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ABSTRACT: The bactericidal properties of copper oxide nanoparticles have growing
interest due to potential application in the medical area. The present research investigates
the influence of sodium dodecyl sulfate (SDS) and poly(vinylpyrrolidone) (PVP) on the
production of copper oxide nanoparticles prepared from copper sulfate (CuSO4) and
sodium borohydride (NaBH4) solutions. Different analytical techniques were used to
determine the crystal nature, mean size diameter, and surface morphology of the copper
oxide nanoparticles. The X-ray diffraction (XRD) patterns showed formation of
nanoparticles of cuprite (Cu2O) and tenorite (CuO) when PVP and SDS were added at
the beginning of the reaction. In fact, when the Cu/PVP ratio was 1.62, Cu2O nanoparticles
were obtained. In addition, nanoparticles of CuO were synthesized when the Cu/PVP
ratios were 0.54 and 0.81. On the other hand, a mixture of copper oxides (CuO and Cu2O)
and cuprite (Cu2O) was obtained when PVP (Cu/PVP = 0.81 and 1.62) and SDS (Cu/
SDS = 0.90) were added 30 min after the beginning of the reaction. Transmission electron
microscopy (TEM) images show agglomerated nanoparticles with a size distribution ranging from 2 to 60 nm, while individual
particles have sizes between 4.1 ± 1.9 and 41.6 ± 12.8 nm. The Kirby−Bauer method for the determination of antibacterial activity
shows that small CuO (4.1 ± 1.9 nm) and Cu2O (8.5 ± 5.3 nm) nanoparticles inhibit the growth of Escherichia coli, Staphylococcus
aureus MRSA, S. aureus and Pseudomonas aeruginosa bacteria. The antibacterial test of cotton fabric impregnated with nanoparticles
shows positive results. The determination of the optimal ratio of copper oxide nanoparticles per cm2 of fabric that are able to exhibit
a good antibacterial activity is ongoing.

■ INTRODUCTION

Cuprous and cupric oxide have been investigated for decades
due to their unique semiconductor and optical properties.1

However, the study of antibacterial properties of copper oxide
to develop new pharmaceutical products has gained great
interest in the last few years.2,3 In fact, cotton fibers containing
copper oxide nanoparticles could be used as raw material to
fabricate textiles with medical applications, such as wound
dressing, protective suits, medical clothing for operation
theatre or hospital areas, and others.4

There are several routes to obtain copper oxide nano-
particles with different shapes and sizes.5 Some of the synthesis
methods described in the literature are thermal decomposi-
tion,6,7 calcination,8 pyrolysis,9 sonochemistry,10 electrochem-
istry,11−13 colloid formation,14 microwave irradiation,15 pre-
cipitation,16−18 reduction,4,19−22 reverse micelles,23 sol−gel
method,24 self-assembled methods,25,26 and biosynthesis using
plant extracts.27 In addition to these methods, the oxidation−
reduction technique that involves a reduction of copper ions in
aqueous medium using a reducing agent has been well
developed.17 Furthermore, the precipitation process is
especially more attractive due to its simplicity. On the other

hand, surfactants play an important role in synthesizing
nanoparticles. They control the size and shape of particles
and prevent their agglomeration. Dispersant molecules are
likely to be adsorbed on specific crystal planes and thus
promote an anisotropic growth of the crystal structure.
Moreover, the presence of surfactant reduces the interfacial
energy between nanoparticles and the solution, which
facilitates the nucleation process and allows for its easier
growth.19 Depending on the surfactant used, it is possible to
control the shape of nanoparticles by the selective binding of
ligands to certain crystal facets. When ligands are used in a
colloidal synthesis of nanoparticles, the interaction between
them allows for self-assembly of nanoparticles in an ordered
structure.28 Many authors have reported the use of various
dispersants during the synthesis of copper oxide nanoparticles,
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such as cetyl trimethyl ammonium bromide (CTAB),29,30

ethylene glycol,31 polyacrylamide (PAM),26 poly(ethylene
glycol) (PEG),15 polyoxyethylated lauryl ether surfactant
(Brij 30),20 poly(vinylpyrrolidone) (PVP),1,12,32−35 sodium
dodecyl benzene sulfonate (SDBS),36 sodium dodecyl sulfate
(SDS),28−30 sodium polyacrylate,36 Triton X-100,19,23 among
others.
This study has been conducted with the purpose of

investigating the influence of PVP and SDS on the mean
size, morphology, and antibacterial activity of copper oxide
nanoparticles synthesized by the reduction method.

■ RESULTS AND DISCUSSION
The effect of operational parameters, such as the type of
surfactants, concentration, and addition conditions, on the
synthesis of nanoparticles has been studied. In our experiment,
we choose sodium dodecyl sulfate (SDS) and poly-
(vinylpyrrolidone) (PVP-300 K) as surfactants. Using the
method described in the Experimental Section, it was possible
to synthesize copper oxide nanoparticles. By changing various
parameters of the synthesis, samples with different crystalline
characteristics, mean sizes, particle size distributions, and
morphologies were obtained. First, the effect of SDS and PVP-
300 K in the synthesis of nanoparticles was investigated.
Second, the concentration of PVP-300 K was studied. Then,
the effect of adding the dispersant at two different times of the
synthesis (0 min and 30 min) was evaluated. Finally, we
investigated whether the copper oxide nanoparticles had
antibacterial activity.
Effect of Dispersant. Two and five samples, respectively,

using different concentrations of SDS and PVP-300 K were
synthesized (Table 1).

The formation of CuO and Cu2O particles from the
hydrolysis of Cu2+ ions in aqueous media is known to be a
complex process. Many reactions including cationic species
have been proposed. NaBH4 can reduce Cu2+ to form copper
oxides through various redox reactions.37 The reductant agent
donates electrons to the Cu2+ ions. Although the reaction route
and exact mechanism are not very clear, it is presumed that a
series of redox reactions can develop throughout the synthesis
process.
The literature reports that using sodium borohydride

(NaBH4), the reduction of Cu2+ occurs through the electron
transfer from borohydride anions formed in aqueous solution.
Then, nucleation of the copper atoms takes place. In this sense,
three mechanisms have been proposed38,39

Cu 2BH Cu B H H(ac)
2

4(ac) (s)
0

2 6(g) 2(g)+ → + ++ −
(1)

Cu 2BH 6H O

Cu 2B(OH) 7H

(ac)
2

4(ac) 2 (l)

(s)
0

3(ac) 2(g)

+ +

→ + +

+ −

(2)

4Cu BH 3H O

4Cu H BO 7H

(ac)
2

4(ac) 2 (l)

(s)
0

3 3(ac) (ac)

+ +

→ + +

+ −

+
(3)

The formed copper nanoparticles could be oxidized to Cu2O
and CuO.38,40 This oxidation reaction occurs rapidly when the
copper atoms react with the dissolved oxygen molecules in the
aqueous solution

4Cu O 2Cu O(s)
0

2(g) 2 (s)+ → (4)

2Cu O 2CuO(s)
0

2(g) (s)+ → (5)

However, in the solid state, Cu2O is slightly more stable than
CuO, as indicated by their standard formation enthalpies
−166.7 and −155.2 kJ/mol, respectively. This is why excess
copper nanoparticles could cause the reduction of cupric oxide
to cuprous oxide nanoparticles41

CuO Cu Cu O(s) (s) 2 (s)+ → (6)

In addition, oxidation of Cu2O can be carried out if the
working pH is greater than 12.5 and the ambient temperature
remains constant

2Cu O O 4CuO2 (s) 2(g) (s)+ → (7)

Moreover, Cudennec et al.42 reported that CuO could be
formed through a transformation mechanism involving the
generation of Cu(OH)2 and, subsequently, dehydration to
CuO

Cu 2OH Cu(OH)(ac)
2

(ac) 2(s)+ →+ −
(8)

Cu(OH) CuO H O2(s) (s) 2 (l)→ + (9)

Cu DS 4OH DS Cu(OH)(ac)
2

(ac) (ac) 4(ac)
2+ + → −+ − − −

(10)

DS Cu(OH) DS Cu(OH) 2OH4(ac)
2

2(s) (ac)− → − +− −

(11)

DS Cu(OH)

CuO H O 2OH DS

2(s)

(s) 2 (l) (ac) (ac)

−

→ + + +− −
(12)

In the presence of SDS, Cu(OH)2 is stabilized and CuO is
formed according to [eq 9].28 In fact, SDS being an ionic
surfactant can ionize completely in water, generating a dodecyl
sulfate ion (DS−). This ion is negatively charged and can
attach to Cu2+ cations forming a complex ion DS-[Cu-
(OH)4]

2− according to [eq 10] and it also forms active sites to
generate DS-[Cu(OH)2]. Then, CuO can be produced by
dehydration of Cu(OH)2. Simultaneously, DS− anions are
released [eq 12].29,32

In addition, Shahmiri et al.43 propose a third mechanism for
the formation of CuO nanostructures that includes three stages
when PVP is used

Cu PVP Cu(PVP)(ac)
2

(ac) (ac)
2+ →+ +

(13)

Table 1. Samples Prepared with Dispersant at Different
Times and Concentrationsa

Cu/SDS Cu/PVP

sample 0 min 30 min 0 min 30 min

MBS01 0.90
MDS01 0.90
MBP01B 0.54
MBP01 0.81
MBP01A 1.62
MDP01 0.81
MDP01A 1.62

a[Cu2+]/[NaBH4] = 4:3.
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Cu(PVP) 2OH Cu(OH) /PVP(ac)
2

(ac) 2(s) (ac)+ →+ −
(14)

Cu(OH) /PVP CuO /PVP H O2(s) (ac) (s) (ac) 2 (l)→ + (15)

PVP has the structure of a polyvinyl skeleton with polar groups
(amide group). The amide group appears to be the most polar
because they can donate and accept hydrogen bonds on both
O and N atoms. The amide group donates lone-pair electrons
that form a coordinative interaction with Cu2+ ions, thus
creating a complex compound [eq 13]. PVP acts as a stabilizer
for dissolved metallic salts through steric and electrostatic
stabilization of the amide groups of the pyrrolidone rings.
When the OH− concentration is high enough, intense blue
Cu(OH)2 is formed [eq 14], indicating supersaturation due to
the hydroxylation reaction. Then, a dehydration process is
proposed [eq 15]. Yagi18 and Zhang et al.44 confirmed that it is
possible to obtain Cu2O directly with NaBH4 if there is a
sufficient amount of PVP in the medium.

4Cu BH 5H O

2Cu O B(OH) 2H 7H

(ac)
2

4(ac) 2 (l)

2 (s) 3(ac) 2(g) (ac)

+ +

→ + + +

+ −

+
(16)

Effect of the Dispersant Nature. Copper oxide nano-
particles were obtained using SDS (Cu/SDS = 0.90) and PVP
(Cu/PVP = 0.81). Energy-dispersive X-ray spectroscopy
(EDS) allowed for the elemental analysis of the nanoparticles.

Figure 1a,b shows the EDS spectrum of samples MBS01 (Cu/
SDS = 0.90) and MBP01 (Cu/PVP = 0.81). The EDS spectra
show the K and L emission peaks for copper and oxygen. No
other peak belonging to any other element was detected,
indicating that the as-synthesized nanoparticles did not contain
impurities.
The XRD spectra of the as-prepared samples MBS01 and

MBP01 show typical X-ray diffraction patterns (Figure 1c).
The diffraction peaks are well indexed to those corresponding
to CuO with the tenorite monoclinic structure (JCPDS card
no. 00-41-254) with lattice parameters a = 4.68 Å, b = 3.42 Å, c
= 5.12 Å, and β = 99.42°. Similar results were previously
reported by Ganga et al.,28 Rao et al.,29 Reddy et al.,30 and
Siddiqui et al.32 when SDS was used as a dispersant and also by
Mayekar et al.33 and Shahmiri et al.43 when PVP was used as a
dispersant. Further, the elemental analysis of samples MBS01
(Cu = 39.72%, O = 60.28%) and MBP01 (Cu = 43.23%, O =
56.77%) shows that the calculated atomic Cu/O ratio is 0.7
and 0.8, respectively, which is close to 1.0 (the theoretical
value for CuO). In this sense, the results of EDS analysis
confirm the formation of CuO determined by XRD. In this
case, both SDS and PVP not only contribute to dispersion of
nanoparticles but also favor the formation of CuO by
immediately oxidizing all of the copper formed [eqs 1−3] to
tenorite according to eq 5. In addition, if any cuprite is formed
(Cu2O), it is immediately oxidized to tenorite [eq 7]. Also,

Figure 1. EDS spectrum of (a) samples MBS01 and (b) MBP01 and (c) X-ray diffraction (XRD) spectra of copper oxide nanoparticles obtained at
different ratios of Cu/SDS = 0.90 (MBS01) and Cu/PVP = 0.81 (MBP01).
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SDS and PVP molecules stabilize Cu(OH)2 for its conversion
to CuO according to eqs 9 and 15, respectively.42,43

Through transmission electron microscopy (TEM), it was
possible to analyze the morphology and size distribution of
copper oxide nanoparticles. Figure 2a (sample MBS01) and
Figure 2b (sample MBP01) show the presence of well-
dispersed CuO nanoparticles. The TEM micrograph of sample
MBS01 (Cu/SDS = 0.90) shows spherical nanoparticles when
SDS is used (Figure 2c,d).
SDS can be dissolved in water, generating a negative ion

(DS−) that can attach to Cu2+ cations forming a complex
favoring the formation of spherical CuO nanoparticles.28 SDS
is also known to be highly effective in influencing the
morphology of nanoparticles through the interactions between
the SDS molecule and the precursor nuclei of nanoparticles.
However, excess SDS and, therefore, excess DS− can be
adsorbed on the surface of CuO nanocrystals during the
transformation of Cu(OH)2, inducing the formation of
anisotropic branched structures. Likewise, the morphology
and the size of CuO nanoparticles can be monitored if the
concentration of SDS does not exceed a certain limit. In fact,
diverse shapes of CuO nanostructures were obtained when
different Cu/SDS ratios were used. Formation of CuO
nanorods28 (Cu/SDS = 0.1), CuO facets broken flower
nanoparticles29 (Cu/SDS = 0.2), CuO rod- and flake-shaped
nanoparticles30 (Cu/SDS = 0.6), and cubelike nanoparticles32

(Cu/SDS = 3.7) have previously been reported.
Distribution of the nanoparticle size of sample MBS01 (Cu/

SDS = 0.9) is shown in the upper left-hand corner of Figure 2a.
It shows a bimodal distribution of the particle size ranging
from 1.1 to 36.2 nm with a mean diameter of 8.2 ± 6.9 nm.
The estimated mean diameter was determined using ImageJ

software. The TEM micrograph of sample MBP01 (Cu/PVP =
0.81) is presented in Figure 2b. Figure 2e,f shows semi-
spherical nanoparticles. In fact, PVP is used as a control agent
that promotes preferential growth on certain specific crystal
faces while obstructing others. When PVP was added into the
solution, the active molecules of surfactant were adsorbed on
specific crystal planes of nanocrystals because the adsorption
energy of surfactant on different crystal planes is significantly
different.1 With a suitable concentration of PVP, the surfaces of
CuO nanoparticles are almost covered by PVP. Then, equiaxial
growth occurred, and spherical nanoparticles were obtained.
However, with a similar Cu/PVP ratio, Mayekar et al.33 (Cu/
PVP = 0.75) and Shahmiri et al.43 (Cu/PVP = 0.82)
synthesized CuO nanoparticles with sheet-shaped structures
were obtained. The distribution of the size of sample MBP01
shows a size distribution ranging from 0.7 to 9.5 nm with a
mean diameter of 4.5 ± 1.2 nm, as illustrated in the histogram
in the upper left-hand side of Figure 2b. We can observe that
with similar Cu/SDS and Cu/PVP ratios, different sizes of
particles were obtained. The effect of the Cu/dispersant ratio
in the synthesis of nanoparticles can favor or interfere with the
mechanisms involved in the formation of nanoparticles.
According to LaMer et al.,45 the nanoparticle formation
mechanism has two stages: nucleation and growth.46 The
polymeric dispersant (PVP) shows a tendency to favor the
nucleation step before the growth of the nuclei. In the presence
of PVP, the average size of the nanoparticles may decrease
because the nucleation process of CuO takes place until the
critical radius is reached.
Finally, the crystallite size is calculated using the Scherrer

formula from the width of the (111) plane of XRD spectra and
is found to be 13.4 and 17.0 nm for samples MBS01 and

Figure 2. TEM micrographs of CuO nanoparticles prepared at different ratios of (a) Cu/SDS = 0.9 and (b) Cu/PVP = 0.81 and details of
nanoparticles prepared with (c, d) SDS and (e, f) PVP.
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MBP01, respectively (Table 2). When SDS was used, similar
crystallite mean diameters of 13.5 and 15.0 nm were,
respectively, reported by Ganga et al.28 and Rao et al.29 In
contrast, a bigger crystallite size of 52.1 nm was reported by
Mayekar et al.33 when PVP was employed.
Effect of the Metal/PVP Ratio. Besides the concentration of

the metal precursor, the variation of the metal/PVP ratio could
have a significant effect on the size and the morphology of the
metal nanoparticles prepared by chemical reduction. To
investigate the effect of PVP on nanoparticle synthesis, the
concentration of PVP (300 000 g/mol) was varied from 3 to
10 g/L.

Figure 3a,b shows the EDS spectrum of samples MBP01A
(Cu/PVP = 1.62) and MBP01B (Cu/PVP = 0.54),
respectively. The K and L emission peaks for copper and
oxygen are clearly observed. No other peak was detected,
which implies that there were no impurities. This indicates that
high-purity copper oxide nanoparticles were obtained.
Figure 3c shows the typical powder X-ray diffraction (XRD)

patterns of the as-prepared samples MBP01A, MBP01, and
MBP01B with addition of different concentrations of PVP
(Table 1). The XRD spectrum of MBP01A exhibits interplanar
distances calculated for (111), (200), (211), (220), (311),
(222), and (400) that match well with the standard data.
These results confirm, according to JCPDS card no. 005-0667

Table 2. Average Diameter and the Size of Crystallite Obtained for Each Samplea

sample Cu/SDS Cu/PVP crystalline feature mean diameter (nm) crystallite size (nm)

MBS01 0.90b CuO 8.2 ± 6.92 13.4
MDS01 0.90 (30′) Cu2O 8.5 ± 5.28 37.1
MBP01B 0.54b CuO 11.6 ± 1.46 12.1
MBP01 0.81b CuO 4.1 ± 1.93 14.9
MBP01A 1.62b Cu2O 41.6 ± 12.80 30.3
MDP01 0.81 (30′) CuO/Cu2O 6.0 ± 3.8 11.9
MDP01A 1.62 (30′) CuO/Cu2O 13.1 ± 5.5 12.6

a[Cu2+]/[NaBH4] = 4:3. bAdded when the reaction takes place.

Figure 3. EDS spectrum of samples (a) MBP01A and (b) MBP01B and (c) XRD spectra of copper oxide nanoparticles prepared at different Cu/
PVP ratios (1.62; 0.81; 0.54).
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(space group Pn3m, a = 4.23 Å), that cubic-phase cuprous
oxide (Cu2O) with a cuprite structure was obtained. This
result is in agreement with those previously reported by
Borgohain et al.,12 Bai et al.,1 Zhang et al.,47 and Zhang et al.34

when PVP was used as a surfactant. Furthermore, according to
the EDS analysis of MBP01A (Cu = 61.3%, O = 38.7%), the
calculated atomic Cu/O ratio is 1.6, which is close to the
theoretical value of 2.0 for Cu2O. Then, the results of EDS
analysis confirm that Cu2O nanoparticles were obtained, which
is in agreement with the XRD results. Formation of Cu2O can
occur through several mechanisms: copper nanoparticles can
be oxidized to Cu2O [eqs 1−4], excess copper nanoparticles
can oxidize cupric oxide nanoparticles to obtain cuprite [eq 6],
and if the concentration of NaBH4 is adequate, it is possible to
reduce any possible tenorite to cuprite [eq 16].
Samples MBP01B and MBP01 show diffraction peaks that

can be indexed to the phase of cupric oxide (CuO), which is in
agreement with the results reported previously by Mayekar et
al.33 and Shahmiri et al.43 In this case, both samples show
typical powder diffraction patterns corresponding to a cuprite
structure (JCPDS card no. 005-0667 space group Pn3m, a =
4.23 Å). Scherrer’s formula allowed us to estimate the mean
crystallite diameters, which were 30.3, 14.9, and 12.1 nm for
samples MBP01A, MBP01, and MBP01B, respectively. Similar
crystallite mean diameters of 45 nm for Cu2O and 52.1 nm for
CuO nanoparticles were previously reported by Borgohain et
al.12 and Mayekar et al.,33 respectively.
As a result, two types of copper oxides were obtained using

different Cu/PVP ratios. Cu2O nanoparticles were obtained
with a Cu/PVP ratio of 1.62 while nanoparticles of CuO were
obtained with lower ratios (0.54 and 0.81). PVP has the
structure of a polyvinyl skeleton with polar groups of oxygen
and nitrogen that have pairs of free electrons to donate and
form an interaction coordinated with copper ions, creating a
PVP−Cu2+ compound [eq 13]. If the concentration of PVP is
low, it is possible that the complex of PVP−Cu2+ could be
reduced to PVP−Cu1+ first48 and then copper oxide Cu+

(Cu2O) can be formed. Another possibility is that PVP
concentration was high enough to directly produce Cu2O by
reduction of Cu2+ with NaBH4 according to [eq 16].18,44

However, if the concentration of PVP increases, the CuO

nanoparticles could be formed by the dehydration process
according to [eq 15].
Figure 4 shows the particle size distribution of copper oxide

nanoparticles when PVP was used at different concentrations.
The three samples show the presence of well-dispersed copper
oxide nanoparticles. The distribution of size and mean
diameter for each sample is shown in the upper left-hand
side of Figure 4. Figure 4a shows a distribution of the particle
size ranging from 23.8 to 73.9 nm with a mean diameter of
41.6 ± 12.8 nm for Cu/PVP = 1.62 (sample MBP01A). Cu2O
nanoparticles with bigger mean diameters were previously
reported by Bai et al.,1 Zhang et al.,34 and Zhang et al.44 when
a small Cu/PVP ratio was used (0.01−0.05). Figure 4b,c shows
the distribution of the CuO nanoparticle size ranging from 8.6
to 14.6 nm with a mean diameter of 11.6 ± 1.5 nm (Cu/PVP =
0.54) and from 0.5 to 13.2 nm with a mean diameter of 4.1 ±
1.9 nm (Cu/PVP = 0.81). Details are presented in Table 2. In
contrast with this result, a bigger distribution of CuO
nanoparticles from 100 to 200 nm was reported by Mayekar
et al.33 when a similar Cu/PVP ratio (Cu/PVP = 0.82) was
used.
TEM images show that semispherical CuO nanoparticles

were obtained when Cu/PVP ratios of 0.54 and 0.81 were
used. In contrast, Mayekar et al.33 and Shahmiri et al.43 have
described the formation of CuO nanosheets when a similar
ratio of Cu/PVP (0.64−0.75) and Cu/PVP (0.82) was used.
In fact, morphology, size, orientation, and dispersion of

nanoparticles could be controlled by in situ polymer-assisted
particle growth. The polymeric dispersant (PVP) presents the
tendency to favor the nucleation step before the growth of the
nuclei. In our case, the optimal molar ratio of Cu/PVP seems
to be 0.81. When the Cu/PVP ratio is greater than 0.81, the
average size of the copper oxide nanoparticles increases
drastically, whereas when the Cu/PVP ratio is less than 0.81,
the particle size increases slightly. PVP as an effective stabilizer
and protecting agent can limit particle growth and prevent the
particles from aggregating. But PVP can also induce the
reduction of Cu2+ and speed up the kinetics of formation of
particles [eqs 13−16], which cannot disperse as quickly as they
are formed. If the concentration of PVP is high, it restrains the
diffusion of the copper oxide nanoparticles. Therefore,
dispersion of the nanoparticles became more difficult and

Figure 4. TEM micrographs of copper oxide nanoparticles prepared at different Cu/PVP ratios: (a) 1.62, (b) 0.81, and (c) 0.54. (d−i) Details of
nanoparticles prepared with PVP at different concentrations.
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aggregation occurred again, leading to an increase in the

nanoparticle size. For this reason, the nanoparticles obtained

with a Cu/PVP ratio of 0.54 are slightly larger than those

obtained with 0.81. Details of the nanoparticles prepared with

different concentrations of PVP are presented in Figure 4d−i.

In Figure 4d−i, a panoramic view of well-dispersed
nanoparticles of copper oxides is presented. Figure 4d,e
shows semispherical Cu2O nanoparticles when Cu/PVP = 1.62
was used (sample MBP01A). Figure 4f−i indicates that
spherical nanoparticles of CuO were obtained with Cu/PVP
= 0.81 (sample MBP01) and Cu/PVP = 0.54 (sample

Figure 5. EDS spectrum of (a) sample MDS01 and XRD spectra of copper oxide nanoparticles prepared at different times of dispersant addition:
(b) Cu/SDS = 0.9 (0 min) and 0.9 (30 min), (c) Cu/PVP = 0.81 (0 min) and 0.81 (30 min), and (d) Cu/PVP = 1.62 (0 min) and 1.62 (30 min).
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MBP01B). It is known that PVP molecules, as surfactants, play
an important role in inducing the formation of nuclei and
directing the growth of metal oxide crystals through selective
and kinetic adsorption on the surface of particles.16 Wu et al.
reported that nonspherical nanoparticles can be obtained when
PVP is used.49 It is possible that PVP can be adsorbed on
specific faces of Cu2O, altering their growth rates, thus
allowing for the generation of nonspherical shapes.
Effect of Dispersant Addition. To study the effect of

dispersant addition once the synthesis had started, two samples
were prepared by adding SDS and PVP 30 min after starting
the reaction. Figures 1a and 5a show the EDS spectrum of
samples MBS01 and MDS01 prepared with addition of SDS at
0 and 30 min of starting the reaction, respectively. Only the K
and L emission peaks for copper and oxygen were observed.
From the elemental analysis of MDS01 (Cu = 61.69%, O =
38.31%), the atomic Cu/O ratio can be calculated to be 1.6,
which is close to the theoretical value of 2.0 for Cu2O.
Figure 5b shows the typical powder X-ray diffraction (XRD)

patterns of the as-prepared MBS01 (Cu/SDS = 0.90; 0 min)
and MDS01 (Cu/SDS = 0.90; 30 min). The diffraction peaks
of MBS01 show the formation of cupric oxide (CuO) with the
monoclinic structure of tenorite (JCPDS card no. 00-41-254)
and a = 4.68 Å, b = 3.42 Å, c = 5.12 Å, and β = 99.42° as lattice
parameters. The XRD spectrum of sample MDS01 confirms
that a cubic phase of cuprous oxide (Cu2O) presenting a
cuprite structure (JCPDS card no. 005-0667, space group
Pn3m, a = 4.23 Å) was formed.
Figure 5c,d shows the XRD patterns of samples MBP01

(Cu/PVP = 0.81; 0 min), MBP01A (Cu/PVP = 1.62; 0 min),
MDP01 (Cu/PVP = 0.81; 30 min), and MDP01A (Cu/PVP =
1.62; 30 min). All peaks in Figure 5c can be well indexed to the
monoclinic structure of cupric oxide (CuO) (JCPDS card no.
00-41-254). However, small diffraction peaks arising from
Cu2O appear in the XRD patterns. Sample MDP01A (Figure
5d) exhibits peaks that confirm the formation of cuprous oxide
(Cu2O) with a cuprite structure (JCPDS card no. 005-0667,
space group Pn3m, a = 4.23 Å). However, small diffraction
peaks of CuO arise in the XRD patterns. Then, XRD spectra
show that nanoparticles prepared with PVP added 30 min after
starting the reaction are a mixture of CuO and Cu2O. This

result is in agreement with results reported previously by Liu et
al.35 In addition, the calculated atomic Cu/O ratios of MDP01
(Cu = 60.15%, O = 39.85%) and MDP01A (Cu = 61.48%, O =
38.52%) from EDS analysis were 1.51 and 1.59, which are
close to theoretical values of 1.50 (CuO·3Cu2O) and 1.60
(2CuO·3Cu2O), respectively. These results confirmed that the
nanopowder produced was a mixture of CuO and Cu2O, which
is in agreement with the XRD results.
The results show that when SDS is used, cuprite

nanoparticles are produced, whereas when PVP is used, a
mixture of copper oxide nanoparticles is obtained. During the
first 30 min, there is no dispersant in the medium. Then, the
reduction reaction of Cu2+ ions by BH4

− is carried out,
producing Cu2O. Several possible mechanisms can be
proposed. Cu nanoparticles produced [eqs 2 and 3] are
subsequently oxidized to Cu2O [according to eq 4] and CuO
[according to eq 5]. In addition, some of the CuO produced
can be reduced to Cu2O by Cu nanoparticles [eq 6]. After 30
min, the added SDS is adsorbed on the surfaces of the formed
nanoparticles, dispersing them without affecting the reaction
mechanism. In the case of PVP addition, the remaining Cu2+
ions form CuO [eqs 13 and 15]. For this reason, a mixture of
copper oxides is obtained.
Figure 6a shows well-dispersed Cu2O nanoparticles in

sample MDS01 (Cu/SDS = 0.90; 30 min). It could be
presumed that stabilization of the copper oxide nanocrystals
was carried out through coordinative interactions between the
oxygen atoms present in SDS and on the surface of
nanoparticles.50 Figure 6a shows a bimodal distribution of
the particle size ranging from 2 to 19 nm and from 22 to 39
nm. The mean diameter calculated by ImageJ was 8.5 ± 5.3
nm. In this case, semispherical nanoparticles were obtained.
No significant difference in mean diameter and shape was
observed when SDS was added 30 min after the reaction
started.
Sample MDP01 (Cu/PVP = 0.81; 30 min) shows a bimodal

particle size distribution ranging from 1.5 to 9.8 nm and from
10.0 to 22.8 nm with a mean diameter of 6.0 ± 3.8 nm (Figure
6b), while MDP01A presents particle sizes from 1.5 to 27 nm
with a mean diameter of 13.1 ± 5.5 nm (Figure 6c). A similar
mean diameter of sample MDP01A was reported by Liu et al.35

Figure 6. TEM micrographs of copper oxide nanoparticles prepared at different ratios of (a) Cu/SDS = 0.9 (30 min), (b) Cu/PVP = 1.62 (30
min), and (c) Cu/PVP = 0.81 (30 min) and details of nanoparticles prepared with (d, e) SDS and (f, i) PVP at different concentrations.
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for spherical copper oxide nanoparticles (Cu2O and CuO).
Figure 6d−i reveals the morphologies of copper oxide
nanoparticles synthesized with different amounts of surfactant.
By adding surfactant 30 min after the beginning of the
reaction, irregular nanoparticles are observed, while spherical
nanoparticles are obtained using the surfactant at the
beginning of the reaction. When the Cu/PVP ratio increases
from 0.81 to 1.62, the average particle size changes from 6.0 ±
3.8 to 13.1 ± 5.5 nm. The presence of PVP seems beneficial to
the growth of cubes and hexagonal nanoparticles (Figure 6f−
g). If the concentration of PVP increases (sample MDP01A),
then all cuprous oxide surfaces are almost covered by PVP.
Then, an equiaxial growth occurs, and hexagonal or semi-
spherical cuprous oxide nanoparticles were obtained. If the
concentration of PVP is halved (sample MDP01), only a part
of the cuprous oxide surface is covered by PVP, resulting in an
anisotropic growth of nanocrystals.
Table 2 summarizes the mean diameter and the crystallite

size of the different samples. For the Cu/PVP = 0.81 ratio, a
slight difference in nanoparticles size is observed when PVP is

added at the beginning and at 30 min of the reaction.
However, the difference in nanoparticle size is more evident
when a smaller amount of PVP (Cu/PVP = 1.62) is added at 0
or 30 min from the start of the reaction. In fact, when PVP is
added at the beginning of the reaction, particles of up to four
times the size of those produced when the dispersant is added
at 30 min are obtained.
Using Scherrer’s formula, the crystallite diameters were

determined. The values are 37.1, 11.9, and 12.6 nm for samples
MDS01 (Cu/SDS = 0.90; 30 min), MDP01 (Cu/PVP = 0.81;
30 min), and MDP01A (Cu/SDS = 1.62; 30 min),
respectively. A smaller crystallite mean diameter of 8 nm for
a mixture of Cu2O and CuO nanoparticles was previously
reported by Liu et al.35

Coating Cotton Fabric. By applying ultrasonic waves, it
was possible to incorporate the nanoparticles from samples
MDS01 and MDP01 into cotton fabrics of approximately 11.8
cm2 area (Figure 7a). El-Nahhal et al.51 reported that CuO
nanoparticles can be stabilized in cotton fibers thanks to the
interaction of some surfactants such as SDS. In fact, the

Figure 7. (a) Cotton fabric before and after nanoparticle deposition and scanning electron microscopy (SEM) images of (b) the original cotton
fiber, (c) MDS01-CF, (d) MDS01-CF after washing, (e) MDP01-CF, and (f) MDP01-CF after washing.
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surfactant provides better adhesion of the nanoparticles to the
surface of the cotton. Indeed, the use of surfactants has
improved the durability of nanoparticles and decreased their
leaching. This behavior has been observed by El-Nahhal et
al.51,52 for SDS with ZnO and CuO nanoparticles.
The morphology of the fiber surface area before and after

deposition of copper oxide nanoparticles was studied using
SEM. Figure 7b shows the original cotton fiber before being
impregnated with nanoparticles; we can observe grooves and
fibrils on the surface of the fabric. SEM images of copper oxide
nanoparticles covering cotton fibers are presented in Figure 7c
(MDS01-CF) and Figure 7e (MDP01-CF). It is evident that it
is possible to incorporate the copper oxide nanoparticles into
cotton fibers when ultrasound waves are used. However, some
agglomerated nanoparticles were observed. To determine if the
particles would be fixed in the fabric or not, the cotton fabric
was washed five times in a mini-washing machine with
ultrapure water (Millipore Inc.). The copper oxide nano-
particles released into solutions were evaluated by atomic
absorption spectroscopy (AAS). The tissues impregnated with
ultrasound waves retain 95% (MDS01-CF) and 96% (MDP01-
CF) of the copper oxide nanoparticles after having been
washed five times (see Figure 7d,f). Based on this result, we
can indicate that nanoparticles are strongly and physically
adsorbed on the cotton surface, since these particles are not
easily removed after several washes. El-Nahhal et al.51

evaluated the stability of CuO nanoparticles incorporated
into cotton fabric in the presence of SDS when 10 washing
cycles was used. In our case, the 5% loss of CuO is not very
significant compared to the 25% loss reported by El-Nahhal et
al.51

Depending on their antibacterial activity, these materials can
be used to design medical textiles, protective clothes and

covers, and many others with the purpose of reducing the
possibility of nosocomial infections.53 Preliminary Kirby−
Bauer tests show that there is some antibacterial activity (Table
3). However, further study in this field is needed.

Antibacterial Activity. The antimicrobial susceptibility of
copper oxide nanoparticles against four strains was examined.
To determine if a strain was susceptible, moderately or highly
resistant to the synthesized nanoparticles, the Kirby−Bauer
diffusion method as an antimicrobial susceptibility test was
performed. For the antibacterial test, two types of strain, Gram-
positives and Gram-negatives, were used as bacilli. Staph-
ylococcus aureus strain (CCM 3953) and S. aureus MRSA strain
(ATCC 9027) as Gram-positives and Escherichia coli strain
(ATCC 10536) and Pseudomonas aeruginosa strain (ATCC
10145) as Gram-negative strains were used. Six samples of
nanoparticles exhibiting different morphologies, average size,
and chemical composition were tested. Samples MBP01 and
MBP01B are tenorite and samples MDS01 and MBP01A are
cuprite, while samples MDP01 and MDP01A are a mixture of
copper oxides (mainly tenorite with cuprite).
In this test, disposable Petri dishes, inoculated with Gram-

positive and Gram-negative bacteria at a concentration of 105

to 106 CFU/mL, were used. The disposable plate containing a
specific bacterium was inoculated with the copper oxide
nanoparticle sols. After 24 h of incubation at 35 °C, the
inhibition zones were measured. Table 3 shows the diameters
of the inhibition zones (in millimeters). The antibiotics,
vancomycin and gentamicin, for Gram-positive and Gram-
negative bacteria were, respectively, used as controls.
In the case of tenorite (CuO), only sample MBP01 with the

smallest average size (4.1 ± 1.9 nm) shows antibacterial
activity against all strains. Shahmiri et al.43 and Naika et al.54

reported a similar inhibition of the diameter zone against E. coli

Table 3. Antibacterial Activity (mm) of Copper Oxide Nanoparticle Sols against Gram-Positive and Gram-Negative Strains

sample MBP01 MBP01B MDS01 MBP01A MDP01 MDP01A

raw cotton
fabric

MDS01-
CF

MDP01-
CF

crystalline feature CuO CuO Cu2O Cu2O
CuO and
Cu2O

CuO and
Cu2O

mean diameter (nm) 4.1 ± 1.9 11.6 ± 1.5 8.5 ± 5.3 41.6 ± 12.8 6.0 ± 3.8 13.1 ± 5.5

E. coli ATCC 10536 14 18 15 12 negative positive positive
P. aeruginosa ATCC 10145 17 16 34 18 negative positive positive
S. aurus CCM 3953 19 28 15 20 17 negative positive positive
S. aurus MRSA ATCC 9027 22 29 23 15 negative positive positive

Figure 8. Results of the diffusion test of copper oxide nanoparticles against Gram-positive and Gram-negative strains.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c00818
ACS Omega 2021, 6, 18576−18590

18585

https://pubs.acs.org/doi/10.1021/acsomega.1c00818?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00818?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00818?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00818?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c00818?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and S. Aurus when CuO nanoparticles were used. In addition, a
greater antibacterial susceptibility against the S. aureus MRSA
strain was evidenced. Sample MBP01B (13.1 ± 5.5 nm) did
not show positive results for any strains. For cuprite (Cu2O),
only sample MDS01 containing small nanoparticles (8.5 ± 5.3
nm) shows some antibacterial activity for all strains. In this
case, the highest zones of inhibition were observed for the S.
aurus and S. aurus MRSA strains. For the sample (MBP01A)
with a larger nanoparticle mean size (41.6 ± 12.8 nm),
antibacterial activity was observed only for the S. aurus strain.
Instead, the two samples of the copper oxide mixture (CuO−
Cu2O) show bactericidal activity against the four strains.
However, it is observed that the sample with smaller
nanoparticles (6.0 ± 3.8 nm) shows a greater zone of
inhibition (sample MDP01). Furthermore, the zone of
inhibition for the P. aureginosa strain was remarkable.
Comparing the Gram-negative bacteria, we can observe that

for the E. coli strain, the diameters of the inhibition zone are
similar when samples of CuO and CuO−Cu2O nanoparticles
with close mean diameters were used (Figure 8). Azam et al.55

reported analogous results using CuO nanoparticles with a
mean size of 5 nm. For the P. aeruginosa strain, the best
response to the antibacterial test was provided by the sample
composed of both copper oxides (CuO and Cu2O). If we
compare samples with nanoparticles having similar diameters,
MBP01B (CuO; 11.6 ± 1.5 nm) and MDP01A (CuO−Cu2O;
13.1 ± 5.5 nm), we can notice that only the sample with
cuprite exhibits antibacterial activity. In this case, inhibition of
bacteria is enhanced due to the presence of cuprite. This effect
is observed even for the larger nanoparticles. In addition, the
inhibition diameters for the other samples remain almost
constant. Finally, we can observe that samples MBP01,
MDP01, and MDP01A show higher zones of inhibition against
the P. aeruginosa strain than against the E. coli strain. Similar
results were reported by Das et al.6 when the bactericidal
activity of CuO nanoparticles against these two strains was
compared.
In the case of S. aureus, it is observed that the smallest

diameter of the inhibition zone is reported for sample
MBP01A, which present larger Cu2O nanoparticles (41.6 ±
12.8 nm). The largest inhibition zone is reported for sample
MDS01 (8.5 ± 5.3 nm), which suggests that small Cu2O
nanoparticles have a positive effect on bacterial inhibition.56

Finally, we observe that for each sample, when the mean
diameter of the nanoparticle decreases, the diameter of the
inhibition zone increases (Table 3).
The interaction between Gram-positive bacteria and CuO

and Cu2O nanoparticles with a smaller mean size diameter
seems to be stronger than the interaction with Gram-negative
bacteria; this is due to the difference in cell walls between the
Gram-positive and Gram-negative bacteria. Bacteria E. coli and
P. auriginosa have a cell wall that is made up mainly of lipids,
proteins, and lipopolysaccharides (LPSs), providing an
effective shield against biocides. In contrast, Gram-positive
bacteria, such as S. aureus and S. aurus MRSA, do not have
LPSs in their cell wall.57 Similar bactericidal results were
previously reported when silver nanoparticles were used.58

Therefore, the bacterial susceptibility obtained with copper
oxide nanoparticles showed encouraging results. However, the
MIC of each sample must still be determined.
Preliminary results suggest that copper oxide nanoparticles

can be used as antimicrobial agents for the treatment of
infections caused by the bacteria studied.59 Currently, the exact

bactericidal mechanism of copper oxide colloid nanoparticles
on bacteria has not been identified. Certainly, there are many
mechanisms that can result from the direct interaction between
copper oxide nanoparticles and the outer membrane surface of
bacteria. In this sense, some mechanisms have been proposed
to interpret the antibacterial behavior of metal oxides.6

Pena et al.60 and Kim et al.61 have proposed different forms
of action for copper oxide nanoparticles. One possibility is that
the released copper ions, in an oxidation process, can
intercalate with the nucleic acid strands when they interact
with DNA molecules. In this way, copper ions cause a disorder
of the helical structure of DNA molecules by joining them and
cross-linking within and between the nucleic acid strands. Also,
copper ions disrupt biochemical processes within bacterial
cells.60 Another possibility is the action of radical species that
are very active. Reactive hydroxyl radicals, which are generated
by copper oxides, can oxidize proteins. In this manner, by
cleaving DNA and RNA molecules, lipids are oxidized,
damaging their membrane.54 Free oxygen radicals are powerful
oxidizing agents. They can break down the cell wall of bacteria
through a series of oxidation−reduction reactions.61 Oxygen
free radicals are generated from excited electrons on the
surface of Cu2O nanoparticles. Presently, the exact mechanism
of action of CuO and Cu2O is not known yet. The bactericidal
property of nanoparticles can be associated with the
mechanism of copper ions or free radical-generation species
or both. Similar results of antibacterial behavior were
previously reported.11,55,56,62

The antibacterial properties of raw cotton fabric and cotton/
nanoparticles were examined against both Gram-negative and
Gram-positive bacteria using the disc diffusion method (zone
of inhibition test). A small inhibition halo was observed, which
shows positive results. However, it is necessary to carry out
more studies to determine the optimal nanoparticle dosage per
cm2 of cotton fabric. The raw cotton fabric did no show a zone
of inhibition.

■ CONCLUSIONS
Nanoparticles of cupric and cuprous oxides with average
diameters from 4.1 ± 1.9 to 41.6 ± 12.8 nm have been
obtained using copper sulfate as a source of copper ions and
sodium borohydride as a reducing agent. The EDS analysis
confirmed the formation of copper oxide nanoparticles, since
only elemental signals of copper and oxygen were observed.
We can conclude that the crystalline characteristics, particle

size distribution, and the morphology of the nanoparticles
change with the variation of the experimental conditions and
the nature of the dispersant material used. XRD spectra
confirm that tenorite nanoparticles (CuO) were obtained
when SDS (Cu/SDS = 0.90; 0 min) and PVP (Cu/PVP =
0.54; 0 min and Cu/PVP = 0.81; 0 min) were used. Cuprite
nanoparticles (Cu2O) were obtained when PVP (Cu/PVP =
1.62; 0 min) and SDS (Cu/SDS = 0.90; 30 min) were used.
On the other hand, a mixture of copper oxides (CuO and
Cu2O) was obtained by adding PVP at two different conditions
(Cu/PVP = 0.81; 30 min and Cu/PVP = 1.62; 30 min).
TEM images show that spherical nanoparticles are obtained

using SDS. In fact, it can be concluded that the morphology of
nanoparticles is not affected by the use of SDS at 0 min or 30
min after the start of the reaction. However, the nanoparticle
shape is affected by the use of PVP at different times of the
reaction. Semispherical nanoparticles were obtained with two
different Cu/PVP ratios (Cu/PVP = 0.54; 0 min and Cu/PVP
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= 0.81; 0 min). Semispherical and hexagonal nanoparticles
were obtained when PVP was added at two different times of
the reaction (Cu/PVP = 1.62; 0 min and Cu/PVP = 1.62; 30
min). The influence on morphology is more evident when PVP
(Cu/PVP = 0.81; 30 min) is used, since rectangular,
hexagonal, and spherical nanoparticles were obtained (sample
MDP01).
The influence of the dispersant on the nanoparticle size is

evident when PVP is compared to SDS. The size of CuO
nanoparticles decreases when the Cu/PVP ratio increases from
0.54 until 0.81. For CuO−Cu2O nanoparticles, the mean size
increased when the Cu/PVP ratio increased from 0.81 until
1.62. In this case, the amount of PVP was too low to prevent
nanoparticle growth.22

The results of the Kirby−Bauer method demonstrated that
the growth and multiplication of the E. coli, P. aeruginosa, S.
aureus, and S. aureus MRSA bacteria could be inhibited by the
copper oxide nanoparticles. The results show that small CuO
nanoparticles have a bactericidal effect, including samples
containing a small quantity of Cu2O. Bigger nanoparticles of
tenorite (CuO) do not show bacteriological activity in any
case. For cuprite (Cu2O), small nanoparticles show anti-
bacterial activity against the four bacteria, while larger
nanoparticles show only slight antibacterial activity against S.
aurus. Based on the results obtained, we can conclude that the
optimal Cu/dispersant ratios are 0.90 (Cu/SDS) and 0.81
(Cu/PVP). The nanoparticles obtained under these conditions
show a higher antibacterial activity against the tested strains.
XRD revealed that CuO−Cu2O and CuO nanoparticles

coated onto cotton fibers are in the crystalline form of the
monoclinic phase. The use of ultrasonic waves allows us to
retain up to 96% of the nanoparticles adhering to the fabric
after washing them up to five times. The minimum inhibitory
concentration (MIC) using the standard microdilution method
is an ongoing test. The antibacterial test performed on the
cotton fabric impregnated with nanoparticles shows positive
results. However, more experiments are necessary to determine
the optimal ratio of copper oxide nanoparticles per cm2 of
fabric.

■ EXPERIMENTAL SECTION
Chemicals. Copper sulfate, CuSO4 (≥98%); sodium

borohydride, NaBH4 (98%); ethylenediaminetetraacetic acid,
EDTA, C10H16N2O8 (≥98%); potassium hydroxide, KOH
(90%); sodium dodecyl sulfate, SDS (≥99%); and poly-
(vinylpyrrolidone), PVP-300 K (99%) were purchased from
Sigma-Aldrich Peru (Lima, Peru). All chemicals were of
analytical purity and used as received without further
purification. Milli-Q water (18 MΩ cm) was used in all
experimental syntheses. The purification system (Millipore,
Darmstadt, Germany) is located in our laboratory.
Bacterial Strains. The bacteria tested were P. aeruginosa

strain (ATCC 10145) and E. coli strain (ATCC 10536) as
Gram-negative strains and S. aureus strain (CCM 3953) and S.
aureus MRSA strain (ATCC 9027) as Gram-positive strains.
The bacteriological test was carried out at the Universidad
Peruana Cayetano Heredia, Peru.
Copper Oxide Nanoparticle Synthesis. The modified

chemical reduction method proposed by Badawy et al.63 was
used for the synthesis of copper oxide nanoparticles. Aqueous
solutions of copper sulfate (40 mM), sodium borohydride (30
mM), potassium hydroxide (2,0 mM), ethylenediaminetetra-
acetic acid (EDTA, 1.0 mM), poly(vinylpyrrolidone) (PVP,

0.25−0.75% v/v), and SDS (20 mM) were used. The synthesis
was carried out at room temperature. Copper sulfate solution
was added to a 250 mL flask. Certain volumes of potassium
hydroxide and EDTA were added. Then, using a glass burette,
sodium borohydride was gradually dropped into the copper
solution (at a rate of 3 mL/min). To ensure homogenization of
the solutions, the reaction was carried out under magnetic
stirring at room temperature. As the reaction proceeds, the
light blue copper sulfate solution gradually turns into an
opaque blue solution. Subsequently, the color of the solution
turned reddish-brown, confirming the formation of copper
oxides. After completely adding the reducing agent, the
solution was stirred continuously for 30 min at room
temperature. Then, the respective dispersant was added
dropwise. The solution was stirred for a further 40 min. At
the end of the reaction time, the nanoparticles were separated
by centrifugation (12 000 rpm, 5 min) using a microcentrifuge
(Eppendorf 5804). To remove excess copper ions that did not
react, the nanoparticles were washed with Milli-Q water at least
three times. The filtrate was kept in a desiccator. In the end, a
dry copper oxide nanopowder was obtained. A similar
procedure was carried out by adding the dispersant agent to
the copper sulfate solution. To characterize the nanoparticles
and evaluate their bacteriological activity, a certain amount of
copper oxide nanopowder was suspended in deionized water
using an ultrasonic cleaning container (Fisher Bioblock
Scientific).

Characterization Methods for Copper Oxide Nano-
particles. Structural Characterization. Structural analysis
was carried out using a Bruker D8 Advance X-ray
diffractometer (Karlsruhe, Germany) equipped with a copper
anticathode (λ Cu Kα = 1.54056 Å). XRD spectra were
obtained in a range of 2θ = 30−100° using a step size of 0.03°
(10 s per step as the counting time). The standard database
(JCPDS) for XRD was used for phase identification. Using the
information obtained from XRD patterns, the crystallite size
was determined using the approximate Scherrer equation (D =
kλ/ß cos θ). This equation describes the relationship of the
crystallite size (D) considering the wavelength of the X-ray
radiation (λ = 1.54056 Å), a constant related to the particle
shape (k = 0.89 assuming that the particles are spherical), the
line width at half maximum intensity of the most important
peak (ß), and the diffraction angle (θ).

Elemental Composition Analysis. The sample chemical
composition was analyzed using a scanning electron micro-
scope (JEOL JSM 6460LA) coupled with an EDS microprobe
(JEOL 1300).

Morphology Analysis. The size and morphology were
obtained using transmission electron microscopy, TEM. A
Philips CM20-Ultra Twin transmission electron microscope
operating at 200 kV (Philips; Eindhoven, the Netherlands) was
used. ImageJ software was used to elaborate the nanoparticle
size distribution histograms from the TEM images. In this case,
the diameters of at least 100 particles were measured. Using
ultrasonic equipment, a small portion of nanopowder was
dispersed in ethanol (98%) for 1 min. Then, a few drops of the
copper oxide nanoparticle solutions were placed on carbon-
coated TEM gold grids.

Coating Cotton Fabric. Incorporation of the copper oxide
nanocrystals into cotton fibers was carried out by applying
ultrasound waves. The literature reports that it is possible to
use ultrasound waves to incorporate nanoparticles into textile
fibers and porous materials.64 The nanoparticles were
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dispersed in 16 mL of Milli-Q water; to ensure a homogeneous
dispersion, the vessel was exposed to ultrasonic waves for 10
min. The cotton sample (11 cm2 approximately) was washed
with Milli-Q water before being immersed in a small glass
beaker containing the dispersed nanoparticles. Then, the
cotton fiber was placed in this vessel. The nanoparticles and
the cotton fibber sample were placed in a small ultrasonic
cleaning container (Fisher Bioblock Scientific) for 30 min.
Subsequently, the cotton fibber samples impregnated with the
nanoparticles were washed five times and placed in a
desiccator. To determine the content of copper not retained
in the cotton fiber, the copper concentration in the washing
solutions was analyzed using atomic absorption spectroscopy
(Varian AA 220). Finally, the cotton fiber was placed in an
oven (at 40 °C). The sample was placed in a desiccator for
subsequent analysis using XRD and SEM.
Antibacterial Assays of Copper Oxide Nanoparticles.

The disc diffusion or Kirby−Bauer method was used to
evaluate the antimicrobial susceptibility of copper oxide
nanoparticles.65 After 24 h of incubation at 35 °C, the halos
formed, representing the inhibition zones, were measured.
Discs containing antibiotics vancomycin and gentamicin were
prepared to make the necessary comparisons. The standard
dilution method used to determine the minimum inhibitory
concentration (MIC) required to inhibit bacterial growth is
under investigation.
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