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The colloidal dispersion of copper nanoparticles (CuNPs), prepared by reducing Cu**
ions using ascorbic acid, was characterized and used for electrochemical and antimicrobial
activity investigations. By depositing CuNPs onto the glassy carbon electrode (GCE) surface the
CuNPs/GCE was constructed, which was used to study electrochemical behavior of CuNPs and
to carry out direct electrochemical detection of trichloroacetic acid (TCA) and 2-chlorophenol
(2-CP) in neutral medium. Excellent electrocatalytic ability of CuNPs, assessed by cyclic
voltammetry (CV), for the reduction of TCA and 2-CP was detected. The electrochemical
impedance analysis (EIS) of the GCE and CuNPs modified GCE evidenced higher charge transfer
activity across the modified electrode surface. The antibacterial activity tests of as-synthesized
CuNPs on the selected pathogenic strains of Salmonella group B (7.9%0.912), Klebsiella
pneumonia (8.33+1.561), Escherichia Coli (15.65+1.612), Enterococcus faecalis (5.4%0.612),
Staphylococcus aureus (12.6+1.531) and yeast Candida albicans (11.4.3+1.512), respectively,
were performed. The results indicated that the use of CuNPs can be pursued as an alternative
strategy (to antibiotics) for averting infections by controlling bacterial adhesion and bacterial
bio-film formation against microbial infections.

Keywords: CuNPs, Aqueous dispersion, Electrochemical detection,
Antimicrobial activity, Enterococcus faecalis.

There is a great concern among researchers
about the air stable and aqueous dispersion
synthesis of CuNPs to utilize them for a variety of
applications including photochemical catalysis,
biosensing, and electrochemical sensing'=. Many
methods such as chemical reduction, evaporation
deposition, thermal decomposition, microwave
irradiation, reverse micelles, micro-emulsion,
sonochemical reduction, and electrochemical
synthesis currently being used to prepare CuNPs*.

Among all these methods the aqueous solution
synthesis, achieved by reduction of Cu?*" precursor
ions, is believed to be the most simple, cost-
effective, and environmentally friendly approach’.
Moreover, the conditions to obtain fine particles
with high yield are easy to tune. The drawback
of this method includes the readily oxidation of
CuNPs in the atmosphere and in the aqueous
solvents, which can be avoided by using protective
agents®. Generally, non-toxic protecting agents,
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which are inexpensive and renewable, showed
great promise when they were used for the green
synthesis of CuNPs. Furthermore, the green
chemicals with combined reducing and protecting
capabilities such as ascorbic acid have gained
ample attraction in recent studies, and the synthesis
of CuNPs with one chemical is a straightforward
job’.

The electrochemical activity of CuNPs is
best known, and CuNPs based electrode materials
are widely used at various levels in electrochemical
applications particularly for electrochemical
sensing of glucose. For example, Pop et al®
demonstrated a non-enzymatic detection of
glucose using copper-decorated multiwall carbon
nanotube composite electrode (Cu/CNT-epoxy).
Martin-Yerga et al’ synthesized copper modified
titanium phosphate nanoparticles (CuTiPNPs) as
electrocatalyst for glucose detection. Male et al'
fabricated a composite of copper nanoparticles
with single-wall carbon nanotubes (SWCNTs) for
electrochemical detection of carbohydrates. Wang
et al' constructed a Cu/MWCNT-paste electrodes
for amperometric detection of carbohydrates
and amino acids following their capillary-
electrophoresis microchip separation. Bare CuNPs
based electrode platform was also reported and
shown to facilitate electrochemical reduction
of nitrate and nitrite. Davis et al'? reported the
electrochemical detection of nitrate and nitrite at
a copper modified electrode, and" electrochemical
detection of nitrate at a copper modified electrode
under the influence of ultrasound. However, to the
best of our knowledge, no report has been found
about the electrochemical detection of TCA and
2-CP using CuNPs modified electrode.

In concern over public health, limiting
the amount of microbial contamination in
drinking water is one of the crucial environmental
problem'*">. Therefore, development of new
materials with improved antimicrobial properties
is essential for monitoring and controlling
microbial activities, food packaging purposes, and
producing sterile surfaces''®. In past few years,
metal nanoparticles such as Ag, Cu etc., showed
great promise when used as antimicrobial agents
against microorganisms'®*. Metal nanoparticles
are the most effective antimicrobial agents used
for antimicrobial activities because of their small
size, high surface to volume ratio, and ability to
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interreact closely with microorganisms. Since
CuNPs have great significance in diverse fields,
therefore, their use, especially as antimicrobial
agents, have been the focus of current research?-4,
and searching for the air stable synthesis of an
aqueous dispersion of CuNPs is of considerable
interest. The gram-positive bacterium Enterococcus
faecalis can cause a variety of infections and the
most common was urinary tract infection®-,
The many isolates of Enterococcus faecalis
were found drug-resistant and therefore, the
infections caused by Enterococcus faecalis are
extremely difficult to treat. On the other hand,
the antibiotic-resistant strains of Staphylococcus
aureus such as methicillin-resistant Staphylococcus
aureus (MRSA), which is an emerging threat to
human health, can cause a variety of problems
including skin and soft tissue infection?”. However,
despite much research and development, there
is no approved vaccine is available to prevent
invasive Staphylococcus aureus. disease. To
date, the antibacterial activity of CuNPs against
Enterococcus faecalis, Staphylococcus aureus
and other bacterial strains has been reported only
in a few studies, and the application of CuNPs in
medicine as an antibacterial agent and in other
various fields such as medical instrument and
devices still required a great deal of research.

In this study, highly stable dispersion
of CuNPs was synthesized by aqueous solution
reduction of Cu?" ions using ascorbic acid as
reducing and protecting agent. The characterization
studies were carried out using UV-Vis, FTIR,
SEM and EIS techniques. For electrochemical
detection of TCA, and 2-CP, the bare CuNPs were
deposited onto the surface of GCE to prepare
CuNPs/GCE, and the sensing applicability of
the prepared electrode was tested. The described
bare CuNPs modified electrode has advantages
over previous copper electrodes and extended the
analytical application of CuNPs to a wide variety of
analytes. Then, the antibacterial activity test against
various infectious pathogenic microorganisms such
as Salmonella group B (7.9+0.912), Klebsiella
pneumonia (8.33+1.561), Escherichia Coli
(15.65+1.612), Enterococcus faecalis (5.4+0.612),
Staphylococcus aureus (12.6+£1.531) and yeast
Candida albicans (11.4.3+£1.512) was performed,
and the results obtained were promising.
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Experimental details
Materials

Copper(Il) sulfate pentahydrate
(CuSO, 5H,0), L-ascorbic acid, sodium sulfate
anhydrous (Na,SO,), sodium chloride (NaCl),
trichloroacetic acid (TCA) and 2-chlorophenol
(2-CP) purchased from Sigma-Aldrich were of
high-grade reagents and used as received. All
Solutions were prepared with double distilled
water. TCA and 2-CP stock solutions were diluted
using 0.1 M sodium sulfate electrolyte to prepare
working solutions of desired concentrations. The
colloidal CuNPs were prepared by reducing Cu(II)
precursor salt using Y-ascorbic acid as reducing
and protecting agent. In a typical synthesis, 1 ml
of 0.3 M Cu*" was stirred with 1.2 ml of 0.5 M
ascorbic acid and 2.8 mL double distilled water at
80 °C. The solution was kept uniform under stirring
till the color changed to dark. The resulting CuNPs
aqueous dispersion, which was used for assessing
electrochemical and antimicrobial activity, found
stable under ambient conditions for 3 months.
Characterizations and Electrochemical
Measurements

The CuNPs dispersion was characterized
by optical absorption using UV-Vis Double Beam
PC Scanning Spectrophotometer (Model UVD
2960, Lamomed, Inc.). The organic functional
group analysis of Y-ascorbic acid and CuNPs
was performed with a Perkin Elmer Fourier
Transform Infrared (FTIR) spectrometer 100
series (Beaconsfield, Bucks, UK) in the range of
600-4000 cm™. The visualization of CuNPs was
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carried out with high resolution scanning electron
microscope (SEM) FEI Magellen™ 400. To prepare
CuNPs deposited silicon wafer, colloidal dispersion
of CuNPs was dropped coated on a silicon wafer
and air dried.

Electrochemical performances of CuNPs
were evaluated using a multi-channel potentiostat/
galvanostat (VSP, Bio-logic Science Instrument,
France). For electrochemical data acquisition,
analysis, and fitting a modular EC-Lab software
shipped with VSP was used. An electrochemical
cell consisting a glassy carbon working electrode
(GCE), an Ag/AgCl reference electrode, and a Pt
wire auxiliary electrode was used. The supporting
electrolyte was a 0.1 M sodium sulfate solution
which was saturated with nitrogen before each
experiment. Cyclic voltammograms (CVs) were
recorded between two set points at a scan rate
of 100 mV/s. The electrochemical impedance
spectroscopy (EIS) measurements, where the
charge transfer resistance is recorded by scanning
the frequency, were conducted in the frequency
range of 1 Hz -100 kHz with an AC amplitude of
10 mV.

The GCE was polished with alumina
slurry (0.05 pm), followed by ultrasonic cleaning
in ethanol and water for 3 min and thoroughly
washed with double distilled water. To prepare
CuNPs modified GCE the CuNPs dispersion was
loaded onto the GCE surface as follows: 0.2 ml of
CuNPs colloidal solution was diluted with double
distilled water to 1 ml and sonicated for 15 min.
Then, 10 pL of the diluted dispersion was dropped
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Fig. 1. (a) The UV-Vis absorption spectrum of CuNPs colloidal dispersion and (b) FTIR spectra of Y-ascorbic acid

and CuNPs colloidal dispersion
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Fig. 2. SEM image of as-synthesized CuNPs deposited
on a silicon wafer
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on a GCE surface, and allowed to evaporate solvent
at 40 °C to prepare CuNPs/GCE.

Consequently, the electrochemical
measurements carried out and TCA and 2-CP were
separately detected by CV and EIS. A 10 mL of
the 0.1 M sodium sulfate containing 0.1 mM TCA
(or 0.1 mM 2-CP) was purged with N, for 25 min
before the measurements. The CV responses of
TCA on GCE and CuNPs/GCE was recorded in
the potential range of -0.2 V to -1.5 V, whereas
CVs for 2-CP were scanned within the potential
range of +1.5 V and -1.5 V. All other conditions
were same as described above. CV behavior of
CuNPs was obtained in 0.1 M sodium sulfate. For
EIS measurements, reduction potentials of -1.2 V
and -1.28 V for TCA and 2-CP, respectively, were
extracted from CV results. The other experimental
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Fig. 3. The CV curves (a & b) and EIS Nyquist plots (¢ & d) of GCE and CuNPs/GCE for (a) 0.1 mM TCA and (b)

0.1 mM 2CP in 0.1 M sodium sulfate
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Table 1. Comparison of antimicrobial potential of CuNPs on
infectious pathogenic microorganisms with standard antibiotics
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Name of tested Variety of Inhibition zone in CuNPs MIC”
samples Microorganism diameter (mm) (pg/mL)
Kanamycin Standard Antibiotic 5.0 0.25
Ciprofloxacin Standard Antibiotic 3.7 0.25
Salmonella group B Gram(-) 7.9 0.75
Klebsiella pneumoniae Gram(-) 8.33 1.012
Escherichia. Coli Gram(-) 15.65 2.31
Enterococcus faecalis Gram(-) 5.4 0.85
Staphylococcus aureus Gram(+) 12.6 2.12
Candida albicans yeast 11.4 3.15

*MIC — Minimal Inhibitory Concentration (pg/mL)

conditions for EIS were frequency range of 1 Hz
to 100 kHz and an AC amplitude of 10 mV.
Antibacterial and Antifungal Activity

The antibacterial and antifungal activity of
colloidal CuNPs was assessed by Zone of Inhibition
(ZOI) technique. The standard and clinical strains
of pathogenic bacteria Salmonella group B,
Klebsiella pneumonia (MTCC-4030), Escherichia
Coli MTCC-1677), Enterococcus faecalis (ATCC-
29212), Staphylococcus aureus (MTCC-3610) and
yeast Candida albicans (MTCC-3017) were used.
Clinical samples were obtained from patients with
infection from King Abdulaziz University Hospital
Jeddah, Saudi Arabia. Nutrient agar slants that
contained peptone (5.0 g), yeast extract (2.0 g),
meat extract (1.0 g), NaCl (5.0 g), agar (15 g),
pH (7.0), and distilled water (1 liter) were used
to culture bacterial strains. The final inoculum of
all studied organisms was 10* CFU mL™ (colony
forming units per mL). Inhibition zone diameters
(mm) were read after 18 h (for bacteria) or 24 h
(for yeasts) of incubation at 35 °C. The standard
antimicrobial compounds used were ciprofloxacin
and kanamycin. The stock fungal culture Candida
albicans (MTCC-3017) were maintained on MGYP
slants containing malt extract (3.0 g), peptone (10.0
g), and dextrose (10.0 g) per liter of distilled water.
The test bacterial and fungal suspensions (50 pL)
containing 10* cells mL™ were spread on MGYP
and NA plates, respectively. The experimental
details described earlier were follows to perform
antimicrobial activity tests**. 100 uL of CuNPs
sample, prepared freshly, was added into the wells.

The initial incubation time for samples was 15
min at 4 °C (to allow diffusion) and later 24 or 48
h at 37 °C for the bacterial and fungal cultures,
respectively. After the incubation period, the zone
of inhibition was observed around the well and test
results that scored were positive.

The statistical significance of the
antibacterial and antifungal tests was determined.
All experiments were conducted in triplicate and
the statistical test that generate mean values was
used. The resulting data is presented in tabular
form. For statistical analysis, OriginLab Origin
Pro (version 9.0) was used.

RESULTS AND DISCUSSION

UV-Vis, FTIR, and SEM Characterization of
CuNPs

For the formation of CuNPs, the UV-
Vis is an important technique. It is known that
the peak position, shape and the particle size are
the characteristic features that influence the UV-
Vis spectrum of nanoparticles*®2¢. The UV-Vis
absorption spectrum of CuNPs is shown in Fig.
la, which was measured in the 300-700 nm range
and exhibited two absorption peaks at 320 and 430
nm, respectively. The plasmon absorption peak for
CuNPs is expected to appear at around 575 nm,
however, when the particles size small enough
(d” 4 nm) the plasmon peak becomes broader and
shows featureless appearance at the higher energy
side of the UV-Vis spectrum??. Thus, a broadened
peak at 430 nm in Fig. 1a, attributed to CuNPs, was
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due to the formation of very small and separated
nanoparticles, as reported elsewhere'. The result
clearly explained that the Y-ascorbic acid could
serve the purpose of both reducing and protecting
agent, and effectively produced smaller CuNPs
with long-term air stability, approximately 3
months, and better size disturbing. The absorption
peak, indicative of oxidation products of Y-ascorbic
acid, was appeared at 320 nm.

FTIR spectroscopic measurements were
carried out in the range of 600-4000 cm™ to identify
Y-ascorbic acid, which was used for reduction
of Cu*" ions and protecting of the CuNPs. Fig.
1b shows the comparison of the FTIR spectra of
0.12 M Y-ascorbic acid, which was used to reduce
0.06 M Cu?" ions in aqueous solution, and the
synthesized CuNPs. The FTIR spectrum of the
Y-ascorbic acid displayed three characteristics
peaks at 1354, 1688, and 1759 cm™, respectively.
The broad peak at 3044 cm™ was due to the O-H
stretch of Y-ascorbic acid. The stretching vibration
peaks at 1354 cm™ and 1688 cm™ were assigned
to the enol hydroxyl group and C=C, respectively,
whereas ester carbonyl group of Y-ascorbic acid
was responsible for a peak at 1759 cm™'. When the
reaction was completed and CuNPs were formed,
the peaks for enol hydroxyl group and C=C were
almost disappeared, however, one insignificant
peak at 1726 cm™ indicating that oxidized ester
carbonyl groups were involved for the adsorption
of Y-ascorbic acid on the surface of CuNPs. The
other evidence for the successful protecting of
CuNPs in aqueous solution by Y-ascorbic acid was
the complete disappearance of O-H stretch peak in
the FTIR spectrum of CuNPs.

The scanning electron microscopy
(SEM) was used to study the morphology and
particle dispersion in CuNPs thin film deposited
on a silicon wafer. The typical SEM image of
as-prepared CuNPs thin film is shown in Fig. 2.
The image showed that CuNPs were spherical in
shape and uniformly dispersed on the silicon wafer
surface. A uniform dispersion of CuNPs resulted in
a homogeneous thin film with improved electrical
and mechanical properties [30-31], which was
confirmed by CV and EIS measurements.
Electrochemical Behavior of CuNPs

The electrochemical behavior of bare
CuNPs deposited on the surface of GCE was
studied. An example of typical CV, recorded in
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the potential range of +1.2 V and -1.2 V in 0.1
M sodium sulfate at a scan rate of 100 mV/s, is
depicted in Fig. 3a. There is one oxidation peak
(-0.035 V) in the anodic direction, which is in
accordance with the previous studies and assigned
to the formation of Cu,0***, and the peaks
associated with the oxidation of Cu,0 and CuO
were absent. Moreover, no reduction peak in the
cathodic direction was appeared, which suggests
that the oxidation and reduction of Cu,O or CuO do
not take place in sodium sulfate electrolyte. When
CuNPs were deposited on the surface of GCE and
layered, some of the CuNPs from the upper layer
were oxidized and formed an oxide layer of Cu,O
and CuO on the surface**. These oxides are also
electrochemically active and reported to produce
electrochemical oxidation signals at or near the
same electrode potential in an acidic medium where
Cu oxidized®. However, there are conflicting views
regarding the order of oxidation of oxides. Some
authors have shown that the oxidation of CuNPs
takes place first, followed by the oxidation of
CuO and Cu,O. While others claimed that Cu,O is
oxidized after the oxidation of CuNPs, followed by
the oxidation of CuO** 3. In our case situation is
more favorable as we studied oxidation of CuNPs
in neutral electrolyte medium, and since to the
best of our knowledge there is no previous report
about the oxidation of Cu,0 and CuO in the neutral
electrolyte solution, therefore, this peak is safely
related with the oxidation of CuNPs into Cu,O.
Electrochemical Detection of TCA and 2-CP
The sensing ability of the CuNPs modified
GCE was investigated using CV and EIS. The
analyte chosen were TCA and 2-CP, and their CV
behavior on GCE and CuNPs/GCE are represented
in Fig. 3a and 3b, respectively. The CVs for
reduction of 0.1 mM TCA were recorded in 0.1 M
sodium sulfate in the potential range of -0.2 V to
-1.5 V at a scan rate of 100 mV/s. With GCE there
was no reduction peak for TCA, which indicates
that GCE has no ability to electrocatalyze reduction
of TCA. However, when CuNPs modified GCE
was used to observe reduction of TCA a clear
and sharp reduction peak at -1.2 V was appeared,
which confirms that the higher catalytic activity of
CuNPs. The electrochemical response of 0.1 mM
2-CP was investigated within the potential range
of +1.5 V and -1.5 V under the same experimental
conditions as for TCA. For 2-CP on GCE, besides
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one noticeable oxidation peak, there were no clear
reduction peaks. When GCE was replaced with
CuNPs/GCE, a new reduction peak at -1.28 V for
the reduction of 2-CP or oxidized products of 2-CP
was observed. This means that a CuNPs modified
GCE is also electrocatalyzed the reduction of 2-CP
or oxidized products of 2-CP. The improved and
better electrochemical performances of CuNPs
modified GCE then GCE were attributed to the high
surface-to-volume ratio, excellent catalytic activity,
and evenly distribution of CuNPs on the surface
of GCE. Thus, using CuNPs/GCE electrochemical
sensors for simple, fast, and sensitive detection of
TCA and 2-CP can be developed in the future.
Electrochemical Impedance Sensing of TCA
and 2-CP

The utility of the EIS technique is for the
development of the electrochemical sensors and the
charge transfer resistance of the modified electrode
is a crucial factor to evaluate from the EIS Nyquist
plot*7*. In EIS Nyquist plot, at a higher frequency
region, a small semicircle caused by the charge
transfer across the modified electrode surface is
observed, whereas at the lower frequency region
a straight line due to the diffusion of the analyte
towards the electrode surface is appeared. The
EIS Nyquist plot then fitted and analyzed with
an equivalent circuit model, and the important
parameters such as electrolyte resistance R charge
transfer resistance R , double layer capacitance C,
and Warburg impedance Z , are extracted™ .

Thus, to further support CV results, EIS
measurements of the GCE and CuNPs/GCE were
carried out. To see a reduction of TCA, an applied
bias of -1.2 V with an AC voltage of 10 mV in the
frequency range of 1 Hz-100 kHz was applied.
The typical EIS Nyquist plots for the reduction of
0.1 mM TCA at GCE and CuNPs/GCE are shown
in Fig. 3c. The CuNPs/GCE revealed smaller
semicircle then GCE in the higher frequency
region, which means that more molecules of TCA
were reached at CuNPs/GCE surface, subsequently
reduced, and generated lower R . The reduction
of 2-CP at GCE and CuNPs/GCE in the form
of Nyquist plot conducted at a fixed potential of
-1.28 V under the same experimental conditions
as for TCA is presented in Fig. 3d. Similarly, in
comparison to GCE a small well-defined semicircle
at higher frequency region for CuNPs/GCE is
obtained, indicating small interface impedance,
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higher charge transfer ability of the modified
electrode, and higher reduction current of 2-CP.
These results successfully demonstrated that a
lower charge transfer resistance and a higher
reduction current for TCA and for also 2-CP was
achieved by construction of CuNPs/GCE. The high
sensitivity of the CuNPs/GCE toward detection of
TCA and 2-CP could be due to the high surface-to-
volume ratio of CuNPs and reduced agglomeration
of CuNPs in the deposited thin film.
Antibacterial and Antifungal Activity

The antibacterial and antifungal qualities
of copper metal are well-reported. However,
recently, antimicrobial tests for CuNPs were
shown to prevent bacterial adhesion and biofilm
formation better than the copper metal itself*'.
Thus, antibacterial and antifungal activity tests
for as-synthesized CuNPs were carried out and the
results are presented in Table 1. The tested bacterial
and fungal strains Salmonella group B (7.9+0.912),
Klebsiella pneumonia (8.33+1.561), Escherichia
Coli (15.65£1.612), Enterococcus faecalis
(5.4+0.612), Staphylococcus aureus (12.6+1.531),
and yeast Candida albicans (11.4.3+1.512), were
markedly affected by the antimicrobial activity
of CuNPs. Among all bacterial strains, the
Enterococcus faecalis was adversely affected by
the toxicity CuNPs and showed higher sensitivity
as observed between the inhibition zone observed
in disk diffusion and MIC determined based on
liquid cultures with the several strains (r>=0.75)*.
The effectiveness of the CuNPs as antifungal agents
was also probed and the selected fungal stain
Candida albicans was found to appear sensitive
towards as-synthesized CuNPs. This was realized
from the differences in the cell wall of each strain,
and the cell wall of gram-positive strain was wider
than the cell wall of gram-negative strain®’.

The mechanism of toxicity of CuNPs
on various strains is discussed previously*2,
based on this, it is inferred here that CuNPs
could damage Enterococcus faecalis DNA
followed by a reduction of bacterial respiration.
Moreover, by altering the conformation and
electron transference, CuNPs were appeared to
inhibit certain cytochromes in the membrane of
Enterococcus faecalis and this could also be the
reason for higher sensitivity of Enterococcus
Jfaecalis towards CuNPs. The higher antimicrobial
activity of silver nanoparticles (AgNPs) against
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clinical bacterial and fungal pathogenic isolates
was reported, and use of AgNPs for the reduction
of bacterial adhesion and prevention of biofilm
formation was proposed*. However, in some other
studies high antibacterial activity of CuNPs against
clinical strain MRSA, even better than AgNPs,
and against antibacterial drug ciprofloxacin and
kanamycin was demonstrated**. For example,
Yoon et al*®, compared antibacterial effects of
AgNPs and CuNPs using single representative
strains of Escherichia Coli and Bacillus subtilis
and found an excellent antibacterial activity for
CuNPs than AgNPs. In the present study, the
higher antibacterial and antifungal activity of
as-synthesized CuNPs against Enterococcus
faecalis and Candida albicans were illustrated
successfully. However, more detail study is needed
to fully understand the bactericidal mechanism of
action of CuNPs on various strains. For now, the
as-synthesized colloidal dispersion of CuNPs is
expected to use as an alternate of AgNPs to control
biofilm formation and avoid bacterial adhesion.

CONCLUSION

The colloidal dispersion of CuNPs was
successfully synthesized using a straightforward
chemical reduction method and was characterized
using standard techniques. The UV-Vis results
revealed the formation of small size CuNPs,
whereas the successful protecting of CuNPs with
ascorbic acid was verified by FTIR analysis. The
SEM image showed the uniform dispersion of
CuNPs in a thin film formed on a silicon wafer. The
electrocatalytic ability of as-synthesized CuNPs
was elucidated by using CV and EIS techniques and
was utilized for electrochemical sensing of TCA
and 2-CP. Antimicrobial tests showed that CuNPs
were active against various gram-positive and
gram-negative bacteria, and Candida species. The
antimicrobial results also suggested the future use
of CuNPs in reducing bacterial or fungal adhesion
and biofilm formation at low cost. Therefore, this
as-synthesized CuNPs has great potential to be used
for an environmental and biological application
such as in environmental monitoring, for water
purification, and as an electrochemical sensing or
antibacterial packaging material.
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