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Copper (I) oxide nanoparticles (Cu,O NP) were synthesized by reducing CuSO, with glucose in the presence of polyvinyl alcohol
as a capping agent. We used three different synthetic procedures with a fast reaction (procedure 1p), a fast-then-slow reaction
(procedure 2p), and a slow-then-fast reaction (procedure 3p). The reaction rates were controlled by changing the temperature and
the speed of adding reagents. The synthesized Cu,O NP were subsequently incubated for 24 h in a pH 6 solution (Cu,O NP6) or a
pH 8 solution (Cu,O NP8) at 5°C. XRD and SEM images analysis revealed that the 1p procedure produced smaller NP, while the
2p procedure produced larger but more uniform NP. The 3p procedure produced the largest NP with a higher size variation. The
24-hour acidic postsynthesis incubation resulted in an etching effect, which reduced the size and size variation of Cu,O NP6. To
evaluate the antibacterial activity, E. coli suspensions were mixed with the obtained Cu,O NP (32, 96, or 160 ppm) for different
time intervals (1 or 24h) and then grown on Petri dishes at 37°C for 24 h. Higher doses, smaller sizes of Cu,O NP, and longer
contact times with the bacterial suspension resulted in higher inactivation efficiencies. Cu,0 NP6 showed higher antibacterial
effects at low doses, possibly due to the etching effect and the positive surface charge. Increasing the Cu,O doses from 32 to 96 and
160 ppm noticeably increased the antibacterial effect of the Cu,O NP8, but not significantly for Cu,O NP6. We suggested that the
Cu,0 NP6 suffered from agglomeration at high doses due to their high surface activity and low surface charges.

1. Introduction

One of the main problems with conventional antibiotics is that
their extensive and prolonged use results in the resistance of
various infectious bacterial strains against them [1]. Antibac-
terial nanomaterials have emerged with many advantages,
including high effectiveness, robustness, variety, and low doses
[2]. Metallic-based antibacterial nanomaterials are mostly
made from transition metals such as silver, zinc, gold, and
copper [3]. Silver in recent decades has proved to be a highly
effective biocidal agent, but with two major drawbacks: high
price and lack of a proper requisition channel resulting in high
toxicity [4]. Copper-based nanomaterials can overcome these
problems because they are abundant, have low-cost, and can be
expelled out of the body [5]. Among copper compounds,

copper oxides have emerged as excellent nanomaterials for
antibacterial applications because of their high antibacterial
effectiveness and storage stability [6]. Cuprous oxide Cu,O was
found to be more effective than cupric oxide CuO in anti-
bacterial activity [7, 8]. Cu,O has shown biocidal effects against
a wide range of microorganisms, including pathogenic bacteria
[9-11], fungi [12, 13], and viruses [11].

Besides complicated methods or those requiring special
equipment, such as physical [14], electrochemical [15], photo-
chemical [16], and sonochemical [17] techniques, the wet
chemical approach is simpler and easier to control and scale up
the Cu,O nanoparticles (NP) production [18]. The most
common precursors for Cu,O NP synthesis are copper (II) salts
(CuSO,, CuCl,, and Cu(NO;), or (CH;COQO),Cu), and the
common reducing agents are sodium borohydride, hydrazine,
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1,2-hexadecanediol, glucose, ascorbic acid, CO, or borane
compounds [19]. Among these reducing agents, glucose is the
cheapest, environmentally green, and highly selective in pro-
ducing Cu,O [20]. The synthesis of Cu,O NP usually requires
one or more capping agents to control their shapes and sizes and
prevent their agglomeration [21].

The classic LaMer mechanism of NP formation includes
nucleation and growth stages, each of which can affect the size of
NP. A fast reaction induced by high temperature and quick all-
at-once mixing of reagents produces a burst of small nuclei in
the nucleation stage and subsequent growth of these nuclei. Such
fast one-step procedures usually produce small NP with a wide
size distribution [22]. The size distribution of NP products can
be narrower if the reaction is conducted using the extended
LaMer mechanism: quickly mixing a portion of the reagents at a
high temperature to produce a high amount of small nuclei first,
and then slowly adding the remaining reagents at low tem-
perature for uniform growth of the produced nuclei [23]. If the
temperature is raised after the NP are formed, Ostwald ripening
happens, where larger particles continue to grow with the
material dissolved from the smaller particles. As a result, in the
short term, the large particles become larger and the small
particles become smaller, thus widening the size distribution of
the NP [24]. In this study, we tested these three concepts on the
synthesis of Cu,0 NP using glucose as the reducing agent,
copper sulfate as the precursor, and polyvinyl alcohol (PVA) as
the capping agent.

Furthermore, the size of Cu,0O NP can also be affected by
the environment pH after their synthesis. It is known that
Cu,0 is stable in alkaline solutions and disproportionates in
acidic solutions [25]. Therefore, incubating Cu,O in a slightly
acidic solution can etch the surface of Cu,O, thus affecting its
size, morphology, and chemical and microbiological activities.

To the best of our knowledge, although Cu,O NP have
been intensively investigated, there is still no research on
using the postsynthesis disproportionation of Cu,O as a
technique to modify the surface and the antibacterial
properties of Cu,O NP. In this study, after preparing Cu,O
NP by the three aforementioned procedures, we incubated
them in two buffers with pH of 6.0 and 8.0 and evaluated
how these treatments affected the size distribution, the
shapes, and the antibacterial efficiencies of the Cu,O NP.

2. Materials and Methods

2.1. Materials. Escherichia coli VTCC-B-482 strain was pur-
chased from the Microorganisms Bank of the Institute of
Microbiology and Biotechnology, Hanoi National University.
Glucose, CuSO,4.5H,0, NaOH, PVA, and H,SO, were pur-
chased from Xilong Scientific Ltd. (China). All the chemicals
were of analytical grade and used without further purification.

2.2. Procedures for Copper (1) Oxide Synthesis. In this study,
we used three procedures modified from a published method
to synthesize Cu,O NP [26]. All the three procedures used
the same two solutions: 50 mL of solution A (1.6 M PVA and
1 M glucose) and 50 mL of solution B (1.6 M PVA and 0.01 M
CuSO,). The solutions were always stirred continuously
during the reaction.
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The first procedure was conducted in one step at a high
temperature. Both solutions A and B were heated and kept at
60°C for 15 min under continuous stirring. The temperature of
60°C was selected to avoid browning reactions of glucose at
higher temperatures. Solution B was then quickly added to
solution A. To trigger the reduction of copper (II) ions to Cu,O
by glucose, the mixture pH was adjusted to 10 by using a 1M
NaOH solution. After 30 min of reaction, the mixture was
cooled to room temperature, adjusted to pH 6.0 or 8.0, and
stored at 5°C in a refrigerator for one day (1p6 and 1p8 pro-
cedures, correspondingly).

The second procedure for Cu,O synthesis was conducted
in two steps. The first step was quick mixing of the reagents
at high temperature and the second step was slow mixing of
the reagents at low temperature. To do this, solution B was
divided into two halves. The first half was heated to 60°C and
quickly added to solution A already at 60°C. The pH was then
adjusted to 10 by adding the 1M NaOH solution. After
30 min of reaction, the mixture was cooled to room tem-
perature and the second half of B was slowly and dropwise
added from a burette for 30 min. During this process, the pH
was continuously kept at 10 by adding the 1 M NaOH so-
lution. The mixture was left reacting for 24 h, then adjusted
to pH 6.0 or 8.0, and stored at 5°C for one day (2p6 and 2p8
procedures, correspondingly).

The third procedure for Cu,O synthesis was conducted
in one step at a low temperature with a subsequent Ostwald
ripening of the NP at high temperature. Solutions A and B
were mixed at once at room temperature, and the mixture
was adjusted to pH 10. After 1 h of reaction, the mixture was
heated to 80°C in a water bath to complete the reduction
reaction and speed up the Ostwald ripening. The concen-
tration of the remaining glucose was low and did not induce
browning reactions even at 80°C. After 30 min, the pH was
adjusted to 6.0 or 8.0 and then stored at 5°C for one day (3p6
and 3p8 procedures, correspondingly).

To prepare the Cu,O NP samples for structural and
antibacterial characterization, the solid in the reaction
mixture was collected by centrifugation at 10,000 rpm for
20 min and washed with distilled water for 3 times. After
that, the solid was dispersed in absolute ethanol under
ultrasonication for 1h. The dispersion was then vacuum-
dried at 40°C for 8 h and stored for further characterization.
Cu,O NP samples incubated at pH 6 and pH 8 are desig-
nated as Cu,O NP6 and NP8, respectively.

2.3. Morphology, Size, and Crystal Structure of Cu,O NP.
The morphology and the size of the Cu,O particles were
observed using a Field-Emission Scanning Electron Mi-
croscope (FE-SEM) S-4800 (Hitachi, Japan). The sizes of 400
particles were determined using Image] software (version K
1.45) on the FE-SEM images. The type of crystal structure
and the average crystallite size of the Cu,O NP were de-
termined from XRD patterns recorded on an X-ray Dif-
fractometer (D8 Advanced, Bruker, Germany) at 25°C. The
2-theta angles were scanned from 10° to 80°, with
A =0.15418 nm. The average size of Cu,O NP crystallites was
calculated using the Scherrer formula [27]:
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where d is the average size of the crystallites (nm); K is the
Scherrer constant (K=0.94) assuming spherical shape of the
particles [28]; A is the X-ray wavelength = 1.54178 A for Cu Ka;
and B is the full width at half maximum of the highest peak (rad).

2.4. Antibacterial Activity of Cu,O NP. The antibacterial ac-
tivity of the synthesized Cu,O NP was evaluated on E. coli by
mixing the NP with the bacterial suspensions at different Cu,O
contents and determining the viability of the bacteria by the
colony counting method after incubation on Petri dishes [29].
Different amounts of the synthesized Cu,O NP were added to
1% peptone solutions containing E. coli of about 100 CFU/mL to
reach the desired copper (I) content (32, 96, and 160 ppm). After
1 or 24h of shaking at 180 rpm and at room temperature, the
mixture was added to a Nutrient Agar medium at 45°C. The
mixture was then thoroughly shaken and then poured into Petri
dishes. After incubating the Petri dishes at 37°C for 24h, the
number of colonies in each Petri dish was counted. The same
procedure was carried out with the negative control experiment
(0% growth inhibition), where Cu,0O was not added to the
bacterial suspension. To compare the antibacterial activity of the
Cu,O NP with the Cu®" ions, we carried out the same procedure
above with Cu,O replaced by the solution B (CuSO, and PVA)
containing an equivalent copper amount.

CH,OH
O
H H H H
) OH H OH 0
H OH
a-Glucose
CH,0OH

The inactivation efficiency was calculated using the
following formula:

A

_Al_ 2
H="1""2x100, (2)
1

where H is the inactivation efficiency (%); A, is the average
number of colonies on the Petri dish in the negative control
experiment; and A, is the average number of colonies on the
Petri dish after contacting the bacterial suspension with
CUZO.
All the antibacterial experiments were replicated 3 times.
The statistical analyses of all size distributions and in-

activation efficiencies of Cu,O NP were calculated at 95%
confidence level using R software package.

3. Results and Discussion

3.1. Synthesis Reactions and XRD Characterization of the
Product. The reaction between a reducing sugar and copper
(IT) complex ions in an alkaline solution to form copper (I)
oxide is the basis of the well-known Fehling and Benedict
reactions. In aqueous solutions with high pH, a-glucose
rings are opened and partially mutarotated into S-glucose
through a chain configuration equation (3). The carbonyl
group —~CH=0 in this chain configuration of glucose can
reduce copper ions to Cu,O equation (4).

CH,OH
O
H H H H
\ — O OH H _~0OH (3)
O
H OH
B-Glucose

CH,OH

OH OH
H H H OH
2Cu** +40H- —> + Cu,0 + 2H,0 4
OINOH  H Fetu e oDNOH  H (4)
o) o
H H OH

OH

Under certain reaction conditions, the carbonyl groups
can further reduce Cu,O to metallic Cu [26, 30, 31].

CH,OH CH,0H
OH OH
H "4 H H 'y OH
+C0 —> +2Cu (5)
OH H OH H
OH o OH o
H OH H OH



Therefore, to determine the identity and the phase
composition (if a mixture was formed) and to evaluate the
crystallites size and shape of the obtained samples, their
XRD patterns were recorded and are shown in Figure 1.

The strong and sharp peaks in the XRD patterns of all six
samples show that the obtained materials were crystalline.
The JCPDS Card No. 05-0667 of Cu,O matches very well
with the 20 values of the peaks 0f 29.78°, 36.64", 42.54°, 61.72°,
and 73.93°, which correspond to (110), (111), (200), (220),
and (311) face-centered cubic (fcc) indices, respectively [32].

The absence of other peaks in the XRD patterns indicates
that the obtained samples were not contaminated with other
copper compounds (Cu, CuO, or Cu(OH),). This result is
different from that of a study reporting the formation of
solely metallic Cu (with 26 of 43.3%, 50.4°, and 74.1°) from the
reaction of copper acetate and glucose in the presence of
polyvinylpyrrolidone as the protecting agent at pH 10 [26].
This difference indicates that the nature of the copper
precursor and/or the protecting polymer can determine the
product identity in this Fehling type of reaction.

From the average full widths at half maximum of the
peaks, the average crystallite sizes of Cu,O NP were cal-
culated using the Scherrer equation and are shown in
Table 1.

The results in Table 1 demonstrate that Cu,O NP pro-
duced by a fast reaction (high temperature and quick mixing
of reagents in procedure 1) yielded NP crystallites smaller
than those produced by a slow reaction (procedures 2 and 3).

The relative intensities of (111) and (200) peaks can give
some information about the shape of the Cu,O nano-
crystallites. A recent study found a noticeable relationship
between the morphology of the Cu,O NP and the relative
intensities of the (200) and (111) peaks in the XRD patterns:
perfect octahedral Cu,O nanocrystals have no (200) peak,
while the cubic nanocrystals have a (200) peak higher than
that of (111) [33]. When the shape of Cu,O nanocrystals
evolves from octahedral through (100)-truncated octahedral
to cubic, the ratio of (200): (111) peak intensities increases
from 0 to nearly 2. In our study, all the samples had the
(200): (111) ratios in the range 0.31-0.37, indicating the
(100)-truncated octahedral morphology. Table 1 also shows
that the Cu,O NP6 had higher ratios of (200): (111) peak
intensities, than the corresponding Cu,O NP8. This result
demonstrates that the acidic incubation has an etching or
truncating effect on the (100) surface of the Cu,O NP.

3.2. Morphology and Size by SEM Characterization.
FE-SEM micrographs (Figure 2) of the synthesized Cu,O
materials were recorded to determine the particle sizes and
morphology. In the scale of 5um, the Cu,O particles pre-
pared by the three procedures and stored at pH values of 6
and 8 had relatively uniform shapes and sizes.

The sizes of at least 400 particles for each sample were
determined using the Image] software on the FE-SEM
images. The mean, the standard deviation, and the coeffi-
cient of variation of these particle sizes are presented in
Table 2.
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Figure 1: XRD patterns of Cu,O powder samples prepared by
different procedures.

TABLE 1: Average crystallite sizes of Cu,O NP prepared by different
procedures.

Procedure 1p6  1p8  2p6  2p8 3p6  3p8
é}‘;flr)age crystallites size ) ¢ 150 123 143 261 237

Ratio of (200):(111)

. o 0.346 0.339 0.368 0.315 0.316 0.311
peak intensities

The sizes of most Cu,O particles were in the range of
200-340 nm. In a similar study, where CuCl, was reduced by
glucose in alkaline medium at 75°C, the sizes of Cu,O
particles were approximately 2-3 ym [20]. The Cu,O particle
size in our study was about 10 times lower due to the use of
PVA as a capping agent. This capping polymer forms a
protective layer around the Cu,O NP during the synthesis
and thus prevents them from growing further [21].

Particles in sample 1p6 had significantly smaller sizes, while
those in sample 3p8 had significantly larger sizes, compared to
the other samples. This pattern in particle sizes is consistent
with the results obtained above by XRD analysis. It should be
noted that the sizes in the FE-SEM analysis are higher than
those in the XRD calculations because the XRD-based sizes are
of the small crystallites that agglomerated into particles ob-
served in the FE-SEM images [34].

A comparison of the standard deviations of Cu,O NP
produced by the three procedures shows that the procedure
with fast nucleation and subsequent slow growth (2p6 and 2p8)
yielded particles with more uniform sizes (smaller standard
deviations and coefficients of variation). This result is in ac-
cordance with LaMer theory and the practice of size-controlled
NP synthesis [22]. In the first step at high temperature and
quick mixing of reagents, a burst formation of small nuclei of
Cu,0 occurred because of the high reaction rate between Cu**
and glucose. In the second step at low temperature and slow
dropwise adding of the solution B, new Cu,O monomers were
formed slowly, diffused to the surface of the above-mentioned
nuclei, and deposited uniformly [22, 35]. When the Cu,O NP
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FIGURE 2: FE-SEM micrographs of Cu,O samples at 5 ym scale (10,000x magnification): (a) 1p6, (b) 1p8, (c) 2p6, (d) 2p8, (e) 3p6, and (f) 3p8.

TaBLE 2: Particle sizes (mean + standard deviation) of the Cu,O samples.

Sample 1p6 1p8 2p6 2p8 3p6 3p8
Particle size (nm) 222+13% 240+ 21%° 240 + 3% 248 + 10°° 263+ 7° 310 +33¢
Coeflicient of variation (%) 5.9 8.9 1.3 4.0 2.7 10.6

Means with different superscript letters are significantly different (p <0.05).

were aged at 80°C in procedure 3, Oswald ripening happened,
resulting in the dissolution of smaller particles and the con-
tinued growth of larger ones [24]. As a result, the Cu,O NP in
the 3p procedures were significantly larger.

An interesting result from Table 2 is that the Cu,O NP
particles incubated in acidic solutions (pH = 6) tended to be
smaller than those incubated in basic solutions (pH = 38).
This is possibly because Cu,O is stable only in an alkaline
medium. In mildly acidic medium, Cu,O disproportionates
into Cu and Cu** according to reaction (6) below, resulting
in an “etching” effect that reduced the Cu,O particle size:

Cu,0(s)+2H" (ag) — Cu*" (aq) + Cu(s) +H,0(l). (6)

Table 2 also shows that Cu,O NP incubated at pH 6 has
smaller standard deviations in size than those incubated at
pH 8. This means that acidic incubation yielded more
uniform particles because the acidic etching attacked more
on Cu,O particles with a larger surface.

The etching effect of acidic incubation can be observed in
the holes on the surface of Cu,O NP (white arrows in
Figure 3). This effect also existed in Cu,O NP incubated at
pH 8, but to a lesser extent. This means that Cu,O NP also
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F1GURE 3: FE-SEM micrographs of Cu,O samples at 500 nm scale (70,000x magnification): (a) 1p6, (b) 1p8, (c) 2p6, (d) 2p8, (e) 3p6, and (f)

3p8.

disproportionated in slightly basic media. It is well known
that this type of defects on the surface of solids enhances
their catalytic activity in chemical reactions [36, 37]. The
results of acidic incubation on the sizes and size distribution
imply a way of controlled surface modification to produce
uniform Cu,O NP with high surface areas and catalytic
potentials.

The morphology of Cu,O NP can be observed through
FE-SEM images at 70,000x magnification (Figure 3). The
shapes of Cu,O NP synthesized by procedures 1 and 2 are
close to spheres, while that of NP synthesized by procedure 3
is close to octahedral or cubes. This interesting result in-
dicates that changing the speed of the reaction stages can
alter the shape of the produced NP. A slow nucleation step
followed by a fast growth step seems to yield octahedral
Cu,0 crystals, while a fast nucleation step followed by a slow
growing step produced spherical Cu,O crystals [38].

3.3. Antibacterial Effects of Cu,O NP on E. coli. Copper metal
and its oxides are well known for their antifungal and
antibacterial activities [39]. Figure 4 shows the inactiva-
tion percentage of E. coli after treating the bacterial
suspension with the synthesized Cu,O NP (32, 96, and
160 ppm of copper (1)) for 1 h (A and B) or 24 h (C and D).
In all tested conditions, Cu,O NP showed significantly
higher inactivation efficiency compared to CuSO,. This is
expectable, because previous studies have shown that
Cu,0 is more effective than CuO [7, 8, 40] and CuO is
more effective than Cu”" ions in inhibiting bacterial
growth [6]. Although copper ions are toxic to bacterial
cells, the lipophilic cell membranes are good barriers to
them. On the other hand, solid CuO or Cu,O NP can stick
to and penetrate the cell membranes and then release toxic
copper ions inside the acidic lysosomes, like “Trojan-
horse carriers” [41].
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FIGURE 4: Inactivation efficiencies of Cu,O NP incubated at pH 6 and pH 8 after 1 h and 24 h of contact with E. coli suspension ((a) pH6, 1 h;
(b) pHS, 1h; (c) pH6, 24h; (d) pHS8, 24h). Different letters on the bars in the graph demonstrate significantly different inactivation

efficiencies (p <0.05).

A literature survey showed that the main mechanism of
the antibacterial effect of Cu,O NP is direct contact killing
and the subsequent complex formation between copper (I)
ions with the peptides in the cell membranes [7]. This
mechanism explains the high inactivation efficiencies of
Cu,O NP with higher doses of the copper agents (Cu,O and
CuSO,) and longer contact times (24h compared to 1h)
with the bacterial suspension. This result is obvious because
more Cu,O NP present in the bacterial suspension and
longer treatment time would increase the number of col-
lisions and contacts between them and lead to higher an-
tibacterial effects.

Figure 4 also shows that different procedures for Cu,O
NP synthesis resulted in significantly different inactivation
efficiencies (p < 0.05). The decreasing order of antibacterial
activity is 1p>2p > 3p. This order is in reverse correlation

with the mean sizes of Cu,O NP determined in Table 2. This
result is in accordance with other studies on the biocidal
activities of NP, where smaller particles inactivation of
microorganisms was stronger due to higher total surface
areas [42-44]. In our study, the highest inactivation effect
(97%) was achieved at 160 ppm of Cu,O NP (Figure 4(d),
sample 1p8) after 24 h of treatment, while in another similar
study, the same effect was observed at about 13 ppm or
0.lmM of Cu,O NP (sizes about 40nm) after 18h of
treatment [7]. The reason for the relatively low antibacterial
efficiency in our study was the relatively high particle sizes of
Cu,O NP (240 +21 nm in Table 2).

For easier evaluation of the effects of the postsynthesis
incubation pH on Cu,O NP antibacterial activities, the
columns in Figures 4(a)-4(d) were regrouped and repre-
sented in another way (Figure 5).
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FIGURE 5: Interaction of incubation pH and copper dose on inactivation efficiency after treating E. coli for 1 h (a) and 24h (b).

Figure 5 shows that there was an interaction effect of the
Cu,O NP incubation pH and their doses on E. coli inacti-
vation efficiencies. After 1 h of treatment (Figure 5(a)) and at
a low copper dose (32ppm), the Cu,O NP6 had higher
inactivation efficiencies than Cu,O NP8. However, in-
creasing the copper dose to 96 and 160 ppm did not sig-
nificantly enhance the antibacterial effect of Cu,O NP6 but
noticeably improved that of Cu,O NP8. Eventually, the
antibacterial effects of Cu,O NP8 were higher than those of
Cu,O NP6 at 96 and 160 ppm. We suggest the following
explanations for this interaction effect of copper dose and
incubation pH on Cu20 NP antibacterial effect.

The surface of Cu,O NP6 was etched by the acidic
disproportionation and became sharper with more edges
and surfaces. Because the main antibacterial mechanism of
Cu,0 begins with direct contact with bacterial cell walls, the
edges and surfaces on the Cu,O NP facilitate their pene-
tration and interaction with the bacterial cell walls [7].
Another possible reason for the higher antibacterial effect of
Cu,O NP6 is that their surface was protonated and had a
positive charge, while Cu,O NP in the alkaline medium
absorbed hydroxide ions and had a negative charge [45]. At
the same time, the E. coli cell surface has a small negative
charge [46] and hence interacted better with Cu,O NP6.
Therefore, Cu,O NP6 showed higher inactivation efficien-
cies, compared to Cu,O NP8 at 32 ppm.

However, increasing the dose of Cu,O NP6 from 32 to 96
and 160 ppm did not significantly improve the antibacterial
effect. This was possibly because a higher concentration of
Cu,0 NP6 resulted in a higher chance of their collisions and
agglomeration. We suggest that the positive surface charge
of Cu,O NP6 is smaller in magnitude, compared with the
negative surface charge of Cu,O NP8; therefore, Cu,O NP6
are easier to agglomerate. The result of this agglomeration
was a smaller amount of freely moving Cu,O particles that
can get in contact with the bacterial cells. We suggest further
measurement of the zeta potential of Cu,0 NP6 and NP8 to
confirm the hypothesis mentioned above.

A comparison of NP6 and NP8 in Figures 5(a) and
5(b) at the same synthetic procedure and dose shows that

NP6 samples demonstrated higher increase in inactiva-
tion efficiencies when the treatment time increased from
l1h to 24h. For example, at the same 96 ppm dose
treatments (red lines in Figure 5), the inactivation effi-
ciencies of NP6 were lower after 1 h and higher after 24 h
than those of NP8. In other words, Cu,O “won” in the
long-term antibacterial effects. For the case of 32 ppm
dose, the reason mentioned above for higher efficiencies
of NP6 over NP8 can be applied. For the cases of 96 and
160 ppm doses, we suggest that, during 24 h of shaking,
the initial agglomerates of Cu,O NP6 gradually dis-
integrated and released more bactericidal Cu,O NP6.
However, further experiments are required to test this
hypothesis.

4. Conclusions

In this study, we investigated the effects of three different
synthetic procedures on the size distribution of Cu,O NP
prepared by reducing CuSO, with glucose in an alkaline
medium in the presence of PVA capping agent. The one-
step procedure at high reaction rate yielded Cu,O NP with
the lowest sizes, while a fast-then-slow procedure yielded
more uniform particles in size. The synthesis at a low
temperature with subsequent Ostwald ripening at a high
temperature produced the largest Cu,O NP. The different
procedures also yielded NP with different shapes. More-
over, postsynthesis incubation of Cu,O NP in acidic or
basic solutions also affects the size distribution as well as
the antibacterial activity of these NP. Incubating Cu,O NP
in an acidic solution resulted in an etching effect on the
Cu,0O NP size and size distribution. Moreover, acidic
incubation of Cu,O NP increased their antibacterial ac-
tivity, possibly due to the formation of sharp edges and
positive charges on the Cu,O surface. However, increasing
the doses of the acid-incubated Cu,O NP increased the
antibacterial effect not significantly, possibly due to ag-
glomeration of the Cu,O NP. Further investigations are
required to clarify the unsolved hypotheses suggested in
this study.
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