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Abstract: The biogenic synthesis of zinc oxide nanopar-
ticles (ZnO NPs) with pinecone extract (PCE) as a redu-
cing agent and antibacterial agent was explored. The
current study aims to investigate the biosynthesis of
Zn0 NPs and their effect on photocatalytic dye degrada-
tion and antimicrobial properties. The physical, chemical,
and morphological properties of biogenic ZnO NPs synthe-
sized using PCE were investigated using advanced spectro-
scopy techniques such as Fourier transform infrared spec-
troscopy (FTIR), UV-visible spectroscopy, transmission
electron microscopy (TEM) analysis, selected area electron
diffraction (SAED), and X-ray diffraction (XRD) techni-
ques. The photocatalytic degradation of methylene blue
was measured spectrophotometrically using biogenic
Zn0 NPs as nanocatalysts, and decolonization of solution
indicates dye degradation gradually as exposure duration
increases. The antimicrobial properties of ZnONPs against
the tested pathogenic strains were demonstrated using
the disc diffusion method. The antimicrobial efficacy of
ZnONPs was further explained using molecular docking
analysis. Confirmation of the lowest binding energy was
used to predict receptor binding site with NPs in order to
understand the mechanistic approach. ZnONPs are likely
to interact with pathogens via mechanical enfolding, which
could be one of the major toxicity actions of ZnONPs against
strains. Furthermore, the nontoxicity and biocompatibility
of ZnO NPs were studied, revealing impressive hemocom-
patibility with red blood cells (RBCs) and no significant
toxicity to Brine shrimps at lower ZnONP concentrations.
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1 Introduction

Nanoparticles are thought to be the basic building blocks
of nanotechnology. The highest surface-to-volume ratio
of nanoparticles (NP) is the most important and distin-
guishing feature [1,2]. Nanotechnology now makes a sig-
nificant contribution to the betterment of human life and
has emerged as a multidisciplinary research field. Green
nanotechnology, one of the many fields of nanotech-
nology, provides more effective nanoparticle synthesis
with predictable results at a lower cost. Because of their
unique properties and benefits in agriculture and other
fields, nanomaterials (NPs) have received a lot of atten-
tion in recent years. Global production of NP is estimated
to be 260,000-309,000 metric tons [3], with global con-
sumption of nanomaterials ranging from 225,060 metric
tons to 585,000 metric tons from 2014 to 2019 (2014) [4]. It
has been demonstrated that nanomaterials absorb 15-20
times more than bulk particles [5]. ZnO NP levels in the
environment ranged from 3.1-31 g/kg in soil to 76-760 g/L
in water [6]. Zinc oxide nanoparticles (ZnO NPs) have
the potential to improve crop yield and agricultural pro-
duction [7]. Nanomaterials have sparked interest in the
treatment of plant diseases caused by a variety of plant
pathogens [8]. Antimicrobial properties of several metals
and their ions have been used in various ways since
ancient times, for example, utensils made of Cu, Ag,
copper with zinc added (brass), and bronze were used in
ancient Persia, Rome, and Egypt [9]. Antimicrobial activity
has been found in a wide range of metals, including Ag,
Al, As, Cd, Co, Cr, Cu, Fe, Ga, Hg, Mo, Mn, Ni, Ph, Sh, Te,
and Zn [10-12]. Antimicrobial activity associated with
metal ions is based on their capacity to inhibit enzymes,
facilitate the production of reactive oxygen species (the
Fenton reaction), damage cell membranes, and hinder
microorganisms from absorbing essential microelements.
Furthermore, several metals and their oxides have geno-
toxic properties [13-20]. Therefore. ZnO NPs also have the
potential to be an effective antibacterial agent against
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microorganisms [7]. The environmentally friendly green
mediated synthesis of inorganic NP, which includes synth-
esis through plants, algae, bacteria, fungi, and biological
approaches with limited use of expensive and toxic che-
micals, is a rapidly expanding area of research in nano-
technology [21]. Concerns about the safety, biocompati-
bility, and toxicity of nanomaterials, on the other hand,
have arisen as their application in a wide range of research
and technology fields has grown. The biocompatibility of
NP is obviously critical for any therapeutic application.
Assessing their potential cytotoxicity, either because of
their shape (e.g., needle-like carbon nanotubes), chemical
composition (e.g., heavy metals), properties (e.g., carbon
nanotubes that have reached the lungs are significantly
more toxic than carbon black and graphite), or the inter-
action of the nanoparticle surface with the cells, is a key
issue in evaluating their biocompatibility [22-27]. There-
fore, there is an urgent need to address these concerns and
improve our understanding of nanomaterials’ safety, bio-
compatibility, and toxicity and to consider the possibility
of growing interactions between nanomaterials and biolo-
gical systems [28-30]. The plant extract-based biosynth-
esis method has gained popularity as a simple and viable
alternative to traditional chemical and physical methods.
Green synthesis of ZnO NPs from various plant materials
and their potential applications in biology have previously
been reported [31,32]. ZnONPs have piqued the interest of
researchers due to their wide range of applications in
photography, catalysis, biosensors, biomolecular detec-
tion, diagnostics, and particularly antimicrobial activity,
antimicrobial paint coatings, water treatment, textiles, med-
ical devices, and HIV prevention and therapy [33—-42]. Pine
cone extract obtained from Pinus densiflora (Korean red
pine) is antiviral, antimicrobial, antiparasitic, antitumor,
and a potent antioxidant [43]. It also helps to boost the
immune system. Pine cone extract is thought to have var-
ious health benefits, including preventing the growth of HIV
in human T cells, the growth of influenza, the growth of
the herpes simplex virus, tumor activity, suppressing lym-
phoma malignancy that involves immune system cells, and
boosting the immune system [44-48]. Terpenes, phenolic
compounds, cinnamic acid, caffeic acid, chlorophyll com-
ponents, inorganic and organic components, vitamins, and
other chemical substances found in aqueous extract of
pine cone from Pinus densiflora (Korean red pine) [44,49]
can reduce Zn ions to Zn and operate as a topping and
balancing specialist [50]. In this study, ZnONPs were green
produced using pine cone extract (PCE) and microwave
irritation to shorten nanoparticle manufacture time. Bio-
synthesized ZnONPs were characterized by various techni-
ques. ZnONPs were tested in vitro for antimicrobial activity
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against Gram-positive bacteria, Gram-negative bacteria,
and fungi. In addition, this study demonstrated that ZnO
NPs are a promising, extraordinarily efficient, and stable
photocatalyst for degrading organic dye molecules at room
temperature with visible light illumination. Furthermore,
due to their environmentally friendly manufacture, the
nontoxicity and biocompatibility of ZnO NPs were exam-
ined as viable choices for biomedical and environmental
applications.

2 Materials and methods

2.1 Pine cone extraction procedure

Pine cones of Pinus densiflora belonging to Pinaceae family,
a popular tree in Korea, were collected at Dongguk University
in Gyeoengju, Republic of Korea. Two pinecones were prop-
erly cleansed with distilled water to remove any tainted con-
tents and air dried in the sunlight before being sliced into
small pieces and placed in a flask with 100 mL nanopure
water and 25 mL ethanol and refluxed for 2h to obtain the
extract. For further processing, pine cone extracts (PNE) were
cooled to room temperature and filtered through Whatman
filter paper No. 1.

2.2 Biosynthesis of ZnONPs

A precursor was made by adding 10 mL of pine cone
extract to 50 mL of 0.1 M zinc acetate (Zn(CH5COO),H,0,
Aldrich) aqueous solution in an Erlenmeyer flask at room
temperature with gentle stirring. 25 mL of NaOH (aq.)
(2 M) solution was gradually added to the solution under
stirring to maintain pH in the 10-12 range to attain
smaller size particles [51]. In the precursor solution, a
PCE extract was added to act as a reducing and capping
agent. Following that, the mixed solution was micro-
waved at a steady power of 800 W for 180 s, or the solu-
tion was placed on a magnetic stirrer at 60°C for 6 h. The
yellowish-brown tint of the solution indicated particle
production. The resultant solution was centrifuged at
10,000 rpm for 10 min, and the unreacted portion of the
solution was removed by washing with deionized water
4-5 times and ethanol 3 times to eliminate organic con-
taminants. After washing, the sample was dried in a 50°C
oven. In UV-visible spectroscopy, a peak in the range of
377 nm was found, indicating the reduction of Zn** to Zn°
as well as confirmation of the formation of ZnO NPs.
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2.3 Characterizations of ZnO NPs

After the color shift, the reduced ZnO NPs produced by
PCE were scanned using a UV-Vis spectrophotometer (UV-
1800-Shimadzu) with a dual beam operating at 1 nm reso-
lution within a working wavelength range of 200-700 nm.
The X-ray diffraction (XRD) technique was used to investi-
gate the crystallographic characteristics of ZnO NPs within
20 = 10-80 utilizing the XRD apparatus (Rigaku, Japan)
with a Copper Line Focus X-ray tube producing Ka radiation
(Cu LFF = 1.540598 &) as a radiation source. The size of
the biogenic ZnO NPS particles was calculated using the
Debye—Scherrer equation (D = KA/( cos 0); where D is the
size of crystalline, A is the X-ray wavelength, § is the full line
width at the half maximum (FWHM), and 6 is the Bragg’s
angle. Transmission electron microscopy (Hitachi, TEM)
and selected area electron diffraction (SAED) were used to
analyze the morphology features of a sample of biopro-
duced ZnONPs, including the purity, size, shape, and poly-
dispersity. Fourier transform infrared spectrometry (FTIR)
was used to identify functional groups in the extract that
could be responsible for the reduction of Zn ions to Zn using
KBr pellet in the 500-4,000 cm™ range.

2.4 Photocatalytic degradation

The photocatalytic degradation properties of biogenic
ZnO NP were examined using methylene blue (10 mg/L) in
aqueous solution under direct sunlight irradiation [52-54].
The calculated quantity (50 mg) of ZnO NPs and dye were
poured in water and kept to constant stirring in the dark for
an hour to achieve equilibrium. After that, the solution mix-
ture was exposed to direct sunlight for 80 min. Approximately
2 mL of suspension was withdrawn at selected intervals (0, 10,
20, 40, and 80 min) and then catalyst was separated by cen-
trifugation, and the remaining dye concentration was deter-
mined by recording UV absorption spectra to measure the
degradation of the dye solution at 664 nm. The following
equation was used to calculate photocatalytic degradation
efficiency. % Degradation = Ay, — A/Ay x 100%; where Aq
and A are the initial and final dye solution absorbances at
time interval, respectively. To determine the absorption loss,
the control experiments were performed in the dark.

2.5 Antimicrobial assay

Using a disc diffusion assay [55,56], the antimicrobial poten-
tial of the extracts (PCE) and its biosynthesized ZnONPs were
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assessed against two bacteria strains, Escherichia coli (Gram-
negative) and Bacillus subtilis (Gram-positive), as well as two
human pathogenic fungi; Humicola insolens and Mucor
indicus. Both bacterial strains were cultured in LB broth at
37°C for 24 h on LB agar plates to obtain the bacterial sus-
pensions. However, fungi were cultured on potato dextrose
agar at 25°C in the dark. A sterilized glass spreader was used
to disperse the strains suspensions (1 x 10°) on LB/PD agar
plates. Sterile filter paper discs (6 mm diameter) were loaded
with fixed concentrations of ZnO NPs, with negative control
(sterile water) and positive control (standard antibiotic; Cefe-
pime for bacteria and Clotrimazol for fungi). Following that,
all plates were incubated at 37°C. (24 h). After incubation,
the inhibitory zone produced by different nanoparticle con-
centrations was calculated. All tests were carried out in
triplicate.

2.6 Invitro biocompatibility and cytotoxicity
effects on brine shrimps (Artemia
salina)

Fresh human red blood cells (RBCs) were used to demon-
strate biocompatibility in the hemolytic assay, which was
carried out according to a previously established metho-
dology with some modification [57-59]. In brief, 1 mL of
human whole blood was placed in a tube containing 10%
EDTA as an anticoagulant and centrifuged at 500 g for
10 min to discard the serum. After centrifugation, the
supernatant and pellet were separated; the supernatant
as a serum was discarded. The RBCs as pellets were then
resuspended in 5 mL of phosphate buffered saline (PBS)
and washed several times by centrifugation (3,000g,
3min each time). PBS—erythrocyte suspension is made
by combining 200 pL of RBCs with 9.8 mL of PBS. The
erythrocyte suspensions and different concentration of
biogenic ZnO NPs (400, 200, 100, 50, and 25 pug/mL)
were then combined in Eppendorf tubes. The erythrocyte
suspension and biogenic NPs were incubated in Eppen-
dorf tubes for 1h at 35°C with continuous stirring at
150 rpm, followed by centrifugation at 1,377g for 10 min
at room temperature. The supernatant obtained by cen-
trifugation was transferred to a 96-well plate and absor-
bance at 570 nm was recorded. The positive control was
0.5% Triton X-100, while the negative control was PBS
and sterile water. The percentage of hemolysis was cal-
culated using the formula below.

% Hemolysis = (A — NCA)/(PCA — NCA) x 100

where A, NCA, and PCA are the absorbances of the sample,
negative control, and positive control, respectively.
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The cytotoxicity of ZnONPs to brine shrimp (Artemia
salina) was tested according to the protocol described
[60—-62]. One of the key advantages of employing Artemia
as a bioassay organism over other zooplankters is that it
does not require any maintenance or stock rearing. Brine
shrimps with body lengths ranging from 0.8 to 1.0cm
were chosen after hatching saline eggs in 35 g in mL arti-
ficial saltwater in a tray near a light source at 37°C. At this
point, test samples (12.5-400 pg/mL) were loaded into
each well, and the adjusted volume was 0.5 mL. The con-
trol solution was 5% salty water without NPs. Throughout
the experiments, the temperature was kept at around
27-28°C. Experiment wells with varied concentrations
and 10 brine shrimps were left for 24 h. After exposing
brine shrimps to NPs solution for 24 h, the number of
dead brine shrimps with no visible movement was exam-
ined and counted using a magnifying lens. The experi-
ment was carried out in triplicate.

2.7 Molecular docking

A molecular docking study was conducted using the
AutoDock method [63] to determine the preferred binding
mode and binding sites in complex of ZnONPs and pro-
tein receptor. The 3D synthesis of beta-ketoacyl-acyl car-
rier protein synthase III (FabH) (PDB: 1HN]), extracted
from the RCSB Protein Data Bank, plays a significant
role in bacterial to fatty acid bioavailability. The ZnO
crystallographic information file (CIF) was obtained from
the materials project website. The retrieved CIF of ZnO was
saved in PDB format and used as a ligand for docking
research. Prior to the simulation study, the ZnO NPs and
receptor were subjected to Gasteiger partial charges, Kolman
charges, polar hydrogen atoms, and the Lamarckian genetic
algorithm. In this docking study, the autogrid was tweaked
to produce a large grid map covering the entire surface of the
protein. The pose that claimed the highest negative binding
energy was considered the best docked model that was
further used to visualize binding sites using the BIOVIA soft-
ware [64].

3 Results and discussion

Pinecone extract (PCE) was used to produce ZnO NP bio-
genically from aqueous zinc acetate solution. Initially,
the PCE and zinc acetate solution reaction mixture gra-
dually changes to the yellow-brown color of the solution.
The GC-MS findings for the phytochemical analysis of the
aqueous extraction of various part of Pinus densiflora
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including pine cones were previously published [43,65]
and revealed the presence of a-pinene, B-pinene, cam-
phene, polyphenols, flavonoids, B-phellandrene, including
inorganic and organic components, and vitamins. Polyphe-
nols and flavonoids, for example, play an important role in
the biogenic synthesis of NP by reducing ions and stabi-
lizing NP. These biomolecules have the unusual property of
attaching to metal surfaces and forming a coat over ZnONPs
to shield them from the aggregation process. As shown in
the scheme, a tentative mechanism for the biosynthesized
NP can be given based on the bioactive presence, especially
phenolic, and its involvement in the reduction of Zn*" ions
to Zn particles (Scheme 1).

3.1 UV-Vis spectroscopy analysis

The formation of biogenic ZnONPs was confirmed using
UV-Visible spectrum that detected well-defined exciton
band at 377 nm as shown in Figure 1, which is of the same
nature as previously reported [66]. This value is very
similar to the bulk exciton absorption of ZnO (373 nm).
As a result, the appearance of a single peak at around
377 nm suggests the formation of distorted spherical ZnO
NPs with an average size of 40—-60 nm. The finding shows
that excitation of a nanoparticle from its ground state to
its excited state increases absorbance value rapidly. There
was a decline in radiation absorption, which may be attrib-
uted to agglomeration of prepared NP. The bandgap energy
(E5) was measured and revealed to be 3.29 eV, indicating
that ZnONPs might have excellent optical properties.

3.2 XRD analysis

The peculiar peaks pattern of PXRD graphs confirmed
and validated the biogenic ZnO NP synthesized utilizing
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Scheme 1: Tentative mechanism for biogenic synthesis of ZnO NPs
using PCE.
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Figure 1: UV-Vis absorption spectra of ZnONPs.

PCE as demonstrated in Figure 2. It shows prominent
diffraction peaks indexed on lattice planes 100, 002,
101, 102, 110, 103, and 112° at 26 values of 31.31, 34.35,
36.21, 47.31, 56.51, 62.70, and 66.25, respectively. These
peaks are related to the spherical and hexagonal wurtzite
structural phases of zinc oxide, which are listed in JCPDS
cards (No. 36-1451, 87-0720, 89-7102, and reference code
01-079-0206). Similar patterns of peaks for the ZnONPs
have been also reported [67,68]. The distinct diffraction
peaks demonstrate a well-crystallized structure of bio-
genic ZnONP, which is supported by the strong and
narrow peak shape in PXRD pattern. The unassigned
peaks were thought to be originated by bioorganic phases
that appeared as a notch on the well-visible peaks of the
NP. The mean particle sizes of the ZnONPs were calculated
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Figure 2: XRD pattern of the biogenic ZnONPs.
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from the full width at half maximum (FWHM) using Scherrer’s
equation as given in literature and found to be about
18.98 nm; however, the larger particle size determined by
HRTEM suggested a single nanoparticle encapsulating
numerous nanocrystallites.

3.3 FTIR analysis

The FTIR of biosynthesized ZnONPs was utilized to con-
firm putative functional groups of extracts and to involve
potential bioactive compounds for reduction of Zn*" to
Zn° and capping and stability of bio-reduced ZnO NPs
manufactured using extract. As can be seen from Figure 3
of IR spectrum, a broad peak at 3,371 cm™! could be assigned
markedly to O-H stretching vibration [66] of the alcohol
functionality, whereas a broad peak with low strength in
the IR spectrum of ZnONPs compared to the FTIR of extract
was found to be around 3,400 cm™, indicating the partici-
pation of bioactive compounds with OH groups in the for-
mation of ZnONPs. Other informative peaks were found at
2,890 and a slightly split peak at 1,639 cm™ that can be
attributed to C-H, and C=C fused with C=0, stretch-
ing vibration of alkane groups and ketones, respectively.
The prominent peak about 499 cm™ in FTIR spectrum of
ZnONPs matching to metal-oxygen (M-0) supports the for-
mation of NP [69]. Spectral analyses of the extract revealed
that phytochemicals such as phenol, terpenes, and flavo-
noids may play an active role in the reduction of metal ions
to metal.

3.4 High-resolution transmission electron
microscopy and SAED pattern of ZnONPs

Transmission electron microscopy was used to examine
the morphology and structure of biogenically synthesized
ZnO NPs in depth. The Figure 4 depicts the transmission
electron microscopy image (a), high-resolution transmis-
sion electron microscopy image (b), and SAED pattern (c)
of ZnO NP synthesized using the green channel and bio-
genic. The particle size of synthesized ZnO NPs is around
40-60 nm and has a sphere-like morphology. The SAED
pattern of as-synthesized ZnO NPs reveals the crystalline
structure, and planes are also indicated in the SAED
images. The peaks shown by the ZnO NP PXRD pattern
can also be seen in the SAED analysis from the core, i.e.,
100, 101, 110, and 103, which contains the majority of
spherical crystalline ZnONPs. The SAED results agree
well with the PXRD results.
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Figure 3: FTIR spectra of (a) extracts and (b) biosynthesized ZnONPs.

(a) ZnO NPs

T T  § T
2500 2000 1500 1000 500

Wavenumber (cm—1)

(b)

T T Ll 1 1 T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm—1)

Figure 4: HRTEM analysis of ZnO NPs (a) showing that the NPs are spherical in high-resolution transmission electron microscopy (b) and the

SAED pattern of the NP (c).
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3.5 Antimicrobial potential of ZnO NPs

The identification of efficient antimicrobial agents from
alternative sources has been motivated by the study
of antibiotic-resistant pathogenic bacterial and fungus.
However, only limited literatures support the effects of
ZnO NPs on bacterial and fungal pathogens. The bacter-
icidal activity of ZnO NP was assayed applying a disc
diffusion technique against Gram-negative positive and
positive bacterial strains such as Escherichia coli and
Bacillus subtilis at concentration of 30 pg/mL of biogenic
ZnO NPs. ZnONPs demonstrated significant antibacterial
action against the strains tested when compared to
the positive control based on the areas of inhibition. At
a dose of 30 pg/mL, ZnONPs inhibited B. subtilis the most,
followed by E. coli, with zones of inhibition of 23 and
15 mm, respectively, and antibacterial results were compared
to standard reference; Cefepime (25 mm for B. subtilis
and 23 mm inhibition zone for E. coli). Furthermore, the
antibacterial activity of PCEs was evaluated, and it was
discovered that the NP inhibited the growth of B. subtilis
and E. coli, with inhibition zones of 13 and 12 mm, respec-
tively, indicating that the NP demonstrated good anti-
microbial activity when compared to extracts. The
antibacterial efficiency of ZnONPs could be attributed
to their smaller diameters, which is consistent with a
finding indicating that ZnONPs with smaller diameters
had powerful bactericidal effectiveness. In addition, the
NP produced by the green technique using PCE were also
found to be very active against the fungal species tested
at a concentration of 50 pg/mL of manufactured ZnO NPs.
The inhibition zones of M. indicus (19.5 mm), H. insolens
(14.6 mm), and Clotrimazol (21.6 for M. indicus and
17.7mm for H. insolens) clearly demonstrated that the
fungal strains tested were sensitive to NP. PCEs also
demonstrated antifungal activity, with inhibition zones
of about 11 mm and 8 mm for M. indicus and H. insolens,
respectively. As a result, the current study demonstrated
that ZnO NP produced using PCE are a potential and
effective antifungal agent against pathogenic fungal strains
and are shown in Figure 5. As we all know, zinc oxide (ZnO)
NP are being studied for production of next-generation
nano-antibiotics against pathogenic bacteria in order to
address multidrug resistance, a topic that has sparked sub-
stantial interest worldwide as a result of the use of nano-
technology. The size, particle size, crystallinity, and porosity
of these ZnO NP (Figure 4 showing around 40-60 nm and
has a sphere-like morphology) are all distinctive physico-
chemical characteristics. ZnO NPs demonstrate extensive
antibacterial activity against a wide range of microorgan-
isms, including Escherichia coli, Bacillus subtilis, and the
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Antimicrobial potential
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Figure 5: Antimicrobial activity of biogenic ZnO NP, extracts, and
positive controls for bacterial and fungal strains.

M13 bacteriophage, based on these features [70,71]. As evi-
denced by assay data, the biogenic ZnO NPs exhibited strong
antibacterial activities (Figure 5) due to increased specific
surface area because of reduced particle size, resulting in
higher particle surface reactivity. Furthermore, most micro-
organisms are in the hundreds of nanometers to tens of
micrometers range, which can be destroyed either by contact
of NP with cell walls or by entering the cells of micro-
organism. However, the mechanism of inhibitory effect of
Zn0O NPs on microbes is still unknown. Several studies
have reported that incorporating ZnO NPs into bacterial cells
causes continuous release of membrane lipids and proteins,
altering bacterial cell membrane permeability and inhibiting
microbes growth [72-74]. Despite its significant antimicro-
bial activity, ZnO NPs have high photooxidizing and photo-
catalysis activities, as well as high optical absorption in the
UVA (315-400 nm) and UVB (280-315 nm) regions with bio-
safe materials that are beneficial in antimicrobial response
and used as a UV protector in cosmetics [75].

3.6 In vitro biocompatibility and cytotoxicity
effects analysis of NPs

A hemolytic activity assay using RBCs was performed to
evaluate the biocompatibility of the biogenic NPs (RBCs).
In this bioassay, hemolysis of RBCs was observed in
response to varied ZnO NPs (25-400g/mL). A
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Figure 6: (a) % Hemolysis behavior of biogenic NPs at various concentrations and (b) correlation between NPs concentration and brine

shrimp % mean mortality for cytotoxicity assessment.

spectrophotometer was used to measure the absorbance
of RBCs at 570 nm to check for hemolysis. RBC hemolysis
will be noticed only if the sample has the ability to rup-
ture the cells. Only if the sample has the ability to rupture
the cells will RBC hemolysis be detected. Figure 6a depicts
the biocompatibility (hem-compatible) findings of ZnO
NPs. According to the American Society for Testing Mate-
rials guidelines, biocompatibility of compounds with >2%
hemolysis is designated as nonhemolytic, 2-5% slightly
hemolytic, and >5% hemolytic [59]. Figure 6a suggests
that different concentration doses of biosynthesized ZnO
NPs demonstrate less hemolysis, even at 400 g/mL, con-
firming their high biocompatibility with erythrocytes as
demonstrated in the literature [61]. The concentration dose
of the biogenic ZnO NPs used in the biocompatibility test is
several times higher than that of the amount employed for
the antimicrobial activity test. The biocompatibility results of
the study reveal that plant-based manufactured NP are bio-
safe, and ZnONPs would be used for clinical applications
within certain concentration limits, as shown clearly in
Figure 6a, where the percentage hemolysis of RBCs increases
with increasing concentration of ZnO NPs.

Figure 6b shows dose-dependent trials in which the
number of dead brine shrimp in experimental wells con-
taining nanoparticle concentrations ranging from 12.5 to
400 pg/mL was counted after 24 h of exposure. The per-
centage of mortality was 0, 1, 25, 40, 57, 65, and 78% in
concentration of 0 (without NP), 12.5, 25, 50, 100, 200, and
400 pg/mL of ZnO NPs, respectively. Based on experi-
mental data, the highest mortality value of 78 + 1.5 is
observed at 400 pg/mL (found a graph with a similar pat-
tern to that reported in the literature [61]), while the lowest
value is found at 12.5 pg/mL (Figure 6b). The toxicity pat-
tern of metallic NPs for Artemia salina is dose-dependent.

Metallic NPs have a dose-dependent toxicity pattern for
Artemia salina, according to experimental results. Toxicity
of NPs can be caused by the NPs themselves, as well as their
dissolution products and NP agglomerates formed during
the experiment. Finally, using Organization for Economic
Cooperation and Development (OECD) guidelines, NPs can
be summarized and classified as low toxicity agents. None-
theless, as indicated by cytotoxicity assay results, proper
consideration should be given to the potential ecotoxicity
and environmental health consequences of NPs.

3.7 Molecular docking analysis

A catalytic triad tunnel composed of Cys, His, and Asn is
found in the active site of FabH (PDB: 1HNJ) (Figure 7a).
The catalytic activity of an enzyme can be dramatically
influenced, inhibited, or even stopped by affecting these
amino acid residues [76]. Additionally, the active site resi-
dues of the FabH receptor are conserved across Gram-posi-
tive and Gram-negative bacteria, making FabH protein a
promising therapeutic target for the development of inno-
vative and broad-spectrum antimicrobial drugs as selec-
tive and nontoxic FabH inhibitors. To predict the in vitro
efficiency of ZnO NPs (Figure 7b), the ligand-FabH model
was used to perform molecular docking study. Docking of
Zn0O into a modeled receptor named beta-ketoacyl-acyl
carrier protein synthase III (FabH) was done to investigate
proper nanoparticle orientation within the receptor and
obtain useful information for the active mechanism,
including non-covalent interactions between the active
site of the receptor and ZnONPs, which could lead to
the development of new drugs for further biological
research.
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Figure 7: Molecular docking study of (a) receptor, (b) ligand (Zn0), (c) best docking pose and (d and e) various ZnO interactions with amino

acids contribute to cavity formation.

The best docking posture selected based on the nega-
tive minimum energy (-6.79 kcal/mol) was considered
as the best model to describe the interactions. Conven-
tional hydrogen bonds were formed with 2.04857, 2.77139,
and 2.90348 A distances between the oxygen of ZnO NPs
and the amino hydrogen of ALA246, PHE304, and HIS244,
respectively (Figure 7c and d). Other non-covalent connec-
tions were formed between Zn of ZnONPs and CYS112:SG,
MET207:SD, and PHE304:0, with distances of 2.43354,
3.2364, and 1.88611 A, respectively, as well as a Pi—cation
interaction between ZNO and A:HIS244 with 2.87158 A. The
active amino acids cavity around ZnONPs is formed by
residues like ALA303, ILE250, ALA216, GLN245, ASN274,
PHE157, and LEU189. These interact weakly to keep ZnO in
the proper orientation in the active pocket of the receptor,
resulting in tight interactions between the ligand (ZnO) and
the FabH receptor. Amino acid residues bind with ZnO NPs
in docking experiments to stabilize the docked molecule in
cavity, and the ligand can be thought of as a bacterial
growth inhibitor in the living cell. Similarly, analogous
interaction mechanisms may be employed to explain
disturbances in the proliferation of fungal mycelium.

3.8 Photocatalytic activity

The rate of degradation of an organic dye pollutant
(methylene blue [MB]) widely used in the dye industry
was evaluated in a catalytic study under control experi-
ments for photodegradation. The methylene blue dye
solution was stirred with the catalyst in the dark to deter-
mine the adsorption loss, and the rate of degradation was
calculated as the percentage of decolonization over time
based on absorbance at the optimum wavelength of
664 nm as shown in Figure 8a.

The graph depicts the analysis of methylene blue
decomposition by decreasing the peak intensities of
the dye molecules over time. As shown in the diagram
(Figure 8b), the degradation of the dye can be attributed
to the generation of reactive oxygen species by the ZnO
NPs in response to light irradiation. The generation of
electron—-hole pairs in ZnONPs, which are particularly
active on the surface, is thought to be the mechanism
of dye degradation in sunlight. The H,0 and O, molecules
are oxidized by free holes and electrons traveling in
the valence and conductance band bands, resulting in
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Figure 8: (a) Photocatalytic degradation of methylene blue using biogenic ZnO NPs, (b) photo trigger mechanism of ZnO NPs in dye

degradation in direct sunlight and (c) degradation efficiency.

OH radicals and O3 ions, respectively; because of the
blueshift and broad band gap of biogenic ZnO NPs,
absorption of sunlight can easily increase the migration
of electrons and the positive hole, resulting in increased
degradation efficiency, as depicted in a schematic dia-
gram (Figure 8a—-c).

4 Conclusion

Biogenic ZnONPs were well-synthesized in an environ-
mentally friendly way using extracts of pine cone obtained
from Korean red pine (Pinus densiflora), and their physical,
chemical, and morphological properties were confirmed
using UV-Vis, FTIR, XRD, HRTEM, and SAED with particle
sizes ranging from 40 to 60 nm. The photocatalytic activity
of the produced NP against methylene blue dye was
remarkable, with a maximum of 60% degradation
recorded in a short period of time under sunlight irradia-
tion. Furthermore, when compared to extracts, ZnONPs
exhibit good bactericidal activity and antifungal activity,
but less than reference drugs against pathogenic Gram-
negative E. coli and Gram-positive B. subtilis bacterial
strains, as well as two human pathogenic fungi, H. insolens
and M. indications, respectively. As a result, ZnO NPs can
be employed as an antibacterial in pharmaceuticals,

cosmetics, ointments, lotions, and among other applica-
tions. A molecular docking was also performed to investi-
gate the binding interactions between NP and receptors. It
may be concluded that ZnO NP are an effective antimicro-
bial agent against pathogenic microorganisms, and interac-
tions between receptors and ZnONPs will allow researchers
to gain a grasp of the molecular method for producing non-
toxic germ inhibitors. In brief, the findings suggested that
NP could be promising materials for the degradation of
visible light dyes as well as antibacterial agents.
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