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Metal-organic framework (MOF)-based “nanopesticides” with pH-responsive performance have attracted
increasing attention for application in sustainable agriculture. However, little attention has been paid to the
impact of nanocarriers on the translocation of nanopesticides in plants. Herein, copper-doped ZIF-8
bimetallic MOF nanoparticles (Cu@ZIF-8) were prepared as nanocarriers by in situ fabrication of ZIF-8.
Fludioxonil-loaded Cu@ZIF-8 (Flu@Cu@ZIF-8) could be constructed, and the loading content was 23.9%.
The average particle size of Flu@Cu@ZIF-8 was ~80 nm. Flu@Cu@ZIF-8 exhibited acid-responsive release,
with cumulative release of 79.5%, 69.9%, and 43.0% at pH values of 5, 7, and 9, respectively, after 48 h.
Compared with free fludioxonil, Flu@Cu@ZIF-8 had similar percent inhibition against Fusarium
graminearum, and the acute toxicity of fludioxonil against zebrafish could be reduced by up to 68% for
Received 15th May 2023, Flu@Cu@ZIF-8 after 96 h of exposure. Confocal laser scanning microscopy showed that FITC-labeled
Accepted 7th August 2023 Cu@ZIF-8 could be transported to all parts of a wheat plant from its roots. Flu@Cu@ZIF-8 exhibited
stronger uptake and translocation in wheat plants, with a translocation factor 23-41% higher than that of
fludioxonil alone. Overall, this work provides insights into the use of stimuli-responsive metal-doped MOF
rsc.li/es-nano nanocarriers as pesticide-delivery systems in sustainable agriculture.

DOI: 10.1039/d3en00300k

Environmental significance

Improving the uptake and translocation of pesticides is a major scientific problem. The application of nanotechnology in pesticide loading is an effective
way to help solve this problem. Herein, copper-doped ZIF-8 bimetallic MOF nanoparticles (Cu@ZIF-8) loaded with fludioxonil were prepared to obtain a
pH-responsive controlled-release “nanopesticide” (Flu@Cu@ZIF-8). This nanopesticide showed similar fungicidal activity against Fusarium graminearum
compared with fludioxonil alone, and slightly reduced toxicity to non-target organisms. Confocal laser scanning microscopy showed that FITC-labeled
Cu@ZIF-8 could be transported to all parts of wheat plants from the roots. The high TF values of Flu@Cu@ZIF-8 implied that Cu@ZIF-8 could facilitate
fludioxonil translocation in wheat plants. Our data demonstrate the potential application of MOF nanocarriers in improving pesticide utilization and
reducing application times in sustainable agriculture.

1. Introduction pesticide use has led to serious chemical waste and risks to
the environment and human health.” Therefore, creating
efficient and sustainable agrochemical formulations that are
“green” is important for agricultural development. Rapid
advances in nanotechnology have provided new strategies for
the innovative preparation of pesticide formulations.®™®
Nano-based pesticide formulations have been developed to
protect crops thanks to their highly efficient pesticide
loading, “intelligent” controlled release, enhanced biological
activity, and environmentally friendly characteristics.” ™"
“Nanopesticides” with multifunctional features, such as on-
demand or site specific-responsive release to various stimulus

Pesticide application plays an important part in ensuring
crop yields and meeting the needs of agricultural products
for an increasing global population."”? However, the
utilization efficiency of conventional pesticide formulations
for field applications is quite low. Only 10-15% of the applied
pesticide can reach target sites due to drift, photolysis,
microbial degradation, and runoff, and the percent uptake at
the biological target is <0.1%.>* The low efficiency of
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Fig. 1 The synthesis of Flu@Cu@ZIF-8 nanoparticles (a), size distribution (b), SEM and TEM images of nanoparticles (c) (1 and 2: Cu@ZIF-8; 3 and
4: Flu@Cu@ZIF-8), and elemental mapping (using energy-dispersive spectroscopy) of Flu@Cu@ZIF-8 (d).

particular attention in nanocarrier design for pesticides
release.”> ™’

Metal-organic (MOFs) are a class of
inorganic-organic hybrid porous crystalline materials formed
by self-assembly of metal ions (clusters) and organic
ligands.”® MOFs are used widely as drug-release carriers
because of their high efficiency of drug loading and versatile
functions.">*® Recently, MOFs materials have been shown to
be efficient pesticide-delivery systems and to have potential
for agricultural applications.”’* Among MOFs materials,
ZIF-8 is formed by coordination of the zinc ion (Zn>") and
2-methylimidazole. ZIF-8 has been designed as a pH-
responsive  carrier for the controlled delivery of
agrochemicals."* Liang and colleagues reported that a ZIF-8-
based nanocomposite loaded with prochloraz and
2,4-dinitrobenzaldehyde (a “pH jump” reagent) exhibited
light-triggered = pH-responsive  release and  excellent
performance in controlling of sclerotinia disease.>” Moreover,
ZIF-8 can decompose into soluble zinc ions in water, which
can serve as nutrients and reduce environmental pollution.?®
Besides, the imidazole group is an essential part of
histidine.>” Hence, ZIF-8 could be a green MOF material for
the delivery of pesticides in agricultural applications.

ZIF-8 can be synthesized at room temperature, and it can
absorb pesticides and store gas.>®*° However, the
absorbability and loading efficiency of ZIF-8 alone is low.*’
Studies have shown that modification of metal doping can

frameworks

This journal is © The Royal Society of Chemistry 2023

endow ZIF-8 with excellent adsorption capacity.*’ For
example, the adsorption capacity of copper-doped ZIF-8 for
tetracycline hydrochloride increased by 4.8-times compared
with that using unmodified ZIF-8.>° Fe-doped ZIF-8 material
has exhibited excellent magnetism as well as dual stimuli
(pH and H,S)responsive release.®> Bimetallic MOF
nanoparticles loaded with a pesticide could be more effective
for crop protection. Usually, Cu®>" is employed to fertilize and
manage plant diseases in agriculture due to its recognized
antifungal and antibacterial properties.>® According to our
previous study, copper-based nanocarriers loaded with a
fungicide could improve antifungal activity.** Hence, copper-
doped ZIF-8 might exhibit similar advantage to broaden the
application of MOFs in plant protection. Studies have found
that metal ions (e, Cu** and Zn**) can influence
accumulation of lipophilic organic compounds in plants.****
However, whether copper-doped modification of ZIF-8 may
have an impact on the translocation of pesticides in plants is
not known, which is important for the selection of
nanocarriers for pesticide delivery.

In this work, copper-doped ZIF-8 bimetallic MOF
nanoparticles (Cu@ZIF-8) were constructed with an in situ
fabrication process of ZIF-8 by a one-pot method. Fludioxonil
(Flu) was used as a “model” pesticide because of its non-
systemic property. Also, its poor translocation ability could help
examination of the translocation potential of nanopesticides in
plants.’”*® Fludioxonil was incorporated into nanoparticles to

Environ. Sci.: Nano, 2023, 10, 2578-2590 | 2579
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Fig. 2 XRD patterns (a), FT-IR spectroscopy (b), TGA (c), and DSC data (d) of Flu TC, Cu@ZIF-8, and Flu@Cu@ZIF-8.

prepare a pH-responsive nanopesticide: Flu@Cu@ZIF-8. The
morphology, structure, and thermal stability of nanoparticles
were characterized by scanning electron microscopy (SEM),
X-ray diffraction (XRD), Fourier transform-infrared (FI-IR)
spectroscopy, X-ray photoelectron spectroscopy (XPS), and
thermogravimetric analysis (TGA). The loading content, release
kinetics, antifungal effect, biosafety, and translocation in wheat
plant were studied systemically. The findings in our study could
provide deeper understanding of the performance of copper-
doped ZIF-8 nanoparticles in facilitating the delivery and
transfer of pesticides in plants.

2. Experimental section
2.1 Materials

Fludioxonil technique concentrate (Flu TC, 99%) was
provided generously by Tianjin Jiuri Chemicals (Tianjin,
China). Cu(NOj3),-2H,0, Zn(NOj3),-6H,0, phosphoric acid,
and fluorescein isothiocyanate (FITC) isomer were obtained
from Sinopharm Chemical Reagents (Beijing, China). The
plant pathogen Fusarium graminearum was obtained from the
Institution of Plant Protection within the Chinese Academy
of Agricultural Sciences (Beijing, China). Deionized water was
obtained from the Milli-Q™ water-purification system (Merck
Millipore, Burlington, MA, USA). All other chemicals and
reagents were commercially available and used as received.

2580 | Environ. Sci.: Nano, 2023, 10, 2578-2590

2.2 Preparation of nanoparticles

Nanoparticles were synthesized according to a method
reported previously with modification.>® Briefly, 0.96 g of
Cu(NO3),-3H,0 and 4.8 g of Zn(NO;),-6H,0 were added to a
beaker containing 200 mL of deionized water. Then, 15 g of
2-methylimidazole and 6 g of fludioxonil were dissolved in
400 mL of methanol. The metal solution stated above was
added to a mixed methanol solution of 2-methylimidazole
and fludioxonil. The resulting mixture was stirred
continuously for 30 min at a speed of 600 rpm. After
centrifugation at 10000 rpm for 5 min, the product was
washed thrice with ethanol and then H,O, respectively. The
obtained solid product underwent vacuum freeze-drying and
named Flu@Cu@ZIF-8. Cu@ZIF-8 was synthesized by the
same procedure but without the addition of fludioxonil.

2.3 Synthesis of FITC-labeled Cu@ZIF-8

Briefly, 10 mg of FITC and 1.5 g of 2-methylimidazole were
dissolved in 40 mL of methanol. Subsequently, 20 mL of
deionized water containing 96 mg of Cu(NO;),-3H,0 and 480
mg of Zn(NO;),-6H,0 was added to the methanol solution.
After stirring for 30 min, FITC-labeled Cu@ZIF-8
nanoparticles were centrifuged at 10000 rpm for 5 min and
washed by ethanol and water to remove fluorescence in the
supernatant. Subsequently, the FITC-labeled Cu@ZIF-8

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Full XPS spectra of Flu TC, Cu@ZIF-8, and Flu@Cu@ZIF-8 (a). Cu 2p spectra (b). Zn 2p spectra (c). F 1s spectra (d).

nanoparticles were stored at room temperature and covered
with aluminum foil to protect FITC from bleaching.

2.4 Characterization

The morphologies of nanoparticles were characterized using
a scanning electron microscope (SU8000; Hitachi, Tokyo,
Japan) operating at 10 kV, transmission electron microscope
(Tecnai G2 and F20 S-TWIN; FEI, Hillsboro, OR, USA) with
an accelerating voltage of 200 kv, and high-angle annular
dark field scanning transmission electron microscopy
(HAADF-STEM). The infrared spectra of nanoparticles were
obtained through an FT-IR spectrometer (Bruker, Billerica,
MA, USA). The crystal structure was acquired by an X-ray
diffractometer (Micro; Rigaku, Tokyo, Japan) using Cu Ko
radiation and k£ = 0.15418 nm. The distribution of elements
was determined by XPS using a system from Kratos
(Manchester, UK). The thermal stability of Flu TC, Cu@ZIF-
8, and Flu@Cu@ZIF-8 were characterized using a
thermogravimetric analyzer (Pyris Diamond; PerkinElmer,
Waltham, MA, USA) from 20 °C to 800 °C at a heating rate
of 15 °C min™ under nitrogen flow. The size and zeta
potential of samples were measured using a ZetaSizer Nano

Loading content (%) =

weight of fludioxonil entrapped in nanoparticles §

ZS Analyzer (BeNano 180 Zeta; Bettersize Instruments,
Dandong, China).

2.5 Loading content of fludioxonil

We wished to determine the loading content of fludioxonil.
Hence, 15 mg of Flu@Cu@ZIF-8 was weighed in a 25 mL
flask with 5 mL of acetonitrile solution containing 100 pL of
phosphoric acid. After 5 min of sonication, acetonitrile was
added to the flask to make the volume reach 25 mL. The
resulting solution was passed through a filter membrane
(pore size = 0.22 pm). The amount of fludioxonil in
nanoparticles was determined by high-performance liquid
chromatography (HPLC) using the 1100-DAD system (Agilent
Technologies, Santa Clara, CA, USA) with a TC-C,g reversed-
phase column (5 pm, 4.6 x 150 mm; Agilent Technologies).
Acetonitrile and an aqueous solution of 0.2% formic acid (v/v
= 80:20) were used as the mobile phase at a flow rate of 1.0
mL min . The detection wavelength was set at 226 nm and
the injection volume was 5 uL. The linear regression equation
of fludioxonil was y = 0.0956x — 17.856, and R> = 0.999. The
loading content of fludioxonil was calculated using eqn (1):

100 (1)

This journal is © The Royal Society of Chemistry 2023

weight of nanoparticles
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Fig. 4 Cumulative release of Flu TC (a) and Flu@Cu@ZIF-8 (b). Potential release mechanism of Flu@Cu@ZIF-8 at different pH conditions (c). Fitting
curve of the Ritger-Peppas model (d). Results are the mean + standard deviation (n = 3).

Table 1 Fitting results for fludioxonil-release curves of samples at different pH conditions

5 7 9

pH Fitting model Kinetic equation R? Kinetic equation R’ Kinetic equation R?

Flu TC Zero-order Q = 0.01546¢ 0.9294 Q =0.01593¢t 0.9597 Q = 0.01501¢ 0.9282
First-order Q=1 - 03061 0.9882 Q=1- >0 0.9736 Q=1 - 0286 0.9899
Ritger-Peppas Q = 0.05429¢%°8142 0.9809 Q = 0.04262t%7°°% 0.9869 Q =0.0519¢%°%%3 0.9782
Higuchi Q = 0.10802¢'2 0.9529 Q =0.11047t"? 0.9409 Q =0.10481¢"? 0.9491

Flu@Cu@ZIF-8 Zero-order Q =0.01512¢ 0.9105 Q =0.01359¢ 0.9939 Q = 0.00849¢ 0.8966
First-order Q=1 - 02998t 0.9946 Q=1 - 02256t 0.9717 Q=1 - l0meu 0.9644
Ritger-Peppas Q = 0.05861¢%°%0%3 0.9743 Q = 0.02841¢%8%%° 0.9906 Q = 0.03943¢%610% 0.9786
Higuchi Q =0.1059t" 0.9522 Q = 0.09322¢"> 0.9187 Q=0.05978t*? 0.9737

2.6 Kinetics of controlled release was calculated using the following equation:

. . n-1
A typical release system was prepared by suspending 20 mg Ve 3 Ci+ VoCh
of Flu@Cu@ZIF-8 in 200 mL of acetonitrile/water (30: 70, v/v) o= _ =0 x100% @)
L=
buffer solution with 0.5% Tween-80 at pH values of 5, 7, and Mpesticide

9. The release system was maintained at 25 + 1 °C in a shaker
(Shanghai Yiheng Scientific Instruments, Shanghai, China) at
a rotation speed of 200 rpm. Then, at specified time intervals,
0.7 mL of the mixture was sampled for analyses. To keep the
total volume of the solution constant, 0.7 mL of fresh
solution was added. The concentration of fludioxonil in the
solution was determined by HPLC. The cumulative release

2582 | Environ. Sci.: Nano, 2023, 10, 2578-2590

where E, is the cumulative release (%) of fludioxonil from
nanoparticles; V, is the volume of the release medium taken
at a given time interval (V. = 0.7 mL); V, is the volume of
release solution (200 mL); C, (mg mL™) is the fludioxonil
concentration in the release medium at time 7; Mpesticide (Mg)
is the total amount of fludioxonil loaded in nanoparticles.

This journal is © The Royal Society of Chemistry 2023
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days of treatment.

The release kinetics of fludioxonil from nanoparticles was
analyzed through various models: Zero-order, first-order,
Ritger-Peppas, and Higuchi:**

Zero-order: Q = kt

First order: Q =1 — e *

Ritger-Peppas: Q = kt"

Higuchi: Q = kt'?

where Q, is the cumulative release of fludioxonil at time ¢; k
is a kinetic constant; n indicates the release mechanism; n <
0.43, 043 < n < 0.85, and n = 0.89 represent Fickian
diffusion, non-Fickian (or anomalous) diffusion, and zero-
order transport, respectively.

2.7 Bioactivity test against F. graminearum

The bioactivities of Flu TC, Cu@ZIF-8, and Flu@Cu@ZIF-8
against F. graminearum were tested using a method based on
the growth rate of mycelia. Flu TC was dissolved in dimethyl
sulfoxide as a stock solution at a concentration of 2000 mg
L. Flu@Cu@ZIF-8 was dispersed in sterile water with the

Table 2 LCsq values of Flu TC and Flu@Cu@ZIF-8 towards zebrafish

Code LCso (mg L) R?

Flu TC 24h  0.8330 =04+ 1.81x 0.262
48h  0.3670 y=5.38+12.41x  0.900
72h  0.3550 y=4.91+1156x  0.803
96h  0.3520 Y =5.36 + 12.3x 0.849

Flu@Cu@ZIF-8 24h  0.7560 ¥y =127 + 8.34x 0.532
48h  0.6010 Y =0.85 + 6.02x 0.899
72h  0.5970 y=0.81+5.67x 0.849
96h  0.5920 y=0.79 + 5.39x 0.739

This journal is © The Royal Society of Chemistry 2023

assistance of ultrasound to obtain a nanosuspension. A series
of concentrations from 0.011 to 0.11 mg L™ of Flu TC (or
Flu@Cu@ZIF-8) was mixed with sterilized potato dextrose
agar (PDA). Then, mycelial disks (5 mm in diameter) of F.
graminearum were grown on PDA media. The test was carried
out in triplicate. All PDA media were set at 25 °C in darkness
for 5 days. The diameter of a mycelium in a colony was
measured by the criss-cross method. Pathogenic inhibition
was determined as: (colony diameter of control - colony
diameter of treatment)/(colony diameter of control — diameter
of mycelial disks) x100%.

2.8 Acute toxicity to adult zebrafish

Zebrafish (Danio rerio) was selected as model non-target
animal to evaluate the acute toxicity of Flu@Cu@ZIF-8 to
aquatic organisms. Ten tails of adult zebrafish of similar size
(2.5 + 0.5 cm) were used for each treatment. Flu TC was
dissolved in acetone as a stock solution at a concentration of
9000 mg L. Flu@Cu@ZIF-8 was dispersed in water with the
assistance of ultrasound to obtain a nanosuspension. The
concentration of fludioxonil was set at 0.248-0.433 mg L™ for
Flu TC and 0.397-0.686 mg L™ for Flu@Cu@ZIF-8, which
was diluted with water. The death of zebrafish was recorded
at 24, 48, 72, and 96 h according to Organization for
Economic Co-operation and Development guidelines.*® Each
experiment was repeated three times. The median lethal
concentration (LCs,) was calculated by probit analyses.

2.9 Germination and cultivation of wheat seeds

Wheat seeds (Nongda 202, China) were sterilized in 2-3%
hypochlorite solution for 15 min, rinsed thoroughly with
deionized water, followed by imbibing in deionized water for
16 h. Afterwards, the seeds were germinated in a seedling
tray (made of polyvinyl chloride) for 4 days. Subsequently,
uniform-size seedlings were transferred into 1 L glass
containers (each container had 24 wheat seedlings) wrapped
with foil paper with one-quarter strength of Hoagland
solution. Plants were cultivated at an ambient temperature

Environ. Sci.: Nano, 2023, 10, 2578-2590 | 2583
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(25 + 2 °C). The Hoagland solution was replaced every 3 days
for each treatment to maintain sufficient nutrients for plant
growth.

2.10 Uptake of nanoparticles by wheat plants

FITC-labeled Cu@ZIF-8 was used to explore the uptake and
distribution of nanoparticles in wheat plants. Briefly, 1 week-
old wheat plants were exposed to 5 mL of an aqueous
suspension spiked with FITC-labeled Cu@ZIF-8 at 1 mg
mL™". After treatment for 2 days, wheat roots and leaves were
sampled for imaging with a confocal laser scanning

2584 | Environ. Sci.. Nano, 2023, 10, 2578-2590

microscope (LSM 880; Zeiss, Wetzlar, Germany) at an
excitation wavelength of 488 nm.

2.11 Uptake and translocation of pesticide in wheat plants

After 14 days of growth of wheat seedlings, plants were
transferred to a 1 L glass container containing 1 L of one-
quarter strength of Hoagland solution. Nanoparticles loaded
with fludioxonil were spiked in the solution at 1 mg L™". Four
controls were included: (1) a pesticide-free control (plant
only), (2) physical mixture solution of Flu TC with Cu@ZIF-8
nanoparticles, (3) Flu TC solution, and (4) control blank. The

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Effects of root treatment of Cu@ZIF-8 on fresh weight (a), seedling length (b), root length (c), and stem length (d) of wheat plants. Different

letters indicate a significant difference according to ANOVA (P < 0.05).

relative humidity was maintained at 60-70% with a light:
dark cycle of 14:10 h. All exposure and control experiments
were carried out in triplicate. Plant samples were collected
after 24, 48, or 96 h of growth. Then, plant samples were
rinsed with deionized water and divided into roots and
shoots. The roots, shoots, and solution were collected for
pesticide analyses. All the samples were stored at -20 °C
prior to analyses. The root concentration factor (RCF) and
translocation factor (TF) were calculated using the following

equation:*"*?
RCF = Croot/cwater
TF = Cshoot/croot
where  Ciooty,  Cshoots and  Cygater are the fludioxonil

concentration in samples of the root, shoot, and solution,
respectively (ng g”* or ng mL™").

2.12 Sample analyses

A modified QUEChERS method was employed for fludioxonil
extraction. Samples were quantified wusing ultra-high
performance liquid chromatography-tandem mass
spectrometry (UHPLC-MS/MS). More details of the method

This journal is © The Royal Society of Chemistry 2023

and HPLC-MS/MS parameters are described in the ESI} and
Table S1. The recovery of fludioxonil in samples of roots,
shoots, and hydroponic solution ranged from 87.3% to
106.3%, with relative standard deviation (RSD) values <16.21
(Table S2t). Matrix-matched solutions were prepared by
adding a stock solution of fludioxonil to blank matrix
extractions, and good linearity was obtained (R*> > 0.9916)
(Table S37).

2.13 Biosafety assay of Cu@ZIF-8 nanoparticles against wheat
plants

Two week-old wheat seedlings of similar size were transferred
to a 50-mL beaker containing 30 mL of one-quarter strength
of Hoagland solution with varying concentrations of Cu@ZIF-
8 (0, 1, 5, 25, 100, or 200 mg L") for 10 days. Each beaker
was wrapped in tin foil. Each treatment had three replicates.
Seedlings were incubated with a 14 h/10 h light/dark cycle at
room temperature (25 + 1 °C). The seedling length and fresh
weight of the collected seedling samples were measured.

2.14 Statistical analyses

Statistical analyses were undertaken using SPSS 26.0 (IBM,
Armonk, NY, USA). A significant difference in data was
analyzed by one-way analysis of variance (ANOVA) (p < 0.05)
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and expressed as the mean + standard error of the mean for
all experiments.

3. Results and discussion

3.1 Preparation and characterization of nanoparticles

Copper-doped Flu-loaded ZIF-8 nanoparticles (Flu@Cu@ZIF-
8) were constructed following the synthetic process illustrated
in Fig. 1a. The one-pot strategy facilitated the preparation of
Flu@Cu@ZIF-8 on a scale. The average size (using Nano
Measurer software) of Cu@ZIF-8 and Flu@Cu@ZIF-8 was
determined to be 66.94 + 10.31 nm and 80.38 + 23.61 nm,
respectively (Fig. 1b and S1f). Cu@ZIF-8 nanoparticles
showed a well-defined truncated rhombic dodecahedron
structure, which was consistent with the typical morphology
of ZIF-8 (Fig. S27). SEM and TEM images demonstrated the
shape of ZIF-8 to be retained, as reported previously,*
indicating that copper and encapsulated fludioxonil did not
change the shape of ZIF-8 (Fig. 1c). As shown by elemental
mapping using energy-dispersive  spectroscopy, the
distribution of copper and fluorine confirmed encapsulation
of fludioxonil into Cu@ZIF-8 (Fig. 1d).

XRD was used to analyze the crystal structure of
nanoparticles. As shown in Fig. 2a, the positions of the peaks
of Cu@ZIF-8 and Flu@Cu@ZIF-8 were the same as the
simulated curve of ZIF-8. Hence, the crystal structure of the
prepared material was not disturbed by copper doping and
pesticide loading. This was confirmed by infrared
spectroscopy (Fig. 2b). The characteristic peaks of M-N (Cu-
N and Zn-N) stretching and C=N bending were observed in
Cu@ZIF-8 and Flu@Cu@ZIF-8 (Fig. S3f), which is in
agreement with earlier reports.*>™** Moreover, peaks at 2200
em ™ corresponding to the C=C group of fludioxonil in
Flu@Cu@ZIF-8 suggested that fludioxonil and Cu@ZIF-8 did

not change the chemical structure of the respective
substances.
TGA was carried out to investigate the thermal

decomposition of nanoparticles under N, flow. As shown in
Fig. 2c, a rapid weight-loss step of 100% from ~220 °C to
~320 °C indicated that the structure of fludioxonil was
unstable at temperatures higher than 200 °C. For Cu@ZIF-8,
a weight-loss step in the range 300-520 °C could be
attributed to decomposition of the organic ligands in
Cu@ZIF-8.*> A plateau in the differential scanning
calorimetry (DSC) curve of Cu@ZIF-8 above 520 °C indicated
that Cu@ZIF-8 might have decomposed completely and
transformed into inorganic ZnO and CuO (Fig. 2d).*
Conversely, a gradual weight loss occurred in Flu@Cu@ZIF-8
from 200 °C to 800 °C, which was attributed mainly to the
slow decomposition of fludioxonil and organic ligands in
nanoparticles. These results indicated that Cu@ZIF-8 could
improve the thermal stability of fludioxonil.

XPS was employed to determine the elemental
composition of samples (Fig. 3). The characteristic
elemental peak of Cu@ZIF-8 in addition to the F 1s peak
at 698.9 eV indicated that fludioxonil had been loaded
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with Cu@ZIF-8. The high resolution of Cu 2p, Zn 2p, F
1s, and C 1s were analyzed to investigate the interaction
mechanism between fludioxonil and Cu@ZIF-8. Peaks at
952.93 eV and 932.98 eV were assigned to Cu 2p,, and
Cu 2p;;, of Cu®, respectively®® (Fig. 3b). The satellite peak
at 943.25 eV and 940.36 eV also indicated the
characteristics of Cu?*. The Zn 2p spectra at 1021.69 eV
and 1044.83 eV (Fig. 3c) attributed to the
characteristic binding energies of Zn 2pz, and Zn 2p;,
which was concordant with the literature.*”*® As indicated
in Fig. S4, the C 1s spectrum of Cu@ZIF-8 exhibited
peaks at 284.59 eV and 285.46 eV, which were ascribed to
C=C, C=(C, C-N, and C=N of the imidazole. The C 1s
spectrum possessed a new peak at 292.98 eV for C=N
(Fig. S5 and S6t), suggesting that fludioxonil was stable in
Flu@Cu@ZIF-8. Furthermore, the spectra of F 1s (Fig. 3d)
observed at ~687.8 eV provided additional evidence of the
encapsulation of fludioxonil within Cu@ZIF-8.

were

3.2 Loading efficiency and controlled-release profiles of
pesticide

The copper doping of ZIF-8 could affect the loading content
of cargo molecules. The loading content of fludioxonil in
Flu@Cu@?ZIF-8 was determined to be 23.9 + 1.2%, which was
higher than that of Flu@ZIF-8 (15.8 + 1.4%). This finding was
probably due to copper doping, which affected the surface
area and pore structure of ZIF-8.>° The cumulative-release
profile of fludioxonil at pH values of 5, 7 and 9 was
investigated to evaluate the release behaviors of
nanoparticles. Fig. 4 shows that Flu TC did not have sensitive
release in the pH ranges tested, whereas Flu@Cu@ZIF-8
demonstrated obvious pH-responsive release. As shown in
Fig. 4b, the cumulative amount of fludioxonil released
reached 79.5% after 48 h at pH 5, and 69.9% and 43.0% of
fludioxonil was released at pH 7 and 9, respectively. Under
acidic conditions, the coordination between zinc ions and
imidazolate rings can be broken due to protonation of
2-methylimidazole linkers, thereby ensuring the acid-
sensitive characteristic of ZIF-8."%° With regard to the
composition of Cu@ZIF-8, copper ions substituted for zinc
ions in ZIF-8, but the crystal structure of Cu@ZIF-8 was the
same as ZIF-8. Therefore, Cu@ZIF-8 continued to have the
acid-sensitive characteristic. These results demonstrated that
Flu@Cu®@ZIF-8 had pH-responsive release behavior. Hence,
Flu@Cu@ZIF-8 could selectively target plant pathogens in an
acidic microenvironment (e.g., plant phloem sap).>”

Four models were used to investigate the possible release
mechanism of fludioxonil at pH 5, 7, and 9. According to the
correlation coefficient (R*) of fitted equations, the data for
fludioxonil release from Flu TC had the best fit using the
first-order model. For Flu@Cu®@ZIF-8, the Ritger-Peppas
equation described the release behavior of fludioxonil. The
release exponent (n) was used to evaluate the diffusion
mechanism.”> The n value of Flu@Cu@ZIF-8 was between
0.45 and 0.89, which meant that the release behavior was

This journal is © The Royal Society of Chemistry 2023
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non-Fickian diffusion. All
summarized in Table 1.

fitted parameter values are

3.3 Activity of flu@cu@ZIF-8 against F. graminearum

F. graminearum is a major pathogen that causes a devastating
disease in cereal crops known as “Fusarium head blight”. F.
graminearum can promote a plant to produce toxic secondary
metabolites, which brings economic losses in farming and
health impacts on humans.®* An acidic environment is
beneficial for the growth of F. graminearum and contributes
to the production of secondary metabolites such as
deoxynivalenol. Depending on the acid-triggered release of
Flu@Cu@ZIF-8, fludioxonil could be released to control
pathogens effectively. As shown in Fig. 5, at a fludioxonil
concentration <0.03 mg L', the fungicidal activity of
Flu@Cu@ZIF-8 was slightly lower than that of Flu TC. This
finding might have been due to the time required to release
the active ingredient from Flu@Cu@ZIF-8, thereby resulting
in a lower concentration of free fludioxonil in PDA than that
of Flu TC. The half-maximal effective concentration (ECs,) of
Flu TC and Flu@Cu@ZIF-8 was 0.041 mg L™ and 0.038 mg
L™, respectively, indicating that similar fungicidal activity
could be achieved for Flu TC and Flu@Cu@ZIF-8. All the
concentrations of Cu@ZIF-8 tested led to no fungicidal
activity.

3.4 Acute toxicity towards adult zebrafish

Table 2 reveals that acute toxicity of fludioxonil against
zebrafish varied with time after loading into Cu@ZIF-8. After
24 h of treatment, the LCs, value of Flu TC towards zebrafish
was 0.833 mg L', and the LCs, value of Flu@Cu@ZIF-8 was
0.756 mg L'. After 96 h of exposure, the LCs, value of
Flu@Cu®@ZIF-8 towards zebrafish could increase by 68% that
of Flu TC. This observation could be ascribed to the slow
release of the active ingredient from nanoparticles. Hence,
the bioavailable concentration of fludioxonil in
Flu@Cu@ZIF-8 solution was lower than that of Flu TC
solution. The LCs, values of Flu TC and Flu@Cu@ZIF-8 were
less than 1 mg L™' and ranked as “high toxicity” against
zebrafish. However, the acute toxicity of fludioxonil could be
reduced due to the slow release of the active ingredient after
fludioxonil loading into Cu@ZIF-8.

3.5 Uptake of FITC-labeled Cu@ZIF-8 nanoparticles in wheat
plants

Nanoparticles can enter plants through permeation,
endocytosis, and other pathways.”® The uptake and
translocation of Cu@ZIF-8 nanoparticles were visualized by
confocal laser scanning microscopy. As shown in Fig. 6, FITC-
labeled Cu@ZIF-8 showed a clear fluorescence signal in plant
tissues under a laser-excitation wavelength of 488 nm. This
result indicated that FITC-labeled Cu@ZIF-8 could be
absorbed by the roots and transferred to the upper parts of a
wheat plant. FITC-labeled Cu@ZIF-8 was first absorbed on
the root surface, and its surface chemistry could be modified

This journal is © The Royal Society of Chemistry 2023
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by organic acids produced by root exudates,”>*® which helped
to reduce the aggregation of nanoparticles and entrance into
the plant, respectively. As shown in Fig. S7,f the negative
potential of a FITC-labeled Cu@ZIF-8 test solution changed
from -12 mV to —19 mV after 2 days of treatment.

3.6 Uptake and translocation of fludioxonil in wheat plants

The translocation factor (TF) was used to assess the
translocation ability of a pesticide from the root to shoot. TF
< 1 denotes poor translocation from the roots to above-
ground tissues.”> As presented in Fig. 7a, the TF of Flu TC
was in the range 0.14-0.2, suggesting that fludioxonil
accumulated preferentially in the roots of a wheat plant. The
TF values of Flu@Cu@ZIF-8 and physical mixing
nanoparticles (Flu&Cu@ZIF-8) were also <1. However, after
48 h of exposure, the TF value of Flu@Cu@ZIF-8 was 23-41%
higher than those of Flu&Cu@ZIF-8 and Flu TC, implying
that nanoparticles could facilitate the upward translocation
of fludioxonil in a wheat plant. Cu@ZIF-8 at a small scale
could enter the plant readily. Hence, Cu@ZIF-8 might act as
a carrier to enhance the upward translocation of fludioxonil
in plants, and increase the protective property of the active
ingredient. After 96 h of exposure, the RCF value of
fludioxonil in roots was ranked FIu&Cu@ZIF-8 (9.4 g ¢') >
Flu@Cu@ZIF-8 (7.6 ¢ ¢') = Flu TC (7.3 g g ") (Fig. 7b).
Hence, Cu@ZIF-8-encapsulated fludioxonil did not influence
fludioxonil accumulation in the roots significantly. The
uptake and accumulation of pesticides in plants are complex
processes. The different trends of accumulation in the roots
among three treatments might have been due to the slow
release of fludioxonil from nanoparticles. Our results
indicated that the uptake and accumulation of fludioxonil in
plants were determined by the plant, exposure time, and
chemical properties, but also by the nanoparticle itself in
terms of bioavailability regulation.

3.7 Biosafety evaluation against wheat plants

To examine the regulatory effect of Cu@ZIF-8 on plant
growth, wheat plants were cultured with Cu@ZIF-8 to study
the variance in fresh weight, seedling height, stem length,
and root length. As shown in Fig. 8a, there was no obvious
inhibition of the fresh weight of plants treated with Cu@ZIF-
8 at a low exposure concentration (<5 mg L™"). However, the
fresh weight of wheat plants treated with Cu@ZIF-8
decreased by 12.0-20.4% with an increasing test
concentration (25-100 mg L'). The effect of Cu@ZIF-8 on
seedling length (Fig. 8b) and root length (Fig. 8c) showed a
trend of initially promotion (1-25 mg L) and then
inhibition (25-100 mg L) with an increasing test
concentration. The seedling length and root length reached
up to 15.3% and 42.1% higher than that of the blank control
at 5-25 mg L', which might have been due to
supplementation of nutrient elements by Cu@ZIF-8 (e.g., Cu
or Zn). However, at <100 mg L', the root length decreased
significantly to 42.0% compared with the blank control.
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The negative impact of nanoparticles on plant growth was
concentration-dependent, as documented previously.”” Tiwari
et al. reported that low doses of CuO-NPs (5-50 uM) promoted
the growth of rice seedlings, whereas high doses (100-
500 uM) reduced the growth of seedlings.’® The negative
impacts on plant growth are likely related to the excessive
formation of reactive oxygen species (ROS) induced by
nanoparticles.”>® Excessive levels of ROS could result in
oxidative damage (and even cell death). Moreover, the
electrostatic charges, osmotic stress, interfacial tension, and
steric interaction associated with nanoparticles, as well as
cellular penetration into plants, may also result in damage to
plants.®® Our results indicated that MOF materials could
promote plant growth as nutrients by application of doses at
low concentrations. Furthermore, the influence of
Flu@Cu@ZIF-8 showed no significant difference in fresh
weight, seedling height, stem length, or root length with that
of Flu TC at a high test concentration (Fig. S8t), which
suggested that Cu@ZIF-8 nanoparticles did not increase the
toxicity or side-effects of fludioxonil on wheat-plant growth.
Therefore, Cu@ZIF-8 could be used at an acceptable
concentration as a carrier for precise pesticide delivery to
protect crop growth.

4. Conclusions

Copper-doped ZIF-8 bimetallic MOF nanoparticles were
designed with a simple in situ fabrication process of ZIF-8 by
a one-pot method, and were used as nanocarriers to control
the delivery and release of fludioxonil. Flu@Cu@ZIF-8
demonstrated pH-responsive release due to the protonation
of 2-methylimidazole linkers in an acidic environment. Of
the four release models, the Ritger-Peppas model could
explain the release mechanism of Flu@Cu@ZIF-8. Results
suggested that non-Fickian diffusion controlled the release of
fludioxonil from Flu@Cu@ZIF-8 at pH 5-9. The plate method
indicated that Flu@Cu@ZIF-8 had a similar level of
inhibition against F. graminearum. Compared with control
treatment, the nanocarrier Cu@ZIF-8 could promote the
seedling length and root length of wheat plants by up to
15.3% and 42.1%, respectively, upon treatment at 5-25 mg
L™". The higher TF values of Flu@Cu@ZIF-8 implied that
Cu@ZIF-8 could facilitate fludioxonil translocation in wheat
plants. The adverse effect of fludioxonil against zebrafish
could be reduced slightly after loading into Cu@ZIF-8. The
copper-doped ZIF-8 MOF nanocarrier loaded with fludioxonil
could improve the percent utilization of fludioxonil through
pH-responsive controlled release and enhanced translocation
in plants.
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