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The emergence and re-emergence of antibiotic-resistant bacteria is a potential threat to treating infectious
diseases. This study employed a nanometer-scale green synthesis using an extract of Solanum incanum
leaves to obtain nanoparticles (NPs) and nanocomposites (NCs) possessing antibacterial properties. The
FESEM-EDS elemental mapping analysis proved the novelty of the green synthesis approach in
synthesizing a copper-doped ZnO NCs with good dopant distribution. The crystallinity and ZnO bandgap
were adjusted by extrinsic copper doping in the ZnO lattice. The optical property adjustments from 3.04
to 2.97 eV for indirect Kubelka—Munk functions were confirmed from DRS-UV-vis analysis. The dopant
inclusion in the host lattice was also confirmed by the angle shift on the XRD pattern analysis relative to
single ZnO. In addition to doping, the XRD pattern analysis also showed the development of CuO
crystals. The lattice fringe values from HRTEM analysis confirmed the existence of both CuO and ZnO
crystals with local heterojunctions. Doping and heterojunctions have crucial values in charge transfer
and visible light harvesting behaviour, as proved by the PL analysis. The synergistic effects of the doped
NCs showed greater antibacterial activity against both Gram-positive and Gram-negative bacteria as
a result of more ROS generation through the bacteria—cell-catalyst interaction and release of metal
ions. The antioxidant potential of the doped NCs was found to be higher than that of single NPs, using

Received 5th July 2023 . . . . . . .
Accepted 9th August 2023 the 2,2-diphenyl-1-picrylhydrazyl free radical scavenging assay and is expected to impart protective

effects to the host cells by scavenging destructive free radicals. Thus, the overall analysis leads to the
DOI: 10.1039/d3ra04485b conclusion that the potentiality of synthesized materials has a future outlook for biological applications,

rsc.li/rsc-advances especially in the development of antimicrobials to combat antibiotic-resistant bacteria and microbes.

Introduction

The rapid spread of bacterial infections and the massive
occurrence of antibiotic-resistant bacteria are increasing the
worldwide mortality rate, estimated to reach up to 10 million
deaths every year by 2050 with a treatment cost of 100 trillion
USD."? In 2014, the World Health Organization (WHO) recog-
nized antimicrobial resistance (AMR) as a major threat to global
health in response to the massive increase in populations of
multidrug-resistant strains worldwide.** Various factors,
including antibiotic misuse and abuse, agricultural antibiotic
use, and accessible migration routes, have been reported to
drive the spread of antimicrobial resistance.* Multidrug
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resistance (MDR) and AMR give rise to infections such as
hospital-acquired, ulcerative skin, lungs, urinary tract (UTI),
catheters, ear, eye, and Gingivitis, leading to increased medical
costs and marked morbidity and mortality. Clinically relevant
bacteria such as Escherichia coli, Klebsiella pneumoniae, Enter-
obacter spp., Proteus spp., Staphylococcus aureus, Pseudomonas
aeruginosa, Acinetobacter spp., and methicillin-resistant S.
aureus (MRSA), among others, have been implicated in infec-
tions, AMR and MDR, respectively.>* AMR and MDR patterns in
Gram-negative and Gram-positive bacteria give rise to infec-
tions that are either difficult to treat or impossible to cure with
conventional antimicrobials.® Thus, finding solutions to
combat this widespread challenge associated with bacteria and
other microbes becomes an urgent and nonstop issue. Zinc
oxide (ZnO) is one of the current choices as a novel antibacterial
material that can generate reactive oxygen species (ROS). It is
one of the wide-bandgap (3.34 eV) semiconductor materials
with an exciton band energy of 60 meV. ZnO has wide applica-
tions due to its unique properties, although with some draw-
backs, such as being incapable of harvesting the majority of the
solar spectrum (the visible range) and having photon-induced
e /h" recombination properties.” Transition metal or metal
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ion inclusion, or creating a defect or shallow state within the
ZnO bandgap, has been extensively studied and found to be one
of the crucial techniques used to advance the drawbacks of ZnO
and increase its biomedical application.?

Doping of copper in the ZnO lattice creates an accepter level
near the ZnO conduction band ata 0.17 eV energy level and near
the conduction band at about 0.45 eV, which consequently
induces green photoluminescence emission.’ The ionic radii of
copper ions (0.073 nm) are comparable with those of Zn ions
(0.073 nm), which create significant optoelectrical and biolog-
ical property changes in ZnO after inclusion.'® Besides, oxides of
copper, a narrow bandgap material, have extraordinarily good
properties for biocidal applications.* Copper doping causes the
creation of independent copper oxide crystals with an increase
in copper concentrations. To indicate, the copper-doped ZnO
study by Morales-Mendoza and his groups'> and Mahmoud and
his groups® revealed the development of a copper-independent
peak above six wt% and four wt% copper levels, respectively. Of
course, the formation of CuO-ZnO heterojunction (p-n heter-
ojunction (type II, staggered gap type)) can diminish the e /h*
recombination properties, consequently enhance the charge
separation and visible light harvesting properties, and increase
stability and reusability as well.*»** The synergistic effects of
CuO-ZnO heterojunction on antibacterial activity have also
been reported.™

There are several nanoscale material synthesis technologies
for both chemical and physical approaches. However, costs,
hazardous chemical usage, and toxic byproducts are some of
the many disadvantages associated with these approaches.
Thus, the use of the biosynthesis approach, specifically using
plant metabolites such as stabilizing, reducing, and gelating
agents, received attention due to its easy availability, low cost,
and biocompatibility.'*'” Solanum incanum L. leaves, the source
of several groups of phytochemicals and multiple metabolites,
is one of the medicinal plants used as a reducing and capping
agent.'® There are recent reports regarding the green synthesis
of ZnO nanoparticles (NPs) and copper-doped ZnO nano-
composites (NCs) for different applications. For example, Doan
Thi et al. synthesized ZnO NPs in the presence of orange fruit
peel extract as a biological reducing agent.” Besides, Khan
et al.”® Karthik et al.,* Bekru et al.,"* and Truong et al.** syn-
thesised copper-doped ZnO nanocomposites using plant
extracts of Clerodendrum infortunatum, Synadium grantii,
Erbascum sinaiticum benth, and Piper chaudocanum L., respec-
tively. To the best of our knowledge, S. incanum L. leaf extract
has never been used for the green synthesis of copper-doped
ZnO NCs. This work also gives insight into the chemistry of
doping and heterojunction in detail, which are crucial param-
eters for the enhancement of the properties of the materials in
several applications, such as antibacterials.

Thus, this study aims to synthesize the ZnO-, CuO-NPs, and
copper-doped ZnO NCs using a green approach in the presence
of S. incanum L. leaves extract for the development of antimi-
crobial agents. The FESEM-EDS analysis showed the presence of
a good dopant distribution with high purity. The nanoscale size,
crystallinity, and heterojunction formation between CuO and
ZnO were confirmed from the TEM-HRTEM-SAED analyses. The
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XRD pattern analysis also confirmed the greater crystalline
nature and high-angle shift due to doping. The DRS-UV-vis and
PL analyses confirmed the presence of visible optical property
improvements (redshift) for doped materials compared to
single ZnO. In addition, the formation of an intimate local
contact between CuO and ZnO was confirmed from the XRD
and HRTEM analyses, which is crucial in harvesting the visible
light spectrum.” The doping and heterojunction strategies also
improve material charge transfer properties without recombi-
nation. The continuous charge transfer process (electron-hole
relaxation) results in a reaction with oxygen and water that
produces a high oxidizing agent, ROS, which is beneficial for
several applications such as catalysis and antibacterial activity.
This greater ROS generation and novel antibacterial activity for
the doped composite than single ZnO were also confirmed in
this study. Besides, we believe that this study gives crucial clues
regarding the chemistry of doping in general.

Results and discussion
Characterizations

The surface energy of nanoscale-sized materials is much greater
than that of their bulk counterparts, which assists in their
aggregation with one another.”” Besides, the coalescence or
aggregation of NPs is greatly assisted by temperature.” Thus,
the maximum calcination temperature applied for the removal
of plant organic matter after its role as a capping, reducing, and
gelating agent should be optimized. Fig. 1 shows the TGA-DTA
thermal stability analysis result of the green synthesized copper-
doped zinc oxide nanocomposites (GCD-Zs) precursor-plant
complex organic matter. The amounts taken for the analysis
were 7.530 and 10.001 mg for ZnO and GCD-Zs, respectively.
The total weight loss for ZnO and GCD-Zs was —3.001 and
—4.029 mg, respectively.

The first two weight losses on the TGA curve within the
temperature range of 50-300 °C are due to surface or interstitial
absorbed water molecule removal, or both. However, within this

exo
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—— (i) TGA (GCD-Zs) 7
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80 160 240 320 400 480 560 640
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Fig. 1 The thermal gravimetric analysis and differential thermal (TGA-
DTA) analysis for the GCD-Zs precursor-plant complex before calci-
nation. The total plant decomposition occurred at about 315 °C.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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50-300 °C temperature range, the decomposition of some
organic substances may also occur. The respective DTA
stability loss endothermic peaks due to water removal and
organic substance decomposition were detected at 150 and
250 °C, respectively. The third greatest mass loss on the TGA
curve detected in the temperature range of 250-420 °C (see the
respective broad and intense exothermic DTA peak) is due to the
total precursor and left-over organic matter decomposition to
give pure metal oxide crystal. In the thermal stability analysis
result of the zinc precursor-plant complex, the first two weight
losses within the temperature range of 50-130 °C are due to
water molecule removal and decomposition of some organic
substances. The stability peaks were detected at 64 and 117 °C,
respectively. The third mass loss within the 190-420 °C range is
due to the total decomposition of precursor and left-over
organic matter to give pure metal oxide crystal (Fig. S11). The
GCD-Zs precursor-plant complex has greater stability than the
zinc precursor-plant complex, which indicates that the copper
precursor is acting as a catalyst for the degradation of the plant
extract and is also increasing material crystal structure perfec-
tion.”* Thus, 450 °C was selected for the next consecutive
characterization and application experiments. The selected
temperature is greater than the TGA optimal temperature of the
zinc precursor-plant complex (403 °C) and the GCD-Zs
precursor-plant complex (315 °C) for the purpose of decompo-
sition of the undercapped leftover organic matter.

The extract-precursor concentration ratio, temperature, and
pH optimization experiments showed that a 2:1 precursor
plant extract ratio, a temperature of 75 °C, and a pH of 9.8 were
obtained as optimal conditions, as shown in Table S1 and
Fig. S1.7 These conditions were used for the subsequent
synthesis, characterization, and application tests. The crystal-
linity of green synthesized powdered ZnO NPs and GCD-Zs was
characterized by the XRD technique, as shown in Fig. 2. Fig. 2a
shows the XRD patterns of ZnO and GCD-Zs with different
copper dopant percentages of 1.5-15.5%. The crystallinity of
GCD-Zs was found to be greater than that of ZnO, and the
crystallinity increased with an increase in the dopant concen-
tration. The increase in crystallinity of the material improves
antibacterial activity as compared to its relatively amorphous
equivalents.” The additional peak detected at about 35.5 and
38.7° was due to the occurrence of copper oxide. The intensity of
the CuO-independent peak also increases as the percentage of
dopant increases. It was also observed that as the dopant
concentration increased, the average crystallite size also showed
a slight reduction. The average crystallite sizes were calculated
according to Scherrer's equation, (kA)/(B cos ). Where the value
of the constant k is taken as 0.9, assuming that the particle has
a spherical shape and the X-ray radiation wavelength ¢ has
a value of 0.15406 nm.

The information for full width at half maximum of the peak
B and Bragg X-ray diffraction angle ¢ was taken from the XRD
pattern analysis data.*® According to Scherrer's calculation,
GCD-Zs10.5 has a smaller size (22 nm) and a greater surface
area compared to the other composites. However, the average
crystallite size for ZnO (7 nm) was found to be much smaller
than that of GCD-Zs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD pattern of ZnO and CuO NPs and GCD-Zs nano-
composites: (a) XRD patterns of ZnO and different percentages of
GCD-Zs (1.5-15.5%), in which the crystallinity increases with dopant?%;
(b) XRD patterns of ZnO and CuO NPs and GCD-Z10.5; here, the CuO
phase was detected at 35.5 and 38.7° on the GCD-Z10.5; (c) magnified
view of the XRD pattern for ZnO NPs and GCD-Z10.5; there is a higher
angle shift on the XRD pattern of GCD-Z10.5 than single ZnO, con-
firming the copper inclusion in the ZnO lattice. The inset in (c) is the
polyhedral structure models of ZnO and CuO crystals developed by
the software 3D Visualisation for Electronic Structural Analysis (3D-
VESTA) from the crystallographic information file (CIF) data.

Fig. 2b compares the XRD patterns of single CuO and ZnO
NPs with GCD-Z10.5. The peaks at 26 values of 31.8, 34.5, 36.3,
47.6, 56.7, 62.9, 66.5, 68.0, and 69.2° that have the corre-
sponding crystal planes of (100), (002), (101), (102), (110) (103),
(200), (112), and (201) match the hexagonal ZnO geometry

RSC Adv, 2023, 13, 24835-24845 | 24837
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(JCPDS 00-036-1451).>” Single CuO has about nine major peaks
at 20 values with its corresponding crystal planes of 32.5 (110),
35.5 (002), 38.7 (200), 48.8 (20—2), 53.5 (020), 58.2 (202), 61.6
(11-3), 66.3 (—311), and 68.1 (022)** (JCPDS, File no. 00-048-
1548). As shown in the XRD pattern of the GCD-Z10.5 (Fig. 2b,
inset label ii), the copper peaks detected at 35.5 and 38.7°
exactly matched the single monoclinic CuO.* In all the green
synthesized nanoaprticles (GNPs) and green synthesized
nanocomposites (GNCs), no impurity peaks other than ZnO and
CuO were detected within the detection limit of the XRD
instrument, which confirms the purity of the synthesis method.
Fig. 2c shows the magnified view of single ZnO and GCD-Z10.5,
respectively. The GCD-Z10.5 peak showed a high angle shift of
0.26°, indicating the inclusion of copper in the ZnO lattice. In
this study, the copper solubility level in the ZnO lattice was
found to be below 5.5%, and above this level, a copper-
independent peak was detected on the GCD-Zs XRD pattern. A
similar copper-independent peak detection after a 4% copper
dopant amount and a higher angle shift starting from 2%
copper doping were also reported in the Theyvaraju et al
study.> Even if the angle shift was detected due to slight radii
differences between copper and zinc ions, however, no struc-
tural distortion was observed due to the exchange of copper
atoms with zinc atoms. The lower solubility level of copper (only
up to 5%) was also reported in another study.> The polyhedral
structure models of ZnO and CuO crystals, which have the space
groups P63mc (#186-1) and C2/c (#15-1), respectively, were
created by the software 3D Visualisation for Electronic
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Fig. 3 FESEM-EDS morphological, crystallinity, elemental composi-
tion, and elemental mapping analysis for ZnO NPs: (a) FESEM image of
ZnO; (b) EDS layered image taken from the electron image of (c) at
a specific point. The red and green images on the right represent the
oxygen and zinc mapping results, respectively.
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Structural Analysis (3D-VESTA) using data from the crystallo-
graphic information file (CIF).

Field emission scanning electron microscopy (FESEM) as an
image analysis technique in the presence of energy dispersive X-
ray spectroscopy (EDS) as a compositional analysis technique
was used for the morphological and elemental composition
analysis (Fig. 3 and 4). ZnO GNPs have porous or amorphous
morphology or both, which is created due to the evolution of
gaseous byproducts as a result of combustion (Fig. 3a). The
combustion reaction occurred due to the heat treatment of the
complexes formed between the nitrate precursor and plant
extract (phytochemicals and multiple metabolite groups). Once
the ignition temperature of the complexes is reached, the
material starts to combust to form a porous product.’”

FESEM image analysis clearly confirmed the higher crystal-
line nature of the GCD-Zs compared to ZnO (Fig. 4a). The total
change of ZnO's porous morphological nature to a spherical
crystalline morphology in GCD-Z10.5 is probably due to copper
inclusion. This crystalline morphology for GCD-Zs and the
amorphous nature of ZnO are also consistent with the XRD
result interpretation. The crystalline nature of single CuO
compared to ZnO synthesized independently following the
same procedures was confirmed on the low-magnification SEM
image, as shown in Fig. S3a and b, respectively. The accurate
composition and well-doped distribution on the surface of the
host material boost crucial host properties such as optoelec-
tricity, which is crucial for antibacterial, catalysis, and several
other applications.*® The compositional analysis for ZnO and
GCD-Zs was determined by the EDX analysis, as shown in
Fig. S4 and S5,} respectively. The EDX spectra show only zinc

EHT= 500KV
WD=11.7 mm

Signal A= SE2
Mag= 2000 KX

Date: 20 Mar 2023
Time: 1442:35

EDS Layered Image 2

Zn Lal,2

Fig. 4 FESEM-EDS morphological, crystallinity, elemental composi-
tion, and elemental mapping analysis for GCD-710.5: (a) FESEM image
of GCD-Z10.5, (b) EDS layered image taken from the electron image of
(c) at a specific point. The aqua, green, and red images on the right
represent the copper, oxygen, and zinc elemental mapping results,
respectively.
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and oxygen for ZnO and zinc, copper, and oxygen for GCD-
710.5, without any other impurities. The elements are
observed at 1.00, 0.95, and 0.40 keV as major peaks for zinc,
copper, and oxygen, respectively. The obtained amounts are
fitting and in accordance with the added amount during
synthesis (see Fig. S4 and S5 inset tables). In addition, the
elemental distribution analyzed by EDS mapping also showed
the occurrence of a good dopant distribution. The EDS layered
mapping images (Fig. 3b and 4b) for both ZnO and GCD-Zs were
analyzed from the electron images taken at the specific surface
(Fig. 3c and 4c). The mapping images for zinc and oxygen are
given in red and green for ZnO, respectively. The mapping
images for GCD-Zs, presented in red, green, and aqua colours,
are for zinc, copper, and oxygen, respectively.

The particle size, morphology, and crystallinity of nanoscale-
sized ZnO and GCD-Z10.5 materials were further analyzed using
transmission electron microscopy, high-resolution trans-
mission electron microscopy, and selected area electron
diffraction (TEM-HRTEM-SAED) analytical techniques, as
shown in Fig. 5. The TEM images of ZnO seem to have a less
agglomerated, non-perfect spherical-type morphology (Fig. 5a),
while a relatively greater agglomerated mixture of spherical and
cylindrical shapes is seen for the GCD-Z10.5 (Fig. 5b). The
particle sizes for ZnO and GCD-Z10.5 were in the range of 5-
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Fig. 5 TEM/HRTEM/SAED morphological, particle size, and crystal-
linity analysis for ZnO and GCD-Z710.5: (a and b) TEM images; (c and d)
HRETM images; and (e and f) SAED images of ZnO and GCD-Z10.5,
respectively. The insets in (e) and (f) are the respective XRD patterns of
ZnO and GCD-710.5.
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20 nm and 20-40 nm, respectively, which is consistent with the
XRD pattern analysis. The d-spacing value for the ZnO crystal is
0.275 nm (Fig. 5c, inset image), which corresponds to the ZnO
(002) crystallographic plane. The HRTEM image for GCD-Z10.5
confirmed the presence of 0.268 and 0.212 nm lattice fringe
values (Fig. 5d, inset image), which are also matching with the
(002) and (200) crystal planes of ZnO and CuO, respectively.**=>
There is a slight ZnO crystallographic plane lattice fringe value
difference between single ZnO and GCD-Z10.5 that is probably
due to the effect of copper inclusion in the ZnO lattice as
a dopant, leading to slight distortion.’»** The HRTEM image
also confirmed the more crystalline nature of the GCD-Z10.5
crystal than that of ZnO, which is also clearly observed as
shown in the SAED ring analysis (Fig. 5e and f, respectively).

The XRD pattern analysis results of ZnO and GCD-Z10.5 are
also depicted in the respective ZnO and GCD-Z10.5 SAED rings
as insets for comparison.
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Fig. 6 Optical properties study using the DRS-UV-vis spectroscopic
technique and Kubelka—Munk function analysis: (a) % reflectance
versus wavelength plot of ZnO and GCD-Z710.5 NCs, with greater light
harvesting behaviour for the GCD-Z10.5 NCs. (b) Kubelka—Munk
function plots: (inset labels i and ii) direct and (inset labels iii and iv)
indirect Kubelka—Munk plots for ZnO and GCD-Z10.5 NCs, respec-
tively. Redshift for both direct and indirect GCD-Z10.5 plots confirms
the inclusion of copper in the ZnO lattice of GCD-Z710.5.
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Doping and heterojunction are crucial strategies used for
tuning the properties of host materials, which are also benefi-
cial for several applications such as antibacterial activity,
sensors, and catalysis. The optical property of ZnO was tuned by
copper doping and forming a CuO-ZnO heterojunction, as
analyzed by DRS-UV-vis spectra analysis and shown in Fig. 6a
and b. The percentage reflection vs. wavelength plots of the
DRS-UV-vis analysis showed greater light absorption properties
for GCD-Z10.5 than ZnO (Fig. 6a). The reflection observed
within the wavelength range of 370-410 nm may be attributed
to the conduction band-to-valence band electron-hole recom-
bination characteristics of ZnO.?* The greater absorption prop-
erties of the NCs are a result of the shallow level d-d transition
created within the ZnO energy gap after copper inclusion. The
shallow level creation is further confirmed by the Kubelka-
Munk (K-M) function plots,* which were shown by interpola-
tion of the linear plots towards the x-axis. The direct electron
transition occurred when photon-induced electron-hole
recombination occurred without relaxation.

Conversely, in the indirect electron transition, electrons
have a relaxation time before recombination. The crystal
momentum, k factors, for a direct transition is zero, unlike
the indirect transition, which has a non-zero value.?” Electron
relaxation and transition from the host conduction band to
the shallow level or CuO crystal have great importance for
ROS generation, which in turn is important for bactericidal
activities.®® The direct bandgap values for ZnO and GCD-
Z10.5 are 3.23 and 3.04 eV, respectively (Fig. 6b, inset labels
i and ii). The indirect bandgap values for ZnO and GCD-Z10.5
are 3.13 and 2.97 eV, respectively (Fig. 6b, inset labels iii and
iv). The redshift on both the direct and indirect bandgaps for
GCD-Z10.5, compared to ZnO, confirms the inclusion of
copper in the ZnO lattice and visible light absorption
enhancement.*®

The optical properties of CuO and ZnO, and GCD-Z10.5
materials were further confirmed using photoluminescence
(PL) spectroscopy, as shown in Fig. S6.f ZnO has two broad
peaks at 367 and 465 nm and one intense band at about
403 nm, respectively. The peak detected at 403 nm is a char-
acteristic near-band edge (NBE) transition in ZnO that
occurred due to free exciton electron-hole recombination.*®
The green emission that occurred at about 465 nm is probably
due to intrinsic defects (oxygen vacancies).** CuO also has two
short and broad emission peaks at 369 and 473 nm and one
relatively intense and broad peak at 409 nm, respectively.
These CuO emission peaks occurred as a result of the ultra-
violet, green, and violet emissions, respectively. The GCD-
Z10.5 also showed one ultraviolet and two visible bands at
370,406, and 470 nm, respectively. The two broad peaks on the
GCD-Z10.5 NCs showed an emission intensity rise and a slight
shift due to the combined effects of copper and zinc. The green
emission is attributed to the electron transition from the
dopant shallow level to the host valence band after relaxa-
tion.*® All the emissions detected on the copper oxide spec-
trum were also detected on GCD-Z10.5, which indicate the
presence of copper crystals as a local contact (heterojunction)
with ZnO.*> This has importance in improving the charge
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transfer properties and consequently enhancing the genera-
tion of ROS species through electron and hole reactions with
oxygen and water, respectively.

The functional groups and purity of the GNPs and GNCs
were analyzed by Fourier-transform infrared (FTIR) spectros-
copy. Fig. S7at shows the FTIR spectra of ZnO before and after
calcination, and CuO and GCD-Z10.5 NCs after calcination. The
distinctive signal detected at the approximate band positions of
3440 and 3245 cm™* on the uncalcined ZnO is attributed to the
plant extract alkyne C-H stretching, carboxylic acid, and phenol
O-H stretching from the hemicellulose, cellulose, and lignin
groups.’®* The two sharp but short bands detected at about
2360 and 2330 cm ™! are attributed to carbon dioxide absorp-
tion. The other new peak at 1360 cm ™" for uncalcined ZnO is the
result of a symmetric or asymmetric stretching vibration of C=
0.** The peaks at 890 and 625 cm ' are probably due to the
bending vibration of other organic residues left over." However,
the broad peak detected at 3370 and 1640 cm ™" on the calcined
ZnO are due to O-H stretching and bending vibration of the
surface/interstitial adsorbed water molecules, respectively.”
The effect of copper doping resulted in a peak intensity reduc-
tion compared to a single ZnO peak, with the occurrence of
copper bands on the GCD-Z10.5 NCs spectrum. Our concern is
that the fingerprint region (400-500 cm ") shows the presence
of metal-oxygen bonds (Cu-, Zn-)O. Fig. S7bt shows the
magnified view of the lower wavenumber FTIR spectrum, in
which 450 and 430 cm ™! for Zn-O bending vibration; 440 and
415 cm ™! for the GCD-Z10.5; and 440 and 405 cm ™" for CuO,
respectively. These bending vibration peaks for GCD-Z10.5
resemble those of the copper spectrum with shifts after
copper inclusion compared to ZnO, which is caused by copper
inclusion.”

Antibacterial activity

The antibacterial activity of all GNPs and GNCs was examined
using the disc diffusion method and different bacterial strains,
including two Gram-positive (S. aureus and S. pyogenes) and two
Gram-negative (E. coli and P. aeruginosa) species, at varying
concentrations of GNPs/GNCs (2.5, 5, and 10 mg mL ).
Ciprofloxacin (10 pg mL™") and DMSO were used as a positive
control (PC) and negative control (NC), respectively. The results
of antibacterial tests conducted on all GNPs and GNCs are
presented in Table 1. In general, all the GNPs and GNCs showed
antibacterial activity against both the Gram-positive and Gram-
negative bacterial strains tested with dose-dependency in the
following order: ZnO < CuO < GCD-Z10.5. The measurable zone
of inhibition (MZI) values for ZnO varied from 6.1 + 0.33 mm to
13.3 + 0.58 mm (PC: 23.3 + 0.58-39.3 + 0.88), CuO 6.1 + 0.33
mm-12.7 + 0.33 mm (PC: 22.1 + 0.33-26.9 + 0.33) and GCD-
710.5 6.4 + 0.33 mm-16.7 &+ 0.33 mm (PC: 17.7 £ 0.33-28.6 +
0.57), respectively for the different strains. The control
normalized percent inhibition for ZnO was found to be 34.5-
43.3%, CuO 23.7-49.5%, and GCD-Z10.5 24.5-79.5%, respec-
tively (Table 1). The ZnO caused an observable inhibitory effect
against the tested pathogenic bacterial strains, which may be
due to the interaction between the negatively charged

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The antibacterial activities of all GNPs and GNCs materials determined by disc diffusion assay

[* (mg mL ™) E. coli % RI” P. aeruginosa %RI S. aureus %RI S. pyogenes % RI
Measurable zone of inhibition (MZI) of ZnO (mm)

10 10 £+ 0.58 40 8.1 + 0.33 34.5 12 £+ 0.58 43.3 13.3 £ 0.58 34.7
5 7.9 £ 0.58 31.5 7.2 £0.33 30.8 11.1 £ 0.33 40.1 9.2 £+ 0.58 33.5
2.5 7.2 +0.88 28.6 6.1 £ 0.33 26.2 9.5 £ 0.58 34.6 6.9 + 0.33 27.5
NC* 6 £ 0.00 24.0 6 + 0.00 25.7 6 + 0.00 21.6 6 £+ 0.00 15.3
pc? 25 + 1.00 100 23.3 £0.58 100 27.7 £1.20 100 39.3 +£0.88 100
Measurable zone of inhibition (MZI) of CuO (mm)

10 11.7 £ 0.33 43.5 8.1 + 0.33 36.7 12.7 £ 0.33 49.5 12.3 £ 0.33 47.5
5 9.3 +0.33 34.5 7.5 £ 0.33 34.0 8.1 £ 0.88 31.2 8.2 + 0.58 31.5
2.5 6.9 + 0.33 25.8 6.1 £ 0.33 27.7 7.1 £ 0.58 27.6 6.2 £+ 0.33 23.7
NC 6 £ 0.00 23.3 6.0 £ 0.00 27.1 6.0 = 0.00 23.3 6.0 = 0.00 23.3
PC 26.9 + 0.33 100 22.1 +0.33 100 25.7 £ 0.33 100 25.8 + 0.33 100
Measurable zone of inhibition (MZI) of GCD-Z10.5 (mm)

10 15.7 £ 0.33 54.8 13.3 £ 0.33 75.1 16.3 £ 0.58 79.5 16.7 £ 0.33 75.2
5 12.2 + 0.58 42.5 7.5 £ 0.58 42.1 11.2 £ 0.33 54.7 14.0 £ 0.88 63.1
2.5 7.0 £0.88 24.5 6.4 £ 0.33 36.2 6.7 £ 0.58 32.6 9.9 £+ 0.58 44.6
NC 6.00 = 0.00 20.9 6.00 £ 0.00 33.9 6.0 = 0.00 29.3 6.0 = 0.00 27.0
PC 28.6 £ 0.57 100 17.7 £ 0.33 100 20.5 + 0.58 100 22.2 £ 1.20 100

“ Concentration. ” Relative percentage inhibition. ¢ Negative control. ¢ Positive control.

membrane of the bacteria and the positively charged ions of
ZnO.* Based on XRD analysis, ZnO synthesized is very small (7
nm), allowing it to penetrate bacteria's membranes and damage
their intracellular structures. As reported,’ these GNPs can
disrupt biological processes and damage DNA. This result is
also supported by the PL and DRS results (Fig. S61 and 6), which
show high surface defects indicating roughness, which can
generate ROS and damage bacteria cells.*” It was also observed
that CuO showed significant toxicity to the bacterial strains.
According to a previous report, CuO has the potential to pene-
trate the cells of microorganisms as well as accumulate in the
cell.**** Cu has a high affinity to fix oxygen, and generating ROS
causes intracellular damage.*® Doping of ZnO and CuO has been
shown to impart a synergistic effect and improve antibacterial
property.”” We also observed a significant enhancement of
antibacterial activity by GNCs compared to ZnO and CuO GNPs.
At a concentration of 10 mg mL ", the percentage inhibition for
ZnO-GNP was found to be 34.5-43.3%, CuO-GNP was 36.7—
49.5%, and GCD-Z10.5 showed the highest inhibition in the
range of 54.8-79.5%, respectively (Fig. S8t and Table 1).
Among the bacterial strains tested, all GNPs and GNCs showed
higher activity against Gram-positive bacteria (S. aureus and S.
pyogenes) compared to Gram-negative bacteria (E. coli and P. aer-
uginosa). This may be attributed to the difference in cell wall
composition. The Gram-positive bacterial cell is composed of tei-
choic acids that partially impart a negative charge to the cell
surface and facilitate the passage of metal ions, thereby plausibly
rupture the cells, resulting in higher antibacterial activity of GNPs
and GNCs.*® When tested at the highest concentration (10 mg
mL "), S. aureus and S. pyogenes showed 79.5% and 75.2% inhi-
bition, respectively (higher susceptibility). Gram-negative bacteria,
however, have a complex cell wall composition. It consists of

© 2023 The Author(s). Published by the Royal Society of Chemistry

a second membrane that restricts molecules' penetration and
confers resistance to antibacterial agents.*

Among the two Gram-negative strains tested, P. aeruginosa
was found to be less susceptible to ZnO and CuO GNPs than E.
coli. P. aeruginosa has been categorized as a multidrug-resistant
strain, which may explain this resistance against the GNPs and
GNCs.”" It is interesting to note that both strains showed higher
susceptibility (54.8 and 75.1% inhibition) against GCD-Z10.5 at
the concentration of 10 mg mL ™", up from 36.7% (CuO, P.
aeruginosa) and 40% (ZnO, E. Coli), respectively, at the same
concentration (Table 1). The increased potency of GCD-Z10.5
compared to single GNPs may be plausibly due to the syner-
gistic effect of ZnO and CuO GNPs.

MIC and MBC analysis

The determination of the minimum inhibitory concentration
(MIC) and minimum bactericidal concentration (MBC) is
necessary for evaluating GNPs and GNCs for their cytotoxicity.”
The MIC is the lowest concentration of a substance needed to
prevent the visible growth of a bacterium, while the MBC is the
lowest concentration required to kill the bacterium. Thus, the
smallest concentration value indicates the material's effective-
ness at low concentrations. A tolerance test provides informa-
tion about the potency of the test materials; higher values
indicate bacteriostatic action, while lower values indicate
bactericidal action. Fig. 7a and Tables S2-S4t1 show the MIC,
MBC, and tolerance tests of various GNPs and GNCs against
different bacterial strains. The MIC of the synthesized GNPs
and GNCs was found to vary from 1.25-5 mg mL ", the MBC
from 5-20 mg mL ™", and the tolerance value (TV) from 1-4,
respectively. The minimal concentration of NPs suspension that
releases efficient metal ions was detected, suggesting that the
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bacterial growth inhibition is primarily due to the interaction of
GNPs and GNCs with the membrane of the microorganism's.*

The results obtained in this study showed a good correlation
with the percentage inhibition of the antibacterial assay in the
following order: ZnO < CuO < GCD-Z10.5. In particular, P.
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aeruginosa was more resistant compared to others and generated
higher MIC/MBC/TV. ZnO and CuO showed equal potency in
terms of MIC/MBC/TV against P. aeruginosa, however, it is
interesting to note that GCD-Z10.5 showed higher potency in
reducing the TV of P. aeruginosa, which indicates higher bacte-
ricidal activity. The results obtained here are comparable and in
good agreement with the previous reports.* This suggests the
synergistic effects of CuO and ZnO on antibacterial activity.

Even if the antibacterial activity of NPs is based on a different
mechanism, it is reported to be mainly due to the release of
antimicrobial ions, interactions of NPs with microorganisms,
and the production of ROS due to light radiation.*® According to
this study, the minimal effects of metal ions were confirmed
from the MIC and MBC analyses, and the experiments also did
not use light as a radion source. Thus, the mechanism for
bacterial deactivation is the interaction of bacterial cells with
GNPs or GNCs, although with some release of ions. It has been
reported that oxidative stress is induced by the generation of
ROS as a result of electrostatic or van der Waals interactions or
both between NPs and bacterial cells.>® Similar ROS generation
through chitosan-MoS, nanosheets with bacterial cell interac-
tion, ROS generation, and then oxidative stress was also re-
ported, as shown in Scheme 1.%* Upon internalization inside the
cells, ROS can target organelles, DNA synthesis, proteins, and
metabolic pathways. These events may cumulatively lead to
cytotoxicity and cell death, thereby reducing the GNPs- and
GNCs-treated bacterial populations. DNA is an integral
component of cells, and genomic stability is vital to maintain-
ing the integrity of cells as it regulates most of the cellular
processes, including protein synthesis and metabolic pathways.
GNPs and GNCs can generate intermediate ROS in the presence
of oxygen and water. These ROS may potentially cause oxidative
damage to DNA (genotoxicity), impair DNA-regulated processes,
and eventually lead to cell death. Further studies using the NPs
and NCs of this study are required to elucidate this
mechanism.*’

® @
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Scheme 1 The antibacterial mechanism by which bacterial cell activity is inhibited by the electrostatic and/or van der Waals interaction of NPs
and NCs with the bacterial cells, which leads to ROS generation and oxidative stress creation. Reprinted with permission from ref. 54 Copyright

2019. American Chemical Society.
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Antioxidation potential

The antioxidant activity was determined by a DPPH free radical
scavenging assay that works on the principle of reduction of
DPPH by hydrogen donors to 2,2-diphenyl-1-picrylhydrazyl
(DPPH).”® The GNPs and GNCs used in this study were found
to show an effective range of radical scavenging at the different
concentrations examined (0.125-2 pug mL™") (Fig. 7b and Table
S57). In general, the activities of the samples ranged from 24.8-
54.4% RSA for ZnO, 25.6-58.6% RSA for CuO, and 33.6-69.4 for
GCD-Z10.5% RSA, and were found to be dose-dependent.
Ascorbic acid was used as a standard reference with the same
concentrations, and the generated values were in the range of
90.8-93.3% RSA. The antioxidation potential was observed in
the following order: ZnO < CuO < GCD-Z10.5, which may be due
to an increased surface-to-volume ratio and small particle size
as observed by XRD and TEM analysis (Fig. 1 and 4).*” The
higher antioxidation potential is beneficial in scavenging free
radicals involved in several diseases and metabolic pathways
and imparts neuroprotective, immunoprotective, and hep-
atoprotective effects.>

Conclusions

The S. incanum L. extract-based green approach was successfully
employed to synthesize Cu-doped ZnO (GCD-Zs) and intimately
contact CuO-ZnO NCs. The XRD pattern and TEM analysis of
the synthesized materials showed nanometer-scale size (in the
range of 10-50 nm). The presence of a redshift for the doped
GCD-Zs NCs over single ZnO (from 3.23 to 3.13 on the direct and
from 3.04 to 2.97 eV on the indirect Kubelka-Munk function)
was confirmed. The PL analysis showed the presence of elec-
tron-hole recombination hindrance in the GCD-Zs composites
over ZnO, which is the result of shallow-level copper inclusion
and heterojunction. The HRTEM analysis confirmed the nearby
contact within the CuO-ZnO composite, with d-spacing values
of 0.212 and 0.268 nm, which match the (200) and (002) crystal
planes of CuO and ZnO, respectively. The overall doping and
heterojunction effects proved to improve the crystallinity of
GCD-Zs and ROS generation and consequently enhanced the
antibacterial activity and lowered the MIC/MBC/TV of the GCD-
Zs NCs over single ZnO in both Gram-positive and negative
bacteria by the synergy effect. Furthermore, the significant
decrease of the tolerance test values to the lowest by the doped
mixture on the multidrug-resistant strain, P. Aeruginosa, was
notable. We believe that this green approach to the synthesis of
NPs and NCs may contribute to and add possible solutions in
the pursuit of antimicrobials for antimicrobial resistant,
multidrug-resistant bacteria, and possibly other microbes.

Experimental

The usual procedures for the preparation of plant extract,
phytochemical analysis, and UV-vis-based green synthesis
parameter optimization (extract and precursor concentration
ratio, temperature, and pH) on the host zinc precursor were
used.*”® During the above optimizations, a 2:1 precursor plant

© 2023 The Author(s). Published by the Royal Society of Chemistry
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extract ratio, a temperature of 75 °C, and a pH of 9.8 were selected
by observing the peak intensity of absorbance that integrated
with the concentration of synthesizing NPs and were used for the
next consecutive synthesis, characterization, and application
tests. To optimize the GCD-Z synthesis, we have varied the
concentration (wt%) of copper acetate (0, 1.5, 5.5, 10.5, and
15.5 wt%) in a 2:1 volume ratio of precursor to plant extract
mixture. For this purpose, 40 mL of copper acetate and zinc
nitrate mixture and 20 mL of plant extract were mixed for each
copper content. The plant extract was added to the precursors
and stirred for 20 min at 25 °C, and then the pH of the mixtures
was adjusted to 9.8 by drop-wise addition of 1 M sodium
hydroxide solution.' The stirring was continued for 2 hours after
the pH was adjusted until the white precipitation was observed
visually. The resulting colloidal solution was aged at room
temperature for 24 hours for more precipitation, followed by
centrifugation. The product thus obtained was washed well with
ethanol and distilled water, transferred to a Petri dish, and dried
overnight in an electric oven at 45 °C. The resulting powder was
subjected to calcination in the muffle furnace for 2 hours at 400 °©
C. To obey the single-precursor nanocrystal doping strategy, the
host and dopant salt precursors were mixed once.** Here, the
precursors were dispersed in the pre-extracted plant extract,
which plays a significant role in achieving crucial properties such
as cations/colloidal particle dispersion and nanoparticle preven-
tion from aggregation.” Of course, the doping process follows
LaMer's model, which means (i) precursor decomposition,
increase in the concentration of constituent ions, and reduction
of ions into atoms so as to form a supersaturated solution; (ii)
nucleation either homogenously or heterogeneously via random
aggregation of atoms; and (iii) finally growth to nanoparticles
starts via diffusion of atoms towards the pre-formed nuclei.®>**
During heating, the precursor-plant extract complexes combust
with an increase in temperature when they reach the point of
complex ignition temperature.®® Within a few seconds of starting
the combustion, porous materials are created, yielding stable
metal oxides, or metals.*®

Experiments on biological activities were performed on four
conventional antibiotic-resistant bacterial strains: Gram-
negative: Escherichia coli (E. coli, ATCC 25922) and Pseudo-
monas aeruginosa (P. aeruginosa, ATCC 27853); Gram-positive:
Staphylococcus aureus (S. aureus, ATCC 25923) and Strepto-
coccus pyogenes (S. pyogenes, ATCC 13311). First, all the stock-
cultured bacteria were activated on Mueller-Hinton (MH) agar
plates. After activation, the cultures were subjected to inocula
development by inoculating a loop full of cells from a single
colony into MH broth and incubated for 24 h at 37 °C. Then the
active pure bacterial cultures and sub-cultures were maintained
according to the 0.5 McFarland standards. This process was
repeated every time before starting a new experiment. The
antibacterial properties of the biosynthesized GNPs and GNCs
were investigated using the standard Kirby-Bauer disc diffusion
method.*” The fresh overnight cultures of each strain were
swabbed uniformly over the sterilized and cooled Mueller-
Hinton agar medium (MHA) Petridishes. Then, 6 mm diameter
sterile discs impregnated with different green synthesized NP/
NC solutions (10, 5, and 2.5 mg mL~"') were placed onto these
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plates and incubated for 24 h at 37 °C. The discs impregnated
with Ciprofloxacin solution (10 ug mL~") and DMSO were used
as positive and negative controls, respectively. After incubation,
the antimicrobial activity was determined by measuring the
diameter of the zone of inhibition. The antibacterial activity was
calculated in terms of percentage inhibition according to: %
inhibition = diameter of sample/diameter of control x 100.
The MIC of green synthesized NPs and NCs was investigated by
broth assay and measuring the absorbance of bacterial growth.
For this purpose, six double dilutions of the NP/NC suspension
were prepared, varying from 0.625 mg mL ™' to 20 mg mL ',
respectively. The 10 mL of Muller-Hinton broth was inoculated
with 0.1 mL of bacterial culture of 0.5 McFarland standard and
0.5 mL of various concentrations of prepared GNPs/GNCs
suspensions in each test tube and incubated at 37 °C for 24 h.
The absorbance of the mixture was observed before and after the
incubation for each test tube by taking a sufficient amount into
a cuvette and measuring the OD at 610 nm (Table S31).%® The last
concentration that appears clear visually and shows approxi-
mately the same or less absorbance value than the earlier
concentration after incubation is taken as the MIC. The MBC is
the lowest antibacterial concentration that prevents the growth of
an organism after subculture on growth media. To determine
MBQC, the test tubes that contain MIC and higher concentrations
were considered. A 0.1 mL mixture of GNPs/GNCs, bacteria, and
broth was taken from each MIC sample and spread on the cor-
responding MHA agar plates. The appearance of colonies on the
agar plate that indicate the viability of bacteria was observed after
incubation at 37 °C for 24 h. The lowest concentration that
showed no formation of bacterial colonies on the agar plate was
considered as MBC. Tolerance test: the values of MBC were
divided by the values of MIC to obtain Tolerance test values.
The antioxidant activity test was performed using the DPPH free
radical scavenging assay. A 0.1 mM DPPH solution was prepared in
methanol by dissolving 0.04 g DPPH in 100 mL methanol. The
solution was kept in the dark for 30 minutes to complete the
reaction. The powdered GNPs and GNCs were diluted in the five
vials at 2000, 1000, 500, 250, and 125 ug mL ™" in methanol. From
these concentrations, 1 mL of each was mixed with 3 mL of 0.1 mM
DPPH. Ascorbic acid was prepared with the same concentration of
samples and used as a positive control in the experiment. The
absorbances were measured using a UV-vis spectrophotometer at
517 nm after 30 min of incubation in a dark place.” The radical
scavenging activity was calculated according to: % of radical
scavenging activity = (Abs of DPPH (control) — absorbance of
samples)/absorbance of DPPH (control) x 100.
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