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Abstract: Copper nanoparticle synthesis has been gaining attention due to its availability.
However, factors such as agglomeration and rapid oxidation have made it a difficult research
area. In the present work, pure copper nanoparticles were prepared in the presence of a chi-
tosan stabilizer through chemical means. The purity of the nanoparticles was authenticated
using different characterization techniques, including ultraviolet visible spectroscopy, trans-
mission electron microscopy, X-ray diffraction, Fourier transform infrared spectroscopy, and
field emission scanning electron microscopy. The antibacterial as well as antifungal activity
of the nanoparticles were investigated using several microorganisms of interest, including
methicillin-resistant Staphylococcus aureus, Bacillus subtilis, Pseudomonas aeruginosa,
Salmonella choleraesuis, and Candida albicans. The effect of a chitosan medium on growth
of the microorganism was studied, and this was found to influence growth rate. The size of the
copper nanoparticles obtained was in the range of 2-350 nm, depending on the concentration
of the chitosan stabilizer.

Keywords: chitosan, copper nanoparticles, antimicrobial activity, chemical synthesis,
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Introduction

The high occurrence of resistance of different microorganisms to the majority of
antimicrobial agents is attracting a great deal of attention. The World Organization for
Animal Health, Food and Agriculture Organization, and World Health Organization
have all commented on the serious threat posed by antimicrobial-resistant pathogenic
organisms to human and animal health.! The extensive use of chemotherapeutic anti-
microbial agents has generated the selective pressure to encourage the escalating rates
in antimicrobial resistance.>*

Resistance of microorganisms to antibiotics is steadily rising, with reports showing
that quite a number of the recognized antimicrobial agents in existence have demon-
strated resistance by one species of microorganism or another,' so basically there is
no single antimicrobial agent available for human and animal use that has not dem-
onstrated resistance by microorganisms. This development had compelled clinicians
to rely on in vitro antimicrobial susceptibility testing for diagnostic purposes.* In this
regard, synthesis or extraction of compounds such as nanoparticles with antimicrobial
properties is essential, and has potentially promising applications in the fight against
the ever-growing number of antimicrobial-resistant pathogenic microorganisms which
pose a continuous threat to human and animal health.
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Nanotechnology is a field of science with vast potential
in medicine. Being analogous with nature, the combination
of nanoscience and biology will not only strengthen the fight
against pathogenic microorganisms but can also result in a
change in approach towards combating infectious diseases.’
Consequently, diseases like cancer and rheumatoid arthritis
are also being combated using nanoparticles.®’ Materials in
the range of 100 nm or less are considered to be nanoparticles.
They exhibit a wide range of properties, including optical,
electrical, catalytic,® magnetic, and biological activity,” which
is different from that of their bulk materials. Some of the
biological properties of nanoparticles have been explored
by antimicrobial susceptibility testing of nanoparticles
produced from different metals using different synthetic
methods.’ It has been reported that metal nanoparticles (Ag,
Cu, CuO, Au) exhibit a wide spectrum of antimicrobial activ-
ity against different species of microorganisms, including
fungi and Gram-positive and Gram-negative bacteria.
Antibacterial activity has been reported against Escherichia
coli'™'? and a nonresistant strain of Gram-positive bacteria
(Staphylococcus aureus),''* and the results obtained indicate
inhibition of growth of the organism due to addition of the
nanoparticles.

Generally, metallic nanoparticles show antibacterial
and antifungal activity, even though there are environmen-
tal and human safety concerns regarding the release and
consumption of metal nanoparticles which are yet to be
explored. Excessive release of silver, for example, causes
environmental pollution which in turn makes silver harmful
to humans and animals. Copper is no exception, because an
excess of copper in the human body leads to generation of
the most damaging radicals, such as the hydroxyl radical.'
However, there are copper-transporting adenosine triphos-
phatases (Cu-ATPases), including ATP7A and ATP7B, which
play an important role in copper homeostasis and export
excess copper through the intestine (ATP7A) as feces, the
liver (ATP7B) as a bile product, and the mammary gland
(ATP7B) as milk.'*1

The availability of copper has made it a better choice to
work with, because it shares properties similar to those of
other expensive noble metals, including silver and gold. The
choice of copper in the present research is attributed to the
above-mentioned factors; in addition, copper nanoparticles
are reported to have antimicrobial activity against a number
of species of bacteria and fungi. Previous studies have indi-
cated that copper nanoparticles have antimicrobial activity
against E. coli and Staphylococcus species,'®!” and similar
antifungal properties were also reported.'

However, copper nanoparticles have major limitations,
which include rapid oxidation on exposure to air. Copper
oxidizes to CuO and Cu,O, and converts to Cu** during
preparation and storage, so it is difficult to synthesize cop-
per nanoparticles in an ambient environment. Therefore,
alternative pathways have been developed to synthesize metal
nanoparticles in the presence of polymers (eg, polyvinylpyr-
rolidone, polyethylene glycol, and chitosan) and surfactants
(cetyl trimethyl ammonium bromide) as stabilizers, and to
form coatings on the surface of nanoparticles. Recently, plant
extracts have been used to stabilize nanoparticles in green
synthesis.!” In general, quite a number of nanoparticles are
prepared using polymer dispersions.?*?3 A number of tech-
niques can be used to prepare copper nanoparticles, including
thermal reduction,* a capping agent method,? sonochemical
reduction,? metal vapor synthesis,?” microemulsion tech-
niques,” laser irradiation,” and induced radiation.*

The present study investigated the antimicrobial proper-
ties of metallic copper nanoparticles synthesized in chitosan
polymer medium through chemical means. Chitosan is the
second naturally occurring and most abundant biopolymer
after cellulose, and is obtained by removal of an acetyl
group from chitin.*! It is composed of glucosamine and
N-acetylglucosamine units.?* Chitosan is a biocompatible,
biodegradable, and nontoxic polymer with various applica-
tions in the pharmaceutical and biomedical fields.*! These
properties make the chitosan polymer a good candidate for
medical applications and research. The antimicrobial activ-
ity of the copper nanoparticles synthesized in the present
study was tested against various microorganisms of interest,
including Gram-positive bacteria such as methicillin-resistant
S. aureus (MRSA) and Bacillus subtilis, Gram-negative
organisms such as Salmonella choleraesuis and Pseudomonas
aeruginosa, and yeast species such as Candida albicans.
The antimicrobial activity of copper nanoparticles against a
number of microorganisms has been reported previously.3>3¢
However, it is interesting to note that our findings in this study
indicate activity against all species tested. The ultimate pur-
pose of this study was to analyze the effect of chitosan on the
antimicrobial properties of copper nanoparticles synthesized
by chemical means.

Materials and methods
Chemicals and preparation
Analytical grade copper sulfate pentahydrate (CuSO, - SH,0O,
99.98%) and ascorbic acid were supplied by Sigma-Aldrich
(St Louis, MO, USA). Chitosan (molecular weight
600,000-800,000) and hydrazine (98.0%) were supplied by
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Acros Organics (Thermo Fisher Scientific, Fair Lawn, NJ,
USA), and sodium hydroxide (99.0%) was sourced from
R&M Chemical Ltd (Edmonton, AB, Canada). Milli Q water
(EMD Millipore Bedford, MA, USA) was used throughout
the experiment. In the first step, 10 mL of CuSO,-5H,0
(0.05 M) was added to 40 mL of acetic acid solution (0.1 M)
containing chitosan (0.05, 0.1, 0.2, and 0.5 wt%) to obtain a
blue-colored solution. With constant stirring and refluxing at
120°C, 0.5 mL of ascorbic acid (0.05 M) was added. In the
second step, 2 mL of NaOH (0.6 M) was added to the solution
after further stirring for 20 minutes, until a green solution
was obtained. Finally, a 0.5 mL volume (0.05 M) of N,H,
was added and deep red coloration was obtained, indicating
formation of copper nanoparticles. The nanoparticles were
isolated by centrifugation at 14,000 rpm for 10 minutes and
vacuum drying overnight at 50°C. The pH of the nanoparticle
solution was kept at 8.0.

Characterization

Ultraviolet-visible spectra for the deep red dispersions
were measured using an ultraviolet 1650 PC-Shimadzu
B spectrophotometer (Shimadzu, Osaka, Japan). Powder
X-ray diffraction experiments were carried out on a
6000 X-ray diffraction instrument (Shimadzu), and the pat-
terns were recorded at a scan speed of 4° per minute with
Cu Kol radiation (A =1.54060 A) operating at 40 kV and
40 mA. Morphological analysis of the samples was carried
out using field emission scanning electron microscopy;
the measurements were made on a JSM-7600F instrument
(JEOL, Eching, Miinchen, Germany). Samples were dried
and sputter-coated with gold film using an SCDO00S5 sputter
coater (Baltec, Canonsburg, PA, USA). The samples were
then imaged under the field emission scanning electron
microscope. Transmission electron microscopic observa-
tions were carried out using an H-7100 electron microscope
(Hitachi, Tokyo, Japan), and the particle size distribution
was obtained using UTHSCSA Image Tool version 3.0
software (The University of Texas Health Science Center,
San Antonio, TX, USA). Molecular analysis of the samples
was performed by Fourier transform infrared (FT-IR)
spectroscopy using a series 100, 1650 spectrophotometer
(Perkin-Elmer, Santa Clara, CA, USA), recorded over the
range of 200—4,000 cm™.

Microorganisms

Four species of bacteria, including two Gram-positive
species, ie, a pathogenic strain of MRSA and B. subti-
lis, two Gram-negative species, ie, S. choleraesuis and

P aeruginosa, and one yeast species (C. albicans) were
obtained from the Microbial Culture Collection Unit,
Institute of Bioscience, Universiti Putra Malaysia. Cultures
were maintained on Luria-Bertani agar (Fluka, Buchs,
Switzerland). Prior to incubation with the nanoparticles,
the microorganisms were cultured overnight in 5 mL of
Luria-Bertani broth (Fluka) in a Certomat BS-T incuba-
tion shaker (Sartorius Stedim Biotech, Aubagne, France)
at 37°C and 150 rpm until the microbial culture reached
an OD, of 1.0, corresponding to 8 x 10°* colony-forming
units per mL, as determined using an Ultrospec ultraviolet-
visible 3000 spectrophotometer (Amersham Pharmacia
Biotech, Cambridge, UK). The antimicrobial activity of
the chitosan-copper nanoparticles against the selected
microorganisms was investigated by two methods, ie,
qualitative evaluation using the zone of inhibition method,
and quantitative evaluation.

Antimicrobial susceptibility test

The antibacterial properties of the as-synthesized chito-
san-copper nanoparticles were evaluated by a qualitative
method against the aforementioned microorganisms using
the agar disk diffusion method as described previously.’’
Gram-positive and Gram-negative bacteria were cultured
on LB agar medium (Fluka) while yeast was cultured on
potato dextrose agar (Becton Dickinson Difco, Franklin
Lakes, NJ, USA). Briefly, 20 mL of liquid Mueller Hinton
agar (pH 7.3 £ 0.2 at 25°C) was poured onto disposable
sterilized Petri dishes and allowed to solidify. The surfaces
of the solidified agar plates were allowed to dry in the
incubator prior to streaking of microorganisms onto the
surface of the agar plates. Next, 100 UL of the microbial
culture suspension in broth containing approximately 10°
colony-forming units per mL as measured spectrophoto-
metrically was streaked over the dried surface of the agar
plate and spread uniformly using a sterilized glass rod
and allowed to dry before applying the loaded disks. The
chitosan-copper nanoparticle compounds were suspended
in sterilized distilled water, and blank sterilized Whatman
No 1 filter paper disks were loaded with the suspension.
The loaded disks were applied carefully to the surface of
the seeded agar plates using sterile forceps. The experiment
was carried out in triplicate and the diameters of the zones
of inhibition were measured after 24 hours of incubation
at 37°C. Standard antimicrobial agents including nystatin
(for yeast, 100 mg/mL), ampicillin (for Gram-negative
bacteria, 100 mg/mL), and streptomycin (Gram-positive
bacteria, 100 mg/mL) were used as controls.
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on inhibition of microbial growth

Growth studies with optical density (OD) measurements
were used to evaluate the antimicrobial activity in a quantita-
tive manner. Prior to incubation with the nanoparticles, the
bacteria were cultured overnight in 5 mL of Luria-Bertani
broth and the yeast was cultured in potato dextrose broth. The
microbial culture suspension was adjusted to an OD, of 1.0
as determined spectrophotometrically. The overnight cultures
were diluted 10° to approximately 10* colony-forming units
per mL using sterile broth for further investigation. The
chitosan-copper nanoparticles were suspended in sterilized
distilled water (Millipore) to give a final concentration of
2.5 mg in each well, and the suspension was distributed
uniformly on the surface of six-well sterile tissue culture
plates (Nalge Nunc International, Roskilde, Denmark). To
examine microbial growth and to determine growth behav-
ior in the presence of the chitosan-copper nanoparticles,
100 uUL of the microbial culture suspensions were added to
each well supplemented with the nanoparticle compounds.
Cultures of nanoparticle-free medium under the same growth
conditions were used as a control. To avoid potential optical
interference caused by the light-scattering properties of the
nanoparticles during determination of OD in the growing
cultures, the same Luria-Bertani broth medium without
microorganisms but containing the same concentration of
nanoparticles cultured under the same conditions was used
as the blank control. These plates, as well as the negative
and the positive control plates, were incubated overnight in a
Certomat SII incubation shaker at 37°C and in a humid atmo-
sphere to minimize evaporation from each well. Following
incubation of the test microorganisms with the nanoparticles
overnight, the OD of the cultures in each well was deter-
mined spectrophotometrically. The corresponding number
of colony-forming units was determined and the percentage
inhibition was calculated as follows:

Inhibition rate =1 — OD___. /OD

sample control

x100 (1)

The efficiency of the nanoparticles in inhibiting the growth
of microorganisms was determined by differences in the
equivalent number of colony-forming units before and after
treatment as a percentage of microbes that were inhibited by
the nanoparticles as calculated from the previous equation.

Results and discussion
As mentioned earlier, the effects of chitosan on the sta-
bility and antimicrobial properties of the synthesized

chitosan-copper nanoparticles were evaluated. Prior to
susceptibility testing, the synthesized nanoparticles were
subjected to different methods of characterization to deter-
mine their purity. Samples containing various amounts of
dispersant (0.05, 0.1, 0.2, or 0.5 wt%) differed with regard to
the color of the nanoparticles obtained, ie, from light brown
to deep red. This may be indicative of particle stability, as
evidenced by the characterization methods. Nevertheless,
the samples containing various chitosan concentrations did
not display any significant difference in color throughout
the different stages of the reaction. The green coloration
of the chitosan-copper complex,? obtained by addition of
sodium hydroxide, did not differ over the 0.05-0.5 wt%
range. A different pattern was observed for particle sizes and
antimicrobial properties, with slight variation in susceptibility
of the 0.2 wt% and 0.5 wt% nanoparticles.

The surfaces of chitosan-copper nanoparticles are covered
by fragments of chitosan which protect against aggregation
and oxidation.*® The nuclei of the individual nanocrystals
are attracted to each other by weak van der Waals forces,
and the stabilizer provides insulation between the particles
by overcoming these forces, a phenomenon seen with both
polymers and surfactants.*®* Interestingly, this influence was
noticed in almost all aspects of our research, including in the
antimicrobial susceptibility test. For instance, the surface
plasmon resonance peaks of the red samples were obtained
immediately after synthesis. These samples showed a band
at 582 nm, as shown in Figure 1. The peaks seen are features
of chitosan-copper nanoparticles, which are known to show
absorbance in the range of 500-600 nm.* As observed, the

0.4 T T T T T T T

0.3 A1

0.2 A

Absorbance (AU)

0.1 A

T

400 500 600 700 800
Wavelength (nm)

0 T T T T T T

Figure | Ultraviolet-visible spectra of chitosan-copper nanoparticles at different
concentrations of chitosan (0.05, 0.1, 0.2, and 0.5 wt% [a—d], respectively).
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relative absorbance of the samples increased simultaneously
with the increase in concentration of chitosan from 0.05 wt%
to 0.5 wt%. This suggests that the size of the chitosan-copper
nanoparticles decreased with increasing stabilizer concen-
trations, with 0.5 wt% having the smallest size. The higher
peak absorbance for the 0.5 wt% concentration indicate
greater dispersion of the particles.”® Further, the stability
of the particles increased from low to high concentration.
The low surface plasmon resonance peak intensity noted
in the 0.05 wt% sample indicates low defragmentation of
molecules, which in turn resulted in less capping of the
nanoparticles. The result obtained is consistent with that for
the X-ray diffraction patterns for the nanoparticles, as shown
in Figure 2. The peaks at 36.79°, 43.49°, 50.65°, and 74.15°
of the spectrum correspond to the (111), (111), (200), and
(220) respectively, which represent crystal face-centered
cubic (fcc) of copper (Cu X-ray diffraction reference number
01-089-2838).3? The peak at 19.76 is due to the presence of
chitosan in the nanoparticles. As observed in spectra (a—d)
in Figure 2, the peak intensity reduced with decreasing chi-
tosan concentration. This indicates an interaction between
the nanoparticles and the stabilizing medium. No other
CuO or Cu,0O impurity peaks were observed in any of the
spectra, suggesting that the synthesized particles were of
high purity. An estimate of nanoparticle size was done using

Sherrer’s equation (equation 2) and found to be in the range
of 1015 nm. It is known that copper nanoparticles rapidly
oxidize on exposure to the atmosphere, which can result
in particle aggregation® and could affect the antimicrobial
properties of chitosan-copper nanoparticles. Interestingly,
nanoparticles stabilized by chitosan in this study showed
antimicrobial activity according to the polymer content of the
particles, which confirms the stabilizing effect of the chitosan
used. The Sherrer's formula is presented in equation 2:

KA
~ Bcos6

2)

where d is the mean nanoparticle diameter, A is 1.5418 A
(wavelength of the radiation source), K is the Scherer’s con-
stant or shape factor with a value 0f 0.9, 0 is the Bragg angle,
and B, , is the width of peak at half height.”

An additional confirmatory test was performed by
studying the molecular interaction between the chitosan
medium and the synthesized nanoparticles using FT-IR.
Figure 3a—e indicates the spectra of pure chitosan and the
chitosan-mediated copper nanoparticles at different concen-
trations (0.05-0.5 wt%). The FT-IR spectra for chitosan (a)
shows vibration bands at 3,358 cm™, which may be due to
overlapping of O—H and amine N—H stretching bands; the

111
43.49

Intensity

220
74.15

5 10 15 20 25 30 35 40 45

50 55 60 65 70 75 80 85 90

2 theta/degree

Figure 2 X-ray diffraction patterns of chitosan-copper nanoparticles at different concentrations of chitosan (0.05, 0.1, 0.2, and 0.5 wt% [a—d], respectively).
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Figure 3 Fourier transform infrared spectra of chitosan (a) and chitosan-copper nanoparticles (0.05, 0.1, 0.2, and 0.5 wt% [b—e], respectively).

peak at 2,878 cm™ indicates aliphatic C—H stretching; 1,658
and 1,606 cm™' indicates N—H bending; 1,429, 1,358, and
1,318 cm™! indicates C—H bending; and 1,028 cm™! indicates
C—O stretching.*! For spectra b—e in Figure 3, blue shifts and
decreased intensity of peaks were noticed, eg, a blue shift of
the N—H bending peak at 1,606 cm™' to 1,601 cm™'; however,
the second 1,658 cm™ peak was missing in all the spectra.
This confirms capping of the copper nanoparticle surface by
the N—H groups of the polymer. Similarly, peaks at 1,429
to 1,318 cm™! were not observed. In addition, new moderate
intensity peaks representing copper nanoparticles were evi-
dent at 629 cm™ for all the samples, and at 427 cm™ for the
0.05%, 0.1%, and 0.2% concentrations (b—d) and at 320 cm™
for the 0.05% and 0.5 wt% concentrations (b and ¢). The two
vibration bands could also indicate an interaction between
the copper nanoparticles and the chitosan medium.

A micrograph of the chitosan stabilized copper nano-
particles (Figure 4) indicates the size of the nanoparticles
at different concentrations. The size of the nanoparticles
appeared to decrease with increasing concentration of the
dispersant. This is consistent with the results obtained from
other characterizations conducted on the nanoparticles.
The 0.05 wt% chitosan-copper nanoparticles were found to
be larger, ranging from 50 nm to 300 nm with a standard
deviation of 186.24 + 69.21 nm (Figure 4A). Subsequent
nanoparticles with a concentration of 0.1 wt% were observed
to be slightly smaller, with a size range of 50-270 nm. In

the same manner, chitosan-copper nanoparticles with a
concentration of 0.2 wt% had a size range of 5-50 nm and
a standard deviation of 18.29 * 7.75 nm. The chitosan-
copper nanoparticles with 0.5 wt% chitosan appeared to
have the lowest particle size, being as low as 2 nm with a
standard deviation of 9.61 + 11.90 nm. The low standard
deviation seen for the 0.2 wt% chitosan is due to the higher
nanoparticle size distribution in the sample, as observed
in the histogram (Figure 4). This emphasizes the relevance
of chitosan in controlling the size of the nanoparticles, as
described in our previous research.? In addition, it is note-
worthy that the morphology observed in the transmission
electron micrographs for 0.1 wt% chitosan was rod-shaped
or cylindrical, which was not observed in the field emission
scanning electron micrographs of the same sample. The
number of nanoparticles counted for transmission electron
microscopy was 250 per hour of stirring time.

The images obtained for the various concentrations of
the stabilized crystals indicate that the copper nanoparticles
were embedded within the matrix of the polymer. Typical
micrographs for the nanoparticles are seen in Figure 5,
showing particles of different diameters that are polydis-
persed. The particles were observed to be polydispersed
and distributed. Although the copper nanoparticles appear
to be predominantly spherical in shape, the particle size
and distribution patterns vary according to the chitosan
concentrations (0.05-0.5 wt% [A-D]). Figure 5A and B
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Figure 4 Transmission electron micrographs of chitosan-copper nanoparticles at different concentrations of chitosan medium, 0.05, 0.1, 0.2 and 0.5 wt%, (A-D) respectively.
Notes: Attached to each micrograph, is the size bar chart fitted with Gaussian curve which demonstrates the size distribution pattern of the nanoparticles in the micrographs.
The standard mean sizes of the nanoparticles were also determined through Gaussian curve.

showing the 0.05% and 0.1 wt% concentrations indicate  smaller sizes and a more uniform distribution (Figure 5C
larger-sized nanoparticles and higher agglomeration, with ~ and D).

the nanoparticles forming large flocks of aggregated par- These findings accentuate the important role of the
ticles. However, the nanoparticles synthesized at higher  polymer as a stabilizer. It is known that copper nanoparticles
chitosan concentrations (0.2% and 0.5 wt%) had relative  tend to agglomerate on synthesis due to the high tendency of
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Figure 5 Field emission scanning electron micrographs of chitosan-copper nanoparticles at different concentration of chitosan medium, 0.05, 0.1, 0.2 and 0.5 wt% (A-D),

respectively.

copper nuclei to bond. The aggregation may also be due to
the high surface area of the copper nanoparticles.?

The chitosan stabilized copper nanoparticles exhibited both
antibacterial and antifungal activity against Gram-positive
bacteria, Gram-negative bacteria, and yeast. The chitosan

medium supported the efficiency of the copper nanoparticles.
As shown in Figure 6 A—E, the antimicrobial activity (indicated
by the zones of inhibition) of chitosan-copper nanoparticle
compounds 1 (0.05 wt%), 2 (0.1 wt%), 3 (0.2 wt%), and 4
(0.5 wt%), respectively, was clearly observed in all the samples.

Figure 6 Antimicrobial activity of chitosan-copper nanoparticle compounds | (0.05 wt%), 2 (0.1 wt%), 3 (0.2 wt%), and 4 (0.5 wt%), and 5 (chitosan) against bacteria and
yeast using the disk agar diffusion method. Photographs of chitosan-copper nanoparticles and (A) methicillin-resistant Staphylococcus aureus, (B) Pseudomonas aeruginosa, (C)

Salmonella choleraesuis, (D) Bacillus subtilis, and (E) Candida albicans.
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Table | Antimicrobial activity of copper-chitosan nanoparticles
against different microorganisms as determined by the disk agar
diffusion method*

NPs/MO BS MRSA PA SC CA
Compound | 9 9 8 9 9
Compound 2 10 9 I 9 9
Compound 3 9 I 12 I I
Compound 4 9 Il 10 10 9
Control** 23 23 22 25 22

Notes: *Diameters of zones of inhibition were measured to nearest mm; **control
(ampicillin [Gram-negative], streptomycin [Gram-positive], and nystatin [yeast]).
Abbreviations: NPs, nanoparticles (I [0.05 wt%], 2 [0.] wt%], 3 [0.2 wt%], and
4 [0.5 wt%]); MO, microorganism; BS, Bacillus subtilis; MRSA, methicillin-resistant
Staphylococcus aureus; PA, Pseudomonas aeruginosa; SC, Salmonella choleraesuis;
CA, Candida albicans.

Further, chitosan did not demonstrate any zone of inhibition,
suggesting a lack of antimicrobial activity of chitosan at pH
7.4 which is corresponding to the pH of the Mueller-Hinton
agar medium used in the experiment. This is in accordance
with the fact that chitosan has antimicrobial activity only in an
acidic medium because of'its poor solubility above pH 6.5.424
The antimicrobial activity of chitosan depends on several fac-
tors, including its degree of polymerization, molecular weight,
nutrient composition, host, natural nutrient constituency, sol-
vent, target microorganism, and physicochemical properties,
and is inversely affected by pH.* However, it is noteworthy
that the zone of inhibition of the particles is generally increased
when the chitosan medium is increased.

Numbers shown in Table 1 represent the diameter (mm) of
the zones of inhibition measured to the nearest mm using a cali-
per. The zone of inhibition diameter was highest for compound 3,

30

204l

Diameter of inhibition zone (mm)

which is the 0.2 wt% concentration (Figure 7). The results for
microbial growth inhibition according to OD measurements
(Figure 8A—C) support the results obtained by the agar diffusion
method for the nanoparticles tested. All the chitosan-copper
nanoparticle compounds showed high inhibition rates against
the tested microorganisms (see Table 2) suggesting that these
nanoparticles are effective antibacterial and antifungal agents.

This indicates slower diffusion of the nanoparticles
released from the chitosan medium in the sample, which
is responsible for the antibacterial activity. In addition, the
nanoparticles in the 0.2 wt% concentration, although larger
than the nanoparticles in the 0.5 wt% concentration, have a
better smaller-sized nanoparticle distribution, as observed
in the transmission electron microscopic analysis, which
contributed to their higher antimicrobial activity. This obser-
vation also indicates the optimum concentration of stabilizer
for the antimicrobial analysis. It is generally assumed that
nanoparticles stabilized by biopolymers have the advantage
of a prolonged release time, which improves their antimi-
crobial properties.* The controlled-release profile of the
nanoparticles in antimicrobial susceptibility tests is yet to
be determined. The results of the present study are in agree-
ment with other reports that indicate greater activity of cop-
per nanoparticles against Gram-negative microorganisms.*
Our efficacy results indicate that the chitosan-stabilized
nanocrystals are more active against P aeruginosa, a Gram-
negative microorganism. This can partially be explained
by the facilitated influx of smaller-sized nanoparticles into
the cell wall of Gram-negative bacteria which consists of

Comp 1
Comp 2
Comp 3

Comp 4

JEULN

Control

Figure 7 Diameter of inhibitory zones for copper-chitosan nanoparticle compounds | (0.05 wt%), 2 (0.1 wt%), 3 (0.2 wt%), and 4 (0.5 wt%) against bacteria and yeast, along
with the control antimicrobial agents (ampicillin for Gram-negative organisms, streptomycin for Gram-positive organisms, and nystatin for yeast).

Abbreviations: MRSA, methicillin-resistant Staphylococcus aureus; Comp, compound.
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Figure 8 Effect of chitosan-copper nanoparticles on inhibition of growth of microorganisms using OD
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Abbreviations: CFU, colony-forming units; OD, optical density; MRSA, methicillin-resistant Staphylococcus aureus; Comp, compound.
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Table 2 Inhibition rate (%) of chitosan-copper nanoparticles
against different microorganisms

NPs/MO BS MRSA PA SC CA
Compound | 99.65 99.65 99.65 99.65 82.75
Compound 2 99.65 99.65 99.65 99.65 822
Compound 3 95.17 822 58.62 88.27 81.37
Compound 4 34.48 77.58 31.03 79.31 65.86

Abbreviations: NPs, nanoparticles (I [0.05 wt%], 2 [0.] wt%], 3 [0.2 wt%], and
4 [0.5 wt%]); MO, microorganism; BS, Bacillus subtilis; MRSA, methicillin-resistant
Staphylococcus aureus; PA, Pseudomonas aeruginosa; SC, Salmonella choleraesuis;
CA, Candida albicans.

a unique outer membrane layer and a single peptidoglycan
layer as compared to the cell wall of Gram-positive bacteria
with several peptidoglycan layers.** Thus, the cell wall
is more exposed to nanoparticles through the outer bacte-
rial membrane. The unique high surface to volume ratio of
chitosan-copper nanoparticles enables them to interact with
the bacterial cell membrane through its surface,'® which leads
to the death of the bacterium.*” Therefore, the size of the

nanoparticles is important for antimicobial activity.

Conclusion

We synthesized high-purity metallic chitosan-copper nanopar-
ticles via a chemical method. The antimicrobial activity of the
nanoparticles was determined according to the chitosan concen-
tration using a variety of bacterial species and a fungal species.
The 0.2 wt% concentration was determined to be optimal,
due to its higher activity against the microbial species tested.
Transmission electron micrographs for the 0.5 wt% concentra-
tion indicate the size of the nanoparticles to be 2 nm. Our results
indicate the future potential of these chitosan-copper nano-
particles for combating pathogenic microorganisms. Further
in vivo studies to determine the toxicity of these nanomaterials
will allow for the application and use of these nanoparticles,
which can be prepared in a simple and cost-effective manner and
may be suitable for formulation of new types of antimicrobial
materials for pharmaceutical and biomedical applications, such
as antimicrobial next-to-skin fabrics.
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