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Abstract

Microbial infections and antibiotic resistance are some of the prime factors that are ascribed to endanger
human health. Several reports have highlighted that drug-resistant pathogens assist in the etiology
of various chronic diseases and lead to fatality. The present study deciphered the role of zinc oxide
nanoparticles (ZnO NPs) as therapeutics against selected bacterial strains. The plant-based technique
was followed to synthesize ZnO NPs. The synthesis was confirmed with different techniques viz. X-ray
diffraction, transmission electron microscope (interplanar spacing at 0.126 nm), scanning electron
microscope (flower-like structure), and Fourier transform infrared spectroscopy. The antibacterial
analysis revealed that ZnO NPs inhibited the growth of all tested strains (Escherichia coli, Staphylococcus
aureus, Salmonella typhi, Bacillus subtilis, and Klebsiella pneumoniae) to a greater extent (MIC ranged
between 0.013+0.004-0.0625+0 mg/mL) as compared with ZnO compound (Bulk material). In the
present study, ZnO NPs were produced in a cost-effective and environmentally sustainable way using
a green process and can be used as a remedy for drug-resistant pathogens.
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INTRODUCTION

Microbial diseases are one of the major
causes of death worldwide.*? Scientists are
working for the past many decades to develop
antibiotics against different pathogenic bacterial
strains. However, the misuse of such antibiotics
is leading to antibiotic resistance that causes
several fatalities every year.>* Bacterial strains
like Staphylococcus aureus and Mycobacterium
tuberculosis have already evaded every possible
antibiotic in the clinician's armamentarium.
Treating resistant microbes often requires more
expensive or toxic drugs, resulting in further
complications.® Therefore, an innovative and
novel approach is necessary to develop new
antimicrobial drugs.®”

Nanotechnology is one of the noble
platforms for transforming basic compounds into
nanoparticles (NPs) with enhanced properties.””
Nanomaterials are used in a wide range of
medicinal and diagnostic applications.'® Several
NPs have already been reported to be effective
antimicrobials, including ZnO, MgO, CuO,
Al, TiO2, CdS, and Au.'*8 NPs, in contrast to
conventional medications, have a completely
distinct mechanism for attacking microbes.?® The
size and shape of the NPs are also important
factors in their antibacterial action.?®?! As a
result, the research focus is now shifting towards
nanotechology to prevent microbial infections.
Among various methods of synthesis of NPs, green
synthesis, which encompasses synthesis using
plants, bacteria, fungus, algae, actinomycetes,
and other organisms, is environmentally friendly,
cost-effective, biocompatible, and safe.?>? Further,
phyto-mediated synthesis is preferred to microbial
synthesis, which requires time-consuming and
costly downstream processing.?®?” The aim of this
research is to synthesize zinc oxide nanoparticles
(ZnO NPs) using Aloe vera leaf extract and
investigate their antibacterial activity.

MATERIALS AND METHODS
Materials

Aloe vera leaves were harvested in the
local area of Solan, Himachal Pradesh, India, and
washed with tween 20 followed with distilled
water. Briefly, 100 g of the leaves (with gel) were
chopped and dried at 40°C in an oven for 2 h
followed by boiling in deionized water (100 mL). To

remove particulate matter, the extract is subjected
to filtration using Whatman paper and stored for
1-2 hat4°C.

Microbial strains viz. E. coli, Staphylococcus
aureus, Salmonella typhi, Bacillus subtilis and
Klebsiella pneumoniae were obtained from Post
Graduate Institute of Medical Education and
Research (PGIMER), Chandigarh, India.

Green synthesis of ZnO NPs

Briefly, 0.50 g zinc acetate was dissolved
in 100 mL water and 8 mL freshly prepared Aloe
vera leaves extract was added to the solution with
constant stirring for 10 min, and pH was adjusted
to 12 with NaOH. The resulting off-white color
precipitates were thoroughly washed with water,
filtered, and dried in a 60°C oven. The obtained
product was grounded into refined grains in a
mortar and stored for further use and labeled as
ZnO NPs.

Characterization of ZnO NPs

Scanning electron microscopy (SEM), and
transmission electron microscopy (TEM) were used
to investigate the morphological characteristics of
ZnO NPs.%8%

The FEI Nova Nano SEM 450 at 1kV was
used to generate SEM micrographs, and TEM
images were taken using FP/5022-Tecnai G220S-
TWIN (USA) at 200 kV. Agilent Cary-630 FTIR was
also used to analyze the characteristic functional
groups between 4000 to 400 cm™ spectrum
range. The crystal structure of fabricated ZnO was
determined by X-ray diffraction (XRD, PANalytical's
X'Pert Pro), the pattern was obtained with CuKa 1
radiation (45kV/100 mA), scanning was done at a
rate of 2°/min in the diffraction angles (20), which
ranged from 20 to 70°.

Antibacterial activity of ZnO NPs

A modified disc diffusion method
was performed to investigate the antibacterial
potential of the ZnO compound and ZnO NPs.*°
The NPs were suspended in methanol to make
a stock solution with a concentration of 10 mg/
mL. The resulting solution was then sonicated (15
min) before antibacterial evaluation. On the other
hand, isolated colonies (4-5) were transferred into
a test tube containing nutrient broth medium (5
mL), followed by 24 hours incubation at 37°C. 0.5
McFarland standard (1-2 x 108 CFU/mL) was used
to compare the turbidity of inoculums.
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Disc diffusion assay

Briefly, 100 ul inoculums (107-108 CFU/
mL) were uniformly spreaded on Mueller Hinton
agar (MHA) plates. The discs (6 mm, Whatman
filter paper no. 1) were prepared by adding 30 pL
of different concentration of NPs. After that, discs
with varying concentrations (2, 4, 6 mg/mL) of ZnO
compound and ZnO NPs were placed on these
MHA plates. Tetracycline was used as a standard
drug (30 ug/mL), while methanol was employed as
a negative control. Further, the MHA plates were

kept at 37°C and inhibition zone diameter (mm)
was measured after 24 hours.
Determination of minimum inhibitory
concentration (MIC) of ZnO NPs

The MIC was determined using the CLSI
M7-A7 broth microdilution method.?! For this,
a double-strength Mueller-Hinton broth (MHB),
NPs solution (2 X) were prepared, followed by its
serial dilutions in the range 2-0.0.0039 mg/mL in
a 96 well microtitre plate. Double strength MHB
(100 pl) containing varied NPs concentrations was

Fig. 1. Morphological assessment of ZnO NPs (a, b) SEM images, (c) TEM image and (d) SAED pattern.
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Fig. 2. ZnO nanoparticles' X-ray diffraction spectrum.

mixed with bacterial inoculum (10 uL) containing
1-2 x 10 CFU/mL. On the other hand, the 10%
well (broth + inoculums) was used as a control.
In addition, the 11* well was utilized as positive
control (antibiotics + inoculums) and the 12t
well as negative control (methanol + inoculums).
After this, the microtitre plate was kept at 37°C,
for 24 hours. The lowest visual growth inhibitory
concentration was considered MIC.
Determination of minimum bactericidal
concentration (MBC) of ZnO NPs

MBC was determined by spreading
suspensions (10 ul) from microtiter plate wells
over a nutrient agar plate and incubating at
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37°C for 24 h. Agar plates with no colonies were
considered as MBC.
Statistical analysis

GraphPad Prism 5.0 was used to examine
the results obtained (where applicable) using
average, analysis of variance, and standard
deviation. A p value < 0.05 was considered to be
statistically significant.

RESULTS AND DISCUSSION
Morphology and phase structure composition
of ZnO NPs

The SEM images of ZnO revealed uniform
distribution of flower-like morphology (Fig. 1a and

1b), which could be correlated with the previously
reported literature.®> From TEM images, surface
morphology and size were estimated (Fig. 1c),
and showed interplanar spacing at 0.126 nm,
which were well distributed, and corresponded
to standard reported values.?®* The SAED image
(Fig. 1d) revealed small bright spots representing
the poly-nano crystalline nature of the ZnO NPs.
Similar findings were observed by Cao et al.3

To decipher the crystal structure, XRD
patterns were analyzed and are presented in Fig.
2. The patterns of ZnO NPs which are positioned at
20 values of 31.5,34.2,36.1,47.4,56.5,62.8, 68.8,
and 69.0° can be attributed to 100, 002, 101, 102,
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Fig. 3. FTIR spectrum of ZnO NPs.
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Fig. 4. Inhibition zone diameter of ZnO Compound (ZnO C) and ZnO NPs at varying concentrations against bacterial
pathogens. Different letters were used when mean values were statistically significant (p<0.05). SA- Staphylococcus
aureus; KP- Klebsiella pneumoniae; BS- Bacillus subtilis; EC- Escherichia coli; ST- Salmonella typhi.
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110, 103, 112 and 201 planes of ZnO NPs. Similar
results have been reported earlier for ZnO NPs
by Parthasarathy et al.** and Alamdari et al.*® The
peaks corresponded to the standard card's values
(JCPDS 36-1451).3” Moreover, using the Scherrer
equation, the crystalline size of synthesized NPs on
average was 15.6 nm (D = KA/BcosB). Constant K
was adjusted to be 0.89, diffracting angle is 8, the
wavelength (A) (CuKa =0.15406 nm), and B is the
line width at half maximum height of the peak.

FTIR spectra shown in Fig. 3 show
plenteous structural information of prepared NPs.
The ZnO stretching modes could be associated
with the absorption peak in the 600-700 cm™
range. Absorption peak between 1100-1600 cm™*
corresponds to the OH, C-OH bending, and C-OH
out of plane bending. Further, O-H stretching
modes and C-H stretching modes overlap in
2000-3700 cm™ region. The adsorption band
at 1181.98 cm™ denotes the C=0 vibrations of

Bacillus subtilis

Escherichia coli

Fig. 5. Antibacterial potential of ZnO NPs (A) and ZnO compound (B) at varying concentrations (10, 20 and 30 = 2,
4 and 6 mg/mL); Negative control- Methanol; Positive control- Tetracycline.
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Fig. 6. ZnO nanoparticles' MIC and MBC values against microbial pathogens
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carboxylic acids, alcohols. Similar observations
have been reported by Sangeetha et al.?® There
was a strong absorption at 528 cm™?, and there
were peaks at 3451, 1552, 2170, and 1399 cm™?,
which corresponds to the —OH, N-H, C=C, and C-H
bond stretching, respectively.
Antibacterial activity of ZnO NPs

In antibacterial activity study, the effect
of ZnO NPs is more pronounced as compared
with ZnO compound (2-6 mg/mL). Both tested
samples exhibited broad-spectrum antibacterial
effect towards all selected bacterial strains and the
inhibition zone diameter ranged between 10+0 to
28+1.7 mm. The highest inhibition zone diameter
i.e. 28+1.7 mm was reported against S. aureus
with ZnO NPs at 6 mg/mL, while the lowest (1010)
was observed against Salmonella typhi at 2 mg/
mL of ZnO compound (Fig. 4 and 5). On the other
hand, standard tetracycline showed inhibition
zone diameter ranged between 25+1 to 34+0.52
against all tested microbes, while negative control
methanol did not show any activity. Dobrucka
and Dtugaszewska also reported the positive
antibacterial effect of green synthesized ZnO
NPs against S. aureus, E. coli, and Pseudomonas
aeruginosa and showed the highest inhibition zone
of 31 mm against S. aureus.*®

The MIC as well as MBC values correlate
well with the disc diffusion assay. The highest
MIC (0.0625+0 mg/mL) and MBC (1£0.29 mg/
mL) were observed against Bacillus subtilis. On
the other hand, the lowest MIC (0.013+0.01
mg/mL) and MBC (0.10£0.04 mg/mL) were
observed against Staphylococcus aureus (Fig. 6).
Thakur et al. reported similar activity with green
synthesized titanium dioxide NPs.*® Subsequently,
only E. coli and Aspergillus niger were found to
be susceptible to ZnO NPs made using Aloe vera
extract.® Similarly, ZnO synthesized using Aloe vera
exhibited activity against E. coli.®®

Several mechanisms have been suggested
to explain the antibacterial behavior of NPs, such
as the deactivation of cellular enzymes, and
DNA via coordination with the donor groups of
electrons; and the creation of pits in bacterial cell
walls, resulting in increased permeability and,
in the end, cell death. Interestingly, hydrogen
peroxide development from the ZnO surface is
considered to be an effective means of inhibiting
bacterial growth.* On the other hand, one of the

plausible reasons for ZnO antibacterial activity
is the production of Zn*" ions, which can disrupt
the cell membrane and interfere with cellular
content.*

CONCLUSION

In conclusion, Aloe vera leaves extract
mediated synthesis of ZnO NPs is achieved, and
this green synthesis is attributed to L-ascorbic acid
and bioactive components present in the leaves of
Aloe vera. The green approach used for synthesis
is environment-friendly. Both ZnO compound
and ZnO NPs successfully inhibited the growth
of all tested bacterial pathogens including Gram-
positive as well as negative cultures. However, the
potential of ZnO NPs is found higher as compared
with its compound. It was concluded that ZnO
NPs could be used as drug-developing candidates
after follow-up studies. Further studies are being
carried out to assess the impact of various storage
conditions on the stability of ZnO NPs.
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