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a b s t r a c t

Owing to the exponential growth of the human population and the rising food demand, identifying
sustainable antimicrobials for higher agricultural productivity becomes essential. In this study, hydro-
thermal precipitation for synthesizing versatile nanostructured zinc oxide particles (nZnOs), including
nanorods (1D), nanoplatelets (2D), and multibranched flower-like particles (3D), was achieved by con-
trolling pH values of source precursors and growth time. Hydrothermal synthesis is an eco-friendly
process without the requirement of hazardous organic solvents. The antimicrobial properties of these
nZnO particles were evaluated on different soil-borne plant pathogens. These pathogens are serious
limiting factors in agriculture. Results indicate that multibranched flower-like ZnO (3D nZnO) showed
more remarkable, reliable, and stable antifungal activity compared with other nZnOs. The scanning
electron microscopy results also demonstrated significant mechanical damage to pathogens that caused
by the branches of flower-like particles from 3D nZnO. Moreover, results of photodegradation and
environmental resistance of the synthesized nZnOs revealed their potentials to reduce hazardous
chemical pesticides and the eco-friendliness. This work is the first to compare the antimicrobial (i.e.,
antifungal) properties of various nZnOs and their applications in agriculture. Our results suggest that
multibranched flower-like ZnO can be served as promising candidates of green antimicrobials with
multiple modes of action in sustainable agriculture.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The exponential growth of the human population necessitates
high agricultural productivity to fulfill the rising food demand.
Therefore, improving the quality of agriculture, such as yield pro-
duction and disease control, becomes pivotal. Recently, plant dis-
eases caused by soil-borne pathogens, which are critical limiting
factors in agriculture, have been attracting attention (Katan, 2017).
The features that help these pathogens prolong their persistence in
soil environments render them more difficult to control. For
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instance, soil-borne Fusarium oxysporum that causes plant wilt
disease forms thick-walled chlamydospores, which help them
persist in the soil for an extended period until suitable host roots
come in contact with them (Dean et al., 2012). The diseases caused
by soil-borne pathogens induce distinct symptoms, such as root rot,
lesions, and wilts, and more severely affect the mortality of plants
(Katan, 2017). Various chemical, biological, cultural, and physio-
logical methods have been developed for controlling the soil-borne
diseases. However, the environmental concerns of these methods
are growing in recent years. Seeking for novel technologies and
developing sustainable methods for controlling such serious dis-
eases are essential topics. Various approaches, including genetic
breeding, cultural schemes with sanitation, host indexing,
enhanced eradication protocols, new pesticide products, and inte-
grated pest management, are being developed to manage crop
diseases. Nanotechnology is an emerging field and can serve as a
suitable candidate that possesses remarkable potential to renovate
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agriculture and allied fields (Servin andWhite, 2016). The synthesis
and functionalization of nanostructured materials have attracted
considerable interest because of their promising behaviors inter-
mediate between those of macroscopic solids and atomic or mo-
lecular systems for potential applications. Several studies have
reported that nanostructured materials (e.g., nanoparticles [NPs])
can be used to suppress pathogens (Servin and White, 2016). For
instance, NPs such as nanotitanium exhibited beneficial effects on
wheat agronomic traits under drought stress conditions
(Jaberzadeh et al., 2013). Because of the global efforts to reduce
residual hazardous chemical pesticides and the growing demand
for safe organic foods, nanostructured materials play an essential
role in crop protection because of their unique mechanical and
chemical properties. Nanostructuredmaterials remain bound to the
cell wall of a pathogen and lead to deformity of the pathogen
because of high energy transfer, causing its death (Seil andWebster,
2012). Nanotechnological applications in plant pathology provide
new insights into crop protection and help solve specific agricul-
tural problems in plantepathogen interactions (Parisi et al., 2015).

Among different nanostructured materials, metal oxides are
well studied because of their non-toxicity, stability, and dynamic
biological properties. A variety of nanostructured materials such as
SiO2, TiO2, ZnO, Fe2O3, Ag2O, CaO, MgO, and CuO have been used as
efficient antimicrobial agents against bacteria. The antimicrobial
activity of these materials is mostly characterized by their size,
composition, crystallinity, and morphology (Ram et al., 2014). In
particular, zinc oxide (ZnO) has been explored extensively
compared with other materials as an antimicrobial agent among
several reported nanostructured metal oxides (Sirelkhatim et al.,
2015). The most well-characterized antimicrobial activity of ZnO
is its ability to synthesize reactive oxygen species (ROS) such as
hydrogen peroxide (Zhang et al., 2015). The ROS production
increased the cell membrane permeability that induced the uptake
of ZnO that internalized ZnO nanoparticles into cells [9]. Addi-
tionally, nanostructured ZnO (nZnO) has been demonstrated to be
non-toxic to human cells (Colon et al., 2006). In agriculture, nZnOs
also serve as enhancers that increase the absorption of macronu-
trient fertilizers in plants (Milani et al., 2012). ZnO has also been
reported to degrade organic environmental pollutants and
completely mineralize them under the illumination of ultraviolet
rays because ZnO can provide photogenerated holes with high
oxidizing power for its wide band gap energy (Han et al., 2010;
Hariharan, 2006). ZnO possesses high optical absorption in the UVA
(315e400 nm) and UVB (280e315 nm) regions; therefore, it is an
ideal photocatalytic material beneficial in antibacterial response
and used as a UV protector in cosmetics (Brayner et al., 2006).
Additionally, ZnO has been listed as a generally recognized as safe
(GRAS) material by the U.S. Food and Drug Administration
(21CFR182.8991). Previous researches also suggest nZnO were
considered as eco-friendly (Elemike et al., 2020; Nandhini et al.,
2019). The aforementioned properties make ZnO the desired
candidate for green antimicrobials in agriculture. The ZnO wurtzite
structure has a hexagonal unit cell with two lattice parameters,
a ¼ 3.250 Å and c ¼ 5.207 Å, under ambient conditions, and it
belongs to the space group P63mc (Zhang et al., 2002). In addition
to serving as IIeVI semiconductors, because of a wide band gap
energy of 3.37 eV and a large exciton binding energy of 60 meV,
ZnO possess another important factor as a progressive material,
which is its morphological variety (Wang, 2004). ZnO has one of the
greatest structural collections among all known materials and can
be classified into one- (1D) (Guo et al., 2018; Tian et al., 2018), two-
(2D) (Dral and ten Elshof, 2018; Zhao et al., 2019), three- (3D)
(Agarwal et al., 2019; Sebastian et al., 2019), and zero-dimensional
(0D) (Farzana et al., 2018; Sharifalhoseini et al., 2018) structures.
Some examples of 1D structures are nanorods, nanoneedles,
nanorods, and nanobelts; most common 2D structures are nano-
sheets and nanoplatelets (Ali et al., 2018). 3D structures include
multibranched flowers, snowflakes, and nanocages; 0D structures
include nanoparticles and nanopowders.

A variety of synthesis methods have been developed to fabricate
nZnOs, such as thermal evaporation of zinc powder in the presence
of a carrier gas, metaleorganic chemical vapor deposition, elec-
trochemical deposition techniques, sputter deposition techniques,
and the pulse laser deposition method (Ali et al., 2018; Amin et al.,
2011). However, these methods require stringent reaction condi-
tions; for instance, maintenance of a high vacuum level, the ne-
cessity of using a carrier gas, complex synthesis manipulations, use
of catalysts, and uncontrollable presence of residues. In circum-
venting the abovementioned issues, the hydrothermal process
serves as an ideal approach to fabricating diverse morphologies of
nZnO (Wang et al., 2011). Compared with other methods, the hy-
drothermal process possesses many advantages, such as simple
procedures, effortless control, relatively low temperature, low cost,
and environmental friendliness. The antibacterial activity of the
nZnOs is remarkably affected by their morphological characteris-
tics. Although the precise mechanisms remain debatable, ZnO NPs
exhibit favorable bactericidal performance, in particular on gram-
positive and gram-negative bacteria (Sirelkhatim et al., 2015). A
high specific surface area has a beneficial effect on the activity for
catalysts such that the antibacterial activity of ZnO increases with
decreasing particle size or increasing surface area (Stankovi�c et al.,
2013). Additionally, ZnO 1D nanostructures such as rods and wires
can more easily penetrate the bacterial cell walls than spherical
ones because of the morphological effects exerted by the 1D
nanostructures (Yang et al., 2009); flower-shaped ZnO nano-
structures exhibited higher biocidal activity against Staphylococcus
aureus and Escherichia coli than the spherical and rod-shaped ones
(Talebian et al., 2013). Therefore, control of the morphology and
size of ZnO has received increasing attention. Although applications
of the antibacterial activity of nZnO have been increasingly devel-
oped (Kumar et al., 2017; Singh et al., 2017), few antifungal activ-
ities have been reported (He et al., 2011). Developing a low-cost,
easy-to-process, and environmentally friendly approach to fabri-
cating green antimicrobials remains challenging.

In this study, a variety of nZnOs, including 1D nanorods, 2D
nanoplatelets, and 3D multibranched flower-like particles, were
synthesized through hydrothermal precipitation. As illustrated in
Scheme 1a, precursors including zinc acetate, hexamethylenetet-
ramine (HMT), and sodium hydroxide weremixed in deionized (DI)
water to form a clear solution. The desired morphological charac-
teristics could be obtained by changing and controlling the pH
values of the precursor solutions. For hydrothermal reactions, the
prepared solutions were transferred into an autoclave and heated
for various hours to obtain different nZnOs, including nanoplatelets
(Scheme 1b), multibranched flower-like particles (Scheme 1c), and
nanorods (Scheme 1d), respectively. After cooling down to an
ambient temperature, the synthesized samples were filtered,
washed, and dried at a high temperature to obtain pure nZnO
structures without zinc ions, organic residues, and surface con-
taminants. Scanning electron microscopy (SEM) and wide X-ray
diffraction (XRD) were performed to analyze their morphological
characters and crystal structures, respectively. Furthermore, the
inactivation performance of the prepared nZnO and commercial 0D
ZnO nanoparticles (control group) was examined for evaluating
their potential for green antimicrobials in agriculture, as shown in
Scheme 1e. To further elucidate the impacts of the antimicrobial
activity, 0e3D nZnOs were applied on different soil-borne patho-
gens, namely Fusarium oxysporum f. sp. niveum (Fon), F. oxysporum
f. sp. lycopersici (Fol), Pythium aphanidermatum (Pap), P. myriotylum
(Pmy), and Ralstonia solanacearum (Rals). The results revealed the



Scheme 1. Illustration of the formation of nZnO with various morphologies. (a) Precursors including zinc acetate, HMT, and sodium hydroxide were mixed in DI water in an
autoclave. Hydrothermal reactions were performed at 90 �C (b) for 6 h to obtain ZnO nanoplatelets; (c) for 12 h to obtain ZnO multibranched flower-like particles; and (d) for 24 h to
obtain ZnO nanorods. (e) Antimicrobial activity examination of nZnO for green antimicrobials in agriculture.
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morphology-dependent antifungal activity of the prepared ZnO
samples. In addition, their photocatalytic activity and environ-
mental resistance were examined. The obtained results were dis-
cussed according to their morphologies, optical properties, and
plantepathogen interactions of nZnO as key parameters in photo-
catalytic and antimicrobial activities. To the best of our knowledge,
this work is the first to compare the antimicrobial (i.e., antifungal)
properties of various nZnOs and their applications in agriculture.
The study results are expected to be extensively used in many ap-
plications, such as sustainable agricultural development and food
security.

2. Experimental section

2.1. Synthesis of nZnOs

A variety of nZnOs were synthesized through hydrothermal
precipitation by using hot water as the hydrothermal fluid. Zinc
acetate [Zn(CH3COOH)2] (0.1 g), hexamethylenetetramine (HMT)
[C6H12N4] (0.1 g), and 2 M sodium hydroxide aqueous solution
(10 mL) were mixed in deionized (DI) water to form a 30 mL so-
lution, with a pH of approximately 12.5. For hydrothermal re-
actions, the prepared solutions were transferred to an autoclave
and heated at 90 �C for 6, 12, and 24 h to obtain different nZnOs,
including nanoplatelets, multibranched flower-like particles, and
nanorods, respectively. After cooling down to an ambient temper-
ature, the obtained white precipitates were filtered and washed
with DI water and methanol several times to remove zinc ions
remaining in the final products. The filtered precipitates were
further dried in an oven at 300 �C for 12 h to eliminate any organic
residues and surface contaminants. In addition, ZnO nanoparticles
were purchased from BAKER ANALYZED (J.T.Baker, Center Valley,
Pennsylvania, USA), which served as control samples. All chemicals
used in this study were of analytical grade and were used as
received without any further purification.

2.2. Antimicrobial assay of versatile nZnOs

Fungal pathogens Fon and Fol were grown on half-strength PDA
(potato dextrose agar, 1 L medium containing 200 g of potato
extract, 10 g dextrose, and 20 g agar). Oomycete pathogens Pmy and
Pap were grown on V8 agar (1 L medium containing 200 mL V8
juice, 2 g calcium carbonate, and 20 g agar). Bacterial pathogens
were grown on NA (nutrient agar, 1 L medium containing 5 g
peptone, 3 g beef extract, 5 g sodium chloride, and 20 g agar).

To elucidate the antimicrobial activities of those nanomaterials,
a turbidimetric assay using 96-well plate reading method was
applied in this study (Meletiadis et al., 2003). This methodwas used
for quickly assessing the growth of fungal spores, oospores, and
bacteria which incubated in the 96-well flat plates with sequential
concentration (1, 10, 50, and 100 ppm) of different types of nZnO.
For fungus (Fon and Fol) inoculum preparation, spores of Fon and
Fol were collected from 7-day-old half-strength PDA cultures. For
oomycete inoculum preparation, mycelium plugs of Pmy and Pap
were immersed in cold water for 12 h for oosporangium formation.
Zoospores were released by recovering themycelium plugs in room
temperature for 2 h. The concentration of spore suspensions of Fon,
Fol, Pmy, and Pap was examined using a hemocytometer. The op-
tical densities of plates with 104 spores mL�1 pathogens with serial
concentrations of versatile nZnOs treatment in each well were
recorded at a wavelength of 595 nm every 24 h postincubation in 3
days. Rals was incubated in nutrient broth (NB) in plates with
sequential concentrations (1,10, 50, and 100 ppm) of different types
of nZnO. The optical density (absorption) was recorded at a wave-
length of 595 nm every hour postincubation. The curves of optical
density changes during the estimated interval were plotted and the
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area under the curve was calculated. The inhibition rates of
sequential concentrations of different types of nZnO were calcu-

lated as followed equations:
�
1 �

�
AUCðTreatmentÞ
AUCðControlÞ

��
� 100%.

2.3. Characterization

The surface morphologies of prepared ZnO nanostructures were
examined using a field emission-scanning electron micrograph (FE-
SEM) (JEOL JSM-6700F) with accelerating voltages of 1.5e3 keV.
Before observation, the sampleswere sputter-coatedwith 2e3 nmof
platinum to avoid the charge effect (the platinum coating thickness
was estimated from a calculated deposition rate and experimental
deposition time). To further confirm the crystallinity of nZnO, we
collected nZnO powder and performed powder XRD (Philips 3710W
Xray diffractometer). The crystal structure of the as-prepared prod-
uct was characterized through XRD using a Rigaku Dmax 2200 X-ray
diffractometer with Cu Ka radiation (l ¼ 0.1542 nm) with a working
voltage and current of 40 kV and 100 mA, respectively. The scanning
2q angle ranged between 20� and 120�, with a step size of 0.0334�

and a time per step of 100 s. The lattice parameters were refined by a
global simulation of the full diagram by using the full Prof Program.
Crystallographic information was obtained from the International
Center for Diffraction Data (ICDD) PDF-2 database in the form of card
36e1451 for ZnO.

2.4. SEM and EDS observation

Scanning electron microscopy (SEM) and energy dispersive X-
Ray spectroscopy (EDS) were applied for examining the interaction
of Fon and versatile nZnOs. Sample preparationwas followed by de
Lucas-Gil et al. (2017) with slightly modification. Fon spore sus-
pension (105 spores mL�1) were incubated in 100 ppm of various
form of nZnO water suspensions. After overnight culture, 10 mL of
samples with different treatments were mounted on silica plates
and air dried for 60 min in a laminar flow chamber. Mounted
samples were examined with field emission-scanning electron
micrograph (FE-SEM) (JEOL JSM-6700F). For further determined
the interaction of Fon and nZnO, samples after incubation were
analyzed the element carbon for Fon and zinc for 3D nZnO by using
energy dispersive spectroscopy (EDS).

3. Results and discussion

3.1. Synthesis and identification of various nZnOs

To investigate the morphological evolution of nZnO, time-
dependent experiments were conducted. In the hydrothermal
process, the growth unit of ZnOwas [Zn(OH)4]2-. In fact, the growth
mechanism of nZnO was similar to that of larger ZnO crystals, and
the chemical reaction is as follows:

Zn2þþ 2OH� )/ Zn(OH)2 (1)

where HMT (C6H12N4) and NaOH provided hydroxide ions (OH�) to
the solution while zinc acetate provided zinc ions (Zn2þ). Because
of the abundance of hydroxide ions compared with Zn2þ concen-
tration in the solution, the freshly prepared Zn(OH)2 readily got
converted into [Zn(OH)4]2� through the following mechanism:

Zn(OH)2 þ 2OH�4 [Zn(OH)4]2- (2)

[Zn(OH)4]2� acted as a new growth precursor while the nuclei
obtained in the reaction served as seeds. Consequently, an
anisotropic growth of ZnO occurred at the active sites of the seeds
(Amin et al., 2011; Wang et al., 2011). Herein, the concentrations
and pH values of the ZnO precursors were maintained at approxi-
mately 0.6 M and 12.5, respectively, which were not changed dur-
ing the hydrothermal process. By controlling the growth time (i.e.,
growth time) under this condition, various morphologies of nZnO
could be synthesized. It is noted that hydrothermal synthesis is an
eco-friendly process without the requirement of hazardous organic
solvents. As shown in Fig. 1a, ZnO nanoplatelets exhibited a
complicated shape consisting of aggregates of sheet-like plates that
could be fabricated after being heated at 90 �C for 6 h. The aggre-
gates have a spherical shape with an equivalent diameter of
approximately 5 mm, which consisted of well-defined sheet-like
plates with an average thickness of approximately 150 nm. When
the heating time was prolonged for 12 h, some sheet-like plates
evolved into rod-like forms. Moreover, the whole aggregates
evolved into fullymultibranched flower-like particles (Fig.1b). Each
branch of the flower-like particles was approximately 2.5e3.0 mm
long, and the basal diameters were 100e150 nm. The averagewidth
of each flower-like particle was approximately 6.0e8.0 mm. When
the growth time is longer (e.g., 24 h), ZnO nanorods, which are
approximately 200 nm in diameter, could be formed, as shown in
Fig. 1c. Clearly, the branches of the flower-like particles steadily
grew homocentrically to form a radial aggregation of wires; then
the overgrown branches broke and split to form aggregates of ZnO
nanorods.

Fig. 1d displays commercial ZnO nanoparticles with a diameter of
approximately 150 nm. Powder XRD of the nZnOs was performed to
characterize their crystalline phases, and Fig. 1e presents the XRD
peaks of the synthesized ZnO multibranched flower-like particles.
All the diffraction peaks can be indexed as the hexagonal ZnO with
lattice constants a ¼ 3.2533 and c ¼ 5.2073 Å. The diffraction peaks
for zincite correspond to the crystal planes (100), (002), (101), (012),
(110), (013), (200), (112), (201), (004), (202), (014), and (023), and no
other peaks were observed for impurities. It is well known that the
presence of surface defects, uneven surface texture, pointed tip, and
rough corners on the surface of nZnO leads to effective abrasiveness
comparedwith the bulk ZnOmaterials. This factor should contribute
to excessive mechanical damage to the microbial cell wall or cell
membrane. In addition, ZnO rod structures possess (111) and (100)
facets, whereas spherical nanoparticles mainly have (100) facets.
(111) facets with higher atomic package density exhibit higher
antibacterial activity. nZnOs with different morphologies have
different active facets, which may lead to enhanced antimicrobial
activity compared with 0D nanoparticles.

In general, hydrothermally-grown nZnOs are single crystalline
and exhibit the wurtzite structure (Kuo et al., 2005). These various
structures can be grown by tuning their growth rates along three
fast growing directions: <2110> (±[1210], ±[2110], ±[1120]);
<0110> (±[0110], ±[1010], ±[1100]) and ±[0001]. Moreover, the
relative surface activities of various growth facets under given
conditions also determine the surface morphology of the grown
structure. Macroscopically, a crystal has different kinetic parame-
ters for different crystal planes, thus, after an initial period of
nucleation and incubation, a crystallite would generally develop
into a well-defined structure along the low-index crystallographic
faces. Take the typical growth of 1D nZnO for example, the struc-
tures tend to maximize the areas of the {2110} and {0110} facets as
shown in Fig. 1 because of the lower surface energy (Baruah and
Dutta, 2009).

3.2. Antifungal activity of various morphological nZnOs

nZnO has been reported to exert antimicrobial activity against
several human bacterial and plant pathogens (Jones et al., 2008;



Fig. 1. FE-SEM images of morphological evolution of nZnO through hydrothermal precipitation in water at 90 �C for (a) 6 h, (b) 12 h, and (c) 24 h, forming morphologies of ZnO
nanoplatelets, ZnO multibranched flower-like particles, and ZnO nanorods, respectively. (d) commercial ZnO nanoparticles. The scale bars are 1 mm. (e) The powder X-ray diffraction
pattern of the synthesized ZnO multibranched flower-like particles. Inset shows growth sketch of rods-like ZnO crystal.

T.-H. Chang et al. / Journal of Cleaner Production 262 (2020) 121342 5
Zabrieski et al., 2015). Examining the antimicrobial property of
nZnOs with different morphologies against various important
soil-borne plant pathogens is essential. Therefore, the antimi-
crobial activities of the prepared nZnOs with different mor-
phologies were tested on five soil-borne pathogens (Fon, Fol, Pap,
Pmy, and Rals). Data from the statistical analysis of independent
variables, including nZnOs with different morphologies, varying
concentrations, and five soil-borne pathogens, are provided in
supplement Table S1. The data suggest that all three variables
significantly affected each other. The inhibition rates of the
synthesized nZnOs at different concentrations against pathogens
are plotted in Fig. 2 and Fig. S1. As shown in Fig. 2a, all prepared
nZnOs at concentrations above 10 ppm demonstrated inhibition
effects on Fon; in addition, Fol treated with ZnO nanoparticles (0
D nZnO) at concentrations above 10 ppm showed a higher inhi-
bition rate than that treated with 1De3D nZnOs, as shown in
Fig. S1a. Although 0D nZnO showed significant antimicrobial
activities, the error bar of inhibition rate of 0D nZnO was larger
than those of other nZnOs (Fig. 2a), indicating its unstable anti-
microbial behaviors. Note that antimicrobial activities of nano-
materials are highly influenced by their nanoscale sizes and
structures. The size-dependent antimicrobial activity of palla-
dium nanoparticle against E. coli and S. aureus has been thor-
oughly examined (Adams et al., 2014). A study also identified that
different sizes and morphologies of ZnO affect their antimicrobial
activity against E. coli and S. aureus (Talebian et al., 2013). The
remarkable antimicrobial activities of 0D nZnO should have
resulted from their small scales of architecture with larger spe-
cific surface areas compared with the other three synthesized
nZnOs. Nevertheless, the 0D nZnO was not protected and stabi-
lized with surfactants, so it is easy to be deprived of its antimi-
crobial activities because of the spontaneous aggregation of
nanoparticles.

Notably, Fon treated with ZnO nanorods (1D nZnO) at 1 ppm
(Fig. 2a) and Fol treated with 1D nZnO at 10 and 1 ppm (Fig. S1a)
exerted no inhibition effect, but promoted increased growth.
Similar behaviors could be observed for Fon and Fol treated with
ZnO nanoplatelets (2D nZnO) and ZnO multibranched flower-like
particles (3D nZnO) at 1 ppm, respectively. Zinc is an essential
trace element for all organisms (Capdevila et al., 2016), and a small
amount of nZnO could potentially promotes fungus growth. The
zinc-binding proteins are involved in regulating important gene
expression in both eukaryotes and bacteria (Gaither and Eide, 2001;
Hantke, 2001). In addition, the microbial synthesis of nZnO has
been demonstrated recently, showing that Fusarium spp. can
absorb zinc ions to produce zinc nanocrystals (Velmurugan et al.,
2010). Low concentrations of nZnOs can plausibly serve as a
nutrient for microbial growth, instead of inhibiting microbial
growth. The mechanism underlying the growth promotion is
complicated and has been extensively researched. ZnO nano-
particles have been reported to inhibit several bacterial and fungal
pathogens (Jones et al., 2008). Our research first compared the
differences in interactions of various soil-borne pathogens with
versatile nZnOs. The results of inhibition rate indicated that fungal
pathogens were more sensitive to nZnOs than oomycetes and mi-
crobial cells. These differences in different pathogensmay be due to
the size of the pathogens. Generally, the size of a spore of Fusarium
oxysporum is approximately 32e56 � 3.1e5.7 mm, which is larger
than oospores of oomycetes (12e22 mm) and bacterial cells
(0.5e0.7 � 1.5e2.0 mm) (Paul et al., 2005; Stevenson et al., 2001).
Therefore, we speculate that size differences may increase the
occurrence of fungal spores in contact with various nZnOs, which
increases their sensitivity to nZnOs. A comparison of the average
means of each variable revealed that Fonwas more sensitive to any
type of nZnOs, as shown in supplement Fig. S2. The inhibition rates
of nZnOs in oomycetes Pap and Pmy were less than 10% compared
with those in fungal pathogens (Fig. 2b and S1b) and those in
bacteria (less than 20%; Fig. 2c).

In summary, the morphologies of the prepared nZnOs demon-
strated significantly different antimicrobial activities, particularly
for Fon. Our results demonstrated that all the nZnOs possessed
antimicrobial activity; nevertheless, the 2D and 3D nZnOs showed
relatively remarkable and stable antimicrobial properties
compared with other morphologies, in particular for 3D nZnO. The
2D ZnO nanoplatelets could be considered to be immature and
imperfect 3D ZnO nanostructures so as to possess slightly weaker
antimicrobial properties compared with the 3D nZnOs. This
observation was consistent with our speculation that 3D nZnOs
with higher surface areas provide more active sites, thus enhancing
their antimicrobial properties. In addition, the divergent structure
could result in spatial obstacle, preventing aggregation of
nanomaterials.



Fig. 2. Inhibition rate of different pathogens treated with sequential concentrations of various ZnOs. Soil-borne pathogens: (a) Fusarium oxysporum f. sp. niveum, (b) Pythium
myriotylum, and (c) Ralstonia solanacearum were incubated in solutions containing various concentrations (100, 50, 10, and 1 ppm) of 0De3D nZnOs. (d) The inhibition rates of
pathogens treated with serial concentrations of different nZnOs were calculated with the equation, in which AUC stands for area under curve of the OD595 changes. The error bars
are standard error for three replicate experiments. The inhibition rates of different treatments were analyzed with least significant differences (LSD) test, which different letters
account for significant differences (p-value < 0.05).
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3.3. Mechanical interaction between nZnOs and Fon cells

As previously mentioned, Fon was more sensitive to the syn-
thesized nZnOs; therefore, Fon was used as the model system for
further study. The interaction between Fon and various nZnOs was
observed through scanning electron microscopy (SEM). Fon spores
and germinated tubes showed significant loss of turgor after
treatments of all prepared nZnOs with different morphologies, as
shown in Fig. 3. The collapses of Fon cells were observed with
various nZnO applications (blue arrow, Fig. 3aed). Moreover, all
nZnOs were clustered on or attached to the surface of Fon cells; for
instance, 1D nZnO completely covered the mycelium (Fig. 3b). In
contrast to normal Fon cells, as shown in supplement Fig. S3, Fon
cells treated with synthesized nZnOs demonstrated surface
roughness (red arrow, Fig. 3b and c), indicating mechanical or
chemical attack from nZnOs on the cell surfaces. The inhibition
mechanisms of the prepared nZnOs are categorized into three
types: first, because of the small scale of nanomaterials, in partic-
ular for dispersed ZnO nanoparticles without aggregation, ZnO
nanoparticles can be easily absorbed. The nanoparticles can be
internalized within cells that cause either mechanical damages or
chemotoxicity (Sirelkhatim et al., 2015). Second, nanomaterials
tend to enhance ROS production because of the increase in surface
areas. ROS cause a toxic effect on cells and in some cases trigger cell
death and break cell integrity (Ghosh et al., 2017). For instance, a
previous study reported that nZnOs can produce various ROS, in
which their toxicity was mediated against pathogenic yeast,
Candida albicans (Lipovsky et al., 2011). Compared with our result,
the irregular exterior changes such as roughness of surfaces and
collapse of cells after various nZnO applications on Fon demon-
strated the loss of cell integrity. The result suggests that the ROS
production should be the principal cause for the inhibition effects
of nZnOs. Last, in addition to ROS production, the different mor-
phologies of the synthesized nZnOs could affect their ability to
inhibit microbial growth. Some penetration marks caused by 3D
nZnO are clearly visible on the surface of Fon.

Because 3D nZnO demonstrated significant inhibition on Fon,
further details of the twowere examined by SEM. Notably, Fon cells
treated with 3D nZnO demonstrated a distinct punch and spikes on
the surfaces. The magnification of interactions of 3D nZnO and Fon
through SEM is shown in Fig. 4. The collapsed Fon mycelium
showed penetration marks (red arrow, Fig. 4a). 3D nZnO demon-
strated penetration through Fon cells (red arrow, Fig. 4b) and
induced roughness on Fon cells (red arrow, Fig. 4c). Moreover, we
discovered that 3D nZnO could cut through the Fon cell and break
the competence of the Fon cell (Fig. 4d). To further identify the
interaction between 3D nZnO and Fon cells, an energy dispersive X-
ray spectroscopy (EDS) was applied for elucidating the carbon
element (for Fon organisms) and zinc element (for ZnO particles)
(Fig. 5). We have demonstrated that without 3D nZnO treatment,
the Fon spore grew normally with smooth germinated mycelia, as
shown in Fig. 5a. The EDS result of a germinated spore of Fon clearly
demonstrated the carbon signal on Fon mycelia (Fig. 5b). After 3D
nZnO treatment, Fon demonstrated a collapsed exterior of cells
(Fig. 5c). The EDS result of the interaction between 3D nZnO and
Fon demonstrated penetration (Fig. 5d). Other than Fon cell pene-
tration, some 3D nZnO particles showed carbon signals on the point
of spikes (white circle, Fig. 5d). The individual carbon signals on



Fig. 3. SEM images of the exterior of Fusarium oxysporum f. sp. niveum spores after treatment of various ZnO nanomaterials: (a) 0D, (b) 1D, (c) 2D, and (d) 3D. White bars in figures
represent 2 mm.

Fig. 4. SEM images of the exterior of Fusarium oxysporum f. sp. niveum spores after interaction with 3D nZnO. (a) Penetration mark on a Fon cell. (b) Aggregation of 3D nZnO around
Fon cells. (c) Roughness at the side of a Fon cell in contact with 3D nZnO. (d) 3D nZnO cutting through a Fon cell and breaking it into two parts. Bars represent 1 mm.
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spikes of 3D nZnO are speculated as the remaining evidence of Fon
cells. The mechanical damage from 3D nZnO was similar to that
observed in a previous study on the hierarchical structure of nZnO
penetrating spores of Aspergillus niger (de Lucas-Gil et al., 2017).

To conclude the results of antimicrobial activity and electron
microscopy, we demonstrated that various nZnOs in this study
could be potential candidates for controlling soil-borne pathogens.
The antimicrobial assay showed that nZnOs exhibit significant
inhibition against fungal pathogens Fon and Fol. The antimicrobial
mechanisms were later confirmed by SEM, which demonstrated
the collapse of Fon cells. The production of ROS from nZnOs may
trigger this phenomenon. It is also possible that 3D nZnOs have a
high number of active facets, whichmake them generatemore ROS.
Furthermore, 3D nZnOs demonstrated significant mechanical
damages to Fon cells. The production of ROS and additive me-
chanical damages make the inhibition rate of 3D nZnO more stable



Fig. 5. Energy dispersive X-ray spectroscopy (EDS) demonstrates exterior of Fusarium oxysporum f. sp. niveum spores after treatment of 3D nZnO nanomaterials. (a) Normal status of
Fon cells. (c) Interaction between Fon cells and 3D nZnO. (b) and (d) corresponding EDS mapping of a and c, respectively. The stacking colors red and blue represent carbon and zinc
elements, respectively. Carbon element represents fungal organism, and zinc element represents 3D nZnO. Bars represent 6 mm. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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than other nZnOs. With all these significant features, 3D nZnO may
be applied for controlling soil-borne pathogens, especially fungal
pathogens.

3.4. Photodegradation and environmental resistance of synthesized
nZnO

In addition to its unique antibacterial and antifungal properties,
nZnO under UV irradiation possesses high catalytic and high
photochemical activities. In the past decade, contaminations of soil
by organic chemical waste have posed a more and more serious
environmental threat. Animals and humans have faced food safety
problems after eating the vegetation grown from polluted soil due
to their toxicity. To confirm the photocatalytic properties of nZnO,
the ZnO multibranched flower-like particles were used for a pho-
tocatalytic experiment to simulate their photodegradation ability in
soil. The degradation process of methylene blue (MB), aqueous
solutions with ZnO multibranched flower-like particles, under the
illumination of natural sunshine was observed. As shown in
Fig. S4a, two bottles of MB aqueous solutions with an initial con-
centration of 10 mg/L in a closed surrounding were prepared:
flower-like particles serve as photocatalysts in the right one (the
catalyst loading is 0.5 g/L) and the other one serves as a control
sample. After illuminating under sunshine for one day, the result, as
shown in Fig. S4b, clearly indicates that the MB in the right bottle
was decomposed such that the color of it changed from blue to
transparent. By contrast, the left one remained blue, indicating the
existence of MB dye molecules. In other words, the ZnO multi-
branched flower-like particles showed remarkable photodecom-
position ability of organic chemicals under brilliant sunshine. It is
expected that the synthesized ZnO can exert its photodegradation
properties at the same time when ZnO is sprinkled on soil to
demonstrate its antibacterial behaviors.

Asmentioned previously, although the biological effects of some
nanostructured materials have been identified, information on
toxicity and possible mechanisms of various material types is
insufficient. Serving as a green antimicrobial and acting on natural
soils, the effects of the ZnO residue on environmental stability and
public health are a critical concern. To realize the stability and
residue situations of nZnO in soils, environmental resistance of ZnO
multibranched flower-like particles was examined. The testing
samples were immersed in a variety of solvents including aqueous
solutions with different pH values of 3, 5, 9, and 11 and common
industrial organic solvents (e.g., toluene) for 1 week. As shown in
Fig. 6a, ZnO was completely decomposed without residuals in the
strongly acidic solution (i.e., at a pH of 3), showing a smooth silicon
substrate under SEM observation; at a pH of 5, the cores of multi-
branched flower-like particles were destroyed, leaving their
branches to form rods or wires (Fig. 6b). By contrast, in the slightly
basic solution (i.e., at a pH of 9), ZnO multibranched flower-like
particles could maintain their morphologies without deformation,
as shown in Fig. 6c. Nevertheless, the multibranched flower-like
morphology was destroyed at a pH value of 11 to form an aggre-
gation of rod-like branches similar to the structure obtained at a pH
value of 5 (Fig. 6d), indicating their instability in a strongly basic
solution. Moreover, ZnO as an oxide ceramic was fairly stable in
organic solvents such as toluene and its morphologies were pre-
served as the defined flower-like structure, as shown in Fig. 6e.
Accordingly, nZnOwas decomposed under strongly acidic and basic
environments and the morphologies were preserved in slightly
basic environments as well as in organic solvents. Notably, ac-
cording to the soil information obtained in recent years, as high as
70% of the soil in the majority regions on earth is acidic, and the pH
value of 33% of the soil is even lower than 5. That is, it is obvious
that nZnO in soils should be decomposed gradually due to the acid
characteristics of soils. It’s known that nanostructured ZnO dis-
played significantly higher solubility at both low and neutral pH
conditions, and however kept steadily at high pH surroundings
(Avramescu et al., 2017; Peng et al., 2017). Interestingly, the pH
condition of the soil system in Taiwan is low, which highly fitted the
dissolution of nZnO. Therefore, nZnO could be dissolved in soil and
without the hesitation of pollution. Thus, the residual pollution



Fig. 6. SEM images of ZnO multibranched flower-like particles immersed into aqueous solutions with pH values of (a) 3, (b) 5, (c) 9, and (d) 11 as well as (e) common industrial
organic solvents, such as toluene, for 1 week. The scale bars are 2 mm.
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problems caused by nZnO are trivial and not serious. This meets our
goal of using nZnO as antimicrobials and achieving environmental
friendliness simultaneously.
4. Summary

Owing to the exponential growth of the human population and
the rising food demand, seeking sustainable green antimicrobials for
higher agricultural productivity becomes essential. In this study,
hydrothermal precipitation for synthesizing versatile nano-
structured zinc oxide (nZnO) structures, including nanorods (1D),
nanoplatelets (2D), and multibranched flower-like particles (3D),
was achieved by controlling pH values of source precursors and
growth time. ZnO has been generally recognized as safe and envi-
ronmentally friendly with no toxic effects on human cells by the U.S.
Food and Drug Administration (21CFR182.8991). In addition, the
hydrothermal process is an ideal approach to fabricating diverse
morphologies of nZnO because of its advantages, including simple
procedures, effortless control, relatively low temperature, low cost,
and environmental friendliness. The antimicrobial properties of
various morphologies of the synthesized nZnOs were tested on
different soil-borne plant pathogens, which are serious limiting
factors in agriculture. Antimicrobial activities are dependent on the
structural conditions of nZnOs (morphology-dependent antifungal
activity), including their sizes and morphologies. Results indicate
that 3D nZnO (i.e., multibranched flower-like particles) showed su-
perior antifungal activity among the nZnOs. SEM results suggest that
3D nZnO could cause mechanical damage to soil-borne pathogens.

In addition to their unique antibacterial and antifungal proper-
ties, the ZnO multibranched flower-like particles showed a
remarkable ability of photodecomposition of organic chemicals
under bright sunshine. The synthesized ZnO can exert its photo-
degradation properties to remove chemical pollutants at the same
time when ZnO is sprinkled on soil, thereby demonstrating anti-
bacterial behaviors. For environmental resistance, the synthesized
nZnOs were decomposed under strongly acidic and basic environ-
ments, and the morphologies were retained in slightly basic envi-
ronments as well as in organic solvents, indicating that nZnO in
soils should be decomposed gradually due to the acidic character-
istics of soils. Thus, the residual pollution problems caused by nZnO
are trivial. Note that although TiO2 has been well known to exhibit
good biocompatibility with human cells, ZnO is much easier to be
decomposed in nature than TiO2 to diminish residual pollution in
soil. Antimicrobial resistance (AMR) of pathogens is a pivotal
concern worldwide. Several mechanisms of AMR have been iden-
tified. These mechanisms include alteration or overexpression of
antimicrobial targets, upregulation of antimicrobial transporters,
and increase in the stress responses (Revie et al., 2018). The se-
lection pressure of antimicrobials increases the occurrence of
pathogens acquiring the AMR. Therefore, the engineering of anti-
microbials tends to increase the complexity of mode of action,
which can avoid the occurrence of AMR. Our results demonstrated
that the antimicrobial activity of 3D nZnO is more stable than other
types of nZnO. This feature and the additional mechanical damages
found on the Fon cell suggest that 3D nZnOs have more than one
mode of action. Therefore, 3D nZnO multibranched flower-like
particles may be a good candidate for controlling soil-borne path-
ogens. This meets our goal of using nZnO as antimicrobials and
achieving environmental friendliness simultaneously. To deter-
mine the potential of nZnOs in agriculture, the application of ver-
satile nZnOs in Fon-infested soil will be considered in future.
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