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ABSTRACT: Cuprous oxide (Cu,O) nanomaterials provide a versatile platform Glucose Gluconic acid
for building nonenzymatic glucose sensors. In particular, Cu,O nanocubes with
controllable sizes and distributions can be deposited electrochemically on a
conductive graphene strip as a soft substrate under different conditions, including
overpotential, temperature, copper-ion electrolyte concentration, and deposition
time. Graphene provides a promising substrate for sensing because of its high
conductivity, high specific surface area, and unique thermal and mechanical
properties. A more negative overpotential is found to produce smaller nanocubes
with a large number density, while the deposition temperature could affect the
morphology of nanocubes. The size of the nanocubes increases with increasing
copper-ion concentration and deposition time. Using an optimal condition of
—1.0 V vs Ag/AgCl, 1 mM [Cu*], and 100 s deposition time at room
temperature, we obtain a near-homogeneous monolayer of Cu,O-shell Cu-core nanocubes, ~50 nm in size, on a graphene strip
substrate. The Cu,O nanocubes/graphene system is used as a high-performance sensor with a wide detection range of 0.002—17.1
mM and a high sensitivity appropriate for saliva-range glucose sensing. It has also been used to test glucose in the real saliva sample
with 95% accuracy. This nonenzymatic glucose sensor is considerably better in performance than other nonenzymatic sensors,
including those based on bare graphene, and graphene sputter-coated with a Cu film, and conventional enzymatic sensors such as
glucose oxidase immobilized on graphene (with and without Nafion). In addition to being an excellent catalyst, Cu,O nanocubes
have a large specific surface area and a large amount of active sites. These nanomaterial properties, along with the use of a high-
conductivity substrate like graphene, make the Cu,O nanocubes/graphene sensor among the best saliva-range glucose sensors
reported to date.

KEYWORDS: saliva-range, nonenzymatic glucose sensor, electrocatalyst, Cu,O nanocubes, graphene substrate

B INTRODUCTION deposition'® offers a quick, low-cost, and reproducible
fabrication method for these nanoparticles. Furthermore,
there are also a large variety of substrates readily available
for electrodeposition, includin§ silicon,'” indium tin oxide,*’
and glassy carbon electrode.”’ In addition to these hard
substrates, flexible soft substrates are becoming more accessible
for depositing copper and copper oxide nanoparticles. Among
these, two-dimensional materials such as graphene have been
recently used in many areas, including electronics, photonics,
and biomedical applications.”” Several metal and metal oxide
nanoparticles (e.g,, Pt,”> Au,”* Pd,* TiO,*® Co0;0,””) have
been fabricated on graphene sheets. Indeed, the graphene sheet
itself has attracted a lot of commercial interest because of its
high electrical conductivity, high specific surface area, and

Metal and metal oxide nanoparticles have attracted a lot of
attention for decades because of their special electronic,
mechanical, and catalytic properties." One prominent example
is cuprous oxide nanoparticles, which have been used as a
catalyst for biosensors,” an antifouling coating,4 an essential
component in plasmonics,” and other applications (such as
amination coupling reactions, antimicrobial coating, food
packaging, and drug-delivery applications)®™® due to their
high conductivity, low toxicity, environment friendliness, and
low cost. Compared to other metals, copper has outstanding
catalytic properties, and copper-based biosensors show
superior performance in sensitivity (with a wide dynamic
range), detection limit, stability, and interference-free
selectivity.” Earlier studies have focused on nonenzymatic —
glucose biosensors based on copper materials, such as metallic Received:  February §, 2021 pe—
Cu,"’ cupric oxide (CuO),"" cuprous oxide (Cu,0),"* and Accepted:  May 4, 2021 “ o §
their composite oxides.”> Among the many approaches to Published: May 19, 2021
fabricate copper and copper oxide nanoparticles, such as

nanosphere lithography,'* hydrothermal synthesis,"> ion

irnplantation,16 and sonochemical reduction,'” electrochemical
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unique thermal and mechanical properties.”® The graphene
sheet is therefore a versatile flexible substrate with exceptional
conductivity for electrodeposition of copper oxide nano-
particles.

According to the International Diabetes Federation, the
number of diabetes patients is expected to increase from 382
million in 2011°° to 422 million in 2020 and to 642 million in
2040 globally.>® To monitor the glucose level in a diabetes
patient, there are numerous products developed for glucose
sensing in the marketplace and even more studies about further
improvement to these products. However, most of these
products require a blood test from a fingertip, which is an
invasive procedure, especially when the patient needs
continuous rnonitoring.*?’1 There is great interest in developing
a totally painless method, other than just changing the blood
sample acgluisition site from the forearm, thigh, and hand to
the finger.”> Compared to a blood glucose test, saliva glucose
analysis has many advantages, including easy-to-collect test
samples and less stress for the patient requiring frequent
testing throughout the day.”> While normal glucose concen-
tration in saliva is very low, a significant increase of glucose in
saliva in a diabetes patient has been reported.”* The
concentration of glucose in saliva ranges from ~20 uM in
normal subjects to as high as 200 M in diabetes patients.”"**
Recently, there has been an accelerated effort in developing
noninvasive saliva-range glucose sensors for both enzymatic
and nonenzymatic sensing.’® These include the enzymatic on-
chip electrochemical device,” the paper strip-based color pH
indicator,”” and glucose sensing electrodes attached on the
surface of a mouthguard with a wireless measurement
system,’ as well as the nonenzymatic electrochemical glucose
sensor.”” The mechanism of glucose detection in an enzymatic
sensor is different from that of a nonenzymatic one. Generally,
the enzymatic glucose monitor depends on the oxidation
reaction between the enzyme glucose oxidase (GOx) and
glucose through the movement of electrons that (generates the
current or voltage measured by the electrodes.”’ The overall
mechanism follows the well-known reaction of glucose oxidase

GOx(FAD) + glucose
— gluconolactone + GOx(FADH,)

where GOx (FAD) is the oxidized form of GOx, while GOx
(FADH,) is the reduced form.*' In the case of a metal oxide
nanoparticle nonenzymatic sensor, the metal oxide nano-
particle serves as an electrocatalyst to transfer the electrons
arising from oxidizing glucose. For instance, the nonenzymatic
sensor based on Cu,O nanoparticles involves transferring
electrons from the metal nanoparticles to glucose through the
following mechanism. Cu(I) of Cu,O is electro-oxidized to
Cu(Il) species, i.e., Cu(OH),, which is further oxidized to
Cu(IIl) species, i.e, (CuOOH), in the alkaline solution.
Glucose is then oxidized to gluconic acid, while Cu(II) and
Cu(IIl) are reduced back to Cu(I). During this process,
Cu(III) works in effect as an electron-transfer mediator.*>**

Cu,O + 20H™ + H,0 — 2Cu(OH), + 2e”
Cu(OH), - CuO + H,0
CuO + OH™ — CuOOH + e~

CuOOH + glucose — Cu(OH), + gluconic acid

4791

In the present work, we fabricate a high-performance
nonenzymatic glucose sensor for noninvasive saliva-range
glucose testing by taking advantage of the novel properties of
Cu,O nanocubes and the flexible graphene substrate. The
Cu,0 nanocubes are deposited using a facile electrochemical
method, and the optimum electrodeposition conditions are
selected by changing the deposition voltage, electrolyte
concentration, deposition time, and temperature.

B EXPERIMENTAL DETAILS

All of the chemicals, including copper sulfate, sodium perchlorate,
sodium hydroxide, glucose, glucose oxidase, and Nafion, were used as
purchased from Sigma-Aldrich. Filtered high-resistivity (18.2 MQ cm)
deionized water was used for preparing all of the solutions.
Conductive graphene sheets (25 um thick), with a sheet resistance
of 28 m€2/square, were purchased from Graphene Laboratories, Inc.
and used as substrates. The saliva samples were collected from
volunteers based on the requirement of saliva collection and then
centrifuged at 12000 rpm for 10 min to obtain the supernatants,
which were collected and stored at 4 °C until use.

All of the electrochemical experiments were conducted in a three-
electrode system connected to a CH Instruments 660 electrochemical
station, with a Ag/AgCl reference electrode and a platinum wire
counter electrode. The working electrode used for electrochemical
deposition of Cu,O nanoparticles was a graphene strip (10 X $ mm?),
cut from a graphene sheet. Cuprous oxide was deposited over a typical
5 X 5 mm? area of the graphene strip by potentiostatic amperometry
for 100 s in a 1 mM copper sulfate (CuSO,-SH,0) electrolyte with 10
mM sodium perchlorate (NaClO,) as the supporting electrolyte. The
resulting Cu,O/graphene sample was then used as the working
electrode for nonenzymatic glucose sensing. As a comparison of the
Cu,0O/graphene sensing performance, we also prepared three other
electrodes: (a) a bare graphene strip, (b) a graphene strip coated with
copper for 60 s in a magnetron sputterer, and (c) a graphene strip
coated with glucose oxidase (GOx) by adding 40 uL S uM glucose
oxidase solution and allowing to dry overnight (GOx/graphene). We
also added 20 pL 0.5% wt. Nafion to the GOx/graphene sample and
allowed it to dry for 3 h at 4 °C (GOx/Nafion/graphene) in an
attempt to improve its sensing performance. Details of the testing
procedure for glucose are given below. A Zeiss Merlin field emission
microscope was used to characterize the surface morphologies by
scanning electron microscopy (SEM). Glancing-incidence X-ray
diffraction (XRD) to determine the crystal structures was performed
in a PANalytical X’Pert Pro MRD diffractometer with Cu Ka (1.542
A) radiation at an incidence angle of 0.6°. X-ray photoelectron
spectroscopy (XPS) conducted in a Thermo-VG Scientific ESCALab
250 microprobe with monochromatic Al Ka radiation (1486.6 V)
and a typical energy resolution of 0.5 eV full width at half-maximum
was used to characterize the chemical-state composition. A Zeiss
Orion plus helium-ion microscope operated at 40 kV was used to
dissect a single Cu,O nanocube to confirm the core—shell structure.
Finally, a commercial blood glucose monitoring system (ACCU-
CHEK Aviva, Roche Diagnostics) for capillary, whole blood,
amperometric testing using glucose dehydrogenase coated test strips
was used to determine the blood glucose concentrations of human
subjects. These results were used as a reference to compare with
results obtained from our salvia-range sensors.

B RESULTS AND DISCUSSION

Fabrication of Cuprous Oxide Nanocubes. The
cuprous oxide nanocubes are synthesized on a soft high-
conductivity substrate graphene strip by one-step, templateless,
and capping-agent-free electrodeposition. Cyclic voltammetry
shows, in Figure S1 (Supporting Information), two reduction
peaks at —0.3 V (Feature A) and —0.6 V (Feature B) and two
oxidation features at +0.28 V (Feature A’) and +0.68 V
(Feature B’), all with respect to Ag/AgCl, at room temper-
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Figure 1. SEM images of Cu,0O nanocubes electrodeposited at (a) —0.2 V, (b) 0.4V, (c) —0.6 V, (d) —0.8 V, (e) —1.0 V, and (f) —1.2 V (all
with respect to Ag/AgCl) in 1 mM CuSO,-SH,0 and 10 mM NaClO, at room temperature for 100 s. (g) Corresponding glancing incidence X-ray
diffraction profiles are assigned in accordance with the reference profiles for the Cu face-centered cubic (FCC) phase (JCPDS 01-070-3039),
marked by triangles, and Cu,0 FCC phase (JCPDS 03-065-3288), marked by circles, along with the measured profile for a pristine graphene

substrate.

ature. Deposition performed at an overpotential more negative
than —0.3 V is found to produce small metal nanoparticles. In
accord with the nucleation mechanism, the nucleus number
density tends to be higher with increasingly more negative
overpotential.**** Figure 1a—f shows the typical morphologies
of nanocubes obtained by potentiostatic amperometry at
different overpotentials in a 1 mM Cu®* electrolyte solution for
100 s deposition time (all conducted at room temperature).
Evidently, the deposited Cu,O nanocubes are found to be
nearly of the same size and uniformly distributed on the
conductive graphene substrate. The size of Cu,O nanocubes
becomes smaller while the number density becomes larger
when more negative overpotentials are employed. For the 100
s deposition, Cu,O nanocubes with the largest number density
are obtained at —1.2 V and they appear to have the smallest
size (40 nm side length, Figure 1f), while the Cu,O nanocubes
obtained at —0.2 V have the largest size (220 nm side length)
with the least density (Figure 1a).

The morphology and size of the nanodeposits also depend
on other deposition parameters, including the deposition
temperature, electrolyte concentration, and deposition time.
The deposition temperature could influence the electro-
chemical thermodynamics and kinetics.* Figure S2 (Support-
ing Information) shows that the nanocubes appear to increase
in size with increasing deposition temperature, from 20 nm at
40 °C to 30 nm at 60 °C to 80 nm at 70 °C. The temperature
of the electrolyte solution directly affects the viscosity of the
solution and consequently the diffusion coefficient and the
thickness of the diffusion layer."” The electrolyte concentration
also has an important effect on the morphology of the
nanocubes. A higher Cu®* concentration leads to a larger
nucleus size and to larger nanocubes at the expense of the
number density. Since the size of the nucleus determines the
extent of its diffusion zone, the size of a nanocube is
proportional to the size of the nucleus. The size of the
nanocubes is found to increase with increasing Cu®*
concentration at the same overpotential (Figure S3, Support-
ing Information). Among the possible nanoparticle shapes,
such as cubic, cuboctahedral, and octahedral, that could be
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obtained on a silicon substrate, a low Cu?' concentration
(about 10 mM) tends to favor nanocubes.”® As graphene is
more conductive than the Si substrate, nanocubes with a size
range of 15—250 nm can be deposited with an even lower Cu>*
concentration (below 10 mM). Figure S4 (Supporting
Information) shows the morphology change of the nanocubes
obtained at —1.0 V in a § mM Cu*' solution with increasing
deposition time from 1, 10, 50, and 100 to 200 s. Cu,O
nanocubes generally increase in size with a longer deposition
time because of the increase in the amount of electron transfer.
Figure SS (Supporting information) shows the morphology
change of the nanocubes obtained in a 1 mM Cu®* solution, in
which the increasing trend in the size with increasing time is
not as obvious as shown in Figure S4 (ie, at a higher
concentration). In addition to the growth in the nanocube size,
the emergence of nanodendrites is evident at a larger
deposition time with the present (Figure S4, Supporting
Information) and higher electrolyte concentrations. As the
Cu,O nanocubes become larger, they are in contact with one
another, forming linear chains.*”*° These studies enable us to
synthesize and deposit Cu,O nanocubes on a graphene
substrate without the need for employing templates and
capping agents by simply using potentiostatic amperornetry.48
As shown in our XRD and XPS data below, the Cu,O
nanocubes so produced are found to be core—shell particles.
The nature of the electrode material and the crystallographic
orientation of the surface determine the value of zero-charge
potential. The conductive graphene strip used as the substrate
in the present work provides notable advantages for electro-
deposition including high charge carrier mobility, excellent
thermal conductivity, mechanical flexibility, and large specific
surface area. For glucose sensing, nanocubes of 50 nm in size
are used because a uniformly distributed, near-monolayer
coverage of Cu,O nanocubes can be obtained on a graphene
substrate, by the aforementioned facile electrodeposition at
—1.0 Vin 1 mM CuSO45H,0 and 10 mM NaClO, for 100 s
at room temperature (Figure le).

The corresponding glancing incidence X-ray diffraction
profiles of Cu,O nanocubes deposited at different over-
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potentials are shown in Figure 1g. The strongest peak at 54.72°
corresponds to the graphene substrate, and all of the XRD
profiles are normalized to this graphene peak. The primary
peaks corresponding to Cu and Cu,O are marked by triangles
and circles, respectively. For the nanocubes deposited at —1.0
V vs Ag/AgCl, the prominent peaks at 36.50 and 42.40° are in
good accord with the respective (111) and (200) planes of the
Cu,O face-centered cubic phase, while the weaker features at
61.52 and 73.69° correspond to the (220) and (311) planes
(JCPDS 03-065-3288). The discernibly weaker features at
43.34, 50.47, and 74.17° can be attributed, respectively, to the
(111), (200), and (220) planes of the Cu face-centered cubic
phase (JCPDS 01-070-3039). The presence of both Cu,O and
Cu features suggests a core—shell nanostructure for the
nanocube, which is also supported by the depth-profiling X-
ray photoelectron spectra discussed below. As the relative
diffraction intensities of the Cu,O features appear higher than
those of the Cu features, the Cu,O shell could therefore be
quite substantial relative to the Cu core. The XRD profiles for
nanocubes with different sizes obtained at different over-
potentials shown in Figure 1g are found to be similar, which
suggests similar crystallography for these core—shell nanocubes
with different sizes.

Figure 2a shows the corresponding XPS spectra of the Cu 2p
and O 1s regions of the Cu,O nanocube samples presented in

(a) Cu,0/graphene (b)-1.0V

Cu2p,, 2ps, O1s Cu 2p,;, CuLMM O1s

Cu,0/Cu Cu,0/Cu Cu,0/CuO| [Cu,0/Cu Cu,0/Cu0
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/
T

LA LA B B | L R R B
970 960 950 940 930 540 530 950 940 930 580 570
Binding Energy (eV)

T /T

560 540 530
Binding Energy (eV)
Figure 2. XPS spectra of (a) Cu 2p;,, and Cu 2p;,,, and O 1s regions
of Cu,O nanocubes electrodeposited on graphene at different
overpotentials in 1 mM CuSO,-5H,0 and 10 mM NaClO, at room
temperature for 100 s. (b) Corresponding depth-profiling XPS spectra
of the Cu 2p;,, photopeak, Cu LMM Auger peak, and O 1s regions of
the Cu,O nanocubes obtained at —1.0 V vs Ag/AgCl in (a).

Figure 1. In addition to the prominent Cu 2p;,, (Cu 2p,/,)
peak at 932.3 eV (952.1 eV) attributed to Cu,O or Cu, a
weaker Cu 2p;/, (Cu 2p, ,,) feature at 934.2 eV (954.3 eV) and
its shake-up satellite features at 940.0-943.5 eV can be assigned
to CuO.”'~>* The relative intensity of the Cu 2p,,, peak for
Cu,0/Cu with respect to that for CuO appears larger for the
Cu,0 nanocubes obtained at —1.0 V (and —1.2 V) than those
for nanocubes deposited at less negative overpotentials. This
indicates that the relative proportion of Cu,0O/Cu in the
smaller nanocubes obtained at —1.0 V (and —1.2 V) is more
than the larger nanocubes obtained at the less negative
overpotentials. The two O 1s peaks at 530.5 and 531.9 eV in
the corresponding O 1s spectra are assigned to Cu,O/CuO
and —OH bond, respectively. The presence of CuO is
consistent with the easy oxidation of Cu,O nanoparticles to
CuO in water or in air.”* The —OH bond feature can be
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attributed to the presence of hydroxyl group on the graphene
substrate after electrodeposition because of water adsorption.

While the Cu 2p photopeaks for CuO and Cu,O/Cu can be
easily discerned in Figure 2a, the relative locations of the CuO
and Cu,O/Cu components in the nanocube are less clear.
Furthermore, it is difficult to identify the presence of metallic
Cu because the metallic Cu feature (at 932.8 eV) is separated
in binding energy from the Cu,O feature at 932.9 eV by only
0.1 eV (i, considerably smaller than the instrumental
resolution of our XPS system).>” In Figure 2b, we show the
depth-profiling XPS spectra of the Cu 2p;/, photopeak, Cu
L;M,sM,s Auger peak, and O 1s photopeak regions of the
nanocubes/graphene sample obtained at —1.0 V as a function
of Argon sputtering time. The CuO Cu 2p and OH O 1s
features appear to be easily removed by brief sputtering. After
10 s sputtering of the Cu,O nanocubes, the weaker CuO Cu
2p3,, feature at 934.2 eV appears to have been removed
completely, which indicates that CuO exists as a thin
outermost layer on the surface of the nanocubes. After 60 s
sputtering of the Cu,O nanocubes, a weak Cu LMM peak at
568.6 eV corresponding to metallic Cu emerges at the low
binding energy side of the prominent Cu,O Cu LMM peak at
570.1 eV. The relative intensity of this metallic LMM feature
becomes stronger upon further sputtering for a total of 240 s,
confirming the presence of the metallic core in the nanocubes.
In addition, the Cu 2p;,, peak at 932.3 eV and Cu LMM peak
at 570.1 eV for Cu,O remain prominent upon further
sputtering. This suggests that Cu,O is the main component
of the nanocubes. As depicted in a schematic diagram in Figure
3b, these depth-profiling XPS data therefore show that the

Figure 3. (al—a4) Helium-ion micrographs of an individual nanocube
(marked by an open square) in a cluster of Cu,O nanocubes
(electrodeposited on a graphene substrate at —1.0 V in a 1 mM
CuSO,5H,0 and 10 mM NaClO, solution for 100 s at room
temperature) upon sequential scanning (and sputtering) with a
helium-ion beam. Schematic models of the proposed structures of (b)
a Cu,0 nanocube on graphene and (c) a Cu film sputter-coated on

graphene.

Cu,O nanocube consists of a small metallic Cu core, a
prominent Cu,O shell, and a thin CuO skin (as the outermost
layer). Similarly, the strong O 1s peak at 531.9 eV is greatly
reduced after sputtering for 10 s, and it becomes totally
diminished after 60 s of sputtering, which suggests that this
OH feature is on the surface of the graphene substrate. The O
1s shoulder remaining after further sputtering corresponds to
water adsorption of graphene substrate which is not covered by
Cu,O nanocubes.

To confirm the core—shell model of an individual Cu,O
nanocube, we take advantage of the nanoscale probing
capability of helium-ion microscopy. Figure 3al shows a
helium-ion micrograph of a group of nanocubes on graphene
before sequential raster-sputtering of one of the nanocubes
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with the helium-ion beam, as marked by the open square in
Figure 3a2—a4. After the first scanning of the area inside the
open square, removal of about half the nanocube is evident and
a T-shape object appears in Figure 3a2, which indicates that
the shell/perimeter of the nanocube is removed more
efficiently than its core portion. This suggests that the material
on the perimeter and the core are chemically different, with the
former, likely softer, material appearing to be more easily
sputtered away than the harder core material during the
scanning with the high-energy helium-ion beam. Continued
scanning (and sputtering) of the same area with the helium-ion
beam ultimately removes the harder core material, as shown in
Figure 3a3,a4. While these helium-ion images do not identify
the chemical nature of the components, they illustrate the
material difference between the shell and the core of a single
nanocube. Combining with the depth-profiling XPS data
shown in Figure 2b therefore supports our proposed model of
the Cu,O nanocube to consist of a Cu core, a Cu,O shell, and
a CuO skin, shown in Figure 3b. For comparison, we also show
a schematic model of a sputter-coated Cu film on graphene in
Figure 3¢, which consists of a Cu film on top of graphene with
a Cu,O overlayer and a CuO outermost layer.

Glucose Sensing Performance of Cu,0 Nanocubes/
Graphene and Related Graphene Sensors. To date, the
most common commercial products for glucose sensing in the
marketplace are enzymatic glucose sensors. Generally, this type
of commercial glucose sensors is popular because of its high
selectivity to the target molecule, glucose. Enzyme immobiliza-
tion can be commonly achieved by direct adsorption, sol—gel
adsorption, and cross-linking.’® One major challenge for
enzymatic biosensors is the stability of the enzyme over
long-term storage because the activity of the enzyme could be
affected by the temperature, pH, humidity, and ionic
strength.”” This potential issue provides an opportunity for
nonenzymatic biosensors, in which glucose is oxidized on the
surface of the electrode to generate the current directly without
the need for enzyme immobilization. The entire process occurs
at the active sites of the electrode where the glucose molecules
are adsorbed. In addition to low cost and good stability, copper
oxides work as the electrocatalysts in a glucose sensor because
of their high electro-oxidation activity and their propensity for
electron-transfer reactions at low overpotential.’*>” In the
present work, the active sites of the glucose sensor are
provided by the Cu,O nanocubes electrodeposited on the
graphene substrate at —1.0 V in a 1 mM CuSO,-SH,0O
(electrolyte) and 10 mM NaClO, (supporting electrolyte)
solution for 100 s at room temperature. The average size of
these Cu,O nanocubes so produced is 50 nm (Figure le).
These deposition conditions provide on graphene a large
density of Cu,O nanocubes of a small size of a near-monolayer
coverage that is optimal for use as a catalyst.

To investigate the efficacy of this Cu,O nanocubes/
graphene sensor, we compare its glucose sensing performance
with three other sensors: a bare graphene strip (graphene), a
graphene strip coated with a copper film by magnetron
sputtering for 60 s (Cu/graphene), and an enzymatic sensor
based on glucose oxidase (GOx) immobilized on a graphene
strip without (GOx/graphene) and with Nafion (GOx/
Nafion/graphene). With the increase of glucose concentration
(0—2.4 mM), the distinct enlargements of the redox current
signal are obtained and the potential for current vs time curves
is selected at 0.6 V vs Ag/AgCl as shown in Figure S6. Figure 4
shows the characteristic current vs time (or i—t) curves at 0.6
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Figure 4. i—t curves (left column) obtained upon sequential addition
of aliquots of glucose to 0.1 M NaOH at 0.6 V vs Ag/AgCl and the
respective SEM images (right column) of (al, a2) graphene, (b1, b2)
Cu/graphene, (cl, c2) Cu,O nanocubes/graphene, and (d1, d2)
GOx/graphene without and with Nafion. The scale bars for all of the
SEM images (a2—d2) are the same.

V vs Ag/AgCl upon stepwise addition of an aliquot of 20 yL
glucose (of 10 mM concentration), with constant stirring, to
these sensors immersed in a 10 mL 0.1 M NaOH solution. The
reason why Cu,O nanocubes/graphene sensor needs to work
in NaOH solution is due to the catalysis mechanism of Cu,O
as mentioned above, in which Cu(I) is to be oxidized to
Cu(Il) forming Cu(OH),, and to be further oxidized to
CuOOH. For this reason, the detection should be performed
under alkaline condition. We have also attempted the detection
in PBS (with pH 7) and confirm that Cu,0 nanocubes do not
work as a catalyst for glucose if we do not add the NaOH base.
The corresponding SEM images of the sensors before the
addition of glucose are also shown. For the bare graphene
sensor, the current jump is small upon glucose addition and its
linear range is 0.02—1.10 mM with a sensitivity of 1.90 uA
mM ™! ecm™? (Figure 4al). Even though the graphene substrate
has good conductivity, graphene itself does not produce a large
electrical current after glucose addition, making graphene more
appropriate as a catalyst support material and not the catalyst
itself.

For the Cu/graphene sensor, the corresponding XRD and
XPS data in Figure S7 (Supporting Information) show that the
sputtered-coated Cu film on graphene undergoes ambient
oxidation in air. In Figure S7a, the prominent XRD peaks at
43.31, 50.44, and 74.12° correspond to the (111), (200), and
(220) planes of the Cu face-centered cubic phase (JCPDS 01-
089-2838). The Cu film does not exhibit any discernible
feature of Cu,O FCC phase (JCPDS 03-065-3288) and CuO
monoclinic phase (JCPDS 01-089-2529) because Cu,O and
CuO resulting from oxidization in air might be amorphous or
poorly crystalline. In contrast, since Cu,O nanocubes/
graphene has a more crystalline structure with better active
sites for electron transfer, the sensor performance is expected
to be better. Using the more surface-sensitive XPS technique,
we show in Figure S7b (Supporting Information) the presence
of Cu,O/Cu and CuO in the Cu-coated graphene, with
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photopeaks at their respective binding energy positions as
those indicated for the Cu,O nanocubes/graphene sample in
Figure 2b. Depth-profiling XPS spectra of the Cu LMM Auger
region further reveal the presence of metallic Cu (Figure S7b,
Supporting Information), the intensity of which increases with
increasing sputtering time. On the other hand, the Cu,O Cu
LMM feature is found to decrease with further sputtering for
480 s, which indicates that only the surface of the sputter-
coated Cu film reacts with oxygen forming the Cu,0/CuO
overlayer. After sputtering for 1080 s, the prominent
composition of Cu/graphene is metallic Cu. In addition, we
also anneal the Cu,O nanocubes sample at 300 °C for 3 h to
obtain predominantly CuO. The corresponding XRD profiles
and i—t curves for Cu,O nanocubes and the annealed (i.e.,
CuO) sample are compared in Figure S8, Supporting
Information.

Like the structural composition of the Cu,O nanocubes on
graphene, the Cu,0/CuO overlayer of the Cu film on
graphene works as a catalyst in the oxidation reaction with
glucose. The resulting detection range of the Cu/graphene
sensor (Figure 4b1) is greatly extended by nearly 10-fold (with
respect to the graphene substrate, Figure 4al) to 0.02—11.10
mM with a sensitivity of 9.56 uA mM™" cm™2 For the Cu,O
nanocubes deposited on graphene (Figure 4cl), the dynamic
range for linear detection is found to be even wider and
significantly extended over five decades to 0.002—17.100 mM.
The linear range of the CuO sample (obtained by annealing) is
found to be 0.02—14.66 mM, which is less than that of the
Cu,0 nanocubes (Figure S8, Supporting Information). Unlike
the sputter-coated Cu film, the Cu,O nanocubes provide
increased catalytic effects through their active sites over a large
specific surface area. Finally, the detection range of the
enzymatic sensor GOx/graphene without Nafion (Figure 4d1)
is found to be quite limited at 0.2—1.0 mM with a sensitivity of
2.86 yA mM™' cm™ but it can be extended to 0.02—11.10
mM with a sensitivity of 5.60 uA mM ™" cm™* by adding 20 uL
0.5% Nafion. In Figure S9 (Supporting Information), we
compare the Nyquist plots and the relevant resistances
determined for the four sensors. Figure S10 (Supporting
Information) provides the corresponding linear curves for
these substrates. Evidently, the charge-transfer resistance is
found to be the smallest for the Cu/graphene system, followed
by those of Cu,O nanocubes/graphene, graphene, and GOx/
graphene. Since the sputter-coated Cu film and electro-
deposited Cu,O nanocubes are considered metallic contact
points on graphene, the charge-transfer resistance is smaller
than the bare graphene. The presence and availability of
reactive sites on Cu,O nanocubes appear more important for
the sensing performance even though Cu/graphene has a lower
charge-transfer resistance.

As the glucose sensor is designed for saliva-range glucose
sensing, the linear range should be high enough to cover the
glucose range for saliva. Figure Sa clearly demonstrates the
current jumps upon addition of a sufficiently low concentration
of glucose from 2 to 210 uM, which is comparable to the
glucose concentration of saliva (20—200 zM) found in normal
individuals and diabetes patients.””** Figure Sb shows the
linear calibration curve of current vs glucose concentration
appropriate for saliva-range glucose sensing. The regression
equation for the low concentration of glucose detection gives
an R® of 0.994. The sensitivity of glucose for the Cu,O
nanocubes/graphene sensor is 36.40 A mM™' cm™ in this
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Figure . (a) i—t curve upon sequential addition of aliquots of glucose
(Glc) with increasing concentration from 2 to 210 yM to the Cu,0
nanocubes/graphene sensor held at 0.6 V vs Ag/AgCl in 0.1 M
NaOH and inset shows an expanded view for the 2 to 10 uM
concentration range. (b) the corresponding linearity response curve.
(c) i—t curve illustrating minimal current jumps due to interference
upon adding aliquots of 0.1 mM ascorbic acid (AA), 0.1 mM citric
acid (CA), 0.1 mM uric acid (UA), and 0.01 mM dopamine (DA)
solutions to 0.1 M NaOH at 0.6 V vs Ag/AgCl. An aliquot of 0.1 mM
glucose solution is also added before and after the interference test.
(d) Comparison of salvia glucose concentrations derived from blood
glucose measurements (right bars) with those obtained using Cu,O
nanocubes/graphene sensor (left bars) for five human subjects.

linear range of 2—210 uM, well above that required for saliva-
range glucose sensors.

We also examine the effects of possible interfering species to
evaluate the selectivity of the Cu,O nanocubes/graphene
sensor. The physiological level of glucose (3—8 mM) is much
higher than those of common interferents such as ascorbic acid
(~0.1 mM) and uric acid (~0.02 mM).”’ Furthermore,
saccharides such as sucrose and fructose could also be
considered as interferents. As sucrose is a disaccharide, it
must be broken down into glucose and fructose before the
human body could use it. The serum concentration for
fructose in diabetes patients has been reported to be 12.0 & 3.8
UM while that of glucose is above 11 mM." The difference in
the relative concentrations of fructose and glucose is therefore
about 1000 times in the human body, which allows us to safely
neglect the presence of sucrose and fructose as interferents.
Using the Cu,O nanocubes/graphene electrode as the working
electrode for amperometry at +0.6 V vs Ag/AgCl, we add a 0.1
mM glucose followed by those of other interferents, including
ascorbic acid, citric acid, uric acid, all with 0.1 mM
concentration (i.e., at least 10 times higher than the expected
level), and dopamine at 0.01 mM, into 20 mL of 0.1 M NaOH.
Evidently, ascorbic acid and dopamine yield less than 10%
change in the current response compared with the current
change of first addition of glucose, while the other interferents
(citric acid and uric acid) do not register a response in the i—t
curve (Figure 5¢).

The stability of the sensor is another important performance
metric of a glucose sensor. To observe the relationship
between the performance of the Cu,O nanocubes/graphene
sensor over time, we plot the i—t curve after storing a freshly
made sensor under ambient conditions for 90 and 180 days
and the overlapping linear fitting graph, shown in Figure
S1lc,d (Supporting Information), respectively. Evidently, the
Cu,0 nanocubes/graphene sensor remains functional and
stable for at least 180 days. We have also used the same sensor
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Table 1. Comparison of Saliva-Range Glucose Sensors

limit of
sensitivity detection linear range applied potential
electrode matrix (uA mM™! cm™2) (uM) (mM) vs Ag/AgCl (V)  reference
bare graphene sheet 1.90 N/A 0.02—1.00 0.6 this
work
Cu-coated graphene 9.56 N/A 0.02—-11.1 0.6 this
work
Cu,0 nanocubes on graphene sheet 36.40 0.23 0.002—17.100 0.6 this
work
glucose oxidase on graphene sheet 2.86 N/A 0.2-1.0 0.6 this
work
nanospindle-like Cu,O/straight multiwalled carbon nanotube hybrid 2143 0.2 0.0005—2.5 0.4 63
nanostructures
Cu/Cu,O hollow microspheres 33.63 0.05 0.22—10.89 0.4 66
coral-like PtAu-MnO, binary nanocomposites on graphene paper 58.54 20 0.1-30.0 0 67
graphene wrapped Cu,O nanocubes N/A 33 0.3-3.3 0.6 68
filter paper strip for salivary analysis N/A 1230 0.50—74.9 N/A 37
Cu,0 nanoparticles on reduced graphene oxide 185 0.0S 0.01-6 0.6 42
single-walled carbon nanotubes and multilayers of chitosan, gold 26.6 S 0.1017-1.11 0.2 69
nanoparticles, and glucose oxidase on chip saliva nano-biosensor
three-dimensional Cu foam-supported single-crystalline mesoporous Cu,0O 97.9 0.005 N/A 0.55 70
nanothorn arrays
Cu,O/Cu nanowire array 1210 10 0.01-7 0.6 64
sandwich nanoporous framework decorated with vertical CuO nanowire 1950 1 0.1-6 0.58 65

arrays

and repeated the detection experiments multiple times. We
find that the currents in repeated consecutive tests (using the
same sensor) appear to become smaller after each test. We
therefore believe that the first test result is the most reliable
and our sensor should therefore be considered for one-time
detection and not reusable.

To demonstrate the application of our Cu,O nanocubes/
graphene sensor under real biomedical conditions, we obtain
blood and saliva samples following Ethics Protocol (approved
Application #43115) from five volunteers, four of whom are
normal subjects while the fifth is considered prediabetics.
Using a commercial amperometric blood glucose testing
system with blood deposited on glucose dehydrogenase coated
test strips, we determine the blood glucose concentrations of
our human subjects. A regression relation ([serum glucose
(mg/dL)] = 95.607 + 27.710 [saliva glucose (mg/dL)])62 is
then used to convert the serum or blood glucose concentration
to saliva glucose concentration. These reference values of saliva
glucose concentrations are shown in Figure 5d. We also collect
saliva samples from our human subjects and use our Cu,O
nanocubes/graphene sensor to obtain the respective saliva
glucose concentrations by making use of the calibration curve
shown in Figure Sb. After centrifuged at 12 000 rpm for 10
min, an aliquot of 200 uL saliva supernatant is added into 10
mL of 0.1 M NaOH, and this solution is then used for
amperometry at +0.6 V vs Ag/AgCl. These results are
compared with our reference values in Figure Sd. For our
prediabetics subject (Subject #1) with a blood glucose
concentration of 10.8 mM, corresponding to a derived saliva
glucose concentration of 195 uM, our Cu,O nanocubes/
graphene sensor provides a value of 186 yM. For our normal
subjects, with blood glucose concentrations of 7.0 mM
(Subject #2), 6.5 mM (Subject #3), 5.8 mM (Subject #4),
and 5.5 mM (Subject #S), saliva testing using our Cu,O
nanocubes/graphene sensor gives saliva glucose concentrations
of 60.6, 42.8, 17.6, and 7.5 uM, respectively. Evidently, there is
a clear correlation between blood glucose concentration and
saliva glucose concentration. Furthermore, our Cu,O nano-

cubes/graphene sensor results are in excellent agreement
(better than 95%) with our reference values (derived from
blood glucose measurement). The present human subject
study (Figure Sd) therefore confirms the high accuracy of
saliva glucose testing provided by our Cu,O nanocubes/
graphene sensor. It is also of interest to note that the present
saliva glucose sensor results appear to magnify the minor
difference in the blood glucose concentrations found in our
normal subjects. The saliva glucose sensor results are therefore
more sensitive to changes in the blood glucose concentration.

Table 1 summarizes the performance of these four sensors
and compares them with other nonenzymatic and enzymatic
glucose sensors that are mostly based on Cu,O nanomaterials.
Given that our target linear range of detection for glucose
should be 0.02—0.2 mM, all three of our nonenzymatic
graphene sensors appear viable for saliva-range glucose
detection. Not only is the linear range the widest, the
sensitivity of the Cu,O nanocubes/graphene sensor is also
higher than the other two nonenzymatic sensors. The
enzymatic GOx/graphene sensor (with and without Nafion)
appears less competitive in both sensitivity and linear range
performance than even the nonenzymatic Cu/graphene sensor.
Several sensors shown in Table 1 have very high sensitivities,
e.g, 2143 yA mM™ cm™ for the nanospindle-like Cu,0/
straight multiwalled carbon nanotube hybrid nanostructures,®®
1210 uA mM™' cm™ for Cu,O/Cu nanowire array,”* and
1950 uA mM ™' cm ™ for the sandwich nanoporous framework
decorated with vertical CuO nanowire arrays.”> The higher
sensitivities found for these nanostructures are not unexpected
because they all have much higher number densities and
therefore much higher amounts of material per unit area. Of
the other sensors reported in the literature, only two cover the
linear dynamic range of interest. The sensors based on Cu,O
nanoparticles on reduced graphene oxide and on Cu,O
nanospindles on straight multiwalled carbon nanotubes appear
to cover the glucose range in saliva and have higher
sensitivities. The methods to prepare these sensors are,
however, quite elaborate. For instance, Cu,O nanoparticles
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are anchored on reduced graphene oxide using an ionic liquid
crystal (1-hexadecyl-2,3-dimethylimidazolium bromide) as a
template, while Cu,O nanospindles are fabricated with straight
multiwalled carbon nanotubes by a series of (ultra)sonication
and heat treatment steps (at different temperatures) before
drop-casting onto a glassy carbon electrode to use as a working
electrode. The Cu(OH), nanograss arrays on uniform
nanoporous copper substrate sensor and the sandwiched
nanoporous framework decorated with vertical CuO nanowire
array sensor have a high sensitivity and a wide range, but they
do not cover the range for saliva glucose detection. In our case,
Cu,0 nanocubes can be obtained on a commercial graphene
strip by facile electrodeposition in an aqueous electrolyte. The
resulting Cu,O nanocubes/graphene sensor provides a wide
linear detection range of 0.002—17.100 mM that is comparable
to those achieved by other much more complex, less stable, or
difficult-to-fabricate sensors. Our graphene strip offers a
flexible substrate with good conductivity to transfer electrons,
while the near-homogeneous monolayer of Cu,O nanocubes
provides a large specific surface area and numerous reactive
sites for nonenzymatic reaction to take place. The present
sensor also has good sensitivity and a low limit of detection.
The Cu,O nanocubes/graphene sensor is therefore an
excellent candidate for use as a practical and more sensitive
saliva-range glucose sensor.

B CONCLUSIONS

The size and number density of Cu,O nanocubes on a
graphene substrate have been optimized for use as a saliva-
range glucose sensor by changing the electrodeposition
overpotential, Cu?* electrolyte concentration, and deposition
time at room temperature. The Cu,O nanocube is found to
have a metallic copper core and a Cu,O shell with a CuO skin
as the outermost layer. The glucose sensing performance of
this Cu,O nanocubes/graphene sensor is enhanced by the high
conductivity of the graphene substrate and is found to be
superior in sensitivity and linear range to other sensors
including graphene, graphene sputter-coated with a Cu film,
and graphene functionalized with glucose oxidase (with and
without Nafion). This Cu,O nanocubes/graphene sensor
exhibits a wide detection range of 0.002—17.1 mM covering
the appropriate glucose range found in the saliva in diabetes
patients. The sensor is also air-stable, and it remains functional
even after storing for 180 days. This sensor has also been
tested favorably using real saliva samples. The Cu,O
nanocubes/graphene glucose sensor therefore offers a sensitive
noninvasive option for saliva-range glucose monitoring, with
minimal interference, for diabetes patients.
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