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Natural environment is a wealthy source of bionanofactories that invested in green approaches as the fabrication of biomimetic
nanomaterials. The current study points out the importance of microbial activity in metal bioremediation, green synthesis of
NPs, and global biogeochemical cycles of bioactive metals as well. It describes for the first time the synchronous biosynthesis of
zero- (intracellular) and one-dimensional (extracellular) copper oxide nanoparticles (CuO-NPs) via Proteus mirabilis 10B. This
bionanofactory represents key location of reduction and stabilization, and its exopolysaccharide additionally provides nucleation
and growth site for CuO-NPs. The as-synthesized CuO-NPs were characterized; UV-Vis spectroscopy revealed surface plasmon
resonance at 275 and 430 nm for intracellular and extracellular CuO-NPs, respectively. XRD reflected crystalline, pure phase
monoclinic structure CuO-NPs. EDX illustrated strong copper signal with atomic percentages 32.3% (intracellular) and 14%
(extracellular) CuO-NPs. However, ζ-potential recorded −62.5 and −43.8mV with PDI 0.207 and 0.313 for intracellular and
extracellular CuO-NPs, respectively, confirming the colloidal stability and monodispersity. Moreover, TEM micrographs
depicted quasi-spherical intracellularly sequestered CuO-NPs (10 nm). Unexpectedly, extracellular CuO-NPs exhibited rod-,
needle-, and wire-shaped with 17–37.5 nm in width and 112–615 nm in length. The antagonistic activity of both types of CuO-
NPs was evaluated against Gram-negative and Gram-positive bacteria (aerobic and anaerobic), biofilm, yeast, mold, and algae.
The potent antagonistic efficacy of CuO-NPs was displayed which encourages its utilization in controlling microbial
contamination. Finally, the promising metabolic activity of Proteus mirabilis 10B can be exploited in simultaneous and
beneficial applications for human and the surrounding ecosystem.

1. Introduction

Transition metal oxide NPs are a significant group of semi-
conductors that fall in the circle of scientists’ interest because
of their wide and diverse applications. Copper oxide NPs
(CuO-NPs) (e.g., CuO, Cu2O, or Cu3O4) are among semi-
conducting compounds, particularly p-type with a mono-
clinic and cubic structures that attract more of a concern
[1]. CuO-NPs exhibit a series of potentially advantageous
physical features such as narrow bandgap (Eg) of 1.0 eV to
2.08 eV, presence in different oxidation states, high critical
temperature (Tc), spin dynamics, electron correlation effects,
and superconductivity [2, 3]. Therefore, CuO-NPs found

their way into various and enormous fields, for example,
microelectronic, microcircuits, sensors, nanofluids, paints,
near-infrared filters, coatings, supercapacitors, heteroge-
neous catalysis (photocatalysis, electrocatalysis, and organic
transformations), nanowires, and emission devices [1, 2].

Additionally, several investigations reported the antimi-
crobial activity of CuO-NPs against hospital-acquired infec-
tions and plant pathogens which encourage their investment
in antibacterial paints/coatings, hospital equipment, skin
products, food packaging, and plant disease management
[4]. Recently, copper had been approved registration as
an antimicrobial agent by the US Environmental Protec-
tion Agency (EPA) in the reduction of deadly microbial
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infections. As reported by Theivasanthi and Alagar [5], bac-
teria employ different mechanisms to resist antibiotics, but
no mechanism was recorded to develop immunity against
copper, which is considered the great opportunity for nano-
technology to defeat the ever-growing number of multidrug-
resistant pathogens through the enhanced bactericidal effect
of metal NPs.

Nowadays, CuO-NPs substituted other noble metals
such as Au, Ag, and Pt in the aforementioned applications
that could be attributed to their availability at least 10-fold
in a cheaper price than those of precious metals, relative
physicochemical stability, and easy mixing with other poly-
mers [6, 7]. Besides, copper is micronutrient that incorpo-
rated into different proteins and metalloenzymes which
perform essential metabolic functions in all living organ-
isms. Despite the excess concentration of copper harms the
human body by generating of toxic-free radicals, the human
body could make copper homeostasis by exporting excess
copper to the intestine, liver, and mammary gland in the
formed of feces, bile product, and milk, respectively, that
could be occurred by the action of copper-transporting aden-
osine triphosphatases (Cu-ATPases) which include ATP7A
and ATP7B [7]. Further, cytotoxicity of Cu-NPs (120 μM)
on HeLa, A549 and BHK21 cell lines displayed good viability
after 24 h treatment [8]. Consequently, CuO-NPs as a green
material that is biocompatible, biosafe, and biodegradable
was selected in this study.

In view of the brilliant application prospects of CuO-
NPs and these unusual properties, a lot of investigations
were achieved to prepare them. Generally, the synthesis
approach often controls the size and shape of nanomater-
ials to be convenient for a particular application. The
synthesis of CuO-NPs was performed either by top-down
or bottom-up routes, including physical, chemical, and
hybrid methods [9, 10]. Although chemical and physical
synthesis techniques provide high yield and large quantities
in a relatively short time, their application in environmental
and biomedical fields seemed to be limited. That refers to
the use of energy/ hazardous chemical, complicated equip-
ment, well trained manpower and capital-intensive [11,
12]. Hence, all insights tend toward nature which presents
adaptability of its constituents to be available for harnessing
in nanotechnology. Microorganisms (bacteria, actinomy-
cetes, fungi, yeast, and algae) are a pivotal ingredient of
all natural and engineered systems through important
metabolic reduction/oxidation of metal ions into their
metal/oxide NPs thereby acting as bionanofactory. The
use of biomimetic synthesis rout succeeded in the pro-
duction of sustainable, environmentally benign, stabilized
NPs with no need for toxic reducing/functionalizing agents
or high temperature in easy handled and affordable
process and without endangering our environment and
ecosystem [13].

Based on the synthesis location, the microbially synthe-
sized NPs could be classified into intracellular or extracellu-
lar. The intracellular mechanism involves the diffusion of
metal ions into the cell followed by their reduction by cell
wall enzymes [14]. However, the extracellular synthesis
occurred by the action of biological reducing agents that

present on the cell surface or excreted from the cell as
reported frequently in fungi as Penicillium aurantiogriseum,
P. citrinum, and P. waksmanii [15]. Notably, Spain [16]
reported that the bacterial mechanism for metal detoxifica-
tion is somehow involved in the NP biosynthesis process
which subsequently contributes to biogeochemical cycling
of metal ions.

This study had the objective to focus the scope of
microbial-metal interaction through biofabrication of CuO-
NPs via Proteus mirabilis strain 10B as a bacterial nanofac-
tory in a biomimetic system. The biosynthesized NPs were
characterized using optical observation, UV-Vis spectropho-
tometer, XRD, EDX, TEM, zeta potential, and PDI. The
antagonistic efficiency of the biosynthesized NPs was exam-
ined against pathogenic bacteria (Gram-positive and Gram-
negative), biofilms (Gram-positive and Gram-negative), and
eukaryotes (mold, yeast, and algae). We explored for the first
time the dual synthesis of intracellular zero-dimensional and
extracellular one-dimensional CuO-NPs, concomitantly by
Proteus mirabilis.

2. Materials and Methods

2.1. Bacterial Strain, Growth Conditions, and Synthesis of
CuO-NPs. The bacterial strain Proteus mirabilis 10B was
procured from the existing indoor strain collection that con-
cerned with denitrification study [17]. The strain was origi-
nally isolated from a natural terrestrial environment and
then subjected to 16S rDNA gene sequencing and submitted
to the GenBank under the accession number of KY964505.
The bacterium inoculum (0.5 McFarland ≈108 CFU/ml)
was allowed to grow in nutrient broth (NB) (1.5% peptone,
0.3% yeast extract, 0.5% NaCl, and 0.01% glucose, final
pH7.0) supplemented with 3mM NP precursor Cu(NO3)2
(Sigma-Aldrich). The cultures were incubated at 30°C under
shaking conditions (150 rpm). The bioreduction reaction
was monitored by the visual color change throughout the
incubation period. In parallel, control experiments (growth
medium containing metal precursor and without bacteria)
were incubated typically as in the test experiments. The cells
at the stationary phase were collected by centrifugation at
10,000g for 20min. The pellets containing intracellular
CuO-NPs and also the supernatant containing extracellular
CuO-NPs were subjected to subsequent analysis. The intra-
cellular CuO-NPs were extracted from the cell after cell dis-
ruption by using TSE lysis buffer (20% sucrose, 5mM EDTA,
0.1M Tris-HCl, and 5 μg/ml lysozyme) via mild osmotic
shock procedure as described by Vazquez-Laslop et al. [18]
and Romanowsk et al. [19]. The extracted NPs were dried
in oven at 100°C for 2 h. The dried NPs were washed 3 times
by ethanol 70% and 3 times by double-distilled water as
reported by Metz et al. [20].

2.2. Characterization of Biosynthesized CuO-NPs. The optical
property of as-synthesized CuO-NPs was studied by UV-Vis
spectroscopy with Labomed model UV-Vis double beam
spectrophotometer in a wavelength range of 200–800nm at
room temperature, as a preliminary step. The structural
characteristic properties of both types of CuO-NPs were
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determined using the following techniques: (1) scanning
electron microscope-energy-dispersive X-ray microanalysis
(EDX) for chemical composition analysis, (2) X-ray diffrac-
tion analysis (XRD) for identifying and evaluating crystal-
linity of NPs using X-ray diffractometer (Shimadzu 7000,
USA) that operates with scan rate of 2°/min for 2θ values
over a wide range of Bragg angles 10°≤ 2θ ≤ 80, (3) dynamic
light scattering (DLS) technique using Zetasizer Nano-ZS
(Malvern Instruments, Worcestershire, UK; Faculty of
Pharmacy, Alexandria University) for measuring particle
size distribution, zeta potential, and polydispersity index
(PDI), and (4) transmission electron microscopy (TEM)
for the morphology and particle size determination using
(JEOL JEM-1230, Japan; Faculty of Science, Alexandria
University) [11, 21].

2.3. The Antagonistic Activity

2.3.1. Inhibitory Effect of Biosynthesized CuO-NPs against
Planktonic Pathogens. The well diffusion assay was applied
to evaluate the antibacterial and antifungal activity of as-
synthesized CuO-NPs on bacterial and fungal species listed
in Table 1. A single colony was grown overnight in nutrient
broth for bacterial inocula, and the turbidity was adjusted
to 0.5 McFarland standards. The fungal inocula were culti-
vated in Sabouraud dextrose broth for 72 h. Mueller-Hinton
agar (MHA) plates were swabbed with 0.1ml of each culture
suspension, and bacterially synthesized NPs (100 and 200 μg/
ml) were impregnated to a center well with a diameter of
8mm. The plates were incubated at 37°C for 24 h (bacteria)
and 25°C for 72 h (fungi). The zone of inhibition (ZOI) was
measured by subtracting the well diameter from the total
inhibition zone diameter and expressed in millimeter. The
antimicrobial activity of antibiotics (rifamycin, streptomycin,
tetracycline, and nystatin) in addition to 100 and 200 μg/ml
of Cu(NO3)2 (NP precursors) was also examined compar-
atively as a conventional control for the antimicrobial
assay [12].

2.3.2. Inhibitory Effect of Biosynthesized CuO-NPs against
Biofilm Formation. A colorimetric tissue culture plate assay
was performed for studying the ability of as-synthesized
CuO-NPs to inhibit biofilm activity of both P. aeruginosa
and S. aureus. The method is based on spectrophotometric
measurements of sessile cells stained with the crystal violet.
A sterile 96-well flat-bottom polystyrene microtiter plate
wells were inoculated with 100 μl of bacterial cell suspension
(106 CFU/ml). The respective concentrations (150 and
300 μg/ml) of CuO-NPs, antibiotics, and NP precursor were
added into the wells. Two controls were examined (positive
control wells: medium containing the bacterial suspension
and negative control wells: sterile media only). The microtiter
plates were covered and incubated under stationary condi-
tions at 37°C for 24 hours. After the incubation time, the well
content was removed, washed, processed by crystal violet,
and solubilized with ethanol as referred by Namasivayam
et al. [22]. The absorbance of the adherent cells incorporated
by the dye at 595nm was determined using a microtiter

ELISA reader, and the biofilm inhibition percentage was cal-
culated by the following equation:

Biof ilm inhibition% = A −
A0
A

× 100 , 1

where A represents the absorbance of the positive control
wells, and A0 reveals the absorbance of the treated wells
with an antimicrobial agent. Experiments were performed
in triplicate. The data are expressed as means± SD [11].

2.3.3. Inhibitory Effect of Biosynthesized CuO-NPs against
Algae (Chlorella vulgaris). The algicidal effect of both types
of CuO-NPs, NP precursors, and antibiotic (150 and
300 μg/ml) on C. vulgaris growth was studied. The algae were
cultivated and incubated as presented by Gong et al. [23].
The cell density of the culture was determined by counting
with a hemocytometer under a light microscope (Olympus
BH-2, Japan). The inhibition percentage was calculated as
in (1) [12].

3. Results and Discussion

3.1. Biosynthesis and Characterization of NPs

3.1.1. Optical Properties. This study sought the biogenic syn-
thesis of CuO-NPs by P. mirabilis strain 10B which was
clearly apparent visually by the variations in the color of
bacterial biomass and the ambient aqueous solution frompale
green to brown or faint black as indicated in Figure 1(a). In a
parallel control experiment, no distinctly remarkable changes
were noticed, suggesting the onset of biotransformation via
reduction of metal ions to an oxide form of Cu-NPs by reduc-
ing agent (bacteria) in the growth medium [24]. It is note-
worthy that such changing in the reaction solution color
arises from excitation of surface plasmon resonance (SPR)
or interband transitions in the metal NPs, which are a char-
acteristic feature for any particles with a metallic nature.
Accordingly, UV-Vis spectroscopy is a ubiquitous tool to
study the extrinsic optical and electronic structure of nano-
materials [25, 26]. According to Mie’s theory, the SPR absor-
bance shape and position is sensitive to several parameters
such as the particle morphology, size, agglomeration state,
and nature of particles present in the solution as well as
dielectric functions of the metal and the surrounding
medium. Consequently, the peak position is blueshifted with
decreasing in the metal particle size, while aggregation causes
a remarkable intensity increase in the red/infrared region of
the spectrum [26].

Herein, spectral analysis revealed that the SPR absorption
maximum peaks of the intracellular and extracellular CuO-
NPs occurred at 275 and 430nm, respectively (Figures 1(b)
and 1(c)), in agreement with Sutradhar et al. [27] and
Zarasvand and Rai [28]. Such a blueshift of the absorbance
maximum for intracellular CuO-NPs could reflect the aggre-
gation state or size of as-prepared NPs as mentioned earlier
and would be confirmed later on through TEM. Interestingly,
the precise position of CuO-NP SPR band is varied (250–
670 nm), but rather is dependent on synthesis methods
(chemical or biological) and their content of reducing and
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capping agents even shape and size of as-synthesized NPs as
reported by [6, 15].

3.1.2. Crystal Structure Analysis (XRD). A commonly used
characterization technique for crystallographic identity and
the phase purity of the examined material is XRD.
Figures 2(a) and 2(b) shared a series of characteristic peaks
at 2θ =32.4°, 35.4°, 38.9°, 48.7°, 53.4°, 58.3°, 61.5°, and 65.7°

which correspond to (110), (−111), (111), (−202), (020),
(202), (−113), and (022) Bragg’s reflection, respectively.
These diffraction peaks are matched with the standard spec-
trum (JCPDS, number 73-1917) [29] and (JCPDS, number
80-1916) [30]. The positions, relative intensities, and the
sharp shape of the reflection peak indicated that both intra-
cellular and extracellular biosynthesized NPs were crystal-
line nature monoclinic structure CuO. As observed in
Figure 2(a), there were a number of unknown peaks before
2θ =30° which could be attributed to the bacterial biomol-
ecule residuals adhered to NPs. It is noteworthy that the
existence of unknown peaks in XRD pattern of AgNPs fab-
ricated by Lactobacillus mindensis was observed previously
as reported by [31].

Also, the broad diffraction patterns implied the smaller
crystal size of intracellularly synthesized CuO-NPs than
extracellularly synthesized one. In addition, the results sug-
gest that bacterial mediated synthesis of single-phase CuO-
NPs and no diffraction peaks related to other phases were
detected which indicate the phase purity [30].

3.1.3. EDX. A semiquantitative approach that identifies the
elemental composition of NPs with their relative proportions
(e.g., Atomic%) is EDX. The EDX pattern of intra/extracellu-
larly synthesized CuO-NPs is represented in Figure 3. Obvi-
ously, a characteristic elemental peak approximately at
8 keV was exhibited, which is typical for the absorption
metallic Cu-NPs as referred by Caroling et al. [32]. The
atomic percentage of elemental copper in intracellular and
extracellular CuO-NPs was 32.3 and 14%, respectively.
Besides, other signals for P, S, Na, K, Ca, and Mg atoms were
also recorded which could be attributed to the conjugation of
CuO-NPs with bacterial biomolecules such as DNA, RNA,
ATP, phospholipids, and proteinogenic amino acids such as
cysteine and methionine [11]. However, Cl signal was
noticed which was accompanying to extracellular NPs as an
ingredient from media constituents. Additionally, a peak
for Al was also shown due to the Al stub used to place the
sample in the instrument [33].

3.1.4. DLS. DLS is a noninvasive technique that assesses
hydrodynamic diameters (size distribution) and ζ-potentials
of NPs dispersed in a liquid which implies the particle diffu-
sion behavior within any fluid [34]. It measures the fluctua-
tions in light intensity scattered from laser that passes
through a colloidal solution as a function of time. It is worth
noting that large particles diffuse more rapidly than smaller
one by means of Brownian motion and hence scatter more
light, which highlights the relation between particle sizes

Table 1: The maximum inhibition zone of different concentrations of biogenic CuO-NPs, metal precursor, and antibiotics against planktonic
pathogens.

Microorganism Concentration
Zone of inhibition (ZOI) (mm)

CuO-NP type
Metal

precursor
Antibiotics

Class Strain μg/ml Intracellular Extracellular Rifamycin Tetracycline Streptomycin Nystatin

Fungi

A. bracelleuse 100 5.3± 03 0.3± 0.03 1.2± 0.3 ND ND ND 5.7± 0.8
(ATCC 16404) 200 8.5± 0.5 0.4± 0.02 2± 0.6 ND ND ND 9.1± 1.2
C. albicans 100 6.9± 0.5 0.3± 0.05 1.5± 0.6 ND ND ND 6.8± 0.6

(ATCC 10231) 200 10± 0.7 0.5± 0.1 2.1± 0.4 ND ND ND 9.9± 0.5

Gram-negative
bacteria

P. aeruginosa 100 3.8± 0.8 0± 0 0.8± 0.2 5.1± 0.5 6.1± 0.5 5.2± .8 ND

(ATCC 27853) 200 5.3± 0.9 0.2± 0.09 1.1± 0.6 8.9± 0.3 10.3± 0.9 9.6± 1.6 ND

S. typhi 100 3.2± 0.6 0± 0 0.8± 0.3 5.5± 0.6 6.3± 0.8 5.5± 0.7 ND

(ATTC 700931) 200 4.7± 0.6 0.2± 0.07 1.2± 0.5 8.1± 1.0 10.1± 1.3 9.7± 1.1 ND

E. coli 100 3.1± 0.2 0.1± 0.03 1± 0.4 5.7± 0.7 6.3± 0.8 5.5± 0.7 ND

(ATCC 25922) 200 5.4± 0.3 0.3± 0.03 1.8± 0.6 8.3± 0.8 9.2± 1.3 9.3± 1.3 ND

Gram-positive
bacteria

C. perfringens 100 5.8± 0.8 0.5± 0.05 1.7± 0.7 7.4± 1.2 8.7± 0.8 7.5± 1.0 ND

(ATCC 13124) 200 7± 1.1 0.6± 0.1 2.6± 0.8 13.5± 1.5 14.2± 1.3 12.2± 1.3 ND

B. cereus 100 8.3± 1.2 0.4± 0.08 0.8± 0.07 7.8± 0.6 8.2± 0.8 8.4± 0.6 ND

(ATCC 7464) 200 10.6± 1.5 0.8± 0.08 1.3± 0.3 14.2± 0.9 15.5± 1.5 13.8± 1.1 ND

S. aureuse 100 7.5± 0.7 0.2± 0.03 1.2± 0.5 6.7± 0.3 8.3± 0.5 7.6± 0.8 ND

(ATCC 25923) 200 9.7± 0.3 0.3± 0.05 1.8± 0.9 12.3± 1.0 14.7± 1.3 13.2± 1.5 ND

E. faecalis 100 4.8± 0.6 0.3± 0.07 1.4± 0.5 6.3± 0.7 7.9± 0.7 6.7± 0.8 ND

(ATCC 29212) 200 6.3± 0.8 0.5± 0.03 2.5± 0.7 9.5± 1.1 12.2± 0.6 10.5± 0.5 ND

ND: not detected.
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and fluctuations in light scattering intensity [35]. In this
study, the particle size distribution curves of the intra/extra-
cellularly synthesized CuO-NPs are illustrated in Figure 4.
It showed various particle hydrodynamic sizes of 65.5% of
total particles had the size of 135.39 nm, 30.8% had
28.3 nm, and 3.7% had 388.9 nm for intracellular CuO-NPs.
However, the hydrodynamic size with 723.6, 66.49, and
12.36 nm with intensities 59.4, 38.1, and 2.5% was recorded
for extracellular CuO-NPs.

Moreover, DLS evaluates the homogeneous/heteroge-
neous dispersion of NPs through polydispersity index
(PDI), which measures the second moment of the size

distribution of the NP population. The PDI ranges are from
0 to 1; values greater than 0.5 or close to 1 indicate that the
sample has a broad size distribution, while values close to
zero show a homogeneous dispersion [15]. PDIs of intracel-
lular and extracellular CuO-NPs were 0.207 and 0.313,
respectively, which implies that extracellular CuO-NPs
exhibited more heterogeneity than intracellular CuO-NPs
due to the larger size, nonuniform shape, and aggregation
that diffused slowly in light scattering intensity. On the other
hand, zeta (ζ) potential appeared to be a characteristic, by
recording −62.5 and −43.8mV for intracellular and extracel-
lular CuO-NPs, respectively (Figure 5). As reported by
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Figure 1: Optical properties of CuO-NPs (a) and UV-Vis absorption spectra of intracellular (b) and extracellular (c) CuO-NPs synthesized by
strain 10B; NPs: intra/extracellular CuO-NPs, Ctrl-1: media with copper precursor Cu(NO3)2, and Ctrl-2: media without NP precursor
Cu(NO3)2.
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Sanyasi et al. [36], the high magnitude of ζ-potential (values
greater than +25mV or less than −25mV) displays higher
electrical charge on NP surface, which prevents flocculation
and agglomeration by the action of potent repulsive forces
among the ultrafine particles. Generally, ζ-potential predicts
the particle’s physical state and long-term colloidal stability.

Remarkably, the negative sign of zeta potential could
be attributed to the negatively charged phosphate group
(PO4

3−) along the sugar-phosphate backbone within nucleic

acid residues (DNA and RNA) and also negatively charged
amino acids as aspartate and glutamate. These compounds
provide stability for CuO-NPs by acting as capping, stabiliz-
ing, and functionalizing agent [12].

3.1.5. Microstructure Analysis (TEM)

(1) Intracellular CuO-NPs. Usually, TEM technique was
employed to provide an insight on the shape, size, and
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Figure 2: XRD crystallographic pattern of biosynthesized CuO-NPs; (a) intracellular and (b) extracellular and (c) JCPDS card number
73-1917.
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Figure 3: EDX profile of biosynthesized CuO-NPs by strain 10B (a) intracellular and (b) extracellular.
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location of NP synthesis and also protein-coating NPs [24].
Figures 6 and 7 depicted the representative TEM micro-
graphs of CuO-NPs and their bionanofactory during the
stationary growth phase. These images clearly revealed that
the strain 10B when challenged with aqueous copper precur-
sor salt solution resulted in the formation of NPs exhibiting
disparity in morphology, size, aggregation, and location,
which implies different mechanisms for NP synthesis.
Remarkably, the intracellularly synthesized CuO-NPs micro-
graph (Figure 6(a)) exhibited numerous, roughly globular or
quasi-spherical NPs with particle size 10 nm that engulfed
and entrapped in the cytoplasmic compartment of the cells.
Whereas, tiny, uniform, bead-like, and monodispersed NPs
with 1.44–14.9 nm, size range representing intracellularly
synthesized CuO-NPs after extraction from the cells
(Figure 6(b)).

In this bottom-up approach, the copper precursor salt
was reduced by means of oxidation/reduction reaction into
their respective NPs. This process included a cascade of steps
initiated by uptake Cu ions probably via uncharacterized
energy-independent channels such as OmpC porins, Zn2+

uptake systems, or some ATPases [37]. Then, copper ions
are bound to a chemically active group of specific biomole-
cule that characterized by its high redox properties [38]. Var-
ious biomolecules are presented by bacterial biomass, which
contribute in this process, including enzymes accompanying
with electron shuttles or other reducing agents like hydro-
quinones and c-type cytochromes [39]. Among them, cyto-
chrome reductase and cytochrome oxidase which are
essential enzymes in the bacterial electron transfer chain in
all aerobic organisms. Cytochrome reductase was studied
in silver NP synthesis by Pseudomonas putida [40], while
cytochrome oxidase was reported in gold NP synthesis from
Actinobacter spp. [41]. Also, Creamer et al. [42] stated that
D. desulfuricans reduced Pd(II) to form Pd(0) NPs by the
action of hydrogenases via hydrogen oxidation. Moreover,
membrane-bounded enzymes such as NADH-dependent
nitrate reductase or NAD-linked dehydrogenases acted a
vital role in the NP production as manifested by Prasad
et al. [43] and [11]).

Apparently, the main suggestion in current work is that
the bioreduction process occurred by the action of nitrate
reductase, particularly, with complete exhaustion of nitrate

(NO3
−) and presence of nitrite (NO2

−) (data not shown).
During the metabolic process, the nitrate reductase and con-
jugated electron shuttling molecules may shuttle electrons to
the metal ions, which by this way undergoing redox reaction
and leading eventually to NP formation as referred by Lin
et al. [44]. Additionally, the bacterial system is complex,
where more than one enzyme are working together during
growth and multiplication process especially in presence of
stress such as heavy metal (Cu). It is noteworthy that the
presence of oxygen in aerobic incubation and also existence
of some oxidizing agents produced by bacterial cell led to for-
mation of Cu-NPs in oxidized form and not in zerovalent
form [31, 45].

Despite the significance of copper, bacteria generated
enormous protective mechanisms against high levels of it.
Interestingly, cytoplasmic accumulation is an important
adaptive mechanism adopted by copper-resistant bacteria
for detoxification [46]. Such intracellular immobilization of
CuO-NPs can occur by a low molecular weight, cytoplasmic
Cys-rich chelators known as metallothioneins, which play a
crucial role in metal homeostasis by lowering the free ion
concentrations within the cytoplasm [47]. Indeed, the recent
studies revealed that Proteus penneri GM10 had the abil-
ity to detoxify lead by the virtue of metal binding metal-
lothioneins [48].

Another assumption that could also be proposed is that
the intracellularly accumulated CuO-NPs were deposited as
cytoplasmic inclusions in associated with polyphosphate
granules. Evidently, large phosphorous peak with 52.6%
was detected from EDX (Figure 3(a)) which could boost this
point of view. These results are in line with Jackson et al.
[46], who declared that the cytoplasmic inclusions were a
preferential mechanism for microfloras of heavy metal-
contaminated lake sediments to detoxify copper. Interest-
ingly, the nanofactory 10B seems to utilize the accumulated
CuO-NPs as an essential microelement required in catalytic,
regulatory, and structural functions. It participates in redox
reactions (electron transport, oxidative respiration, denitrifi-
cation, etc.) [49]. In this context, it is important to emphasize
that the bacterial synthesis of NPs can derive rather from
metal adaptation/detoxification mechanism which depends
mainly on the properties of both metals and microorganisms
[50]. By such way, these bacteria could behave as a biological
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Figure 4: Particle size distribution curve for Cu-ONPs synthesized intracellularly (a) and extracellularly (b) by strain 10B.
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sink of metal in natural ecosystems that control metal
biogeochemical cycle. In fact, bacterial Fe sink already exists
as evidenced by Maldonado and Price [51]. Similarly, meta-
bolic responses of Cu associated bacteria could influence
indirectly on the other element biogeochemical cycles as car-
bon and nitrogen [52].

(2) Extracellular CuO-NPs. On the other hand, TEM micro-
graphs of one-dimensional, rod-, needle- or spindle-, flake-
or sheet-, and wire-shaped CuO-NPs synthesized extracellu-
larly, with a size dimension range 17–37.5nm in width and
112–615nm in length, are highlighted in Figures 7(a)–7(d).
The extracellular CuO-NPs appeared monodispersed without
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Figure 6: TEM micrograph of strain 10B synthesized intracellular CuO-NPs; (a) at stationary phase and (b) extracted NPs (after cell lysis).
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any agglomerations or flocculations. Of particular interest,
the spherical (4–6.5 nm) and rod- or needle-shaped CuO-
NPs with size reached to 110 nm were located on exopolysac-
charide (EPS) layer (Figure 7(a)). Obviously, a considerable
layer of EPS appeared to be swarmed around the bionanofac-
tory cell providing the architecture to maintain the cell
rigidity and characteristic shape during stationary phase.

As a whole, the metal salt reduction, nucleation, and
growth were the main steps in the extracellular synthesis
of CuO-NPs. In addition, the bacterial EPS was the funda-
mental responsible and a key location for this multistep pro-
cess. As documented by Kumar et al. [53], such polymeric
substance predominantly composed of (40–95%) polysac-
charide either homopolysaccharides or heteropolysacchar-
ides which often contain functional groups, such as acetyl,

pyruvyl, sulfonate, and succinyl. Besides, nucleic acids (1–
10%) and protein (1–60%) can be included either fatty acids
to form lipoproteins or be glycosylated with oligosaccharides
to form glycoproteins.

Notably, production of EPS mediates nullification of
toxic compounds by sequestering and chelation of metals
[53]. As referred by Klueglein et al. [54], EPS actually stimu-
lated in the presence of toxic metals such as copper, which
came in accordance with our results. The control cell at the
exact incubation time and in the absence of copper salt did
not excrete such layer (data not shown). The mechanism pro-
posed for extracellular CuO-NP fabrication began by
strongly capturing and binding of copper ions with hydroxyl
groups, carboxylic groups, or sulfur-containing amino acids
(cysteine/methionine) that involved in the macromolecular

500 nm
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Figure 7: TEM micrograph of strain 10B synthesized extracellular CuO-NPs; (a) intact cell with EPS supplied with needle and spherical
shaped CuO-NPs, (b) needle- or spindle-shaped CuO-NPs (magnified view) (large view in the bottom right square), (c) sheet- or flake-
shaped CuO-NPs, and (d) nanowire CuO-NPs.
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chain of EPS layer leading to the reduction of shape, size, and
particle dispersion [55]. The acidic nature of EPS conferred
the intense synthesis of small spherical shaped CuO-NPs as
the first step in this process [15]. The existence of amino
sugars like N-acetylglucosamine and N-acetylgalactosamine
besides D-glucouronic acid as well as sialic acids in the scaf-
fold of P. mirabilis EPS contributed mainly in its acidic and
metal binding nature as reported by Swierzko et al. [56]
and Mory et al. [57].

It is worth pointing out that these spherical shaped CuO-
NPs conducted as the seed, embryo, or nuclei particle that
subjected to growth and self-assembly within the EPS layer
leading to rod (Figure 7(a)), spindle (Figure 7(b)), and
sheet/flakes (Figure 7(c)) through an Ostwald ripening
mechanism evoked by the high free energy of NPs [58]. Evi-
dently, in this seed-mediated growth, the anisotropic parti-
cles were located linearly within EPS and via oriented
attachment or coalescence eventually transformed into the
nanowire (Figure 7(d)) [59]. Generally, this mechanism
involves sacrificing of smaller NPs to make the larger NPs
for decreasing surface-to-bulk ratios as reported by Gawande
et al. [25], which is associated with an increase in the thermo-
dynamic stability of NPs. Interestingly, as outlined by
Makarov et al. [60], such type of nucleation is considered to
be heterogeneous which occurred at preferential sites on
solid surfaces contacting the liquid. At these sites, the effective
surface energy is lower which decreases the activation energy
and thus drives nucleation for efficient seed-mediated
growth [59].

Virtually, the ingredients of 10B EPS contributed mainly
in stabilization and interparticle binding of CuO-NPs to
form nanowires by modifying the order of free energies for
different crystallographic facets of NPs and subsequently
controlling their relative growth rate kinetics through selec-
tive adsorption and chemical interactions between EPS con-
stituents and NP faces [13, 61]. Pertinent evidence was
manifested by Mott et al. [62], where the utilized capping
agent adsorped more strongly to the facets 110 leading to
the kinetically favored growth of the 111 facets at a faster
rate than the 100 facets ending with the formation of elon-
gated rod-shaped Cu-NPs. Notably, herein, EPS imitated
the role of cetyltrimethylammonium bromide (CTABr)
and poly (vinylpyrrolidone) (PVP) in nanorods and nano-
wire Cu-NP synthesis as stabilizing and functionalizing
ligands [61, 63].

Additionally, Cl− was suggested to be another abiotic
parameter that could induce elongation of CuO-NP shape
[64]. EDX spectrum of Cl− was detected with a clear signal
(53%) in CuO-NPs (extracellular) and absent in CuO-NPs
(intracellular) (Figure 3). Finally, there was no common
mechanism that could describe the nucleation and growth
of metal oxide NPs due to the complicated variations in the
chemical reaction mechanism within a production system,
especially biological one as referred by Bøjesen et al. [65].
Therefore, more studies are ongoing in our lab nowadays
for the selective synthesis of CuO-NPs with controlled size
and shape in time-dependent monitoring method.

Notably, the size measurement by DLS seems to be larger
than TEM measurement, which could be explained by the

fact that DLS assesses the size of overall aqueous medium
accompanying with NPs. Thus, overlapping in NP size
occurred which resulted in the generation of the electrical
double layer along with interference on charged particles
[66]. Moreover, Misra et al. [34] clarified that DLS size is
not accurate for nonspherical NPs. Therefore, the hydrody-
namic size of NPs is quoted and can boost qualitative deno-
tation on NPs.

3.2. The Antagonistic Activity

3.2.1. Inhibitory Effect of Biosynthesized CuO-NPs against
Planktonic Pathogens. Considering the outbreak of microbial
contamination in several sectors such as food processing,
water treatment systems, medical/pharmaceutical/agricultural
products, and especially with daily increasing in multidrug-
resistant microorganisms (MDR), the current study dealt
with the antimicrobial activity of CuO-NPs against a wide
spectrum of pathogens. The results of well diffusion assay
revealed clear zones of inhibition for different concentrations
of intra/extracellularly synthesized CuO-NPs in parallel to
NP precursor and antibiotics (Table 1). As demonstrated,
the antimicrobial pattern of intracellular CuO-NPs was
higher than that exhibited by extracellular CuO-NPs eluci-
dating by larger clearance zone. Generally, Alahmadi et al.
[67] reported that the effectiveness of any antimicrobial agent
was rated “good” at inhibition zone> 1mm.

Moreover, the inhibitory effect was more pronounced in
the Gram-positive bacteria as compared to the other exam-
ined pathogens. The structural and compositional differences
of the outer bacterial wall in addition to bacterial physiology
and metabolism could explicate this result, where Gram-
negative bacteria have additional outboard negatively
charged lipopolysaccharide layer that repels the negatively
charged CuO-NPs resulted in limiting cell wall binding sites
available for NP binding. In addition, Gram-negative bacte-
ria have unique multiple efflux pump system [67] that
extrudes any toxic substances outside the cell. Also, a pepti-
doglycan layer of Gram-positive bacteria cell wall has better
permeability than the Gram-negative one making them
prone to penetration of toxins [68]. Furthermore, Ruparelia
et al. [69] mention that the copper ion has a great affinity
toward amines and carboxyl groups that are intensively
abundant on the cell surface of Gram-positive bacteria.
Besides, diffusion rates and degree of contact of NPs with
microbes represent considerable parameters in antimicrobial
potency. In harmonization with our results, Prabhu et al. [70]
reported the high sensitivity of S. aureus (Gram-positive bac-
teria) for CuO-NPs more than E. coli (Gram-negative). On
the contrary, Betancourt-Galindo et al. [71] reported that
800 μg/ml caused noticeable antibacterial effect against P.
aeruginosa, while no growth inhibition was detected on S.
aureus at exact concentration.

Meanwhile, CuO-NPs exerted a remarkable suppression
against C. perfringens proving their efficiency whatever aera-
tion condition. In comparison to nystatin, intracellular CuO-
NPs displayed considerable zones of mycostasis against A.
bracelleuse and C. albicans. It is plausible to mention that
the fungicide efficacy of CuO-NPs was attributed mainly to
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the severe deterioration of glycoprotein-glucan-chitin cross-
linkage of the fungi cell wall complex network and subse-
quently metabolic disturbances of the cellular biochemistry.
In coincidence with our results, Essa and Khallaf [72] found
that 250 μg/ml of CuO-NPs inhibited completely the growth
of A. niger, A. flavus, P. chrysogenum, F. solani, and A. solani.

3.2.2. Inhibitory Effect of Biosynthesized CuO-NPs on Biofilm
Formation and C. vulgaris. Broadly, there were common fea-
tures shared between the free-floating pathogens and their
biofilms counterpart as clarified in Table 2. The biofilm of
S. aureus appeared to be more susceptible to all tested treat-
ments, in particular with intracellular CuO-NPs which stim-
ulated quorum quenching activity against sessile cells. On the
other hand, the control biofilm appeared healthy cells
retained their uniformity embedded in their exopolysacchar-
ides matrix. Indeed, extracellular CuO-NPs had limited
capacity in neutralizing these adhesive substances, thus
arresting biofilm formation. Agarwala et al. [73] declared
the noticeable antibiofilm activity of CuO-NPs against both
MRSA and E. coli biofilms, especially with increasing in con-
centration which comes in agreement with our results.

The drastic algicidal effect of intracellular CuO-NPs is
illustrated in Table 2. The lethal effect associated with CuO-
NPs was noticed clearly by yellowish to the faint green color
of algal bloom which denoted the failure in the photosynthe-
sis process and disruption of the chloroplast. The mitochon-
drion depolarization and membrane damage were extra
cytotoxic effects caused by CuO-NPs when applied to cells
of Chlorella pyrenoidosa [74]. Thus, the utilization of CuO-
NPs in controlling algal blooms in water purification systems
will obstruct their adverse environmental problems such as
biofouling, unsightly scums, odoriferous, and eutrophication
[75]. However, copper precursor salt enhanced the algal
growth in both tested concentrations emphasizing its role
as a micronutrient in vital physiological processes such as
oxygen transport, respiration, and photosynthesis.

Commonly, the antagonistic activity (antibacterial, anti-
fungal, antibiofilm, and algicidal) of both types of CuO-NPs
manifested a marked dose-dependent manner. It is evident
that there was an increment in the inhibition strength as
the CuO-NP concentration elevated. In agreement with our
study, Essa and Khallaf [72] confirmed the increase of
CuO-NP bacteriocidal effect with full eradication of bacterial
growth at 150 μg/ml or above while 94.7% and 95.5% inhibi-
tion for E. coli and B. subtilis, respectively, at 100 μg/ml.

Actually, the higher antagonistic activity of intracellular
CuO-NPs over extracellular CuO-NPs and their precursor
salt attributed to the larger surface area (surface/volume
ratio) associated with ultrafine size and monodispersity with
no agglomeration which subsequently leads to a faster disso-
lution rate (elution/releasing) of copper ions. Therefore, that
allowed more tightly adherence with microbial cells and
eventually cytotoxicity stimulation [76]. Obviously, CuO-
NPs have a nonspecific mode of action in exhibiting antimi-
crobial effect, but several mechanisms could be conjugated
concurrently, including physical disruption of cell wall/
membrane, integral component leakage, reacting with thiol
groups of proteins, disorder of the DNA helical structure,

and elevating oxidative stress by generating reactive oxygen
species (ROS) [67, 72]. Currently, studies are under way
more in-depth to examine the efficacy of extracellularly syn-
thesized CuO-NPs (nanowires) in photocatalysis, fuel cells,
and solar cells.

4. Conclusion

To summarize, this work for the first time demonstrates
the ability of Proteus mirabilis 10B towards the synthesis
of CuO-NPs in simple, biocompatible, and ecofriendly
approach. Additionally, there is no earlier report regarding
the dual, intracellular, and extracellular synthesis of zero-
and one-dimensional NPs simultaneously, exhibiting a
promising ability to detoxify copper ions. The synthesis of
CuO-NPs was accentuated by UV-visible spectroscopy,
XRD, EDX, DLS, ζ-potential, and TEM. Moreover, the bio-
cidal activity of both types of CuO-NPs was evaluated against
a broad spectrum of microbial pathogens (Gram-positive,
Gram-negative, anaerobic bacteria, mold, yeast, biofilm, and
algae). The results reflected the potent efficiency of intracellu-
larly synthesized CuO-NPs as an antimicrobial agent which
can be exploited to address several challenges in various
fields. In conclusion, strain 10B acts as a promising candidate
in displaying distinct and synchronous immobilization path-
ways of metals which can be participated in the biogeochem-
ical cycle of copper.

Table 2: Antagonistic activities of CuO-NPs, metal precursor, and
antibiotics on biofilm and algal growth.

Biofilm type P. aeruginosa S. aureus C. vulgaris

Treatment
Concentration

(μg/ml)
Inhibition%

CuO-NP type

Intracellular

150 55.2 ± 3.4 82.5 ± 6.9 67.4 ± 8.7

300 84.1 ± 5.6 98.2 ± 4.8 92.3 ± 5.2

Extracellular

150 9.7 ± 2.3 13.6 ± 2.9 10.8 ± 1.2

300 17.5 ± 4.9 19.1 ± 7.2 20.6 ± 4.6

Metal precursor

Cu(NO3)2
150 3.4 ± 0.9 10.1 ± 2.1 −27.2 ± 6.8

300 5.18 ± 1.3 17.08± 6.1 −5.3 ± 1.0

Antibiotics

Rifamycin
150 53.1 ± 6.3 58.3 ± 7.4

ND

300 80.8 ± 8.4 92.7 ± 6.7

Tetracycline

150 54.9 ± 3.9 62.7 ± 9.8

300 87.5 ± 10.2 96.1 ± 9.3

Streptomycin

150 52.0 ± 6.8 58.0 ± 5.7

300 78.2 ± 4.2 92.0 ± 10.2

Nystatin
150

ND
52.5 ± 5.6

300 96.8 ± 12.1

ND: not detected.
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