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The increased use of the nanoparticles (NPs) on several processes is notorious. In contrast the ecotoxicological effects of NPs
have been scarcely studied. The main current researches are related to the oxide metallic NPs. In the present work, fifty-six
bacterial strains were isolated from soil, comprising 17 different OTUs distributed into 3 classes: Bacilli (36 strains), Flavobacteria
(2 strains), and Gammaproteobacteria (18 strains). Copper oxide nanoparticles (CuONPs) were synthesized using a process of
chemical precipitation. The obtained CuONPs have a spherical shape and primary size less than 17 nm. Twenty-one strains were
used to evaluate the cytotoxicity of CuONPs and 11 of these strains showed high sensibility. Among those 11 strains, 4 (Brevibacillus
laterosporus strain CSS8, Chryseobacterium indoltheticum strain CSA28, and Pantoea ananatis strains CSA34 and CSA35) were
selected to determine the kind of damage produced. The CuONPs toxic effect was observed at expositions over 25mg⋅L−1 and
the damage to cell membrane above 160mg⋅L−1. The electron microscopy showed the formation of cavities, holes, membrane
degradation, blebs, cellular collapse, and lysis. These toxic effects may probably be due to the ions interaction, the oxide-reduction
reactions, and the generation of reactive species.

1. Introduction

The use of nanoparticles (NPs) has largely increased in
the last years, the expected projection for the engineered
nanomaterials production reaching more than 58,000 tons
for 2012–2020 [1]. The waste generated by the NPs industry
has been demonstrated to affect directly the environment,
mainly soil ecosystems, followed by water and air ones [2–6].
Besides, it was found that NPs contamination might result in
additive, synergistic, or antagonistic toxicity [7, 8] affecting
the entire food chain.

Although the environmental effect of somenanomaterials
such as carbon nanotubes, metal, oxides, and zero-valent
metal NPs has been well studied [9], information about its
interaction and damage on native bacterial communities is
still scarce. Soil microbial communities are involved in sev-
eral biogeochemical cycles such as carbon, nitrogen, sulfur,
and phosphorus ones [9, 10]. Thus, even a little perturbation
in the structure and composition of microbial communities
may induce modifications in the surrounding environment
and vice versa. It is known that the bactericidal efficiency of
NPs depends on themicroorganism type, for instance, copper
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Figure 1: Location of Delicias city, Chihuahua, México (a); aerial (b) and ground (c) views of the pecan orchard; and a view of the sampled
soil (d).

nanoparticles (CuNPs) showed more inhibitory activity on
bacterial than on fungal strains [11]. Furthermore, there are
reports that the increased copper (Cu) concentrations affect
the soil microorganisms modifying their number, biomass,
activity, and diversity [12–15], while the bactericidal effect of
copper oxide nanoparticles (CuONPs) has just been reported
for type strains [11, 16–20]. Moreover, Kim et al. (2007)
[21] found that the biocide efficiency of silver nanoparticles
(AgNPs) over microorganisms depends on cell wall com-
position, while Niazi and Gu [22] show that cell damage,
such as membrane disorganization, generation of reactive
oxygen species (ROS), and DNA damages, can be influenced
by the surface area and composition of NPs. Nevertheless
despite the importance of soil bacterial communities on
homeostasis of geochemical cycles, and the intensive use of
the NPs, only few studies have been performed to elucidate
the impact of NPs on soil bacterial communities [6, 22–25].
The protection of soil microbial biomass and diversity is one
of themajor challenges for the future years, especially because
they play an important role on soil usage and maintenance.
The sustainable use of these resources may not be guaranteed
if the nutrient cycles change their proper functioning [26,
27]. It is thus urgent to obtain information on how NPs
could affect bacterial communities in order to mitigate their
environmental impact.

The aim of this work was to determine the mechanisms
involved in the CuONP interaction with native bacterial
strains. First, we isolated wild bacterial strains from agri-
cultural soil, which were characterized by 16S rRNA gene
sequencing. Then, CuONPs/bacterial cells interactions were
examined using four of these bacterial strains, which were

selected by their importance in the soil biogeochemical cycles
and also by their sensibility to CuONPs on exposition tests.

2. Materials and Methods

2.1. Sampling Site. In this work soil samples were collected
from a pecan agricultural soil at Delicias city, Chihuahua
state, México (Figure 1), in July 2012. The superficial litterfall
was removed and 12 subsamples (maximum 10 cm depth)
were obtained being 20m far from each other. Afterwards
they were mixed into a single composite sample, sieved
(>2mm), and immediately conserved at 4∘C until use.

2.2. Physicochemical Characterization of Soil Sample. The
soil characterization was performed in the Department of
Agrotechnological Sciences of the Chihuahua University
(FACIATEC). The soil texture presented sand 71%, silt 13%,
and clay 16%. Other characteristics are summarized in
Table 1. The crystallinity of the soil was further characterized
by X-ray diffractometer (XRD, MDP Phillips X pert PRO).
The data was analyzed with HighScore software.The samples
for morphology and soil structure analyses were prepared
according to Maldonado et al. [28], which were done using a
Jeol JSM 7401F field emission scanning electron microscope
(SEM) while the elemental analysis was performed by energy
dispersive X-ray (EDX, Oxford Inca PentaFETX3) coupled to
SEM (see more details below).

2.3. Microbiological Characterization. The microbial charac-
terization was first performed with culture dependent tech-
niques to determine the bacterial abundance, by using colo-
ny forming unit (CFU) counts and most probable number
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Table 1: Pedologic and microbial soil characteristics.

Parameters
Physical properties

% sand 71
% silt 13
% clay 16
pH 6.80
% organic matter 0.29
% CaCO3 1.54
C.H. (cm⋅h−1) 5.71
% saturation 42.5
C.E. (mmhos⋅cm−1) 0.75

Fertility
N-NO3 (kg⋅ha

−1) 2.16 × 103

P (kg⋅ha−1) 31.0
K (mg⋅L−1) 3.62 × 102

Ca (mg⋅L−1) 10.17 × 103

Mg (mg⋅L−1) 9.62 × 102

Na (mg⋅L−1) 20.62 × 102

Cu (mg⋅L−1) 0.60
Fe (mg⋅L−1) 1.80
Mn (mg⋅L−1) 5.22
Zn (mg⋅L−1) 71.82

Microbiological properties
CFU
AGEL (Actinobacteria) (CFU⋅mL−1) 5.3 × 102

M9 (coliform) (CFU⋅mL−1) 8.6 × 104

YPS (aerobic bacteria, Bacilli) (CFU⋅mL−1) 5.2 × 104

LB (enteric bacteria) (CFU⋅mL−1) 5.9 × 104

MPN (cell⋅[gsoil]−1) 2.1 × 105

FDA ([𝜇gFDA]⋅mL−1) 21.6 ± 0.021

(MPN) as well as the total microbial activity and metabolic
activities.

The CFU counts were performed in different culture
media in order to obtain the largest possible number of
isolates.The culturemedia used are listed in the following: (1)
the modified M9 minimal medium (47mM Na

2

HPO
4

,
22mM KH

2

PO
4

, 8.6mM NaCl, 2.2% dextrose, 15 g⋅L−1 bac-
teriological agar, 1.6%MgSO

4

, 0.2% vitamins, and 0.2% trace
elements) [29]; (2) themodifiedAGELmedium (2 g⋅L−1 yeast
extract, 1 g⋅L−1 KH

2

PO
4

, 5mL glycerol, 15 g⋅L−1 bacteriologi-
cal agar, and 5mL Crystal-violet 1%), specific for Actinobac-
teria; (3) the nutritionally rich LB medium (Luria-Bertani:
10 g⋅L−1 peptone from casein, 5 g⋅L−1 yeast extract, 10 g⋅L−1
NaCl, and 15 g⋅L−1 bacteriological agar), for the growth of
enteric bacteria; (4) the YPS medium (3 gL−1 protease pep-
tone, 3 gL−1 yeast extract, 2mM CaCl

2

, and 2mM MgSO
4

)
[30], used to isolate total aerobic bacteria and Bacilli; (5)
the MMB medium (3.7 gL−1 Na

2

HPO
4

, 0.98 gL−1 KH
2

PO
4

,
0.5 gL−1NH

4

Cl, 0.03 gL−1MgSO
4

, 0.5 gL−1 dextrose, 0.4 gL−1
protease peptone, 0.01M Tris-HCl, 1mL vitamins, and 0.02%
trace elements) [31], employed for isolating the heterotrophic
bacteria; (6) the soy medium (15 g⋅L−1 peptone from casein,

5 g⋅L−1 peptone from soy, 3 g⋅L−1 yeast extract, 5 g⋅L−1 dex-
trose, 5 g⋅L−1 NaCl, and 15 g⋅L−1 bacteriological agar) as a
nutritional rich medium for isolating aerobic and anaer-
obic microorganisms; and (7) the R2A medium (0.5 g⋅L−1
yeast extract, 0.5 g⋅L−1 protease peptone, 0.5 g⋅L−1 tryptone,
0.5 g⋅L−1 dextrose, 0.5 g⋅L−1 starch, 0.3 g⋅L−1 sodiumpyruvate,
0.3 g⋅L−1 K

2

HPO
4

, and 15 g⋅L−1 bacteriological agar) [32],
a medium with a low nutrient content, appropriate for
the development of slow growing or stressed bacteria. All
morphologically distinct colonies observed in the solid plates
were selected and submitted to an isolation process using a
streak plate traditional method.

For MPN the MMB media, 3.7 gL−1 Na
2

HPO
4

, 0.98 gL−1
KH
2

PO
4

, 0.5 gL−1 NH
4

Cl, 0.03 gL−1 MgSO
4

, 0.5 gL−1 dex-
trose, 0.4 gL−1 protease peptone, 0.01M Tris-HCl, 1mL vita-
mins, and 0.02% trace elements [31], were used.

The total microbial activity was determined through
fluorescein diacetate (FDA) hydrolysis [33]. The metabolic
activity of soil community was assessed by Biolog Ecoplates
(Biolog, Inc., Hayward, CA, USA) [34], which will be
described below.

2.4. DNA Extraction and Phylogenetic Analysis of Isolates.
Total genomic DNA extraction from each of the 56 isolated
bacteria was performed using the Wizard Genomic DNA
Purification Kit (Promega Corporation). Bacterial 16S rRNA
gene was PCR-amplified using the 8F (AGAGTTTGATCC-
TGGCTAG) [35] and 1489R (TACCTTGTTACGACT-
TCA) [36] primers. The reaction was cycled with an
initial denaturation step (95∘C for 5min) followed by
35 cycles of denaturation step (95∘C for 45 s), annealing
(52∘C for 45 s), elongation (72∘C for 1min), and then a
final elongation step (72∘C for 10min). The PCR prod-
ucts were purified with Illustra GFX PCR DNA and Gel
Band Purification Kit (GE Healthcare). The sequencing was
carried out by Research and Advanced Studies Center of
the National Polytechnic Institute (CINVESTAV-Irapuato,
México). Sequence data were analyzed with BioEdit pro-
gram and compared with the online database NCBI (http:
//blast.ncbi.nlm.nih.gov/Blast.cgi). MAFFT software (multi-
ple sequence alignment based on fast Fourier transform)
was used for the alignment of sequences. The phylogenetic
tree was constructed with Molecular Evolutionary Genetics
Analysis v5.2 program [37] using the Jukes-Cantor model
and the neighbour-joining algorithm. The significance of
branching order was determined using bootstrap analysis
with 1000 resampling data sets.

2.5. Synthesis and Characterization of CuONPs. The synthesis
of CuONPs was prepared according to Lanje et al. [38].
The size and morphology of nanoparticles were analyzed
using SEM (Jeol JSM 7401F) and field emission transmission
electron microscopy (TEM). A suspension of the nanopar-
ticles in ethanol (1mL) was sonicated for 15min. 300 𝜇L of
this solution was placed onto an aluminum support and
then analyzed for SEM operated at 5.0 kV. TEM samples
were prepared by putting one drop of the suspension onto
nickel grids and the organic residues were cleaned using
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plasma (5min) and finally were observed. The nanoparticles
crystallinity was characterized by XRD. The data was again
analyzed with HighScore software. The absorption spectrum
of the colloidal solutionwas determined onPerkinElmerUV-
visible spectrophotometer.

2.6. Antibacterial Activity. The bactericidal effect of CuONP
was analyzed against 21 representative bacterial isolates.
The nanoparticles were dispersed in presterilized tridistilled
water by sonication. Cells were grown and adjusted to
OD
620 nm = 0.1. Fresh axenic cultures were inoculated in

96-well plates (final volume 200 𝜇L), containing liquid cul-
ture medium, supplemented with various concentrations of
CuONP (0–100mgL−1). After incubation (12–18 h at 37∘C)
the bacterial growth was put in evidence according to the
color developed using resazurin as indicator. The shift from
blue to pink indicates the bacterial growth [39].

2.7. Carbon Source Utilization by the Four Bacterial Isolates.
Bacterial carbon utilization fingerprints were generated using
Biolog EcoPlates. These 96-well microplates contain three
replicate wells of 31 carbon substrates: 6 amino acids, 10
carbohydrates, 7 carboxylic acids, 2 amines, 2 phenolic com-
pounds, and 4 polymers. Each well also contains the redox
dye tetrazolium violet, which turns from colorless to purple
in the presence of respiration. The four isolated bacterial
strains were isolated and selected from the 21 submitted
to the toxicity test (above) according to their sensibility
to NPs exposition. The CSS8, CSA28, CSA34, and CSA35
strains were grown in LB broth at 37∘C for 12–18 h in a
shaker incubator at 200 rpm. The bacterial suspension was
centrifuged at 10,000 rpm for 10min. and resuspended in
15mLof sterile 0.85%NaCl solution.Thebacterial suspension
was then adjusted to OD

590 nm = 0.25. A 150 𝜇L aliquot was
inoculated into each well of the microplates. Plates were
incubated at 27∘C, for 24 h and 72 h.

2.8. Bacterial Cells Exposition to Nanoparticles. The strains
CSS8, CSA28, CSA34, and CSA35 were cultured on LB broth
at 37∘C for 12–18 h in a shaker incubator at 200 rpm. The
bacterial cells were recovered by centrifugation at 10,000 rpm
for 10min and then resuspended in NaH

2

PO
4

buffer solution
(25mM, pH 7.4). The absorbance of the bacterial suspen-
sion was measured by a spectrophotometer and adjusted to
OD
620 nm = 0.1. The isolates were treated with various con-

centrations (0–160mg⋅L−1) of CuONPs in NaH
2

PO
4

buffer
solution (25mM, pH 7.4) and incubated at 37∘Cwith shaking
at 200 rpm. After 0.5, 1, 3, 8, and 24 h, subsamples were taken
and observed on scanning electronmicroscopy. At the end of
experiments (24 h incubation) the ROS was determined (see
below). All assays were performed in triplicate in Erlenmeyer
flasks with a total volume of 50mL.

2.9. Biological Sample Preparation for SEM. The culture
samples exposed to NPs and controls (not exposed) were
analyzed by SEM. The samples preparation method was
previously described by Maldonado et al. [28]. Briefly, sub-
sample cultures were fixed in 3% glutaraldehyde Milloning
buffer phosphate (pH 7.3) for 4 h and washed two times in

the same buffer. Afterwards, they were filtered on polycar-
bonate membrane (pore diameter 0.22𝜇m), fixed, and dehy-
drated increasing successively the ethanol concentration. All
samples were mounted on metal stubs and coated with gold
(Denton Vacuum Desk II). A Jeol JSM 7401F microscope
was used to generate the images.The energy dispersive X-ray
(EDX, Oxford Inca PentaFETX3) coupled to SEM was used
for the elementary analysis.

2.10. Determination of Reactive Oxygen Species (ROS). Stock
solutions of 10 𝜇M2,7-dichlorodihydrofluorescein diacetate
(DCFH-DA) and 2,7-dichlorodihydrofluorescein (DCFH)
were prepared according to Luna-Velasco et al. [40]. A 2mL
subsample of the assay described above for bacterial cell
exposition to nanoparticles was used for ROS test. Culture
samples without exposure to NPs were used as controls. The
bacterial cells of the subsample were recovered by cen-
trifugation at 10,000 rpm for 5min and then resuspended
in NaH

2

PO
4

buffer solution (25mM, pH 7.4). Aliquots of
135 𝜇L were inoculated in black 96-well plates, with 15 𝜇L of
10 𝜇M DCF-DA. The black 96-well plates were incubated in
darkness for 30min.; finally the fluorescence wasmeasured at
an excitation of 485 nm and emission wavelength of 535 nm.

3. Results and Discussion

3.1. Chemical and Microbiological Characterization of Soil.
The soil pHwas close to neutral with high salt concentrations
(Table 1).The crystal composition, analyzed by XRD, showed
the presence of feldspars such as sanidine, Bytownite, and
anorthoclase, as well as silicates such as silicon oxide and
muscovite (Figure 2(a)).

The soil structure and morphology were observed by
SEMmicrograph; the texture was rough, forming flakes, and
porous (Figure 2(b)). The chemical EDX analysis showed
the presence of complementary elements such as Al, Si,
O, and H, which form part of the components of feldspar
(Figure 2(c)). The physicochemical characterization of the
soil showed contradictory results: a low content of organic
matter and salts, indicating that soil is poor, but a high
cationic interchange capacity (CIC), suggesting a fertile soil.

The activity of the bacterial soil community was inferred
from a shift of color media after an incubation time using
Biolog EcoPlates test, showing the degradation of 22/31
carbon sources tested (Table 2). Additionally, the hydrol-
ysis of FDA was used to quantify this activity (21.6 ±
0.021 𝜇gFDA⋅mL−1). A few compounds of Biolog EcoPlates
test were not used as carbon source: 3 carbohydrates, 1
amino acids, 2 carboxylic acids, 1 phenolic compound, and 2
polymers. Both the FDA hydrolysis and the Biolog EcoPlates
analysis suggest that microbial populations have a high
metabolic capacity. Thus, although the soil conditions limit
the diversity of these samples, the presentmicroorganisms are
very active, explaining the soil fertility.

The CFU and MPN were used to estimate the cultivable
microbial richness using different culture media. The highest
bacterial counts were obtained with M9 medium (8.6 ×
104 CFU⋅mL−1), followed by LB and YPS (5.9 × 104 and
5.2 × 104 CFU⋅mL−1, resp.), below the values reported in
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Figure 2: Characterization of soil: (a) XRD spectra of the crystallinity; (b) SEM image; and (c) EDX of the soil sample.

the literature for the bacterial recuperation by culture (108 to
1010 bacterial per soil gram, [41]). The bacterial population
size was estimated to be 2.1 × 105 cell⋅(g soil)−1 by MPN. The
soil microbial communities are usually described as pre-
senting high heterogeneity, which is usually related to the
soil physical-chemical characteristics [41].The results suggest
that the cultivable bacterial communities of the studied soil
do not require specific or complex nutrients.Theutilization of
the specific Actinobacteria media revealed that this bacterial
group was scarcely represented in the studied soil (Table 1).

3.2. Bacterial Strains Isolation. Fifty-six bacterial strains were
successfully isolated (Table 3) from this sample using 7
different culture media. The phylogenetic analysis, based
on 16S rRNA gene sequences, classified the isolated strains
within 17 different OTUs (Figure 3). They were distributed
into 3 classes: Bacilli (36 strains), Flavobacteria (2 strains),
and Gammaproteobacteria (18 strains). According to their
16S rRNA gene sequences, these strains are similar to bac-
terial strains associated with human disease, like Bacillus,
Serratia, Enterobacter, and Pantoea species, or associatedwith

biocontrol agents such as Brevibacillus laterosporus, Chry-
seobacterium indoltheticum, and Pantoea ananatis. However,
more studies are necessary to verify the real source of these
microorganisms. In addition, populations similar to Bacillus
amyloliquefaciens and Pseudomonas putida were also found.
Such species are reported as natural antifungal agents, which
also can metabolize nitrogen and enhance the fertility.

Taking into account that the recovery of cultivable bac-
teria is usually very low, we just obtained a little part of the
total bacterial diversity. Besides even when we use a specific
media, we are unable to isolate typical soil groups like Agro-
bacteriumorActinobacteria.This resultmay be influenced by
the soil characteristics, such as the low and limited amount
of organic matter and great quantity of sand (71%). The
porosity and size of soil particles can produce constant shifts
in the soil moisture, which does not allow growth or favors
strong adhesion ofmicroorganisms over particles [42]. Other
factors that can inhibit or eliminate members of the origi-
nal microflora are crop changes [43], the concentration of
sugar, the osmolarity, the water activity, the pH, and other
environmental factors [44–47]. If any of these changes occur
naturally or anthropogenically, the microorganisms that can
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Table 2: Pattern of 31 carbon substrates’ utilization for sample soil and model strains CSS8, CSA28, CSA34, and CSA35.

Enzyme activity Soil sample CSS8 CSA28 CSA34 CSA35
Water − − − − −

𝛽-Methyl-D-glucoside − + + + +
D-Galactonic acid 𝛾-lactone + + + + +
L-Arginine + + + + +
Pyruvic acid methyl ester + + + + +
D-Xylose − + + + +
D-Galacturonic acid − + + + +
L-Asparagine + + + + +
Tween 40 + + + + +
I-Erythritol + + + + +
2-Hydroxy benzoic acid − − + + −

L-Phenylalanine − + + + +
Tween 80 + + + + +
D-Mannitol + + + + +
4-Hydroxy benzoic acid + − + + +
L-Serine + + + + +
𝛼-Cyclodextrin − + + + +
N-Acetyl-D-glucosamine + + + + +
𝛾-Hydroxybutyric acid + + + + +
L-Threonine + + + + +
Glycogen − + + + +
D-Glucoaminic acid + + + + +
Itaconic acid + + + + +
Glycil L glutamic acid + + + + +
D-Cellobiose + + + + +
Glucose-1-phosphate + + + + +
𝛼-Ketobutyric acid − + + + +
Phenylethylamine + + + + +
𝛼-D-Lactose + + + + +
D,L-𝛼-Glycerol phosphate − + + + +
D-Mallic acid + − + + +
Putrescine + + + + +

survive under these changes probably develop adaptive char-
acteristics.

3.3. Characterization of CuONPs. The method used to syn-
thesize the CuONPs was the same described by Lanje et al.
[38], with the difference that we obtained spherical instead
of rectangular NPs. The SEM and TEM micrographs show
spherical shape. Differences in the morphology due to shift
in temperature were reported for CuO nanorods synthesis
by Gao et al. [48]. They obtained two different structures
when the nanorods are synthetized at room temperature or
100∘C. The particle sizes in SEM micrograph were in the
range from 10 to 17 nm and the SEM-EDX profile indicated
that the preparation did not contain synthesis waste and
NPs composition is only of copper and oxygen (Figures
4(a) and 4(b)). Zhang et al. [49] reported that the initial
concentration might affect the NPs formation. They propose
the formation of nanoparticles in solution in two stages,
first the generation of copper nuclei and then the growing

up of these nuclei for the formation of NPs. When the
reactant concentration is high the number of nuclei increases
in the solution, consequently the NPs sizes are incremented
resulting in agglomerates. UV-Vis spectra of the synthesized
CuONPs showed the band-edge emission peak at 280 nm
(Figure 4(c)). We also used X-ray analysis to identify the
crystalline phase; this analysis revealed the presence of CuO
only (Figure 4(d)).

3.4. Exposure of Bacterial Cells to CuONPs and ROS Genera-
tion. We used a liquid microculture (200𝜇L) for the screen-
ing of bacterial strains sensitive to CuONPs (Table 4). Among
twenty-one strains tested, eleven showed no resistance to
CuONPs, while the strains CSR19A, CSL10A, and CSMB13A
exhibited the highest resistances (17, 22.5, and 25mg⋅L−1,
resp.). Besides their sensibility toCuONPs exposition test and
the originality for their use as toxicity model to the studied
NP, we also considered their importance in the contribution
in soil microbial community and biogeochemical cycles.
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Figure 3: Phylogenetic tree based on 16S rRNA gene sequences of isolated strains showing the cultivable bacterial diversity of the soil.

The CSS8 (99% similarity to Brevibacillus laterosporus),
CSA28 (99% similarity to Chryseobacterium indoltheticum),
CSA34, andCSA35 (bothwith 99% similarity to Pantoea ana-
natis) were selected as bacterial models for the determination
of damages caused byCuONPs.Theirmetabolic capacities are
presented Table 2. The CSS8 strain was capable to use 28/31
(except 2 phenolic compounds and 1 carboxylic acid); the
CSA28 and CSA34 strains were able to use all carbon sources

and the CSA35 strain degraded 30/31 substrates (except 2-
hydroxy benzoic acid). These strains showed higher capac-
ities for carbon source utilization than that observed for the
whole bacterial community.This differencemay be explained
by the fact that bacterial expression depends on complex
bacterial/bacterial interactions in microbial communities.

The selected strains were individually exposed to CuONPs
in phosphate buffer (25mM, pH 7.4) and subsamples were
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Figure 4: Characterization of CuONPs: (a) TEM micrograph; (b) SEM micrograph showing the shape and the particle size estimation with
the superposed SEM-EDX spectrum indicating the composition; (c) UV-visible spectrum; and (d) X-ray spectra.

observed by SEM. The SEM micrographs showed different
kind of damage on the cell membrane in the 4 strains when
they were exposed above 160mg⋅L−1 of CuONPs. Changes on
the shape were observed, from normal shape rod to bigger,
stretched, and apparently empty cells and even to lysed cells
(Figures 5(b) and 5(k)). Other observed effects were the
cavities and pits formation over cells membrane (Figures 5(e)
and 5(h)). These modifications were not observed in control
rod cells (not exposed to CuONPs) (Figures 5(a), 5(d), 5(g),
and 5(j)). Although the exact mechanisms of toxicity are
not completely understood, it is probable that the toxicity
generated by CuONPs on CSA28 and CSA34 strains is due to
NPs solubilization that produce Cu2+ ions. At low concentra-
tions copper is a micronutrient essential for cell metabolism.
It is required as a cofactor in multiple proteins, it takes
part in redox reactions such as electron transport, oxidative
respiration, or the denitrification process and, in some cases,
it is also a structural element [50]. However, despite the
critical role of Cu in a wide array of biological processes,
the excess of Cu could be toxic [51]. We also observed the
adhesion of Cu over cellsmembrane in the SEM-EDXprofiles

(Figures 5(c), 5(f), 5(i), and 5(l)) suggesting some interactions
of Cu directly to the cell membrane. The CuONPs-cell
interactions due to opposite electrical charges carry out a
reduction reaction in the bacterial cell wall, which causes
adhesion and bioactivity conducted by electrostatic forces
[52–55]. The wall cell of Gram-negative bacteria is made
mainly of polysaccharides and the negative charge resulting
fromgroups such as carboxylate, phosphate, hydroxyl, amine,
and sulfhydryl has an important role as membrane active
sites [56, 57].The interactions of these groups with Cu2+ ions
produce denaturation and alteration of membrane proteins
[58].

Oxidative stress is normally used to evaluate the toxicity
of several compounds including those caused by metallic
nanoparticles [8]. Diverse reactive molecules can be pro-
duced during the oxidative stress such as nitric oxide (NO),
peroxynitrite (ONOO−), superoxide (O

2

∙−), hydrogen perox-
ide (H

2

O
2

), hypochlorous acid (HOCl), and hydroxyl radical
(OH∙). The fluorescent probe traditionally used to identify
ROS is 2,7-dichlorodihydrofluorescein diacetate (DCFH-
DA), which reflects the overall oxidative status of the cell.
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Table 3: GenBank accession numbers of bacterial strains isolated
from agricultural soil.

Isolated strain GenBank accession number
CSM39 KM091676
CSL6 KM091677
CSL21 KM091678
CSM40 KM091679
CSM42 KM091680
CSL44 KM091681
CSY20 KM091682
CSM30 KM091683
CSM31 KM091684
CSA25 KM091685
CSA26 KM091686
CSL22 KM091687
CSA23 KM091688
CSY19 KM091689
CSL16 KM091690
CSS13 KM091691
CSM11 KM091692
CSS9 KM091693
CSS7 KM091694
CSM38 KM091695
CSM32 KM091696
CSA36 KM091697
CSM33 KM091698
CSM41 KM091699
CSMB12 KM091700
CSY1 KM091701
CSMB13B KM091702
CSM4 KM091703
CSM5 KM091704
CSS12 KM091705
CSY17 KM091706
CSM18 KM091707
CSS15 KM091708
CSS14 KM091709
CSS8 KM091710
CSL43 KM091711
CSY5 KM091712
CSL10A KM091713
CSM2 KM091714
CSM10 KM091715
CSMB13A KM091716
CSY6A KM091717
CSMB16 KM091718
CSMB14A KM091719
CSY2 KM091720
CSY6B KM091721
CSY7 KM091722
CSL11 KM091723
CSA35 KM091724
CSA34 KM091725

Table 3: Continued.

Isolated strain GenBank accession number
CSA37 KM091726
CSA27 KM091727
CSR19A KM091728
CSR19B KM091729

Table 4: Maximum concentration of CuONPs in which each
bacterial isolate can survive.

Concentration
CuONPs
(mg⋅L−1)

Strains

0 CSY17, CSM18, CSS15, CSS14, CSS8∗, CSA28∗,
CSY5, CSM2, CSA34∗, CSA35∗, CSM39B

1 CSS12
2 CSMB12, CSM4, CSA27
4 CSY20
17 CSR19A
22.5 CSL10A
25 CSMB13A
∗Strains selected for evaluating the specific damage caused by CuONPs
exposition.

However, it is not applicable to individual ROS compounds
detection. By using this compound, we did not observe any
increase in the ROS production comparing the control strains
(without NPs) with the strains exposed to CuONPs. In fact,
a slight decrease in the ROS activities is observed for CSS8,
CSA34, and CSA35 strains whereas for CSA28 strain the
decrease is until 6-fold less (Figure 6).

Ours results are comparable to those obtained by Cui
et al., [59] working with Escherichia coli and gold NPs
(AuNPs).They found that the AuNPs did not induce increase
in cellular ROS but, instead, led to a decrease after 4 h of
exposition. Meanwhile there are same controversial results
in the scientific literature about the mechanism of oxidative
stress generated by NPs. For example, Dasari et al. [60]
evaluated the toxicity mechanism of several NPs with E. coli.
For titanium NPs (TiO

2

NPs) and zinc NPs (ZnONPs) they
found an increase in the amount of ROS while for CuONPs
and cobalt oxide NPs (Co

3

O
4

NPs) any effect was observed.
In other work, Dimkpa et al. [53] evaluated the toxicity
of commercial CuONPs in the pathogenic bacteria Pseu-
domonas chlororaphisO6.They observed an accumulation of
intracellular ROS with concentrations higher to 500 ppm of
CuONPs whereas lower concentrations did not induce ROS
generation. Furthermore, several studies have reported the
increased of ROS activities when cells are exposed to NPs, for
example, Lee et al. [61], Gunawan et al. [62], and Rastogi et
al. [63]. The ROS levels increment was produced when E. coli
was exposed to CuONPs [62] and AgNPs [61]. Similar effects
are shown for Staphylococcus aureus 49834, E. coli 25922, and
Pseudomonas aeruginosa 27853 in presence of AgNPs [61, 63].

It is known that denitrifying bacteria can produce NO
endogenously as an intermediate from the sequential reaction
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Figure 6: ROS activities in CSS8, CSA28, CSA34, and CSA35model
strains.

of nitrate to dinitrogen [64]. The SEM micrographs of CSS8
and CSA35 strains show different damage generated from
CuONPs such as membrane collapse, bleb formation, and
cellular debris, leading to the loss of the bacterial membrane
integrity, irreversible cell damage, or cell death (Figure 5).
Considering that the model bacterial strains selected on this
study are phylogenetically related to denitrifying bacteria,
it is possible that the membrane damage observed by SEM
could be caused by the presence of nitrogen reactive species
such as nitric oxide (NO). In the case of our selected strains,
the cytotoxicity could be associated with damage in proteins
that use copper like cofactor such as nitrous oxide reductase
(N
2

OR), nitric oxide reductase (NOR), and cytochrome C.
These proteins are also involved in the denitrification process,
resulting in overproduction of reactive nitrogen and oxygen
species. Several reports have associated the presence of NPs
with the increase of expression of these proteins and the
malfunction of metal binding enzymes [65]. Besides, other
reports analyzing the effect produced over the cell membrane
by the exposition to NO in P. aeruginosa and E. coli strains
[65–69] showed similar damage to those observed in this
study. However, further studies are required to verify the
cytotoxic mechanism.

4. Conclusions

Several pure culture studies have shown that the bacterial
interaction with NPs may produce cytotoxicity in different
parts of the cell, such as membrane disorganization, denatu-
ration of thiol containing membrane proteins, DNA damage
[70–72], and oxidation beyond ROS production [25]. We
showed here that CuONPs are very toxic for native soil
bacteria. The CuONPs interaction with cell wall components
modified cell morphology and affected the function of
membrane proteins. We thus considered that the cytotoxicity
against the model strains could be attributed mainly to
oxide-reduction reactions over the cell membrane and the
generation of nitrogen reactive species. These results point
out that wild strains, like those isolated here, can indeed be
affected by nanocontaminants. Thus, it is pivotal to intensify

the studies on the damage and toxicity of nanomaterials to
living cells and microbial communities in order to establish
fair regulations for the discharge of NPs in the environment,
directly or through the waste of products containing them.
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