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Abstract In this work, the successful synthesis of
spherical (sCuONPs) and rod-like (CuONRs) cop-
per oxide nanoparticles was reported. Several micro-
scopic and spectroscopic techniques were used to
confirm the different morphologies (spherical and
rod-like) and also different diameter sizes. Copper
metal within nanomaterials had different oxidation
states (Cu’, Cu*, and Cu®*) as was confirmed by
X-ray photoelectron spectroscopy (XPS). The opti-
cal properties of the synthesized nanoparticles were
investigated, and their reactive oxygen radical species
(ROS) generation was confirmed using UV-vis spec-
troscopy. Copper oxide nanoparticles catalytically
converted H,0, to form ROS (HO®~, HOO®", or
0,®7). ROS generation was confirmed using UV-vis
spectroscopy and 1,3-diphenylbenzofuran (DPBF, as
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a radical quencher) and also using electron paramag-
netic resonance (EPR) spectroscopy and 2,2,6,6-tetra-
methylpiperidine (TEMP) as a spin trap. UV-vis
spectroscopy was further used to monitor a blue color
development when copper oxide nanoparticles were
mixed with 3,3',5,5'-tetramethylbenzidine (TMB)
and hydrogen peroxide (H,O,). The color changes
were confirmed by UV-vis spectra with absorption
maxima at 370 nm and 652 nm and naked eye for
blue color development. Oxidase enzymes produce
hydrogen peroxide as by-product and this property
was used for the detection of biological analytes. Glu-
cose and glucose oxidase (GOx) enzyme were used as
model bioanalytical system.

Keywords Copper oxide nanoparticles -
Anisotropic nanoparticles - Artificial enzymes -
Nanozymes - Peroxidase mimetics - Glucose
detection

Introduction

Nanomaterials of metal and metal oxides have found
numerous applications due to their optical and excel-
lent catalytic properties. In the last few decades, their
excellent catalytic properties have been exploited and
found to further mimic enzyme-like activity such as
that of catalase and peroxidase. These enzyme-like
catalysis properties allowed for their use as stable
and cheap substitutes for enzymes in immunoassay
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applications. Since the discovery of the peroxidase-
like activity of iron oxide (Fe;O,) (Gao et al. 2007),
ceria oxide (CeO,) (Zhang et al. 2014), and vana-
dium oxide (V,0s) (André et al. 2011), several metal
oxides have been investigated. In this research, we
investigated the synthesis and characterization of cop-
per oxide nanoparticles (CuONPs) with spherical and
rod-like morphology. The synthesized CuO nanoma-
terials were investigated for their catalytic properties
in converting hydrogen peroxide (H,O,) into reac-
tive oxygen radical species (ROS). Reactive oxygen
radical species oxidized chromogenic substrates such
as 3,3'.5,5-tetramethylbenzidine (TMB), 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABST),
and o-phenylenediamine (OPD) into colored products.
This reaction was similar to the well-known horserad-
ish peroxidase (HRP) enzyme catalysis. CuO nanoma-
terials are monoclinic in structure with a narrow band
gap (1.9-2.1 eV) and are p-type semiconductors. They
exist as either cuprous oxide (Cu,0O), cupric oxide
(CuO) (Huo et al. 2014; Gao et al. 2015), or copper
hydroxide Cu(OH), (Shackery et al. 2016). The band
gap for Cu,O is between 2.1 and 2.6 eV. The con-
ducting properties in the p-type semiconductors arise
from the holes in the valence band. The advantage of
CuONPs over other metal oxide nanoparticles is their
low surface potential barrier, and this affects their elec-
tric field emission properties (Huo et al. 2014; Gao
et al. 2010; Johan et al. 2011). CuO nanoparticles pos-
sess high catalytic activity similar to the bulk copper,
but due to large surface-to-volume ratio, the nanopar-
ticles are more efficient as catalysts. As a result, they
have been in various applications such as in catalysis,
gas sensing, material in batteries, heat transfer fluids,
and solar energy (Huo et al. 2014; Johan et al. 2011).
Amongst the various methods used for synthesiz-
ing CuO nanomaterials, sol-gel method was most
preferred and due to its simplicity (Aparna et al.
2012) and allowed for large-scale production. Sol-gel
method was therefore used to synthesize spherical
and rod-like CuO nanomaterials. Metals or metalloid
elements surrounded by various reactive ligands are
the precursors for the synthesis and formation of the
colloidal solutions. Copper acetate in solution reacts
with sodium hydroxide (NaOH) to produce copper
hydroxide, Cu(OH),. Cu(OH), decomposes to form
copper oxide (CuO) during the heating step. The
morphology and the size of the copper nanoparticles
are dependent on the reaction time, pH, and capping
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agent (Huo et al. 2014; Gao et al. 2010; Kshirsagar
et al. 2017). The availability of a larger number of
nuclei at a given time induces a decrease in the nano-
particle size because smaller metal nuclei grow and
consume metal ions. The pH of the aqueous solu-
tion has an influence on the progress of the copper
reduction reaction. Yao et al. reported this to be due
to kinetic enhancement of the nucleation rate condu-
cive environment for a reduction in nanoparticle sizes
due to enhanced nucleation rate (Yao et al. 2015).
Cu metal has strong affinity for oxygen or oxygen-
rich compounds and thus always forms stable metal
oxides (Gawande et al. 2016). Also the nanomaterials
of copper always form metal oxides when compared
to inert or noble metal nanoparticles that form as
purely monometallic nanoparticles. CuO nanomateri-
als studied in literature have focused on their prepa-
ration using electrochemical methods (Shackery et al.
2016; El-Safty and Shenashen 2020; Luo et al. 2012a;
Li et al. 2010; Jiang and Zhang 2010; Reitz et al.
2008; Zhong et al. 2016). The electrochemically syn-
thesized CuO nanomaterials allow for their deposition
onto the electrode surface used and have been applied
in non-enzymatic detection of glucose. The different
morphologies obtained using electrochemical syn-
thesis method include spherical (Aparna et al. 2012;
Reitz et al. 2008; Zhong et al. 2016), nanosheets
(Zhong et al. 2016), nanowires (Zhong et al. 2016;
Ni et al. 2014), nanoflowers (Wang et al. 2010), rod-
like (Shackery et al. 2016; Wang et al. 2010; Chen
et al. 2013), nanocubes (Luo et al. 2012b), nanosheet
arrays (Wang et al. 2011), nanotube arrays (Zhang
et al. 2003; Zhou et al. 2013a), nanofibers (Wang
et al. 2009), and nanobelts (Huang et al. 2009). All
these different morphologies of copper oxide nano-
structures were obtained as co-deposits onto conduct-
ing electrode surfaces for electrochemical studies.

In this work, a sol-gel wet chemical method was
reported for the synthesis of spherical and rod-like
copper oxide nanostructured materials. The synthe-
sized CuONPs were evaluated for their potential as
artificial enzymes or nanozymes. As nanozymes,
CuONPs reacted with H,O, in the presence of TMB
as a chromogen to produce blue colored products.
The steps involved the catalytic reduction of H,0O,
to produce ROS which oxidized TMB into blue
colored products with absorption maxima at 370 nm
and 652 nm. The effect of shape (spherical and rod-
like), morphology, and composition of copper oxide
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nanoparticles on their peroxidase-like activity was
evaluated. The environmental conditions of CuO
nanomaterials as potential enzyme mimetics were
evaluated and compared to the natural enzymes
(horse-radish peroxidase enzyme). We believe this
is the first time a comparative study of this nature is
conducted.

Experimental
Materials and methods

Sodium citrate tribasic (Na;C¢HsO,), horseradish per-
oxidase (HRP, E.C. 1.11.1.7, Type VII, lyophilized
powder, 250-330 U.mg™!), 3,3".5,5'-tetramethylb-
enzidine (TMB), copper acetate Cu(OAc),, sodium
hydroxide (NaOH) pellets, D-(+)-glucose powder,
glucose oxidase (GOx, EC 1.1.3.4. from Aspergillus
niger, Type VII), sodium acetate (NaAc), potassium
dihydrogen phosphate (KH,PO,), 2,2,6,6-tetrameth-
ylpiperidine (TEMP), disodium hydrogen phosphate
(Na,HPO,), and 1,3-diphenyl-isobenzofuran (DPBF)
were purchased from Sigma—Aldrich. Absolute etha-
nol (EtOH), 30% hydrogen peroxide (H,0,), metha-
nol (MeOH), and glacial acetic acid were purchased
from B&M Scientific. Dimethylsulfoxide (DMSO)
was purchased from associated chemical enterprises
(ACE). All the reagents were of analytical grade, and
all aqueous solutions were prepared using double
distilled or ultrapure water with the resistivity of 18
pQ.cm obtained from a Milli-Q Water System (Milli-
pore Corp., Bedford, MA, USA). The buffer solutions
of different pH values were prepared using buffer
tablets purchased from SAARCHEM. Methanol was
used to dissolve TMB and DMSO to dissolve DPBF.
Phosphate-buffered solution (PBS, 0.010 mol.L™!,
pH 7.4) was prepared following the reported method
(Song et al. 2003; Tshenkeng and Mashazi 2020)
using appropriate amounts of Na,HPO,, KH,PO,,
and chloride salts, dissolved in ultra-pure (Milli-Q)
water. Acetate buffer solution (pH 5.0) was also pre-
pared using a method reported in the literature (Zhou
et al. 2013b). A buffer solution (pH 4.0, 2.0 mol.
L~!) was prepared by mixing of 82 mL of acetic acid
(2.0 mol.L™") and 18 mL of sodium acetate (2.0 mol.
L.

Synthesis of spherical and rod-like copper oxide
nanoparticles

Spherical copper nanoparticles were synthesized
following the reported sol-gel method (Chen et al.
2012). A mixture of copper acetate aqueous solu-
tion (70 mL of 20 mmol.L™") and 0.25 mL glacial
acetic acid were added into a round-bottomed flask
equipped with a condenser and heated to reflux.
The boiling solution was vigorously stirred. NaOH
(4.0 mmol.L™!, 10 mL) aqueous solution was rap-
idly added to the above boiling solution. A black
precipitate immediately formed, and the reaction was
allowed to proceed for 30 min. The warm solution
was cooled to room temperature, and the precipitate
was centrifuged, washed three times with absolute
ethanol and dried in air at room temperature. This
reaction resulted in a formation of spherical copper
oxide nanoparticles, designated as SCuONPs.

Anisotropic copper nanoparticles with rod-like
morphology were prepared following the same
method as above with slight modification. Briefly, a
mixture of copper acetate (80 mmol.L~!, 75 mL) and
glacial acetic acid (1.0 mL) was added into a round-
bottom flask with a condenser attached. The mixture
was heated to reflux with continuous stirring. NaOH
(6.0 mol.L™!, 10 mL) was quickly added. A black
precipitate formed immediately, and the reaction con-
tinued for another 30 min. The precipitate was centri-
fuged, washed three times with ethanol and air dried
at room temperature to yield a copper oxide nanorod,
designated as CuONRs.

Peroxidase-like activity of sSCuONPs and CuONRs

The investigation of the peroxidase-like activity of
sCuONPs and CuONRs was conducted at room tem-
perature using 3,3',5,5'-tetramethylbenzidine (TMB)
in the presence of hydrogen peroxide (H,0,). Briefly,
hydrogen peroxide (50 pL, 50 mmol.L™!), TMB
(50 pL, 5.0 mmol.L™"), and 20 pL of sCuONPs and
CuONRs (100 pg.mL™!) were mixed in 0.20 mol.
L~! acetate buffer solution (pH 5). After the addi-
tion of the nanoparticles, the evolution of a blue
color was observed, and an increase in the absorp-
tion band at 652 nm was monitored using UV-vis
spectrophotometer.
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Reactive oxygen radical species (ROS) generation
and monitoring using DPBF (UV-vis) and TEMP
(EPR)

The production of reactive oxygen radical species
(ROS) was investigated using 1,3-diphenylisobenzo-
furan (DPBF) as a radical scavenger and 2,2,6,6-tetra-
methylpiperidine (TEMP) as spin trap. For DPBF,
the UV-vis absorption spectra were used to monitor
the degradation products. For TEMP, EPR signal was
used to monitor the spin trap. The experimental setup
contained DPBF (50 pL, 0.25 mmol.L™") dissolved
in a mixture of DMSO and H,O in ration 1:10 (v:v).
About 75 pL of hydrogen peroxide (6.0 mmol.L~! for
sCuONPs or 12 mmol.L™' for CuONRs) was mixed
with 50 pL of 100 pg.mL~! of sCuONPs or CuONRs.
UV-vis spectra were recorded every minute monitor-
ing the decreasing absorption band at 417 nm. EPR
experiment used to confirm the radical generation had
similar concentrations as above, but DPBF was sub-
stituted with TEMP.

Glucose detection using sSCuONPs and CuONRs

The first reaction was the enzymatic reaction between
D-glucose and glucose oxidase (GOx) enzyme to
produce D-gluconolactone and hydrogen peroxide.
Briefly, GOx (50 pL, 5.0 pg.mL™") and 25 pL of
D-glucose (varied concentrations) in phosphate buffer
(75 uL, pH 7) were allowed to react at 35 °C. After
45 min, a 50 L solution of 400 pg.mL~! of either
sCuONPs or CuONRs was added. This was followed
by addition of 100 uL of TMB (4.0 mmol.L™! for
sCuONPs or 5.0 mmol.L~! for CuUONRs) in acetate
buffer (0.20 mol.L™!) at final optimum pH 5. The
reaction was monitored using UV-vis spectropho-
tometer and the absorption at 652 nm.

Results and discussion
Synthesis and characterization of CuO nanoparticles

The synthesis of copper oxide nanoparticles
(sCuONPs and CuONRs) was accomplished by dis-
solving copper acetate in glacial acetic acid, and the
mixture was heated to reflux. The addition of sodium
hydroxide resulted in the formation copper oxide
nanoparticles. Heating the reaction is important for
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decomposing copper hydroxide, Cu(OH),, to form
copper oxide (CuO) nanoparticles (Kshirsagar et al.
2017). When the concentration of copper acetate
and sodium hydroxide were increased, copper oxide
nanorods (CuONRs) formed. The TEM images
confirmed the spherical morphology in Fig. la
even though the TEM showed agglomeration. The
sCuONPs morphology was similar to the previously
reported spherical CuONPs (Chen et al. 2012). In
Fig. 1c, rod-like morphology of nanoparticles was
observed with varying sizes. The nanomaterials size
distribution was 8.5+2.3 nm for spherical nanopar-
ticles (Fig. 1b). For the CuONRs, the size distribu-
tion was 11+4.5 nm transverse (width) in Fig. 1d
and 40+ 5.6 nm longitudinal (length) in Fig. le. The
powder XRD patterns, in Fig. 1f, are for both spheri-
cal and rod-like nanoparticles. The XRD patterns
exhibited similar peaks at the following angles (206,
degrees) 32.6, 35.6, 38.8, 48.9, 53.3, 57.9, 61.5, 65.9,
67.5, 71.9, 74.5 indexed for (110), (—111), (111),
(—202), (020), (202), (—113), (022), (220), (311),
and (004) Miller indices. The XRD pattern fitted very
well with the material from a standard card JCPDF
72—-0629. The formation of rod-like copper oxide nan-
oparticles forms with the (111) facet growth whilst
the (110) remaining the same (Chen et al. 2012).

Scanning electron microscope (SEM) and energy
dispersive X-ray spectroscopy (EDS) were used to
characterize (a) SCuONPs and (b) CuONRs as shown
in Fig. S1 (Support Information, SI). The SEM
images showed large powder particles of different
sizes. The mark X in the SEM images indicates the
area where EDS analysis was conducted. The semi-
quantitative analysis of the EDS spectrum showed
that sCuONPs in Fig. Sla had weight percent (wt
%) of 32.5% for Cu, 55.9% for O, and 11.7% for C.
CuONRs in Fig. S1b had 37.8% for Cu, 53.9% for
O, and 8.3% for C. The carbon was from the gla-
cial acetic used in the preparation of CuONPs. The
EDS spectra showed the elemental composition (wt
%) of the sSCuONPs and CuONRs, but it is a semi-
quantitative technique. X-ray photoelectron spectros-
copy (XPS) as an analytical technique was used for
elemental quantification analysis (atomic %, at %) and
composition of the nanoparticles. XPS was also used
to confirm the oxidation states of the various atoms
present within SCuONPs and CuONRs.

The XPS survey spectra of sCuONPs, Fig. 2a, and
CuONRs, Fig. 2a’, showed elements corresponding
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«Fig. 2 Survey spectra of (a) sCuONPs and (a’) CuONRs and
the corresponding high-resolution spectra of Cu 2p for (b)
sCuONPs and (b’) CuONRs, O 1 s for (¢) sCuONPs and (¢’)
CuONRs and C 1 s for (d) sCuONPs and (d’) CuONRs

to the composition of the sample. From the elemen-
tal composition of the survey spectra, the empirical
formula of pure material and a chemical or electronic
state of each element can be determined (Biesinger
et al. 2010; Nagajyothi et al. 2017). The sCuONPs and
CuONRs samples contained Cu 2p at 928-970 eV, C
1 sat285¢eV, and O 1 s at 532 eV. The additional
peaks are due to Cu 3p (74.9 eV), Cu 3 s (122.4 eV),
and Cu Auger (Cu LMM) peak at 647.5 eV. The high-
resolution spectrum of Cu 2p exhibited multiple oxi-
dation states, and the peak shape was similar to CuO
with Cu?* oxidation state (Biesinger et al. 2010). The
Cu 2p peaks in Fig. 2b for sCuONPs and Fig. 2b’ for
CuONRs also showed mixed oxidation states, and
three components were synthesized corresponding
Cu’ at 932.1 eV with the CuLMM confirming the
metallic copper and Cu®* at 934.3 eV for CuO and
936.4 eV for Cu(OH),. The high-resolution spectra of
Cu 2p core-level in Fig. 2b for sCuONPs and Fig. 2b’
for CutONRs showed two peaks corresponding to Cu
2p,;; and Cu 2p,,, respectively, indicating pure cop-
per (I) oxide. The two peaks exist as CuO with the
peak at lower binding energy Cu 2p;, and at high
binding energy within Cu 2p,,, The spectra of both
sCuONPs and CuONRs also showed shake-up peaks
typical of Cu (II) (Mcintyre and Cook 1975), at bind-
ing energies 940.8 eV and 960.3 eV as evidence of an
open 3d’ shell corresponding to the Cu®* state (Bies-
inger et al. 2010; Nagajyothi et al. 2017; Mcintyre
and Cook 1975; Cano et al. 2001; Salcedo and Sevilla
2013). The split spin—orbit coupling (A) for the Cu
2p,, and Cu 2p;, was 19.6 eV. The corresponding
elemental composition (at %) of Cu, O. C, and O are
shown in the survey spectra, and oxidation states of
various elements were investigated using high-resolu-
tion spectra with components synthesized. The O 1 s
high-resolution core levels were investigated, and four
components were synthesized for Cu-O at 529.5 eV,
O-H at 530.6 eV, C-O at 532.1, and C=0 at
533.9 eV for both sCuONPs in Fig. 2c and CuONRs
in Fig. 2¢’. The Cu—O component was very impor-
tant and accounted for high concentrations for both
SCuONPs (33.5%) and CuONRs (37.8%) as has been
reported (Aparna et al. 2012; Turner 1988). Another

component is O—H due to the hydroxyl groups from
the Cu(OH), and glacial acetic acid used in the syn-
thesis. The other components (C-O, C=0, O-C=0)
were due to —-COOH from glacial acetic acid. The C
1 s high-resolution core level spectra for sCuONPs
in Fig. 2d and for CuONRs in Fig. 2d’ also fitted for
four components and due to glacial acetic acid. The
component % compositions were as displayed in the
Fig. insets. These results confirm the successful syn-
thesis of sSCuONPs and CuONRs with Cu’ and Cu**
oxidation state for CuO and Cu(OH),. The characteri-
zation techniques confirmed the successful synthesis
of spherical and rod-like copper oxide nanoparticles.

Peroxidase-like activity of sSCuONPs and CutONRs

The peroxidase-like activity of the synthesized
SCuONPs and CuONRs was evaluated by mixing
the nanoparticles with H,O, and TMB. The images
(insert in Fig. 3) shows no color changes in the solu-
tions containing nanoparticles alone, Fig. 3(i), and
when nanoparticles are in the presence of 30 mmol.
L~! H,0, or 1.0 mmol.L™! TMB in Fig. 3(ii). When
sCuONPs in Fig. 3a(iii) and CuONRs in Fig. 3b(iii)
are in the presence of the 30 mmol.L~™' H,0, and
1.0 mmol.L™! TMB the solution turned blue in color.

The UV-vis absorption spectra of blue color solu-
tions have absorption maxima at 370 nm and 652 nm.
The UV-vis absorption spectra are similar to those of
HRP in solution containing H,O, and TMB. There-
fore, the sSCuONPs and CuONRs exhibit peroxidase-
like activity. The intrinsic peroxidase-like activity of
the nanoparticles results from the intact nanoparti-
cles and not from the leached metal ions. The copper
salt, Cu(OAc),, used for the synthesis of sCuONPs
and CuONRs was investigated for peroxidase-like
activity. Figure S2 (SI) shows UV-vis of Cu(OAc),
(i) alone, in the presence of (ii) 1.0 mmol.L™!
TMB or 30 mmol.L™! H,0, and (iii) 1.0 mmol.L™!
TMB + 30 mmol.L™! H,0,. The UV-vis spectra did
not show absorption bands at 370 nm and 652 nm,
and thus no peroxidase-like activity was ascribed to
the metal ions.

Conditions that affect peroxidase-like activity of
CuONPs

Natural enzymes’ optimum activity is affected by the
extreme environmental conditions they are exposed,

@ Springer
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such as pH and temperature. The extreme environ-
mental conditions lead to enzymes denaturing and
losing activity. According to the literature, HRP was
reported to be acid pH dependent and have maxi-
mum activity between 35 and 45 °C (Tatzber et al.
2003; Wei and Wang 2013; Wang 2001). Also HRP
require low concentrations of H,O, to reach maxi-
mum enzyme activity because high concentrations
of H,O, inhibit and saturate the enzyme active center
leading to a loss of enzyme activity (Tatzber et al.
2003; Wei and Wang 2013; Wang 2001). Therefore,
the effect of pH, temperature, and H,O, concentra-
tion was investigated to see the environmental effect
on the peroxidase-like activity of the synthesized
sCuONPs and CuONRs. At pH 5, the absorption
was the highest for both nanoparticles, SCuONPs in
Fig. 4a and CuONRs in Fig. 4a’. Therefore, pH 5 was
chosen as the optimum pH. The decrease in absorp-
tion bands as the pH increases is due to the fact that
H,0, is not stable in alkaline conditions. The H,0,
in basic conditions is converted to form molecular
oxygen and water molecules (Torres et al. 2014).
This occurs before the production of reactive oxy-
gen radical species for TMB oxidation. H,O, is cata-
lyzed by the nanoparticle to produce reactive oxygen
radical species (ROS) such as HO®~, HOO®~ and
0,®~ similar a well-known Fenton reaction (Heck-
ert et al. 2008). ROS are responsible for oxidation of
TMB to blue colored products. The catalytic reaction
was effected by the oxygen vacant sites on the sur-
face of the nanoparticles with Cut and Cu®* species
as confirmed by XPS experiment. The production of
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ROS will be investigated later by chemical approach
using 1,3-diphenylisobenzofuran (DPBF) as a radi-
cal quencher. The reaction mechanism steps for the
reduction of H,0, by nanoparticles occurs in two
steps: (i) H,0, adsorbs onto the nanoparticle surface
via the oxygen or hydrogen atom and (ii) the O-O,
O-H bonds of H,0, breaks catalytically to form ROS
(HO®~, HOO®™ and 0,®") (Qiao et al. 2014). The
absorbance at 650 nm increased linearly with increas-
ing time for color development. At about 10 min, it
deviated from linearity, and a plateau was observed
at 18 min for sCuONPs, in Fig. 4b. For CuONRs in
Fig. 4b’, the deviation from linearity occurred at
about 8 min, and the plateau was observed at 16 min.
Testing the effect of temperature was also investi-
gated, and the increase in absorption at 652 nm was
monitored. Figure 4c for sCuONPs showed local
maximum between 40 and 50 °C, but the absorp-
tion increased further even at temperatures above
60 °C. For CuONRs, the temperature increased up
to 40 °C and remained high even above 60 °C in
Fig. 4c’. Therefore, the first optimum temperature
of sCuONPs for reduction of H,O, to generate the
ROS capable of oxidizing TMB was 40 °C due to
high absorption intensities, and this is close to 38 °C
optimum for HRP (Song et al. 2010). The effect of
H,0, concentration in Fig. 4d for sCuONPs and
Fig. 4d’ for CuONRs showed linear relationship with
the absorption intensity at 652 nm. Compared to the
H,0, concentration on HRP studies (Tatzber et al.
2003; Wang 2001), the nanoparticles required higher
H,0, concentration to reach saturation. For sCuONPs
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in Fig. 4d, the linear plot was obtained for concen-
trations ranging from 5.0 to 50 mM with regression
correlation (R?) of 0.990 and 0.996 for CuONRs in
Fig. 4d’. The HRP enzyme activity at high H,0, con-
centration was reported (Tatzber et al. 2003) to be sat-
urated and denature. Nanoparticles were more stable
at high H,0, concentration. The comparative study of
the steady-state kinetics investigated and compared to
the HRP confirmed stable peroxidase-like activity of
nanoparticles. The nanomaterials showed excellent
peroxidase-like activity even at high temperatures
better than the peroxidase enzymes.

Confirmation of reactive oxygen radical species
(ROS) generation

The mechanism of nanoparticle enzyme-like activ-
ity is dependent of the reduction of H,O, to pro-
duce reactive oxygen radical species such as HO®~,
HOO®~ and O,®. The generation of the reac-
tive oxygen radical species was investigated using
1,3-diphenylisobenzofuran (DPBF), the radical scav-
enger. DPBF is commonly used as a singlet oxygen
quencher (Tada and Baptista 2015; Zugle et al. 2011;
Mvango and Mashazi 2019), and in our previous
work, we demonstrated its use as a radical scaven-
ger (Mvango and Mashazi 2019). Radicals have the
same reactivity as singlet oxygen, and they are all
reactive oxygen species. The degradation of DPBF
can be monitored using UV-vis spectroscopy. The
UV-vis spectra exhibited a peak at 417 nm due
to DPBF absorption Fig. S3(ii) (SI) and 337 nm
sCuONPs absorption shown in Fig. S3(a)(i) (SI) and
broad peak at 345 nm for CuONRs in Fig. S3(b)(i)
(SD). The changes in DPBF absorption intensity were
observed in the presence of sCuONPs (Fig. 5a). The
rate of degradation was more pronounced in the
presence of DPBF, sCuONPs and H,O,, in Fig. 5b.
In the presence of CuONRs, in Fig. S4, the results
for the degradation of DPBF in the presence of (a)
CuONRs and (b) CuONRs +H,0, followed the simi-
lar trends. Figure 5c(i) shows no significant decrease
in DPBF signal in the presence of H,0,, and the rate
of degradation was 0.0013 min~'. In the presence of
sCuONPs, the rate of degradation of DPBF increased
to 0.0084 min~! in Fig. 5c(ii), and this further
increased to 0.0488 min~! after sCuONPs and H,0,
were mixed with DPBF in Fig. 5c(iii). In the pres-
ence of CuONRs, the rate of DPBF degradation was

0.0098 min~! in Fig. 5d(i), and this value increased
to 0.0275 min~! for CUONRs and H,0, were present
in DPBF solution in Fig. 5d(ii). The highest rates of
DPBF degradation were observed when the nanopar-
ticles were in a mixture with H,0,. This was attrib-
uted to the generation of reactive oxygen radical spe-
cies when the nanoparticles reduce H,0, to produce
reactive oxygen radical species (HO®~, HOO®~, and
02“). DPBF reacts in 1,4-cycloaddition reaction
with the radicals (Zugle et al. 2011), and this is moni-
tored by the decrease in the absorption peak intensity
at 417 nm.

The mechanism of nanoparticle enzyme-like
activity is dependent of the reduction of H,O, to
produce reactive oxygen radical species such as
HO®~, HOO®™ and 0O,®". The generation of the
reactive oxygen radical species was investigated
using 1,3-diphenylisobenzofuran (DPBF), the radi-
cal scavenger. DPBF is commonly used as a singlet
oxygen quencher (Tada and Baptista 2015; Zugle
et al. 2011; Mvango and Mashazi 2019), and in our
previous work, we demonstrated its use as a radical
scavenger (Mvango and Mashazi 2019). Radicals
have the same reactivity as singlet oxygen, and they
are all reactive oxygen species. The degradation of
DPBF can be monitored using UV—vis spectroscopy.
The UV-vis spectra exhibited a peak at 417 nm due
to DPBF absorption Fig. S3(ii) (SI) and 337 nm
sCuONPs absorption shown in Fig. S3(a)(i) (SI) and
broad peak at 345 nm for CuONRs in Fig. S3(b)(i)
(SI). The changes in DPBF absorption intensity were
observed in the presence of sSCuONPs (Fig. 5a). The
rate of degradation was more pronounced in the
presence of DPBF, sCuONPs and H,0O,, in Fig. 5b.
In the presence of CuONRs, in Fig. S4, the results
for the degradation of DPBF in the presence of (a)
CuONRs and (b) CuONRs +H,0, followed the simi-
lar trends. Figure 5c(i) shows no significant decrease
in DPBF signal in the presence of H,0,, and the rate
of degradation was 0.0013 min~!. In the presence of
sCuONPs, the rate of degradation of DPBF increased
to 0.0084 min~! in Fig. 5c(ii), and this further
increased to 0.0488 min~' after sSCuONPs and H,0,
were mixed with DPBF in Fig. 5c(iii). In the pres-
ence of CuONRs, the rate of DPBF degradation was
0.0098 min~! in Fig. 5d(i), and this value increased
to 0.0275 min~! for CuONRs and H,0, were pre-
sent in DPBF solution in Fig. 5d(ii). The highest
rates of DPBF degradation were observed when the
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Fig. 4 The effect of pH for (a) sSCuONPs and (a’) CuONRs,
time for blue color development for (b) sCuONPs and (b”)
CuONRs, temperature for (¢) SCuONPs and (¢’) CuONRs and
H,0, concentration for (d) sCuONPs and (d’) CuONRs on the
enzymatic activity of nanoparticles

nanoparticles were in a mixture with H,O,. This was
attributed to the generation of reactive oxygen radical
species when the nanoparticles reduce H,O, to pro-
duce reactive oxygen radical species (HO®~, HOO®",
and 02._). DPBEF reacts in 1,4-cycloaddition reaction
with the radicals (Zugle et al. 2011), and this is moni-
tored by the decrease in the absorption peak intensity
at417 nm.

The radicals then react with DPBF to form
1,2-dibenzoylbenzene and its alcohol derivatives
(Mayeda and Bard 1973). The nature of the radical
species was not investigated due to limited access to
techniques that could be used. The use of DPBF was
to confirm that the mechanism of TMB oxidation was
due to the catalytic reduction of H,0O, by the nanopar-
ticles and producing reactive oxygen radical (HO®~,
HOO®"~, and 0,®") species. The EPR measurements
were also investigated. TEMP was used to meas-
ure the presence of ROS produced by the sCuONPs
and CuONRs as shown in Fig. S5(SI). CuONPs with
TEMP, CuONPs with H,0,, and H,O, with TEMP
in Fig. S5(@1) did not show an EPR signal. The pres-
ence of the EPR signal was observed when CuONPs
with H,0, and TEMP were in solution (Fig. S5(ii)).
This confirmed the generation of ROS supporting the
results by DPBF in Fig. 5. The EPR signal was gener-
ated when a spin-trap TEMP reacted with the ROS to
produced TEMPO and a signature triplet line pattern
resulted as shown in Fig. S5(ii).

Steady-state kinetics of sSCuONPs and CuONRs

The Michaelis—Menten model monitors the rate of
enzyme—substrate interaction with varying concen-
trations. This model was used to study the catalytic
properties of CuONPs as potential substituents for
horse-radish peroxidase enzyme. The plot of ini-
tial velocity (V) against the concentration of H,0,
increase up to 6.0 mmol.L™! for H,0, in Fig. 6a for
sCuONPs and a plateau formed afterwards. The pla-
teau was observed around 12.0 mmol.L™! of H,0,
for CuONRs in Fig. 6a’. For TMB, the plateau was
observed at 5.0 mmol.L™! for sCuONPs in Fig. 6b

and around 4.0 mmol.L™! for CuONRs in Fig. 6b’.
The kinetics data was plotted to fit Michaelis—Menten

Eq. (1):

V= VnadlS]
"= &, + 5] M

where V is the initial velocity, [S] is the concen-
tration of the substrate (H,O, or TMB), K is the
Michaelis-Menten constant, and V. is the maxi-
mum reaction velocity. The double reciprocal
(Lineweaver—Burk) plot results in a straight line and
represented by Eq. (2) below:

1 K, 1 1

Vo VSTV &)

max

The double reciprocal plots as insets in Fig. 6
were used to calculate the K, values from the slope
of the straight line and V,_,, values from the y-inter-
cept. The K, was 0.14 mmolL™! and V,, was
1.08x 1078 mmol.L~!.s™! for sCUONPs with H,0,.
For CuONRs with H,0,, the K,, was 3.15 mmol.L™!
and V. was 4.26x 108 mmol.L™"s™!. The K,, for

max

TMB was 3.29 mmol.L™! for sSCuONPs with a V.
of 1.75x10™° mmol.L'.s™", and for CuONRs the K|,
was 3.76 mmol.L™! with a V,, of 1.93x 10™® mmol.
L~'s™!. The K, values were smaller for sSCuONPs
when compared to the CuONRs, and small K, val-
ues indicate strong interaction of sCuONPs with
substrates (TMB and H,0O,). The V. values were
also of the order of magnitude smaller for sCuONPs
(10~ mmol.L~'.s7!) than for CuONRs (10~ mmol.
L~'.s7!). For the kinetic parameters for HRP (Tatz-
ber et al. 2003; Wang 2001), the K, values ranged
from 0.214 to 3.70 mmol.L™! for H,O, and 0.275
to 0.434 mmol.L™!' for TMB. In comparison to the
sCuONPs, the K,, values were smaller indicating a
strong interaction of H,O, with sCuONPs, but for
TMB the K, values were within the range for HRP.
The V,,, value for sCuONPs (10 mmol.L~".s™")
was within the range for HRP (10~ mmol.L~!.s7"),
and for CuONRs, the V. value was higher by an
order of magnitude to 10~ mmol.L~!.s7.

Enzyme kinetics of glucose and glucose oxidase
(GOx) enzyme and CuO nanoparticles

Figure 7 shows the variation of initial velocity (V)
versus glucose concentrations for (a) sSCuONPs and

@ Springer
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Fig. 5 UV-vis spectra for the degradation of DPBF in
the presence of (a) sCuONPs and (b) sCuONPs+H,0,,
and rate of degradation plots (¢) (i) DPBF+H,0,, (ii)

(b) CuONRs. A linear increase in the initial veloc-
ity with increasing glucose concentrations up to
60 pmol.L™! for sCuONPs, in Fig. 7a was observed.
For CuONRs, a linear increase was observed up
to 40 pmol.L~! in Fig. 7b. A plateau was observed
and this was typical of data representing Michae-
lis—=Menten model and fitted well as shown in Fig. 7a
and a’. The Lineweaver—Burk (double reciprocal)
plot, in Fig. 7b for sCuONPs and in Fig. 7b’ for
CuONRs, was linear within the studied concentra-
tion range. The Lineweaver—-Burk plot was used to
calculate Michaelis-Menten parameters, V,,, from
the y-intercept and K, from the slope. The V,,, value
was 3.13% 1077 mmol.L™'.s™! for sCuONPs, and for
CuONRs, the V. was found to be 1.48 x 10~* mmol.
L7's™!. The K, values for sCuONPs was

m

0.304 mmol.L™! and for CuONRs was 0.052 mmol.

@ Springer

sCuONPs + DPBF, (iii) sCuONPs+DPBF+H,0, and (d)(i)
CuONRs + DPBF and (ii) CuONRs + DPBF + H,0,

L~!. The smaller K, values confirmed the strong
interaction between GOx enzyme and glucose sub-
strate, and CuONRs exhibited the smallest value
(0.052 mmol.L™") when compared with sCuONRs
(0.304 mmol.L™1).

Detection of glucose using glucose oxidase and CuO
nanoparticles

The detection of glucose was evaluated using enzy-
matic oxidation reaction of glucose oxidase enzyme
and D-glucose to produce hydrogen peroxide (as
by-product) and gluconolactone (gluconic acid).
CuONPs (spherical and anisotropic rod-like nano-
particles) were then introduced after the glucose
oxidation reaction, and this resulted in the oxidation
of hydrogen peroxide and production of ROS. In the
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Fig. 6 Variation of rate (velocity) vs the concentrations of H,O, (a) sCuONPs and (a’) CuONRs and for TMB (b) sCuONPs and

(b’) CuONRs. Inset: double reciprocal (Lineweaver—Burk) plots

presence of TMB, blue colored products formed, and
this was due to the oxidized TMBDI (diimine charge-
transfer complex) with absorption maxima at 652 nm
and 370 nm. The variation of glucose concentra-
tion was monitored spectrophotometrically. Figure 8
shows an increase in UV—vis spectra and their cor-
responding calibration curves for increasing glucose
concentrations for (a) sSCuONPs and (b) CuONRs. For
sCuONPs, the response was linear up to 70 pmol.L~!
with the limit of detection (LoD) of 2.43 pmol.L_l.
The linear range for CuONRs was up to 40 pmol.L ™!
and the detection limit of 3.55 pmol.L™!. The limit
of detection of glucose was obtained from the linear
regression analysis in Fig. 82’ and b’ calculated using
36 (o standard deviation of the blank sample). In
Fig. 8b’, the point at 5 pmol.L™' was excluded from
the linear calibration curve as it resided above the
linear curve. The LoD values are within the reported
values for different shape copper oxide nanoparticles

for electrochemical measurements. The stability of
the evaluated system depends on CuO nanoparticles
and these exist in powder form. CuONPs have long
shelf-life and remain catalytically active. The other
materials used for biosensing, that is, glucose oxi-
dase enzyme, D-glucose, hydrogen peroxide, and
chromagen (TMB), are to be freshly prepared before
use. Various copper nanomaterials with different
morphology have been reported for glucose detection
and are summarized in the review article by El-Safty
and Shenashen 2020 (El-Safty and Shenashen 2020).
The majority of the methods are based on the non-
enzymatic electrochemical detection of glucose. In
this work colorimetric detection of glucose afforded
a naked eye readout with the blue color development.
The quantification was accomplished using UV-vis
spectrophotometer. The effect of morphology and
size was not clearly visible as sSCuONPs and CuONRs
gave similar LoD values for the detection of glucose
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Fig. 7 Steady-state kinetic plots of initial velocity (V) vs
[glucose] for (a) sCuONPs and (a’) CuONRs and their dou-
ble reciprocal (Lineweaver—Burk) plots for (b) sCuONPs and
(b>) CuONRs. Constant TMB concentrations (5.0 mmol.L™!

in pmol.L™! similar to the reported in literature. The
sensitivity values for the detection of glucose were
also similar for sSCuONPs (3.1 a.u.nmol.L™") and for
CuONRs was 3.6 a.u.nmol.L 7",

Selectivity towards glucose

The selectivity and specificity towards p-D-glucose
is ascribed to the use of glucose oxidase (GOx)
enzyme. GOx converts fB-D-glucose to gluconic
acid and produce H,0, as by-product (Wang et al.
2019). H,0, is catalytically converted to ROS spe-
cies (as demonstrated above). ROS oxidizes TMB
(3,3',5,5'-tetramethylbenzidine) to blue colored
TMBDI (3,3',5,5'-tetramethylbenzidiimine)
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for sSCuONPs and 4.0 mmol.L~™' CuONRs) and GOx (5.0 pg.
mL~Y). Insets in (a) and (a’) are the linear plots of V, vs [glu-
cose]

products. Figure 9 shows UV-vis spectra and cor-
responding bar chart which shows the signal due to
the 0.10 mM of (i) p-D-glucose, (ii) uric acid, and
(iii) ascorbic acid in (a) sCuONPs and (b) CuONRs.
If glucose is replaced with ascorbic acid, uric acid,
paracetamol, or dopamine, there was no color
change, and very small UV—vis absorption signal
was observed. The absorption spectra of all the
interfering species gave background (very small)
signal compared to B-D-glucose at 0.10 mM con-
centration. This confirms that the studied interfer-
ing species do not get oxidized by GOx enzyme and
not produce H,0,. This study confirms selectivity
towards glucose.
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Fig. 8 UV-vis spectra and their corresponding calibration curves for increasing glucose concentrations for (a) sSCuONPs and (b)

CuONRs

Conclusions

The synthesis and the characterization of the spheri-
cal and rod-like CuO nanoparticles were success-
ful and confirmed using microscopic and spectro-
scopic techniques. The TEM images confirmed the
spherical nanoparticles with 8.5+2.3 nm diameter.
The nanorods (CuONRs) had 11+4.5 nm diameter
(width) and 40+5.6 nm length. The XPS survey
spectra confirmed the presence of copper (Cu 2p)
and oxygen (O 1 s) species due to CuO nanoparticles
and C 1 s from the citric acid. The core-level high
resolution spectra of Cu 2p confirmed that both the
nanoparticles contained mixed (Cu’, Cu*, and Cu?")
oxidation states with strong shake-up peaks at high
binding energies. The oxygen core-level high-reso-
lution spectra confirmed different chemical oxidation
states for oxygen, lattice oxygen (Cu—O), O-H, C-O,

and C=0. The lattice oxygen (Cu—O) was a dominant
component for both copper oxide nanoparticles. The
nanoparticles both exhibited peroxidase-like activ-
ity when in solution containing H,0, and TMB with
strong absorption maxima at 652 nm and 370 nm
similar to the HRP in similar solutions. The effect of
various conditions was studied and confirmed that
the nanoparticles have strong absorption at pH 5;
the color development was highest after 16 min. The
nanoparticles exhibited high peroxidase-like activity
even at temperatures between 40 and 80 °C, and the
peroxidase-like activity was linear with increasing
H,0, concentrations. The excellent peroxidase-like
activity at temperature above 40 °C confirms that
copper oxide nanoparticles can replace HRP enzyme
in enzyme-based immunoassays. HRP has narrow pH
and temperature for optimum enzyme activity. The
enzymatic properties followed Michaelis—Menten
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Fig. 9 UV-vis spectra and corresponding bar chart which shows the signal due to the 0.10 mM presence of (i) f-D-glucose, (ii) uric

acid and (iii) ascorbic acid in (a) SCuONPs and (b) CuONRs

kinetics with K, values for H,O, of 0.14 mmol.
L~! for sSCuONPs and 3.15 mmol.L™! for CuONRs.
For TMB, the K, values were 3.29 mmol.L~!
for sCuONPs and 3.76 mmol.L~' for CuONRs.
These values are within the range for HRP, and for
sCuONPs, the K, (0.14 mmol.L™") value confirmed
strong interaction between the nanoparticles and
H,0, substrate. The copper nanoparticles were suc-
cessfully used for colorimetric detection of glucose.
The limit of detection (LoD) was 2.43 pmo.L™" for
sCuONPs and 3.55 pmo.L™" for CuONRs. The linear
concentration (LCR) range of sCuONPs was 0.0-60
pmo.L_l, and for CuONRs, the LCR was 0.0-40
pmo.L~!. The sCuONPs and CuONRs have potential
for applications as substitutes for HRP enzyme in the
colorimetric detection of glucose.
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