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Recent advances in the biosynthesis of ZnO
nanoparticles using floral waste extract for water
treatment, agriculture and biomedical engineering
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Flowers are often discarded after cultural and religious events, making it worthwhile to explore the
utilization of this floral waste for material production. Floral extracts contain a diverse array of
phytochemicals such as polyphenols, flavonoids, and reducing sugars, which play a significant role in the
formation and influencing the properties of zinc oxide (ZnO) nanoparticles. In this review, we delve into
the importance of floral extract, methodology, mechanism, and influencing factors in the production of
ZnO nanoparticles. Additionally, the role of green ZnO nanoparticles as an adsorbent and photocatalyst
for water treatment is discussed. These floral extract-mediated ZnO nanoparticles exhibit advantages in
agricultural and biomedical applications, including promoting seed germination and demonstrating
antibacterial, anticancer, and antifungal properties. Cost analysis reveals that while various expenses are
associated with ZnO production, scaling up processes can help reduce these costs. This review
underscores the potential of floral waste extract for the synthesis of green ZnO nanoparticles, thereby

rsc.li/nanoscale-advances

1. Introduction

Water stands as the most crucial resource essential for
sustaining all life forms. The 2018 World Water Development
Report, as issued by the United Nations, highlights a current
annual global water demand escalation of 1%." This trajectory
indicates an impending scarcity of water resources. Persistent
pollution compounds this challenge, with drinking water
contamination, pharmaceutical residuals, heavy metals, and
disruptions causing eutrophication in water bodies.>® Alter-
ations in the water cycle further exacerbate the issues, leading to
adverse impacts on energy and agricultural production, human
and animal health, as well as economic progress.* The level and
duration of exposure to heavy metals significantly dictate the
extent of toxic bioaccumulation in fish.>® While some heavy
metals serve as micronutrients essential for biological metab-
olism, they collectively induce harmful effects through meta-
bolic interference and mutagenesis.” In the case of dyes,
industrial dye wastewater results from various textile processing
stages, often exceeding the quality benchmarks for wastewater
treatment.®*° This wastewater contains colorants, waxes, and
notably high pH levels, along with substantial chemical oxygen
demand (COD)."
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contributing to waste-to-wealth strategies and adhering to green chemistry principles.

The mass discharge of flower waste into rivers significantly
impacts the flora, fauna, and overall aquatic ecosystems.*” This
waste, originating from floral and religious sites; social events
such as birthdays, weddings, and funerals; and recreational
venues such as hotels and spas, raises significant concerns.™
Every year, millions of tons of dried flowers from major reli-
gious sites globally find their way into rivers or become part of
solid municipal waste." Indeed, India alone produces approx-
imately 4738 tons of floral waste daily, while Turkey generates
around 50 tons of tulip petal waste annually.'® Presently, there is
a shortage of proper systems for segregating, collecting, trans-
porting, and managing floral waste from religious sites and
markets. As flowers enter water bodies, they elevate biological
oxygen demand and worsen various wastewater indicators.™
Moreover, the presence of pesticides in flowers leads to the
introduction of unwanted pollutants into water bodies, signif-
icantly compromising the water quality."” Discarded flowers in
open areas become breeding grounds for mosquitoes and other
insects, thus emitting foul odors, polluting the land, and dras-
tically diminishing the visual and aesthetic appeal of the
surroundings.'® The natural degradation of floral wastes also
gives rise to environmental pollution by emitting methane and
carbon dioxide.” Utilizing flower waste to extract valuable
compounds for the synthesis of nanoparticles presents a viable
approach, thereby simultaneously tackling environmental
issues.

Nanomaterials with unique characteristics have become an
integral part of cutting-edge research fields.'® In the past years,
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ZnO nanoparticles have garnered enormous interest due to
their versatile applications in solar cells, catalysts, antibacterial
materials, gas sensors, luminescent materials, and
photocatalysts.”” ™ Indeed, ZnO possesses n-type semi-
conducting properties, boasting a direct bandgap of nearly
3.2 eV.”° Recent progress has shown that nano-ZnO can be used
as a heterogeneous catalyst with low cost, non-toxicity, and
environmental advantages.’*”> On exposure to an irradiation
source in wastewater, ZnO nanoparticles likely trigger the
decomposition of organic pollutants.”® This process generates
free radicals such as "OH and "O, " that serve as potent oxidizing
agents, facilitating photodegradation.”* Additionally, semi-
conductor materials are used to functionalize ZnO, boosting its
capacity to absorb visible light.*® This enhancement signifi-
cantly augments the efficiency of pollutant removal.

Although ZnO nanoparticles play a vital role in biomedical,
catalysis, and electrochemical fields, many synthetic methods
are toxic and often not eco-friendly.***® Therefore, it is neces-
sary to include an innovative approach for fabricating benign
ZnO nanoparticles using floral waste extract resources.>® A
number of articles have indicated the content of phytochemi-
cals such as flavonoids, alkaloids, phenolics, and tannins
present in the flower parts of many plants.**** These bio-
compounds supply a bio-capping and bio-stabilizing platform
during the formation of nanoparticles.** These biogenically
synthesized ZnO nanoparticles exhibit high performance
comparative to chemically synthesized ones in several cases.**?®
The proposition of synthesizing ZnO nanoparticles using flower
waste extract can therefore be a feasible solution, extending
applications in wastewater treatment.

Biological hazards, notably viruses, fungi, parasites, and
bacteria, are major sources of infections and infectious
diseases.’” Green ZnO nanoparticles can show remarkable
biomedical activity since the floral extract-based synthetic
process results in these nanoparticles with biocompatible
properties, making them readily applicable in biomedical
fields.*® For instance, green ZnO nanoparticles exhibit
substantial toxicity against various multidrug-resistant micro-
organisms in humans.** While traditional cancer treatments
like chemotherapy, radiotherapy, and surgery can have severe
side effects on the human body, nanomedicine leveraging
nanomaterials such as ZnO nanoparticles mitigate these side
effects thanks to their high biocompatibility and cancer-
targeting abilities.”® The anticancer potential of ZnO nano-
particles is multifaceted, involving the induction of cancer cell
apoptosis and autophagy.* Using ZnO nanoparticles bio-
synthesized using floral extract, these processes can be accel-
erated, facilitating the termination of cancer cells.

Previous reviews have extensively covered the synthesis and
diverse applications of ZnO nanoparticles. For example, Alhujaily
et al.> discussed the role of plant-based ZnO nanoparticles with
emphasis on biomedical engineering fields including antimi-
crobial, antioxidant, anti-inflammatory, and tissue repair. Simi-
larly, Rai et al* showed recent advances in ZnO nanomaterials
biosynthesized using different biological sources for targeted
bioengineering applications. To the best of our knowledge,
however, this study marks the first comprehensive discussion
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regarding the utilization of flower waste extract to produce ZnO
nanoparticles for both environmental and biomedical applica-
tions. This study systematically addresses innovative strategies in
turning zero-cost floral waste into high value-added products
including ZnO nanoparticles and ZnO-based composites. The
effective utilization of floral waste for ZnO nanoparticles
synthesis stands as a prime example of converting waste into
valuable resources, pursuing a waste-to-wealth strategy, contrib-
uting to environmental protection and public health.

2. Green synthesis of ZnO
nanoparticles using floral extract

2.1. Methodology for the synthesis of ZnO nanoparticles

There are a number of methods (biological, chemical, physical)
for the synthesis of ZnO nanoparticles with emphasis on two
different routes including top-down and bottom-up, as illus-
trated in Fig. 1. To be more specific, the top-down approach is
a synthesis process that splits an original bulk material into
ZnO particles with smaller sizes through ball milling, sputter-
ing, laser ablation and thermal evaporation. Unfortunately,
these mechanical and physical processes consume a large
amount of energy and require well-equipped instruments; thus,
they are not favorable in small production scale. Meanwhile, the
bottom-up approaches such as hydrothermal, co-precipitation,
chemical vapour deposition, and sol-gel cannot easily obtain
a nano-scale size of ZnO particles but also requires a low energy
source and simple equipment. However, the biggest disadvan-
tage of this route is the use of toxic chemicals during the
synthesis, causing adverse impacts on the environment and
secondary pollution. To reach a critically safe and sustainable
synthesis goal, the green synthesis of ZnO nanoparticles using
green plant extract should be considered.

2.2. Sustainable aspects of green ZnO synthesis

Floral extract biomediated synthesis of ZnO nanoparticles holds
several key advantages such as process without chemical use, safe
production, low energy consumption, and favorability for labora-
tory scale (Fig. 2). It is known that flowers from plants can supply
valuable bioactive compounds such as polyphenols, tannins,
proteins, and alkaloids. These chemicals may take responsibility
for the reduction and formation of ZnO nanoparticles. Instead of
using toxic chemicals like alkaline and surfactant, natural
phytochemicals extracted from flowers themselves act as reducing
and capping agents in the production of ZnO nanoparticles. With
the abundance of flower sources, the biosynthesis of ZnO nano-
particles should be nearly available. Therefore, the eco-friendly
synthesis of ZnO nanoparticles using floral extract can meet the
fundamental principles of green chemistry.

In plant species, their tissues such as leave, root, bark, and
flower mostly contain natural phytochemicals, but flowers are
very rich in antioxidants such as phenolics, tannins, and
reducing sugars. For example, a recent study determined the
chemical composition of Pogostemon cablin Linn. flower and
leaf by GC-MS analysis.** The authors found that patchouli

alcohol (27.5%) and caryophyllene (18.2%) were major
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Fig. 2 Several advantages of green synthesis of ZnO using floral
extract.

constituents in flower. Mimusops elengi flower was found to have
above 70 different compounds including flavonoids, alkaloids,
phenolics, and tannins.** In another example, a recent study
compared the chemical composition of Pogostemon cablin Linn.
flower and leaf by HPLC-MS and GC-MS analyses.*® The authors
found phenylpropanoids (>30%) and a series of phytochemicals
and their derivatives such as tannins, flavonoids, alkaloids,
benzene, and phenylpropanoids. However, the flower extract
possessed 189 compounds, compared with 174 compounds in
the leaves extract and 87 compounds in green coffee beans
extract. As expected, the flower extract exhibited the highest
ABTS radical scavenging activity among the samples. Therefore,
the natural compounds from the flower extract can be a poten-
tial for the biosynthesis of ZnO nanoparticles.

2.3. Formation of green ZnO nanoparticles

The formation mechanism of ZnO nanoparticles is complicated
and worth considering. It is acknowledged that the floral

© 2024 The Author(s). Published by the Royal Society of Chemistry

extracts are very rich in main natural compounds such as
polyphenol, tannin, saponin, and alkaloid, and many of them
are strong antioxidants. In the presence of Zn(u) ions, these
phytochemical compounds act as reducing and capping agents.
As described, the change in the color from light blue to white
after 180 min of reaction indicates the formation of Zn**~dii-
sobutyl phthalate complex (Fig. 3). It is presumable that the 7
electrons of the oxygenated groups are donated to the empty d-
orbitals of Zn** through coordination bonds. Thanks to the
complexation and chelation between phytochemicals and Zn(u)
ions, ZnO nanoparticles are less aggregated, well dispersed, and
highly stable. Moreover, ZnO nanoparticles synthesized using
floral extract often exhibit a higher degree of surface chemistry
in comparison to those synthesized using chemical methods.
Jacaranda mimosifolia flower extract has been used in the
biosynthesis of ZnO nanoparticles.** The researchers deter-
mined the presence of oleic acid in the flower extract via gas
chromatography-mass spectrometry analysis, and this natural
compounds acted as a capping agent. The complexation
between Zn>" and oleic acid could be due to the electrostatic
interaction between them, allowing the formation of well-
dispersed ZnO under microwave irradiation heating for 5 min
(Fig. 4). To elucidate the surface chemistry of green ZnO
nanoparticles, a recent research group compared the ZnO
synthesis between the chemical method using NaBH, as
a reducing agent and the biogenic method using flower extract
from Nerium oleander.*® They indicated that the shift of the FTIR
absorption peak of the Zn-O bond might be as a result of the
biofunctional groups from Nerium oleander flower extract. The
surface of biogenic ZnO nanoparticles was found to be rich in
functional groups such as hydroxyl, carbonyl and amine, indi-
cating the role of floral extract in the production of ZnO. The
same observation was reported for the biosynthesis of ZnO
nanoparticles using Moringa oleifera extract, with r-ascorbic
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Fig. 3 (a) Visual image of Anchusa italica flowers, the color change of Anchusa italica flower extract before (b) and after (c) the addition of Zn?*
ions after 360 min, (d) a proposed mechanism of the complexation interaction between diisobutyl phthalate from Anchusa italica floral extract
and Zn?* ions and the formation of biogenic ZnO nanoparticles after calcination. Reproduced with permission of Elsevier from ref. 43. Copyright

2016.

acid converting into r-dehydroascorbic acid to form free radi-
cals and interact with Zn(u).*®

2.4. Effect of factors on the green synthesis of ZnO
nanoparticles

According to Table 1, the shape of biogenic ZnO nanoparticles
synthesized using floral extract is very diverse, including
spherical (%), rod (%), semi-spherical, hexagonal, cubic, and
semicircular (%) (Fig. 5). A majority of spherical shape of green
ZnO nanoparticles could be because the complexation between
Zn** and phytochemicals hinders the aggregation of particles
during the nucleation and crystal growth. Therefore, their
spherical shape can be maintained. The particle size of green
ZnO nanoparticles is in the range from 8 nm to 90 nm (Table 1).
The distribution of particle size seems to be equivalent to the
ZnO particle size synthesized using plant extract, algae, bacte-
rial and fungi.*”

Because of the difference in the chemical composition of
each floral extract, many factors such as floral extract concen-
tration, pH of the solution, and calcination temperature are
likely to affect the morphology, shape, particle size, etc., of
biogenic ZnO nanoparticles. The particle sizes of ZnO are often
found to show a downward decrease with an increase in the
concentration of the floral extract.* This can be due to the fact
that the presence of more natural bioactive compounds as
capping agents enhances the complexation between Zn>" and

4050 | Nanoscale Adv, 2024, 6, 4047-406]

them. As a result, ZnO nanoparticles synthesized using floral
extract often exhibit a lower degree of aggregation and particle
size in comparison to those synthesized using chemical
methods.

Moreover, the addition of floral extract into Zn>** solution can
increase the interaction between Zn** and phytochemicals, but
an excess of floral extract can lead to the breaking of the
complex stability. For example, Nyctanthes arbor-tristis flower
extract volume from 0.25 mL to 2 mL was tested to check the
intensity of the prominent peak at 346 nm.** The authors found
that a volume at 1 mL of the flower extract per 50 mL of 0.01 M
Zn** solution obtained the maximum absorption intensity
(Fig. 6). The same trend in the pH factor was observed since the
authors changed the pH from 9 to 13. The intensity of the peak
tended to increase with the increase in the pH and showed
a maximum absorption (362 nm) at pH 12.

3. Applications of ZnO nanoparticles
biosynthesized using floral extract

3.1. Adsorption

Adsorption is commonly a preferable method to treat polluted
wastewaters. This method acquires some advantages such as
high performance, simplicity, ease of operation, and eco-
friendly property. Considering green ZnO nanoparticles as an
adsorbent, the adsorption of pollutants can occur by some

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The biosynthesis of ZnO nanoparticles with the aid of oleic acid inherent in Jacaranda mimosifolia flower extract. Reproduced with

permission of Elsevier from ref. 44. Copyright 2016.

possible mechanisms such as electrostatic interaction. More-
over, the incorporation of floral extract can supply some func-
tional groups, e.g., phenolic and carboxyl groups on the surface
of ZnO nanoparticles, facilitating the adsorption process.

Some studies synthesized green ZnO nanoparticles using
floral extract for the removal of pollutants in water. For
example, Nguyen et al. successfully biosynthesized ZnO nano-
particles using Canna indica L. flowers extract with an average
particle size of 27.8 nm.* To be more specific, the authors
designed an optimization model based on minimum-run
resolution IV with a multivariate model to remove Coomassie
brilliant blue G-250 in water. It was found that 70.8% of this dye
was eliminated by a chemosorbed monolayer adsorption.
Several possible interactions between Coomassie brilliant blue
G-250 dye and ZnO nanoparticles biosynthesized using Canna
indica L. flowers extract was suggested with emphasis on elec-
trostatic type, hydrogen bonding, Yoshida hydrogen bonding,
and n- type (Fig. 7).

In another work, Bougainvillea spectabilis flowers were used
to create the extract for the synthesis of ZnO.*® In this study,
green ZnO nanoparticles could enhance the removal of 2,4-
dinitrophenol at an equilibrium capacity of 42.6-70.4 mg g~ "
The authors demonstrated that the removal of 2,4-dinitro-
phenol by green ZnO nanoparticles was endothermic with an
enthalpy (AH) value of 7.38 k] mol ‘. However, the uptake
capacity obtained in this work was still relatively low, and the
removal efficiency was not very high. Considering the effec-
tiveness of green ZnO nanoparticles, a combined photocatalytic

© 2024 The Author(s). Published by the Royal Society of Chemistry

and sonocatalytic process should be applied for the better
removal efficiency of 2,4-dinitrophenol contaminant.

3.2. Catalytic degradation

Green ZnO nanoparticles-based photocatalysts can participate
in the degradation of organic pollutants, typically organic textile
dyes such as methylene blue, Congo red, and crystal violet in
water. Normally, these ZnO nanoparticles catalyze the photo-
catalytic reaction under ultraviolet or visible light irradiation.
Indeed, the biosynthesis of ZnO nanoparticles was reported
with the use of Hibiscus sabdariffa flower extract for dye degra-
dation.*® The results revealed that 97% of methylene blue dye
could be degraded in 150 min in the presence of ZnO catalysts
and an ultraviolet irradiation source. The photocatalytic
performance of ZnO was explained due to the uptake of the dye
on the catalyst surface through m-m interactions between
benzene rings derived from the floral extract. However, a very
high ratio of floral extract (8%) did not promote the catalytic
activity of ZnO, which might be due to light blockage by the
surface coverage of the floral extract.

Lantana camara flower extract was also used for the biosyn-
thesis of ZnO nanoparticles.” In this study, the authors applied
a photocatalytic system based on UV light/ZnO to degrade
methylene blue dye. A photodegradation efficiency of 98% was
obtained after 75 min under an optimum pH of 10. The
researchers explained that the migration of OH™ ions into the
surface of the catalyst could lead to the generation of 'OH

Nanoscale Adv., 2024, 6, 4047-4061 | 4051
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Table 1 Synthesis and application of green ZnO nanoparticles synthesized using floral extract
Particle size =~ Bandgap
Plant names Shape (nm) (ev) Applications Main findings Ref.
Bougainvillea Hexagonal 12-31 — Wastewater treatment Removal of 2,4-dinitrophenol, 48
spectabilis 42.6-70.4 mg g~ ' by adsorption;
photocatalytic route was 84.4%,
and by sonocatalysis was 77.1%
Canna indica Spherical 27.8 3.08 Wastewater treatment, seed Removal of Coomassie brilliant 49
germination blue G-250 by adsorption (31.1 mg
¢~ 1), photocatalytic degradation
(94.2%), promoting seed
germination
Hibiscus sabdariffa  Semicircular 8.7-38.6 2.77-2.96 Wastewater treatment Photocatalytic degradation of 50
methylene blue dye at 97%
Lantana camara Spherical 21.4-27.2 3.56 Wastewater treatment Degradation of methylene blue 51
98% under UV light
Chrysanthemum spp. Spherical 9.1-17.9 1.92-1.98 Wastewater treatment Degradation of Congo red 95% 52
under UV light
Trifolium pratense  Spherical 60-70 — Antibacterial Zones of growth inhibition at 100 53
ug mL ! against S. aureus (22-31
mm), E. coli (22-31 mm), P.
aeruginosa (21-28 mm), S. aureus
(24-31 mm), P. aeruginosa (14-29
mm)
Jacaranda Spherical 8-11 4.03 Antibacterial Cell viability at 100 pg mL ™' in E. 44
mimosifolia coli (48%) and E. faecium (43%)
Matricaria Cubic 41.0 — Antibacterial Cell viability against strain GZ 54
chamomilla 0003 of Xanthomonas oryzae of
79.4%
Punica granatum Spherical 53 — Antibacterial Minimum inhibitory 55
concentration against B. cereus
and M. catarrhalis of 0.61 ug mL ™"
Clitoria ternatea Rod 84 — Antibacterial Zones of growth inhibition at 100 56
pg mL~ " against E. coli (21.2 mm)
and S. aureus (17 mm)
Peltophorum Spherical 69.45 — Antibacterial Zones of growth inhibition at 100 57
pterocarpum pg mL " against B. cereus (9-12
mm) and E. coli (9-10 mm)
Clitoria ternatea Rod 84 — Anticancer ICs0 of 12.1 pg mL ™" against breast 56
cancer cells
Hibiscus sabdariffa  Spherical, semi- 50.7 (ZnO) — Anticancer Inhibitory concentration ICs, 58
spherical against breast cancer cells of 33.5
pg mL"
Hibiscus sabdariffa  Spherical, semi- 51.6 (Au/Zn0O) — Anticancer Inhibitory concentration ICs, 58
spherical against breast cancer cells of 34.9
ug mL™"
Peltophorum Spherical 69.45 — Anticancer Cell viability at 10 ug mL™" against 57
pterocarpum HeLa cancer cell lines of
Xanthomonas oryzae of 50%
Nyctanthes arbor- Spherical 12-32 — Antifungal Minimum inhibitory 59

tristis

radicals to engage in the degradation of methylene blue dye.
More interestingly, the green ZnO catalyst was very stable since
a recyclability study was performed up to five times. Almost 80%
of the degradation efficiency was retained during the final cycle,
suggesting the role of the floral extract in increasing the stability
of the ZnO catalyst.

4052 | Nanoscale Adv., 2024, 6, 4047-4061

concentration at 256 pg mL ™’
against A. alternate (64 pg mL™Y),
A. niger (16 pg mL™ "), B. cinerea
(128 pg mL ™), F. oxysporum

(64 ug mL ") and P. expansum
(128 pg mL ™)

Although the ZnO nanoparticles can efficiently catalyze the
degradation of toxic dyes, the introduction of ultraviolet irra-
diation in the reaction was not preferred. Nguyen et al. used
ZnO biosynthesized using Canna indica flowers extract as
a catalyst for the removal of methylene blue dye (94.2%) in the
presence of solar light.* In this work, a scavenging study was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The percentage of various shapes of biogenic ZnO nano-
particles synthesized using floral extract. Statistical data was collected
from the relevant references cited in this work.

conducted, which confirmed the major role of ‘O, radicals in
the photocatalytic degradation reaction. The importance of
radicals followed the order "OH < h* < "0, . Taking advantage of
solar irradiation as a photogenerated source may make the ZnO-
catalyzed degradation reaction more beneficial in the real
application.

At the same trend, Chrysanthemum spp. floral waste was
extracted and used to ZnFe,0,/ZnO

synthesize
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nanocomposites.” Accordingly, an incorporation amount of
ZnFe,0, was investigated at 0-50%. As a fuel, the flower extract
supplied several functional groups such as hydroxyl and
carbonyl for enriching the surface of the nanocomposite
(Fig. 8). This allows to create more interactions between Congo
red dye and the catalyst, enhancing the adsorption on the
surface of ZnFe,0,/ZnO. The authors carried out the photo-
catalytic degradation of Congo red using ZnFe,04-50%/Zn0O in
the presence of solar light irradiation. They found that the best
photocatalytic activity was at nearly 95%, compared with 44% of
bare ZnO. Moreover, this catalyst could be recovered easily by
inducing a simple magnet. The pathways of Congo red degra-
dation in the presence of the ZnO-based catalyst can be more
elucidated, as illustrated in Fig. 9. With more than 3 cycles of
reusability, the green nanoparticles were expected to be
a promising catalyst for the degradation of toxic dyes.

3.3. Seed germination

Seed germination is a physiological process in plants under
a favorable environment condition during their life stage.®® The
tests of seed germination enable to understand how plants deal
with environmental change as well as determine whether they
can persist.®* The interaction between plants and polluted soil
or water is on the basis of evaluating the quality of treated water.
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Fig. 6 Effect of factors on ZnO biosynthesis using Nyctanthes arbor-tristis floral extract, (a) concentration of Zn®*, (b) volume of floral extract
added into 50 mL of 0.01 M Zn?* solution, (c) pH of the solution, (d) temperature of the solution. Reproduced with permission of Elsevier from
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To check the safety of the toxic dye-contaminated water
treated by Canna indica L. flower extract-mediated ZnO nano-
particles, Nguyen et al. carried out a seed germination experi-
ment with emphasis on the green and red bean seedlings.*®
After five days of treatment, the beans grew normally compared
with the control samples (Fig. 10). More interestingly, the root
and shoot of bean cultivated in ZnO-treated water samples
seemed to develop better. The authors suggested that the
release of Zn>" with a very tiny amount avoided root rot since
Zn>" acted as an antibacterial agent. Moreover, Zn>* could be
a micronutrient during the seed germination of bean. In other
words, bean seedling might adsorb the Zn>" released from ZnO
nanoparticles as an essential micronutrient element for their
growth and development.

In another study, ZnFe,0,-ZnO nanocomposites bio-
synthesized using Chrysanthemum spp. floral waste obtained
the same excellent seed germination of bean samples.** The
researchers observed that the average body length (14.7 cm) of
bean seedlings grown in treated dye wastewater reached
a higher value than that (13.3 cm) of the sample grown in water.
However, the underlying mechanisms of antibacterial process
and root development were still not elucidated. Seed germina-
tion test and mechanism by green ZnO nanoparticles should
therefore be more investigated.

3.4. Antibacterial activity

Multi-drug resistance as a result of using antibiotic improperly
has led to tremendous difficult in the treatment of bacterial

4054 | Nanoscale Adv., 2024, 6, 4047-4061

infection.®” The application of biomediated nanoparticles in
biomedical treatment may be a feasible strategy due to their
biocompatibility and high activity.”® A number of studies
showed excellent antibacterial activity of floral extract-based
green ZnO nanoparticles against biohazard pathogenic strains
including Gram-negative and Gram-positive bacteria, as listed
in Table 1.

For example, green ZnO nanoparticles biosynthesized from
Jacaranda mimosifolia flower extract have been used as anti-
bacterial agents.** The authors applied gas chromatography-
mass spectrometry (GC-MS) analysis to confirm the presence
of oleic acid in the flower extract, which acted as a capping
agent. Moreover, the facet-specific binding of this compound on
the surface of ZnO nanoparticles was simulated on the basis of
interaction energy using a computational chemistry tool.
Spherical ZnO nanoparticles in this study resulted in a cell
viability against E. coli (48%) and E. faecium (43%), better than
those (51-59%) under the chemically synthesized ZnO nano-
particles. Green ZnO nanoparticles have higher biocompati-
bility, easily penetrating the outer membrane into the
intracellular environment, causing a damage to the cell
components. In another study, Trifolium pratense flower extract
with main natural compounds such as anthocyanin, phenolic
acid, and tannin was used to synthesize ZnO nanoparticles.”
Accordingly, green ZnO nanoparticles offered an outstanding
antibacterial performance, i.e., zones of growth inhibition
against S. aureus (22-31 mm), E. coli (22-31 mm), P. aeruginosa
(21-28 mm), S. aureus (24-31 mm), and P. aeruginosa (14-29

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(@) A schematic illustration of ZnFe,O4/ZnO nanocomposites biosynthesized using the Chrysanthemum spp. floral waste extract, (b)

several plausible photocatalytic mechanisms under green ZnFe,O4-50%/Zn0O catalysis for the degradation of the Congo red dye, (c) a recyclable
run of ZnFe,04-50%/Zn0O for the degradation of the Congo red dye in the presence of solar light irradiation. Reproduced with permission of

Elsevier from ref. 52. Copyright 2023.

mm). It can be explained that ZnO nanoparticles released Zn**
into cell membranes, attacked bacterial cells by causing the
extrusion of the cytoplasmic contents and caused cell death.
To compare the antibacterial performance of ZnO nano-
particles synthesized using various green sources, Ogunyemi
et al. used three kinds of extracts from chamomile (Matricaria
chamomilla) flower, olive leave, and red tomato fruit.** Xoo
strain GZ 0003, as a bacterial target of Xanthomonas oryzae, was
tested and is illustrated in Fig. 11. The results showed that ZnO
synthesized from olive leaf extract gave the highest zone of
growth inhibition (22 mm) at 16.0 pg mL ™", which was higher
than that (17 mm) of chamomile floral extract-based ZnO
nanoparticles. The antibacterial activity difference among ZnO
nanoparticles could be possibly due to the effect of natural

© 2024 The Author(s). Published by the Royal Society of Chemistry

compounds in the extract. The researchers found that olive
leaves contained many phytochemicals such as terpenes,
flavonoids, saponins, and tannins, which acted as reducing and
capping agents. As a result, the average particle size of ZnO
biosynthesized using this extract obtained the smallest value
(41 nm) compared with 51.2-51.6 nm for the others. It was
known that smaller particles of ZnO can lead to an easier entry
into the bacterial membrane to terminate the cell.”® The anti-
bacterial mechanism of the ZnO nanoparticles was attributable
to the formation of reactive oxygen species including HO,',
0,"7, and 'OH. They react with proteins and lipids of the
membrane, leaking the key components such as cytoplasm,
causing damage to DNA and RNA in the cell and leading to cell
death.

Nanoscale Adv, 2024, 6, 4047-4061 | 4055
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Towards another comparison, Punica granatum leaves and therefore be suggested that floral extract-mediated ZnO nano-
flower extract were used to produce ZnO nanoparticles.”® The particles can be one of the effective and eco-friendly bacterial
results showed that smaller minimum inhibitory concentra- agents.
tions against a wide range of bacterial species such as S. aureus,
B. cereus, P. aeruginosa, K. pneumoniae, S. typhi, E. faecalis, and E.
faecium of ZnO bio-produced using floral extract were observed,
indicating higher antibacterial activity. A recent study also re-
ported promising ZnO synthesis using Senna auriculata extract
against both Gram-positive and Gram-negative bacteria.®* It can

3.5. Anticancer activity

Cancer, caused by an unbridled growth of cancerous cells,
damages and impacts adjacent normal cells and is acknowl-
edged as one of the most lethal and intricate diseases.®
Although a number of various treatments including surgery,

4056 | Nanoscale Adv, 2024, 6, 4047-4061 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Copyright 2021.

radiation therapy, and chemotherapy have been developed for
cancer treatment, these interventions have potential risk
towards human health.®® Over the past years, the green floral
extract-mediated nanoparticles have been applied as a prom-
ising alternative against cancer diseases (Table 1).

Very recently, Shochah and Jabir produced green ZnO
nanoparticles using Hibiscus sabdariffa flower extract as
a natural bioreducing and biocapping agent.*® The authors
observed that the half-maximal inhibitory concentration of
green ZnO against breast cancer cells was 33.5 pg mL™ "
However, the result of the anticancer activity obtained in this
study was relatively low. To address this drawback, a modifica-
tion step of ZnO nanoparticles was considered (Fig. 12). The
authors developed a composite by decorating Au onto ZnO
nanoparticles using the same extract, giving an inhibitory
concentration of 34.9 ug mL™'. Unfortunately, the anticancer
performance of the composite in comparison with Au-undoped
ZnO was not improved since green Au/ZnO had a lower cyto-
toxicity against the cancer cell lines.

Alahmdi et al. tested the anticancer performance of ZnO
nanoparticles synthesized from the extract of Clitoria ternatea
flower.”® In this study, green ZnO nanoparticles exhibited

© 2024 The Author(s). Published by the Royal Society of Chemistry

a strong cytotoxicity against breast cancer cells with a half-
maximal inhibitory concentration (ICsy) value of 12.1 pg
mL ™. This result was so far better than the study reported by
Shochah and coworkers.”® For the mechanism of ZnO nano-
particles, the authors explained that intracellular reactive
oxygen species and caspase-3 activation by ZnO nanoparticles
caused apoptosis alterations such as chromatin condensation
and nucleus disintegration, leading to DNA injury and death in
breast cancer cells.

3.6. Antifungal activity

Fungal phytopathogens adversely affect the growth and devel-
opment of plants, reducing the crop productivity of industrial
plants, causing a spreading epidemic and a threat to global food
security.”” Nanoparticles can be used as an antifungal agent
against fungal pathogens.** Green ZnO nanoparticles exhibited
an excellent antifungal activity according to a past study.*
Accordingly, Nyctanthes arbor-tristis flowers were extracted and
used for the biosynthesis of ZnO nanoparticles. The report
showed that this bionanoparticle could inhibit all phytopatho-
gens including A. alternate (64 pg mL™"), A. niger (16 ug mL ™),
B. cinerea (128 pg mL™"), F. oxysporum (64 pug mL™") and P.

Nanoscale Adv, 2024, 6, 4047-4061 | 4057
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expansum (128 pg mL™'). The authors explained a possible
mechanism against fungal phytopathogens based on the
contact and disruption of the cell membrane. It was suggested
that H,O, may generate reactive oxygen species such as O," ",
'OH, and HO,’, which terminated the key physiological
processes of fungal cell, resulting in cell death.

4058 | Nanoscale Adv,, 2024, 6, 4047-4061

4. Cost analysis

For synthesis of adsorbent materials, the cost estimation is
required before the commercialization and large-scale produc-
tion. Cost estimation of green ZnO production is likely depen-
dent on many factors including

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(i) Cost of floral waste collection and pretreatment. However,
floral waste is free of charge or zero-cost.

(ii) Cost of compulsory chemicals (zinc salts) and other
chemicals (H,O, ethanol, etc.) or extraction of floral waste.

(iii) Cost of transportation.

(iv) Cost of chemical modification (optional for the produc-
tion of ZnO-based composites).

(v) Labor expenditure.

(vi) Cost of storage/preservation.

(vii) Cost of electricity.

(viii) Cost of equipmentand technical maintenance.

Although many costs are included, three kinds of costs can
be main contributors, including chemicals, labor expenditure,
and equipment. For chemicals, ZnCl, cost is estimated at about
US$14 per kg, while deionized H,O cost for extraction is so far
lower, at about US$0.1 per liter. For labor expenditure, this cost
varies depending on countries, e.g., US$3.0 per hour or US$30
per ten hours for Vietnam'’s labor cost (Statista, 2020). Similarly,
experimental equipment cost is dependent on many factors,
can be estimated based on the market price of ZnO nano-
particles. Generally, the total production cost of green ZnO
nanoparticles synthesized using floral waste extract can range
from US$60 to US$100 per kg. It should be noted that the
scaling process can reduce this cost.

© 2024 The Author(s). Published by the Royal Society of Chemistry

5. Conclusions

The present work underlined the importance, mechanism,
factors, and potential of floral extract for the green synthesis of
ZnO nanoparticles. The utilization of floral extract brings the
main advantages of safety, simplicity, and effectiveness.
Phytochemicals present in floral extract contribute significantly
to the formation and properties of green ZnO nanoparticles. For
adsorption application, floral extract-mediated ZnO nano-
particles act as a promising adsorbent to remove organic
pollutants including dyes and 2,4-dinitrophenol. These ZnO
nanoparticles efficiently catalyze the photocatalytic reaction to
degrade methylene blue, Congo red, etc., under ultraviolet or
visible light irradiation. Incorporating dopants such as ZnFe,0,
enhance the photocatalytic activity of the ZnO-based nano-
composites. Green ZnO nanoparticles show the advantages of
seed germination and antimicrobial activity. Although the
production of floral extract-mediated ZnO nanoparticles can
include many kinds of cost, these costs can be reduced through
the scaling-up processes. This work suggests an innovative
approach of using floral waste extract to biosynthesize ZnO,
reaching a waste-to-wealth strategy and obtaining highly valu-
able products.
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