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a b s t r a c t

Precise and spatiotemporal control over the pesticide remains to be a challenge. More efficient controlled

release systems (CRSs) have been developed to support the precise delivery of active ingredients. Herein,

we incorporated the photoremovable protecting groups (PRPGs) into phenamacril (PHE) and obtained

two photo-responsive fungicides of NV-PHE and DEACM-PHE. The 4,5-dimethoxy-o-nitrobenzyl (NV) or 7-

diethylaminocoumarin (DEACM)-caged PHE could release the active molecule PHE after irradiation of UV

light and blue light, respectively. Optical properties and in-vitro/vivo fungicidal activities of NV-PHE and

DEACM-PHE demonstrated the feasibility for light controlled release of PHE. DEACM-PHE could release

98% PHE by illumination of blue light. The irradiated DEACM-PHE could preserve the similar bioactivity

of PHE, and significantly improve the in-vitro/vivo fungicidal activities compared to the non-irradiated

DEACM-PHE. The optical controlled release of PHE from DEACM-PHE enabled the precise and spatiotem-

poral delivery of PHE, diversifying the development of CRSs for pesticide, and providing environment-

friendly agricultural applications with high pesticide efficiency.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Pesticides could enhance 22%−53% of crop production [1,2],

contributing to reduce the population in hunger. However, the

high-efficient and “smart” strategies of pesticide delivery are in

demand due to the low efficiency of agrochemicals [3]. Chemi-

cal pesticides persisted in the environment and eventually posed

a threat to human health [4]. Additionally, the traditional formu-

lations, as mixtures of active ingredients and adjuvants, usually

cause heavy environmental pollution [5]. Researchers are commit-

ted to developing different controlled release systems (CRSs) and

designed new materials available in agriculture [6]. Many stimuli,

such as light, pH, temperature, microbes, could finish controlled-

release of pesticides [7–12]. Light offers unparalleled advantages

among other environmental responsive factors, because light could

realize the precise control over the pesticide release without limi-

tation of space and time.
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The emerging photoremovable protecting groups (PRPGs) have

drawn attentions since they are found to utilize light to achieve

the precise spatial and temporal control over the release of drugs.

PPRGs were discovered in the organic synthesis [13–15] and ap-

plied into biology and medicine as the presentation of “cage” [16].

Some agricultural fluorescent probes have been developed based

on the similar structure and optical properties to PRPG molecules

[17,18]. However, caging bioactive molecules by various PRPGs,

such as NP-IPTC [19], DNB-SS-NAC [20], HCK [21], CD-MSN [22],

and the design and bioassay evaluations were conducted to ex-

plain the realizable for precise and spatiotemporal release of ac-

tive chemicals to regulate biological function. Covalently linking

PPRGs with plant regulators [23,24], herbicides [25] and insecti-

cides [26,27] elucidated the feasibility in spatiotemporal modula-

tions on plant/weed growth and pest control. While no reference

was reported to study the photo release of agricultural fungicides

using PRPGs. In addition, improper application of phenamacril

(PHE) posed a potential threat to the ecosystem [28,29]. Among the

most reported PPRGs, such as o-nitrobenzyls [30] and coumarins
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Fig. 1. Molecular design of the photo-responsive fungicides. NV-PHE and DEACM-PHE could undergo the release of PHE by UV light (365nm) and blue light (470nm),

respectively.

Fig. 2. UPLC traces and peak area changes of NV-PHE and DEACM-PHE in aqueous methanol (4× 10−5 mol/L) after exposure to UV or blue light. (A) Overlaid UPLC chro-

matograms of NV-PHE at several intervals of irradiation with 365nm light (the dark line marked ‘0 min’ refers to the fresh prepared NV-PHE, and the light blue line marked

‘300 min’ represents the final released state). (B) Peak area changes of PHE released from NV-PHE under continuous 365nm light. (C) Peak area changes of PHE released

from NV-PHE under discontinuous 365nm light. (D) Overlaid UPLC chromatograms of DEACM-PHE at several intervals of irradiation with 470nm light (the dark line marked

‘0 min’ refers to the fresh prepared DEACM-PHE, and the brown line marked ‘110 min’ represents the final released state). (E) Peak area changes of PHE released from

DEACM-PHE under continuous 470nm light. (F) Peak area changes of PHE released from DEACM-PHE under discontinuous 470nm light.

[31], we incorporated 4,5-dimethoxy-o-nitrobenzyl (NV) and 7-

diethylaminocoumarin (DEACM) into PHE and synthesized novel

PPRGs-PHE. We expected the new photo-responsive fungicides

would take advantages of PPRGs, and realize precise delivery of

PHE.

PHE provides an amine part which could allow the instal-

lation of NV and DEACM. Therefore, NV-PHE and DEACM-PHE

were designed as shown in Fig. 1. The synthetic routes were

shown on Scheme S1 (Supporting information). NV-PHE was ob-

tained via a two-step synthesis including esterification and ester-

amide exchange reactions. DEACM-PHE was generated via oxida-

tion, reduction, esterification and ester-amide exchange reactions.

All compounds were charactered with 1H NMR, 13C NMR and

HRMS.

Photophysicochemical properties of NV-PHE and DEACM-PHE

clearly illustrated the feasibility for optical control release of active

molecule PHE. NV-PHE was sensitive to UV light while DEACM-PHE

answered to blue light rapidly. UV absorption spectra of PHE, NV-

PHE and DEACM-PHE could be found in Fig. S1 (Supporting infor-

mation). The maximum absorption wavelength of 288nm referred

to PHE while the 295nm corresponded to NV-PHE and DEACM-

PHE. The 295nm absorption decrease and shifting-to-288nm both

indicated the release of PHE. The UV absorption spectra variations

could not be changed after 150-min UV light and 30-min blue

light irradiation on NV-PHE and DEACM-PHE, respectively. The UV–

vis spectrometer analysis suggested the cleavages of NV-PHE and

DEACM-PHE and the generation of PHE.

In order to quantitively validate whether PHE could be released

from NV-PHE and DEACM-PHE by light, UPLC was used to analyze

the photolysis of NV-PHE and DEACM-PHE. The peak area changes

of NV-PHE and DEACM-PHE could be clearly observed in Fig. 2.

The peak area of PHE increased while that of NV-PHE and DEACM-

PHE decreased, interpreting that PHE could be generated under the

illumination of NV-PHE or DEACM-PHE. As shown in Fig. 2 and
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Fig. 3. The in-vitro fungicidal activity of NV-PHE and DEACM-PHE against Fusar-

ium graminearum before and after irradiation. The inhibitory rates were 58% for

(A-Light) at 5.5 μmol/L, 9.33% for (A-Dark) at 44 μmol/L, 64% for (B-Light) at

1.3 μmol/L, 11.11% for (B-Dark) at 40 μmol/L, respectively.

Table S1 (Supporting information), 44% and 98% PHE could be

photo-released from NV-PHE and DEACM-PHE after 300-min and

110-min irradiation, respectively. Remarkably, about 50% PHE

would be released from DEACM-PHE if exposing to blue light

for 20min. We speculated that the releasing rates might have a

positive correlation with the following bioactivity. The photoly-

sis of NV-PHE and DEACM-PHE belonged to first-order kinetics,

and the photolysis half-lives of the two compounds were 34.6min

and 18.7min, respectively. Moreover, the light might be the only

responsive factor for releasing PHE from NV-PHE and DEACM-

PHE. Because no hydrolysis was detected when the NV-PHE and

DEACM-PHE were respectively stored in darkness for 300min and

110min, and the release could be paused if taking light off. The

precise delivery of PHE could be realized, and the releasing amount

of PHE depended on the duration and intensity of light.

NV-PHE and DEACM-PHE were further evaluated with the in-

vitro and in-vivo fungicidal activities against Fusarium graminearum.

As our previously reported [32,33], mycelial growth rates measure

and leaf-dipped method were used in our biological assay. The de-

tails could be found in Supporting information. The results were

depicted in Figs. 3 and 4, Fig. S2 and Tables S2 and S3 (Supporting

information). The in-vitro assay was firstly carried out by method

of mycelial growth rates. The non-irradiated NV-PHE and DEACM-

PHE either exhibited extremely low fungicidal activity. In Table S2,

NV-PHE at 44 μmol/L and DEACM-PHE at 40 μmol/L showed in-

hibitory rates of 9.33% and 11.11% against F. graminearum, respec-

tively. After illumination with UV light or blue light, NV-PHE and

DEACM-PHE displayed EC50 of 4.4 μmol/L and 0.96 μmol/L against

F. graminearum, respectively. In addition, no fungicidal activity was

observed after dosing with PRPGs including NV and DEACM. In

comparison to the direct use of PHE (EC50 =1.4 μmol/L), the optical

control-release manner really worked and retained high fungicidal

activities. As shown in Fig. 3, the inhibition patterns of mycelium

growth exhibited great difference before and after photo-releasing.

The irradiated DEACM-PHE showed higher activity than the irra-

diated NV-PHE, corresponding to our previous speculation in the

correlation of photo-releasing rates and bioactivity. Thus, DEACM

would be a more effective PRPG than NV in optical controlled re-

lease of fungicides.

Next the in-vivo fungicidal assay was performed by leaf-dipped

method. Fig. 4 gave the inhibition bar graph with five gradient con-

centrations of the target compounds. As for every concentration

of the photo-responsive fungicides both in dark and light, differ-

ence analysis was conducted using the GraphPad Prism software

and most of them showed significant difference at P<0.0001 level.

Table S3 presented the results of EC50 and EC90 against F. gramin-

earum. It seems to be similar for the control effect of the irradi-

ated DEACM-PHE (EC50 =0.38mmol/L, EC90 =1.1mmol/L) and PHE

(EC50 =0.33mmol/L, EC90 =1.0mmol/L). Besides, Fig. S2 visibly re-

vealed the inhibition effect of the irradiated DEACM-PHE against

F. graminearum. The results indicated that the optical controlled

release of PHE from DEACM-PHE worked well. Because the irra-

diated DEACM-PHE retained the similar fungicidal activity of PHE,

and DEACM-PHE in dark and light exhibited significant difference

in control of F. graminearum.

In conclusion, we synthesized two types of photo-responsive

fungicides by introducing PRPGs into PHE. The caging PHE could

be optical released, and inhibited the mycelial growth of F. gramin-

earum in vitro and in vivo. In dark, photolysis of NV-PHE and

DEACM-PHE could not be occurred, resulting in very poor or no

fungicidal activity. Interestingly, DEACM-PHE showed more potent

photo-releasing efficiency than NV-PHE. For example, the higher

photo-releasing rate of PHE, the more excellent in-vitro or in-vivo

fungicidal activity, and the significant activity differences between

treatments in dark and light. Therefore, the optical controlled re-

leases of PHE from NV-PHE and DEACM-PHE were achieved at

space and time precision. The results provided a new direction in

development of CRSs. Thereinto, DEACM might be a more effective

photo cage for further explorations on other chemical pesticides

and tend to be attempted in agricultural applications.
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Fig. 4. The in-vivo fungicidal activity of NV-PHE, DEACM-PHE and PHE against Fusarium graminearum before and after exposing to light. (A) The inhibitory rates of NV-PHE

against Fusarium graminearum under dark (gray bar) and UV light (violet bar). (B) The inhibitory rates of DEACM-PHE against Fusarium graminearum under dark (gray bar)

and blue light (blue bar). (C) The inhibitory rates of PHE against Fusarium graminearum. Each concentration was repeated with three replicates. ∗∗P < 0.01; ∗∗∗P <0.001;
∗∗∗∗P < 0.0001; ns, P > 0.5.
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