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HIGHLIGHTS

e The scattering imaging strategy is
used to in situ monitor the growth of
Au on Cu,0 surface.

e The Cu,0/Au nanostructures could be
precisely controlled via the scattering
signal.

eThe prepared CuyO/Au nano-
composite has a higher electro-
catalytic activity toward Glucose.

e The paper provides a convenient
approach in controllable synthesis of
plasmonic electrocatalysts in
biosensing.
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ABSTRACT

Nanoparticle plasmon scattering can provide real-time imaging information on the formation pro-
cess of noble metal-based nanomaterials. Due to the synergistic effect of the interface between metal
and oxide supporting pores, metal nanoparticles (NPs), especially Au NPs, generally exhibit higher cat-
alytic activity on oxide carriers than single-component NPs. Here, we use the dark field scattering mi-
croscope to in situ monitor the growth of Au on Cu,0 surface by oxidation-reduction reactions and the
nanostructures could be precisely controlled via the scattering signal. The prepared Cu,O/Au nano-
composite has a higher electrocatalytic activity toward Glucose. When being used as a potential
biosensor for nonenzyme glucose detection, excellent performance, such as high sensitivity with a
detection limit of 4 uM, high selectivity and outstanding stability, was obtained. The scattering imaging
strategy is a convenient and universal approach in controllable synthesis of plasmonic heterostructures,
and leads to the improvement of electrocatalysts in biosensing.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

local surface plasmon resonance (LSPR) of noble metal nano-
particles is affected by the particle composition, shape, size and

Dark field microscopy (DFM) is widely used in biological and
material research, such as biosensor [1], material synthesis [2],
disease diagnosis [3], and unlabeled living tissue imaging [4]. The
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surrounding media [5]. When the size, shape and composition of
nanomaterials change, the specific scattering peak will also be red
shifted or blue shifted. The emergence of dark field scattering mi-
croscope enables us to observe the dynamic changes of LSPR of
single noble metal nanoparticles, so as to monitor the growth
process of noble metal nanoparticles in real time. For example,
Huang and coworkers reported the application of dark field
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scattering microscope in real-time monitoring of single Ag@Hg in
situ growth of nanoalloys [2].

As we all know, cuprous oxide (Cuy0) has been widely studied
because of its potential applications in catalysis [6], biocides [7], gas
sensors [8], solar energy photovoltaics [9], lithium-ion batteries
[10,11] and so on. A considerable number of literatures reported the
preparation of Cu;0 crystals with different morphologies, such as
nanowires, spheres, cubes, octahedrons, cubic octahedrons, trun-
cated octahedrons, dodecahedrons, 26 faceted polyhedrons, 50
faceted polyhedrons, and so on [12,13]. Among them, cubic and
octahedral CuyO crystals are the most important, because more
complex structures can be derived from them, and their well-
defined faces provide a unique opportunity to examine their face
dependent properties. However, due to the high electron hole
recombination rate and wide size distribution of pure Cu;O0, its
catalytic performance is far from ideal. The introduction of Au
particles can overcome these shortcomings. At the same time, the
synergistic effect of noble metal nanoparticles (NPs) and oxide
support pore interface makes NPs/metal oxide show higher cata-
lytic activity than single component NPs. This is because the elec-
tronic structures of metal and oxide carriers are changed by the
electron transfer at the interface, which results in oxygen cavitation
on the interface oxide carrier and thus becomes the active site for
oxygen absorption and activation [14—17].

In recent years, the number of patients with diabetes has been
increasing year by year, and detecting the glucose content in blood
is the key to prevent diabetes [18—22]. Therefore, it is extremely
urgent to develop a glucose sensor with high sensitivity and high
selectivity. At present, a variety of glucose sensors have been used
to monitor the blood glucose content, such as electrochemical [23],
fluorescent [24], optical [25] and transdermal [26]. Among these
methods, electrochemical glucose sensor has attracted extensive
attention due to its small size, weak background signal, high
sensitivity, good selectivity and fast response time [27,28]. The
traditional electrochemical detection methods of glucose mostly
involve the use of glucose oxidase (GOD), which can quickly and
accurately identify glucose molecules by catalyzing the oxidation of
glucose to glucolactone [29,30]. As the sensors related to enzymes
are very sensitive to temperature, pH and humidity, which seri-
ously hinders the further development of enzyme sensors, non-
enzymatic glucose sensors based on various electrocatalysts for
the electrocatalytic oxidation of glucose have attracted more and
more attention as a substitute [31]. In order to develop an efficient,
highly sensitive enzyme-free glucose sensor, a good catalytic ma-
terial is needed.

In this work, we reported the application of dark field scattering
microscope in real-time monitoring of the growth of single Cu,0/
Au for enzyme-free glucose detection, as shown in Fig. 1. Firstly,
Cu;0 nanocubes were synthesized with a solution chemistry route,
and then the growth process of CupO/Au nanocubes were moni-
tored by LSPR of noble metals under dark field microscope (DFM).
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Fig. 1. Schematic illustration of Cu,0/Au NPs for non-enzymatic glucose detection.

Analytica Chimica Acta 1162 (2021) 338503

Finally, the nanomaterials with high electrochemical activity were
applied to the highly sensitive detection of glucose. Due to the
synergistic effect of the interface between metal and oxide sup-
porting pores, metal nanoparticles (NPs), especially Au NPs,
generally exhibit higher catalytic activity on oxide carriers than
single-component NPs. This results in Cu;O/Au having a stronger
ability to catalyze glucose than Cu;0. The sensor presents a satis-
factory sensitivity (2891 pA mM~! cm~2) and comparatively low
detection limit of 4 pM. This work provides a simple strategy for
controllable synthesis of plasmonic heterostructures, and leads to
the improvement of electrocatalysts in biosensing.

2. Experimental section
2.1. Reagents

Copper chloride (Cu(Cl);-2H,0) was purchased from Shanghai
Sinpeuo Fine Chemical Co., Ltd. Sodium hydroxide (NaOH), urea,
uric acid (UA) and sodium chloride (NaCl) were purchased from
Aladdin Chemical Reagent (Shanghai, China). Acetic acid, poly
(ethylene glycol) (PEG, mw = 10,000), chitosan, fructose and lactose
were obtained from Sinopharm Chemical Reagent (Shanghai,
China). Ascorbic acid (AA) was obtained from Sigma-Aldrich. All
chemicals were of analytical grade and used without further puri-
fication. The deionized water (18.25 MQ cm) used in all of the
preparation was from a MilliQ Academic water purification system.

2.2. Synthesis of Cuy0 nanomaterials

In the experiment, all glass instruments were soaked in aqua
regia and dried in advance. The preparation of Cu,0 nanocrystals is
reported in the previous literature [32]. In briefly, 10 g of PEG and
3.4 mg of Cu(Cl), were first dissolved in 200 mL aqueous solution.
After stirring for 20 min, PEG was completely dissolved, and then
1 mL of NaOH solution (6.0 M) was dropwise added. The solution
immediately changed to light blue color, which indicated the for-
mation of Cu(OH); nanoparticles. After 10 min, 4 mL of AA solution
(1 M) was dropwise added to the solution. Then leave it at room
temperature for half an hour. Finally, the obtained precipitates were
washed with ultrapure water and ethanol several times and then
stored in ethanol solution.

2.3. Dark-field scattering microscopic monitoring of the growth of
Cuy0/Au nanocubes

We use a DFM equipped with a 60 x objective lens (NA = 0.7),
100 W halogen lamp as the white light source and a dark-field
condenser (0.8 < NA < 0.92) for imaging. We attached the Cuy0
nanocrystals to a positively charged glass plate by electrostatic
attraction with a poly (dimethyl siloxane) (PDMS) reservoir (1 cm
diameter, ~200 pL total volume). The sample was prepared by
dropping 200 pL of solution containing the Cu,O into the PDMS
reservoir and kept for 2 min. It was washed three times with 200 puL
of secondary water to remove unadsorbed nanoparticles, and dried
with nitrogen. Then, 200 pL of filtered water was added to the
groove for dark-field imaging. After that, 10 uL of NaAuCl4(0.1 mM)
was added to the solution, which was reduced in situ to form Cuy0/
Au under a true-color digital camera (Olympus DP80, Japan). Cu,0/
Au NPs with different Au contents were obtained by controlling the
reaction time.

2.4. Fabrication of the glucose sensor and measurements

All electrochemical measurements were carried out in a three-
electrode system using CHI 760e electrochemical workstation
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(Shanghai CH Instruments, China) at room temperature. A glassy
carbon electrode (GCE) with a diameter of 3 mm, a Pt electrode wire
and standard calomel electrode (SCE) were used as the working
electrode, counter electrode and reference electrode, respectively.
Before electrochemical experiments, the GCE was polished with
alumina suspension and then ultrasonically cleaned in ethanol and
deionized water. In order to prevent the nanomaterials falling off
the electrodes during glucose detection, 10 pL of chitosan solution
(0.001 g chitosan dissolved in 10 mL 0.1% acetic acid) was added to
40 uL of Cu0/Au NPs solution, then 10 pL of the mixed solution was
taken and coated on the electrode to form a stable film. Electro-
chemical activity was assessed by current—time response with a
rotation at a scan rate of 100 mV s~ ! at 0.6 V in 0.1 M NaOH solution.

2.5. Characterization of materials

Transmission electron microscopy (TEM) images were obtained
on a JEM-2800 (JEOL, Japan) instrument. The X-ray photoelectron
spectrum (XPS) was obtained from a PHI 5000 VersaProbe (U1VAC-
PHI Co., Japan). X-ray diffraction (XRD) spectra were characterized
using a powder X-ray diffractometer (ARL Co., Switzerland) with Cu
Ko radiation.

3. Results and discussion
3.1. Characterization of Cuy0 and CuyO/Au nanomaterials

Firstly, the electrode materials were characterized by TEM, as
shown in Fig. S1. As can be seen in Fig. S1 A and B, the TEM images
reveal monodispersed Cu,0 nanocubes with average side length of
50 nm and the lattice fringe spacings of 0.246 nm, which was close
to the spacing of the (111) plane of crystalline CuyO. In order to
determine the distribution of elements on the Cu,O NPs, the EDS
elemental mapping was carried out, as shown in Fig. S1 C. The
atomic percentages of Cu and O are 66.18%, and 33.82%,
respectively.

Galvanic replacement reaction (GRR) between Cup,O and
NaAuCly follows the reaction:
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3Cu20 -+ 2AuCl4 — +3H20 = 6Cu2 + +2Au + 8Cl — +60H—
(1)

The Cuy0/Au in different time periods were characterized by
TEM, as shown in Fig. 2A. After the formation of CupO/Au NPs, it was
found that the surface of CuyO nanocrystals became rough and
formed a lot of protrusions, indicating the formation of Au. As can
be seen from Fig. 2A, in the first few seconds of the reaction, less
gold was precipitated and distributed sporadically on the Cu,O
surface. With the prolongation of reaction time, more and more Au
adhered to the surface of Cu;0. However, when the reaction time is
450 s, Cu0/Au nanoparticles will not guarantee their integrity and
become a pile of scattered gold nanoparticles, as shown in Fig. S2.
Due to the strong LSPR characteristics of precious metals, the
reduction process of Au (III) on Cuy0 can be observed in real time by
LSPR scattering imaging. Next, the growth process of Au on the
same Cu;0 nanocube was monitored in DFM. As shown in Fig. 2B
and C, individual Cu;0 NP was observed as blue spot under DFM
with the scattering spectra at 485 nm. In the presence of Au (IlI), the
scattering spectrum of the nanoparticles gradually redshifted to
666 nm and showed orange spots in the dark field microscope.
When the reaction time exceeds 350s, the scattering spectrum peak
of nanoparticles would not change, only the peak intensity shows a
slight increase.

Since the color of nanocrystals changed significantly under DFM,
Image] was used to conduct color analysis of dark field images and
extracted the red/green (R/G) value of each point. It can be seen
from Fig. 2 D that the R/G value of the nanocube presents a linear
change before 300 s, which is mainly determined by the quanti-
tative relationship of the redox reaction. We further used energy
dispersive spectrometer (EDS) to analyze the ratio of the atomic
composition, as shown in Fig. S3. As the reaction time increases, the
content of Au gradually increases. When the reaction time is 350s,
the ratio of Cu to Au is 24:1. Thus, we can accurately control the
growth of Au NPs on Cuy0 nanocrystals through LSPR scattering
variation.

The crystal structures of Cu;O/Au were characterized by High
resolution electron microscopic (HRTEM), X-ray diffractometer
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Fig. 2. (A) Time-dependent TEM images of Cu,0/Au (0s, 7s, 120s, 300s, 350s, scale bar: 50 nm); (B) Time -dependent DFM images (scale bar: 10 pm) and (C) corresponding spectra

of Cu,0 and Cuy0/Au NPs. (D) R/G value trace of nanoparticles with time elapsing.
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Fig. 3. (A) HRTEM image of Cu,0O/Au NPs, (B) XRD pattern of Cu,0 (a) and CuyO/Au(b), (C—F) XPS survey spectra of Cu,0 and Cu,O/Au.

(XRD) and X-ray photoelectron spectroscopy (XPS). Cu;0/Au with a
reaction time of 300s was used as the experimental sample. Fig. 3 A
shows a typical HRTEM image of the sample with the spacings of
lattice fringes of 0.246 nm (Cuy0,111) and 0.235 nm (Au,111). As
shown in Fig. 3B, the XRD pattern of the sample presents strong
Cuy0 (JCPDS: no. 05—0667) diffraction peaks ((110), (111), (200),
(220), (311) and (222) facets) as well as Au peaks (111 and 200
facets), indicating the formation of Au NPs on Cu,0 nanocubes. In
general, Fig. 3C—F are the XPS spectra of Cu20 and the Cuy0/Au
sample. Peaks such as Cu 2p and O 1s reflect the presence of Cu,0.
As shown in Fig. 3D, the Au 4f peak of Cu,0/Au can be observed
obviously by enlarging the XPS curve of CuyO/Au. There were two
prominent peaks at 87.7 and 83.9 eV, which correspond well to Au
4f7;, and Au 4fs), signals. Moreover, Fig. 3E reveals the high-
resolution Cu 2p spectra of the CuyO and Cuy0/Au, clearly indi-
cating that Cu 2p1/2 and Cu 2p3/2 have strong signals of Cuy0 at
952.37 eV and 932.51 eV, respectively. While the weak signals at
934.57, 944.03, 954.95, and 963.28 eV are accredited to the CuO
crystal phase due to oxidation of a small amount of Cu,0, as shown
in Fig. 3F.

3.2. Feasibility characterization

We then characterized the electrocatalytic activity of the ma-
terials by cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). We studied the response of electrode materials
to glucose by CV in 0.1 M NaOH at scan rate of 100 mV s~ . It can be
seen from Fig. 4A that there is no change in the CV curve for the
bare electrode with or without glucose. From Fig. 4B and C, we can
see an obvious oxidation peak at about 0.42 V, which indicates that
glucose could be electrooxidized on Cu;0 nanocubes and Cu;0/Au
nanocomposites modified electrode surfaces. Moreover, the cata-
lytic activity of Cu;0/Au for glucose is obviously better than that of
Cu,0, which is about two times of that of Cu;0. Here we used 5 nm
Au NPs (Fig. S4 and Fig. 4D) as a control, and proved that the
improvement of glucose catalytic performance was not the catal-
ysis of Au NPs itself, but the result of the synergistic effect of Au NPs
on Cuy0 NPs. As shown in Fig. S5, the diameter of the semicircle
portion in the EIS spectrum decrease in order: CuyO > bare
GCE > Cu0/Au. The semicircle portion at higher frequencies is due
to the electron transfer limited process and the linear portion at
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calibration curve from C.

lower frequencies is resulted from a diffusion limited process [33].
The diameter of the semicircle portion in the EIS spectrum can be
quantified using the electron transfer resistance [34]. Among them,
Cuy0/Au has the best ability to transfer electrons.

3.3. Highly sensitive glucose detection

Furthermore, CV curves of CuO/Au electrode in 0.1 m NaOH
solution containing 1.6 mM glucose were studied at different
scanning rates, as shown in Fig. 5A. The results shown that the
oxidation peak current of glucose changed linearly (Fig. S6), which
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Long-term stability of the Cu,0/Au.

revealed that the electrochemical kinetics is governed by the
adsorption of glucose on the surface of the electrodes. Fig. 5B
showed the CV results of Cu;O/Au at different glucose concentra-
tions (from O to 0.8 mM) in 0.1 M NaOH aqueous solution. With the
gradual addition of glucose, the anodic current increased signifi-
cantly, indicating that Cu;0/Au had good catalytic performance for
glucose oxidation.

In order to obtain better current response signal, the detection
potential was optimized. As can be seen from Fig. S7, the current
signal generally shows an upward trend in the range of 0.4—0.7 V,
which was because the higher the voltage, the faster the reaction
rate. When the potential exceeds 0.6 V, the current change is not
great, but the noise signal becomes more serious. Therefore, we
applied a detection potential of 0.6 V for glucose sensing. We
studied the sensitivity, selectivity and response time of glucose
sensor by means of amperometric analysis. Current responses with
the continuous addition of glucose (0.16—5.6 mM) in constantly
stirred NaOH solutions were recorded at Cu;O and CuyO/Au ob-
tained in different reaction times, as shown in Fig. 5C. It can be seen
that when the reaction time was less than 350 s, the catalytic
performance of the Cu,0/Au material to glucose enhanced with the
increase of reaction time, that is, the increase of Au content. When
the reaction time more than 350s, such as 450s, the catalytic per-
formance decreases due to the weakening of the synergistic effect
between the Cuy0 and Au by the reduction and broken of Cu,0
nanocubes, as shown in Fig. S2. Fig. 5D records the corresponding
calibration curve. The Cu0/Au electrodes showed fast response
towards glucose concentration changes, and the sensing currents
increased with glucose concentration. The glucose sensor obtained
at reaction time of 350s showed a good linear relationship between
the concentration range from 0.16 mM to 5.6 mM comprising an
admirable linear correlation coefficient value (R = 0.999). As shown
in Table S1, the sensor presents a satisfactory sensitivity
(2891 pA mM~! cm~2) compared with other sensors and compar-
atively low detection limit of 4 pM. The sensitivity of the CuyO/Au is
almost 2-fold greater than that of the Cu0 (1476 pA mM~! cm™2).
Furthermore, the limit of detection (4 uM, S/N = 3) in Cuy0/Au is
lower than that of only Cu0 (16.67 uM, S/N = 3).

3.4. Selective and stability characterization

An excellent sensor, in addition to having good sensitivity,
should also have specific detection of the target in many interfering
species. Since the concentration of glucose in human blood is much
higher than that of other interferents, we studied the current
response of CuyO/Au in 0.1 M sodium hydroxide solution by
continuously adding 0.16 mM glucose and 0.01 mM other inter-
ferents. Fig. 6A shows that after the addition of these common
interfering substances including 0.01 mM NaCl, 0.01 mM AA,
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0.01 mM lactose, 0.01 mM fructose, 0.01 mM UA and 0.01 mM urea,
the current changes can be ignored, while the target analyte still
gets a clear response signal. We verify the stability and reproduc-
ibility of the sensor. We can see that the current remains at 98% of
its original value over a running time of 1500 s (Fig. S8). Finally, the
long-term stability of the Cu,O/Au was explored by recording the
current response toward 0.16 mM glucose over 30 days, as shown in
Fig. 6B. The amperometric response was not obviously changed
after 30 days, suggesting excellent stability of Cu,O/Au.

4. Conclusion

In conclusion, we used dark field scattering microscope real-
time monitoring the growth of Au NPs on CuyO nanocubes to
obtain Cuy0/Au nanocomposite with high synergistic catalytic ef-
fect to glucose. The obtained glucose sensor showed a good linear
relationship between the concentration range from 0.16 mM to
56 mM and presented a  satisfactory  sensitivity
(2891 pA mM~! cm~2) and comparatively low detection limit of
4 uM. The overall results illustrate that the Cu;O/Au presents bril-
liant prospects for glucose detection, especially for the analysis of
extremely low concentrations of glucose. This work also provides a
simple strategy for controllable synthesis of plasmonic hetero-
structures, and leads to the improvement of electrocatalysts in
biosensing.
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