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Abstract

Zinc oxide nanoparticles (ZnONPs) with antimicrobial properties have potential applications
in the food industry. In the present work, the biosynthesis of ZnONPs was carried out using
Theobroma cacao L. pod husk extract. UV-Vis spectroscopy confirmed NP formation by the
presence of a peak in the range of 390 - 360 nm. Different parameters affecting the
biosynthesis were assessed. A temperature of 28°C and pH of 7 were the best conditions for
the formation of small-sized NPs. The antibacterial activity of ZnONPs was evaluated using
the resazurin microtiter assay. The minimum inhibitory concentrations of ZnONPs for
Escherichia coli and Staphylococcus aureus were 6.25 and 12.5 ng/mL, respectively. ZnONPs
were more potent than chloramphenicol, suggesting that they are effective against
chloramphenicol-resistant bacteria. Based on scanning electron microscopy and transmission
electron microscopy, the ZnONPs were irregular in shape, with an average size of 81 nm. The
results of the present work provide a simple, cost-effective, and eco-friendly method for the
large-scale production of ZnONPs. Moreover, the study highlights the potential of ZnONPs as
an antimicrobial agent that can be applied to food packaging systems, textiles, and medical

devices.
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Introduction

Pathogenic microorganisms in food pose a
considerable problem in the food industry, and threaten
the health of consumers. Therefore, their growth must
be critically controlled and prevented throughout the
production. Each year, the consumption of unsafe food
products leads to approximately 600 million cases of
foodborne illnesses (WHO, 2019). In the Philippines,
food prepared by food service establishments is the
leading cause of foodborne disease outbreaks (Azanza
etal., 2019). Common antimicrobial agents (e.g., citric
acid and sodium benzoate) have been incorporated in
products to help address this food safety issue.
However, several strains of pathogenic bacteria have
already developed resistance against these agents.
Hence, food industries must search for new
antimicrobial agents that can minimise the risks of
pathogenic microorganisms.

Nanotechnology involves the manufacture of
materials and devices conducted in nanoscale ranging
from 1 to 100 nm (Sweet et al., 2012). In food science,
nanoparticles (NPs) have been applied to enhance the
integrity of packaging systems and extending the shelf
life of food products (Singh et al., 2017). Metal oxide
NPs, such as zinc oxide NPs (ZnONPs), have been

*Corresponding author.
Email: nvfundador@up.edu.ph

reported to have antibacterial potential (Rasmussen et
al., 2010). The toxic mechanism of ZnONPs could be
through the release of Zn** ions, generation of Reactive
Oxygen Species (ROS), ordirectinteraction ofthe NPs,
which results in mechanical damage of the cell (Zhang
etal.,2016). Once exposed to amicrobial cell, ZnONPs
may disrupt the cell’s proton motive force, distort
enzyme active sites, inhibit efflux pumps, or induce
stress through ROS (Agarwal et al., 2018). ZnONPs
have awhite appearance, UV light-blocking properties,
and are generally recognised as safe (GRAS) by the
United States Food and Drug Administration (Espitia
etal, 2016).

Different approaches are employed in the
preparation of ZnONPs. Polyol synthesis involves the
use of multivalent alcohol (e.g., glycol) that serves as
a solvent and reducing agent for metallic precursor
(Mahamuni et al., 2019). The physical method makes
use of the high-energy ball milling process to reduce
the size of ZnO to a nanoscale (Reddy et al., 2019).
Although these conventional methods have been
effective in the preparation of NPs, the pollution caused
by the chemicals and high energy requirement pose a
problem to both humans and the environment (He et
al., 2016). On the other hand, the biological method,
which makes use of plant extracts, is a simple,
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cost-effective, and eco-friendly alternative for the
synthesis of ZnONPs (Vijayakumar ez al., 2018). Plant
parts such as leaves and flowers have been utilised for
the synthesis of ZnONPs (Abbasi et al., 2019; Hameed
et al., 2019; Lakshmeesha et al., 2019; Seifunnisha
and Shanthi, 2020). The presence of phytochemicals
(e.g., phenolic compounds, vitamins, and terpenoids)
in plants act as capping agents for NP synthesis
(Agarwal et al., 2017).

Theobroma cacao L. is an evergreen tree in
the family Malvaceae. This high-value crop is widely
grown in the Philippines and other tropical countries
for the production of cacao beans. Cacao farms
generate tons of cacao pod husks which are often
discarded as waste. However, these pod husks contain
different phenolic compounds such as stilbenoids,
terpenoids, and flavonoids (Karim et al., 2014) making
them suitable for the preparation of NPs. In the present
work, we present a facile and eco-friendly method for
synthesising ZnONPs using cacao pod husk. The
resulting ZnONPs were also assessed for their
antibacterial potential.

Materials and methods

Plant material preparation

Theobroma cacao L. pod husks were procured
from a small farm at Barangay Saloy, Calinan District,
Davao City, Philippines. Plant parts (fruit, leaves,
stems, and flowers) were also sent to the Bureau of
Plant Industry - Davao National Crop Research,
Development and Production Support Centre, Davao
City for plant identification. The pod husks were
washed with tap water to remove adhering foreign
materials. The pod husks were then cut into pieces,
and dried using Christ Alpha 1-4 LD Plus freeze dryer
at -50°C for 48 h. The freeze-dried cacao pod husks
were ground and stored at -70°C until further use.

Preparation of Theobroma cacao L. pod husk (TCPH)
extract

The extraction of TCPH was performed
following the method of Das et al. (2014) with some
modifications. The TCPH powder was mixed with
96% ethanol in a 1:10 powder-solvent ratio. The
resulting mixture was placed in a shaking incubator
with a constant shaking of 100 rpm, 30°C for 72 h
followed by filtration. The extract was concentrated
using a Yamato RE 200 rotary evaporator until only
50% of the initial volume remained. The residue was
collected and stored in a dark bottle at -20°C until
further use. For total phenolic content (TPC) and
1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical
scavenging assays, extracts were further dried using

a freeze dryer.

TPC assay

The Folin-Ciocalteu method was performed
following the procedure described by Benabdallah et
al.(2016). TCPH extract (0.5 mL) with a concentration
of 1 mg/mL was mixed with 2 mL Folin-Ciocalteu
reagent. After 5 min, 2.5 mL of 7.5% Na,CO, was
added to the mixture, which was then incubated for
90 min at room temperature. The absorbance was
measured at 760 nm using a Shimadzu UV-1700
UV-Vis spectrophotometer. Gallic acid solutions (0,
50, 100, 150, 200, and 500 pg/mL) were used as
standards. Results were expressed as milligrams of
gallic acid equivalents per milligram of extract (mg
GAE/mg extract).

DPPH free radical scavenging assay

The antioxidant activity of the TCPH extract
was determined using the DPPH assay protocol
described by Das et al. (2014). In a 96-well plate, 20
uL of the TCPH extract with different concentrations
(0.8, 0.4, 0.2, 0.1, 0.05, 0.025, 0.0125, and 0.00625
mg/mL) was prepared by two-fold serial dilution. To
each well, 180 puL of 0.1 mM DPPH (1,1-diphe-
nyl-2-picrylhydrazyl) solution was added. The plate
was incubated in the dark for 30 min. The absorbance
of the sample was measured at 520 nm using a
PerkinElmer Victor X4 Multimode Plate Reader. Each
plate had the following set of controls: a column with
ascorbic acid as the positive control and a column with
H,O as the negative control. The DPPH scavenging
activity was calculated using Eq. 1.

Abs control - Abs sample
Abs control

x 100

(Eq. 1)

% DPPH scavenging activity =

The IC,, was obtained by plotting the
concentration of the extract against its respective %
DPPH scavenging activity.

Biosynthesis of ZnONPs

The biosynthesis of ZnONPs was performed
following the method described by Jafarirad et al.
(2016) with some modifications. Ten millilitres of
TCPH extract were mixed with 40 mL of 50 mM
Zn(CH,COO),. The mixture was stirred and incubated
in a shaker at 28°C for 1 h. After shaking, the pH
condition was adjusted to pH 7 using 0.2 M NaOH,
and re-incubated in a shaker at 28°C for 1 h. The
mixture was then centrifuged at 4°C and 4,500 rpm
for 10 min. The precipitate was washed with ethanol
followed with deionised water. After this, the
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precipitate was heat-treated in a furnace for 5 h at
400°C. The formation of ZnONPs was confirmed by
reading the absorption spectra of the powder in the
solution from 800 - 200 nm using the Shimadzu
UV-1700 UV-Vis spectrophotometer.

For the optimisation study, the pH (7, 8, and
9) and temperature (28, 45, 60, and 80°C) of the
reaction were varied.

Antimicrobial test

The antimicrobial activity of the ZnONPs was
tested against Staphylococcus aureus (BIOTECH
1582) and Escherichia coli (BIOTECH 1634) using
the Resazurin Microtiter Test Assay (REMA) as
described by Sarker et al. (2007). In a 96-well plate,
100 puL of ZnONPs with varying concentrations (100,
50,25,12.5,6.25,3.125,1.5625,and 0.78125 pg/mL)
were prepared by two-fold serial dilution. To each
well, 10 pL 0.02% resazurin solution was added,
followed by 10 pL of the bacterial suspension (108
CFU/mL). Eachplate had the following set of controls:
columns with chloramphenicol (HiMedia, India) as
the positive control, columns without the microbial
suspension as sterility control, and columns without
ZnONPs as the negative control. The plate was then
placed in an incubator for 18 h at 37°C. A change in
colour fromblue to pink or violetindicates the presence
of microbial growth. The relative fluorescence unit
(RFU) in each well was measured using a 530 nm
excitation filter and a 590 nm emission filter
(PerkinElmer Victor X4 Multimode Plate Reader).
The percentage inhibition was calculated using Eq. 2

RFU sample—RFU sterility control
RFU negative control—RFU sterility control

% inhibition = [1 — ( )] x 100

(Eq. 2)

The minimum inhibitory concentration (MIC)
is defined as the lowest concentration of ZnONPs,
where at least 80% of bacterial growth was inhibited
(Sharma et al., 2014).

Field emission - scanning electron microscopy
(FE-SEM) and transmission electron microscopy
(TEM)

ZnONP samples were sent to the Department
of Mining, Metallurgical and Materials Engineering
at the University of the Philippines Diliman for field
emission - scanning electron microscopy (FE-SEM)
analysis. Samples were also sent to the Department of
Science and Technology, Industrial Technology
Development Institute (DOST-ITDI) for transmission
electron microscopy (TEM) analysis.

Photocatalytic activity

One millilitre of the ZnONP solution (5
mg/mL) was mixed with 4 mL of methylene blue
solution (0.015 mM). The solution was placed under
black light exposure for 45 min. The absorbance was
read at 668 nm, and the % colour change was then
calculated using Eq. 3.

Initial Abs — Final Abs
% Colour change = Initial Abs x 100

(Eq. 3)

Statistical analysis

Triplicate experiments were conducted.
One-way analysis of variance (ANOVA) and Tukey’s
HSD test at p < 0.05 level of significance determined
the significant difference between treatments.

Results and discussion

Characterisation of the TCPH extract

The TPC of the TCPH extract was 0.145 +
0.010 mg GAE/mg TCPH extract. DPPH free radical
assay resulted in an IC_ of 0.175 + 0.003 mg/mL as
shown in Figure 1. According to Karim et al. (2014),
TCPH contains phenolic compounds such as
stilbenoids, terpenoids, and flavonoids. The presence
of these compounds may have significantly
contributed to the TPC value of the TCPH extract as
well as its DPPH scavenging activity.

100 4

% DPPH Scavenging Activity
3

0 0.2 0.4 0.6 08 1
Concentration (mg/mL)

Figure 1. Percentage DPPH scavenging activities of differ-
ent concentrations of Theobroma cacao L. pod husk
extract (IC,; = 0.175 £ 0.003 mg/mL).

Biosynthesis of zinc oxide nanoparticles (ZnONPs)
The biosynthesis of ZnONPs was carried out
in the presence of TCPH extract. The NP formation
was confirmed by the presence of a peak with A_
value in the range 0f 390 - 360 nm (Zare et al., 2017).
The position of the absorption peak is related to the
size of the NP. As the NPs increase in size, the
absorption peak shifts to a longer wavelength (red
shift). However, the absorption peak shifts to a shorter
wavelength (blue shift) as the size of the NPs decreases
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(Umadevi et al., 2012).

It is noteworthy that a precipitate was formed
atpH7,8,and 9, even without the help of plantextracts.
However, the absence of absorbance peaks indicates
that the ZnO formed were not NPs. It is believed that
Zn** precipitated as Zn(OH),, and then converted to
ZnO after heating. This contrasts the claims of other
studies, which stated that plant extracts reduce Zn** to
elemental Zn (Jamdagni et al., 2018; Ramanarayanan
et al., 2018). The compounds present in the plant
extracts may serve as capping agents to control the
growth and aggregation of nanoparticles (Mittal ez al.,
2017). This claim is supported by the analysis done
by research groups confirming the presence of
phenolic compounds on the surface of the NP (Zhao
et al.,, 2018; Mirza et al., 2019; Pillai et al., 2020).

The ability of the TCPH extract to aid in the
synthesis of ZnONPs may be influenced by factors
such as temperature and pH. Thus, an optimisation
study was conducted to determine the conditions that
would lead to the production of smaller-sized NPs.

Effect of temperature

Figure 2A shows that the A of ZnONPs
synthesised at 28, 45, 60, and 80°C did not vary
significantly. Statistical analysis shows that the values
among peaks were not significantly different (p <
0.05). A similar finding was reported by Jamdagni et
al. (2018). This suggests that the formation of ZnONPs
is not temperature-dependent. Thus, 28°C was used in
the subsequent experiment

Effect of pH
The  values for ZnONPs synthesised at pH

7, 8, and 9 were 372, 383, and 391 nm, respectively.
A broad and almost undetectable absorption peak was
observed at pH 9 (Figure 2B). The redshift and
broadening at higher pH could be due to the
aggregation of the NPs. In another study, ZnONPs
produced using seaweed extract showed no absorption
peak at pH 9 and 10 (Nagarajan and Kuppusamy,
2013). At higher pH, some phenolics (Friedman and
Jiirgens, 2000) become unstable. Therefore, the ability
of these biomolecules to act as capping agents might
be compromised athigher pH values. This would result
in larger-sized NPs. Statistical analysis shows that
there was a significant increase in the A__values of
ZnONP peaks with increasing pH (p < 0.05). Indeed,
high pH would result in larger-sized NPs.

Based on the absorption peaks, the smallest
NP size was obtained at pH 7. According to Jamdagni
et al. (2018), smaller-sized NPs are preferred due to
their high surface area to volume ratio and better

! —28°C
1 —45°C

60°C
—80°C

Absorbance
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Wavelength (nm)

A
: —pH7
1 —nH 8
I pH 9

Absorbance

0

200 300 400 500 600 700 800
Wavelength (nm)

B
Figure 2. UV-Vis absorption spectra of ZnONPs synthe-
sised using Theobroma cacao L. pod husk extract at
varying (A) temperatures, and (B) pH’s.

toxicity against microorganisms. Hence, the optimum
pH value for ZnONP synthesis was at 7.

Antimicrobial test

The antimicrobial potential of ZnONPs was
tested on two common foodborne pathogens, E. coli
and S. aureus. As shown in Table 1, the MIC of S.
aureus (12.5 ug/mL) was higher as compared to E.
coli (6.25 pug/mL). This implies that ZnONPs were
more potent against £. colithan S. aureus. Gram-nega-
tive bacteria, such as E. coli, have lipopolysaccharides
and peptidoglycans on their cell wall. This
arrangement of layers may facilitate the entrance of
ROS, ions, and small ZnONPs into the cell (Slavin et
al.,2017).Inthe case of S. aureus, the thick peptidogly-
can layer of the Gram-positive bacteria may have
served as a protective layer against ZnONPs (Slavin
etal., 2017). Thus, a higher concentration of ZnONPs
was needed to inhibit S. aureus as compared to E. coli.

Table 1. Minimum inhibitory concentrations (MIC) and
percent inhibition of ZnONPs and chloramphenicol for
bacteria as determined using REMA.

Test % Inhibition
. . MIC (ng/mL) .
microorganism ZnONPs Chloramphenicol
E. coli 6.25+0.00 93.229 +2.24* 65.898 +2.92°
S. aureus 12.5+0.00 87.489 +£2.10° 66.479 +£2.29°

Values are mean of triplicate (n = 3) + standard deviation
(SD). Means with different superscript in a row are signifi-
cantly different (p < 0.05).
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Figure 3. (A) Field emission - scanning electron, and (B) transmission electron micro-
graphs of ZnONPs synthesised at pH 7 and 28°C.

Furthermore, the present work also compared the

percentage of inhibition of ZnONPs against
chloramphenicol. Results of the fluorometric
readings suggest that ZnONPs exhibited higher
inhibition than chloramphenicol against both

bacteria. The differences in their mechanism of
action can explain these results. According to Zhang
et al. (2016), the toxic effects of ZnONPs could be
due to the release of Zn?' ions into the cell,
generation of ROS, or the direct interaction of the
ZnONPs. This results in the damage of the bacterial
cell and eventually, cell death. Chloramphenicol, on
the other hand, is a broad-spectrum antibiotic that
inhibits the elongation of protein chains (Das and
Patra, 2017). Based on the findings, ZnONP is more
potent than chloramphenicol. The bacterial strains
used may have developed resistance against
chloramphenicol. The mutation or modification of
the target site among bacterial cells may be the
reason for the emerging antimicrobial resistance
against chloramphenicol (Andrews, 2001).

FE-SEM and TEM analyses

The FE-SEM and TEM images of the
ZnONPs are shown in Figure 3. Under FE-SEM, the
produced ZnONPs looked irregular in shape. The
TEM images also revealed that the average size of
the ZnONPs was 81 nm. Bagabas et al. (2013)
produced similar ZnONPs, wherein they obtained
irregular-shaped NPs with an average size of 40 nm.
According to a study by Penders ef al. (2017), NPs
with irregular shapes, spikes, and star-like structures
have more antibacterial effects than those without.
This behaviour may be explained by their high
surface area, which provides greater contact points
for microbial growth inhibition.

Photocatalytic activity
Metal oxides, such as ZnONPs, have been
reported as good photocatalysts in degrading

pollutants such as organic dyes. In the present work,
the synthesised ZnONPs were able to degrade
methylene blue when exposed to black light. The
degradation of methylene blue was manifested by the
reduction of the intensity of the blue colour. A
26.35% colour reduction of methylene blue was
observed after 45 min of exposure to black light. The
photocatalytic activity exhibited by ZnONPs is due
to the production of negative-electron (e) and
positive-hole (h*) pairs in the presence of ultraviolet
light or visible light irradiation. During the
photocatalytic degradation process, the electron-hole
pair reacts with the O, on the surface of ZnONPs as
well as the surrounding H,O to generate hydroxyl
radicals which are responsible for the degradation of
organic contaminants into their non-toxic end forms
(Chen et al., 2017).

Conclusion

ZnONPs were synthesised using the TCPH
extract. The phenolic compounds present in the
extract served as a capping agent to control the
formation of the NPs, as suggested in previous
studies. Reaction conditions set at 28°C and pH 7
produced ZnONPs with an irregular shape, and an
average size of 81 nm. The antimicrobial test
revealed that the ZnONPs were more potent than
chloramphenicol. The findings of the present work
open the possibility of exploring underutilised plant
materials to provide a cost-effective and eco-friendly
approach for the synthesis of ZnONPs. Cytotoxicity
tests are recommended to evaluate the toxicity of
ZnONPs in cells. Future studies on the application of
ZnONPs in food packaging, cosmetics, textiles, and
therapeutic drugs can also be explored.
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