
Biomedical Materials

PAPER • OPEN ACCESS

The antimicrobial efficacy of copper, cobalt, zinc
and silver nanoparticles: alone and in combination
To cite this article: Farah N S Raja et al 2023 Biomed. Mater. 18 045003

 

View the article online for updates and enhancements.

You may also like
Characterization of temperature and pH-
responsive poly-N-isopropylacrylamide-co-
polymer nanoparticles for the release of
antimicrobials
Laura E Hill and Carmen L Gomes

-

Piezoelectric-driven plasma pen with
multiple nozzles used as a medical device:
risk estimation and antimicrobial efficacy
Eric Timmermann, Robert Bansemer,
Torsten Gerling et al.

-

Metal oxide-doped elastomeric materials
for amplifying visible light-based
antimicrobial activity
Laura McShea, Harjot S Kambo, Michelle
Maclean et al.

-

This content was downloaded from IP address 134.151.16.168 on 24/05/2023 at 18:10

https://doi.org/10.1088/1748-605X/acd03f
https://iopscience.iop.org/article/10.1088/2053-1591/1/3/035405
https://iopscience.iop.org/article/10.1088/2053-1591/1/3/035405
https://iopscience.iop.org/article/10.1088/2053-1591/1/3/035405
https://iopscience.iop.org/article/10.1088/2053-1591/1/3/035405
https://iopscience.iop.org/article/10.1088/1361-6463/abb900
https://iopscience.iop.org/article/10.1088/1361-6463/abb900
https://iopscience.iop.org/article/10.1088/1361-6463/abb900
https://iopscience.iop.org/article/10.1088/2053-1591/ac8641
https://iopscience.iop.org/article/10.1088/2053-1591/ac8641
https://iopscience.iop.org/article/10.1088/2053-1591/ac8641


Biomed. Mater. 18 (2023) 045003 https://doi.org/10.1088/1748-605X/acd03f

Biomedical Materials

OPEN ACCESS

RECEIVED

2 December 2022

REVISED

18 March 2023

ACCEPTED FOR PUBLICATION

25 April 2023

PUBLISHED

9 May 2023

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOI.

PAPER

The antimicrobial efficacy of copper, cobalt, zinc and silver
nanoparticles: alone and in combination
Farah N S Raja1, Tony Worthington1 and Richard A Martin2,∗

1 College of Health and Life Sciences and Aston Research Centre for Healthy Ageing, Aston University, Aston Triangle, Birmingham B4
7ET, United Kingdom

2 College of Engineering and Physical Sciences, and Aston Advanced Materials Research Centre, Aston University, Aston Triangle, Birm-
ingham B4 7ET, United Kingdom

∗ Author to whom any correspondence should be addressed.

E-mail: r.a.martin@aston.ac.uk

Keywords: nanoparticles, heavy metals, antimicrobial, antimicrobial resistance, synergism

Abstract
With the advent of nanotechnology, there has been an extensive interest in the antimicrobial
potential of metals. The rapid and widespread development of antimicrobial-resistant and
multidrug-resistant bacteria has prompted recent research into developing novel or alternative
antimicrobial agents. In this study, the antimicrobial efficacy of metallic copper, cobalt, silver and
zinc nanoparticles was assessed against Escherichia coli (NCTC 10538), S. aureus (ATCC 6538)
along with three clinical isolates of Staphylococcus epidermidis (A37, A57 and A91) and three
clinical isolates of E. coli (Strains 1, 2 and 3) recovered from bone marrow transplant patients and
patients with cystitis respectively. Antimicrobial sensitivity assays, including agar diffusion and
broth macro-dilution to determine minimum inhibitory and bactericidal concentrations
(MIC/MBC) and time-kill/synergy assays, were used to assess the antimicrobial efficacy of the
agents. The panel of test microorganisms, including antibiotic-resistant strains, demonstrated a
broad range of sensitivity to the metals investigated. MICs of the type culture strains were in the
range of 0.625–5.0 mg ml−1. While copper and cobalt exhibited no difference in sensitivity
between Gram-positive and Gram-negative microorganisms, silver and zinc showed strain
specificity. A significant decrease (p< 0.001) in the bacterial density of E. coli and S. aureus was
demonstrated by silver, copper and zinc in as little as two hours. Furthermore, combining metal
nanoparticles reduced the time required to achieve a complete kill.

1. Introduction

Inappropriate and overuse of broad-spectrum antibi-
otics has led to a drastic increase in antibiotic resist-
ance. Experts have declared it a global health emer-
gency, as many infections such as ear, and urinary
tract infections, sexually transmitted infections such
as gonorrhoea, pneumonia, tuberculosis, and wound
infections are caused by microorganisms that are res-
istant to one or more antibiotics [1]. A recent study
published in The Lancet presented the most compre-
hensive burden of antimicrobial resistance (AMR).
According to the study, an estimated 4.95 million
deaths were associated with bacterial AMR in 2019.
Antimicrobial resistant microorganisms associated
with deaths included Escherichia coli, Staphylococcus

aureus, Klebsiella pneumoniae, Streptococcus pneu-
moniae, Acinetobacter baumannii, and Pseudomonas
aeruginosa. These pathogens were responsible for
929 000 deaths, with methicillin-resistant S. aureus
responsible for more than 100 000 of these in 2019
[2]. Although several new antibiotics have been
developed over the past few decades, none of these
has exhibited improved antimicrobial activity against
multidrug-resistant bacteria [3]. Thus, the emer-
gence of multidrug-resistant strains and the associ-
ated healthcare costs highlight the need to develop
novel and effective alternative antimicrobial strategies
to combat infectious diseases and minimise resist-
ance. Microorganisms rapidly adapt to the changing
environment and rapidly become resistant to anti-
microbials, particularly those with a specific mode
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of action, such as antibiotics. Therefore, novel anti-
microbials that are not only effective but also non-
specific in their mode of action are a potential way
forward.

Metals have long been used as antimicrobials; for
example, copper plates were used to sterilise drink-
ing water and, recently, coat door handles [4]. Sil-
ver has also been widely used in recent times in sev-
eral fields, such as dental implants, catheters and burn
wounds [5, 6]. With the advent of nanotechnology,
metal nanoparticles have become the latest research
focus. Althoughmetallic nanoparticles can be inert in
nature, it is believed that following immersion in an
aqueous solution, free metal ions and reactive oxygen
species (ROS) generated on the particle surface exert
antimicrobial effects [7]. Nanoparticles can kill bac-
terial cells non-specifically by targetingmultiple com-
ponents. The antimicrobial activity of nanoparticles
is mainly dependent on particle size; in general the
size of bacterial cells is in the micrometre range while
the pores in the cell membrane are of nanometre
range. Therefore, nanoparticle activity is not merely
due to the release of freemetal ions but also a high sur-
face area to volume ratio, allowing nanoparticles to
interact closely with microbial membranes. Further-
more, the relatively non-specific mode of action of
metal nanoparticles reduces the rate at which resist-
ance is developed, making them attractive prospects
as alternative antimicrobials.

Metal and metal oxide based nanoparticles have
been widely studied for their antimicrobial efficacy
against a range of bacterial strains. For instance, sil-
ver nanoparticles have gained particular attention
due to their application as antimicrobial coating for
devices [8]. Similarly, gold, gallium, zinc oxide and
magnesium oxide nanoparticles have shown prom-
ising antimicrobial effects [9]. In addition, combin-
ing two antibiotics or antimicrobials to enhance their
efficacy in a synergistic approach has been widely
researched, as this potentially offers several benefits
over monotherapy [10–14]. For instance, it broadens
the antimicrobial spectrum and targets polymicro-
bial infections effectively. Furthermore, combination
therapy lowers the chances of resistance emergence
and the time and concentrations required to kill
pathogens, thus likely to reduce the host cell tox-
icity. This study aimed to investigate the antimicro-
bial efficacy of pure metal nanoparticles and whether
combination of these nanoparticles results in syner-
gistic enhancement of antimicrobial activity against
clinically relevant microorganisms.

2. Methods andmaterials

2.1. Nanoparticles
Nanoparticles used in the investigation, silver (Ag),
cobalt (Co), copper (Cu) and zinc (Zn), were
purchased from Nanostructured and Amorphous
Materials Inc. USA. Cu, Ag and Zn nanoparticles

Table 1. Physical characteristics of the nanoparticles.

Nanoparticle Purity Size Shape

Silver 99.9% 80 nm Spherical
Cobalt 99.8% 28 nm Spherical
Copper 99.9% 50–80 nm Spherical
Zinc 99.5% 80 nm Spherical

were in the metallic form; however, Co nanoparticles
were partially passivated with oxygen (∼10%). Phys-
ical properties of the nanoparticles are shown in
table 1. The size of the cobalt nanoparticles was smal-
ler than the other metals used due to the lack of
availability of similar sizes at the time study was
undertaken. According to the manufacturer, Co and
Zn nanoparticles were synthesised using the plasma
chemical vapour deposition method, whereas Ag
and Cu were prepared using chemical methods. All
nanoparticles were characterised using transmission
electron microscopy and the purity was quantified
using inductively coupled plasma emission spectro-
scopy. Prior to conducting assays, the nanoparticles
were sterilised by exposing them to UVB radiation
for 15 min.

2.2. Microorganisms
The antimicrobial efficacy of the nanoparticles was
assessed against standard type-culture strains; E.
coli (NCTC 10538) and S. aureus (ATCC 6538). In
addition, three clinical isolates of Escherichia coli
(Strains 1, 2 and 3) and S.epidermidis (A37, A57 and
A91) recovered from patients with cystitis and bone-
marrow transplant patients, respectively, were used
in the preliminary agar diffusion assays. All isolates
for all assays were grown overnight in nutrient broth
(Oxoid Ltd, UK) at 37 ◦C in an aerobic environment.
Clinical isolates were obtained from frozen stock cul-
tures maintained at the Queen Elizabeth Hospital,
Birmingham, UK.

2.3. Determination of antimicrobial activity of
metal nanoparticles and antibiotics using agar
diffusion assay
The antimicrobial efficacy of metal nanoparticles
against laboratory and clinical isolates was assessed
in accordance with EUCAST guidelines. Iso-Sensitest
agar (Oxoid Ltd, UK) plates were inoculated with
approximately 1 × 105 CFU ml−1. Plates were kept
at room temperature for 10 min to allow bacterial
adsorption. Using a sterile glass Pasteur pipette,
6 mm wells were punched in the agar. The bot-
tom of the well was sealed by adding 20 µl of
molten agar. Nanoparticles suspensions at 10% w/v
(100 mg ml−1) and 20% w/v (200 mg ml−1) were
prepared and 50 µl was added into the respective
wells along with negative (phosphate buffer saline—
PBS) controls. The plates were incubated overnight
in an aerobic environment at 37 ◦C, and zones
of inhibition were determined by measuring the
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diameter of the clear zone by holding a metric
ruler against the back of the Petri dish. Antibiogram
profiles and zones of inhibition were determined
for all microorganisms using the same protocols
as above against trimethoprim (2.5 µg), ampicil-
lin (10 µg), ciprofloxacin (1 µg) and gentamicin
(10 µg).

2.4. Determination of minimum inhibitory
concentration (MIC) andminimum bactericidal
concentration (MBC)
Broth macrodilution was performed in accordance
with CLSI guidelines [15] to determine the MIC and
MBC of the nanoparticles against standard labor-
atory isolates (E. coli NCTC 10538 and S. aureus
ATCC 6538). Double dilutions of each nanoparticle
were performed from 0.02 to 5.0 mg ml−1 by adding
1 ml sterile PBS and 1 ml Mueller Hinton broth
(Oxoid Ltd, UK.) to 10 mg of nanoparticles, followed
by subsequent dilution. To maintain equal volumes
throughout the procedure, 1 ml of the solution was
discarded from the last dilution. Samples were then
inoculated with 1 × 105 CFU ml−1 and incubated
overnight in a shaking incubator at 200 rpm at 37 ◦C.
Solution devoid of nanoparticles, under the same
growth condition, was used as a control. To avoid
potential misinterpretation of turbidity due to col-
oured colloidal suspension of nanoparticles, the same
liquid medium without microorganisms but con-
taining the same concentration of nanoparticles was
used as standard solutions for comparison. Following
overnight incubation, the optical density of the test
solutions was measured and normalised against nan-
oparticles standard solutions to determine MICs.

A 100 µl volume of the lowest concentration that
was not visually turbid was streaked onto Mueller
Hinton agar and incubated overnight at 37 ◦C in
an aerobic chamber. MBCs were determined by per-
forming serial dilutions of the test samples in D/E
neutraliser (Fisher Scientific, UK) and plated on to
nutrient agar plates. Following overnight incubation
at 37 ◦C in an aerobic chamber, viable counts were
determined. Tests were repeated three times. MIC
was determined as the lowest concentration of nan-
oparticle suspension, which showed no turbidity on
visual inspection but yielded bacterial growth when
incubated on Mueller–Hinton agar. Whereas MBC
was determined as the lowest concentration of nan-
oparticle suspension, which yielded three log reduc-
tions (99.9%) on spread plates.

2.5. Time-kill and synergy assay
The time-kill of the nanoparticles alone and in
combination, along with synergy determination was
assessed using a suspension method time-kill assay as
described byWhite et al [16]. Three experimental sus-
pensions were prepared at twice the MIC concentra-
tion for each combination: metal A only suspension,
metal B only suspension and a combination A + B

suspension. All experimental tubes, each metal alone
and in combination (Co + Cu, Co + Zn, Co + Ag,
Cu + Zn, Cu + Ag and Ag + Zn) were seeded
with an initial microbial density of 105 CFU ml−1.
In addition, a positive control containing Mueller–
Hinton broth seeded with a microbial inoculum only
and negative control containing broth only, were pre-
pared. All tubes were incubated aerobically at 37 ◦C
in a shaking incubator (200 rpm). At time periods 0,
2, 6 and 24 h, 100 µl aliquots were diluted 1:10 in D/E
neutralization buffer to prevent antimicrobial carry-
over. Diluted samples were sub-cultured on Mueller–
Hinton agar and incubated at 37 ◦C for 24 h under
aerobic conditions, after which CFUs were determ-
ined. The significance of the results was determined
using Tukey’s multiple comparison tests of repeated
measures ANOVA.

3. Results and discussion

3.1. Antimicrobial activity of nanoparticles as
determined by agar-diffusion assay
Figure 1 shows the diameter of zones of inhibition
recorded for 10% and 20% w/v suspension of copper,
cobalt, silver and zinc against laboratory (S. aureus
ATCC 6538 and E. coli NCTC 10538) and clinical
isolates of S. epidermidis (A37, A57, A91) and E. coli
(strains 1, 2 and 3). Overall, the data showed stat-
istically significant antimicrobial efficacy of copper
and cobalt (p < 0.001) nanoparticles against both
strains when compared to zinc and silver, where the
zones of inhibition were smaller (figure 1(A)). The
enhanced effect of copper and cobalt is likely due to
the nanoparticles’ smaller size than silver and zinc
nanoparticles.

Copper nanoparticles exhibited the strongest
antimicrobial effect against all strains, with the
largest zone of inhibition produced against A91
(25.16 mm ± 2.88) (figure 1(B)). Except for S. epi-
dermidis A91, copper demonstrated greater antimi-
crobial efficacy against E. coli (Gram-negative) than
S. aureus (Gram-positive). These data concur with
findings of other growth inhibition studies, which
show that strains of E. coli are generally more sus-
ceptible to copper nanoparticles than S. aureus [17].
While the exact mechanism of action of metallic cop-
per is yet to be identified, contact-mediated killing
initiatingmembrane degradation is a widely accepted
mechanism [18]. The reduced susceptibility of Gram-
positive strains to copper is likely, due to the thick
peptidoglycan layer. Gram-negative bacteria consist
of a thin layer of peptidoglycan (8 nm), whereas
the peptidoglycan layer measures 80 nm in Gram-
positive bacteria, reducing the cell wall permeability
of metal ions [19].

Surprisingly, silver nanoparticles exhibited the
lowest level of antimicrobial activity with no zones of
inhibition produced by the 10% silver nanoparticles
against any of the strains of E. coli, while 20% silver
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Figure 1. Shows mean diameter of zones of inhibition recorded for metallic nanoparticles against a panel of microorganisms
((A)–(E). coli, (B)–(S). aureus): copper and cobalt inhibition was observed against all stains. Strong activity was seen by copper
against all strains, particularly maximum activity was observed against A91. Zinc and silver showed moderate to weak activity.
Data shows mean of three replicates±SD.

nanoparticles had small zones of inhibition against E.
coli strain 1–3. The largest average zone of inhibition
produced by 20% silver was against S. epidermidis
A37 (11.6 ± 0.5 mm). While silver has been suc-
cessfully used for various biomedical applications
[20, 21] recently, bacterial resistance to silver has
been reported [22]. However, the authors hypothes-
ised the resistance evolved without genetic changes
and was due to the adhesive flagellum protein fla-
gellin’s production, which triggers the nanoparticles’
aggregation [22].

Antibiogram profiles of all test isolates were
generated (figure 2) against a panel of antibiotics

commonly used in general practice and the nosoco-
mial settings (10 µg ampicillin, 10 µg gentamicin,
1 µg ciprofloxacin and 2.5 µg trimethoprim).
Most bacterial strains were shown to be sensit-
ive to the majority of antibiotics in the panel,
with the exception of S. epidermidis A91 (resist-
ant to gentamicin, ciprofloxacin and trimethoprim)
and E. coli strain 1 and 2 (resistant to ampicillin
and trimethoprim). All microorganisms, includ-
ing those shown to be resistant to one or more
antibiotics, displayed sensitivity to copper, cobalt,
and zinc nanoparticles. One of the most striking
aspects of the results is a high growth inhibition
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Figure 2. Antibiogram of the standard and clinical isolates against a panel of antibiotics (1 µg ciprofloxacin, 2.5 µg trimethoprim,
10 µg gentamicin and 10 µg ampicillin). Zones of inhibition are seen with all antibiotics in control strains but not in clinical
isolates.

Figure 3. Staphylococcus epidermidis A91 growth inhibition by the disk diffusion method. 1 µg ciprofloxacin (A, E, J), PBS (B, F),
10% Co (C), 20% Co (D) 10% Cu (G) and 20% Cu nanoparticle solutions (H) on Iso-Sensitest agar. Ciprofloxacin (J) and
trimethoprim (K) showed no activity against this strain. Gentamicin (L) shows only a small zone of inhibition (14± 2 mm)
whereas ampicillin shows a relatively large zone (28± 3 mm) (I).

of S. epidermidis A91. In this current study, the
strain displayed sensitivity to copper, cobalt and zinc
nanoparticles despite complete resistance to cipro-
floxacin and trimethoprim (figure 3).

The complete resistance to trimethoprim dis-
played by all clinical isolates of E. coli is not entirely
surprising as the vast majority of urinary tract infec-
tions are caused by E. coli species and trimethoprim
is a broad-spectrum antibiotic often used as first-line
treatment for cystitis. The widespread use of trimeth-
oprim without urine sample culturing and sensitiv-
ity profiling of pathogens prior to administration of
the antibiotic has led to an emergence of trimeth-
oprim resistant urinary pathogenic E. coli (figure 4).
On the contrary, single resistant colonies were not

observed in nanoparticles treated groups. The rel-
atively non-specific actions of metal nanoparticle
toxicity reduce the chance of resistance developing
within microbial populations and may potentially
allow for the successful treatment of antibiotic res-
istant infections; indeed, we have demonstrated sens-
itivity using 10% and 20% cobalt and copper nano-
particles against this strain of E. coli.

3.2. Determination of MIC andMBC
The MICs and MBCs represent the antimicro-
bial efficacy of nanoparticles against type culture
microorganisms; S. aureus ATCC 6538 and E. coli
NCTC 10538 and are illustrated in table 2. In sus-
pension analysis, zinc and silver demonstrated higher
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Figure 4. E. coli clinical isolate strain 3 growth inhibition by the disk diffusion method. 2.5 µg trimethoprim (A), (E), (K), PBS
(B), (F), 10% Cu (C), 20% Cu (D) 10% Zn (G) and 20% Zn nanoparticle solutions (H), ampicillin (I), ciprofloxacin (J) and
gentamicin (L) on Iso-Sensitest agar. E. coli strain 3 shows complete resistance to trimethoprim and multiple morphologically
identical, resistant colonies are seen within the clear zones of inhibition for ciprofloxacin and gentamicin (marked by arrows).

Table 2.Minimum inhibitory concentrations (MICs) and bactericidal concentrations (MBCs) (mg ml−1) of Cu, Co, Zn and Ag
nanoparticles against control strains S. aureus ATCC 6538 and E. coli NCTC 10 538. Broth macrodilution was performed in line with
CLSI guidelines to generate MIC/MBC data.

S. aureus ATCC 6538 E. coli NCTC 10538

MIC (mg ml−1) MBC (mg ml−1) MIC (mg ml−1) MBC (mg ml−1)

Copper 1.25 2.50 1.25 2.50
Cobalt 5.00 >5.00 5.00 >5.00
Zinc 0.625 1.25 1.25 2.50
Silver 0.625 1.25 1.25 5.00

antibacterial activity than the copper and cobalt nan-
oparticles. While E. coli and S. aureus demonstrated
similar sensitivity patterns against copper and cobalt
nanoparticles, a higher sensitivity was observed by
S. aureus against zinc and silver compared to E.
coli. With the exception of cobalt, E. coli exhib-
ited identical MICs for copper, zinc and silver nan-
oparticles, whereas S. aureus showed higher MIC
for copper compared to silver and zinc, suggest-
ing higher efficacy of zinc and silver and strain
specificity.

The MIC values in the present analysis are
much higher than those reported previously; for
example, Ruparelia et al [23] on silver and cop-
per nanoparticles against S. aureus and E. coli
reported very low MIC values, 40–280 µg ml−1.
However, Ren et al [24] reported higher MIC/MBC,
100–5000 µg ml−1, than Ruparelia and co-workers.
Several factors such as size and shape, agglomera-
tion and passivation of nanoparticles determine the
activity of nanoparticles. In general, the antimicrobial
efficacy increases with the increase in surface area to
volume ratio due to decreased particle size. Thus, a
direct comparison with other studies is difficult due
to the variation in the size of nanoparticles used in
different studies.

The much lower MIC values of silver and zinc
against S. aureus compared to E. coli support the
data published by Ruparelia et al [23] as well as Parit

et al [25], which demonstrated that E. coli strains are
more resistant than S. aureus. It is generally spec-
ulated that the difference in the cell wall structure
of microorganisms plays a crucial role in the differ-
ent efficacy of the antimicrobials. Gram-positive cell
walls, due to thick peptidoglycan, are believed to con-
fer resistance to contact-mediated killing. Further-
more, Gram-negative cell walls are generally more
anionic due to the abundance of lipopolysaccharides;
therefore, they have a differential permeability for
ROS [26], making Gram-negative more susceptible.
However, the antimicrobial activity of nanoparticles
is not solely dependent on the structure of the bac-
terial cell wall, as there aremultiple target sites such as
mitochondria, cytosol proteins and DNA within the
bacterial cells; therefore, conflicting data have been
reported.

3.3. Time kill assay and determination of potential
synergistic antimicrobial activity of metal
nanoparticles
Time kill assay was used to evaluate the antimicrobial
effect of nanoparticles over 24 h and to assess whether
a two-metal nanoparticle combination can work sim-
ultaneously to give additive or synergistic effect. For
the given assay, the synergistic effect was evaluated at
twice the MIC concentration and the resulting ratio
of each nanoparticle in a given combination are illus-
trated in table 3.
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Table 3. Ratio of individual nanoparticles in the studied combinations.

S. aureus ATCC 6538 E. coli NCTC 10538

Cu+ Co 1:4 1:4
Co+ Zn 8:1 4:1
Co+ Ag 8:1 4:1
Cu+ Zn 2:1 1:1
CU+ Ag 2:1 1:1
Ag+ Zn 1:1 1:1

Figure 5. Time kill curve of S. aureus ATCC 6538 treated with pure metals; alone and in combination at 2xMIC in Muller Hinton
broth incubated at 37 ◦C/200 rpm. Samples were taken at 2, 6 and 24 h. Bacterial viability is presented as log CFU ml–1. Data
shown are expressed as mean± SD (N= 3).

Figure 6. Time kill curve of E. coli NCTC 10 538 treated with pure metals; alone and in combination at 2xMIC in Muller Hinton
broth incubated at 37 ◦C/200 rpm. Samples were taken at 2, 6 and 24 h and log CFUml–1 was determined. A significant reduction
(p⩽ 0.001) in bacterial load was observed within 6 h and complete kill within 24 h for all metals except for cobalt.

Samples were seeded with 105 CFU ml−1 of
microbial inoculum and incubated at 37 ◦C. In con-
trol samples, devoid of nanoparticles, the bacterial
density increased to 109 CFUml−1 over 24 h of incub-
ation. All metal nanoparticles and their combinations

showed potent antimicrobial activity against both
strains except cobalt nanoparticles. From figures 5
and 6, it is seen that the bacterial load decreased sig-
nificantly within two hours (p ⩽ 0.001) for copper,
zinc and silver and the significance further increased
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within 6 h of incubation (p ⩽ 0.0001). However,
cobalt failed to demonstrate antimicrobial activity
even at 24 h as no significant difference was observed
compared to control. Furthermore, the antimicrobial
effect was strain specific, where E. coli showed more
susceptibility than S. aureus.

Interestingly, various combinations showed an
enhanced activity at 6 h compared to the individual
agents. For instance, at 2 h the combination of cop-
per and silver nanoparticles reduced bacterial load by
two logs compared to one log reduction by copper
and silver alone against S. aureus and E. coli. The dif-
ference was further evident at 6 h, where the com-
bined metals resulted in complete bacterial kill (5 log
reduction; 99.999%) compared to individual nano-
particles; copper (2 log reduction) and silver (1 log
reduction). A similar effect was observed for cobalt
and silver against E. coli where at the 6-hour time
point, a complete kill (5 log reduction; 99.999%) was
observed as opposed to 1 log reduction for silver and
no effect, i.e. zero long reduction for cobalt. Likewise
while zinc only showed less than 2 log reduction and
no activity was seen for cobalt, a synergistic effect was
seen at 24 h when both metals were combined. The
data also shows that the time required to achieve com-
plete kill is substantially reduced when antimicrobi-
als are tested in combinations. When tested alone,
copper and silver showed a complete kill against
both strains; however, the complete eradication was
achieved within 6 h when both metals were com-
bined. This shows that not only two antimicrobials
can act synergistically but also the time required to
achieve the desired effect can be greatly reduced.

Our data demonstrated an enhanced antimicro-
bial effect of metal nanoparticles when combined.
Metals have been widely investigated for their broad
antimicrobial potential primarily via the produc-
tion of ROS and cell membrane damage [7]. Never-
theless, while metals have non-specific action, they
can target specific cellular components and, there-
fore, are likely to enhance pathogen clearance when
combined. Silver ions have been reported to initiate
cell death through association with disulphide bonds
in enzymes, thus interfering with normal metabolic
processes [27]. Furthermore, silver binds with phos-
phorus in bacterial DNA, thus impairing DNA rep-
lication and protein expression [28]. Copper, on the
other hand, can not only disrupt DNA and cell mem-
brane by ROS production but also alter metabolic
pathways [17, 29] Cobalt has been shown to dis-
rupt iron homeostasis through interaction with Fe–S
clusters which are critical co-factors for respiration
and DNA repair [30]. While the mode of action of
some metal ions has been extensively studied, to the
authors’ knowledge, the combined mode of action
has yet to be researched. A varied chemical reactiv-
ity of metal ions with bacterial cells and their unique
cellular targets explains the difference in the antimi-
crobial efficacy between different combinations.

The most unusual finding of the given investig-
ation is the lack of antimicrobial activity of cobalt
nanoparticles in suspension analysis. Unlike the other
nanoparticles used in this study, the cobalt nano-
particles were partially passivated at the time of man-
ufacture to avoid surface oxidation. Therefore, the
activity loss could be partially due to the protect-
ive coating on the cobalt nanoparticles. Even though
there is a lack of data showing the antimicrobial prop-
erties of cobalt or cobalt oxide nanoparticles, metal-
lic cobalt has been shown to demonstrate antimicro-
bial action against S. aureus and E. coli [31, 32]. With
the exception of cobalt and zinc, all nanoparticles
and their combinations showed a rapid and effect-
ive antimicrobial activity. Despite the rapid actions of
treatment groups, no significant difference was seen
between copper and Cu + Co or silver and Ag + Co
after 24 h, indicating no synergistic or antagonistic
effects of the combinationmetals. The lack of antimi-
crobial activity exhibited by cobalt treatment groups
and lack of significance between copper and Cu+ Co
or silver and Ag+ Co groups suggests that the reduc-
tion in bacterial load seen in Cu + Co and Ag + Co
treatment groups is attributable to the actions of cop-
per and silver alone.

In contrast to solid-phase analysis, the agar dif-
fusion assay, silver exhibited effective antimicrobial
activity in suspension analysis. One of the reasons
for the variable activity could be physical character-
istics of the nanoparticles. It is well established that
the size and shape of the antimicrobial affects the
size of the zone of inhibition. The silver nanoparticles
used investigated in the given study were slightly
bigger than the other nanoparticles, suggesting that
the silver nanoparticles diffused less easily through
agar. Thus, minimal or no zones of inhibition were
observed. In addition, when in suspension, the effect
of nanoparticles is exerted in two ways: direct con-
tact and indirect by the release of free metal ions in
the suspension. Nanoparticles are believed to rupture
the outer cell wall, allowing free metal ions to enter
the cell, causing protein denaturation and cell death
[33]. Therefore, to inhibit or kill microorganisms,
the size of silver nanoparticles should be very small,
as demonstrated by or in an aqueous environment
[34–36].

4. Conclusion

In this study, a significant antimicrobial efficacy
of metal nanoparticles, alone and in combina-
tion was demonstrated against both gram-positive
and gram-negative bacteria. When combined metal
nanoparticles, cobalt, silver and zinc combinations
(Co + Zn, Co + Ag, Ag + Zn) showed synergistic
effect against both strains. On the other hand, no syn-
ergistic effect was seen for copper combinations due
to strong antimicrobial activity of copper alone, nev-
ertheless copper when combined with other metals
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such as silver reduced the time required to achieve
complete kill to 6 h. This study also highlights the
prevalence of multidrug-resistant strains within the
clinical setting and the significance of using metal
nanoparticles as alternative antimicrobials to elimin-
ate microorganisms including those resistant to anti-
biotics. However, prior to using metal nanoparticles
for in vivo application, toxicity to mammalian cells
must be considered and further work undertaken.
While copper, cobalt and zinc are essential miner-
als for several biological functions, however just like
bacterial metal ions, homeostatic mechanisms can
become saturated, and mammalian cells can also be
overwhelmed, thus leading to cytotoxicity. Further
studies such as time-kill assays at lower concentra-
tions and cell studies are required to determine thera-
peutic window before the use in vivo.
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