addition of CRP
target analyte, the electrode surface showed a clear protruding topography across the electrode surface.
The protruding topography was due to stable antigen-antibody complex formation on electrode
surfaces, with increased surface roughness of 6.1 ± 0.2 nm (n = 10) (Figure 3d).
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3.2. Optimization of Experimental Conditions

To obtain the optimal electrochemical response, the experimental conditions in terms of pH (4.5,
5.5, 6.2, 7.4, 8.5, 9.2), anti-CRP-Ab concentration (10, 20, 30, 40, 50, 60, 70, and 80 µg mL−1), and
incubation time (1, 2, 5, 10, 20, 30, 40, and 50 min) are optimized, where CRP concentration was
kept constant (1 ng mL−1). As shown in Figure 4a, the capacitance change increases with increase
in pH value until 7.4, and then decreases with the increase in pH value. Thus, the optimal pH for
immunoreaction is 7.4, since either extreme alkaline or acidic pH conditions may denature proteins.
A suitable concentration of antibody was investigated for the immunocomplex formation with antigen
to obtain the best sensor performance. As shown in Figure 4b, the sensor was assessed by incubating
in various concentrations of anti-CRP-antibody ranging from 5.0 to 200 µg mL−1. The ∆C of the
sensor increased as the concentration is increased from 5.0 to 50 µg mL−1, while above 50 µg mL−1, no
considerable increase in the sensor response was detected due to saturation effect. Hence, 50 µg mL−1

of anti-CRP-antibody concentration was used for the later experiments. The effect of incubation time
between anti-CRP-antibody and CRP was studied and optimized between 1.0 and 50 min. The response
signal increased with increase in the immunoreaction time up to 10 min, while above this incubation
time, no significant increase in the signal was detected, suggesting that 10 min is the optimum time for
the immunoreaction (Figure 4c). To summarize the optimized conditions, the optimum pH value is 7.4,
concentration of anti-CRP-antibody is 50 µg mL−1 and incubation time is 10 min.

Figure 4. Effect of pH (a), concentration of Anti-CRP-Ab (b) and the incubation time (c) on the response
of the immunosensor to 1 ng mL−1 of CRP analyte.

3.3. Voltammetry and Impedance Analysis of Modified Electrode Arrays

Figure 5a shows the voltammetry behavior of the step-wise fabrication process for the bare and
modified electrodes in a pH 7.4, PBS containing 5 mM [Fe(CN)6]3−/4−) and 0.1 M KCl. A pair of
well-defined redox peaks were detected in case of bare electrode suggesting a clear electrochemical
response for [Fe(CN)6]3−/4− with gold surface (Figure 5a, curve i). The electrodes modified with
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functionalized SAM shows a drastic change in voltammetry curves and peak currents, compared to
bare electrode (Figure 5a, curve ii). This phenomenon may be ascribed to the compact nature of the
functionalized SAM coated on the electrode surface which hindered the electron transport or blockage of
[Fe(CN)6]3−/4− ion movements towards the electrode surface. In addition, CV of anti-CRP-antibody and
BSA-modified electrodes showed reduced ferricyanide responses in comparison to SAM functionalized
electrode arrays (Figure 5a, curve iii and iv). This phenomenon may arise due to formation of an
insulating biomolecular layer of anti-CRP-antibody and BSA on the electrode surface which prevents
the transfer of electrons to the electrode surface from the redox electrochemical probe. This implies
the complete decrease in peak currents for [Fe(CN)6]3−/4− redox probe and shifts in reductive peak
potential for the anti-CRP-antibody and BSA modified electrode arrays.

Figure 5. CV (a) and Nyquist plot (b) of bare IDWµE (i), DTSP/IDWµE (ii),
anti-CRP-antibody/DTSP/IDWµE (iii) and BSA/anti-CRP-antibody/DTSP/IDWµE arrays (iv) and
BSA/anti-CRP-antibody/DTSP/IDWµE arrays with 0.1 ng mL−1 of CRP (v) in 5 mM
K3Fe(CN)6/K4Fe(CN)6 (1:1) and 0.1 M KCl in 1× PBS.

EIS was performed to probe the interfacial properties of the electrode surface during electrode
modification steps (SAM functionalization and bio-immobilization of anti-CRP-antibody). Figure 5b
shows the Nyquist plots (−Z′′ vs. Z′) obtained on bare and modified IDWµE arrays in a solution of
5 mM K3Fe(CN)6/K4Fe(CN)6 (1:1) and 0.1 M KCl and in 1× PBS, respectively. The charge-transfer
resistance (Rct) at the electrode surface was calculated by fitting the measured impedance data to an
equivalent circuit model as shown in inset of Figure 5b. The measured impedance of the fabricated
electrode sensors might be analyzed by using a simplified Randles equivalent circuit model consists of
a series solution resistance (RS), electrode double layer capacitance which is in parallel to the charge
transfer resistance. As shown from Table S1, it was determined that the Rct tends to increase with
step-wise assembly of the bare IDWµE and modified IDWµE electrodes. The impedance spectra of
the bare IDWµE arrays (Figure 5b, curve i) shows a semicircle (Rct: 123,180 Ω) with no diffusional
limiting step of the electrochemical process which is an advantage of the fabricated microelectrodes.
The charge transfer resistance of the SAM modified electrode (Rct: 311540) increases due to the surface
functionalization of reduced DTSP layer (Figure 5b, curve ii). This suggests that the assembled
monolayer generated a hindrance to the electron transfer of [Fe(CN)6]3−/4−) at the electrode surface.
After the immobilization of Anti-CRP-antibodies on the DTSP-SAM, the diameter of the high frequency
semicircle was significantly enhanced with an Rct value of 358,210 Ω (Figure 5b, curve iii), suggesting
that Anti-CRP-antibodies were covalently immobilized onto the SAM modified electrode arrays. The
increase in Rct values might be due the presence of biological molecule on the electrode surface
which results in formation of a ferricyanide transport-blocking layer on the electrode surface. The
modification of electrode with 1 mg mL−1 of BSA and introduction of 0.1 ng mL−1 of CRP onto
the electrode surface increased the Rct to 384,650 Ω and 473,850 Ω, respectively (Figure 5b, curve
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iv and curve v). The increase in biological moieties on the electrode surface obstruct the electron
transfer of electrochemical redox probe at the modified electrode surfaces. This implies that the
non-specific blocking of modified electrodes and the analyte (CRP) induced response of the fabricated
immunosensor. The impedance results are consistent with that of CV experiments as shown in
Figure 4a, indicating the functionalization of electrode with DTSP-SAM and successful immobilization
of anti-CRP-antibodies on the electrode surface.

The impedance magnitudes (|Z|) and corresponding capacitances (C) of bare electrode arrays and
modified electrode arrays for detection of CRP in 1× PBS are shown in Figure 6a,b. The measured
impedance of the fabricated electrode sensors might be analyzed by using an equivalent circuit model
consists of an electrode interfacial impedance modeled as the constant phase element (CPE) and
a series solution resistance (RS) [29]. The impedance of the modified electrodes increased linearly
which is typical of the capacitance determined from the following equation of impedance; ZCPE =

[Q(jω)n]−1; where Q (CPE-T) and n (CPE-P) are numerical values, Z is impedance, j is an imaginary
unit, and ω is the angular frequency (Figure 5a). By using non-linear curve fitting, the values of these
parameters were extrapolated to reduce the sum of the squared deviations between the equivalent
circuit model and the measured impedance spectra. As shown from Table 1, it was determined that the
1/CPE-T tends to decrease with step-wise assembly and the CPE-P of the bare IDWµE and modified
IDWµE electrodes was reached close to 1 after each modification step, suggesting that the interfacial
electrode impedance was mainly attributed by capacitive reactance [14]. From Figure 6b, the change in
capacitance occurred (Ctotal) due to the sequential binding of linker molecules (CSAM), and proteins;
such as antibodies (Canti-CRP-Ab) and antigens (CCRP) on the electrode surface which results an increase
in impedance magnitude (|Z|); and on the other hand a decrease in reactive capacitance, as shown in
Figure 6a,b, respectively [15].

Table 1. Extrapolated electrochemical impedance spectroscopy (EIS) parameters of the bare IDWµE
and modified IDWµE arrays by fitting to the experimental data in Figure 6a.

CPE

Electrode Rs (Ω) Q [×10−7·Ω−1·sn] n χ2

IDWµE array 1493 33.87 0.8569 0.0059
DTSP-SAM 1547 9.641 0.9429 0.0057

Anti-CRP-Ab 1531 6.079 0.9284 0.0051
BSA 1530 6.809 0.9498 0.0048

Figure 6. Bode plot of the impedance magnitude (|Z|) (a) and reactive capacitance (C) (b) obtained
at IDWµE (i), DTSP/IDWµE (ii), anti-CRP-antibody/DTSP/IDWµE (iii) BSA/anti-CRP-antibody/

DTSP/IDWµE arrays (iv) and BSA/anti-CRP-antibody/DTSP/IDWµE array with 0.1 ng mL−1 (v) of CRP
at various modification stages of the electrode surface for the detection of CRP in 1× PBS.
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3.4. Capacitive Analysis of CRP in 1× PBS

Changes in capacitance (|∆C|) for the BSA/anti-CRP-antibodies/DTSP/IDWµE-based immunosensor
with respect to increased CRP concentration from 0.01 to 10,000 ng mL−1 diluted in 10 mM PBS
(Conc.CRP) were assessed. With increasing concentrations of CRP antigen, the capacitance was
decreased. The immunosensor response to CRP was quantified as capacitance change (|∆C|) given
as |Ci − C0/C0|, where Ci and C0 represent the capacitance in the presence and absence of antigen,
respectively [30]. The corresponding |∆C| versus frequency (f) curve is presented in Figure 7a. It was
demonstrated that CRP can be detected with the fabricated anti-CRP-antibodies/DTSP/IDWµE-based
electrode array, where |∆C| is shown as a parameter for quantitative detection of CRP. Figure 6a, shows
the maximum difference in |∆C| at 10 Hz; this was selected for assessing sensor performance with
respect to increasing CRP antigen concentration. A calibration curve based on the changes in |∆C|at 10Hz

with logarithmic concentrations of antigen (Conc.CRP) in PBS from 0.01 to 10,000 ng mL−1 is shown
in Figure 7b. The calculated regression equation was found to be y = 0.1053x + 0.543 (x: ng mL−1, y:
|∆C|at 10Hz) with R2 = 0.9963. By considering the capacitance of the antibody-immobilized IDWµE
as a threshold of the signal, a detection limit of 0.025 ng mL−1 was calculated using the formula 3 ×
SE/sensitivity, where SE is the standard error of the Y-intercept (SE = 8.9039 × 10−4) and sensitivity
(0.1053 ∆C/ng mL−1) is the slope of the calibration curve [31] (Figure 7b).

Figure 7. Normalized capacitance (|∆C|) of the BSA/anti-CRP-antibodies/DTSP/IDWµE array measured
with respect to increased CRP concentrations diluted in 1× PBS (a); Calibration plot for |∆C|at 10Hz with
increasing CRP concentrations diluted in 1× PBS and ranging from 0.01 to 10,000 ng mL−1 (b). Each
data point represents the average of three values (n = 3), with the range indicated by error bars.

In addition, the dynamic range and detection limits of the present fabricated CRP immunosensor
were significantly improved in comparison to other recently developed CRP immunosensors reported
in the literature, as shown in Table 2. The limit of detection in our case is higher than [16,32–36], while
lower than [37–39]. The detection range of the fabricated CRP immunosensor is lower than [32], but
wider as compared to some other reported methods [16,34–39]. However, the detection assay (a) is
label-free, (b) lacks the Warburg diffusion limitation, which may arise from micro-structured fabricated
electrodes, (c) has low-cost sample preparation, and (d) is a direct signal readout in the form of an
electrical signal, which makes the present fabricated immunosensor advantageous than the reported
methods [34–38].
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Table 2. Comparison of the performance of our fabricated CRP immunosensor with other reported
microsystems for CRP detection.

Assay Type Detection Limit
(ng mL−1)

Dynamic Range
(ng mL−1)

Reference

Paper based EIA 15 50–105 [32]
Immunochromatography 600 N.R [33]

Impedimetric IA 0.06 1–1000 [16]
Smart phone based IA 0.07 0.03–81 [34]

LOC-based CIA 1.5 3–81 [35]
EIS 0.1 0.1–20 [36]

LSPR 10−9 10−7–1000 [37]
ETC 5 × 10−6 0.01–10 [38]

Piezoelectric IA 3 × 10−4 0.001–100 [39]

Impedimetric IA 0.025 0.01–10,000 This work
(PBS)

Impedimetric IA 0.23 0.01–10,000 This work
(Human-serum)

N.R: not reported, LOC: lab-on-chip, CIA: chemiluminescence immunoassay, EIA: electrochemical immunoassay,
ETC: electronic taste chip, LSPR: localized surface plasmon resonance.

3.5. Stability, Reproducibility, and Interference Studies

The variation in capacitance after CRP addition was measured as a function of time in days
using as prepared BSA/anti-CRP-antibodies/DTSP/IDWµE biosensor. The storage stability of biosensor
was determined by measuring capacitance with 0.1 ng mL−1 CRP at regular intervals of 1 day for
approximately 2 weeks. The biosensor was stored at 4 ◦C when not in use. The results demonstrated
that the immunosensor lost 3% of its initial response after 2 weeks when stored at 4 ◦C (Figure 8b).
Reproducibility is an important factor for the clinical use of fabricated immunosensors. Reproducibility
of our immunosensor was verified by determination of intra- and inter-assay relative standard deviation
(RSD). The intra-assay precision of the immunosensor was assessed at 0.1 ng mL−1 CRP concentration
with three replicate measurements. The inter-assay precision was assessed at 0.1 ng mL−1 CRP
concentration with three different BSA/anti-CRP-antibodies/DTSP/IDWµE arrays. The calculated
intra-assay and inter assay RSDs were 1.95% and 1.70%, respectively, indicating satisfactory precision
and reproducibility of the immunosensor. The covalent cross-linking of the anti-CRP-antibody
molecules with the electrode surface prevents the escape of these biomolecules from the electrode
surface, endorsing good electrode stability. Effects of interferents in CRP detection were investigated
using human chorionic gonadotrophin (HCG) (0.1 ng mL−1), insulin (0.1 ng mL−1), and cardiac
troponin (cTn-I) (0.1 ng mL−1) and the prepared BSA/anti-CRP-antibodies/DTSP/IDWµE array sensor.
The interferents in 1× PBS were incubated with the biosensor separately, and the capacitance was
measured over the frequency range 1 Hz to 100,000 Hz. The results suggested that capacitance
of the immunosensor was not affected significantly in the presence of selected interfering agents
(Figure 8a), compared to control electrodes, demonstrating that the fabricated immunosensor showed
high selectivity for the detection of CRP.

3.6. Capacitive Detection of CRP in Human Serum

To validate the practical application of the fabricated immunosensor, the BSA/anti-CRP-antibodies/
DTSP/IDWµE arrays were incubated with different concentrations of CRP (0.01 to 10,000 ng mL−1)
prepared in 1% v/v HS samples. From the |∆C| versus f plot, as shown in Figure 9a, it was shown
that |∆C| increased with the concentration of CRP in HS. The maximum change in |∆C| was observed
at 10 Hz, and therefore, |∆C|at 10Hz was plotted against the various concentrations of CRP in HS
(Conc.HS-CRP). The increase in capacitance with logarithmic CRP concentrations between 0.01 and
10,000 ng mL−1 showed a linear relationship with the regression equation as y = 0.0064x + 0. 2835
(x: ng mL−1, y: |∆C|at 10Hz) and R2 = 0.9975. The detection limit of 0.23 ng mL−1 was calculated using
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the formula 3 × SE/sensitivity, where SE is the standard error of the Y-intercept (SE = 4.977 × 10−4) and
sensitivity (0.0064 ∆C/ng mL−1) is the slope of the calibration curve [31] (Figure 9b).

Figure 8. Interference study of the BSA/anti-CRP-antibodies/DTSP/IDWµE array with different
interfering agents (Human chorionic gonadotrophin (HCG); Insulin; Cardiac troponin-I (cTn)) in 1×
PBS, pH 7.4 at a concentration of 0.1 ng mL−1 and a frequency of 10 Hz (a); Storage stability study of
the BSA/anti-CRP-antibodies/DTSP/IDWµE array at a regular interval of 1 day in 100 µL of 1× PBS
(pH 7.4) at 0.1 ng mL−1 and a frequency of 10 Hz (b). Each data point represents the average of three
values (n = 3), with the range indicated by error bars.

Figure 9. Normalized capacitance (|∆C|) of the BSA/anti-CRP-antibodies/DTSP/IDWµE array measured
with respect to increasing CRP concentrations diluted in HS (Conc.HS-CRP) (a); calibration plot for
|∆C|at 10Hz with increasing CRP concentrations diluted in HS ranging from 0.01 to 10,000 ng mL−1 (b).
Each data point represents the average of three values (n = 3), with the range indicated by error bars.

3.7. Real Sample Analysis

To validate the capacitance immunosensor, the fabricated BSA/anti-CRP-antibodies/DTSP/IDWµE
array was used for the determination of CRP in real samples. Five different concentrations of CRP, 0.5,
250, 500, 1000, and 5000 ng mL−1 were spiked on 1% v/v PBS diluted serum sample and was applied to
the BSA/anti-CRP-antibodies/DTSP/IDWµE array in 1× PBS, pH 7.4. Triplicate of each concentration
was tested and the average of three determinants was taken and the recovery was tabulated. From
Table 3, concentration of CRP in spiked human serum samples were found to be 0.489, 249.51, 505.42,
998.57, and 4999.13 ng mL−1, and the recoveries were 97.8% (n = 3), 99.8% (n = 3), 101.1% (n = 3),
99.8 (n = 3), and 99.9 (n = 3), respectively. The results obtained are in the good range of recovery for
three determinants and there was no significant difference between the spiked and the found CRP
concentrations using the fabricated immunosensor. Therefore, BSA/anti-CRP-antibodies/DTSP/IDWµE
array can be successfully applied for the precise determination of CRP in real samples.
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Table 3. Recovery and % RSD of CRP spiked diluted human serum samples.

Test
Sample

CRP in Diluted Serum
(ng mL−1)

Spiked
(ng mL−1)

Found
(ng mL−1)

Recovery
(%)

RSD
(%)

A 0 0.5 0.489 97.8 1.52
B 0 250 249.51 99.8 1.99
C 0 500 505.72 101.1 1.25
D 0 1000 998.57 99.8 1.90
E 0 5000 4999.13 99.9 1.32

4. Conclusions

An electrochemical disposable immunosensor based on capacitance measurement for CRP
detection was fabricated by the covalent crosslinking of anti-CRP-antibodies onto a DTSP-SAM-
functionalized IDWµE. The functionalization of SAM on the IDWµE surface was established based
on AFM, EDX, XPS, and EIS analyses. A biocompatible environment was induced by functionalized
SAM to immobilize the anti-CRP-antibodies, which maintained the biological activity of the antibodies.
The covalent crosslinking of the antibody to the gold surface, which eliminated additional activation
steps (EDC/NHS), afforded good stability to the immunosensor. The immunosensor is optimized for
the critical parameters such as pH, anti-CRP-antibody concentration and immunoreaction time. The
biosensor was also successfully validated for use as a capacitive immunosensor for the determination
of CRP levels in HS samples. The immunosensor exhibited a detection limit of 0.025 ng mL−1

and 0.23 pg mL−1 in PBS and HS, respectively. The sensor showed a wide dynamic range of
0.01 to 10,000 ng mL−1 in both PBS and HS, respectively. The CRP spiked diluted human serum
(1% v/v) sample had shown the recoveries ranging from 97.8–101.1%. Stability studies endorse
that the fabricated electrochemical immunosensor has good storage stability. Moreover, interfering
agents at higher concentrations have no significant effect on the capacitive detection of CRP at
BSA/anti-CRP-antibodies/DTSP/IDWµE array. The miniaturized design of the wave-shaped electrode
array and capability of the sensor to incorporate a potentiostat render its applicability for point of care
testing in the near future. The fabricated immunosensor could be successfully applied for disease
diagnosis in suspected individuals, with higher fold of CRP concentrations (10,000 ng mL−1).

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/19/24/5560/s1,
Table S1: Extrapolated electrochemical impedance spectroscopy parameters of the bare IDWµE and modified
IDWµE arrays by fitting the experimental data in Figure 5b to a simplified Randles equation; Figure S1: Photograph
of the Interdigitated wave type microelectrode array on a slide glass substrate (63 × 16 × 1.1 mm in thickness) with
conductive pads and sensing area (30 µm spacing and width) (a), Mounting of a polydimethylsiloxane chamber
(d = 8 mm) prepared by a standard protocol (10:1) on the sensing area to assist with the SAM functionalization
and to preserve the solvents for immunoreaction (b), Giving an external connection to the conductive pads
using silver conductive epoxy adhesive (c); Figure S2: EDX elemental analysis of the Interdigitated wave shaped
microelectrode array before (a) and after SAM treatment (b).
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