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Abstract

A viable hydrothermal technique has been explored for the synthesis of copper doped Zinc

oxide nanoparticles (Cu-doped ZnO-NPs) based on the precursor’s mixture of Copper-II

chloride dihydrate (CuCl2.2H2O), Zinc chloride (ZnCl2), and potassium hydroxide (KOH). X-

ray diffraction (XRD) reported the hexagonal wurtzite structure of the synthesized Cu-doped

ZnO-NPs. The surface morphology is checked via field emission scanning electron micros-

copy (FE-SEM), whereas, the elemental compositions of the samples were confirmed by

Raman, and X-ray photoelectron spectroscopy (XPS), respectively. The as-obtained ZnO-

NPs and Cu-doped ZnO-NPs were then tested for their antibacterial activity against clinical

isolates of Gram-positive (Staphylococcus aureus, Streptococcus pyogenes) and Gram-

negative (Escherichia coli, Klebsiella pneumonia) bacteria via agar well diffusion method.

The zone of inhibition (ZOI) for Cu-doped ZnO-NPs was found to be 24 and 19 mm against

S. Aureus and S. pyogenes, and 18 and 11 mm against E. coli and K. pneumoniae, respec-

tively. The synthesized Cu-doped ZnO-NPs can thus be found as a potential nano antibiotic

against Gram-positive multi-drug resistant bacterial strains.

1. Introduction

Zinc oxide nanoparticles (ZnO-NPs) are the most promising metal oxides semiconductor with

a high exciton binding energy (60 MeV) and a direct band gap of 3.37 eV [1]. It is the most

widely used nanomaterial as UV absorbers in textiles [2], hybrid solar cells [3], varistor fabrica-

tion [4], light-emitting diodes (LEDs) [5], wastewater treatment applications [6], and emission

control [7]. ZnO-NPs has excellent biomedical properties to be effectively utilized as diagnosis,

antimicrobial agent, bio-imaging, drug delivery, and in cancer treatment, etc. [8–10]. Com-

pared to normal cells, ZnO-NPs exhibit a favorable capacity to destroy human cancer cells [11]
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and can therefore be a potential candidate for anticancer activities [12, 13]. The potential cyto-

toxicity function of ZnO-NPs has been related to apoptosis occurrence [14]. Moreover, new

approaches are needed for biomedical applications of ZnO-NPs to actively perform in antimi-

crobial and antibacterial activities [13, 15]. For this to happen, the properties and functionality

of ZnO-NPs were needed to improve by incorporating other dopants materials that were

sought to be the transition metals (Fe, Mn, Cu, Cr) or biomolecules at the nanoscale [16, 17].

After doping with transition metals and biomolecules, the surfaces of these nanoparticles are

modified to have excellent biocompatibility to effectively perform in antimicrobials, antioxi-

dants, drug delivery systems, bio-imaging, and biosensors, etc. [18]. Among all other dopants,

Cu2+ is found to significantly change the morphological, structural, optical, electrical, mag-

netic, and biological properties of the ZnO-NPs. Because of biomedical application, Cu2+ is

considered to be the best option [19], because, it has a comparable similar size of ionic radii to

that of Zn2+ (0.73 Å, and 0.74 Å) and non-toxic to biological species. The combined antibacte-

rial properties of CuO and ZnO can be investigated by doping Cu into a ZnO matrix or Zn

into a CuO matrix [20]. Besides, doping acquires the dopant to have excellent electrical con-

ductivity. Moreover, it can easily modify or change the chemical and physical properties of

ZnO [21, 22]. Similarly, Cu-doped ZnO-NPs show an increase in energy conversion efficiency

and storage capacity of electrochemical cells [23].

Because of the significant improvement in the properties of ZnO-NPs with Cu-doping, sev-

eral techniques have been reported in the past [24]. Cu-doped ZnO-NPs has been reported with

a band gap of ~3.4 eV by the co-precipitation method. It was found that the copper concentra-

tion as dopants has a key role in the improvement of photoluminescence properties [25]. Like-

wise, ZnO and Cu-doped ZnO nanorods were reported by the mechanically assisted thermal

decomposition process. Cu-doped ZnO nanorods were found to exhibit better photocatalytic

and antibacterial characteristics than pure ZnO nanorods [26]. Several more techniques have

been reported for the synthesis of Cu-doped ZnO-NPs including sol-gel, co-precipitation, sono-

chemical synthesis, vapor transport technique, hydrothermal, and combustion method, etc. [27,

28]. In most of the reported techniques, the Cu contents were not sufficient to tailor the inher-

ited properties of ZnO for the targeted applications. Besides, most of the techniques were com-

plex, lengthy, and found to contain some of the precursors as impurities in the final product.

Unlike all the above, a simple and practical hydrothermal technique has been explored based on

the precursor’s mixture of CuCl2. 2H2O, ZnCl2, and KOH. The precursors’ types, their ratios,

and catalyst are carefully selected by keeping in mind the content of the final product. Catalyti-

cally the precursors are allowed to react (after their initial decomposition) and form bulk prod-

uct (ZnO) along with a metallic catalyst (Cu). The bulk ZnO is reduced to the lower dimension

(Nanoscale) and then Cu-doped by the dual activity of Copper (released from CuCl2. 2H2O).

It has already been stated that doping is the most extensively studied method for the modifi-

cation of nanoparticles to enhance their (biomedical) properties [29]. Moreover, it has been

shown that metal-doped ZnO nanoparticles have more antibacterial activity than undoped

ZnO nanoparticles against both Gram-negative and Gram-positive bacteria [30, 31]. In this

regard, the antibacterial potential of the synthesized Cu-doped ZnO-NPs is also evaluated by

the agar well diffusion method [32] against clinical isolates of both gram-positive and gram-

negative bacteria.

2. Experimental details

2.1 Materials

Zinc chloride (ZnCl2), Copper II chloride dihydrate (CuCl2�2H2O), and Potassium hydroxide

(KOH) were purchased from Sigma Aldrich. Four different bacterial strains (obtained from
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Combined Military Hospital (CMH) Muzaffarabad) including, two gram-positive bacteria:

Streptococcus pyogenes (S. pyogenes; ATCC1 25063) and Staphylococcus aureus (S. aureus;
ATCC1 25923) and two gram-negative bacteria: Escherichia coli (E. coli; ATCC1 25922) and

Klebsiella pneumonia (K. pneumonia; ATCC1 BAA-1144) was used to perform the antibacte-

rial activity. Mueller-Hinton Agar (MHA) powder and nutrient broth powder was purchased

from Sigma-Aldrich.

2.2 Synthesis and Cu-doping of ZnO

Copper-II chloride dihydrate (CuCl2. 2H2O), Zinc chloride (ZnCl2), and potassium hydroxide

(KOH) are taken as precursors. At first, a mixture (in a ratio of 1: 3) of 0.5 g of CuCl2. 2H2O

and 1.5 g of ZnCl2 is dissolved into 50 ml of deionized water. Afterward, 1g of KOH is sepa-

rately dissolved in 20 ml of deionized water and added dropwise to the already made homoge-

neous mixture solution of CuCl2.2H2O and ZnCl2. The solution mixture is then stirred at

room temperature for 30 min. Consequently, a few drops of ethanol are also added to the solu-

tion mixture. The solution mixture is then taken in a Teflon-lined autoclave and placed inside

an oven at 170˚C for 22 h. As a result, a white precipitate has been obtained. The as-obtained

white precipitate is then washed several times with double distilled water and ethanol. Finally,

the precipitate is kept for drying in the furnace at 130˚C for 1.5 hours.

2.3 Characterization tools

The surface morphology and shape of the as-synthesized Cu doped ZnO-NPs were examined

via FE-SEM (JSM 7600F, JEOL, Japan). The composition and phase of Cu doped ZnO samples

were investigated by XRD (PXRD, Shimadzu X-600, Japan with CuK radiation of λ = 1.54056

Å) and XPS. The Raman spectra of the samples were recorded (in the spectral range of 200–

600 (cm -1)) with a Dispersive Micro Raman system (In via, Renishaw), equipped with 514 nm

diode-laser.

2.4 Screening of antibacterial activity of Copper doped ZnO-NPs

For screening of antibacterial activity of Cu-doped ZnO-NPs, all bacterial strains are sub-cul-

tured from their pure cultures in Mueller–Hinton broth media and subjected to overnight

incubation at 37˚C. The turbidity of bacterial culture is adjusted to freshly prepared 0.5 McFar-

land turbidity standard [33] equivalents to (1.5×108 CFU/mL) bacteria. Each bacterial species

is swabbed aseptically onto separate Muller–Hinton agar plates with the help of sterile cotton

swabs. Wells are made with a sterile polystyrene tip (4 mm). Different concentrations of Cu-

doped ZnO-NPs (0.1, 0.5 and 1 mg / mL) are prepared separately in 2% Hydrochloric acid

(HCl) and used. Forty microliters (40 μL) of each concentration is then added to each well. All

the plates are incubated overnight at 37˚C. The zone of inhibition (ZOI) around each well is

measured in millimeters by using a caliper. Clindamycin phosphate at a concentration of

20 μg/mL is used as a standard reference antibiotic. Each experiment is performed in triplicate

(N = 3) and the mean value is calculated.

3. Results and discussion

Catalysts and their catalytic activities are playing key roles in the synthesis of both bulk and

nanomaterials or their doping (for changing or modifying their properties) via a range of tech-

niques. One such technique has been designed and operated for the synthesis of Cu-doping of

ZnO. Under the catalytic activity of KOH, CuCl2. 2H2O and ZnCl2 are allowed to react. The

reaction thus happened to forms bulk ZnO as well as Cu. Cu is further planned to work in two
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ways. At first, Cu acts as a catalyst to work in the size reduction of ZnO from bulk to nano.

Afterward, Cu adjusts itself in the lattice sites of ZnO as a dopant to form Cu-doped ZnO.

3.1 Morphology

Hydrothermally synthesized ZnO and Cu-doped ZnO-NPs are first characterized via FE-SEM

to observe its apparent morphology. Fig 1 shows the structure and morphology of the synthe-

sized ZnO and Cu-doped ZnO-NPs in (a) low (40,000 x) (b) high (50,000 x) magnified ZnO

and (c) low (20, 000 x), (d) high (40,000 x), (e) higher (50,000 x), and (f) highest magnification

(100000 x) Cu-doped ZnO-NPs. The morphology of ZnO seems like to be nanosheets in both

Fig 1(A) and 1(B) micrographs, which were trimmed due to addition of Cu. All the Cu-doped

ZnO-NPs seem like smaller size isolated cotton packs placed along, side by side at the bottom.

Most of the smaller size particles are closely packed alongside others at the bottom, as can be

seen in Fig 1(C). Fig 1(D) shows that the larger size particles are placed at the top and mostly

agglomerated. The agglomerated packs virtually seem to be the as-synthesized bulk ZnO

formed by the initial reactions of the precursors. Each agglomerated pack of bulk ZnO is a col-

lection of several nano-sized particles. These particles might have been reduced to the nano-

scale by the catalytic reaction of Cu. A few of these agglomerated packs are encircled white and

further magnified in Fig 1(E) with their calculated size. Nanoparticles in a bit larger circle are

magnified shown on the left (with calculated and denoted size of 59.42 nm). Similarly, the

nanoparticles encircled in a bit smaller circle is magnified on the right with a measured size of

49.75 nm. The observation of the FESEM results in Fig 1(F) shows the variation in nanoparti-

cle size and morphology within a dimension of below 100 nm. The size and shape of ZnO

nanoparticles are found to depend on the Cu additive. These findings are found to be in close

agreement with the previous findings [34].

3.2 Compositions and phase

Fig 2 shows the XPS results for the chemical compositions, valence states, and bonding proper-

ties of the synthesized Cu-doped ZnO-NPs. In the XPS analysis, Zn 2p, Cu 2p, and O 1s are

observed. No other magnetic contaminants or precursor elements are found in the sample.

Besides, the C 1s peak is detected at 285 eV, which might be due to hydrocarbon contamination

[35]. The XPS survey with the peaks tagged for the corresponding elements for their binding

energies is shown in Fig 2(A). The survey shows not only the strong intensities of O 1s and Zn

2p but also the Cu 2p peaks for the Cu-contents. In Fig 2(B) two sharp peaks are observed cor-

responded to the spin-orbit of Zn 2p3/2 and Zn 2p1/2 at binding energies 1022.1 eV and 1045.2

eV respectively. No obvious peak shift is observed. The values match with that of the standard

ZnO sample. This shows that Zn is present in the +2-oxidation state in the ZnO lattice. Fig 2(C)

shows the Gaussian-fitted high-resolution XPS scans. Cu core level splits to Cu 2p3/2 and Cu

2p1/2 at binding energies of ~ 934.1 to 954.3 eV respectively. These are in good agreement with

the previously reported values, thereby indicating that Cu has a divalent valence state [36].

Besides, the satellite peak attributed to the electron shake-up of cupric oxide (Cu2+) is found in

the range of 940–945 eV [37]. This indicates that Cu ions were oxidized (Cu2+) in the ZnO

nanoparticles and were substituted into the ZnO lattice at the Zn2+ site. Fig 2(D) shows the

magnified O 1 s peak. The broad peak is assigned to O2− ions at a binding energy of 530.9 eV in

the Zn–O bonding of the wurtzite structure of ZnO. The convoluted peak at 532.6 eV is attrib-

uted to O− and O2− ions in oxygen-deficient regions in the sample matrix [38].

The measurements of Raman spectroscopy are performed in the spectral range of 200–600

(cm -1). The reported Raman spectrum in Fig 3 shows various peaks for pure and Cu doped

ZnO-NPs located at 355 (cm-1), 434 (cm-1) and 493 (cm-1) respectively. These peaks are
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attributed to E2H –E2L, A1 transverse optical (TO), and E2 (high) mode respectively [39]. The

results according to the literature showed that when the Cu doping concentration is increased,

the intensities of the peaks in the spectrum decrease, and the A1 (TO) phonon mode vanishes

[40]. According to group theory, the other reported peaks in the Raman spectrum corresponds

to different optical modes. Here, A1 and E1 modes, are polarized and can be divided into trans-

verse optical (TO) and longitudinal optical (LO) phonons [41].

Fig 1. FESEM micrograph of pure and Cu-doped ZnO-NPs: pure ZnO (a) 2 μm and (b) 1 μm, Cu doped ZnO (c) 4 μm (d) 2 μm (e) 1 μm (f) 500

nm.

https://doi.org/10.1371/journal.pone.0251082.g001
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Fig 4 shows the observed X-ray diffraction pattern of ZnO and Cu-doped ZnO. The crystal-

lite size, phase, and structure of the material are determined with the help of positions and

intensities of the peaks. The peaks in the XRD pattern appear at 31.9˚, 34.4˚, 36.5˚, 47.5˚,

56.7˚, 62.8˚, 66.5˚, 67.8˚, and 69.1˚ corresponds to (100), (002), (101), (102), (110), (103),

(200), (112), (201), (004), and (202) planes in hexagonal wurtzite ZnO and Cu-doped ZnO

respectively (JCPDS card No. 89–7102) [42, 43]. The XRD pattern also has several more peaks

located at 30.9˚, 38.8˚, 44.5˚, 50.2˚, and 53.5˚. The peaks at 30.9˚, 38.8˚, and 53.5˚ correspond

to (100), (111), and (020) in Cu (II) oxide, whereas, the peaks at 44.5˚, and 50.2˚ are assigned

to the FCC phase of Copper [44]. The existence of Cu and CuO indicates the Cu-doping of the

as-synthesized ZnO.

3.3 Antibacterial activity of Cu-doped ZnO-NPs

The antibacterial potential of synthesized copper doped ZnO-NPs is evaluated by the agar well

diffusion method [32] against clinical isolates of both gram-positive and gram-negative

Fig 2. (a) XPS survey of the as-synthesized Cu-doped ZnO nanoparticles. (b) High resolution Zn 2p, (c) Cu 2p, and (d) O 1s XPS

spectra.

https://doi.org/10.1371/journal.pone.0251082.g002
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bacteria obtained from Combined Military Hospital (CMH) Muzaffarabad. Total of 4 bacterial

strains i.e. Escherichia coli (E. coli isolated from UTI), Klebsiella. pneumonia (K. pneumonia
isolated from Wound) as Gram-negative and Staphylococcus aureus (S. aureus isolated from

UTI), Streptococcus pyogenes (S. pyogenes isolated from throat swab) as Gram-positive bacteria

are used in this study. All bacterial strains are identified by various biochemical tests according

to the method described [45]. Pure culture of all bacteria is kept at 4˚C in agar slants in a

freeze-dried condition until later use.

The antibacterial effects of the Cu-doped ZnO-NPs are tested against four bacterial strains,

of which two are gram-positive (S. aureus, S. pyogenes) and two are gram-negative (E. coli, K.

pneumonia). The bacterial cultures are treated with various doses of Zn-NPs and Cu-doped

ZnO-NPs (0.1, 0.5 and 1mg/mL) dissolved in 2% HCl. The results demonstrate that Cu-doped

ZnO-NPs inhibit the growth of all the tested microbes more than ZnO-NPs in all the tested

doses, as shown in Figs 5 and 6. The ZOI increases with an increase in the concentration of

Cu-doped ZnO-NPs. We observed that Gram-positive microbes are more susceptible to Cu-

doped ZnO-NPs as compared to Gram-negative microbes. For ZnO-NPs; gram-positive

microbes, S. aureus forms a ZOI of 13 ± 0.26 mm, whereas S. pyogenes form a ZOI of 9 ± 0.18

mm and gram-negative microbes, E. coli display 14 ± 0.28 mm ZOI, whereas K. pneumonia
forms 15 ± 0.3 mm ZOI on the same dose. For Cu-doped ZnO-NPs, among gram-positive

Fig 3. Raman spectrum of the as-synthesized ZnO and Cu-doped ZnO nanoparticles.

https://doi.org/10.1371/journal.pone.0251082.g003
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microbes, S. aureus forms a ZOI of 24 ± 0.20 mm, whereas S. pyogenes form a ZOI of 20 ± 0.14

mm on the same dose. Among gram-negative microbes, E. coli display 18 ± 0.11 mm ZOI,

whereas, the K. pneumonia forms 17 ± 0.13 mm ZOI as shown in Table 1. All the results were

Fig 4. XRD pattern of Cu-doped ZnO nanoparticles showing peaks for different contents in the sample.

https://doi.org/10.1371/journal.pone.0251082.g004

Fig 5. Zone of inhibition formed by ZnO-NPs against different bacteria.

https://doi.org/10.1371/journal.pone.0251082.g005
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carried out in triplicate and mean diameter of inhibition zone was recorded and evaluated by

using SPSS version 25.

Our findings are supported by several studies indicating that Cu-doped ZnO-NPs reported

in the current work exhibit better antibacterial activity (than pure ZnO) towards Gram-posi-

tive bacteria than towards Gram-negative bacteria [46, 47]. The difference in antibacterial

activity of ZnO-NPs and Cu-doped ZnO-NPs was clearly seen in Fig 7. This difference may be

either due to structural differences among Gram-positive and Gram-negative bacteria or due

to increase doping concentration of Copper. Gram-negative bacteria have an outer membrane

and may reduce the damage from Cu-doped ZnO-NPs [48]. This has been supported by the

findings that the Cu-doped ZnO-NPs or powders in an aqueous solution can produce various

reactive oxygen species (ROS) such as hydroxyl radicals (OH), singlet oxygen, or superoxide

anion (O2−) [49]. Hydroxyl radicals and singlet oxygen species are negatively charged species

that cannot penetrate the cell membrane [50]. Zn2+, Cu, Cu1+, and Cu2+ ions released from

Cu-doped ZnO-NPs are cytotoxic to microbes [51]. It is well known that zinc ions in high con-

centrations can negatively influence multiple activities in bacteria, such as glycolysis, trans-

membrane proton translocation, and acid tolerance which can prolong the lag phase of

bacteria [52]. Copper ions may bind with DNA molecules and disrupt the helical structure,

resulting in cell death [53]. Another possible mechanism could be that Cu-doped ZnO induces

the production of (ROS) via Fenton type reactions [51]. ROS induces oxidative stress which

can impair bacterial membranes, lipids, protein, and DNA. Cytoplasmic contents are dis-

charged as a result of ROS generation by NPS that mounts the microbial cell membrane. These

ROS is responsible for the death of microbial strains as shown in Fig 8. The close association

of cations (Cu2+ and Zn2+) with negatively charged parts of the bacterial cell membrane is

another potential mechanism for the reaction of nanomaterials to bacterial strains, resulting in

Fig 6. Zone of inhibition formed by Cu-doped ZnO-NPs against different bacteria.

https://doi.org/10.1371/journal.pone.0251082.g006

Table 1. Zone of inhibition values (mm) of different concentrations of ZnO-NPs and Cu-doped ZnO-NPs against different bacteria.

Bacteria ZnO Cu doped ZnO

100 μg/ml 500 μg/ml 1 mg/ml 100 μg/ml 500 μg/ml 1 mg/ml

Gram-negative E. Coli Inhibition zone (mm) 11 ± 0.22 13 ± 0.26 14 ± 0.28 10 ± 0.2 15 ± 0.3 18 ± 0.36

K. Pneumoniae 10 ± 0.2 11 ± 0.22 15 ± 0.3 09 ± 0.18 13 ± 0.26 17 ± 0.34

Gram-positive S. aureus 10 ± 0.2 12 ± 0.24 13 ± 0.26 17 ± 0.34 23 ± 0.46 24 ± 0.48

S. pyogenes 8 ± 0.16 9 ± 0.18 9 ± 0.18 12 ± 0.24 19 ± 0.38 20 ± 0.4

https://doi.org/10.1371/journal.pone.0251082.t001
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the collapse of micro-pathogens [54–56]. However further studies are needed to explore the

exact mechanism of Cu-doped ZnO-NPs antibacterial activity.

4. Conclusions

Potassium hydroxide is found to be an effective catalyst during the reaction of Copper-II chlo-

ride dihydrate and Zinc chloride. The liberated copper during the reaction is found to play an

effective role in the size reduction of the as-synthesized ZnO and its Cu-doping. Cu-doped

ZnO-NPs reported in the current work can effectively work in antibacterial activity against

Gram-positive and Gram-negative bacteria. The results showed that Cu-doped ZnO-NPs

exhibit better antibacterial activity towards Gram-positive bacteria than towards Gram-nega-

tive bacteria. Cu-doped ZnO-NPs was found to inhibit the growth of all tested bacteria. The

Fig 7. Bar graph showing the diameter of the zone of inhibition (in mm) produced by (a) ZnO-NPs and (b) Cu doped ZnO-NPs against gram

positive and gram-negative bacteria.

https://doi.org/10.1371/journal.pone.0251082.g007

Fig 8. Schematic antimicrobial mechanism of Cu-doped ZnO-NPs against microbial strain.

https://doi.org/10.1371/journal.pone.0251082.g008
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inhibitory effect was enhanced in a dose-dependent manner. It has been observed that Gram-

positive microbes are more susceptible to Cu-doped ZnO-NPs as compared to Gram-negative

microbes. Cu-doped ZnO-NPs can further be investigated for antifungal, drug delivery, tissue

engineering, and other biomedical applications.

Author Contributions

Conceptualization: Awais Khalid, Pervaiz Ahmad, Mayeen Uddin Khandaker.

Data curation: Awais Khalid, Pervaiz Ahmad, Saleh Muhammad, Abdulhameed Khan.

Formal analysis: Awais Khalid, Pervaiz Ahmad, Abdulrahman I. Alharthi, Saleh Muhammad,

Israf Ud Din, Mshari A. Alotaibi, Abdulhameed Khan.

Funding acquisition: Mohammad Rashed Iqbal Faruque.

Investigation: Awais Khalid, Pervaiz Ahmad, Mohammad Rashed Iqbal Faruque.

Methodology: Awais Khalid, Pervaiz Ahmad, Mayeen Uddin Khandaker.

Project administration: Mohammad Rashed Iqbal Faruque.

Resources: Pervaiz Ahmad, Abdulrahman I. Alharthi, Mayeen Uddin Khandaker, Israf Ud

Din, Mshari A. Alotaibi.

Software: Israf Ud Din.

Supervision: Pervaiz Ahmad, Saleh Muhammad.

Validation: Pervaiz Ahmad, Abdulrahman I. Alharthi, Mayeen Uddin Khandaker, Moham-

mad Rashed Iqbal Faruque, Israf Ud Din, Mshari A. Alotaibi.

Visualization: Pervaiz Ahmad, Abdulhameed Khan.

Writing – original draft: Awais Khalid, Pervaiz Ahmad, Mayeen Uddin Khandaker.

Writing – review & editing: Awais Khalid, Pervaiz Ahmad, Abdulrahman I. Alharthi, Saleh

Muhammad, Mayeen Uddin Khandaker, Mohammad Rashed Iqbal Faruque, Israf Ud Din,

Mshari A. Alotaibi, Abdulhameed Khan.

References
1. Huang M.H., et al., Room-temperature ultraviolet nanowire nanolasers. science, 2001. 292(5523): p.

1897–1899. https://doi.org/10.1126/science.1060367 PMID: 11397941

2. Becheri A., et al., Synthesis and characterization of zinc oxide nanoparticles: application to textiles as

UV-absorbers. Journal of Nanoparticle Research, 2008. 10(4): p. 679–689.

3. Beek W.J., Wienk M.M., and Janssen R.A., Hybrid solar cells from regioregular polythiophene and ZnO

nanoparticles. Advanced Functional Materials, 2006. 16(8): p. 1112–1116.

4. Singhai M., et al., Synthesis of ZnO nanoparticles for varistor application using Zn-substituted aerosol

OT microemulsion. Materials Research Bulletin, 1997. 32(2): p. 239–247.

5. Park S.H.K., et al., Transparent and photo-stable ZnO thin-film transistors to drive an active matrix

organic-light-emitting-diode display panel. Advanced Materials, 2009. 21(6): p. 678–682.

6. Puay N.-Q., Qiu G., and Ting Y.-P., Effect of Zinc oxide nanoparticles on biological wastewater treat-

ment in a sequencing batch reactor. Journal of Cleaner Production, 2015. 88: p. 139–145.

7. Zeng H., et al., Blue Luminescence of ZnO nanoparticles based on non-equilibrium processes: defect

origins and emission controls. Advanced Functional Materials, 2010. 20(4): p. 561–572.

8. Wahab R., et al., ZnO nanoparticles induced oxidative stress and apoptosis in HepG2 and MCF-7 can-

cer cells and their antibacterial activity. Colloids and surfaces B: Biointerfaces, 2014. 117: p. 267–276.

https://doi.org/10.1016/j.colsurfb.2014.02.038 PMID: 24657613

PLOS ONE Effects of Cu-doped ZnO nanoantibiotic against Gram-positive bacterial strains

PLOS ONE | https://doi.org/10.1371/journal.pone.0251082 May 14, 2021 11 / 14

https://doi.org/10.1126/science.1060367
http://www.ncbi.nlm.nih.gov/pubmed/11397941
https://doi.org/10.1016/j.colsurfb.2014.02.038
http://www.ncbi.nlm.nih.gov/pubmed/24657613
https://doi.org/10.1371/journal.pone.0251082


9. Antoine T.E., et al., Intravaginal zinc oxide tetrapod nanoparticles as novel immunoprotective agents

against genital herpes. The Journal of Immunology, 2016. 196(11): p. 4566–4575. https://doi.org/10.

4049/jimmunol.1502373 PMID: 27183601

10. Ahmad J., et al., Cytotoxicity and cell death induced by engineered nanostructures (quantum dots and

nanoparticles) in human cell lines. JBIC Journal of Biological Inorganic Chemistry, 2020: p. 1–14.

11. Premanathan M., et al., Selective toxicity of ZnO nanoparticles toward Gram-positive bacteria and can-

cer cells by apoptosis through lipid peroxidation. Nanomedicine: Nanotechnology, Biology and Medi-

cine, 2011. 7(2): p. 184–192. https://doi.org/10.1016/j.nano.2010.10.001 PMID: 21034861

12. Wahab R., Saquib Q., and Faisal M., Zinc oxide nanostructures: A motivated dynamism against cancer

cells. Process Biochemistry, 2020. 98: p. 83–92.

13. Wahab R., Khan F., and Al-Khedhairy A.A., Peanut-shaped ZnO nanostructures: A driving force for

enriched antibacterial activity and their statistical analysis. Ceramics International, 2020. 46(1): p. 307–

316.

14. Boroumand Moghaddam A., et al., Eco-friendly formulated zinc oxide nanoparticles: induction of cell

cycle arrest and apoptosis in the MCF-7 cancer cell line. Genes, 2017. 8(10): p. 281. https://doi.org/10.

3390/genes8100281 PMID: 29053567

15. Mishra Y.K., et al., Virostatic potential of micro–nano filopodia-like ZnO structures against herpes sim-

plex virus-1. Antiviral research, 2011. 92(2): p. 305–312. https://doi.org/10.1016/j.antiviral.2011.08.017

PMID: 21893101

16. Khan S., et al., Comparative synthesis, characterization of Cu-doped ZnO nanoparticles and their anti-

oxidant, antibacterial, antifungal and photocatalytic dye degradation activities. Dig J Nanomater Bios-

truct, 2017. 12(3): p. 877–89.

17. Wahab R., et al., Fabrication of Engineered TiO2 Nanoparticles Their Cytotoxic, Genetic and Bioanalyti-

cal Study for Myoblast Cancer Cells. Nanoscience and Nanotechnology Letters, 2019. 11(6): p. 784–

794.

18. Kalantar E., et al., Effect and properties of surface-modified copper doped ZnO nanoparticles (Cu: ZnO

NPs) on killing curves of bacterial pathogens. Journal of Medical Bacteriology, 2013. 2(1–2): p. 20–26.

19. Wahab R., et al., Effective inhibition of bacterial respiration and growth by CuO microspheres composed

of thin nanosheets. Colloids and Surfaces B: Biointerfaces, 2013. 111: p. 211–217. https://doi.org/10.

1016/j.colsurfb.2013.06.003 PMID: 23816782

20. Khalid A., et al., Structural, Optical and Antibacterial Efficacy of Pure and Zinc-Doped Copper Oxide

against Pathogenic Bacteria. Nanomaterials, 2021. 11(2): p. 451. https://doi.org/10.3390/

nano11020451 PMID: 33578945

21. Sajjad M., et al., Structural and optical properties of pure and copper doped zinc oxide nanoparticles.

Results in Physics, 2018. 9: p. 1301–1309.

22. Papadaki D., et al., Hierarchically porous Cu-, Co-, and Mn-doped platelet-like ZnO nanostructures and

their photocatalytic performance for indoor air quality control. ACS omega, 2019. 4(15): p. 16429–

16440. https://doi.org/10.1021/acsomega.9b02016 PMID: 31616821

23. Bandyopadhyay P., et al., Synthesis and characterization of copper doped zinc oxide nanoparticles and

its application in energy conversion. Current Applied Physics, 2014. 14(8): p. 1149–1155.

24. Charde S.J., et al., Copper-doped zinc oxide nanoparticles: Influence on thermal, thermo mechanical,

and tribological properties of polycarbonate. Polymer Composites, 2018. 39(S3): p. E1398–E1406.

25. Ghosh A., Kumari N., and Bhattacharjee A., Investigations on structural and optical properties of Cu

doped ZnO. J. Nanosci. Nanotechnol, 2014. 2(4): p. 485–489.

26. Bhuyan T., et al., A comparative study of pure and copper (Cu)-doped ZnO nanorods for antibacterial

and photocatalytic applications with their mechanism of action. Journal of Nanoparticle Research,

2015. 17(7): p. 288.

27. Wang M., et al., Activating ZnO nanorod photoanodes in visible light by Cu ion implantation. Nano

Research, 2014. 7(3): p. 353–364.

28. Alhadhrami A., et al., Preparation of semiconductor zinc oxide nanoparticles as a photocatalyst to get

rid of organic dyes existing factories in exchange for reuse in suitable purpose. Int. J. Electrochem. Sci,

2018. 13(7): p. 6503–6521.

29. Narayanan P.M., et al., Synthesis, Characterization, and Antimicrobial Activity of Zinc Oxide Nanoparti-

cles Against Human Pathogens. BioNanoScience, 2012. 2(4): p. 329–335.

30. Karunakaran C., Rajeswari V., and Gomathisankar P., Antibacterial and photocatalytic activities of

sonochemically prepared ZnO and Ag–ZnO. Journal of Alloys and Compounds, 2010. 508(2): p. 587–

591.

PLOS ONE Effects of Cu-doped ZnO nanoantibiotic against Gram-positive bacterial strains

PLOS ONE | https://doi.org/10.1371/journal.pone.0251082 May 14, 2021 12 / 14

https://doi.org/10.4049/jimmunol.1502373
https://doi.org/10.4049/jimmunol.1502373
http://www.ncbi.nlm.nih.gov/pubmed/27183601
https://doi.org/10.1016/j.nano.2010.10.001
http://www.ncbi.nlm.nih.gov/pubmed/21034861
https://doi.org/10.3390/genes8100281
https://doi.org/10.3390/genes8100281
http://www.ncbi.nlm.nih.gov/pubmed/29053567
https://doi.org/10.1016/j.antiviral.2011.08.017
http://www.ncbi.nlm.nih.gov/pubmed/21893101
https://doi.org/10.1016/j.colsurfb.2013.06.003
https://doi.org/10.1016/j.colsurfb.2013.06.003
http://www.ncbi.nlm.nih.gov/pubmed/23816782
https://doi.org/10.3390/nano11020451
https://doi.org/10.3390/nano11020451
http://www.ncbi.nlm.nih.gov/pubmed/33578945
https://doi.org/10.1021/acsomega.9b02016
http://www.ncbi.nlm.nih.gov/pubmed/31616821
https://doi.org/10.1371/journal.pone.0251082


31. Dutta R.K., et al., Differential susceptibility of Escherichia coli cells toward transition metal-doped and

matrix-embedded ZnO nanoparticles. The Journal of Physical Chemistry B, 2010. 114(16): p. 5594–

5599. https://doi.org/10.1021/jp1004488 PMID: 20369857

32. Valgas C., et al., Screening methods to determine antibacterial activity of natural products. Brazilian

journal of microbiology, 2007. 38(2): p. 369–380.

33. Standards N.C.f.C.L. and Barry A.L, Methods for determining bactericidal activity of antimicrobial

agents: approved guideline. Vol. 19. 1999: National Committee for Clinical Laboratory Standards

Wayne, PA.

34. Pung S., et al., Synthesis and characterization of Cu-doped ZnO nanorods. Sains Malaysiana, 2014.

43(2): p. 273–281.

35. Goktas A., High-quality solution-based Co and Cu co-doped ZnO nanocrystalline thin films: Comparison

of the effects of air and argon annealing environments. Journal of Alloys and Compounds, 2018. 735:

p. 2038–2045.

36. Shuai M., et al., Room-temperature ferromagnetism in Cu+ implanted ZnO nanowires. Journal of Phys-

ics D: Applied Physics, 2008. 41(13): p. 135010.

37. Lee S., et al., Copper oxide reduction through vacuum annealing. Applied Surface Science, 2003. 206

(1–4): p. 102–109.

38. Liu W., et al., Role of oxygen defects in magnetic property of Cu doped ZnO. Journal of alloys and com-

pounds, 2014. 615: p. 740–744.

39. Panda S. and Jacob C., Surface enhanced Raman scattering and photoluminescence properties of cat-

alytic grown ZnO nanostructures. Applied physics A, 2009. 96(4): p. 805–811.

40. Ilanchezhiyan P., et al., Effect of Pr doping on the structural and optical properties of ZnO nanorods.

Materials Science and Engineering: B, 2010. 175(3): p. 238–242.

41. Samanta K., et al., Raman scattering studies in dilute magnetic semiconductor Zn 1− x Co x O. Physical

Review B, 2006. 73(24): p. 245213.

42. Ganesh R.S., et al., Tuning the selectivity of NH3 gas sensing response using Cu-doped ZnO nano-

structures. Sensors and Actuators A: Physical, 2018. 269: p. 331–341.

43. Kanmani S. and Ramachandran K., Role of aqueous ammonia on the growth of ZnO nanostructures

and its influence on solid-state dye sensitized solar cells. Journal of Materials Science, 2013. 48(5): p.

2076–2091.

44. Kumar A., et al., Facile synthesis of size-tunable copper and copper oxide nanoparticles using reverse

microemulsions. Rsc Advances, 2013. 3(15): p. 5015–5021.

45. Cowan S.T., Cowan and Steel’s manual for the identification of medical bacteria. 2004: Cambridge uni-

versity press.

46. Jones N., et al., Antibacterial activity of ZnO nanoparticle suspensions on a broad spectrum of microor-

ganisms. FEMS microbiology letters, 2008. 279(1): p. 71–76. https://doi.org/10.1111/j.1574-6968.

2007.01012.x PMID: 18081843

47. Xie Y., et al., Antibacterial activity and mechanism of action of zinc oxide nanoparticles against Cam-

pylobacter jejuni. Applied and environmental microbiology, 2011. 77(7): p. 2325–2331. https://doi.org/

10.1128/AEM.02149-10 PMID: 21296935

48. Russell A., Similarities and differences in the responses of microorganisms to biocides. Journal of anti-

microbial chemotherapy, 2003. 52(5): p. 750–763. https://doi.org/10.1093/jac/dkg422 PMID: 14519671

49. Lipovsky A., et al., EPR study of visible light-induced ROS generation by nanoparticles of ZnO. The

Journal of Physical Chemistry C, 2009. 113(36): p. 15997–16001.

50. Padmavathy N. and Vijayaraghavan R., Enhanced bioactivity of ZnO nanoparticles—an antimicrobial

study. Science and technology of advanced materials, 2008. 9(3): p. 035004. https://doi.org/10.1088/

1468-6996/9/3/035004 PMID: 27878001

51. Hassan I.A., et al., Antimicrobial properties of copper-doped ZnO coatings under darkness and white

light illumination. ACS omega, 2017. 2(8): p. 4556–4562. https://doi.org/10.1021/acsomega.7b00759

PMID: 30023724

52. Applerot G., et al., Coating of glass with ZnO via ultrasonic irradiation and a study of its antibacterial

properties. Applied surface science, 2009. 256(3): p. S3–S8.

53. Monteiro D., et al., Silver colloidal nanoparticles: effect on matrix composition and structure of C andida

albicans and C andida glabrata biofilms. Journal of applied microbiology, 2013. 114(4): p. 1175–1183.

https://doi.org/10.1111/jam.12102 PMID: 23231706

54. Rajan P.I., et al., Green-fuel-mediated synthesis of self-assembled NiO nano-sticks for dual applica-

tions—photocatalytic activity on Rose Bengal dye and antimicrobial action on bacterial strains. Materi-

als Research Express, 2017. 4(8): p. 085030.

PLOS ONE Effects of Cu-doped ZnO nanoantibiotic against Gram-positive bacterial strains

PLOS ONE | https://doi.org/10.1371/journal.pone.0251082 May 14, 2021 13 / 14

https://doi.org/10.1021/jp1004488
http://www.ncbi.nlm.nih.gov/pubmed/20369857
https://doi.org/10.1111/j.1574-6968.2007.01012.x
https://doi.org/10.1111/j.1574-6968.2007.01012.x
http://www.ncbi.nlm.nih.gov/pubmed/18081843
https://doi.org/10.1128/AEM.02149-10
https://doi.org/10.1128/AEM.02149-10
http://www.ncbi.nlm.nih.gov/pubmed/21296935
https://doi.org/10.1093/jac/dkg422
http://www.ncbi.nlm.nih.gov/pubmed/14519671
https://doi.org/10.1088/1468-6996/9/3/035004
https://doi.org/10.1088/1468-6996/9/3/035004
http://www.ncbi.nlm.nih.gov/pubmed/27878001
https://doi.org/10.1021/acsomega.7b00759
http://www.ncbi.nlm.nih.gov/pubmed/30023724
https://doi.org/10.1111/jam.12102
http://www.ncbi.nlm.nih.gov/pubmed/23231706
https://doi.org/10.1371/journal.pone.0251082


55. Khalid A., et al., Unmodified Titanium Dioxide Nanoparticles as a Potential Contrast Agent in Photon

Emission Computed Tomography. Crystals, 2021. 11(2): p. 171.

56. Ali K., et al., Comparative in situ ROS mediated killing of bacteria with bulk analogue, Eucalyptus leaf

extract (ELE)-capped and bare surface copper oxide nanoparticles. Materials Science and Engineering:

C, 2019. 100: p. 747–758. https://doi.org/10.1016/j.msec.2019.03.012 PMID: 30948112

PLOS ONE Effects of Cu-doped ZnO nanoantibiotic against Gram-positive bacterial strains

PLOS ONE | https://doi.org/10.1371/journal.pone.0251082 May 14, 2021 14 / 14

https://doi.org/10.1016/j.msec.2019.03.012
http://www.ncbi.nlm.nih.gov/pubmed/30948112
https://doi.org/10.1371/journal.pone.0251082

