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ABSTRACT: A polyurethane (PU) nanospiked gold electrode-
based label-free electrochemical immunosensor for Clostridium
difficile (C. difficile) toxin B detection was developed. Different
from nanomaterial-modified electrodes, the PU nanospiked gold
electrode was fabricated by soft lithography directly. The
morphology of the nanospiked electrode was characterized by
scanning electron microscope (SEM), and its good electrochemical
performance was demonstrated by cyclic voltammetry (CV) as well
as differential pulse voltammetry (DPV). Then, the PU nanospiked
gold electrode-based immunosensor was developed by fixing
antitoxin B single domain antibody on the electrode surface as the
receptor. DPV was used as a detection technology for C. difficile
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toxin B detection. It revealed that the immunosensor has good specificity, repeatability, and stability. Even in a label-free style,
the limit of detection for toxin B was 0.5 pg/mL. In the concentration range of 1—130 pg/mL, the linear regression equation Al
= —1.216[C] — 41.62 was found; the correlation coefficient R* was 0.9839. Compared with the flat PU electrode-based
immunosensor, the detection signal of the PU nanospiked gold electrode-based immunosensor was amplified about 6 times.
Benefiting from its low cost and simple processing, the PU nanospiked gold electrode-based immunosensor can be used as a
disposable electrochemical sensor for toxin B rapid detection.

KEYWORDS: nanospiked gold electrode, disposable electrochemical sensor, electrochemical immunosensor, C. difficile toxin detection,

soft lithography, label-free detection

B INTRODUCTION

Clostridium difficile infection (CDI) can cause diseases of mild
diarrhea and severe pseudomembranous colitis which can
result in colectomy and even death.' It was responsible for
12.1% of health-care-associated infections (HAI) according to
a U.S. prevalence survey.” A rapid, simple, accurate, and on-site
diagnostic tool is essential to guide therapy and to control
transmission. It has been proven that fast positive diagnosis is
beneficial for a patient’s care by timely isolation and treatment.
A negative diagnosis will also result in rapid discontinuation of
empirical therapy and isolation.”* Diseases caused by C. difficile
infection are mainly due to the release of two exotoxin
proteins: toxins A and B (TcdA and TcdB).>° Although
detection of toxins or detection of toxigenic organisms remains
controversial,' many preliminary studies have reported a strong
correlation between the severity of the disease and the level of
toxins in the stool. It suggested that the detection of toxin
concentrations in the stool is clinically valuable in identifying
those who need aggressive therapy and predicting treatment
outcomes.

Traditional methods for detecting toxins include cell culture
cytotoxicity assay (CTA) and qualitative enzyme immuno-
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assays (EIAs).”® The CTA method requires 24—48 h of
incubation, which is too long to obtain outcomes. The EIAs
provide relatively fast results. However, many studies showed
their lack of sensitivity.” Because of the above reasons, some
novel ultrasensitive C. difficile toxin detection approaches have
been reported. Pollock and co-workers developed a digital
enzyme-linked immunosorbent assay to determine the
C. difficile toxin.” Sandlund et al. reported an automated
single-molecule counting technology for detecting C. difficile
toxins A and B."” Both of the methods achieved a low limit of
detection (LOD). Nevertheless, the approaches need fluo-
rescence labeling, which makes the operation complicated. As
we all know, electrochemical biosensors have the advantages of
fast response time, high sensitivity, ease of integration, and
miniaturization. It has the potential to be a powerful tool for
C. difficile toxin rapid and on-site detection. Electrochemical
biosensors can be in either label or label-free style.'' Fang and
co-workers developed an electrochemical immunosensor based
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Figure 1. Schematic diagram of the soft lithography preparation steps for PU nanospiked gold electrode and schematic diagram of the
electrochemical biosensor. (A) Silicon was irradiated by laser pulses. (B) Form antistiction coating and cast PDMS on nanospiked silicon. (C) Cure
PDMS and peel away from the nanospiked silicon. (D) Cut PDMS template into the special shape and fitting them into the acrylic mold. (E) Cast
PU glue and cure under UV light for 40 min. (F) Peel away PU nanospikes from PDMS template. (G) Sputter 3 nm Cr and 100 nm Au. (H)

Schematic diagram of electrochemical sensor.
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on a sandwich type for TcdB detection; they used horseradish
peroxidase (HRP) and HRP-Tcd B functionalized gra})hene
oxide (GO) as label agents for signal amplification.'” Our
previous work'® reported a sandwich-type impedimetric
immunosensor for Tcd A and Tcd B measurements; we used
single domain VyH antibody (sdAbs)-coated gold nano-
particles as label material for signal enhancement. Although
both of the electrochemical biosensors achieved a low
analytical LOD of <1 pg/mL, they are similar to
fluorescence-based detection methods and have a relatively
complex test process.

Compared with label-based electrochemical biosensors,
label-free electrochemical biosensors have the advantages of
being simple, having low cost, and having no need to modify
the biological samples. They have been widely developed for
bioanalysis'*~"” but rarely for C. difficile toxin detection. In this
study, a label-free electrochemical biosensor for Tcd B
detection was developed. What is more, we prepared
polyurethane (PU) electrodes with nanospiked surface
structure as transducers. Different from most reported
nanomaterial-modified electrodes,"®"? silicon master mold
and soft lithography technology were used for preparing this
type of polymer nanoelectrode. Owing to their low cost, PU
nanospiked gold electrodes can be used for disposable
electrochemical sensors.

B EXPERIMENTAL SECTION

Materials and Chemicals. Bovine serum albumin (BSA),
hydrofluoric acid (HF, 48%), platinum(0)—1,3-divinyl-1,1,3,3-
tetramethyldisiloxane complex solution, 2,4,6,8-tetramethyl-2,4,6,8-
tetravinylcyclotetrasiloxane, and trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (97%) were purchased from Sigma-Aldrich.
Cystamine dihydrochloride (C,H},N,S,) was from Fluka. 1-Ethyl-3-
(3-(dimethylamino)propyl) carbodiimide (EDC) and N-hydroxy-
succinimide (NHS) were from Thermo Scientific. The vinyl-
methylsiloxane—dimethylsiloxane copolymer, trimethylsiloxy-termi-
nated (VDT-731), and hydrosilane prepolymer (HMS-301) were
purchased from Gelest. The recombinant TcdB protein and
antibodies (sdAbs) against the TcdB protein were prepared by
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methods reported previously.””>' The Shiga toxin 2 protein was

purchased from Sino Biological Inc. The toxin and antibody solutions
were prepared with 0.01 M PBS. The ultrapure water used in our
experiment was from a Synergy water purification system (Millipore
Sigma).

Hard-poly(dimethylsiloxane) (h-PDMS) and soft-poly-
(dimethylsiloxane) (s-PDMS) were prepared as described in ref 22.

Preparation of PU Nanospiked Gold Electrode. Silicon
nanospikes were prepared by using femtosecond laser pulses to
irradiate the surface of the silicon substrate in distilled water.”*>"*
Then the silicon nanospikes were used as the template for soft
lithography.”>** The schematic diagram of the preparation steps is
presented in Figure 1. First, the silicon nanospikes were immersed in
HF (48%) for 2 min and treated by oxygen plasma for S min. Then a
silane monolayer was formed on the silicon nanospikes by placing
several drops of trichloro(1H,1H,2H,2H-perfluorooctyl)silane and
silicon nanospikes in a vacuum chamber together. The silane
monolayer was used as antisticking layer to decrease the surface
energy of silicon nanospikes (Figure 1A). Subsequently, soft/hard
PDMS template was prepared by using h-PDMS as a contact layer,
and s-PDMS was used as a back layer. Both the thickness of h-PDMS
and s-PDMS should be controlled by spin-coating as described in ref
25. The h-PDMS needs to cure at 65 °C for 10 min, and the s-PDMS
needs to cure at 65 °C for an additional 2 h in an oven (Figure 1B).
After that, the PDMS template was peeled off from the silicon
nanospikes (Figure 1C). To make the prepared electrode have a fixed
reaction area and match with the electrode hold (PT-3, Gaoss
Union), the h-PDMS/s-PDMS templates were cut into a special shape
which consists of a rectangle (length 0.82 cm and wide 0.60 cm) and a
semicircle (diameter 0.54 cm). The PDMS templates were fit into an
acrylic mold and made sure the h-PDMS was on the top side (Figure
1D,E). The PU polymer (NOA 73, Norland Optical Adhesives) was
added in the acrylic mold to replicate the nanospiked structures with
UV-curing for 40 min (Figure 1F,G). The acrylic mold was used to
make the PU nanospikes into the special shape and control the
thickness of PU to 2 mm. In this work, about five PU replicas were
prepared from the same PDMS template. Subsequently, 3 nm Cr and
100 nm Au films were sputtered on the surface of nanospiked PU
(ATC ORION sputtering system, AJA International, Inc.). Insulating
tape was used to make sure the semicircle area was fixed as the
electrochemistry reaction area.

As a control, flat PU gold electrode was prepared by using the same
acrylic mold and sputtering the same Cr/Au films.
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Figure 2. FESEM images of nanospiked silicon substrates (A) and PU nanospiked gold electrode (B); all images were viewed at 35°. (C) XRD
spectrum of bare PU nanospiked gold electrode. (D) CV of bare PU nanospiked gold electrode and flat PU gold electrode in 1 M KCl containing S
mM K;[Fe(CN)4]/K,[Fe(CN);], with a scan rate of 0.05 V/s. (E) DPV of bare PU nanospiked gold electrode and flat PU gold electrode 1 M KCI
containing S mM K;[Fe(CN),]/K,[Fe(CN),], with a step of S0 mV, a modulation amplitude of 25 mV, a modulation time of 0.0S s, and an
interval time of 0.5 s. (F) Six times amplified DPV tests of bare PU nanospiked gold electrode.

Construction of PU Nanospiked Gold Electrode-Based
Immunosensor. The cleaned PU nanospiked gold electrode was
used as a novel transducer for the immunosensor. Other procedures
for construction of the immunosensor refer to our previous work.'

Detection of C. difficile Toxin B. C. difficile toxin B in 0.5, 10, 40,
70, 100, and 130 pg/mL concentrations were prepared. The
immunosensor was incubated with C. difficile toxin B PBS solution
from small to large concentrations. We used the 96-hole plate as the
reaction container; the volume of Tcd B solution was 300 uL. The
incubation time was 2 h at room temperature. Then the
immunosensor was used as a work electrode to conduct the
electrochemical measurements.

Electrochemical Measurements. All the electrochemical
measurements were conducted by an Autolab PGSTATI12 electro-
chemical instrument (Metrohm). A three-electrode system was used
in this work. The working electrode was a modified PU nanospiked
gold electrode, the counter electrode was a platinum wire, and the
reference electrode was a saturated Ag/AgCl electrode. Differential
pulse voltammetry (DPV), cyclic voltammetry (CV), and electro-
chemical impedance spectroscopy (EIS) were performed in 1 M KCI
containing S mM K;[Fe(CN)4]/K,[Fe(CN)¢]. All the experiments
were performed in a Faraday cage.

B RESULTS AND DISCUSSION

Characterization of PU Nanospiked Gold Electrode.
The morphologies of the nanospiked silicon substrates (Figure
2A) and the as-fabricated PU nanospiked gold electrode
(Figure 2B) were characterized by a scanning electron
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microscope (SEM) (JEOL JSM-7000) with a tilted angle of
35° to the normal surface. As shown in Figure 2A,B, the
morphology of the PU nanospiked gold electrode and the
morphology of the nanospiked silicon substrate are consistent.
Both of them presented spikelike nanostructures with relatively
uniform spacing. It showed our method can successfully
reproduce the nanostructure of the silicon wafer surface.
Because the surface of the PU nanospiked gold electrode was
sputtered with 3 nm Cr and 100 nm Au films, the size of the
spikes was larger than the size of spikes on the silicon substrate.
The elemental composition and phase structures of the PU
nanospiked gold electrode were confirmed by using energy
dispersive X-ray spectroscopy (EDS, Oxford Instruments
NanoAnalysis, USA) and X-ray diffraction (XRD, Bruker
AXS D8, USA). The EDS spectrum and mapping of the PU
nanospiked gold electrode are shown in Figure S1. As
displayed in Figure 2C, all the peaks can be indexed to the
Au (111), (200), (220), (311), and (222) crystal faces.

The PU nanospiked gold electrode was characterized by
conducting cyclic voltammogram measurement in 0.5 M
H,SO, with a scan rate of 50 mV/s and a scan voltage of —0.1
to 1.5 V. Compared with flat PU electrode, the redox peak of
the PU nanospiked gold electrode was obviously larger (Figure
S2). The CV (Figure 2D) and DPV (Figure 2E) were studied
in the —0.1 to 0.6 V range with a scan rate of 0.05 V/s to
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characterize the bare PU nanospiked gold electrode. As shown
in Figure 2D,E, the current of the PU nanospiked gold
electrode was larger than the current of the flat PU. All of them
indicate that the PU nanospiked gold electrode had a larger
active electrochemical surface area. A larger active area helps to
immobilize more antibody molecules and improve the
analytical performance of electrochemical sensors, such as
sensitivity, linear range, and detection limit.*® To prove the
stability of the PU nanospiked gold electrode, six groups of
differential pulse voltammograms of the same electrode were
continuously measured. The DPV plot shown in Figure 2F
reveals that the prepared PU nanospiked gold electrode
exhibited good electrochemical stability. The stability of the
electrode was also evaluated by CV with 50 scans. The results
show that the stability of the PU nanospiked gold electrode
was good. It is enough for the disposable electrochemical
sensor (Figure S3).

Electrochemical Characterization of PU Nanospiked
Gold Electrode-Based Immunosensor. DPV and EIS
detection techniques were applied to characterize the
construction process of the PU nanospiked gold electrode-
based immunosensor. Figure 3A shows the differential pulse
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Figure 3. DPV plots (A) and Nyquist plots (B) of the immunosensor
construction process. Bare PU nanospiked gold electrode (a),
cystamine dihydrochloride modified PU nanospiked gold electrode
(b), sdAb fixed on cystamine dihydrochloride modified PU
nanospiked gold electrode (c), BSA filling nonspecific binding sites
(d), and after incubating Tcd B 100 pg/mL (e).

voltammograms obtained at the bare PU nanospiked gold
electrode (a), the cystamine dihydrochloride modified PU
nanospiked gold electrode (b), sdAb fixed on the cystamine
dihydrochloride modified PU nanospiked gold electrode (c),
BSA filling nonspecific bingding sites (d), and incubating Tcd
B of 100 pg/mL (e) in S mM K;[Fe(CN)4]/K,[Fe(CN)g]
redox probe solution containing 1 M KCIl under identical
conditions. The PU nanospiked gold electrode had the highest
peak current of 737.9 yA. When the PU nanospiked gold
electrode was modified with cystamine dihydrochloride and
formed self-assembled monolayers (SAMs), the electron
transfer of [Fe(CN)4]>*/** was hindered, so the peak current
decreased to 399.7 pA. In the same way, immobilization of
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sdAb and BSA also blocked the electron transfer, and the peak
current decreased to 311.6 and 150.1 pA, respectively. At this
time, the PU nanospiked gold electrode-based immunosensor
was completed. To confirm to the as-fabricated immunosensor
being effective for detection of Tcd B, the immunosensors
were incubated in Tcd B solutions of 100 pg/mL
concentrations. The results are shown in Figure 3A(e); the
peak current further decrease to 24.33 pA. It revealed that Tcd
B have been successfully captured by the immunosensor. The
as-fabricated immunosensor was effective for detection of Tcd
B.

The Nyquist plots of EIS are shown in Figure 3B. From the
process of the bare PU nanospiked gold electrode (a) to after
capturing the Tcd B (e), the charge transfer impedance (R,
semicircle parts of Nyquist plots) was increased. It is illustrated
that every step of the construction process of the PU
nanospiked gold electrode-based immunosensor was valid.
The results were consistent with the DPV tests.

Electrochemical Signal Amplification Effect of PU
Nanospiked Gold Electrode. The nanoelectrode or nano-
material-modified electrode can greatly amplify the electro-
chemical detection signal. The reaction processes on the
electrode surface should become faster, and this can enhance
the current signal and improve the resolution for many
analytes.”” Here, both the PU nanospiked gold electrode and
flat PU gold electrode-based immunosensor were constructed
and incubated in 100 pg/mL Tcd B toxin solution. For the PU
nanospiked gold electrode-based immunosensor, the peak
current difference before and after incubating with Tcd B
solution was 126.1 uA (Figure 4A). For the PU electrode, the
peak current difference was 21.46 pA (Figure 4B). It showed
that the detection signal was amplified about 6 times.

Specificity, Repeatability, Stability, and Sensitivity of
the Immunosensor. Specificity is one of the most important
performances of biosensors. The specificity of the PU
nanospiked gold electrode-based immunosensor has been
studied by testing other protein samples. All concentrations
of the tested protein samples were 100 pg/mL. The incubated
time was 2 h (optimization of incubated time is shown in
Figure S4). As shown in Figure SA, other protein samples such
as BSA, GO (glucose oxidase), Shiga toxin 2, and thrombin
only have few peak current changes, but for Tcd B, the peak
current change was distinct. It demonstrated that the
immunosensor possesses good specificity.

The repeatability and stability of the immunosensor were
also evaluated. Six PU nanospiked gold electrode-based
immunosensors were fabricated; three of them were used to
test Tcd B immediately, and the other three were stored in
PBS at 4 °C for 2 weeks and then were used to detect the Tcd
B. The results are presented in Figure SB. The peak current of
the immunosensor retained 85.12% of its initial response after
storage for 2 weeks. Both fresh and stored immunosensors can
effectively detect the Tcd B.

To investigate the sensitivity of the PU nanospiked gold
electrode-based immunosensor, the peak current of the
working electrode after incubating with different concen-
trations of Tcd B solutions was measured. Figure SC shows the
DPV plot of the immunosensor and after being incubated with
various concentrations of Tcd B solution. The peak current
change is defined as Al = I;) — I(gsa), Where I(pgy) is peak
current after the PU nanospiked gold electrode was incubated
with BSA; it is the base signal of the immunosensor. Ij;) is the
peak current of the immunosensor after being incubated in
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Tcd B solution at different concentrations. As shown in Figure
SD, from 1 to 130 pg/mL, the AI has a good linear correlation
with the concentration ([C]) of Tcd B. The linear regression
equation was AT = —1.216[C] — 41.62, with R? of 0.9839. The
LOD was measured to be 0.5 pg/mL. Compared with other
electrochemical biosensor for C. difficile toxin, this work
achieve a relatively lower LOD (Table 1).

Real Sample Test. To verify the performance of the
developed immunosensor with the stool sample, negative stool
solutions (from one stool specimen which was supplied by the

Table 1. Comparison of Different Electrochemical
Measurement Techniques for C. difficile Toxin Detection

techniques analyte LOD ref
differential pulse voltammetry Tcd B 0.7 pg/mL 12
electrochemical impedance Tcd A/B

TcdA: 0.61 pg/ 13
spectroscopy mL

TcdB: 0.60 pg/
mL

differential pulse voltammetry Tcd B 0.5 pg/mL this

work

UMASS medical school) spiked with toxin B in three different
concentrations were tested. The results are presented in Table
2. It revealed that the recovery of toxin B detection for stool

Table 2. Recovery of Toxin B Detection in Stool Samples (n
=3)

added (pg/mL) detected (pg/mL) RSD (%) recovery (%)
10 10.47 5.328 104.7
60 58.92 6.139 98.20
90 87.72 4.672 97.47

samples ranged from 97.47% to 104.7%. The results indicated
that the biosensor has great potential to detect the Tcd B in
stool samples.

B CONCLUSIONS

In this work, a novel and simple method was proposed to
prepare nanopattern in polymer-based electrode for biosensors.
The repeatability of our method was better than traditional
ones because of using a predefined mold. Based on this
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method, PU nanospiked gold electrodes were fabricated by soft
lithography. The results of SEM, CV, and DPV experiments
proved their good morphology and electrochemical perform-
ance. Then, the PU nanospiked gold electrode-based label-free
electrochemical immunosensor for C. difficile toxin B detection
was developed. DPV was used as a detection technology for
C. difficile toxin B detection, and it revealed that the
immunosensor has good specificity, repeatability, and stability.
Even in a label-free style, the LOD for C. difficile toxin B
reached 0.5 pg/mL. In the concentration range 1—130 pg/mL,
a linear relationship was observed between the peak current
and concentration of TcdB. The linear regression equation was
AI = —1.216[C] — 41.62 (the correlation coefficient R*> was
0.9839). The signal was amplified about 6 times compared
with flat PU gold electrode-based immunosensor. Owing to the
low cost and simple processing, the PU nanospiked gold
electrode-based immunosensor can be used a disposable
electrochemical sensor for toxin B rapid detection.
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experimental conditions (PDF)
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