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ABSTRACT: In this paper, we propose a novel and simple
method for preparing a dual-biomimetic functional array
possessing both superhydrophobic and peroxidase-like activity
that can be used for hydrogen peroxide (H,0,) sensing. The
proposed method is an integration innovation that combines
the above two properties and surface-enhanced Raman
scattering (SERS). We integrated a series of well-ordered
arrays of Au points (d = 1 mm) onto a superhydrophobic
copper (Cu)/silver (Ag) surface by replicating an arrayed
molybdenum template. Instead of using photoresists and the
traditional lithography method, we utilized a chemical etching
method (a substitution reaction between Cu and HAuCl,)
with a Cu/Ag superhydrophobic surface as the barrier layer,
which has the benefit of water repellency. The as-prepared Au points were observed to possess peroxidase-like activity, allowing
for catalytic oxidation of the chromogenic molecule o-phenylenediamine dihydrochloride (OPD). Oxidation was evidenced by a
color change in the presence of H,0,, which allows the array chip to act as an H,O, sensor. In this study, the water repellency of
the superhydrophobic surface was used to fabricate the array chip and increase the local reactant concentration during the
catalytic reaction. As a result, the catalytic reaction occurred when only 2 yL of an aqueous sample (OPD/H,0,) was placed
onto the Au point, and the enzymatic product, 2,3-diaminophenazine, showed a SERS signal distinguishable from that of OPD
after mixing with 2 yL of colloidal Au. Using the dual-biomimetic functional array chip, quantitative analysis of H,0, was
performed by observing the change in the SERS spectra, which showed a concentration-dependent behavior for H,0,. This
method allows for the detection of H,O, at concentrations as low as 3 pmol per 2 uL of sample, which is a considerable
advantage in H,O, analysis. The as-prepared substrate was convenient for H,O, detection because only a small amount of sample
was required in each analysis. Highly sensitive detection was realized using SERS. Therefore, this chip was shown to exhibit
significant potential for applications in bioanalysis.

KEYWORDS: dual-biomimetic functional, superhydrophobic, peroxidase-like activity, H,O, quantitative analysis,
surface-enhanced Raman spectroscopy

1. INTRODUCTION

Biomimetic materials with superhydrophobic surfaces, which
have water contact angles (CAs) greater than 150°, are
extremely important for various applications.”” This topic has
aroused considerable interest because of its potential benefits to
daily life and many industrial processes. Various phenomena,
such as snow sticking, contamination, oxidation, and current
conduction, are expected to be inhibited on such a surface.*°
Many elegant methods have been developed for the
construction of micro- and nanostructures for superhydropho-
bic surfaces, such as laser ablation and photolithography-based
microfabrication,” ™ solidification of melted alkyl ketene
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dimers,"® microwave-plasma-enhanced chemical vapor deposi-
tion of trimethoxylmethoxysilane,"' phase separation,'” do-
main-selective oxygen plasma treatment,'” and sol—gel
methods.'* Low-surface-energy materials, such as fluoroalkylsi-
lane and alkylsulthydryl, are needed to prepare super-
hydrophobic surfaces following the construction of micro-
and nanostructures. The superhydrophobic/hydrophobic prop-
erty could also be used for the fabrication of other materials
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because it can prevent water from adhering to the surface; for
instance, paper microfluidic chips'>~"” have been prepared
using a hydrophobic photoresist to replicate the pattern of the
template.

Another attractive biomimetic material is biomimetic
enzymes, which exhibit enzymatic properties."®'” Biological
enzyme-mimetic materials have attracted increased attention in
recent years. Yan and co-workers first reported that Fe;O,
nanoparticles exhibit intrinsic peroxidase-like activity, which can
catalyze chromogenic substrates, resulting in a color change in
the presence of hydrogen peroxide (H,0,).”° Their work
opened the door for the development of nanomaterials that
possess enzyme-mimetic properties. Since then, numerous new
types of enzyme-mimetic materials have been developed,
including polymer-coated CeO, nanoparticles,”" single- and
multiple-wall carbon nanotubes,”” BiFeO; nanoparticles,”
graphene oxide,”* and positively charged gold (Au) nano-
particles.”> These materials overcome the disadvantages of
natural enzymes and exhibit excellent performance in the
colorimetric detection of H,0,. H,0, is a simple compound in
nature but has great importance in pharmaceutical, clinical,
environmental, mining, textile, and food manufacturing
alpplications.zs’27 In living organisms, in addition to its well-
known cytotoxic eftects, H,O, also plays an essential role as a
signaling molecule in regulating diverse biological processes,
such as immune-cell activation, vascular remodeling, apoptosis,
stomatal closure, and root growth.28_3'0 Therefore, detection of
H,0, is of great importance. In addition, H,O, is a byproduct
of several classical biochemical reactions that are catalyzed by
enzymes, such as glucose oxidase (GOx) and alcohol oxidase
(AlOx). As a result, H,0, can be used as a biomarker of these
types of enzymatic reactions. Therefore, H,O, detection is
important in both theory and practical study.

A variety of quantitative methods for determination of H,O,,
such as titrimetric,®® fluorescence,”*>* and electrochemical,™
have already been developed and are commonly used.
Titrimetric analysis uses a simple apparatus but has low
sensitivity. Fluorescence methods have been extensively
developed because they benefit from a low detection limit.
However, these methods require expensive reagents (such as
fluorescence tags) and are time-consuming. Electrochemical
methods have also been reported. In these methods,
determination of H,O, relies on direct oxidation of the
molecule using metal electrodes, such as a platinum electrode in
a supporting electrolyte® or a copper (Cu) electrode by direct
catalytic reduction.’® These systems do not always offer optimal
conditions for H,O, detection because of their poor selectivity,
low sensitivity, and electrode fouling.”’~** Another electro-
chemical method based on modification of the electrodes with
enzymes was proposed. This method shows higher selectivity
and sensitivity than electrochemical methods that rely on direct
oxidation of the molecule. However, this method employs
enzymes that are unstable and expensive as reagents, and
electrode modification is a barrier to practical application.*"**

In comparison, enzymatic reactions (e.g, the horseradish
peroxidase (HRP)—H,0, enzymatic reaction system) show
high substrate specificities and high efficiency under mild
conditions for biological catalysis, which enables their
significant practical application in medicine, the chemical
industry, food processing, and agriculture.*’ The enzymatic
reaction has been used to fabricate various detection sensors.
For example, a single nanochannel system with walls that were
decorated with covalently linked HRP has been reported for

quantitative H,0, analysis.** This method shows high
selectivity and sensitivity and can be used multiple times
without losing sensitivity. However, natural enzymes suffer
from several serious disadvantages, such as denaturation by
environmental changes, digestion by proteases, and time-
consuming and expensive preparation and purification
processes, which limit their application.“s’46 As a result, the
enzyme mimetics are superior for H,O, analysis.

Surface-enhanced Raman scattering (SERS) has been utilized
for many applications, such as bioanalysis, single-molecule
detection, and characterization of compounds and materials.
This versatility is attributed to the many advantages of SERS,
such as its rapidity, ultrasensitivity, and high selectivity.*’~>°
SERS also possesses the important advantages of detecting
materials at low concentrations or at the submonolayer
coverage limit using a minimal sample volume. Additionally,
the chromogenic substrate always exhibits excellent Raman
activity in enzymatic reactions and can produce strong SERS
signals after mixing with noble-metal nanoparticles.”"** In our
previous study, SERS was introduced into the enzyme-linked
immunosorbent assay as a detection tool, and detection of the
human cardiac isoform of troponin T was realized based on the
enhanced SERS signal of the enzymatic product 3,3',5,5'-
tetramethylbenzidine(2+).”® This method introduced a new
application for SERS and expanded the list of analytical tools
utilized in clinical diagnostics.

Here, for the first time, we report a facile, cost-eftective, and
environmentally friendly method for the fabrication of a novel
dual-biomimetic functional (superhydrophobic and peroxidase-
like activity) material, which can be used for H,O, analysis
(Scheme 1) based on SERS. We utilized the water repellency of

Scheme 1. Preparation of the Dual-Biomimetic Functional
Array Chip
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the superhydrophobic surfaces as a barrier layer for chemical
etching to integrate a series of Au array points onto the
superhydrophobic surface. This approach improves upon the
use of a photoresist in traditional lithography. The as-prepared
Au array points possess HRP-like properties and can catalyti-
cally oxidize the chromogenic molecule o-phenylenediamine
dihydrochloride (OPD) in the presence of H,0,, resulting in a
color change. Therefore, the as-prepared dual-biomimetic
functional substrate can be successfully used for H,O, sensing.
Quantitative analysis of H,O, was performed by placing the test
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Figure 1. SEM images of the area surrounding the Cu/Au point (A), the amplified image of A (B), the entire graphic of the Cu/Au point (C), the

inner portion of the point (D), and the amplified image of D (E).

sample (OPD—H,0,) onto the active points (the points
exhibiting hydrophilic properties) of the chip where the
enzymatic reaction occurs. SERS was then used as a detection
tool by placing a droplet of Au colloid onto the test sample, and
the distinctive SERS spectrum of the enzymatic product was
obtained. Furthermore, a quantitative analysis plot based on the
concentration-dependent SERS spectra clearly displays good
linearity from 107> to 107° mol/L and a detection limit as low
as 107 mol/L. The as-prepared dual-biomimetic functional
substrate exhibits several advantages. First, the water repellency
of the superhydrophobic surface allows it to be utilized as a
barrier layer instead of the photoresist used in traditional
lithography. This technique simplifies the etching process and
reduces the cost. Second, only the Au array points possess
hydrophilic properties, whereas the other parts of the chip
exhibit water repellency. This character localizes the reaction
solution on the Au points, which promotes the enzymatic
reaction that occurs in the presence of H,0,. The array chip
can be used as a reaction vessel. Third, only 2 uL of the
reaction solution was used during the reaction, which allows for
a rapid trace analysis using SERS. These results indicate that
this dual-biomimetic functional array chip shows significant
potential in bioanalysis.

2. EXPERIMENTAL SECTION

2.1. Materials. o-Phenylenediamine dihydrochloride (OPD),
3,3',5,5 -tetramethylbenzidine (TMB), hydrogen peroxide (H,0,)
solution (30 wt % water), silver nitrate (AgNO;), gold(III) chloride
trihydrate (HAuCl,-3H,0), 1-octadecanethiol, ethanol [200 proof,
high-performance liquid chromatography (HPLC)/spectrophotomet-
ric grade], and trisodium citrate were purchased from Sigma-Aldrich
Ltd. (St. Louis, MO) at the highest purity available and were used as
received, without further purification. A molybdenum (Mo) template
[27 array holes (3 X 9), d = 1 mm, and S0 mm X 20 mm X 30 xm]
was purchased from Beijing Xinxing Brain Technology Co. Ltd,
China. A Cu sheet (100 mm X 100 mm, >99.9%) was purchased from
the Tianjin Guangfu Fine Chemical Research Institute in China. A
blood sample with an H,0, concentration of 3.5 X 107 M was
supported by the Department of Basic Medical Sciences at Jilin
University, P. R. China. Deionized and ultrapure water (18.0 MQ/cm)
were used throughout the study.

2.2. Preparation of the Superhydrophobic Surface. The Cu
sheet was cut into 20 mm X 40 mm sections and then polished with
abrasive paper to remove the surface oxide layer. After polishing, the
Cu substrate was ultrasonically cleaned with ethanol, followed by
deionized water. After drying under a N, flow, the Cu sheet was
immersed in a 1 X 10~ mol/L aqueous AgNO; solution at ambient

temperature for 1 min. After thorough rinsing with deionized water,
the sheet was immersed in a 1 X 107> mol/L 1-octadecanethiol
solution overnight (step 1 in Scheme 1).

2.3. Integration of the Au Point onto the Superhydrophobic
Surface. Scotch tape was pasted onto the as-prepared super-
hydrophobic surface with the Mo template as a barrier layer. The
Scotch tape was then slightly pressed with tweezers in places where
there were holes (steps 2 and 3 in Scheme 1). Next, the Scotch tape
and Mo template were peeled off together to remove the silver (Ag)
layer on the surface within the point field (step 4 in Scheme 1). Then,
the substrate was immersed in a 1% HAuCl, solution for 1 min,
followed by washing and drying steps (step S in Scheme 1).

2.4. Characterization of the Peroxidase-like Property by
UV-Visible (UV-Vis) Spectroscopy. OPD (10 mol/L) and TMB
(107 mol/L) were used to verify the peroxidase-like property of the
Au displaced by Cu substrate. First, the Cu/Au complex was directly
prepared by immersing a Cu sheet (after polishing and washing) into a
10~ mol/L HAuCl, solution for 1 min, followed by washing with
water and drying with N, gas. The Cu/Au complex was cut into S mm
X § mm samples. A Cu sheet without Au modification was also cut
into S mm X 5 mm samples for comparison. As-prepared substrate
samples were placed in centrifuge tubes (1 mL), and then 500 yuL of
OPD (TMB) and 500 uL of 1% H,0, were added. The UV—vis
spectra were collected after 10 min.

2.5. Concentration-Dependent UV-Vis Spectra. H,0, was
diluted to the following concentrations: 1072, 1073, 107, 1073, 1076,
1077, and 0 mol/L. OPD (10~% mol/L, 500 uL) and H,0, (1%, 500
uL) were added to the centrifuge tube (1 mL) with a sample of the S
mm X 5 mm Cu/Au complex. The UV—vis spectra were collected
after 10 min under ambient temperature.

2.6. Preparation of Au Nanoparticles. Au nanoparticles were
prepared as follows: 1 mL of a HAuCl, solution (1%, w/v) was added
to 99 mL of ultrapure water. After boiling, 4 mL of a trisodium citrate
solution (1%, w/v) was added, and the solution was boiled for 15 min.
The Au colloid exhibited a maximum absorption at 520 nm with an
average diameter of 20 nm.>*

2.7. SERS Measurement Based on the Dual-Biomimetic
Functional Array Chip. OPD (10~ mol/L, 500 L) and H,0, (0,
107,107,107, 107, 1073, and 1072 mol/L, 500 uL) were first mixed
together in a tube. The resulting solution was then placed onto the Au
points of the array chip. After 10 min, 2 uL of the Au colloid was
placed onto each point to mix with the solution, and the SERS
spectrum of the droplet on each point was collected.

2.8. Characterization and Measurements. SERS spectra were
measured using a Jobin Yvon/Horiba LabRam ARAMIS Raman
spectrometer with radiation from an air-cooled HeNe laser (633 nm).
Raman scattering was detected at a geometry of 180° using a Peltier/
thermoelectric-cooled (=70 °C) charge-coupled-device camera (1024
X 256 pixels”). The typical accumulation time used in this study was
10 s. The UV—vis spectra of the enzyme product were obtained on a
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PDA UV—vis spectrophotometer, S-3100 series (SCINCO). Scanning
electron microscopy (SEM) images were recorded on a field-emission
scanning electron microscope, S-4300 series (Hitachi, Japan). The
CAs of 4 uL drops were measured using a CA meter (JC2000A) and
interface tension/CA measurement equipment (Powereach, China) at
ambient temperature.

3. RESULTS AND DISCUSSION

3.1. Fabrication and Characterization of the Super-
hydrophobic Surface. All of the preparation steps for the
substrate are listed in Scheme 1. After polishing, the Cu sheet
only possesses microstructures with striped shapes, as shown in
Figure 1A,C, which is not sufficient for preparing the
superhydrophobic surface. Therefore, the Cu sheet was
immersed in a 107> mol/L AgNO; solution, and a substitution
reaction occurred between Cu and Ag" because Cu is more
active than Ag. The reaction proceeded as follows:

Cu + 2AgJr - Ca®t + 2Ag

As a result, Ag nanoparticles were generated on the Cu surface,
and the surface morphology was characterized by SEM, as
shown in Figure 1A,B. As shown in Figure 1, Ag nanoparticles
aggregated into a nanocluster on the Cu surface; thus, the
surface possesses both micro- and nanostructures.

However, the surface was not yet superhydrophobic because
the CA was only 114° (Figure 2A). Figure 2B shows an image

(A) 114° (B)

©

170°

(D) (E)

Figure 2. CA of the Cu/Ag substrate before modification with 1-
octadecanethiol (A), the Cu/Ag substrate before modification with 1-
octadecanethiol (turned over) (B), the Cu/Ag substrate after

modification with 1-octadecanethiol (C), the Au replaced by Cu
(D), and the Au replaced by Cu (turned over) (E).

of a water droplet suspended from a Cu/Ag substrate that was
turned over. Thus, the surface possesses high adhesion
properties because water remains on the surface even when
the substrate is turned over.

This observation is a result of the surface free energy not
being sufficiently low for the surface to achieve super-
hydrophobic character. To lower the surface free energy, a
1073 mol/L 1-octadecanethiol solution was used to modify the

Cu/Ag surface through the interaction between Ag and —SH
groups. Afterward, the surface exhibited excellent super-
hydrophobic properties, and the CA of the surface achieved a
value of 170° (Figure 2C). Moreover, a water droplet rolled
away immediately upon coming into contact with the flat
superhydrophobic surface (shown in the video in the
Supporting Information), indicating the low adhesion proper-
ties of the surface. These properties can be used to prevent
water from wetting the surface, which can be utilized for the
preparation of the array chip.

3.2. Integration and Characterization of the Au Array
Point on the Superhydrophobic Surface. First, a piece of
Scotch tape was pasted onto the surface of a Mo template with
the holes exposed (Scheme 1A, step 2). Then, the template was
placed onto the as-prepared superhydrophobic surface so that
only the portions of the Scotch tape containing exposed holes
were allowed to contact the superhydrophobic surface (Scheme
1B, step 3). After being pressed with tweezers, the Scotch tape
could tightly adhere to the superhydrophobic surface. The
template and Ag that contacted the Scotch tape were then
peeled off the superhydrophobic surface, leaving exposed Cu
that matched the template. This portion of the film was partly
transformed from superhydrophobic to hydrophilic (step 4).
Scheme 1C shows a photograph of the Scotch tape after it was
peeled off the template; Ag was pasted onto the Scotch tape as
a replicated pattern of the template. The substrate was
subsequently immersed in a HAuCl, solution. The exposed
Cu portion reacted with HAuCl,, resulting in the growth of Au
on the Cu point (step $). As indicated in Scheme 1D, the black
point (Au) array followed the Mo template, and thus the
arrayed Au chip was successfully prepared. An SEM image of a
single point is shown in Figure 1C. The photograph indicates
that the diameter of the point is approximately 1 mm, which
corresponds to the size of the holes on the Mo template. Parts
A and B of Figure 1 show SEM images of the outer portion of
the Au point, whereas parts C and D of Figure 1 show the inner
portion.

The as-prepared Au point also exhibits good water-adhesion
properties, as shown in Figure 2D,E. The same conditions as
shown for the Cu/Ag surface before modification with 1-
octadecanethiol were observed; the water droplet adhered to
the surface even when the substrate was turned over.

3.3. Peroxidase-like Activity of the Cu/Au Complex
Array Point. Interestingly, the Au points on the as-prepared
array chip were found to possess peroxidase-like activity and
could catalytically oxidize OPD and TMB in the presence of
H,0,. However, the Cu sheet without Au also exhibited
peroxidase-like activity even though the catalytic efficiency was
considerably lower. Accordingly, the improved intrinsic
peroxidase-like activity is attributed to the Au on the
superhydrophobic surface.

The peroxidase-like activity was first investigated using TMB
as a substrate molecule. A 5 mm X S mm Cu/Au sheet was
used without being integrated into an array chip, and a 5 mm X
5 mm Cu sheet was used as a control experiment. As shown in
Figure S1, the Cu/Au sheet catalyzed TMB in the presence of
H,0,, resulting in a color change from transparent to blue with
a maximum absorbance at 652 nm in the UV—vis spectrum.

The reaction mechanism has already been described in our
previous work (see Figure $2).° Under the same conditions,
the Cu sheet led to only a slight change in the solution, yielding
a small absorbance band near 400 nm. However, the Cu/Au
sheet had no effect on TMB in the absence of H,0,, indicating
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that the peroxidase-like activity mainly benefits from the
substrate with Au replaced by Cu.

Subsequently, the peroxidase-like activity of the Au was
investigated using OPD and a Cu/Au sheet (S mm X 5 mm) as
a test sample and a Cu sheet (5 mm X S mm) as a control
sample. As shown in Figure 3, the Cu/Au complex can

25
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Figure 3. UV—vis spectra of the OPD molecule in the presence of Cu/

Au—1% H,0,, Cu—1% H,0,, Cu/Au, and 1% H,0,. The inset images
show photographs of these four samples.

catalytically oxidize OPD with the production of 2,3-
diaminophenazine, as indicated by a color change to orange
(450 nm). The reaction mechanism is shown in Figure 4577
Additionally, the Cu sheet also exhibited the same properties,
leading to a slight color change of the solution and the same
maximum absorbance band at 450 nm. However, on the Au
point array chip, only the Au points could contact the reaction
solution. Moreover, as previously mentioned, Cu does not have
an obvious effect on the catalytic oxidation of TMB in the
presence of H,O,. Furthermore, as shown in Figure 3, the OPD
solutions in the absence of H,O, or the Cu/Au complex exhibit
no color change. Therefore, Au displaced by the Cu foil
possesses peroxidase-like activity, which can catalytically oxidize
TMB and OPD in the presence of H,O,. In the further study,
we choose not TMB but OPD as a substrate molecule for H,0,
quantitative analysis by SERS. This is because the SERS spectra
of OPD and the product (2,3-diaminophenazine) show obvious
differences (described in the following part), which can ensure
the accuracy of quantitative analysis. However, the SERS
spectra of the TMB molecule before and after the catalytic

reaction (the data not shown in the manuscript) show no
obvious differences, which is not appropriate for quantitative
analysis of H,O,.

Next, we examined the time-dependent catalytic activity of
Au for the oxidation of OPD. Figure S shows the time-
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Figure 5. Time-dependent maximum absorbance intensity of OPD at
450 nm in the presence of Cu/Au—H,0,, Cu—H,0,, H,0,, and Cu/

Au. The inset shows a magnified view of the figure for H,0, and Cu/
Au.

dependent maximum absorbance intensity of OPD at 450 nm
in the presence of Cu/Au—H,0,, Cu—H,0,, H,0,, and Cu/
Au. The intensity increased over time in the presence of Cu/
Au—H,0, and Cu—H,0,, whereas the other two samples
exhibited no obvious change. However, in the presence of
H,0, and Cu/Au only, the intensity of the OPD solution at
450 nm in the presence of H,0, exhibits a slight increase within
10 min and then remains stable (Figure 5).

However, this phenomenon can be neglected because the
absorbance intensity is not sufficiently high to affect the entire
reaction. Next, we examined the concentration-dependent
UV—vis spectra for H,0, concentrations ranging from 1072
to 1077 mol/L. Cu/Au sheets (5 mm X 5 mm) were used as the
catalyst and immersed in a mixed solution of OPD and H,0,
for 10 min. As shown in Figure 6, the intensity of the maximum
absorbance band at 450 nm increased with increasing H,O,
concentration; thus, Au on the Cu surface exhibits good H,0,
responsivity.

3.4. Quantitative Analysis of H,0, Based on the Array
Chip Using SERS. Although UV—vis can be used to monitor
the concentration change of H,0,, this method for

Cu/Au complex
 —

NH,
19
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Figure 4. Mechanism of the catalytic reaction of a OPD molecule by the Cu/Au complex.
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Figure 6. Concentration-dependent UV—vis spectra of the catalytic
reaction solutions over the H,0, concentration range of 107>—107"
mol/L and the blank sample.

quantitatively analyzing H,0O, can be further improved by using
the as-prepared dual-biomimetic functional array chip with
SERS as the detection tool. The combination of the array chip
and SERS allows the sample volume to be decreased from 1 mL
(UV—vis method) to 2 uL without losing detection sensitivity
due to the wetting of the superhydrophobic surface and the
greatly enhanced SERS signal from the Au colloid in the
measurement. First, we used UV—vis to verify the interaction
between the Au colloid and the molecule in the reaction
solution with changes in the H,O, concentration. As noted
above, the concentration-dependent reaction solution was
mixed with the Au colloid at a ratio of 1:1.

As shown in Figure 7, the absorbance band near 700 nm
shifted toward shorter wavelengths, and the intensity first

1.5 ;
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Figure 7. Concentration-dependent UV—vis spectra of the reaction
solution with different H,O, concentrations after mixing with the Au
colloid in a ratio of 1:1.

decreased and then increased. This observation clearly indicates
that both OPD and the enzymatic product (2,3-diaminophe-
nazine) can lead to aggregation of the Au colloid, which
occurred predictably with increasing H,0, concentration.
These results also indicate that the content of OPD decreased,
whereas that of the enzymatic product (2,3-diaminophenazine)
increased. In addition, the results indicate that the Au colloid
could interact with both OPD and the enzymatic product.

Subsequently, the as-prepared dual-biomimetic functional
array chip was used as a reaction plate on which the catalytic
reaction proceeded with only a 2 uL droplet containing a
mixture of OPD and H,0, [1:1 (v/v)]. Because of the
superhydrophobic properties of the substrate, the droplet can
be concentrated at the Au point for the catalytic reaction. After
10 min, 2 uL of the Au colloid was mixed with the reaction
solution, and the SERS signal of the solution was recorded.

Figure 8 compares the SERS signals of OPD and the product
(2,3-diaminophenazine), revealing that the SERS signal of the

—— 2,3-diaminophenazine+Au

«®
o
Loz}
—

—— OPD+Au
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258
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T T T T T T
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Figure 8. SERS spectra of OPD and the product 2,3-diaminophena-
zine.

molecule changed significantly after the catalytic reaction.
Several new bands belonging to 2,3-diaminophenazine
appeared at 608, 763, 1368, 1415, 1484, and 1572 cm™),
whereas the intensity of the bands at 582, 1037, 1258, and 1602
cm™!, which were attributed to OPD, decreased. The
assignments of the main bands are listed in Table 13776
Subsequently, the concentration-dependent SERS signal of
the catalytic reaction solution was collected at H,0O, solution
concentrations ranging from 107> to 1077 mol/L. The
concentration-dependent SERS spectra in Figure 9 show that
the intensities of the bands assigned to 2,3-diaminophenazine

Table 1. Main SERS Band Assignments of OPD and 2,3-
Diaminophenazine

SERS/cm ™!
OPD 2,3-diaminophenazine assignment
582 582 ring deformation
608 ring deformation
750 C—H wag
763 ring deformation
1037 1037 ring deformation, ring breathing
1258 1258 C—N stretching in the benzenoid
1333 C—H in-plane bend
1368 C-N*
1415 half-oxidized phenazine-like structure
1484 phenazine-like structure
1502 ring deformation, C—H in-plane bend
1572 C=N
1602 NH, scissor
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Figure 9. Concentration-dependent SERS spectra of the catalytic
reaction solutions with H,0O, concentrations ranging from 107> to
10~ mol/L and the blank sample.

increased with increasing H,O, concentration, whereas those
attributed to OPD decreased. The most obvious band at 1368
cm™" was chosen for H,0, quantitative analysis.

Figure 10A shows that the Raman intensity of the band at
1368 cm™!, which was used to verify the detection limit of the
method, exists for samples with H,O, concentrations of 0, 1077,
1074 5 x 107 and 107° mol/L. The error bar indicates three
independent measurements, and the threshold line is located at
three standard deviations from the value for the blank sample.

In Figure 10A, H,O, is clearly identified from the threshold
line even though its concentration is 107% mol/L, which
indicates that the assay allows for the detection of as little as 3
pmol of H,O, per 2 uL of sample. A comparison of our method
with other methods®”®® for the detection of H,O, is
summarized in Table S1. The detection limit of our method
shows a sensitivity that is similar to or better than other
methods. However, the absolute amount of the detection
sample of our method is as low as 3 pmol of H,0,, which
shows a considerable advantage over other methods. For the
electrochemical method, the lowest concentration of H,0O, that
could be detected is similar to our method.>” However, when
we consider the sample amount used in the detection system,
only 2 uL of sample is used in our detection system, whereas
the sample volume used in other electrochemical methods

depends on the size of the electrode. Thus, our detection
system shows considerable advantages for H,0O, analysis.

The intensity of the band at 1368 cm™" was then chosen to
plot the calibration curves to be used for quantitative analysis of
H,0,. The intensity of the band at 1368 cm™' versus the
logarithm of the H,0, concentration is plotted over the
concentration range from 107 to 107 mol/L (Figure 10B).
The error bars indicate the batch-to-batch variability of the
SERS intensity from three independent measurements. The
SERS intensity versus the logarithm value of the H,O,
concentration is linear (Y = —252.40X + 1621.04; R* =
0.9918), where Y represents the SERS intensity of the band at
1368 cm™!' for 2,3-diaminophenazine and X is the H,0,
concentration. Consequently, the concentration-dependent
SERS spectra could be successfully used for quantitative
analysis of H,0,. For practical applications, blood samples
with H,0, concentrations of 3.5 X 107 M were determined
using the plotted standard curve (Y = —252.40X + 1621.04) in
Figure 10. H,0, samples at two different concentrations (2.68
X 107 and S5.18 X 107° M) were prepared by adding
extraneous H,0, (5 X 107 M and 10™* M) into each of the
blood samples (3.5 X 107 M) with a volume ratio of 1:1. SERS
spectra of these two samples were then measured. As shown in
Table S2, the average recoveries of these three concentrations
determined by this method were 99.06%, 100.5%, and 99.37%,
respectively. The relative standard deviations of three
independent detections for three different concentration
samples were 0.07936, 0.04031, and 0.0095, respectively
(Table S2). The proposed method for detection of H,O, is
an accurate analytical method with good repeatability and

reproducibility.
4. CONCLUSION

In this study, based on the idea of integration innovation, we
integrated Au points, which exhibit peroxidase-like activity,
onto a Cu/Ag superhydrophobic surface to fabricate a dual-
biomimetic functional substrate. The synergy of these two
functions was fully reflected in the trace analysis of H,O,.
During quantitative analysis of H,O,, the superhydrophobic
properties can be used to decrease the sample volume to only 2
UL of the reaction solution. Additionally, when a 2 L sample
was placed onto an Au point, a catalytic reaction occurred that
oxidized OPD to 2,3-diaminophenazine as a result of the
peroxidase-like activity of the Au point. The concentration-
dependent SERS spectra, collected by adding 2 uL of colloidal
Au to the reaction solution, changed predictably with a change
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Figure 10. (A) SERS intensities of the H,0, samples with concentrations of 0, 1077, 107% 5 X 107 and 107 mol/L, where the threshold line

indicates 3 standard deviations from the value of the blank sample. (B) Quantitative analysis plot showing the intensity of the peak at 1368 cm

-1

versus the logarithm value of the H,O, concentration. The error bar indicates three independent measurements.
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in the H,0, concentration. For further analysis, a quantitative
plot was built using the intensity of the band at 1368 cm™
versus the logarithm of the H,0, concentration. This plot
exhibited good linearity in the range of 107~10"® mol/L, and
the detection limit was as low as 107® mol/L (3 pmol per 2
uL). This study proposed a simple, low-cost, and convenient
method for the preparation of novel dual-biomimetic functional
array chips, and the introduction of SERS further improved the
utility of the substrate.
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