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ABSTRACT

Objective: Growing resistance of microorganisms to potent antibiotics has renewed a great interest towards investigating bactericidal properties of
nanoparticles and their nanocomposites as an alternative. Therefore, the present study has been carried out to investigate and compare the
antibacterial properties of copper (Cu) and zerovalent iron (Fe°) nanoparticles. Methods: Nanoparticles were synthesized by reducing aqueous
solution of respective salt solution with sodium borohydride (NaBH4). The synthesized particles were further characterized by X-Ray Diffractogram
(XRD), and Scanning Electron Microscopy (SEM) techniques to analyze size and morphology respectively. Antibacterial efficacy of metal
nanoparticles was evaluated by agar well diffusion method. Results: Average size of the particles was found to be 17.25 nm (Cu) and 44.87 nm
(Fe°). Energy-dispersive spectrum (EDS) of the nanoparticles dispersion confirmed the presence of elemental metals. The mechanism of
microorganism inactivation is considered as species-dependent . Pseudomonas aeruginosa exhibited highest antibacterial sensitivity (26.00 + 0.41
mm) to copper nanoparticles whereas Bacillus cereus offered maximum zone of inhibition (23.33 + 0.89 mm) to Fe° nanoparticles. Conclusion:
Results from this study signify that the Cu and Fe° nanoparticles potentiate the antibacterial action of both gram positive and gram negative

bacteria.
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INTRODUCTION

Disease causing microbes that have become resistant to drug
therapy are an increasing public health problem. One of the
measures to combat this increasing rate of resistance is to have
continuous investigations into new, safe and effective antimicrobials
as alternative agents to substitute with less effective ones [1]. Owing
to their high antibacterial properties, nanoparticles of silver, oxides
of Zinc, titanium, copper, and iron are the most commonly used
nanoparticles in antimicrobial studies. Furthermore, these
nanoparticles have been used to deliver other antimicrobial drugs to
the site of pathological process [2]. In general, a variety of
preparation routes have been reported for the preparation of
metallic nanoparticles. However, aqueous reduction method is most
widely employed because of its advantages such as simple operation,
high yield and quality, limited equipment requirements and ease of
control. Because of strong reducing ability, NaBH4 is widely used as a
reductant for this aqueous reduction process [3]. Although metals
and metal oxides are known to be toxic at relatively high
concentrations, they are not expected to be toxic at low
concentrations. Several resistance mechanism to metals have been
described, the most common, which is enhanced efflux of metal ions
from the cell, is a high-level, single-step and target-based mutation.
This mutation enhances efflux of metal ions from cell and makes
metal resistance less probable owing to its multifaceted mode of
action [4]. Recent studies have demonstrated that specially
formulated metal oxide nanoparticles have good antibacterial
activity and antimicrobial formulations comprising nanoparticles
could be effective bactericidal materials. Wei et al. [5] reported that
the bactericidal effects of metal nanoparticles are impacted by the
release of metal ions in solution. Typically, antimicrobials kill
bacteria by binding to some vital compounds of bacterial
metabolism, thereby inhibiting the synthesis of functional
biomolecules or impeding normal cellular activities. Nanoparticles
attached to the microbial surfaces can decrease both cell mobility
and nutrient flow between the cell's exterior and interior
compartments [6]. Kim et al. [7] investigated that the antimicrobial
effect of Fe® has been attributed to involve the generation of
intracellular oxidants (e.g. HO° and Fe!V) produced by the reaction

with hydrogen peroxide or other species as well as a direct
interaction of Fe° with cell membrane components. Raffi et al. [8]
reported that copper has the potential to disrupt cell function in
multiple ways, since several mechanisms acting simultaneously may
reduce the ability of microorganisms to develop resistance against
copper. The nonspecific mode of action of nanoparticles against
bacteria makes them ideal candidates as antimicrobial agents with
less risk of development of bacterial resistance [9]. Therefore, our
aim in the present study was to synthesize copper and zerovalent
iron nanoparticles and investigate the antibacterial effect against
selected gram positive and gram negative bacteria.

MATERIALS AND METHODS
MATERIALS

Copper sulfate pentahydrate (CuS04.5H20), Sodium borohydride
(NaBH4), Sodium citrate (Na3Ce¢Hs07), Ferrous sulfate heptahydrate
(FeS04.7H20), Ethanol, Acetone, and standard antibiotic disc were
purchased from Himedia (P) Ltd, Mumbai and used as starting
materials without further purification. Milli-Q water was used for
the fabrication of nanoparticles.

METHODS
Preparation of nanoparticles
Copper

The preparation of copper nanoparticles was followed the method
according to the description of Samim et al. [19. The particles were
prepared in aqueous phase by chemical reduction of cupric salt
solution using sodium borohydride in the presence of sodium citrate
as a capping agent. In a typical set, 10 ml of 0.0125 M CuSO4 solution
was purged with nitrogen (Nz) gas for 10 min to remove the
dissolved oxygen (DO) and 10 ml of 0.2 M sodium citrate solution
was added and allowed to stir for 30 min under N2 atmosphere. 1 ml
of aqueous solution of NaBH4 (0.1 M) was then added drop wise to it
under constant stirring in N atmosphere. The solution color
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changed to dark brown on complete addition of reducing agent
indicating the formation of citrate capped copper nanoparticles. The
particles were then extracted by ultracentrifugation of resultant
solution at 10,000 rpm for 1 h. The particles thus obtained were
washed twice with acetone before being vacuum dried at 50°C for 12
h to remove water. The dried particles were used for further
characterization.

Zerovalent iron

The preparation of Fe° nanoparticles was followed the method
according to He and Zhao [11] with slight modifications. In brief, the
preparation was carried out in a 250 ml flask attached to a vacuum
line. Before use, deionized (DI) water was purged with purified N2
gas for 15 min to remove dissolved oxygen (DO). In a typical
preparation, a stock solution of 0.21 M FeS04.7H20 was prepared
right before use. Fe concentration used in this study was 0.1 g/L. The
Fe?* ions were then reduced to Fe° by adding a stoichiometric
amount of NaBH4 aqueous solution at a BHs+/Fe?* molar ratio of 2.0
to the mixture with magnetic stirring at 230 rpm under ambient
temperature. The ferrous ion was reduced to zero-valent iron
according to the following reaction:

Fe(H:0)e2*+2BHs-—Feo | +2B(0H)s+7Hz1

The resultant black particles were separated from the solution by
centrifugation at 4000 rpm for 5 min and washed with N saturated
deionized water and at least three times with 99% absolute ethanol.
Finally, the synthesized Fe° nanoparticles were dried in an oven at
60°C and used for further characterization.

Characterization of nanoparticles
Visual observation

The reduction of metal ions was roughly monitored by visually
observing the change of color in the reaction solution.

X-ray diffractogram

XRD patterns of synthesized nanoparticles were recorded with an
X'pert PROPAN analytical instrument operated at 40 kV and a
current of 30 mA with Cu « radiation (A=1.54060 A). A continuous
scan mode was used to collect 26 data from 10.08° to 79.93°. The
diffraction intensities were compared with the standard JCPDS files.
Crystalline size of the nanoparticles was calculated from the line
broadening of X-ray diffraction peak according to the Debye-Scherer
formula
D =kA/ B Cos®6,

Where D is the thickness of the nanocrystal, ‘k’ constant, A’
wavelength of X-rays, ‘8" width at half maxima of reflection at
Bragg’s angle 260, ‘0’ Bragg's angle.

Scanning electron microscopy

Size and morphology of the nanoparticles was examined by SEM (SU
1510) operated at 5 kV, magnification x10 k. Thin film of the sample
was prepared on a carbon coated copper grid by just dropping the
suspension of nanoparticles in water on the grid, extra solution was
removed using blotting paper and then the film on the SEM grid
were allowed to dry by putting it under a mercury lamp for 5 min.
The sample surface images were taken at different magnifications.

Energy dispersive spectroscopy

EDS was used for the determination of elemental composition and
purity of the samples by atom percentage of metal. Elemental
analysis on nanoparticles was carried out using EDS instrument
(JSM 35 CF JEOL) in a resolution of 60 A, operated at 15.0 kV with a
magnification of about 5 k. Samples were prepared on a carbon
coated copper grids and kept under vacuum desiccation for 3 h
before loading them onto a specimen holder.

Antibacterial studies
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Bacterial culture

The following bacterial pathogens namely Bacillus cereus,
Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa,
Salmonella typhimurium, Staphylococcus aureus, Streptococcus
epidermis, and Yersinia pestis were procured from the Microbial
Type Culture Collection (MTCC), Chandigarh, India. All the cultures
were grown on hutrient agar plates and maintained in the nutrient
agar slants at 4°C. Overnight culture in the nutrient broth was used
for the present study.

Screening for antibacterial activity

The antibacterial activity of chemically fabricated Cu and Fe°
nanoparticles nanoparticles against the pathogenic bacteria was
screened by agar well diffusion method. Pure bacterial culture was
sub cultured in nutrient broth for 24 h at 37°C. Each strain was
swabbed uniformly onto the individual Mueller Hinton agar (MHA)
plates using sterile cotton swabs. Wells of 6 mm diameter were
made on Mueller Hinton agar plates using sterile gel puncture. Using
a micropipette, 50 pl of nanoparticles suspension was dispensed
onto each well on all the plates. The plates were incubated at 37°C
for 24 h. After incubation, the presence of bacterial growth
inhibition zone around the sample loaded well was absorbed and
their diameters (mm) were measured using measuring scale. Each
nanoparticles was tested in triplicate with broad spectrum antibiotic
gentamycin (10 mcg/disc) as standard.

Assessment of activity index

According to Singariya et al. [12], the assessment of activity index
was obtained by comparing the resultant inhibition zones of
nanoparticles with the standard reference antibiotic using the
formula,

Inhibition zone of the sample

Activity index (AI) =
Inhibition zone of the standard

Assessment of fold increase

Increase in fold area was assessed by calculating the mean surface
area of the inhibition zone generated by the standard reference
antibiotic and nanoparticles [13]. The fold increase area was
calculated by the equation,

Fold increase (%) = (b-a)/a X 100

Where a and b refer to the inhibition zones of antibiotic and
nanoparticles respectively.

RESULTS AND DISCUSSION
Characterization of nanoparticles
Visual inspection

The appearance of dark brown colloidal solution for Cu and black for
Fee in the reaction mixture indicated the formation of respective
nanoparticles (Figure 1). The formation of color in the reaction
solution arises from excitation of surface Plasmon vibration in the

metal nanoparticles [14].
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Figure 1: Formation of copper (left) and zerovalent iron (right)
nanoparticles in the reaction mixture

X-ray diffractogram
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The XRD pattern shows that the synthesized nanoparticles are in
amorphous stage and in tetragonal system. The XRD pattern clearly
showed the crystalline nature of nanoparticles (Figure 2). The
diffraction peaks at 28 value of 38.51°, and 44.80° correspond to the
(111) and (110) reflections plane of copper and iron respectively.
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Figure 2: X-ray diffractogram of copper (left) and zerovalent iron (right) nanoparticles

The different peaks in XRD pattern are indexed and the
corresponding values of interplanar spacing “d” are calculated and
compared with standard JCPDS-ICDD, PDF, Files. The XRD study
confirms that the resultant particles are face centered cubic (fcc)
metal nanoparticles. The obviously broadened diffraction peaks
suggest that the resultant nanoparticles should have a very small
crystalline size and its size is found to be 17.85 nm (Cu), and 44.87
nm (Fe©).

Scanning electron microscopy

Scanning electron micrograph of the synthesized nanoparticles is
presented in Figure 3. The

Figure 3: Scanning electron micrograh of copper (left) and
zerovalent iron (right) nanoparticles
micrograph shows that the appearance of the particles is spherical in
shape. Synthesized particles do not appear as discrete one but form
much larger particles. The observations of such larger nanoparticles
are composed of van der Waals clusters of smaller entities and
magnetic interactions among the particles.

Energy dispersive spectroscopy
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Figure 4: Energy dispersive spectrum of copper (left) and
zerovalent iron (right) nanoparticles

EDS micrograph explains the surface atomic distribution and
chemical composition of nanoparticles. Quantitative measuring
results obtained from EDS analysis reflect that 97.07% and 72.11%
atom particles were of copper and iron respectively which confirms
the purity of copper and iron metals. The other weaker signals of K,
C and O are owing to used precursor salts for the synthesis of
nanoparticles (Figure 4).

Antibacterial effect

Antibacterial activity of chemically synthesized Cu and Fe°
nanoparticles was evaluated against pathogenic bacteria using
standard zone of inhibition (ZOI) assay. The greatest inhibitory
effect was observed against Pseudomonas aeruginosa with a zone of
inhibition of 26.00 + 0.41 mm for Cu nanoparticles and Bacillus
cereus (23.33 + 0.89 mm) for Fe° nanoparticles (Table 1).

Table 1: Antibacterial activity of copper (Cu) and zerovalent
iron (Fe°) nanoparticles against gram positive and gram
negative bacterial pathogens

Zone of inhibition (mm)

. (Mean * S.D)
Bacterial pathogens
Cu Feo
Bacillus cereus (G +ve) 19.00 2333+
0.82 0.94
Escherichia coli (G -ve) 14.00 = 15.00 £
0.82 0.37
Klebsiella pneumoniae 11.83 19.10 +
(G -ve) 0.62 0.37
Pseudomonas 26.00 = 1133+
aeruginosa (G -ve) 0.41 1.25
Salmonella 15.10 + 11.67 +
typhimurium (G -ve) 0.29 0.94
Staphylococcus aureus 13.83 12.00 £
(G +ve) 0.62 0.41
Streptococcus epidermis 14.97 + 14.77
(G +ve) 0.37 0.21
Yersinia pestis (G -ve) 12.50 = 11.63
1.08 0.26

Note: G +ve - Gram Positive; G -ve - Gram Negative

The presence of an inhibition zone clearly indicates the mechanism
of the biocidal action of nanoparticles involves disrupting the
membrane. Extend of inhibition depends on the concentration of
nanoparticles as well as on the initial bacterial concentration. The
reason could be that the smaller size of the particles which leads to
increased membrane permeability and cell destruction [15]. Because
of the large surface area of the nanoparticles, it could be tightly
adsorbed on the surface of the bacterial cells so as to disrupt the
membrane, which would lead to the leakage of intracellular
components, thus Killing the bacterial cells [16]. Padmavathy and
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Vijayaraghavan [17] reported that the size of the inhibition zone
increased significantly with decreasing size of the nanoparticles. It is
reasonable to state that binding of the nanoparticles to the bacteria
depend on the surface available for interaction. Smaller particles
having the larger surface area available for interaction will give
more bactericidal effect than the larger particles [18]. Activity index
(AI) for Cu and Fe° nanoparticles is given in Table 2.

Table 2: Activity index (Al) for copper (Cu) and zerovalent iron
(Fe°) nanoparticles against gram positive and gram negative
bacterial pathogens

Activity Index
Bacterial pathogens

Cu Fe°
Bacillus cereus (G +ve) 1.90 2.33
Escherichia coli (G -ve) 1.00 1.07
Klebsiella pnuemoniae (G -ve) 1.48 2.39
Pseudomonas aeruginosa (G -ve) 2.17 0.94
Salmonella typhimurium (G -ve) 1.37 1.06
Staphylococcus aureus (G +ve) 0.92 0.80
Streptococcus epidermis (G +ve) 0.83 0.82
Yersinia pestis (G -ve) 1.25 1.16

Note: G +ve - Gram Positive; G -ve - Gram Negative

It shows that all the tested bacteria exhibited excellent antibacterial
activity than the standard antibiotic gentamycin. Among the tested
strains, Fe° nanoparticles demonstrated highest percentage fold
increase (138.75%) against K. pneumoniae followed by CuNPs
(116.67%) for P. aeruginosa (Table 3).

Table 3: Percentage fold increase of copper (Cu) and zerovalent
iron (Fe°) nanoparticles with reference to standard antibiotic
gentamycin against gram positive and gram negative bacterial

pathogens
Fold Increase
Bacterial pathogens %

Cu Feo
Bacillus cereus (G +ve) 90.0 133.30
Escherichia coli (G -ve) 0.00 7.14
Klebsiella pnuemoniae (G -ve) 47.88 138.75
Pseudomonas aeruginosa (G - 116.67 -5.58
ve)
Salmonella typhimurium (G - 37.27 6.09
ve)
Staphylococcus aureus (G +ve) -7.80 -20.00
Streptococcus epidermis (G -16.83 -17.94
+ve)
Yersinia pestis (G -ve) 25.00 16.30

Note: G +ve - Gram Positive; G -ve - Gram Negative

The detailed mechanism for the activity of metal nanoparticles is
still under debate. One possible explanation of the antibacterial
effect is that the ions released by the nanoparticles may attach to the
negatively charged bacterial cell wall and rupture it, thereby leading
to protein denaturation and cell death [19]. There is also potential
for multiple adverse interactions such as oxidative stress and
inflammatory responses [5]. Such cellular processes may lead to cell
death via cell necrosis or apoptosis (programmed cell death).

CONCLUSIONS

Accompanying the rapid advance of nanotechnology, several metal
and metal oxide nanoparticles have shown promise as strong
antimicrobial agents against a broad spectrum of microorganisms. In
this present investigation, nontoxic nanomaterials which can be
prepared in a simple and cost effective manner have great promise
as antibacterial agents and it exhibits the broad spectrum of
antibacterial activity. Hence, the present study is useful towards
authenticating the nanoparticles to be a potent antibacterial agent.
Though this research is very preliminary, provides helpful insights
to the development of novel antibacterial agents. Meanwhile, more
elaborate experimental evidences are needed to elucidate the
mechanism of antibacterial effect of Cu and Fe° nanoparticles.

Asian ] Pharm Clin Res, Vol 6, Issue 3, 2013, 223-227

ACKNOWLEDGEMENTS

The authors are very grateful for the financial support provided by
Ministry of Science & Technology, DST, Govt. of India for INSPIRE
program (Dy.No.100/IFD/10706/) under Assured Opportunity for
Research Carrier (AORC), VHNSN College Managing Board,
Virudhunagar for providing facilities and Alagappa University,
CECRI, Karaikudi for technical assistance.

REFERENCES

1. Santhanamari T, Meenakshi PR, Sreekala V. In vitro
antibacterial activity of extracts of Lawsonia inermis and Punica
granatum against clinically isolated antibiotic resistant
Pseudomonas aeruginosa and Staphylococcus aureus. Asian ]
Pharm Clin Res 2011; 4 Suppl 1:62-65.

2. Jong WHD, Borm PJA. Drug delivery and nanoparticles:
applications and hazards. Int ] Nanomedicine 2008; 3 Suppl
2:133-149.

3. Liu Q Zhou D, Yamamoto Y, Kuruda K, Okido M. Effects on
reaction parameters on preparation of Cu nanoparticles via
aqueous solution reduction method with NaBHs. Trans
Nonferrous Met Soc China 2012; 22 Suppl 1:2991-2996.

4. Chopra I. The increasing use of silver based products as
antimicrobial agents: a useful development or a cause for
concern? ] Antimicrob Chemother 2007; 59 Suppl 4:587-590.

5. Wei D, Sun W, Weiping QW, Yongzhong YY, Xiaoyuan M. The
synthesis of chitosan based silver nanoparticles and their
antibacterial activity. Carbohyd Res 2009; 344 Suppl 17:2375-
2382.

6. Navarro E, Baun A, Behra R, Hartmann NB, Filser ], Miao A], et
al. Environmental behavior and ecotoxicity of engineered
nanoparticles to algae, plants, and fungi. Ecotoxicology 2008;
17 Suppl 5:372-386.

7. Kim JY, Lee C, Love DC, Sedlak DL, Yoon ], Nelson KL.
Inactivation of MS2 Coliphage by ferrous ion and zerovalent
iron nanoparticles. Environ Sci Technol 2011; 45 Suppl
16:6978-6984.

8.  Raffi M, Mehrwan S, Bhatti TM, Akhter JI, Hameed A, Yawar W,
et al. Investigations into the antibacterial behavior of copper
nanoparticles against Escherichia coli. Ann Microbiol 2010; 60
Suppl 1:75-80.

9. Syed MA, Manzoor U, Shah I, Bukhari HA. Antibacterial effects
of tungsten nanoparticles on the Escherichia coli strains
isolated from catheterized urinary tract infections (UTI) cases
and Staphylococcus aureus. New Microbiol 2010; 33 Suppl
4:329-335.

10. Samim M, Kaushik NK, Maitra A. Effect of size of copper
nanoparticles on its catalytic behaviour in ullman reaction. Bull
Mater Sci 2007; 30 Suppl 5:535-540.

11. He F, Zhao D. Preparation and characterization of new class of
starch-stabilized bimetallic nanoparticles for degradation of
chlorinated hydrocarbons in water. Environ Sci Technol 2005;
39 Suppl 9:3314-3320.

12. Singariya P, Kumar P, Mourya KK. Antimicrobial activity of fruit
coat (calyx) of Withania somnifera against some multi drug
resistant microbes. Int | Biol Pharm Res 2012; 3 Suppl 2:252-
258.

13. Fayaz AM, Balaji K, Girilal M, Yadav R, Kalaichelvan PT,
Venketesan R. Biogenic synthesis of silver nanoparticles and
their synergistic effect with antibiotics: a study against Gram-
positive and Gram-negative bacteria. Nanomedicine 2010; 6
Suppl 1:103-109.

14. Shahverdi AR, Fakhimi A, Shahverdi HR, Minaian S. Synthesis
and effects of silver nanoparticles on the antibacterial activity
of different antibiotics against Staphylococcus aureus and
Escherichia coli. Nanomedicine 2007; 3 Suppl 2:168-171.

15. Ankanna S, Savithramma N. Biological synthesis of silver
nanoparticles by using stem of Shorea tumbuggaia roxb. and its
antimicrobial efficacy. Asian ] Pharm Clin Res 2011; 4 Suppl
2:137-141.

16. Qi L, Xu Z, Tiang X, Hu C, Zou X. Preparation and antibacterial
activity of chitosan nanoparticles. Carbohyd Res 2004; 339
Suppl 16:2693-2700.

226



P. Prema et al.
Asian ] Pharm Clin Res, Vol 6, Issue 3, 2013, 223-227

17. Padmavathy N, Vijayaraghavan R. Enhanced bioactivity of ZnO
nanoparticle - an antimicrobial study. Sci Technol Adv Mater
2008; 9 Suppl 3:1-7.

18. Panacek A, Kvytek L, Prucek R, Kolar M, Vecerova R, Pizurova
N, et al. Silver colloid nanoparticles: synthesis, characterization
and their antibacterial activity. ] Phys Chem B 2006; 110 Suppl
33:16248-16253.

19. Lin YE, Vidic RD, Stout JE, Mccartney CA, Yu VL. Inactivation of
Mycobacterium avium by copper and silver ions. Water Res
1998; 32 Suppl 7:1997-2000.

227



