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ABSTRACT: The application of triggered release pesticides can
provide active ingredient release at required environmental
conditions, reduce environmental problems, and toxicity to
nontarget organisms. In this work, a novel prodrug that responds
to water and enzymes as release triggers for thiabendazole was
prepared. The release behaviors under different conditions,
bioactivity against Penicillium italicum, and acute toxicity to
Danio rerio of prodrugs were investigated. The results showed
that the prodrug had remarkable water- and enzyme-triggered
release properties, and the correlation coefficients (r2) fitted by the
Weibull model were all >0.99. Meanwhile, the prodrug showed
improved antifungal efficacy against Penicillium italicum and
reduced toxicity to Danio rerio. Overall, the prodrug developed
offers an efficient way to triggered release pesticides, control fungal, and reduce the risk of harm to aquatic organisms.

1. INTRODUCTION
The consumption of chemical pesticides applied to control
pathogens, pests, and weeds has been continuously increasing
in past decades.1 It is estimated that about 90% of the
pesticides are wasted via degradation, evaporation, and surface
runoff, and only about 0.1% of the pesticides are effectively
acted on the target organisms.2,3 Therefore, the more efficient,
safe, and green pesticide formulations are needed to be
developed to reduce the risk of pesticides on food safety and
ecological environments.4−8 Encapsulation of active ingre-
dients into appropriate carrier materials, or specially designed
capsules, has been widely applied to improve the utilization
rate of pesticides.9,10 Meanwhile, carriers prevent direct
exposure of pesticides to the environment, decreasing loss of
evaporation and degradation.11,12 Pesticides encapsulated in
microcapsule carriers that are susceptible to release slowly in
contact with environmental conditions, and the compatibility
of the carriers with the environment are thought to play an
important role.13,14

Besides, the other category of carriers that was applied in the
controlled release of active ingredients is known as
prodrugs.15,16 The active ingredient is covalently bound to
carriers with a trigger release mechanism by the change of the
pH value, action of a specific enzyme, photo-cleavage of light
with a suitable wavelength, or thermal decomposition of the
prodrug.17−20 Many pesticides contain a multitude of chemical
functional groups such as hydroxy, amino, carboxylic, and
cyano groups, which could be easily covalently bound with
other substances.21−23 The release of prodrugs in the form of

predesigned esters or amides can be affected by the enzyme or
the pH values of the release medium.24,25

Ionic liquid (IL) is a novel organic salt with low melting
properties, marginal vapor pressure, low toxicity, and high
thermal stability that have enormous potential for industrial
use as “green” chemicals.26−28 ILs have been widely used in
drug applications, such as solvents for drugs, antimicrobial
agents, antibiofilm agents, and drug carriers.29,30 The structure
of ILs could be modified by using different combinations of
cations and anions and could be cross-linked to other chemical
groups as well as modified to serve as a triggered release
carrier.31,32 IL-based drugs developed with excellent bio-
compatibility and long-term stability have been proved to be
promising delivery carriers and should be further explored.33

Thiabendazole (TBZ) was first discovered to be an
unusually potent broad-spectrum anthelmintic affecting gastro-
intestinal parasites of sheep, cattle, goats, and swine.34 Now, it
is one of the most widely applied post-harvest fungicides in
controlling fungal infection in the process of fruit and vegetable
storage and transportation.35 However, the applicability of
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TBZ is limited for its high toxicity to aquatic fish and potential
damage to the aquatic environment.36,37

Herein, we prepared a prodrug using IL 1-methyl-4-
formylpyridinium iodide conjugated with derivatized TBZ via
hemiacetal by utilizing chloroacetyl chloride and ethanolamine.
The effects of humidity, pH value, and enzyme on the release
behaviors were investigated, and the bioactivity and toxicity of
novel conjugation were also studied.

2. EXPERIMENTAL SECTION
2.1. Materials. 2.1.1. Chemicals. The model drug,

thiabendazole (TBZ, 98%), was purchased from Alchem
Pharmtech, Inc., NJ, USA. Pyridine-4-aldehyde (99%) and
chloroacetyl chloride were purchased from Heowns Biochem-
ical Technology Co., Ltd., Tianjin, China. Methyl iodide, N,N-
dimethylformamide (DMF), tetrahydrofuran (THF), dichloro-
methane (DCM), acetonitrile, acetone, potassium carbonate,
anhydrous magnesium sulfate, diethyl ether, ammonium
acetate, and ethanolamine were analytical chemicals purchased
from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China.
Amidase (∼13 unit/mg; from Citrus sinensis) was obtained
from Sigma-Aldrich (St. Louis, USA). Penicillium italicum
strains were obtained by Seed Pathology & Fungicide
Pharmacology Lab., China Agricultural University. Danio
rerio (0.27 ± 0.05 g mean body weight and 2.65 ± 0.05 cm
length) were purchased from aquarium (Tongzhou Aquarium,
Beijing, China). Deionized water was applied for all reactions
and treatment processes. Acetonitrile and methanol were high-
performance liquid chromatography (HPLC)-grade and
purchased from J.T. Baker, USA.

2.1.2. Apparatus. Identification of compounds: 1H NMR
spectra were determined on a Bruker Avance DPX 300 MHz

NMR spectrometer (Bruker, Germany). CHN elemental
analyses were performed using a 5E-CHN2000 elemental
analyzer (Changsha Kaiyuan Instruments Co., Ltd., China). An
HPLC system consisting of two LC-20ATvp pumps and an
SPD-20Avp ultraviolet detector (Shimadzu, Japan) was used
for the detection of chemicals. A Kromasil ODS C18 column
(250 mm × 4.6 mm, 5 μm; DIKMA, USA) was used for
separation at room temperature, and a Chromato Solution
Light Chemstation for the LC system was employed to acquire
and process chromatographic data. A flow rate of 1 mL min−1

was used with a mobile phase composition of methanol and
water with 2% ammonium acetate (75/25, v/v), injecting
volume 20 μL. All the solvents were filtered with 0.045 μm
membrane filters.
2.2. Preparation of the Prodrug of TBZ Based on

Ionic Liquids (IL-TBZ). The synthetic routes of Ia, Ib, IL, and
IL-TBZ are schematically presented in Scheme 1.

2.2.1. Synthesis of Compounds Ia and Ib. First, TBZ (6
mM) and dry THF (20 mL) were added into a 100 mL three-
neck flask, and chloroacetyl chloride (6 mM) in THF (10 mL)
was added drop by drop for about 30 min while stirring at 0
°C. After completion of addition, potassium carbonate (10
mM) was added to the mixture, and constant stirring was done
at 25 °C for additional 4 h. The reaction endpoint was
confirmed by HPLC. The mixture was evaporated by a rotary
evaporator, and the solid was washed extensively with
deionized water and dried under vacuum at 60 °C to obtain
the compound Ia.
The compound Ia (5 mM) and dry THF (20 mL) were

added into a 100 mL three-neck flask, then ethanolamine (5
mM) and potassium carbonate (6 mM) were added in the
reaction mixture under constant stirring for 4 h. The reaction

Scheme 1. Synthetic Route of Thiabendazole Prodrug (IL-TBZ)
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endpoint was confirmed by HPLC. The mixture was
evaporated by a rotary evaporator, and the solid was washed
extensively with deionized water and dried under vacuum at 60
°C to obtain the compound Ib.

2.2.2. Synthesis of ILs 1-Methyl-4-formylpyridinium Iodide
(IL) and the Prodrug of TBZ (IL-TBZ). Pyridine-4-aldehyde (5
mL, 56.9 mM) and dry DCM (20 mL) were added into a 100
mL three-neck flask under constant stirring at room temper-
ature for 30 min, then methyl iodide (7 mL, 112.4 mM) was
added in the mixture under constant stirring at room
temperature for 24 h. The mixture was evaporated by a rotary
evaporator and dried under vacuum at 60 °C to obtain the
IL.38

IL (2 mM), dry acetonitrile, and compound Ib (2 mM) were
added in a 100 mL three-neck flask under constant stirring at
room temperature for 4 h. The reaction endpoint was
confirmed by TLC. The mixture was evaporated by a rotary
evaporator, and the solid was washed extensively with dry
diethyl ether and dried under vacuum at 60 °C to obtain the
IL-TBZ.

2.2.3. 2-Chloro-1-(2-(thiazol-4-yl)-1H-benzo[d]imidazol-1-
yl) ethanone, Ia. Solid; yield, 87%. Elemental analysis calcd
(%) for C12H8ClN3OS (M = 277.01) C 51.90; H 2.90; N
15.13; found: C 51.88; H 2.92; N 15.23.

2.2.4. 2-((2-Hydroxyethyl)amino)-1-(2-(thiazol-4-yl)-1H-
benzo[d]imidazol-1-yl) ethanone, Ib. Solid; yield, 83%;
Elemental analysis calcd (%) for C14H14N4O2S (M =
302.08) C 55.62; H 4.67; N 18.53; found: C 55.78; H 4.72;
N 18.73.

2.2.5. 4-(Hydroxy(2-((2-oxo-2-(2-(thiazol-4-yl)-1H-benzo-
[d]imidazol-1-yl) ethyl) amino) ethoxy) methyl)-1-methyl-
pyridin-1-ium iodide, IL-TBZ. Solid; yield, 79%; Elemental
analysis calcd (%) for C21H22IN5O3S (M = 551.05) C 45.74; H
4.02; N 12.70; found: C 46.08; H 4.62; N 12.33.
2.3. HPLC Analysis of TBZ. The TBZ was determined by

an HPLC system with two LC-20ATvp pumps and an SPD-
M20Avp UV−vis photodiode array detector (Shimadzu,
Japan) equipped with a Kromasil ODS C18 column (250 ×
4.6 mm, 5 μm; DIKMA, USA) at 280 nm under room
temperature. The mobile phase was methanol−water with 2%
ammonium acetate (75:25, v/v). The flow rate was 1.0 mL
min−1 and the injection volume was 20 μL. All the samples
were filtered through a 0.45 μm membrane.
2.4. Control Release Behaviors of IL-TBZ. The release

behaviors of IL-TBZ at different pH and humidity conditions
were investigated by HPLC. First, 10 mg of IL-TBZ and 1 μL
of amidase solution were weighted and dispersed in 100 mL of
phosphate buffer saline (PBS) (pH 4.5) containing different
contents of acetone (72, 62, 56, and 50%). Then, 10 mg of IL-
TBZ was weighted and dispersed in 100 mL of PBS (pH 4.5,
5.5, 6.5, and 7.5) containing 62% acetone, which were used as
the release medium.39 The mixtures were incubated at a
stirring speed of 100 rpm for a given time at room temperature,
collected, and filtered at different intervals, and the TBZ
content was determined by using HPLC to evaluate the release
properties.
2.5. Release Modeling. In order to estimate the release

mechanism of IL-TBZ, several common models illustrated in
Table 1 have been employed to compare the various profiles
and also attempted to identify the release kinetics of prodrugs.
In this work, the release kinetics of IL-TBZ was calculated by
applying the empirical equations listed in the table, where Mt/
Mz is the percentage of TBZ release at time t. k is the constant

that incorporates the characteristics of the release system and
the TBZ.40−47 The correlation coefficient (r2) was used to
identify the suitability of each fitting curve.
2.6. Bioactivity. Citrus fruits (Citrus reticulate Blanco cv.

Shatangju) were used as model fruits to evaluate the fungicidal
activity of the TBZ suspension concentrate (TBZ-SC, 500 mg
L−1) and IL-TBZ (500 mg L−1). The citrus fruits with uniform
maturity and size were selected and washed with water. The
stock solutions of two formulations were prepared by
dispersing in acetone at a concentration of 500 mg L−1, and
the acetone was also treated as a control. Each citrus fruit was
wounded with a steel rod to make a 4 mm wide and 3 mm
deep wound, and a 10 μL aliquot of mixed spore suspension
containing 106 conidia/mL of Penicillium italicum was injected
into each wound with a pipette. The fruits were treated by
dipping in 500 mg L−1 of TBZ-SC and IL-TBZ for 1 min. The
experimental design was completely randomized with three
replicates, each replicate was 50 fruits maintained under 28 °C,
and different relative humidity environments (10, 25, 38, and
50% r.h.) were applied. The disease index was assessed by
investigating the number of mildewy fruits at 1, 3, 5, and 10 d
after treatment.

= ×Disease index
The number of mildewy fruits

50
100%

2.7. Acute Toxicity to Danio rerio. In order to estimate
the acute toxicity of TBZ-SC and IL-TBZ to fish, zebrafish
(Danio rerio) which have been a prominent model vertebrate
in a variety of disciplines was selected as a typical environment
monitoring aquatic animals in this study.48 The fish were
cultured for 2 weeks using dechlorinated water (temperature
26 ± 1 °C, pH 7.2 ± 0.2) with oxygen saturation >70% and 12
h photophase before performing the experiment. After
acclimatization, fish were exposed to different concentrations
of TBZ-SC and IL-TBZ (0.8, 1.6, 3.2, 6.4, 12.8, and 25.6 mg
L−1) for 96 h with the untreated group as control. The
experimental design was completely randomized with three
replicates, and each replicate was 10 fish. All the treatments
were monitored daily to estimate the acute toxicity of the TBZ
and IL-TBZ to fish.

3. RESULTS AND DISCUSSION
3.1. Preparation and Characterization of IL-TBZ. The

structures of all the synthesized compounds were characterized
by 1H NMR spectroscopy and elemental analysis. 1H NMR
data of Ia, Ib, and IL-TBZ are summarized in Table 2. In 1H
NMR spectroscopy, Ia presented the disappearance of the
secondary amine (−NH−) peak and the appearance of a
methylene group (−CH2−) peak located at 4.87 ppm. Ib

Table 1. Released Kinetics Models of Prodrug

release model equations

Korsmeyer−Peppas model Mt/Mz = k2tk1

zero-order model Mt/Mz= k1t
first-order model Mt/Mz = k2[1 − exp(−k1t)]
Hixson−Crowell model Mt/Mz = k1t + k2t2 + k3t3

Weibull model Ä

Ç
ÅÅÅÅÅÅÅÅÅÅ

É
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= ( )M M k/ 1 exp t
k

k

t z 3
1

2

Higuchi model Mt/Mz = k1t0.5

logistic model Mt/Mz = k3
+

+ +
k k t

k k t
exp( log )

1 exp( log )
1 2

1 2

quadratic model Mt/Mz = k1t + k2t2
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presented two triple peaks of methylene groups (−CH2−)
located at 3.47 and 2.74 ppm. A single peak of the aldehyde
group (−CH�O) located at 10.19 ppm of IL shifted upfield
to 6.56 ppm attributed to C−H of IL-TBZ, and the increased
number of hydrogen atoms demonstrated that the IL-TBZ was
successfully prepared.
3.2. Control Release Behaviors of IL-TBZ. The

mechanism of TBZ-triggered release from IL-TBZ is shown
in Scheme 2. The IL-TBZ contained hemiacetal and amide

bonds are easily broken by water and amidase to trigger the
release of TBZ. In order to confirm the release mechanism, the
release behaviors under different conditions were investigated,
and the results are illustrated in Figure 1.

3.2.1. Effect of Different Humidity Conditions. Figure 1A
shows the cumulative TBZ release from IL-TBZ in release
media at different humidity levels. The results illustrated that
the release of the TBZ was triggered by humidity. The
cumulative release reached 100% after 480 min when the
humidity was 50%, and the cumulative release was reduced
with the reduction of humidity. The reason for the above result

is that the hemiacetal is sensitive to water and can be easily
broken, and the amide bond of IL-TBZ could be hydrolyzed
under the presence of appropriate amidase; simultaneously, the
active ingredient released depended on the amount of water in
the environment.32,49 The release behaviors of IL-TBZ that
respond to water as release triggers for the pesticide were
discussed and evaluated, demonstrating the control of release
dependent on the presence of amidase and amount of water
available.

3.2.2. Effect of Different pH Values. The release behaviors
of the IL-TBZ under different pH values at 38% humidity are
illustrated in Figure 1B. The TBZ could not be detected in the
38% humidity release medium at pH 7.5 but could be
obviously detected at the acidic release system. Besides, the
release behaviors were also influenced by the pH values of the
environment. After 480 min, the cumulative release was more
than 75% at pH 4.5, but was below 50% at pH 5.5 and 6.5,
which demonstrated that the cumulative release of TBZ from
IL-TBZ was increased with the reduction of pH values. The
main reason for this is that the amide bond could be broken
under acid conditions according to the literature.50 Therefore,
it was concluded that an acid condition increased the release
amount of TBZ, which demonstrated that the IL-TBZ is more
suitable for applications in eosinophilic bacteria control.
3.3. Release Kinetics. In order to further study the release

regular of IL-TBZ, the cumulative release rates were fitted by
the Korsmeyer−Peppas model, zero-order model, first-order
model, Hixson−Crowell model, Weibull model, Higuchi
model, logistic model, and quadratic model equations. The
nonlinear fitting curves of IL-TBZ under different humidity
conditions and pH values are illustrated in Figure 2. The
different parameters of release models shown in Table 3 were
calculated by different equations, and r2 was used to determine

Table 2. 1H NMR Data of the Compounds

compound δ (ppm)
IL 1H NMR (300.13 MHz; DMSO-d6; Me4Si) δ ppm = 10.19 (s, 1H, CH), 8.22 (d, J = 6.42 Hz, 2H, CH), 8.47 (d, J = 6.27 Hz, 2H, CH), 4.43 (s, 3H,

CH3)
Ia 1H NMR (300.13 MHz; DMSO-d6; Me4Si) δ ppm = 11.83 (d, J = 3.00 Hz, 1H, CH), 9.06 (d, J = 3.00 Hz, 1H, CH), 8.50 (m, 1H, CH), 7.90 (m, 1H,

CH), 7.53 (m, 2H, CH), 4.87 (s, 2H, CH2)
Ib 1H NMR (300.13 MHz; DMSO-d6; Me4Si) δ ppm = 9.11 (s, 1H, CH), 8.13 (s, 1H, CH), 7.59 (d, J = 5.46 Hz, 2H, CH), 7.22 (m, 2H, CH), 3.66 (s,

2H, CH2), 3.47 (t, J = 6.36 Hz, 2H, CH2), 2.74 (t, J = 4.78 Hz, 2H, CH2)
IL-TBZ 1H NMR (300.13 MHz; DMSO-d6; Me4Si) δ ppm = 9.31 (s, 1H, CH), 9.08 (d, J = 7.63 Hz, 2H, CH), 8.09 (s, 1H, CH), 7.88 (d, J = 4.05 Hz, 2H,

CH), 7.62 (d, J = 5.13 Hz, 1H, CH), 7.48 (d, J = 3.21 Hz, 1H, CH), 7.33 (m, 2H,CH), 6.56 (s, 1H, CH), 4.36 (s, 3H,CH3), 3.63 (m, 4H, CH2), 2.69
(t, J = 5.71 Hz, 2H, CH2)

Scheme 2. Graphical Representation of TBZ-Triggered
Release from IL-TBZ by Water and Amidase

Figure 1. Effect of different humidity (A) and pH values (B) and amidase on the release behaviors of TBZ from IL-TBZ.
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the suitability of each release models. The results illustrated
that the r2 under different release conditions fitted by the
Weibull model were all >0.99, which demonstrated that the
Weibull model was a more suitable release model for IL-TBZ.
3.4. Bioactivity. Figure 3 shows the effect of TBZ and IL-

TBZ in the disease index of Citrus reticulate, which was
investigated by calculating the number of mildewy fruits under
different humidity conditions. Compared with few mildewy
fruits after treating by TBZ, about 11 and 44% of mildewy
fruits were found at 1st and 3rd day after treating by IL-TBZ
under 10% humidity condition (Figure 3a). However,
according to Figure 3b, the number of mildewy fruits treated
by TBZ were 20% more than that treated by IL-TBZ at 3rd
day under 25% humidity condition and increased over time.
The high humidity environment provided suitable conditions
for fungal infection. Meanwhile, this was also mainly because
the release of active ingredients from IL-TBZ depended on the
humidity of the environment which could break the hemiacetal
of IL-TBZ and accumulated the release of active ingredients
that increased with the increase of time.32 The results from
Figure 3b,d clearly illustrated that the disease index treated by
IL-TBZ was lower than that treated by TBZ under 38 and 50%
humidity environments, and the disease index treated by IL-
TBZ decreased with humidity increase. However, on the
contrary, the disease index by TBZ was increased with

humidity increase. The mildewy symptoms of the Citrus
reticulate after 5 and 10 days treated by control (a), TBZ (b),
and IL-TBZ (c) under 50% humidity are illustrated in Figure
4. These were probably attributed to the enzyme and humidity
dual-triggered properties, and then, the active ingredients
could release from IL-TBZ responsively. The hemiacetal of IL-
TBZ could be broken by moisture from humidity of the
environment, and the amide bond of IL-TBZ could be broken
by the enzyme and acidic conditions. Penicillium italicum
acidified the ambient environments of citrus fruits during
decay development and reduced the host pH by 0.5−1.0
units.51 The amidase applied to triggered-release TBZ was
produced by antagonistic bacteria located on the surface of
fruits.52,53 Therefore, the dual-triggered IL-TBZ exhibited
good antifungal efficacy against Penicillium italicum than TBZ
under high humidity environments.
3.5. Acute Toxicity to Danio rerio. The cumulative

mortalities of zebrafish exposed to the TBZ and IL-TBZ at
different time intervals are illustrated in Figure 5. The results
showed that the cumulative mortalities were concentration-
dependent and time-dependent for all treatments. The higher
concentrations of exposure were the higher the cumulative
mortalities were. The longer time of exposure was the higher
the cumulative mortalities were. Figure 5d shows that there are
no significant cumulative mortalities of zebrafish exposed to 0.8

Figure 2. Release curves of IL-TBZ under different humidity levels and pH values.
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and 1.6 mg L−1 of TBZ after 96 h. However, the cumulative
mortalities of treatment with 3.2, 6.4, 12.8, and 25.6 mg L−1 of
TBZ obviously rose to 33.33, 80, 100, and 100%, respectively.
Compared with exposure of TBZ, there are no obvious
cumulative mortalities of zebrafish exposed to 0.8, 1.6, 3.2, and
6.4 mg L−1 of IL-TBZ after 96 h. In addition, 23.33 and 30% of
cumulative mortalities on zebrafish was observed when
exposed to 12.8 and 25.6 mg L−1 of IL-TBZ after 96 h,
respectively.

To intuitively evaluate the toxicity of the TBZ and IL-TBZ
to zebrafish, the median lethal concentration (LC50) values and
95% confidence intervals were calculated according to the
method of the literature,54 and results are listed in Table 4.
The 96 h LC50 of IL-TBZ was 25.02 mg L−1, which was almost
6 times higher than 4.13 mg L−1 of the TBZ. The LC50 values
of TBZ between 1 and 10 mg L−1 were considered highly toxic,
and the LC50 values of IL-TBZ between 10 and 100 mg L−1

were considered moderately toxic.55 The results demonstrated

Table 3. Fitting Results for the Release Curves of IL-TBZ

release model parameter

pH = 4.5 38% humidity

28% humidity 38% humidity 44% humidity 50% humidity pH = 5.5 pH = 6.5

Korsmeyer−Peppas model k1 0.7122 0.5533 0.5083 0.5562 0.7021 0.7297
k2 0.5868 2.1318 3.5100 3.6908 0.5567 0.4008
r2 0.9731 0.9308 0.8440 0.9199 0.9501 0.9354

zero-order model k1 0.0836 0.1039 0.1412 0.2976 0.07412 0.0643
r2 0.9741 0.9369 0.8891 0.9142 0.9611 0.9582

first-order model k1 108.5315 104.5842 106.6383 113.8042 88.8331 79.7928
k2 0.0013 0.0024 0.0038 0.0055 0.0016 0.0015
r2 0.9917 0.9853 0.9500 0.9821 0.9814 0.9698

Hixson−Crowell model k1 0.1302 0.2347 0.3648 0.5268 0.1174 0.0884
k2 −4.7525 × 10−5 −1.9892 × 10−5 −4.2932 × 10−4 −6.8442 × 10−4 −3.3239 × 10−5 7.8320 × 10−5

k3 −2.2675 × 10−9 5.8931 × 10−8 1.6205 × 10−7 3.3453 × 10−8 −1.3001 × 10−8 −3.3456 × 10−8

r2 0.9931 0.9881 0.9614 0.9817 0.9862 0.9806
Weibull model k1 0.0019 0.0030 0.0049 0.0065 0.0024 0.0025

k2 1.2418 1.3481 2.3650 1.2287 1.4477 1.7167
k3 89.3446 94.9552 96.7576 104.6033 71.4579 60.4298
r2 0.9954 0.9937 0.9966 0.9918 0.9940 0.9949

Higuchi model k1 2.3711 3.0271 3.6972 4.9975 2.0964 1.8110
r2 0.9224 0.9257 0.8438 0.9119 0.9027 0.8786

logistic model k1 11.6418 12.8964 44.6524 8.5128 16.3330 24.2883
k2 0.0067 0.0102 0.0216 0.0181 0.0087 0.0099
k3 79.4728 90.7758 96.6511 99.9262 67.3614 58.3266
r2 0.9728 0.9765 0.9866 0.9849 0.9755 0.9838

quadratic model k1 0.1315 0.2001 0.3063 0.5242 0.1249 0.1077
k2 −5.1210 × 10−5 −1.0284 × 10−4 −2.2021 × 10−4 −6.6335 × 10−4 −5.4313 × 10−4 −4.6399 × 10−4

r2 0.9931 0.9821 0.9513 0.9898 0.9858 0.9770

Figure 3. Effect of different treatments on the disease index of Citrus reticulate under 10% humidity (a), 25% humidity (b), 38% humidity (c), and
50% humidity (d).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07511
ACS Omega 2023, 8, 3484−3492

3489

https://pubs.acs.org/doi/10.1021/acsomega.2c07511?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07511?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07511?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07511?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07511?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


that the reduced acute toxicity of IL-TBZ could decrease the
threats caused by TBZ to aquatic organisms.

4. CONCLUSIONS

In this work, the novel prodrug (IL-TBZ) based on IL was
prepared by forming the hemiacetal between the hydroxy of
derivatized TBZ and the aldehyde of IL. On the basis of this
novel design, the TBZ released from IL-TBZ was triggered by
water and enzymes and depended on the amount of water
available and the own existent antagonistic bacteria of fruits.
The results showed that the prodrug had remarkable triggered
release under different pH, humidity, and enzyme conditions,
as well as low toxicity to aquatic organisms. This release system
may be extended to other pesticides which were used in a
humid environment, especially in the application of mildew-
proof and dampproof.
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Figure 4. Mildewy symptoms of the Citrus reticulate after 5 and 10
days treated by control (a-5 and a-10), TBZ (b-5 and b-10), and IL-
TBZ (c-5, and c-10) under 50% humidity.

Figure 5. Cumulative mortalities of zebrafish at 24 h (a), 48 h (b), 72 h (c), and 96 h (d) after acute exposure to TBZ and IL-TBZ. All treatments
were analyzed in three replicates, whose average data were illustrated by the columns. Error bar was used to represent the standard deviation (SD)
of the mean values.

Table 4. Median Lethal Concentration (LC50) Values, 95%
Confidence Intervals of TBZ and IL-TBZ in Zebrafish

exposure
time (h)

TBZ IL-TBZ

LC50
(mg L−1)

95% confidence
interval

LC50
(mg L−1)

95% confidence
interval

24 9.48 6.72−13.37 36.20
48 6.70 4.86−9.24 33.78 29.70−38.43
72 5.44 3.99−7.49 28.74 22.30−35.91
96 4.13 3.16−5.38 25.02 19.14−32.70
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