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ARTICLE INFO ABSTRACT

A core-shell Cu(OH),@Au@Co(OH), nanocomposite with hollow nano-flower morphology fabricated by a facile
and non-surfactant template-engaged reaction was applied for highly sensitive detection of glucose. The prussian
blue analogues (PBA) of core-shell nanocubes (CuFe@Au@CoFe) were synthesized as the template through the
accurate control of the reaction rate. In this nanocubes, Au nanoparticles for accelerating electron transfer rate
were reduced at the interface of CoFe (core) and CuFe (shell) to improve their conductivity. These nanocubes
were then etched controllably to form three-dimensional hollow nanoflowers stacked by nanosheets. It provided
abundant electrode-electrolyte channels and high surface areas for OH™ and glucoses adsorption and the fol-
lowing reactions. Due to the sandwich structure and synergic effect of the nanomaterials, the as-prepared sensors
exhibited an ultrahigh sensitivity of 3427 yA mM™ cm™ for glucose detection, as well as a wide linear range of
0.001-5.2 mM with a low detection limit of 0.5 uM. In addition, the Cu(OH),@Au@Co(OH), nanocomposite
showed long-term stability and good reproducibility for glucose detection in serum with comparable results as
measured with commercial glucometer. We believe the nanocomposite provided a good candidate for gluc-
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ometer in future clinical applications.

1. Introduction

The increasing attentions have been paid to diabetes, because it is
the cause of many severe chronic diseases, such as blindness, kidney
impairment and peripheral neuropathy [1,2]. According to the report
from the World Health Organization, the number of diabetics will reach
to 578 million by 2030 [3]. Monitoring the glucose level is the unique
and effective way to maintain their health [4,5]. Among a great variety
of detection methods, electrochemical glucose sensors receive extensive
interests due to the attractive properties of low cost, simple operation,
rapid response and ease of miniaturization [6,7]. Nevertheless, current
detection methods based on electrochemical glucose sensors (gluc-
ometers) mainly rely on the activity of glucose oxidase which may be
denatured under inappropriate storage [8,9]. Pursuing a highly effi-
cient electrochemical sensor with strong stability is always a worthy
goal. To reach the aim, considerable efforts have been conducted to
explore novel electrocatalytic materials with highly enzyme-mimic ac-
tivity and long-term stability.

Up to date, numerous metallic materials, considered as the enzyme-
mimic candidates (such as CuO, CuzN, Co304, CosN, NiO, Cu(OH),, Co
(OH),, Ni(OH)») [10-171, have been utilized in the preparation of non-
enzymatic sensors, due to their ability to oxidize glucose. However,
catalytic materials with high sensitivity, good environmental adapt-
ability and excellent stability especially applied in real samples are still
under development [18,19]. Instead of single component materials,
composite nanomaterials may offer improved performance due to their
synergic effects in catalytic activity, conductivity and active areas. For
instance, nanocomposites such as CeO,@CuO, TiO5/Co304, ZnO-CuO
and nickel-cobalt double layered hydroxide [11,20-22] have shown
high sensitivity and stability for glucose detection. In addition, Fe(OH);
and Cu(OH), nanowires were designed to core-shell nanostructure for
the improvement of the intrinsic activity and the electrochemical sur-
face areas were also larger than their previous work [23]. The combi-
nations of metal hydroxides with well-designed nanostructure offer
large specific surface, high redox activity and chemical stability
[24,25]. However, the deficiency of high conductivity of such metal
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hydroxides nanocomposites limits their further applications. The fea-
ture of semiconductive materials typically postpones the electron
transfer to the electrode surface upon glucose catalysis [26]. Conse-
quently, nanomaterials with strong conductivity, especially Au nano-
particles, were often doped into composite nanomaterials to facilitate
the electron transfer [27-29]. Under the synergies of bimetallic atoms
and conducting nanoparticles, a nanocomposite containing Cu(OH)a,
Co(OH), and Au may offer enhanced catalytic activity.

Along with the development of advanced synthetic technology and
the deep comprehension of micro/nanostructural formation me-
chanism, the contribution of geometric configuration to sensing per-
formance was gradually revealed [30-33]. The preparation of a suitable
nanostructure with spatial configuration and interfacial distribution
with multiple materials to achieve excellent sensing performance is still
challenging. Various novel nanostructures were continuously devel-
oped for the preparation of high-active materials with abundant active
sites, strong electrocatalytic property and excellent stability [34,35].
Among all the nanostructures, the construction of core-shell and hollow
structure was considered as two of the promising strategies [36-39].
For the core-shell structure, their catalytic activity can be effectively
improved via the regulation of their shell shape and shell thickness.
Hollow and porous structure played a paramount role in respect to their
electric transport efficiency. Interior cavity provided high surface-area-
to-volume ratio for effective molecules reaction and electron diffusion,
which is beneficial for highly catalytic activity [40]. The interior void
space provided also improved reusability in applications due to the
avoidance of destructive volume expansion and the alleviation of
structure stress strain [41]. Therefore, in order to obtain the desirable
functionalities, integrating effectively different nanomaterials/struc-
tures to form a hollow core-shell structure is an appealing strategy.

Herein, the hollow core-shell structural nanocomposites of Cu
(OH),@Au@Co(OH), were prepared by a facile and non-surfactant
template-engaged reaction for glucose catalysis and monitoring. As
shown in Fig. 1, a dense thin Au layer served as a conductive layer was
firstly reduced on the surface of Cos;[Fe(CN)gl» (CoFe) core layer. After
that, a shell layer of Cuz[Fe(CN)g]- (CuFe) was grown on the Au surface
along with the structure changes from the truncated cubes to well-
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defined cubes. Finally, a hollow core-shell nanocomposite with highly
structural complexity was formed under an alkaline etching process.
Interestingly, through the regulation of the etching concentration and
shell thickness, different nanostructures with high surface areas were
generated such as nanowire networks, nanowire flowers and nanosheet
flowers. Due to the synergies between the catalysis from bimetallic
atoms and the conductivity from Au nanoparticles, the as-prepared
sensor exhibited outstanding electrocatalytic activity towards glucose
with ultrahigh sensitivity, long-term stability and high accuracy for
glucose detection in serum.

2. Experiments
2.1. Reagents and apparatus

Cobalt (II) chloride (CoCly), cupric chloride (CuCly), gold (III)
chloride trihydrate (HAuCls*3H50), sodium hydroxide (NaOH), glu-
cose, uric acid (UA), dopamine (DA), fructose (Fru), lactose (Lac) and
sodium chloride (NaCl) were purchased from Shanghai Macklin
Biochemical Co., Ltd. Potassium ferricyanide (KsFe(CN)e) and ascorbic
acid (AA) were received from Shanghai Aladdin Bio-Chem Technology
Co., Ltd. Ethylalcohol was bought from Anhui Ante Food Co., Ltd.
Rabbit serum was obtained from Beijing Huaaokean Technology Co.,
Ltd. Au, Pt and Ag/AgCl (saturated KCl) electrodes were received from
Shanghai Chuxi Industry Co., Ltd. Glucometer was purchased from
ACON Laboratories, Inc.

Field emission scanning electron microscope (FESEM, Hitachi,
SU8010, working potential: 5 KV, working current: 10 pA) and Field
emission transmission electron microscopy (FETEM, F200S, working
potential: 200 KV) were used to investigate the morphology of the
prepared materials. Fourier-transform infrared (FTIR, Tensor II, USA,
wavelength range: 400-4000 cm™ 1), Raman spectrometer (Renishaw,
InVia Qontor, England, laser wavelength: 633 nm, laser power 1%) and
X-ray diffractometer (D/MAX 2500 V/PC, working potential: 40 KV,
working current: 15 mA, scan range: 5— 60°, scan rate: 15°/min) with a
Cu-Ka radiation (0.15419 nm) were respectively utilized to character
the components and structure of the nanocomposites. X-ray
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Fig. 1. Schematic illustration for the preparation and application of hollow core-shell Cu(OH),@Au@Co(OH), nanocomposites for glucose monitoring in serum,

which was compared with that measured by a commercial glucometer.



D. Jiang, et al.

Sensors & Actuators: B. Chemical 321 (2020) 128500

Fig. 2. SEM images of (A) CoFe, (B) Au@CoFe and (C) CuFe@Au@CoFe. (D) The TEM image of a CuFe@Au@CoFe nanoparticle. The elements mapping images of (E)

Cu, (F) Co and (G) Au, respectively.

photoelectron spectrometer (ESCALABMKLL) was applied to investigate
elements valence state. The Brunauer-Emmett-Teller (BET) surface area
and porosity analyzer (ASAP 2460, Micrometritics, analysis gas: ni-
trogen, outgas time: 12.0 h) was utilized to measure the specific surface
areas of the nanostructured materials. Plasma emission spectrometer
(Agilent, ICPOES730) was used to determine the element content of
metal in the composite.

2.2. The precursor fabrication of core-shell structural CuFe@Au@CoFe

Firstly, based on a chemical reaction of Co>* and [Fe(CN)¢]®>~, a
mixture of 10 mM CoCl, and 10 mM HAuCl, was prepared to react with
KsFe(CN)g for the formation of truncated cubic CoFe (Core) with the
assistance of syringe pump. Then, excess 10 mM AA was slowly added
to reduce AuCl,- on the core surface thanks to the electrostatic inter-
action of AuCl,- with Co?* (Fig. 1). After that, Au@CoFe was washed
with water by three times at 6000 rpm centrifugation rate, and redis-
tributed in 20 mL water. Then, 10 mM CuCl, and 10 mM KzFe(CN)g was
injected into the above solution at a slow rate (100 pL/min) to form
CuFe shell layer. Finally, the formed core-shell composite was dissolved
in 20 mL ethanol after centrifugation for three times. Shell thickness
was adjusted by changing the added volume of CuCl, and K3Fe(CN)g.

As control, CoFe and CuFe nanoparticles were synthesized by the
chemical reaction of 10 mM CoCl, with 10 mM K3Fe(CN)e and 10 mM
CuCl, with 10 mM K3Fe(CN)g, respectively. The synthesize of Au@CuFe
was similar to above method for the synthesis of Au@CoFe by replacing
CoCl, with CuCl,. Au nanoparticles with diameter around 10 nm were
formed by using the 10 mM AA to reduce HAuCl, as reported elsewhere
[25].

2.3. The construction of hollow core-shell Cu(OH),@Au@Co(OH), based
sensor

40mL of 0.6 M NaOH was added into the above 20 mL ethanol so-
lution containing CuFe@Au@CoFe to form the Cu(OH),@Au@Co(OH),
structure based on the alkaline etching reaction as shown in Eqgs. 1 and
2. After hand shaking for 5min, the mixed solution was sonicated for
15 min. Note that in order to investigate the morphologies variations,
different concentrations of NaOH (from 0.2M to 0.8 M) were used
during the etching process. The as-prepared product was heated in oven
at 60 °C for 6 h. The sensors were fabricated by dropping cast of 10 uL
Cu(OH),@Au@Co(OH), aqueous solution (2mg/mL) on the Au

electrodes and dried at room temperature before usage. The prepara-
tions of Cu(OH),, Co(OH),, Au@Cu(OH), and Au@Co(OH), particles
were obtained by using the 0.6 M NaOH to etch the above prepared
CuFe, CoFe, Au@CuFe and Au@CoFe particles.

60H + Cus [Fe(CN)gly = 3Cu(OH), + 2[Fe(CN)sP* eh)

60H- + Co3[Fe(CN)sl, = 3Co(OH), + 2[Fe(CN)¢J- )

2.4. Electrochemical measurement

All electrochemical tests were conducted on electrochemical work-
station of Shanghai Chenhua Instrument Co.Ltd (CHI 660E). Cyclic
voltammetry (CV) and chronoamperometry tests were performed in a
0.5M NaOH electrolyte. I-T curves were obtained by the successive
addition of quantitative glucose solution into the electrolyte, while
serum sample detection was conducted by adding 400 pL serum into
40 mL 0.5 M NaOH solution at 0.5 V working potential. Electrochemical
impedance spectroscopy (EIS) was performed in a hybrid solution of
5mM [Fe(CN)e]* ™73~ (1:1) and 0.1 M KCL. Its frequency range was set
from 0.1 Hz to 1000 kHz with the initial test voltage of 0V and am-
plitude of 5mV. An Ag/AgCl (saturated KCl) electrode and a Pt wire
were respectively utilized as the reference electrode and the counter
electrode.

3. Result and discussion
3.1. The preparation and characterization of precursor

To synthesize hollow core-shell structural nanocomposites, a tem-
plate-engaged reaction based on Prussian blue analogues (PBA) is
adopted [42,43]. It is important to obtain regular skeleton frame
structure of PBA, which dominates the morphology of Cu(OH), and Co
(OH),. Owing to the rapid reaction rate of [Fe(CN)¢]>~, Cu®>*and Co?*,
PBA with regular cubic structure is usually hard to be formed by tra-
dition chemical synthesis without well-control of the crystal growing
rate [29,44]. We however precisely controlled the reactant amount
through syringe pump injection to form the truncated cubic CoFe as
shown in Fig. 2A. After that, Au nanoparticles were reduced uniformly
on its surface when AA was added to generate the truncated cubic
Au@CoFe particles (Fig. 2B). Interestingly, after the deposition of CuFe
layer on the surface of Au@CoFe, the sharp-edge cubes were obtained
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as shown in Fig. 2C. The change in geometry caused by core-shell
structure had not been reported previously. Due to the slowing growth
rate, the CuFe and Au layers were mainly grown around the core rather
than formed self-nucleation [45]. The TEM image and element mapping
(Fig. 2D-F) were used to confirm the structure and the distribution of
characteristic elements. Apparently, the Co atoms were wrapped by Cu,
and in between the Au atoms were randomly distributed, indicating the
successful formation of CuFe@Au@CoFe sandwich structure. In addi-
tion, the mass ratio of element in the composites for Cu, Au and Co was
estimated as 1.7:1:1.06, which was comparable with the results mea-
sured by ICP as 25.9 % (Cu), 12.9 % (Au) and 12.7 % (Co) in mass
fraction. Note that the element mapping measured by TEM only re-
presented the single particle, while ICP measurement gave the bulk
information of the composites which avoided the component variations
among the particles.

The XRD diffraction spectroscopy was utilized to analyze the syn-
thetic process of the nanocomposite. From Fig. S1A, the sharp peaks of
CoFe at 26 value located at 17.3°, 24.6°, 34.9°, 39.2°, 43.0°, 50.1°, 53.4°
and 56.5° respectively represented the crystalline plane of (200), (220),
(400), (420), (422), (440), (600) and (620), illustrating excellent crystal
phase purity [46,47]. For CuFe@CoFe composite, the characteristic
peaks of CuFe were adjacent to CoFe, located at 17.6°, 25.1°, 35.8°,
40.1°, 44.1°, 51.4°, 54.8° and 58.2°, respectively. Furthermore, Au peaks
of (111) and (200) planes were evidently found in the CuFe@Au@CoFe
nanocomposites (Fig. S1A) [48]. The phenomenon indicated CuFe, Au
and CoFe were successfully synthesized by the simple non-surfactant
method. Similarly, FTIR spectroscopy was applied to further confirm
the composition of nanocomposite by functional group. In different
synthetic progresses, two strong adsorption peaks were always ob-
served at 2102cm™! and 2160cm™?, which corresponded to the
stretching vibration band of —CN— group of PBA (Fig. S1B) [49,50]. It
indicated that the non-surfactant method for core-shell preparation had
negligible impact on the PBA crystal structure.

3.2. The morphology regulation and performance optimization of Cu
(OH) ,@Au@Co(OH), based electrode

To obtain the nanocomposite of Cu(OH),@Au@Co(OH), with glu-
cose oxidizing capability, NaOH was selected to etch the synthesized
precursor of CuFe@Au@CoFe, based on a simple ion exchange reaction
as shown in Egs. 1 and 2. At the initial stage of etching, a thin metal
hydroxide layer was grown on PBA surface via the chemical reaction of
Cu®* from PBA with OH™ in alkaline solution. As the ion-exchange
reaction proceeded, OH™ flowed into the crystal interior and the dis-
placed [Fe(CN)6]3' diffused out to the solution. When continuous OH-
were provided, the Co®* from the core would migrate outwards to form
a new Co(OH),, shell. Hence, sufficient OH- could induce the formation
of hollow multishell configuration. Considering the different reaction
kinetics caused by diverse OH™ concentrations, we investigated the
effect of alkaline concentration to the morphology of Cu(OH),@Au@Co
(OH), nanocomposite. From Fig. 3A-D, the morphology of four dif-
ferent nanostructured Cu(OH),@Au@Co(OH), were exhibited. At a low
concentration of NaOH solution (0.2 M), numerous Cu(OH), nanowires
were spread over the Co(OH), hollow crystal and formed a network
structure on the particle surface. Interestingly, with increasing the pH
value of the reaction solution, nanowires were gradually converted to
nanosheets. Furthermore, in the case of 0.6 M NaOH, these nanosheets
were orderly assembled to form a porous nanosphere structure, pro-
viding abundant electrode-electrolyte channels for glucose catalysis.
However, once the concentration was increased up to 0.8 M NaOH,
nanowires or nanosheets were both disappeared with the presence of
small nanoparticles. This may be because that high OH™ concentration
tremendously boosted the reaction rate and the ion diffusion rate,
therefore large amount of nucleus were formed rapidly and converted
to nanoparticles rather than nanosheets. On the basis of the above
etching phenomenon, it could be summarized that the complexed
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nanostructure could be controlled by the etchant concentration.

Raman and FTIR characterizations were performed to verify the
etching method. In Fig. 3E, the Raman scattering peak at 2158 cm ™!,
ascribed to the stretching vibration of —CN— in PBA [51,52], was dis-
appeared after PBA was converted to metal hydroxides. Similar phe-
nomenon was revealed in FTIR spectra (Fig. 3F) that the stretching
adsorption peaks of -CN- at 2102 and 2160 cm ™! in the nanocomposite
of Cu(OH),@Au@Co(OH), were both disappeared. In Fig. S2A, the XRD
measurement also showed obvious elimination of peaks for CuFe and
CoFe but presence of peaks at 19.4°, 35.9° 38.4° and 44.6°, corre-
sponding to the (001) crystalline plane of Co(OH),, (111) crystalline
plane of Cu(OH),, the (111) and (200) crystalline plane of Au, re-
spectively [29,53,54]. XPS measurement was applied to investigate the
chemical compositions after the generation of Au and hydroxides. In
Fig. S2B, two Au 4f peaks located at 83.9° (Au 4{”/2) and 87.6° (Au 4>
2 represented the existence of metallic gold Au (0). For cobalt and
copper element, their oxidation state remained unchanged as revealed
in Fig. S2C and D when Au nanoparticles were reduced in composites,
demonstrating the limited impact of the reduction progress on their
valence state. Moreover, the location of two main Co 2p peaks
(780.5 eV Co 2p*?2, 795.7 eV Co 2p'/?) and the location of two Cu 2p
peaks (933.5eV Co 2p*?, 953.5eV Co 2p'/?) respectively illustrated
the existence of Co?* and Cu®* in Co(OH), and Cu(OH), phase
[55,56]. The results confirmed that there was no side reaction during
the etching process.

As mentioned previously, different nanostructured materials pos-
sessed diverse catalytic activities. To obtain the optimal nanostructures
for catalysis, the electrochemical behaviors of four Cu(OH),@Au@Co
(OH), nanocomposites fabricated at different NaOH concentrations
(0.2M to 0.8M) were respectively measured by CV and chron-
oamperometry technologies in the electrolyte of 0.5M NaOH.
Compared with other concentrations of NaOH, the nanocomposite ob-
tained at 0.6 M NaOH showed the highest current intensity of redox
peaks, representing the best electrocatalytic activity (Fig. 4A). It was
mainly because that the three-dimensional porous morphology as-
sembled by nanosheets (as shown in Fig. 3C) supplied abundant elec-
trolyte-accessible channels, which were beneficial to the generation of
peroxide. The Cu(OH),@Au@Co(OH), composite was then applied for
studying the CV responses to various concentrations of glucose
(0-1.2mM). The CV results showed significant increase of oxidization
peak intensity and the decrease of reduction peaks upon increasing the
concentration of glucose (Fig. 4B). The limiting mechanism of the
electrochemical reaction on the Cu(OH),@Au@Co(OH), based elec-
trode for glucose catalysis was investigated as shown in Fig. S3. The
linear proportional of the redox peaks vs. the square root of scan rate
(40 to 240 mV s~ 1) indicated a diffusion-control electrochemical re-
action process (Fig. S3) [6,57].

To investigate the sensitivity of Cu(OH)>@Au@Co(OH), composites
to glucose at different working potentials, the chronoamperometry
measurements were carried out at 0.4V, 0.5V and 0.6 V respectively,
upon the successive addition of 0.1 mM glucose into 0.5M NaOH so-
lution (Fig. S4). Note that the three voltages were selected according to
the current changes as measured in the CV measurement (Fig. 4B). The
results in Fig. S4 indicated that the current response at working po-
tential of 0.5 V provided the highest current response upon the injection
of the same concentration of glucose into the reactive cell. Therefore,
0.5V was applied for the subsequent chronoamperometry tests. In ad-
dition, the electrocatalytic activity of different Cu(OH),@Au@Co(OH),
composites to glucose were also investigated similarly with the chron-
oamperometry measurements. In Fig. 4C, steady current steps with
rapid response were observed, and the largest current response was
presented for the nanocomposite with nanosheets structures fabricated
under 0.6 M NaOH etching solution. This nanosheets structural elec-
trode showed highest sensitivity of 3427 y)AmM ™' cm™? to glucose
catalysis, which was nearly double of that measured on nanocomposites
prepared under 0.4 and 0.8 M NaOH (Fig. 4D). The results were in
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Fig. 3. SEM images of Cu(OH),@Au@Co(OH), fabricated at different NaOH concentrations: (A) 0.2 M, (B) 0.4 M, (C) 0.6 M and (D) 0.8 M. (E) The Raman and (F)
FTIR spectra comparison of CuFe@Au@CoFe and Cu(OH),@Au@Co(OH), nanoparticles.

accordance with that measured in CV (Fig. 4A). The generated three-
dimensional nanoporous morphology was responsible for their high
sensitivity. Based on the Egs. 3-7 [13,58], it could be learned that more
peroxides were produced due to the increase of effective specific sur-
face areas resulted from the outer stacked nanosheets and interior
hollow cavity. The BET areas of four different nanostructures were
measured with the typical N, adsorption-desorption isotherms as shown
in Fig. S5. Meanwhile, as shown in Fig. 4D, the composite obtained at
0.6 M NaOH showed the largest specific surface areas, reaching to
210.5 m?g~!. Moreover, the specific surface areas of four different
nanostructured composites (182.4m?g~?, 102.9m?g~?, 210.5m?g’
and 107.9m?g~1) were larger than the composites before etching
(76.2 ng_l, i.e. the CuFe@Au@CoFe nanostructure as indicated in
Fig. 2C). Abundant catalytic sites on the nanocomposite could be easily

accessible for glucose molecules. Consequently, based on the results of
CV, chronoamperometry and BET tests, 0.6 M NaOH was considered as
the optimal etching concentration.

Cu(OH), + OH~ — CuOOH + H,0 + e~ 3
CuOOH + glucose — Cu(OH), + gluconolactone 4
Co(OH), + OH~ - CoOOH + H,O + e~ (5)
CoOOH 4+ OH™ — Co0; + H,0 + e~ (6)
2Co0, + glucose — 2CoOOH + gluconolactone 7

The structure of PBA precursor determined the exhibited mor-
phology and structure of Cu(OH)>@Au@Co(OH), composite. Through
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Fig. 5. (A) The glucose sensitivity of electrodes
modified with four different morphologies of
nanomaterials fabricated by adding different
concentrations of CuCl, (0.2mM, 0.3mM,
0.4mM and 0.5mM). Inset: the SEM images
presented the particles morphology obtained
under the corresponding CuCl, concentration.
(B) The TEM image of Cu(OH),@Au@Co(OH),
nanocomposite fabricated under 0.5 mM CuCl,.
(C) The EIS characterization of Cu
(OH),@Au@Co(OH), modified electrodes pre-
pared at four different concentrations of CuCl,
(0.2mM, 0.3mM, 0.4mM and 0.5 mM). Inset:
the equivalent circuit used to plot the re-
sistances of the electrodes. (D) The current re-
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and Cu(OH),@Au@Co(OH), particles.
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the regulation of etching concentration, core-shell structure with three-
dimensional porous morphology can be obtained, which provided high
specific surface areas for glucose accessibility. In addition, the amount
of Cu and Co element in the nanocomposites also affected the sensor
sensitivity due to their involvement in the catalytic reaction via the
conversation of Cu?>* to Cu®* and Co?* to Co>*. For instance, the
effect of added CuCl, to the sensor activity was investigated as shown in
Fig. 5A. When 0.4 mM or 0.5 mM CuCl, was added to the reaction so-
lution, Cu(OH),@Au@Co(OH), based electrode exhibited an ultrahigh
sensitivity to glucose, reaching to 3427 pJAmM ™' cm™. In a low con-
centration of 0.2mM CuCl,, the cubic-shape nanoparticles with rela-
tively poor rough surface was achieved (inset in Fig. 5A), along with
low sensitivity to glucose catalysis (2760 uyAmM ™' cm™). At the pre-
sence of 0.3 mM CuCl,, the nanoparticles with a network morphology
stacked by nanowires was obtained on the surface (inset in Fig. 5A).
Interestingly, the composites covered with obvious nanowires and na-
nosheets structure were formed after increasing the amount of CuCl, to
0.4 or 0.5mM. The thick shell caused by the high concentration of
CuCl, may hinder the etching process which induced the formation of
nanoflower morphology. The TEM image of the nanoflower was shown
in Fig. 5B and an obvious hollow core-shell structure was presented.
Therefore, both 0.4 and 0.5 mM CuCl, could be used for the fabrication
of the nanocomposites. The EIS was used to further investigate the
charge transfer resistance (R.) at electrode surface and the R. was
obtained according to the classical Randles circuit (Fig. 5C inset). The
test was conducted in a 5mM [Fe(CN)e]*”> solution containing 0.1 M
KCl with a frequency range from 0.1 to 10° Hz. For electrodes fabri-
cated at different CuCl, concentrations, the values of R, were fitted
respectively as 114.4 (0.2mM CuCly), 92.7 (0.3mM CuCl,), 79.9
(0.4 mM CuCl,) and 78.3 Q (0.5 mM CuCly). It could be obviously found
that the R, of nanocomposite-modified electrodes gradually decreased
from 114.4 to 78.3 Q with increasing the amount of CuCl,. The elec-
trode modified with nanocomposite fabricated under 0.4 mM CuCl, was
similar to that for 0.5 mM CuCl,. Compared with other morphologies,
these two nanoflower morphologies offered the highest sensitivity for
glucose detection indicating the ample paths for electron transfer and
effectively low diffusion resistance.

Furthermore, to further improve the electron transfer efficiency, Au

0.4 0.6 0.8

Concentration / mM

nanoparticles were introduced and the structure of nanomaterial was
optimized. In Fig. 5D, the slope of the calibration curves for glucose
detection represented the catalytic ability to glucose. Due to the strong
electrocatalysis originated from core-shell bimetallic structure, the Cu
(OH),@Co(OH), composites showed 259.1, 2.1 and 1.3 times higher
sensitivity for glucose detection as compared with the Au, Cu(OH), and
Co(OH), nanoparticles, respectively (Fig. 5D). Furthermore, the parti-
cles after doped with Au nanoparticles, i.e. Au@Cu(OH),, Au@Co(OH),
and Cu(OH),@Au@Co(OH),, showed improved sensitivity as compared
with their counterparts, i.e. Cu(OH),, Co(OH), and Cu(OH),@Co(OH),,
respectively. It was because that Au nanoparticles located at the in-
terface of Cu(OH), and Co(OH), facilitated remarkably the electron
transfer. The comparisons proved that the sandwich structure and Au
nanoparticles significantly boosted the electrochemical activity.

3.3. The electrochemical behaviors of the as-prepared sensors

The amperometric responses of the as-prepared sensor based on Cu
(OH),@Au@Co(OH), composites to different concentrations (1 uM,
10 uM, 100 uM, 500 uM, 1 mM and 2 mM) of glucose were recorded in
Fig. 6A. Along with the successive addition of glucose, the steady cur-
rent steps with sensitive electric response (<5 s) were observed and it
could last for a while until next injection. Moreover, the current value
maintained a staircase increase upon increasing the glucose con-
centration. As exhibited in the calibration curve of Fig. 6B, the current
density was proportional to glucose concentration from 0.001 to
5.2mM. The detection limit was further investigated with low con-
centrations of glucose (from 0.1 to 1 uM) as shown in Fig. S6. The re-
sults showed the current response to 0.5 uM glucose (AI =0.13 pA) was
about 8 times higher than the noise level (i.e. the standard deviation, N
=0.016 pA), while the response for 0.1 pM glucose (AI =0.03 pA) was
smaller than three times of noise level. Therefore, a low detection limit
of 0.5puM was achieved in the sensor system. Compared with other
currently reported glucose sensors in Table S1, the as-prepared sensor
revealed a competitive superior in sensitivity and linear range of de-
tection.

In addition, before the real-sample applications, the selectivity of
the sensor was investigated by injecting different interferents such as
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Fig. 6. (A) The current response of the as-pre-

pared sensors to different concentrations (1 uM,
10 M, 100uM, 500 M, 1 mM and 2mM) of
glucose at working potential of 0.5V. (B) The
calibration curve for the detection of glucose.
(C) The selectivity test for the current response
of the as-prepared sensors to glucose as com-
pared with the interferents such UA, AA, DA,
fructose and lactose. (D) The amperometric
responses of the as-prepared sensor to glucose
upon the injection of 4 pL (1 M) glucose at the
first 4 injections and 400 pL undiluted rabbit
serum at the following injections into total of
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UA, AA, DA, fructose, lactose and NaCl into the reaction cell. The sensor
responses to the following interferents such as 0.01 mM UA, AA, DA,
fructose, lactose and 1 mM NaCl were compared with that for 0.1 mM
glucose. Note that the concentrations of the interferents were chosen
due to the fact that the UA, AA, DA, fructose and lactose in serum are at
least 10-fold lower than that of glucose. As shown in Fig. 6C, the in-
jection of interferents showed negligible current variations as compared
to the response for glucose. The change in current with the addition of
substances indicated an excellent selectivity to glucose for the prepared
sensor. The reproducibility was evaluated by the measurement of six
independent sensors fabricated at the same condition. In Fig. S7, the
relative standard deviation (RSD) of the sensitivity to glucose was
calculated as 5.2 %, implying good reproducibility of the sensors. The
long-term stability of the as-prepared sensors was measured repeatedly
every five days over 30 days. Note that the sensor was usually stored at
4 °C in refrigerator before usage. The results showed that the sensitivity
of the electrodes still maintain 88.7 % of the initial sensitivity after 30
days storage (Fig. S8), indicating their outstanding stability and reu-
sability.

3.4. The test in rabbit serum samples

The measurements of glucose in real samples were carried out with
rabbit serum for the Cu(OH),@Au@Co(OH), modified sensors, and
compared with that measured by the commercial glucometer (ACON).
As shown in Fig. 6D, upon the successive injection of serum into the
reaction cell (the last four injections), the current intensity increased
staircase as that measured for glucose solution (the first four injections).
The glucose concentration in serum was calculated based on the re-
sponse in Fig. 6D and summarized in Table S2. The results exhibited the
satisfied relative standard deviation (RSD) of < 7.5 % as compared
with glucometer, which was less than the deviation of 20 % as regulated
by the US Food and Drug Administration (FDA) for clinical blood glu-
cose monitoring systems [59]. More clinical samples usually should be
measured with sufficient batches of electrodes before carrying for any
clinical applications. However, in this article, we focused more on the

T T 1
300 400 500

Time /s

basis of fabrication and optimization of enzyme-mimicking nano-
composites for glucose monitoring.

4. Conclusion

In this study, a kind of hollow Cu(OH),@Au@Co(OH), nano-
composites with controllable morphology were successfully prepared
for the ultrasensitive sensing of glucose. By regulation of the etching
concentrations, reaction kinetic and material components, structural
nanocomposites with different surface morphologies of nanoparticles,
nanowires and nanosheets were obtained. Among which, the nano-
flowers structure stacked by nanowires or nanosheets possessed the
highest activity for glucose catalysis, might be ascribed to the abundant
paths for electron transfer from reactive center to electrode surface, and
the ample electrode-electrolyte channels for OH™ permeation.
Meanwhile, due to the introduction of Au nanoparticles at the interface
of the core and shell layer, electron transfer rate was remarkably im-
proved. Consequently, for the detection of glucose, the as-prepared Cu
(OH)>,@Au@Co(OH), showed an ultrahigh sensitivity of 3427 pA mM"
1 em™, as well as a wide linear range of 0.001-5.2mM and a low de-
tection limit of 0.5 uM. The as-prepared sensor also presented high se-
lectivity and long-term stability, as well as high accuracy for rabbit
serum measurement as compared with the commercial glucometer. We
believe that this method pave a way for the preparation of the enzyme-
mimicking nanocomposites, and the development of highly sensitive
and stable glucose sensors in clinical applications.
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