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Porous nitrogen-doped reduced graphene oxide-
supported CuO@Cu,O hybrid electrodes for highly

sensitive enzyme-free glucose biosensor

Qing Wei," Ling Wu,?* Meiwen Zhu,® Zhipeng Wang,** Zheng-Hong Huang,®> and Ming-Xi Wang'-¢*

SUMMARY

Constructing high-performance enzyme-free biosensors for detecting glucose is
essential to preliminary diabetes diagnosis. Here, copper oxide nanoparticles
(CuO@Cu,O NPs) were anchored in porous nitrogen-doped reduced graphene
oxide (PNrGO) to construct CuO@Cu,O/PNrGO/GCE hybrid electrode for sensi-
tive detection of glucose. Benefiting from the remarkable synergistic effects be-
tween the multiple high activation sites of CuO@Cu,O NPs and the dramatic
properties of PNrGO with excellent conductivity and large surface area with
many accessible pores, the hybrid electrode possesses outstanding glucose
sensing performance that is far superior to those of pristine CuO@Cu,O elec-
trode. The as-fabricated enzyme-free glucose biosensor displays prominent
glucose sensitivity of 2,906.07 pA mM " cm 2, extremely low limit of detection
of 0.13 uM, and wide linear detection of 3 tM-6.772 mM. In addition, excellent
reproducibility, favorable long-term stability, and distinguished selectivity are
obtained in the glucose detection. Importantly, this study provides promising re-
sults for continuous improvement of non-enzyme sensing applications.

INTRODUCTION

Diabetes is an awfully chronic disease owing to the higher glucose level than normal in the blood," which
can cause numerous complications, for instance, stroke, kidney failure, and heart attack.” Consequently,
the determination of blood glucose is imperative to fight diabetes, particularly in the initial stage, for
the easiest means for diagnosing and prognosticating diabetic patients is the accurate detection of
glucose levels. To this end, many glucose sensors have been developed based on various types of trans-
ducers, such as optical, acoustic, thermal, magnetic, and electrochemical.® Electrochemical sensors have
gained ever-increasing attention thanks to their low-cost, efficiency, fast response, and user-friendliness.
Electrochemical platforms can be classified into two main categories depending on the presence or
absence of enzyme as sensing element. Glucose is quantified by the electron flow, being generated in
the glucose oxidation catalyzed by either an enzyme or a substituent material."* The early electrochemical
glucose sensors were based on enzymes, having high accuracy and selectivity. However, they always suffer
from poor stability and restricted pH ranges and temperature, due to the biological inactivation of en-
zymes.” Thus, it is necessary to develop enzyme-free glucose sensors with high electrocatalytic activity.

Considerable efforts have been devoted to the exploitation of nanomaterials (NMs) as sensing materials for
the catalytic oxidation of gluc:ose,é for example, noble metals,” transition metals, and metal oxides.®” An
ideal NM should have collective properties of high electrocatalytic and enzyme-mimicking activities, but
such materials have scarcely been reported. Among these catalysts, transition metal oxides (TMOs) are
popular due to their exposed metal active sites with excellent catalytic activity.'” Copper oxide, a vital
member of TMOs, is recognized as a promising catalyst because of its low cost, chemical stability, and
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abundant active sites. More importantly, the electron transfer reaction could be promoted at lower over- *Correspondence:
. 1 . . L. . . 1213 . wuling2018@wust.edu.cn

potentials, ' so copper oxides have been widely used in biosensing and batteries. “ ~ Nevertheless, single (LW)
TMO NMs (copper oxide nanoparticles [NPs]) tend to agglomerate, resulting in the decrease of their avail- wangzhipeng@jxnu.edu.cn
able active sites. In addition, their electronic conductivity is generally poor. So their electrocataltyic activ- (W), )
L. . . . . 14 . wangmx14@wit.edu.cn
ities are not satisfactory, and their sensing performances are also well below expectation.'” To avoid the (M-XW)
spontaneous agglomeration and improve the electronic conductivity, anchoring of copper oxide NPs on https://doi.org/10.1016/].isci.
a conductive support is an effective strategy, thus promoting their biosensing performance as an 2023.106155
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electrochemical sensor. Carbon nanomaterials (CNMs) (i.e., graphene, carbon nanofibers, carbon nano-
tubes) are outstanding substrate materials for anchoring metal oxide NPs, because they have high surface
area, good chemical stability, and excellent electronic conductivity.

Compared with other CNMs, graphene and graphene oxide (GO) have a unique two-dimensional (2D)
planar structure, which endows them with much more available surface area for anchoring catalysts.>'®
In addition, they have high carrier mobility, prominent biocompatibility, and wide potential window, so
that the electron transfer rates are greatly facilitated between the active reaction and the electrodes.
Thus, they are the desired substrates for anchoring catalysts in biosensor electrodes. Ren et al. constructed
an efficient glucose sensor based on the composite electrode of porous nickel on a graphene bottom
layer."” Besides graphene, reduced graphene oxide (rGO) has been widely employed to construct glucose
sensor electrode.'® Unfortunately, the pristine graphene is readily stacked on top of each other owing to
the existence of van der Waals forces and strong -7t stacking between graphene sheets, leading to the
reduction of actually available surface area and conductivity, so its electrochemical performance will be
deteriorated."”

Doping and pore-creating in graphene or GO can not only change notably its semiconducting property”® but
also promote the formation of composite materials with metal NPs. Copper oxide/N-doped rGO (NrGO) nano-
composite was synthesized by a low-temperature aqueous process,’’ displaying excellent oxygen reduction ac-
tivity. Copper NPs supported on N-doped graphene (NG) was constructed for surface-enhanced Raman scat-
tering.”” Recently, John et al. prepared modified electrode based on copper nanostructures on NG by
electrodeposition toward glucose oxidation,” showing higher electrocatalytic activity. The doping of nitrogen
can improve the conductivity, spin density, and binding ability of graphene and increase active sites.”* Creating
pores in graphene or GO can effectively increase its surface area, providing more exposed catalytically active
sites for anchoring NPs, accordingly reducing the agglomeration of NPs. Moreover, the pores can accommodate
more target molecules, promote the full contact between the electrode and electrolyte, and shorten the trans-
mission distance of ions, thus improving the electrocatalytic performance.”>?¢

To the best of our knowledge, there are few studies on nitrogen-doped porous GO-supported copper ox-
ides as enzyme-free glucose sensors.”>?’ Herein, we prepared the nitrogen-doped porous reduced gra-
phene oxide (PNrGO) using a high-temperature calcination method, and used the hydrothermal method
to prepare nanocomposites using PNrGO as the support. Electrochemical testing and morphology char-
acterization of nanocomposite materials were systematically investigated. Owing to the synergetic effects
between metal oxides and PNrGO, it was found that the hybrid electrode exhibits low detection limits and
high sensitivity in the electrochemical detection of glucose.

EXPERIMENTAL SECTION

Figure 1 schematically illustrates the procedures for preparing CuO/Cu,0 anchored on rGO in this study.
Initially, GO was synthesized by the modified Hummer’s method, and then it was reduced by thermal treat-
ment at 800°C to obtain rGO. NrGO and PNrGO were prepared by mixing GO with urea or urea/KOH fol-
lowed by heat treatment at 800°C for 3 h. Subsequently, the as-prepared rGO, NrGO, and PNrGO were
separately dispersed into ethylene glycol with Cu (CH3COO),+H,0, H3COONa under ultrasound for
some time; they were then transferred into a 100-mL Teflon-lined stainless-steel autoclave to undergo hy-
drothermal treatment for 10 h at 120°C and then cooled to room temperature. Finally, the products were
rinsed with ethanol and ultrapure water, and CuO/Cu,0O@rGO, CuO/Cu,O@NrGO, and CuO/
Cu,O@PNrGO were acquired.

The chemicals and experimental details of preparation are given in STAR Methods under sections experimental
set-up, as well as the sections preparation of modified electrodes, materials characterizations and electrochem-
ical sensing tests.

RESULTS AND DISCUSSION
Characterization
Morphological examinations

The microstructure and morphology of samples were examined by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). Figures 2A-2C shows the SEM images of pristine rGO,
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rGO: Reduced Graphene Oxide
NrGO: Nitrogen-Doped rGO
PNrGO: Porous NrGO
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Figure 1. Preparation process of materials

NrGO, and PNrGO. They all exhibit well-exfoliated 2D layered structure with size of less than 100 nm. After
nitrogen doping with urea and pore creation by KOH, some wrinkles appeared in NrGO and PNrGO on a
larger scale. Figures 2A'-C’ and A”-C" display the SEM and TEM images of anchoring CuO/Cu,0 on rGO,
NrGO, and PNrGO, respectively. It is clearly seen that a lot of metal oxide NPs have been deposited on the
substrates. Interestingly, most of the loaded NPs on rGO after hydrothermal treatment appeared as cubic
shape, and they usually agglomerated together with larger size as seen in Figure 2A’. By contrast, nearly all
the NPs on NrGO and PNrGO in Figures 2B'-C" were thin shuttle-like structure, and they were evenly
dispersed on the surface and in the voids of the graphene sheet. The TEM images in Figures 2A”-2C" offer
a closer look at the distribution of NPs. As shown in Figure 2A”, only a small amount of shuttle-like NPs can
be found on rGO with serious agglomeration. On NrGO in Figure 2B”, the NPs are partially agglomerated,
indicating that the nitrogen doping into sheets led to good dispersibility of graphene for metal oxide NPs.

With further pore creation in NrGO, the as-obtained PNrGO exhibits more excellent anchoring perfor-
mance for NPs than the others, for it has larger and more exposed surface as nucleation sites. From Fig-
ure 2C", it is easily found that the NPs became smaller in size and dispersed more uniformly onto
PNrGO. To verify this, SEM-EDX (Energy Dispersive X-Ray Spectrometer) mapping analysis was conducted
on CuO@Cu,O/PNrGO. As expected and shown in Figure 2D, there is a uniform distribution of C, O, N, and
Cu elements, without other elements on the surface of PNrGO. In addition, Cu element seems to be pre-
sent around N, which demonstrates that N doping in graphene sheet can act as a binding site for anchoring
metal oxides NPs, for it can assist in a stronger coupling between the N-doped carbon and metal oxides.”®
On the contrary, the elements were not distributed well uniformly on the surface of GO, which was
confirmed by the SEM-EDX mapping of CuO@Cu,O/NrGO shown in Figure S1. The colors representing
different elements were uneven in Figure STA, particularly the Cu element, which suggested that Cu
distributed in a local area. The high-resolution TEM images of CuO@Cu,O/PNrGO are profiled in Fig-
ure 2E. Well-resolved lattice fringes disclose interplanar distances of 0.27 nm, 0.25 nm, and 0.34 nm, which
are in good agreement with the (110), (111), and (002) planes of CuO, Cu,0, and carbon, confirming the
formation of CuO@Cu,0 on PNrGO.

Crystal structure

The phase and crystal structures of the final products were first clarified by XRD. Figure S2 presents the XRD
patterns of GO and PNrGO. A sharp diffraction peak at 26 = 10.65° appeared in the pattern of GO, corre-
sponding to the (002) plane of GO.?” Compared with GO, PNrGO exhibited a characteristic and broad peak
at 20 = 24.65° due to the disordered stacking of graphene sheets,”” which demonstrated that GO had been
reduced during the preparation process. The XRD patterns of CuO@Cu,O without or with substrates are
shown in Figure 3A. It can be observed that diffraction peaks of CuO and Cu,O presented in all the sam-
ples. The peaks of 26 around at 32.5°, 35.5°, 38.5°, 48.7°, and 66.1° were ascribed to the (110), (002), (111),
(202), and (022) crystal planes of CuO (PDF#89-5895).°° Significantly, there is only a weak peak for Cu,O at
61.6° corresponding to its (220) plane in the CuO@Cu,O-bare, which indicated that the generated metal
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Figure 2. The analysis diagram of morphology and elemental

oxide was mainly CuO in the absence of GO substrate. For the samples in the presence of rtGO, NrGO, and
PNrGO, not only the carbon peak located around 25° attributed to the typical (002) plane was observed but
also another peak of Cu,O was observed at 43.4° corresponding to the (200) plane of Cu,O. This fully
confirmed that CuO can be partially reduced to CuyO, owing to the strong reduction action of rGO,
NrGO, and PNrGO under hydrothermal treatment.

Their crystalline natures were further confirmed by Raman spectroscopy, a powerful means for the identi-
fication of GO and its nanohybrids as well as different oxides. Figure 3B shows the Raman spectra of rGO,
NrGO, and PNrGO. All have two wide bands centered at 1,354 and 1,595 cm™"; these bands can be decon-
voluted into I, D, D", and G bands.®""*? Among these bands, D represents the in-plane and edge defects,
and G originates from the graphitic carbon domain formed by sp?hybridized carbon, so the intensity ratio
of D to G band (Ip/lg) is a reliable index to reflect the degree of structural defects.** The values of Ip/Ig and
other fitting parameters including the bands center (v, cm™ ") and full width at half maximum (T, cm™") are
summarized in Table S1. The values of Ip/lg increased from 1.59 (rGO) to 1.66 (NrGO) and 1.68 (PNrGO),
which implied that doping nitrogen and pore creation reduced the degree of graphitization resulting in
the generation of more defects in the graphene sheets. The increased defect is beneficial to the anchoring
metal oxide NPs and the improvement of the sensing performance. The Raman spectra of
CuO@Cu,0/rGO nanohybrids were also recorded in the range of 160-2,000 cm™~" and shown in Figure 3B’
In the measured Raman spectra of bare CuO@Cu,0 and hybrid CuO@Cu,O/PNrGO, three bands were
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Figure 3. Characterization of structure and composition of materials

(A) XRD patterns.

(B, B’) Raman spectra.

(C-C") Survey, high-resolution XPS. spectra of Cu 2p and Cu LMM AES spectra.

(D) Nitrogen adsorption-desorption isotherms. (E) Pore size distribution curves of samples.

observed, such as the relatively strong band at 286 cm™" and other two weak bands at 331 and 623 cm™,
which can be assigned to the CuO and CuyO components, > respectively. In the spectra of hybrid
CuO@Cu,0/rGO and CuO@Cu,O/NrGO, there was only one obvious band at 286 cm™". Of course, the
characteristic bands of GO including D and G bands appeared in all the hybrids except the
CuO@CuyO-bare. This reveals that PNrGO is the most excellent substrate for anchoring metal oxide
NPs, and is helpful for the enhancement of its sensing performance.

Compositional analysis

X-ray photoelectron spectroscopy (XPS) measurements were performed on CuO@Cu,0O/rGO hybrids to
gain insight into the composition and chemical state of elements. From the survey of XPS spectra in
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Figure 3C, N 1s peak at 398 eV was only observed in the spectra of CuO@Cu,O/NrGO and
CuO@Cu,O/PNrGO; C 1s, O 1s, and Cu 2p peaks can be found in all the samples. N species comes
from the urea, and the N 1s spectra shown in Figure S5 can be split into four peaks centered at 398.1,
399.6, 401.1, and 402.6 eV, which are attributed to the pyridinic-N, pyrrolic/pyridone-N, graphitic-N, and
N-oxide,***’ respectively. For CuO@Cu,0-bare and CuO@Cu,0/rGO, no N 1s spectrum was found due
to the absence of nitrogen source during hydrothermal treatment. The high-resolution C 1s spectra
were displayed in Figure S6, which can be deconvlouted into three peaks located at 284.45, 285.62, and
288.25 eV, corresponding to the sp?C-C, C-O/C=N, and O-C=0 functional groups.*'*®

The high-resolution spectra of Cu 2p and Cu LMM spectra are given in Figure 3C'-C". The Cu 2p XPS
spectra exhibit two main Cu 2p3,, and Cu 2p;,, peaks together with two shake-up satellite peaks for all
the samples.*>” Obviously, the centers of Cu 2ps/, and Cu 2p,/, peaks’ binding energy were shifted toward
left from CuO@Cu,0-bare to CuO@ Cu,O/PNrGO, which was caused by their compositional change. In
fact, the peaks are composed of Cu™ and Cu?* and can be further fitted. The dominant peaks with shoulder
located at 933.3 and 953.4 eV are ascribed to Cu®*, whereas the weak peaks at 931.8 and 951.9 eV may arise
from Cu* or Cu® after reduction for their nearly same binding energy.“® To distinguish them, Cu LMM AES
(Auger electron spectroscopy) spectrum was employed and is displayed in Figure 3C". In the peak fit of Cu
LMM, there is a strong peak centered at 568.6 eV and four other weak peaks at 565.2, 567.1, 570.1, and
573.1 eV. It is well-recognized that the characteristic Auger peaks of Cu®, Cu*, and Cu?" are centered at
568.0,570.0, and 568.6 eV,*' respectively. Combining with the XRD, Raman data, and Cu 2p analysis results
as well as the preparation conditions, it can be concluded that copper species existed in the form of CuO
and Cu0O in all the samples. According to the fitted results listed in Table S2, the intensity of Cu,O/CuO
peaks grew continuously from CuO@Cu,O-bare to CuO@Cu,O/rGO, CuO@Cu,O/NrGO, and
CuO@Cu,O/PNrGO. This demonstrates that Cu,O was readily produced under the reduction role of the
substrate to form Cu,O@CuO hybrid metal oxides, which are beneficial to the enhancement of glucose
electrochemical sensing.

Textural analysis

Furthermore, textural analysis of CuO@Cu,O hybrids was conducted to identify their textures. Figures 3D and 3E
present the nitrogen adsorption-desorption isotherms and pore size distributions (PSDs). Seen from Figure 3D,
an obvious hysteresis loop exists in all the isotherms, suggesting the presence of mesopores.”®*? In addition, the
nitrogen uptake follows the order CuO@Cu,O/rGO < CuO@Cu,O/NrGO < CuO@Cu,O/PNrGO. Their PSDs
are plotted in Figure 3E and the calculated textural parameters are listed in Table S3, which confirmed the pres-
ence of mesopores and the order of their specific surface area (SSA) and pore volume. CuO@Cu,O/rGO has an
SSA of 164 m?/g and pore volume of 0.314 cm®/g, which is greater than those of CuUO@Cu,O/NrGO of 120 m?/g
and 0.159 cm®/g yet lower than those of CuUO@Cu,O/PNrGO of 294 m?/g and 0.498 cm®/g. The decrease of SSA
for NrGO is due to the nitrogen resource (urea), which may restrict the thermal expansion of GO during the hy-
drothermal treatment and lead to the formation of curvature structure of NrGO as depicted in SEM images.**
The increase of SSA for CuO@Cu,O/PNrGO originates from the pore creation of KOH, which would react
violently with the carbon substrate to produce a large number micropores and mesopores.

Electrochemical sensing test

Electrocatalytic characteristics of the modified electrodes

Glucose was electrochemically detected using the CuO@Cu,0O-based modified electrodes, whose cata-
lytic activities have extremely important influence on their performance for glucose detection. Figure 4A
shows the Nyquist plots of different modified electrodes; the insets are the equivalent circuit and list of
calculated resistances. The open-circuit voltage was first determined by open circuit potential-time, and
those of CuO@Cu,0O, CuO@Cu,O/rGO, CuO@Cu,O/NrGO, and CuO@Cu,O/PNrGO were 0.39, 0.419,
0.404, and 0.375V, respectively. Then the electrochemical impedance spectroscopy (EIS) test is performed
with perturbation amplitude of 5mV over a frequency range of 1-10° Hz. Finally, we use Zview software to fit
the data to calculate Re. All the electrodes exhibited close solution resistance (R;) of approximately 11 Q,
for they were measured in the same electrolyte. Nevertheless, there exists evident difference in the charge
transfer resistance (R.) among them. The bare CuO@Cu,O had a relatively great R, of 99.42 Q. After it was
anchored on the substrates of rGO, NrGO, and PNrGO, the R.; of hybrid electrodes decreased to 85.31,
87.25,and 80.17 Q, respectively. The reduction in R, can be ascribed to the substrate (rGOs), which greatly
improves the conductivity of bare CuO@Cu,O. Notably, CuO@Cu,O/PNrGO/GCE (glass carbon
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Figure 4. Electrochemical characterization and cyclic voltammetry curves

(A) Nyquist plots of EIS for different modified electrodes in KCl solution containing 5 mM [Fe(CN)gJ>”4".

(B) Cyclic voltammogram (CV) in 0.1 M NaOH + 2 mM glucose at a scan rate of 50 mV/s.

(C) CV curves of CuO@Cu,O/PNrGO in different concentrations from 0 to 5 mM glucose.

(D) CV of CuO@Cu,O/PNrGO/GCE in 0.1 M NaOH solution (2 mM glucose) with different scanning rates, (inset: linear
relationship between the peak current and scan rates).

electrode) possesses the lowest R, because it has the highest active surface area when compared with
other electrodes.

As displayed in Figure 4B, the cyclic votammogram (CV) curves of all electrodes were compared with 0.1 M
NaOH containing 2 mM glucose. The CV curve of rGO/GCE presented almost a straight line, implying no
response to the glucose detection due to the absence of electrocatalytic activity. The CuO@Cu,O/rGO/
GCE exhibited a certain amount of current in 0.1 M NaOH with glucose, whereas the CuO@Cu,O/GCE
and CuO@Cu,0O/NrGO/GCE have nearly the same and higher current. Surprisingly, the CV curve of
CuO@Cu,O/PNrGO/GCE exhibited not only much greater current than those of other electrodes but
also remarkable redox peaks located at 0.374 and 0.572 V. Moreover, the redox peaks were very sharp, indi-
cating that strong glucose oxidation occurred over the CuO@Cu,O/NrGO/GCE electrode. The appear-
ance of obvious redox peaks was ascribed to the significantly increased SSA and the synergistic effects be-
tween CuO@Cu,0 and PNrGO, for it can provide larger SSA and more active sites for glucose oxidation.
According to the previous studies, the overall kinetics of glucose oxidation is not sufficient to generate
enough faradaic currents over metal surface.”* In addition, the faradaic currents are proportional to the
apparent area of the electrode, and they are very sensitive to the nanoscopic surface area.*> As discussed
above, the SSA of CuO@Cu,O/PNrGO was improved dramatically and the substrate (PNrGO) was conduc-
tive graphene nanosheets.

To further investigate the electrochemical behavior of CuO@Cu,O/PNrGO/GCE, we adjusted the glucose
concentration from 0to 5mM, and the CV curves were obtained as shown in Figure 4C. With the increase of
glucose concentration, the oxidation peak current increased, indicating that CuO@Cu,O/PNrGO/GCE has
electrocatalytic effect on glucose oxidation. The redox peak pair observed in 0.1 M NaOH solution is attrib-
uted to the transition reaction between Cu®* and Cu?* (Cu'*)®***”; Cu?* (Cu'*) loses electrons in an alka-
line environment to become Cu®* (Cu®*) as shown in Equations 1 and 2. In the presence of glucose, the
metal ions (Cu®* or Cu?*) with a high oxidation state oxidize glucose to gluconolactone (Equations 3
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and 4), which generates a significant electrical signal on the electrode, increasing the peak oxidation cur-
rent compared with the peak oxidation current in 0.1 M NaOH solution. Therefore, the redox pair peaks
were ascribed to both the Cu®*/Cu®*(Cu*) redox reaction in NaOH and the glucose oxidation.

Cu""+OH —>Cu*" + e~ (Equation 1)
Cu* +OH - Cu* + e (Equation 2)
Cu®"+e+ Glucose —» Cu?* + OH +Gluconolactone (Equation 3)
Cu?*+e + Glucose—>Cu'* + OH +Gluconolactone (Equation 4)

Moreover, the CV curves in 0.1 M NaOH with 2 mM glucose were measured at different scanning rates and
displayed in Figure 4D. With the increase of scanning rate, the currents of redox (oxidation and reduction)
peaks increased and the peak potentials shifted, because high scan rate requires a greater electrochemical
reaction rate that is faster than the diffusion speed of the electrolyte in a redox reaction, thus leading to the
appearance of polarization and the shift of redox peaks.*® The relationship between the peak current and
the scan rate is plotted and shown in the inset in Figure 4D to explore the electrocatalytic kinetics of
glucose. It can be clearly seen that the peak current of oxidation and reduction is well linearly related to
the square root of the scanning rate, and the current versus scanning rate follows the equations: I,(uA) =
56.420"2(mV2s717%).15.99(R? = 0.9989) and I (nA) = -45.730"4(mV""%s 713 +117.2 (R? = 0.9962), indicating
that the electrocatalytic oxidation process of glucose belongs to diffusion control.

Furthermore, the sensing performance of CuO@Cu,O/PNrGO/GCE for glucose in phosphate buffer solu-
tion (PBS) (0.1 M, PH = 7.4) was investigated; Figure S7A shows the CV curves with various concentrations of
glucose from 0 to 4 mM. Consistent with the results in NaOH solution, the response current gradually
increased with the increase of glucose concentration; the linear relationship between the current and con-
centration is displayed in Figure S7B. By contrast, the current value in PBS was much lower than that in
NaOH and the redox peaks is inconspicuous. The calculated sensitivity and detection limit in PBS were
53.65 pA mM™" cm™? and 0.27 mM, whereas the G-PANI(COOH)-PEI-Fc/Cu-MCNB/GCE*” and CuO/gra-
phene electrodes® had sensitivity of 14.3 and 37.62 pA mM~"ecm ™2 and detection limit of 0.16 and 5.04 mM,
respectively. It is clear that the as-prepared CuO@Cu,O/PNrGO/GCE exhibited more excellent perfor-
mance in PBS than the previously reported sensors.

Optimization of detection conditions

The testing conditions usually have prominent influence on the glucose detection results, so they should be opti-
mized. Figures SA-A’ show the effect of amount of active electrode materials on the detection signal. The con-
centrations of NaOH (Cnaon), glucose, and electrode materials were controlled at 0.1 M, 2 mM, and 2 mg/mL,
respectively. From the CV curves of CuO@Cu,O/PNrGO/GCE in Figure 5A, it can be seen that the signal
strength increased with the increase of suspension volume from 1 to é ul, whereas it decreased as the suspen-
sion volume was increased to 7 and 8 ulL. For other electrode materials, including CuO@Cu,O,
CuO@Cu,0/rGO, and CuO@Cu,O/NrGO, similar results were measured and shown in Figure 5A’. The maximal
anodic peak current was obtained at suspension volume of 6 pL for all the electrodes. This can be explained as
follows: too few active electrode materials cannot provide enough active sites for the electrocatalysis of glucose,
but excess materials will increase the resistance of ion transfer. So the optimal amount was selected as 6 pL.

Figures 5B and B’ show the effect of Cy.on on the detection signal strength; the Cnaon varied from 0.001
to 0.2 M. The detection signal also first increased then decreased with increase of Cnaon, and the
maximal signal was achieved when Cnaon was 0.1 M, for too high Cnaon may easily deteriorate glucose
to form 5-hydroxymethylfurfural.®' Interestingly, whether under any suspension volume or Cnaon, the
signal strength with CuO@Cu,O/PNrGO/GCE was far greater than those with the other modified
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Figure 5. Optimization of electrochemical test conditions
(A) CV curves of CuO@Cu,O@PNrGO/GCE with suspension volume.

(A") Anodic peak currents versus suspension volume of all electrode materials.

(B) CV curves of CuO@Cu,O@PNrGO/GCE under different NaOH concentrations.
(B") Anodic peak currents versus NaOH concentrations for all the electrodes.

(C) Amperometric response at the applied potential.

(C') The plots of amperometric response current versus applied positive potential.

electrodes, which verified again that CuO@Cu,O/PNrGO was the most outstanding electrochemical
sensor material for glucose detection. Besides Cnaon, the applied potential is crucial for acquiring sen-
sible amperometric response in the glucose detection, so it is optimized by chronoamperometry per-
formed at different potentials with successive addition of glucose over CuO@Cu,O/PNrGO/GCE.
Seen from Figures 5C and C', the responsive current increased steadily with the increase of the applied
potential from 0.10 to 0.60 V, for higher potential is conducive to the formation of more active species
carrying charges of glucose oxidation.*® On the other hand, when the applied potential rose to 0.65 V,
the responsive current displayed decrease instead of increase deviating from the linearity; the maximum
current was observed at 0.60 V. This is because overhigh applied potential will induce the occurrence of
oxygen evolution and decrease of active surface,” resulting in elevated current background and lower
current response. Especially, as the applied potential arrived at 0.70 V as shown in Figure S8, the back-
ground current increased dramatically, whereas the responsive current was almost negligible. Therefore,
the optimal applied potential was chosen as 0.6 V with optimal suspension volume of 6 pL and Cnaon of
0.1 M in the subsequent tests.

Sensing performance for glucose detection

Under optimal testing conditions, the electrochemical responses of CuO@Cu,O/rGOs/GCE biosensors were
scrutinized toward glucose with successive addition and different concentrations. As displayed in Figure 6A,
except for the pristine rGO-based sensors, the other CuO@Cu,O-based biosensors generated prompt amper-
ometric responses within short response time, and gradually increasing steady-state currents were produced
with every 30 uM glucose added. Moreover, the corresponding response of CuO@Cu,O/PNrGO/GCE is signif-
icantly higher than those of CuO@Cu,O/NrGO/GCE, CuO@Cu,O/GCE, and CuO@Cu,O/rGO/GCE, which
agrees well with the CV results (Figure 4B). CuO@Cu,O/PNrGO/GCE is the optimal biosensor, in which
CuO@Cu,0 is anchored on the PNrGO nanosheets, demonstrating the most outstanding electrocatalytic activ-
ity of the nanocomposite toward glucose oxidation.
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Figure 6. Amperometric current responses of the modified electrodes to 0.1 M NaOH
(A) With successive addition of 30 uM glucose.

(B)

(C) Plots of response current versus the various concentrations of glucose.

(D) Interference tests of CuO@Cu,O/PNrGO/GCE: amperometric responses with addition of 50 uM glucose, 5 uM of the
following interfering species (KCl, uric acid [UA], NaCl, ascorbic acid [AA], and dopamine [DA]), and 50 uM glucose.

Different concentrations of glucose.

The quantitative ranges of the CuO@Cu,0O-based sensors were assessed by amperometry. The real-time
amperometric response curves and the corresponding linear fit curves are exhibited in Figures 6B and
6C, respectively. With the successive addition of different glucose concentrations from 3 uM to 1 mM
into a stirred 0.1 M NaOH solution, the current reached a steady state within extremely short time. After
stabilizing for some time, an increased concentration of glucose was added every 50 s, the modified elec-
trodes presented a fast response to the change of glucose concentration, in that the response current
immediately enhanced and attained the steady state. This indicated that the biosensor possessed a fast
electrocatalytic current response to glucose electrooxidation. The observation of the amplitude of current
enhancement revealed that the electrocatalytic activity followed the order CuO@Cu,O/PNrGO/
GCE > CuO@Cu,0O/GCE = CuO@Cu,O/NrGO/GCE > CuO@Cu,O/rGO/GCE. As shown in the linear fit
curves (Figure 6C), the catalytic current of glucose oxidation with its concentration was observed to present
two linear ranges except for the CuO@Cu,O/rGO/GCE. The linear range, sensitivity, and detection limit
are summarized in Table S4. The detection limit is calculated according to the 3S/N (signal-to-noise ratio)
using the error bar. It can be found that the sensitivity of CuO@Cu,O/PNrGO/GCE is 2,906.07 pA
mM~" em™? and 1,370.08 tA mM~" cm~? within the linear range of 0.0003-2.772 and 2.772-6.772 mM,
respectively, which is remarkably better than those of other electrodes. Furthermore, the detection limit
of CuO@Cu,O/PNrGO/GCE is 0.13 uM, which is also much lower than those of other electrodes. The
detection performances of the fabricated modified electrodes were compared with those of some other
copper oxide-based enzyme-free glucose sensors listed in Table S4. It is clear that the
CuO@Cu,O/PNrGO/GCE modified electrode has the lowest detection limit, highest sensitivity, and widest
linear range.

In addition to the detection limit, sensitivity and linear range, the selectivity, reproducibility, and stability are
important criteria to appraise glucose biosensors in practical applications. Particularly, the selectivity of
biosensor is of essence, for some electrochemical oxidation signals may derive from interfering species. Nor-
mally, many biomolecules with redox properties coexist with glucose in human blood, such as uric acid, ascorbic
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Figure 7. The test of reproducibility and stability

(A) The reproducibility test of CuO@Cu,O/PNrGO/GCE in 2 mM glucose solution.

(B) The stability test of CuO@Cu,O/PNrGO/GCE in 2 mM glucose solution.

acid, fructose, and dopamine. Besides, some common ions like K*, Na*, and ClI~ can also affect the glucose
quantification, and ClI™ can poison the biosensor resulting in loss of sensing activity. Therefore, the selectivity
of the as-fabricated CuO@Cu,O/PNrGO/GCE biosensor was examined against oxygen in 0.1 M NaOH solution.
As depicted in Figure 6D, there is hardly any conspicuous current fluctuation with the addition of 5 uM of any
interfering species, whereas a strong current step can still be produced with the further addition of 50 uM
glucose. Figure S9 shows the percentage of interference signals when compared with glucose, which clearly in-
dicates that the response current of the interfering substance is almost negligible compared with that of glucose.
The amperometeric response results confirm that the CuO@Cu,O/PNrGO biosensor has an excellent anti-inter-
ference ability and significant selectivity for glucose detection.

To investigate the reproducibility and stability of the proposed biosensor, different CuO@Cu,O/PNrGO
biosensors were fabricated in the same procedure and scanned by CV in 2 mM glucose with 0.1 M
NaOH standard solution under the same conditions. The typical CV curves of all five electrodes in Figure 7A
clearly show that the CuO@Cu,O/PNrGO biosensor has excellent reproducibility, for the change in these
CVsis almost negligible and the relative SD(RSD) of the oxidation peak current was only 1.08% (n = 5). Then,
the biosensor was stored at room temperature in air for 3 weeks without additional use. During this period,
its stability was evaluated every 7 days in 2mM glucose solution with four consecutive tests. As displayed in
Figure 7B, the oxidation current of glucose decreased slightly to 94.8% of the initial state after 3 weeks,
confirming that the proposed biosensor has superb storage stability for glucose detection. Finally, the
practical application of the biosensor was also examined by detecting the commercial glucose syrup.
The purchased glucose syrup was diluted with 0.1 M NaOH solution, and the concentration was analyzed
by the standard addition method. As listed in Table S5, the recoveries of glucose measured by the modified
electrode were 96.4%-97.8%, and the RSD was less than 5%, indicating that the accurate quantitative anal-
ysis of glucose can be applied to the actual sample analysis.

Based on the above results, the CuO@Cu,O/PNrGO-based biosensor showed optimal sensing perfor-
mance in glucose detection, which is mainly ascribed to the abundant porosity and nitrogen dopant of
PNrGO. On one hand, creating pores in rGO can effectively increase its SSA and pore volume confirmed
by the nitrogen adsorption-desorption isotherms, providing more exposed fixation sites for metal oxides
thereby reducing the agglomeration of metal oxides verified by the SEM and TEM images. On the other
hand, higher porosity can accommodate more target molecules and promote the full contact between
the electrode and electrolyte, shortening the transmission distance of ions. Thus, the electrochemical
sensing performance of the CuO@Cu,O/PNrGO-based biosensor was greatly improved.

Conclusion

Here, we presented a highly efficient enzyme-free glucose biosensor based on CuO@Cu,O-PNrGO hybrid
electrode, in which CuO@Cu,O NPs were dispersedly anchored on porous NrGO nanosheets. The
biosensor shows superb sensing performance for glucose detection, such as high sensitivity, outstanding
selectivity, and extremely low detection limit and response time. In real serum analysis, the developed
biosensor also exhibited satisfied precision and accuracy in determining glucose concentration. The
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superior electrocatalytical oxidation toward glucose of CuO@Cu,O/PNrGO originates from rapid electron
transfer thanks to the synergistic effects between copper oxide NPs and porous NrGO. The as-fabricated
CuO@Cu,O/PNrGO has high SSA, porosity, abundant exposed active sites, and nitrogen element. The
porous structure of nitrogen-doped GOs provide more nucleation sites for the metal oxide reducing the
occurrence of agglomeration and improving the conductivity of the metal oxide, and ensure sufficient con-
tact between the reactant and active site shortening the transmission distance of ions and promoting the
progress of the catalytic reaction. Therefore, CuO@Cu,O/PNrGO hybrid electrode exhibited prominent
electrochemical sensing performance for glucose detection.

Limitations of the study

The performance of the 0.1 M NaOH solution is higher than that of the buffer solution with pH = 7, which
may cause some problems in the measurement of blood glucose in practical applications (for example, the
plasma needs to be placed in a strongly alkaline solution to measure glucose content). Future research will
focus on the development of NMs as electrochemical sensing materials that can determine glucose con-
tent at near-neutral pH conditions.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins
D (+)-Glucose Sinopharm Chemical Reagent Co., Ltd N/A
N, N-Dimethylformamidel Sinopharm Chemical Reagent Co., Ltd N/A
NaCl Sinopharm Chemical Reagent Co., Ltd N/A
L-Ascorbic acid Sinopharm Chemical Reagent Co., Ltd N/A
Ethylene glycol Sinopharm Chemical Reagent Co., Ltd N/A
KMnO, Sinopharm Chemical Reagent Co., Ltd N/A
Cu (CH3COO0),-H,O Tianjin Fu chen Chemical Reagent N/A
NaOH Xi long science Co., Ltd N/A
KOH Xi long science Co., Ltd N/A
Urea Xi long science Co., Ltd N/A
KCI Xi long science Co., Ltd N/A
H3COONa Xi long science Co., Ltd N/A
H3PO4 Sinopharm Chemical Reagent Co., Ltd N/A
H2SO4 Sinopharm Chemical Reagent Co., Ltd N/A
H,O, Sinopharm Chemical Reagent Co., Ltd N/A
HCI Sinopharm Chemical Reagent Co., Ltd N/A
Uric acid Energy Chemical N/A
Dopamine hydrochloride Energy Chemical N/A
Other
Electrochemical workstation CHI760E N/A
High precision analytical balance AUW220D N/A
Tube furnace GSL-1600X N/A
Freeze-dryer FD-1A-50 N/A
Thermostatic water bath HH N/A
Air blast drying oven N/A
vacuum drying oven DZF-6020 N/A
Field emission scanning electron microscope Geminisem 300 N/A
Transmission Electron Microscopy JEOL 2100F N/A
Raman spectra Ram HR800 Raman spectrometer N/A
X-ray diffraction Bruker D8 Advances 25 N/A
X-ray photoelectron spectra Thermo Scientific ESCALAB Xi+ N/A
Nitrogen adsorption and desorption isotherms ASAP 2460 N/A

RESOURCE AVAILABILITY
Lead contact

Further information and requests should be directed to and will be fulfilled by the lead contacts, Ming-Xi

Wang (Wangmx14@wit.edu.cn).

Materials availability

This study did not generate new unique reagents.

iScience 26, 106155, March 17, 2023

15


mailto:Wangmx14@wit.edu.cn

¢? CellPress iScience
OPEN ACCESS

Additional information

Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

Data and code availability

@ Data reported in this paper will be shared by the lead contacts upon reasonable request.
® This study does not report any original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contacts upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study does not use experimental models.

METHOD DETAILS

Chemicals

D (+)-Glucose, N, N-Dimethylformamidel, NaCl, L-Ascorbic acid, Ethylene glycol, ethanol, H3PO,4, H,SO,,
HCI, H,O, and KMnO,4 were purchased from Sinopharm Chemical Reagent Co., Ltd. KOH, NaOH, Urea,
KClI, H3COONa were purchased from Xi long science Co., Ltd. Cu (CH3COO),-H,0 was purchased from
Tianjin Fu chen Chemical Reagent. Uric acid (UA), Dopamine hydrochloride (DA) were purchased from
Energy Chemical.

Experimental set-up

All electrochemical tests were performed on a CHI760E electrochemical workstation (Shanghai Chenhua).
High precision analytical balance type AUW220D. GSL-1600X tube furnace from Hefei Kejing Co., LTD. The
model FD-1A-50 freeze-dryer is manufactured in Jiangsu Tianling Instrument Co., LTD. Thermostatic water
bath made in Changzhou Guoyu Instrument Manufacturing Co., LTD. Air blast drying oven produced in
Shanghai Langxuan Experimental Equipment Co., LTD. DZF-6020 vacuum drying oven is produced in
Shanghai Heng Scientific Instrument Co., LTD.

Materials characterizations

The morphologies of the material were observed using a field emission scanning electron microscope
(FESEM, Geminisem 300). Transmission Electron Microscopy (TEM) images were obtained on JEOL
2100F with Ultrascan CCD. X-ray diffraction (XRD) measurements were carried out in Bruker D8 Advances
25, the patterns were achieved in the 20 range from 8 to 80° with Cu Ka (A = 1.54 A). The X-ray photoelectron
spectra (XPS) were recorded on Thermo Scientific ESCALAB Xi + to evaluate the compositions of the nano-
composites and the valence of copper in the samples. Raman spectra were measured by Lab Ram HR800
Raman spectrometer. Nitrgoen adsorption-desorption isotherms were achieved at 77 K on an ASAP 2460
(Micromeritics, USA). Specific surface area (SSA) was calculated by Brunauer-Emmet-Teller (BET) model,
and the pore volume and pore size distributions (PSDs) were deduced according to the Non-Local Density
Functional Theory (NLDFT) model assuming the slit pore in carbon samples.

Chemical synthesis

Preparation of graphene: Typically, 1.5 g graphite powder, 180 mL concentrated H,SO4 (98 wt %) and 20 mL
concentrated H3PO,4 were mixed in a beaker, 1.5 g KMnO,4 was slowly added while stirring in an ice water
bath. After intensive mixing, the mixture was heated to 50°C within water bath and stirred for 12 h, obtain-
ing dark green suspension. The above suspension was added with ice and magnetic stirring. During the
stirring process, 30% H,O, was added dropwise using a rubber-tip dropper until the solution turns light
yellow. They were washed using firstly HCl followed by centrifugation, then washed with distilled water until
the pH value is neutral. Finally, the products were dried by vacuum freeze-dry for 3 days and stored for
later use.

Preparation of rGO, NrGO and PNrGO: 0.5 g GO, 2.5 g urea and 1 g KOH were dissolved in a certain

amount of distilled water, and then magnetically stirred for Th. Pour the above solution into a crucible
and dry at 80°C. Place it in a tube furnace at 800°C for 3h with N, centrifuge and wash until it is neutral
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and dry. Compared with PNrGO, NrGO is prepared without adding KOH as a pore-forming agent, and rGO
is prepared without adding urea and potassium hydroxide, and other preparation methods are the same.

Preparation of CuO@Cu,0O, CuO@Cu,0O/rGO, CuO@Cu,O/NrGO and CuO@Cu,O/PNrGO: 0.05 g Cu
(CH3COO);-H,0, 0.041 g H3COONa and 0.02 g PNrGO were dissolved in a certain amount of ethylene gly-
col and sonicated for 40 min, and then the uniform suspension was poured into the reactor at 120°C for 10 h.
Centrifuge washing with ethanol and deionized water and vacuum drying at 60°C. CuO@Cu,O/NrGO and
CuO@Cu,0/rGO were prepared by NrGO and rGO instead of PNrGO, respectively. The other preparation
procedures were the same.

Preparation of modified electrodes

2 mg of the prepared nanocomposite including CuO@Cu,0, CuO@Cu,0/rGO, CuO@Cu,O/NrGO and
CuO@Cu,O/PNrGO were dissolved in 1 mL DMF and sonicated for 30 min to form 2 mg/mL suspension.
The bare GCE (3 mm in diameter) was polished with 0.1 pm, 0.3 um, and 0.05 um polished aluminum pow-
ders, respectively, and then the electrodes were repeatedly rinsed with absolute ethanol and deionized wa-
ter. Finally, the prepared dispersion was transferred to the electrodes (When the influence of the amount of
drip coating on the catalytic performance of the material was studied, 1,2,3,4,5,6 uL were applied
respectively.).

Electrochemical sensing test

All electrochemical tests were performed on a CHI760E electrochemical workstation (Shanghai Chenhua).
The three-electrode system was used in the testing process, and the prepared rGO/GCE,
CuO@Cu,O/GCE, CuO@Cu,O/rGO/GCE, CuO@Cu,O/NrGO/GCE and CuO@Cu,O/PNrGO/GCE were
used as the working electrode, the Ag/AgCl and Pt wire electrode were used as the reference electrode,
and auxiliary electrode, respectively. i-t curves were measured at 0.6 V in 0.1 M NaOH solution for detec-
tion of glucose concentration. CV tests were performed over a potential range of 0-0.8 V (vs. Ag/AgCl) with
a scan rate of 50 mV s~

QUANTIFICATION AND STATISTICAL ANALYSIS

This study does not include statistical analysis or quantification.

ADDITIONAL RESOURCES

This study has not generated or contributed to a new website/forum and it is not part of a clinical trial.
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