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A B S T R A C T   

Directly constructing nanoparticles through the self–assembly of natural small molecules in aqueous media 
presents many opportunities for crop protection; however, this special strategy is hindered by the lack of simple 
and cost–effective preparation methods to date. Herein, we report a facile strategy for constructing multifunc-
tional natural nanocapsules for treating plant diseases based on the special coassembly of natural small organic 
molecules and inorganic nanoparticles. In aqueous conditions, uniform curcumin nanocapsules (ZnO@Cur) are 
assembled through electrostatic interactions, coordination effects and hydration effects as mediated by trace of 
nanoscale zinc oxide. The nanocapsules obtained can be further modified to enhance stability by introducing a 
polydopamine coating (ZnO@Cur@PDA). The antibacterial activity of ZnO@Cur@PDA against plant-pathogenic 
bacteria was better than that of curcumin, ZnO NPs, ZnO@Cur and zinc thiazole in vitro. The nanocapsules 
effectively kill plant–pathogenic bacteria via tight binding to the bacterial surface, inducing reactive oxygen 
species accumulation and disrupting bacterial cell walls. ZnO@Cur@PDA display strong activities against rice 
bacterial blight with protective activity of 64.0 % and curative activity of 62.2%, which is much better than 
commercial drugs bismerthiazol (protective activity of 33.0 % and curative activity of 38.4%) and zinc thiazole 
(protective activity of 38.6 % and curative activity of 31.8%). ZnO@Cur@PDA display adequate washing 
resistance, and low rice plant toxicity; furthermore, they are degradable. Additionally, both the inner cavities and 
outer surfaces of nanocapsules bear abundant sites and spaces that can be further tuned for loading other 
pesticide molecules or flexible construct complex multifunctional nanoparticles. Our study should encourage 
further development in the coassembly of organic and inorganic materials via green processes for effective and 
tunable nanopesticides.   

1. Introduction 

Nanomaterials with applications in sustainable agriculture and 
global food security continue to receive considerable attention [1–6]. 
Nanopesticides usually have higher overall efficacy against target or-
ganisms and lower toxicity toward nontarget organisms than conven-
tional pesticides [1,7]. However, large amounts of organic solvents, 
surfactants and other additives are still required to prepare nanoscale 
pesticides by top–down methods, such as wet milling, emulsification and 

high–pressure homogenization [8–13]. Despite reports on numerous 
bottom–up methods for creating new nanomaterials, most of these 
methods are designed without sufficient considerations of the specific 
properties needed for pesticide applications [14–16]. Some methods for 
constructing nanopesticides involving complex processes and costly (or 
toxic) materials are far from ideal for obvious reasons, such as high costs 
and negative environmental consequences [17]. Therefore, new strate-
gies that allow facile and green access to multifunctional nanoparticles 
from inexpensive and nontoxic materials are of immediate significance. 
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Natural small molecules and their derivatives have long been used as 
pesticides to help reduce crop yield losses caused by pests, pathogens, 
and weeds [18–35]. Natural small molecules often have particular 
chemical structure to achieve excellent biological activity in vitro. 
However, sometimes this can be a double–edged sword; for example, 
poor solubility and unsatisfying stability of some natural products lead 
to poor efficacy in vivo. Interestingly, this contradiction can be trans-
formed into synergistic effects through morphological transformations. 
For example, the directed self–assembly of herbal small molecules into 
sustained release hydrogels is achieved to achieve long–lasting effects 
and minor cytotoxicity in the treatment of neural inflammation or tu-
mors [36,37]. Baicalin (BA) and sanguinarine (SAN) can directly self-
–assemble through non–covalent bonds such as electrostatic attraction, 
π–π stacking, and hydrogen bonding to form a carrier–free binary small 
molecule BA–SAN hydrogel, which exhibits a synergistic inhibitory ef-
fect on Methicillin–resistant Staphylococcus aureus [38]. Berberine 
hydrochloride (BBR) and curcumin (CM) can be assembled into sub-
micron particles by noncovalent interactions through solvent exchange 
method, and the submicron particles exhibit synergistic antimicrobial 
activity [39]. Controlled self-assembly of natural small molecules can 
produce supramolecular architectures with distinct structural features to 
acquire significant performance. Although there are fewer cases of crop 
protection, self–assembling natural nanoparticles formed by natural 
small molecules without structural modification is a suitable method for 
constructing nanopesticides due to their wide availability, multi-
–responsiveness, easy degradability, simple processing, and relatively 
low production costs [40]. 

However, directly constructing nanopesticides through the self-
–assembly of natural small molecules in aqueous media is hindered by 
the lack of sufficient knowledge about the ability of natural small mol-
ecules to self–assemble to form multifunctional materials. One of the 
challenges is that unmodified natural small molecules are difficult to 
assemble directly into uniform, stable nanomaterials in water without 
adding enormous amounts of organic solvents, surfactants, and coas-
sembled molecules. Another challenge is to endow natural nanoparticles 
multifunction in crop protection, such as high adhesion to plant leaves, 
adequate washing resistance, permeability, and degradability. Obtain-
ing such nanoparticles usually requires complex preparation methods. 
For example, curcumin is a small–molecule natural product with a wide 
range of antineoplastic, antimicrobial, and antioxidant activities that 
can be obtained in large quantities at low prices from edible plants of 
Curcuma longa species. Unfortunately, the direct application of curcumin 
was hindered due to its low water solubility, instability at neutral and 
alkaline pH, low bioavailability, and rapid elimination. Curcumin is 
rarely used to control plant diseases due to its unsatisfactory physical 
and chemical properties. Research demonstrated that the water solubi-
lity and antimicrobial activity of nanoscale curcumin markedly 
improved [41]. Converting unmodified curcumin into well–ordered 
nanostructures is challenging because curcumin easily aggregates in 
pure water. Conventional methods for obtaining curcumin nanoparticles 
typically involve using large amounts of organic solvents, surfactants, 
and other additives that induce the desired supramolecular interactions 
[39,42–44]. Methods have been developed to assemble curcumin into 
hybrid organic − inorganic nanoparticles using metal ions from metal 
salt precursors, amino acids, and cosolvents [45]. Comprehensive 
studies by Stenzel and coworkers have shown that curcumin assembles 
into capsules of 100–150 nm in size in the presence of a significant 
excess of fructose [46]. These studies provide insightful guidance for 
assembling curcumin into nanopesticides. However, surfactants and 
organic molecules involved in these protocols through coassembly pose 
obstacles to their practical applications in agriculture. 

In this paper, a unique organic–inorganic hybrid method is proposed, 
which allows the facile and bulky preparation of multifunctional cur-
cumin nanocapsules in water at room temperature. Organic/inorganic 
hybrid materials exhibit excellent functional properties for catalysis, 
energy storage devices, and biomedical purposes in terms of 

composition, structure, and morphology [47–49]. Synthetic methods for 
organic/inorganic hybrid materials include surface modification, self-
–assembly, metal–organic frameworks (MOFs), physical blending, and 
in situ deposition [47]. Typically, the surfaces of inorganic nanoparticles 
can be modified by physical (adsorption) and chemical (grafting) 
methods. However, these methods often involve organic solvents or 
heating and are inefficient in drug loading for small organic molecules. 
In addition, we need to consider the harmful effects of excessive metal 
exposure on non–target organisms. As a suitable model, natural nano-
capsules containing trace metals are more flexible than nanospheres in 
constructing multifunctional nanoparticles. Specifically, this advantage 
is to use the less raw material to construct more nanoparticles with 
drug–loading cavities and modified nanoshells. In this study, we found 
that trace amounts of metal-based inorganic nanoparticles in water can 
alter the colloidal stability of curcumin and prompt curcumin to 
assemble into nanomaterials with different morphologies (Scheme 1a). 
In addition, metal-based nanomaterials have been one of the most 
widely studied nanopesticides, including Ag-based NMs, Ti-based NMs, 
Cu-based NMs, and Zn-based NMs [1]. However, excessive environ-
mental exposure of these metal-based nanoparticles can cause side ef-
fects such as phytotoxicity and non-target toxicity [50–52]. 
Interestingly, trace amounts of nanometer zinc oxide (ZnO NPs) can 
regulate the assembly of curcumin, forming stable hybrid organic/ 
inorganic nanocapsules in aqueous media with multiple functions. 
Although extremely simple to prepare, the particular heterogeneous 
assembly process is complex, involving the balance of electrostatic in-
teractions, coordination effects, and hydration effects of nanoparticles, 
which ultimately homogenizing the curcumin system (Scheme 1b). 
Furthermore, our facile method without adding additives such as sur-
factants or other organic molecules has good ductility. The obtained 
nanocapsules can be further modified to enhance the photostability and 
thermal stability, antibacterial effect by introducing a polydopamine 
coating, and can be directly used as effective agents for controlling plant 
diseases. In addition, the nanocapsules reduce the direct exposure of 
ZnO NPs in the environment to reducing environmental toxicity. The 
natural nanomaterials with well-defined shapes and special composi-
tions have relatively excellent performance, including effective killing of 
plant–pathogenic bacteria both in vitro and in vivo, sufficient washing 
tolerance, and low rice plant toxicity, making them practically useful in 
crop protection (Scheme 1c,d). Additionally, both the inner cavities and 
outer surfaces of nanocapsules bear abundant sites and spaces that can 
be further tuned to load other pesticide molecules or flexibly construct 
complex multifunctional nanoparticles, making the nanocapsules 
widely used in controlling plant diseases or human diseases. This 
generalizable approach provides a novel platform for the design of 
nanopesticides. 

2. Materials and methods 

2.1. Materials 

ZnO NPs (99.8%, 50 ± 10 nm), ZnO NPs (99.8%, 90 ± 10 nm), TiO2 
NPs (99.8%, 40 nm), CuO NPs (99.5%, 40 nm), nano–silver (1 mg/mL, 
30–50 nm), tannic acid(ACS), chitosan oligosaccharides(Molecular 
weight ≤ 2000) and dopamine hydrochloride (98%) were procured from 
Aladdin Reagents Co., Ltd. (Shanghai, China). Glutathione (reduced, 
98%) and curcumin (98%) were purchased from Saen Chemical Tech-
nology Co., Ltd. (Shanghai, China), and 5,5–dithio–bis–(2–nitrobenzoic 
acid) (DTNB, Ellman’s reagent, 97.59%) was purchased from Shanghai 
Bide Pharmatech Co., Ltd. (Shanghai, China). Carboxymethyl chitosan 
(Degree of substitution ≥ 80%) was purchased from Shanghai Macklin 
Biochemical Technology Co., Ltd. Lead citrate (3%), uranyl acetate 
(1%), and osmic acid solution (1%) were procured from Beijing 
Zhongjingkeyi Technology Co., Ltd. (Beijing, China). Eponate 12TM 

resin, dodecenylsuccinic anhydride [3–(2–Dodecylen–1–yl)–dihy-
dro–2,5–furandione], N–methylaniline (NMA), and 2,4,6–tris 
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(dimethylaminomethyl)phenol (NMP–30) were obtained from Ted 
Pella, Inc. (Kanata, Canada). The hydrogen peroxide (H2O2) assay kit 
and propidium iodide (PI; 1 mg/mL) were procured from Beijing 
Solarbio Science & Technology Co., Ltd. (Beijing, China), and chlor-
omethyl–2′,7′–dichlorodihydrofluorescein diacetate, acetyl ester 
(CM–H2DCFDA) was purchased from Genmed Scientifics, Inc. 
(Shanghai, China). All the aqueous solutions were prepared using 
deionized (DI; 18.2 MΩ) water. 

2.2. Preparation of curcumin nanocapsules 

ZnO@Cur. The ZnO NPs (5.05 mg) were dispersed in double-
–distilled water (ddH2O; 100 mL) via ultrasonication for 30 min (240 W, 
40 KHz), and 9.9 mL of this solution was placed in a sample bottle (10 
mL), to which 100 μL curcumin solution (DMSO, 20 mg/mL) was added 
dropwise with gentle stirring (200 rpm) to achieve a final curcumin 
concentration of 200 μg/mL. The experiment was repeated with various 

Scheme 1. Assembly of curcumin in water mediated by inorganic nanoparticles (a). ZnO NPs mediated the assembly of curcumin nanocapsules by tradeoffs with the 
salting–out effect and coordination effect of Zn2+ on curcumin assembly in water (b). Possible antibacterial mechanism of curcumin nanocapsules in vitro(c) and in 
vivo(d). 
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concentrations of ZnO NPs or curcumin. 
ZnO@Cur@PDA. After ZnO@Cur assembly for 5 min, 80 μL of tris 

base (6 mg/mL, H2O) and 80 μL dopamine (10 mg/mL, H2O), were 
added to 10 mL of ZnO@Cur colloidal solution with gentle stirring (200 
rpm) in turn, then polymerized for 8 h in dark at room temperature. The 
colloid solution was filtered by the filter membrane(0.2 μm), then the 
filter cake was washed three times with ddH2O, after freeze dring the 
sample was tested for characterization. 

ZnO@Cur@Ta–Fe. MPN coated ZnO@Cur were prepared according 
to a method in the literature [53] with modification. 5 μL TA solution 
(20 mg/mL) and 5 µL FeCl3⋅6H2O (5 mg/mL) were successively added to 
the 490 μL ZnO@Cur solution at room temperature followed by brief 
vortexing after each addition. Then adding 500 μL 3–(N–morpholino) 
propanesulfonic acid buffer (20 mM, pH 7.4), and the solution was 
thoroughly vortexed for 5 min. The obtained particles coated by the 
MPN were washed three times with water to remove excess materials by 
centrifugation (10000 rpm, 10 min). 

ZnO@Cur@Ta–Cs. 500 μL TA solution (20 mg/mL) and 500 µL 
Carboxymethyl chitosan (20 mg/mL) were successively added to the 10 
mL ZnO@Cur solution at room temperature followed by brief vortexing 
after each addition. Then the solution was stirred with gentle stirring 
(200 rpm) for 1 h at room temperature. The obtained particles coated by 
the Ta–Cs were washed three times with water to remove excess mate-
rials by centrifugation (10000 rpm, 10 min). 

ZnO@Cur@PDA–COS. 100 μL of chitosan oligosaccharide (20 mg/ 
mL, H2O) were added to 10 mL of freshly prepared ZnO@Cur@PDA 
colloidal solution with gentle stirring (200 rpm), then reacted for 2 h in 
dark at room temperature. 

ZnO@Cur@PDA–Nanozymes. 100 μL of 20 mM CuSO4, Ce(NO3)3, 
MnSO4 were added to 10 mL of freshly prepared ZnO@Cur@PDA 
colloidal solution with gentle stirring (200 rpm) respectively, then 
reacted for 8 h in dark at room temperature. 

Ag@Cur. 100 μL curcumin solution (DMSO, 20 mg/mL) was added 
dropwise to the nano–silver solution with gentle stirring (200 rpm) to 
achieve final nano–silver concentration of 50 μg/mL and final curcumin 
concentration of 200 μg/mL. 

Ag–ZnO@Cur. 100 μL of nano–silver solution(1 mg/mL) and 400 μL 
of curcumin solution (DMSO, 20 mg/mL) were mixed, and 100 μL of the 
mixed solution were added to the solution containing ZnO NPs (50 μg/ 
mL). 

2.3. Characterization 

High–resolution transmission electron microscopy (HRTEM; Talos 
F200C, FEI, USA) and field–emission scanning electron microscopy 
(FESEM; Nova NanoSEMTM 450, FEI, USA) were used to characterize the 
morphologies of ZnO@Cur and ZnO@Cur@PDA. In addition, EDS (Oc-
tane Super–A, EDAX Inc., USA) was used to characterize the element 
distribution of ZnO@Cur and ZnO@Cur@PDA, and XPS (Thermo Sci-
entific K–Alpha+, ThermoFisher, USA) was used to characterize the 
type, content, and valence of the surface elements of ZnO@Cur and 
ZnO@Cur@PDA. The crystalline structures of the nanoparticles were 
characterized using XRD (X’Pert Pro MPD, Nalytical, Netherlands); 1H 
NMR (BioSpin–AG–400 MHz, Bruker, USA), IR (Nicolet IS50, Thermo-
Fisher, USA), fluorescence spectrophotometry (FluoroMax®–4P, 
HORIBA, France), and UV–Vis spectrophotometry (UV–1900, Shimadzu, 
Japan) were used to analyze the variations in the molecular structure of 
curcumin before and after assembly. Furthermore, the hydrodynamic 
diameter of the nanocapsules and zeta potential of the colloidal solution 
were determined using multi angle particle size and high sensitive zeta 
potential analyzer (NanoBrookOmni, Brookhaven, USA). 

2.4. Bacterial cultures and antibacterial activity 

Xanthomonas oryzae pv. oryzae (Xoo) and Pseudomonas syringae pv. 
actinidiae (Psa) colonies were grown in a nutrient agar (NA) medium 

containing 10, 5, 1, 3, and 15 g/L of glucose, peptone, yeast extract 
powder, beef extract, and agar, respectively, and a bacterial monocolony 
was cultured in 25 mL of a nutrient broth (NB) medium containing 15, 
7.5, 1.5, and 4.5 g/L of glucose, peptone, yeast extract powder, and beef 
extract, respectively, followed by shaking at 220 rpm for 12 h at 28 ◦C. 
The bacterial concentration was approximately 1 × 109 colony–forming 
units (CFU)/mL (OD600 0.7–0.8), and a portion of the bacterial sus-
pension was further diluted using the NB medium so that the final 
bacterial concentration was 1 × 106 CFU/mL. The bacterial suspension 
(50 μL; 1 × 106 CFU/mL) was mixed with varying concentrations of the 
NPs dispersed solution (5 mL, the concentrations of ZnO@Cur or 
ZnO@Cur@PDA was (ZnO 3.125 μg/mL + curcumin 12.5 μg/mL) ~ 
(ZnO 50 μg/mL + curcumin 200 μg/mL)) in a 15 mL glass tube to 
achieve a final bacterial concentration of 1 × 104 CFU/mL. For the 
control experiment, sterilized PBS (pH = 7.2, 1% (V/V) DMSO) or Zinc 
thiazole (3.125–50 μg/mL) was used instead of the nanoparticles. 
Thereafter, the mix solution containing bacteria were incubated at 28 ◦C 
for 8 h, and 20 μL of this solution was smeared onto NA medium plates. 
The number of colonies–forming units (CFU) was counted and recorded 
after incubation at 28 ◦C for 48 h. For comparison, the antibacterial 
activities of zinc thiazole, curcumin, and ZnO NPs at varying concen-
trations were tested using the aforementioned method. To further 
confirm the antibacterial performance of the nanocapsules against Xoo, 
the bacterial concentration in the nanocapsule dispersion (50 μL 1 × 109 

CFU/mL bacterial suspension + 5 mL drug) was increased to 1 × 107 

CFU/mL. Moreover, the antimicrobial activities of these drugs were 
tested using the double dilution method using 96 well plates. Subse-
quently, 100 μL NB medium was added to each well, and 100 μL drug 
was added to the first well for uniform mixing. This solution (100 μL) 
was then added to the succeeding well, and this process was repeated 
until the fifth well; the excess 100 μL solution was discarded. Further-
more, PBS (pH = 7.2, 0.4 mM tris–base, 1% (V/V) DMSO) was added to 
the sixth well as the control group, and 10 μL of bacterial suspension (1 
× 109 CFU/mL) was added to each well. The 96–well plates were 
incubated at 28 ◦C for 48 h; all the steps of the experiment were per-
formed under aseptic conditions. 

(The colloidal solution of ZnO@Cur@PDA dialyzed against ddH2O to 
remove dopamine hydrochloride and tris–base, then the solution was 
used to test the biological activity.). 

2.5. Time–dependent inactivation efficiency of Xoo treated with the 
nanocapsules 

The bacterial suspension (50 μL, 1 × 106 CFU/mL) was mixed with 
sterilized PBS (pH = 7.2, 0.4 mM tris–base, 1% (V/V) DMSO), ZnO NPs 
(50 μg/mL), curcumin (200 μg/mL), ZnO@Cur (ZnO NPs: 50 μg/mL; 
curcumin: 200 μg/mL), and ZnO@Cur@PDA (ZnO NPs: 50 μg/mL; 
curcumin 200 μg/mL) in a 15 mL glass tube to achieve a final bacterial 
concentration of 1 × 104 CFU/mL; the suspensions were then incubated 
at 28 ◦C for 10, 30, 90, and 180 min, respectively. Thereafter, 20 μL of 
this solution was smeared onto NA medium plates, and the number of 
CFUs was counted and recorded after incubation at 28 ◦C for 48 h. 

Survival Rate(%) =
(
C(A) − C(B)

)/
C(A) × 100% (1)  

where C(A) and C(B) represent bacterial concentrations (CFU/mL) of the 
control and drug–treated groups, respectively. 

2.6. Glutathione elimination assays 

The thiol concentrations of glutathione (GSH) were quantified using 
Ellman’s assay, wherein 300 μL GSH (2 mM, ddH2O) and 400 μL phos-
phate buffer (0.1 M, pH 8.0, 1 mM EDTA) were mixed with 300 μL 
ZnO@Cur@PDA in an aqueous solution in a 2 mL brown centrifuge tube; 
this mixture was termed solution A. After incubating for 0–180 min at 
25 ◦C, 10 μL of the mixture and 10 μL of DTNB (40 mg/mL, phosphate 
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buffer: 0.1 M, pH 8.0, 1 mM EDTA) were added to 280 μL of phosphate 
buffer; this solution was termed Solution B. Thereafter, 100 μL of solu-
tion B and 1.9 mL phosphate buffer were transferred into a 2 mL 
colorimetric dish (solution C), and the UV–Vis spectrum was acquired 
using an ultraviolet and visible spectrophotometer (UV–1900, Shi-
madzu, Japan) to determine the maximum absorption wavelength. 
Subsequently, 200 μL of solution C was transferred into a 96–well plate, 
and the absorbance was monitored at 412 nm using a microplate spec-
trophotometer (BioTek Synergy H1, BioTek, USA). The phosphate 
buffer, curcumin, ZnO NPs, and ZnO@Cur were mixed with the GSH 
solution as a negative control. All assays were performed in triplicate. 

The concentration of GSH was calculated according to the following 
equation: 

GSH(mM) = ((A − A1)/(B − B1) ) × 2mM  

where A represents the absorbance of the sample at 412 nm, A1 repre-
sents the absorbance of the background sample without GSH mixed with 
DTNB at 412 nm, B denotes the average absorbance of the negative 
control at 412 nm, and B1 represents the background absorbance of the 
DTNB at 412 nm. 

2.7. Interaction of nanocapsules with the bacterial surface 

TEM analysis. Approximately 5 mL of the bacterial suspension (1 ×
109 CFU/mL) was centrifuged at 6000 rpm at 4 ◦C for 1.5 min. After 
discarding the supernatant, the bacteria were washed with 1 mL PBS 
thrice to remove the medium; finally, 1 mL PBS was added to resuspend 
the bacterial solution (5 × 109 CFU/mL). In addition, 100 μL of the 
bacterial solution was mixed with 5 mL of the drug solution and incu-
bated at 28 ◦C for 1 h and 4 h. Thereafter, 20 μL aliquots were dropped 
on a carbon film coated with a copper grid (200 mesh), dried with filter 
paper for 1 min, and stained with uranium acetate (1%) for 10 s. The 
excess uranium acetate was absorbed using a filter paper, and the 
samples were dried at room temperature, following which they were 
observed and photographed via TEM (Talos F200C, FEI, USA). 

SEM analysis. The bacteria were stabilized, rinsed with PBS, dehy-
drated in graded ethanol (30%, 50%, 70%, 90%, 100%, 100%), crit-
ical–point–dried using Leica CPD300, and gold–plated via ion sputtering 
(Cressington 108, Cressington, UK) successively before being observed 
via FESEM (Nova NanoSEM 450, FEI, USA). 

2.8. Destruction of the bacterial cell membrane by the nanocapsules 

The bacterial suspension was centrifuged at 6000 rpm for 1.5 min, 
and the supernatant was discarded. The cells were washed thrice with 
PBS to remove the excess medium and allowed to stand overnight in a 
glutaraldehyde (2.5%)–paraformaldehyde (4%) solution. The bacterial 
cells were washed five times with PBS to remove paraformaldehyde and 
glutaraldehyde and then postfixed for 1 h with osmium acid (1%). The 
samples were washed five times with PBS to remove osmium acid. After 
dehydration with an ethanol gradient (30%, 50%, 70%, 90%, 100%, and 
100%), the ethanol present in the samples was replaced by an acetone 
solution (50% (ethanol), 100%, and 100%) and successively permeated 
with 33%, 66%, and 100% epoxy resin acetone solutions. The samples 
were transferred to an embedding mold for polymerization, and the 
embedded blocks were sectioned into thin slices (70–90 nm thick slices) 
using a Leica EM UC7 ultramicrotome. After being stained with uranium 
acetate (1%) and lead citrate (3%), the samples were observed and 
photographed via TEM. 

2.9. Fluorescence microscopic analysis 

The bacteria were treated with the prepared drugs for 0.5, 1.0, and 
2.0 h, and the bacterial suspension was centrifuged at 6000 rpm and 4 ◦C 
for 1.5 min. Thereafter, the precipitate was washed thrice with PBS to 

remove the excess drug, and the bacterial cells were resuspended in 100 
μL PBS, followed by the addition of the PI solution (20 μg/mL, 10 μL) or 
CM–H2DCFDA (DCFH–DA, 10 μM, 2 μL), and incubated for 20 min at 
37 ◦C in the dark. The stained bacteria were centrifuged and washed 
thrice with PBS and observed using fluorescence microscopy (Olym-
pus–BX53, Olympus, Japan). 

2.10. In–Vivo assay for determining antibacterial activity 

The antibacterial activities of ZnO@Cur and ZnO@Cur@PDA against 
rice bacterial blight in vivo were evaluated [54]. The dispersive solutions 
of ZnO NPs, curcumin, ZnO@Cur, and ZnO@Cur@PDA were freshly 
prepared for use as test solutions. Zinc thiazole and bismerthiazol were 
diluted in a test solution of 50 mg/L as the positive control, and the same 
concentration of the solution without the compound was used as the 
negative control. Six–week–old rice plants (fengyouxiangzhan) were 
inoculated with Xoo using the leaf − cutting method. The curative ac-
tivity was tested according to the following steps, and the test solutions 
were uniformly sprayed on the rice leaves after inoculating with Xoo for 
24 h. The protective activity was similarly tested: the rice leaves were 
inoculated with Xoo after spraying the test solutions for 24 h. After 14 
d of cultivation in the greenhouse, the lengths of the rice leaf lesions 
were measured, and the antibacterial activities of ZnO@Cur and 
ZnO@Cur@PDA were calculated and analyzed using the corresponding 
disease index. Overall, the experiment was repeated thrice. 

2.11. Safety assessment of nanoparticles in rice 

Rice seedlings grown for 1 month were used for the toxicity tests. 
Approximately 80 rice plants in each pot (30 cm × 40 cm) were exposed 
to ZnO NPs (50 μg/mL), curcumin (200 μg/mL), ZnO@Cur (ZnO NPs 
(50 μg/mL), curcumin (200 μg/mL)), and ZnO@Cur@PDA (ZnO NPs 
(50 μg/mL)) for five consecutive days; ddH2O was used as the control, 
and three separate trials were performed for each treatment group. The 
average height, fresh weight, and dry weight of the above–ground parts 
of the plants were calculated after 1 month. Lastly, a one–way ANOVA 
and the least significant difference (LSD) or Games–Howell method were 
used to analyze all experimental data. 

2.12. Distribution and conduction of ZnO@Cur@PDA on rice leaf 
surfaces 

The rice plants at the tillering stage were sprayed with the nano-
capsules solution, and rice leaves were collected a day later. The fresh 
leaves on the plant were rinsed thrice with ddH2O and dried naturally. 
The samples of the drug spots and adjacent areas on the leaves were 
acquired with a hole puncher. In particular, the samples did not require 
any treatment and were directly observed in the low vacuum mode via 
SEM. A hole puncher was used to randomly sample an area of approx-
imately 1 mm2. The fresh leaves were adhered to the sample stage using 
a carbon conductive adhesive without dehydration, drying, or gold 
spraying. The sample surfaces were observed via SEM at low vacuum 
conditions with a Helix detector at 3 kV. In addition, the rice leaves were 
randomly cut in horizontal and vertical directions with a sharp dou-
ble–edged blade, and the punctured surfaces of the rice leaves were 
faced upward to allow them to adhere onto the sample stage with the 
carbon conductive adhesive. The distribution of the nanocapsules in the 
rice plant was characterized using SEM under low vacuum conditions 
with a Helix detector at 3 kV. The distribution of the nanocapsules on or 
inside the rice leaves was further confirmed via EDS (Octane Super–A, 
EDAX Inc., USA). 

2.13. Foliar distribution and washout resistance 

The rice leaves were sprayed with a 30 mL ZnO@Cur@PDA solution 
and dried naturally. The rice leaves were then cut off and adhered to a 
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glass slide with double–sided adhesive tape; subsequently, images were 
captured using a camera with a macro lens. The sample was adjusted to 
an angle of 30◦ to the plane, and the water drop was 20 cm away from 
the leaf surface. Thereafter, deionized water was allowed to flow at a 
speed of 20 mL/min for 10 min to wash the samples. After drying, the 
variations in drug traces on the rice leaves were compared before and 
after washing. In addition, 20 μL of the ZnO@Cur@PDA solution was 
sequentially dropped onto the rice leaves (area of 2 cm × 6 cm) at ten 
distinct points to prepare six parallel samples. After natural drying, three 
parallel samples were used for simulating rainwater washing, and three 
samples were used as controls. The dried leaves were cut into pieces and 
added to 2 mL ethanol for ultrasonic crushing and dissolution for 10 
min. The concentrations of the samples were determined using a high-
–performance liquid chromatography system (HPLC; 1260 Infinity II, 
Agilent, USA). The residual content was calculated using the following 
equation: 

Residual content(%) = (Cr/Cb) × 100  

where Cb and Cr denote the concentrations of the samples without 
washing and after washing, respectively. 

2.14. Statistical analysis. 

All the numerical results were calculated as mean ± standard devi-
ation. The significance was determined using Student’s two–tailed t −
tests and denoted by an asterisk (*, set at p < 0.05; **, set at p < 0.01; 
***, set at p < 0.001) unless otherwise stated. A one–way analysis of 
variance with LSD multiple comparison tests (p < 0.05) was performed 
to demonstrate the significant differences using SPSS 18.0. 

3. Results and discussion 

3.1. Interaction between curcumin and metal ions or inorganic 
nanoparticles in water 

Structurally ordered assemblies are generally created by highly 
synergetic intermolecular interactions in homogeneous system [55]. 
Nevertheless, the assembly method for organic–inorganic hybrid nano-
materials, including homogeneous assembly processes of metal phenolic 
networks (MPN) and heterogeneous assembly processes such as metal 
organic framework (MOF) or interfacial self-assembly of metal ions and 
small organic molecules at the organic–aqueous interface [56]. As far as 
we know, metal ions can change the solubility of small molecules in 
water, for example, metal ions can increase the solubility of small 

Fig. 1. The lowest precipitation concentration of different cations and the assembly morphology of curcumin (a). Inorganic nanoparticles mediated the assembly of 
curcumin in water–morphology diversity(b). 
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organic molecules through coordination effects or decrease the solubi-
lity of hydrophobic organic molecules through salting out effects. In this 
study, despite the anomalous results of Mg2+, in general, weakly hy-
drated cations were not conducive to the stability of curcumin colloidal 
solutions, whereas the low concentration of strongly hydrated cations 
improved colloidal stability due to the coordination effects (Fig. 1a, S1). 
In addition, curcumin can be assembled into nanoparticles with different 
morphologies in different cationic solutions. However, the ions are often 
not uniformly distributed in aqueous salt solutions due to the existence 
of cation and anion, together with the imbalance of salting out and 

coordination effect, it was difficult to acquire stable and uniform 
nanoparticles in the above cation solutions (Fig. S1d). 

Relative to metal salt precursors, metal-based nanoparticle disper-
sion in water provides coordination of metal ions and offers a weak 
hydration effect, creating multiple options for controlling the assembly 
of small molecules. The composition, morphology, size, and surface 
charge of nanoparticles affect the assembly process of curcumin in 
water. Briefly, the strong interaction between copper-based NPs (Cu 
(OH)2 NPs, Cu4(OH)6Cl2 NPs, and Cu3(PO4)2 NPs,) and curcumin in 
water resulted in rapid precipitation of curcumin in 30 min (Fig. 1b, S2). 

Fig. 2. Characterization of nanocapsules. TEM micrographs of curcumin (a), ZnO NPs (b), and ZnO@Cur (c) with uranyl acetate, the SEM image (d) and EDX 
elemental mapping results(d’) of ZnO@Cur. Dynamic light scattering (DLS) particle size distribution of curcumin in various concentrations of ZnO NPs (e), particle 
size distribution vs. time of pure curcumin (f) and ZnO@Cur (g). Zeta potentials of nanocapsules (h) for various concentrations of ZnO NPs. UV–Vis (i) and fluo-
rescence spectra (j) of the curcumin and ZnO NP mixture in water. XRD patterns (k) and survey XPS spectra (l) of pure curcumin, ZnO NPs, ZnO@Cur, and 
ZnO@Cur@PDA. FT–IR spectra (m) of the ZnO NPs, pure curcumin, and ZnO@Cur. 
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The precipitated material exhibited irregular nanoaggregates containing 
nanofilm structure with a uniform distribution of copper elements 
(Fig. S2e). Interestingly, silver nanoparticles as a medium can signifi-
cantly improve the solubility of curcumin (Fig. 1b, S3). TEM results 
show that smaller curcumin particles were formed, and a large propor-
tion of nanoparticles enclose the Ag NPs to form a core–shell structure, 
which may confirm the interaction between curcumin and silver nano-
particles [57]. The weak interaction between CuO NPs or TiO2 NPs and 
curcumin may be due to their difficulty in releasing free metal ions in 
water for curcumin coordination. As a result, curcumin formed nano-
particles of varying sizes in CuO NPs solution and irregular aggregates in 
TiO2 NPs solution. ZnO NPs are significantly different from other inor-
ganic nanoparticles in the assembly of curcumin in water. Firstly, ZnO 
NPs have smaller particle sizes and higher water dispersibility than 
copper-based nanoparticles. Secondly, the initial critical precipitation 
concentration (CPC) value of ZnO NPs (1 mg/mL, 12.3 mM) is about 12 
times that of Zn2+(1.0 mM) (Fig. 1a, S4). Adding a trace amount of ZnO 
NPs can effectively improve the colloidal stability of curcumin. Impor-
tantly, ZnO NPs can easily mediate the formation of regular and ordered 
nanocapsules of curcumin in water. 

Inorganic nanoparticles and small organic molecules are usually 
assembled at the liquid–solid interface, including physical (adsorption) 
and chemical (electrostatic interaction or coordination) processes. 
Nevertheless, curcumin cannot form a uniform coating on the surface of 
inorganic nanoparticles in water due to the hydrophobicity of the 
molecule. In previous work, the effect of inorganic nanoparticles on the 
assembly of hydrophobic natural small molecules in pure water was 
rarely discussed. Similar work focuses on the adsorption and floccula-
tion of inorganic pollutants in natural water by porous inorganic 
nanomaterials. However, due to the low concentration of pollutants in 
natural water, the interaction of small organic molecules at the interface 
of inorganic nanoparticles can be considered physical–chemical 
adsorption [58,59]. The interesting experimental phenomenon that ZnO 
NPs driven curcumin to be ordered nanomaterials prompted us to study 
the special heterogeneous assembly process in detail. 

3.2. ZnO nanoparticles mediate the assembly of curcumin nanocapsules in 
aqueous solution 

To commence our study, a simple process involving the dropwise 
addition of curcumin to a stirred aqueous dispersion of ZnO NPs at room 
temperature was developed. Gratifyingly, curcumin nanocapsules with 
sizes ranging from 40 to 296 nm and a medium size of 102 nm (Fig. 2c 
and S6–S10) were achieved; the nanocapsules showed remarkable sta-
bility in the dark for up to 1 month, whereas the aqueous solution of 
curcumin precipitated after 24 h (Fig. S11). The colloidal stability of the 
obtained nanocapsule was further investigated by various experiments, 
which were highly dependent on the concentrations of the ZnO NPs and 
curcumin in the aqueous dispersion (Fig. S13, S14). Initially, the pure 
curcumin solution in water readily formed a relatively uniform nano-
particle with a particle size of 167.6 ± 2.1 nm (Fig. 2f). However, the 
formed particles appeared to aggregate after standing for only three 
hours, which occurred due to the interaction of the large number of 
irregular nanoparticles (Fig. 2a, S12a). Intriguingly, significantly 
increased colloid stability was observed by the addition of trace amounts 
of ZnO NPs (0.0–50.0 μg/mL) to the curcumin solution (Fig. 2e, g; S15d). 
The average DLS particles size and polydispersity index(PDI) of the 
nanoparticles correlated with the concentration of the ZnO NPs and 
subsequently increased with an increase in the concentration. The 
nanoparticles have appropriate particle size and minimum change in 
particle size in 24 h at 50 μg/mL. Furthermore, ζ–potential tests were 
conducted by detecting the positive charges of ZnO NPs in aqueous so-
lution and the negative charge of the curcumin or ZnO@Cur colloidal 
solution. The zeta potential with highest absolute value, i.e., highest 
surface charge of the ZnO@Cur colloidal solution was obtained at a 
concentration of 50 μg/mL, which signified the highest stability of the 

colloidal solution (Fig. 2h). Ultraviolet–visible (UV–Vis) spectra illus-
trated that a constant maximum absorption wavelength was achieved 
with the addition of ZnO NPs, whereas unequivocal variations in the 
absorption intensity and peak shape were observed (Fig. 2i). In the 
visible band, the absorbance of the dispersed solution reached a mini-
mum value at a ZnO NP concentration of 50 μg/mL (Fig. S15a). 
Furthermore, the fluorescence spectra indicated that the addition of ZnO 
NPs (0–50 μg/mL) resulted in a faint blueshift from 575 to 567 nm, 
which typically indicated increased hydrophobicity and reduced polar-
ity. However, at higher concentrations ranging from 50 to 1000 μg/mL, 
ZnO NPs led to a bathochromic shift toward 591 nm as the concentration 
of ZnO NPs increased; this phenomenon implied increased hydrophi-
licity and hydrogen bonding accompanied by a reduction in the fluo-
rescence intensity (Fig. 2h; Fig. S15b). 

Next, we analyzed the components of the self–assembled nano-
particles produced under various conditions. X–ray diffraction (XRD) 
analysis revealed a new diffraction peak of the nanocapsule at 13.75◦

that did not pertain to curcumin or ZnO; three weak diffraction peaks 
pertaining to the (100), (002), and (101) planes of ZnO appeared at 
31.75◦, 34.44◦, and 36.25◦, respectively (Fig. 2k). The results showed 
that small amounts of unreacted ZnO NPs remained in the nanocapsules. 
Moreover, the nanocapsules displayed various diffraction peaks with 
other nanoparticles synthesized from Zn2+ or ZnO with curcumin, such 
as medi–MOF–1 [60], ZnO/curcumin nanocomposites [61], and 
sc–CCMOF–1 [62]. Energy-dispersive X-ray spectroscopy (EDX) map-
ping results revealed that the ZnO@Cur were composed of C, O, and Zn 
(Fig. 2d’, S16). X–ray photoelectron spectroscopy (XPS) studies showed 
that the distributions of zinc on the surfaces of the nanocapsules were 
relatively low, with an atom fraction of approximately 0.66% (Fig. 2l, 
S17). In the XPS C1s spectra of the nanocapsules, the peaks centered at 
248.8, 286.5, 287.9, 289.3, and 291.4 eV corresponded to C–C/C–H, 
C–O, C = O, C = C, and the π → π* satellite, respectively (Fig. S12) 
[63,64]. Relative to that in the XPS C1s spectrum of curcumin, the C = C 
content increased, the C = O content decreased, and the satellite peak of 
π → π* shifted toward low binding energy in the XPS C1s spectra of the 
nanocapsules. In the XPS O1s spectra of the ZnO NPs (Fig. S17), the 
binding energy at 530.3 eV was attributed to the oxygen ions (O2

–) in the 
crystal lattice, the 532.1 eV peak wase ascribed to the –OH on the sur-
face of ZnO, and the binding energy at 532.6 eV was attributed to the 
chemisorbed oxygen [65,66]. However, these three peaks disappeared 
in the nanocapsules, indicating that many ZnO NPs were not present 
around the nanocapsules. 

The Fourier transform infrared (FT–IR) results showed that the peak 
at 3506 cm− 1 was attributed to the –OH stretching of the phenol group, 
and the intramolecular hydrogen bonds disappeared in the nanocapsules 
(Fig. 2m). Certain peaks associated with the enol form varied signifi-
cantly, and the intensity of the δ(COH) peaks in the nanocapsules 
decreased considerably (1429 and 1376 cm− 1); additionally, the peak at 
1233 cm− 1 (δ(COH)) disappeared in the nanocapsules. The peak at 1603 
cm− 1, which was attributed to ν(C = O) in the nanocapsules, shifted 
toward 1588 cm− 1, thereby implying the relatively strong coordination 
of the carbonyl moiety [67,68]. Usually, the enol form of curcumin is 
more stable than the diketone forms due to the formation of stronger 
intramolecular hydrogen bonds. Moreover, several studies reported that 
the metal ions coordinating with the carbonyl and oxygen molecules on 
the enol group in curcumin formed more stable molecules than curcu-
min alone [69,70]. The hydrogen nuclear magnetic resonance (1H NMR) 
spectrum revealed that the enol peak appeared at 16.51 ppm in curcu-
min; however, this peak disappeared in the nanocapsules, which could 
have been caused by the coordination of Zn2+ with curcumin (Fig. S18) 
[45,68]. In particular, five groups of new peaks (ć, d́, é, f ́ and h́) 
attributed to the Zn–curcumin complex appeared in the 1H NMR spec-
trum of ZnO@Cur, further indicating that the nanocapsules consisted of 
curcumin and a Zn–curcumin complex (Fig. S5, S18). Combined with 
transmission electron microscopy (TEM) results, we deduced that small 
amounts of unreacted ZnO NPs were encapsulated (Fig. S19) and that 
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the shells on the surfaces of the capsules could have been composed of 
curcumin and the Zn–curcumin complex. 

3.3. Possible assembly mechanism of curcumin nanocapsules 

Extremely high or low concentrations of curcumin were not condu-
cive to the formation of nanocapsules (Fig. S14). The hydrophobicity, 

special symmetry, and conjugate structure of curcumin significantly 
contributed to nanocapsule formation. The hydrophobic nature of the 
phenyl rings of curcumin, along with the hydrogen bond formation 
ability of the side groups, is proposed to be the reason for the aggrega-
tion in water [71]. Interestingly, the assembly of nanocapsules failed 
under the same conditions using curcumin derivatives methylcurcumin, 
dimethylcurcumin, dihydrocurcumin, or tetrahydrocurcumin (Fig. 3a, 

Fig. 3. (a) Morphology of curcumin derivatives assembly in water. (b) Curcumin assembly into core–shell nanoparticles with the reverse addition order of reactants. 
(c) Effect of Zn2+ or ZnO NPs concentration on the assembly behavior of curcumin in water. (d) d-1 Interfacial assembly behavior of curcumin with ZnO NPs with 
different morphologies and sizes; d-2: SEM(CBS) images and EDX data of ZnO@Cur nanocapsules; d-3: EDX elemental mapping results of ZnO@Cur nanocapsules 
contact with unreacted ZnO NPs. (e) Possible assembly mechanism of ZnO NP–mediated curcumin to construct nanocapsules in water. 
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S20). Methylcurcumin solution has a certain colloidal stability, and the 
particle size is relatively uniform with the range of 60 ~ 400 nm; the 
nanoparticles are irregular nanoparticles, not nanocapsules. Due to the 
further enhancement of hydrophobicity of dimethylcurcumin, a large 

number of flocculent precipitates appear in its dispersible solution, and 
TEM showed that the precipitates are the aggregates of irregular nano-
particles. When the hydrophilic phenol hydroxyl group was successively 
replaced by the hydrophobic methoxy group, the polarity of the 

Fig. 3. (continued). 
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molecule decreases and the hydrogen bond donor is reduced, and the 
hydrogen bond network based on the phenol hydroxyl group is 
destroyed, making it difficult to form regular nanoparticles. When the C 
= C double bond of curcumin changes to C–C successively, the hydro-
phobicity of the molecule is enhanced. In addition, the number of 
rotatable bonds increased to improve the flexibility of the molecule. As a 
result, dihydrocurcumin formed nanoparticles with different shapes, 
and tetrahydrocurcumin showed the nanofilm structure. This phenom-
enon could be related to changes in the molecular hydrophobicity or 
molecular complexation toward Zn2+ ions. 

The desolvation of the hydrophobic surfaces of curcumin in dimethyl 
sulfoxide (DMSO) led to the formation of hollow aggregates because of 
the disruption of the hydrogen–bond networks in water. Comparatively, 
as a typical antisolvent regulation pattern of organic nanoparticles 
[72,73], after the addition of ZnO NP solution to the DMSO solution of 
curcumin (i.e., with the reverse added order), a wide range of nano-
particles formed in the solution as core–shell structures with larger sizes 
and poorer colloid stabilities (Fig. 3b). Therefore, the interactions of 
solute (curcumin), solvent (DMSO) and antisolvent (H2O) were impor-
tant factors in determining the assembly morphology of curcumin, and 
the antisolvent should always be in excess to acquire more stable 
nanocapsules [74]. In addition, the surface tension of the aqueous 
dispersion solutions did not vary significantly with different concen-
trations of the ZnO NPs (Table S1), which indicated that the formation of 
nanocapsules was independent of the surface tension of the system—a 
typical kinetic factor in self–assembly [45]. 

The assembly mode of the unique inorganic-organic hybrid nano-
particle was highly distinct from the conventional strategy driven by 
noncovalent forces between organic molecules or the ZnO/curcumin 
nanocomplexes prepared with surface functionalization, adsorption or 
coating. Relative to the system involving metal salt precursors, the 
coassembly of nanoparticles and curcumin often exhibited a gentler 
interaction force because of the differences (i.e., mobility, solvability, 
and hydration effect) between nanoparticles and metal ions. First, the 
dispersed phase of ZnO NPs in colloidal solution divided the aqueous 
solution into many tiny microenvironments. Moreover, the weaker in-
tensity of the Brownian motion of nanoparticles in colloids than that of 
the thermal motion of ions dramatically influenced the diffusion of 
curcumin in water (Fig. S21) and effectively reduced the aggregation of 
assembled particles. Second, the curcumin nanoparticle system showed 
an interesting salting–in effect at low concentrations of ZnO NPs while 
displaying a salting–out effect at high concentrations (Fig. 3c). At a 50 
μg/mL concentration of ZnO NPs, the TEM results demonstrated rela-
tively regular morphologies and uniform particle sizes for the formed 
nanocapsules. Other solutions at lower or higher concentrations failed to 
form uniform and regular nanocapsules. The key concentration effect 
wase explained by various hydration and coordination effects between 
Zn2+ ions and curcumin at different concentrations of ZnO NPs 
(Fig. S4–S5), which significantly affected the self–assembly process of 
curcumin. At the optimal 50 μg/mL concentration, the ZnO NPs featured 
a relatively weak hydration effect and gradually released Zn2+ ions in 
the system (Table S2), thereby offering comprehensive means to form 
nanocapsules by gentle coordination with curcumin through special 
interfacial interaction. The interfacial interaction between ZnO NPs and 
curcumin shell was confirmed by point and map scanning data of EDX. 
TEM and SEM data showed that fully dispersed ZnO NPs with small 
particle sizes (~50 nm) could drive curcumin to form uniform nano-
capsules. Black spots (TEM)or bright spots (SEM, backscattered electron 
(CBS) imaging) in nanocapsules may indicate that the nanocapsules 
contain ZnO or Zn-curcumin (Fig. 3d). However, curcumin was assem-
bled into nanocapsules with different sizes or even aggregates in the 
solution containing ZnO with large particle sizes (Fig. S22–S23). The 
interfacial fusion of ZnO and curcumin indicates the feasibility of con-
structing organic–inorganic hybrid nanomaterials in pure water. As a 
result, the addition of ZnO NPs perfectly balanced the interactions 
among zinc, curcumin, dimethyl sulfoxide, and H2O to provide simple 

and rapid access to ZnO@Cur nanocapsules with substantial stability 
(Fig. 3e). 

The traditional construction methods for nanocapsules usually use 
polymers or well–designed amphiphilic block molecules as raw mate-
rials, and these methods require a large amount of organic or inorganic 
materials as templates or to prepare precursor molecules via complex 
chemical modifications [75–80]. It will be a very useful strategy to 
construct high–activity nanocapsules with nontoxic natural small mol-
ecules as nano intermediaries. The assembly process of natural small 
molecules in water is usually relatively simple, and the phenomenon is 
unique and fascinating [55]. However, the self–assembly of natural 
small molecules in water is difficult to control in artificial systems 
[81,82]. For instance, the self–assembly of curcumin nanospheres or 
nanocapsules driven by coordination effects or noncovalent interactions 
usually requires a certain proportion of cosolvent or other organic 
molecules [45,46,69,83]. Herein, inorganic nanoparticles were used as a 
simple medium for regulating curcumin assembly into nanocapsules in 
water. Obviously, this simplified process without adding surfactants or 
other organic molecules is beneficial to industrial production. We stress 
that this simplicity of preparation does not imply the simplicity of the 
interactions between curcumin and ZnO NPs. The particular heteroge-
neous assembly process could be explained by the balance of electro-
static interactions, coordination effects, and hydration effects of the 
nanoparticles homogenizing the curcumin system. We further confirm 
that the homogenization effect is closely related to the composition, 
morphology, and particle size of metal oxide NPs. However, compared 
with other precursors, a suitable concentration of ZnO NPs with 
appropriate particle size is more conducive to the formation of curcumin 
nanocapsules. Fortunately, the method is simple and has good extensi-
bility. For example, copper–based nanoparticles were used to drive the 
construction of glutathione from disordered to ordered organ-
ic–inorganic hybrid nanocapsules (Fig. S24a). The formation of nano-
particles involves complex driving forces such as redox, coordination, 
and hydrogen–bond interaction effects on the interface of copper-based 
nanoparticles. Whereas, glutathione reacts with soluble Cu2+ to form a 
hydrogel in homogeneous system (Fig. S24c). The interfacial reaction of 
inorganic nanoparticles with organic nanoparticles was conducive to the 
metal ions incorporated into the nanocapsule system at room tempera-
ture to enhance the biological activity (Fig. S24b). Although the het-
erogeneous assembly process is unique, the method has shown broad 
application prospects in driving natural small molecules or synthetic 
molecules to construct nanoparticles in water. 

3.4. Template polymerization 

As a biologically interesting natural product, curcumin in the form of 
nanocapsules offers a unique platform for the preparation of bioactive 
nanoparticles or pesticide nanocarriers due to its colloidal stability, pH 
response characteristics and facile degradation (Fig. S25–27). However, 
curcumin nanocapsules are difficult to directly apply in crop protection 
due to their fragility and weak surface interactions with phytopathogens 
or plants (Fig. S28). Usually, the phenolic groups on the surfaces of 
nanocapsules enable further interactions with building blocks via non-
covalent interactions to construct multifunctional nanoparticles. To 
enhance the stabilities of the nanocapsules for practical application, 
chitosan, polydopamine (PDA) and metal–phenolic networks are suc-
cessfully coated on the surfaces of curcumin nanocapsules (Fig. 4a–c). 
Because curcumin is sensitive to organic solvents, strong acids and 
bases, it is difficult to obtain rigid coatings, such as silica and metal-
–organic frameworks. However, polydopamine–modified curcumin 
nanocapsules show improved uniformity and stability. Similar diffrac-
tion peaks for both ZnO@Cur@PDA and ZnO@Cur are observed in their 
XRD spectra (Fig. 2i). The distribution of trace nitrogen on the surfaces 
of the nanocapsules from the XPS spectra(Fig. 2l). EDS data clearly 
indicated the presence of the O, N, Zn (Fig. 4c5-8). The FTIR spectrum of 
ZnO@Cur@PDA (Fig. 2m) reveals the intensity of characteristic peaks 
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attributable to curcumin change to be weaker. The peaks between 1631 
and 1601 cm− 1 were associated with bending of N–H of the amine group 
in the PDA coating and stretching vibrations of C–C aromatic rings. 
These evidences further confirmed that curcumin was successfully 
encapsulated by PDA. In comparison to the ZnO@Cur particles, the 
PDA–coated nanoparticles (ZnO@Cur@PDA) feature greater diameters 
that are directly observed without negative staining (Fig. 4c-1, c-2, c-4) 
and a higher content of zinc on the shell (Fig. S17b). Additionally, the 
ZnO@Cur@PDA nanocapsules generate damaged hollow particles when 
the coated particles are immersed in ethanol to remove the curcumin 
template (Fig. 4c-3). The successfully prepared solution is a homoge-
neous and stable colloid with a blue–green or dark–green color 
(Fig. S29). Upon passing the solution through a 0.22 μm filter mem-
brane, the filtrate is clear, transparent and free of curcumin, and 
numerous nanocapsules are distributed on the filter cake (Fig. S30). The 
loading efficiency of curcumin in ZnO@Cur@PDA nanocapsules was 
64.71%±0.14%. As shown in Fig. S31, after 120 min of UV irradiation 
(256 nm, 100 μJ/cm2), the concentration of curcumin in the curcumin 
solution and ZnO@Cur solution degraded to 49.7% and 58.7% of the 

initial concentration, respectively. However, the concentration of cur-
cumin in the ZnO@Cur@PDA solution was only reduced by 4.5% of the 
initial concentration. The colloidal stability of the curcumin solution 
becomes worse after heating at 60℃ for 10 min, and the colloidal so-
lution appears flocculation. In contrast, ZnO@Cur and ZnO@Cur@PDA 
solutions maintained good colloidal stability after heating for 2 h. The 
concentration of curcumin in the curcumin solution and ZnO@Cur so-
lution degraded to 84.4% and 90.0% of the initial concentration, 
respectively. The concentration of curcumin in ZnO@Cur@PDA nano-
capsules was almost unchanged. The above results showed that the 
stability of the nanocapsules was significantly improved by coating with 
PDA. ZnO@Cur@PDA has a good prospect for controlling plant disease 
in the actual field environment. 

3.5. Antibacterial activities and mechanisms of ZnO@Cur and 
ZnO@Cur@PDA 

Curcumin nanocapsules are of considerable interest in crop protec-
tion because of their special compositions and ordered nanostructures. 

Fig. 4. (a) MPN (i.e., Fe(III)–TA)–coated ZnO@Cur particles (1: TEM image; 2:SEM image; 3–4: EDX elemental mapping data). (b)Polyphenol–carboxymethyl 
chitosan network–coated ZnO@Cur particles (1: TEM image; 2:SEM image; 3–4: EDX elemental mapping results). (c)Polydopamine–coated ZnO@Cur particles (1: 
Negative staining with 1% uranyl acetate; 2: Without negative staining; 3: Hollow structures after removal of the ZnO@Cur@PDA core; 4: Particle size distribution of 
ZnO@Cur@PDA; 5: SEM; 6–8: EDX elemental mapping results). 
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Xanthomonas oryzae pv. oryzae (Xoo) and Pseudomonas syringae pv. acti-
nidiae (Psa) are typical and important plant pathogenic bacteria. Due to 
the bacterial resistance and nontargeted toxicity characteristics of con-
ventional antibacterial agents, there is still a lack of effective alternative 
agents to control these bacterial diseases [84–88]. Strikingly, both 
ZnO@Cur and ZnO@Cur@PDA display significant inhibitory activity 
against Xoo and Psa in vitro, while curcumin alone shows negligible 
antibacterial activity (Fig. 5a–5c; S32–S35). When the bacterial con-
centration was ~ 1 × 104 CFU/mL, the minimal bactericidal concen-
trations (MBC) of curcumin, zinc thiazole, ZnO, ZnO@Cur and 
ZnO@Cur@PDA for Xoo were > 200, 25.0, 6.25, 6.25, and < 3.125 μg/ 
mL, respectively. The number of bacterial colonies obtained after 
treatment with the nanocapsules ((6.67 ± 0.76) × 102 CFU/mL) was less 
than that obtained after treatment with the ZnO NPs ((2.57 ± 0.30) ×
103 CFU/mL) at a concentration of 3.125 μg/mL (p < 0.01, t–test; Fig. 5a 
(2)), which demonstrated that the sterilization effect of the nano-
capsules was superior to that of the ZnO NPs. To further verify the 
sterilization effect of nanocapsules on Xoo, the bacterial concentration 
was increased to ~ 1 × 107 CFU/mL, the MBC of ZnO@Cur and 
ZnO@Cur@PDA for Xoo were 12.5 and 6.125 μg/mL, respectively 
(Fig. S31). A similar inactivation efficiency for Psa could be achieved 
using the nanocapsules, and ZnO@Cur and ZnO@Cur@PDA exhibited 
bactericidal activities superior to ZnO NPs and zinc thiazole at a con-
centration of 3.125 μg/mL(Fig. 5a(3)). The bacteriostatic activity of 
nanoparticles in nutrient medium were also carried out by broth dilution 
method on 96 microwell plate. Fig. S34 indicated that the MIC of Zinc 
thiazole, ZnO, ZnO@Cur, ZnO@Cur@PDA and curcumin against Xoo 
and Psa were both 25.0, 12.5, 6.25, 3.12 and > 100 μg/mL, respectively. 

The role of curcumin in the nanocapsule system is not only as a 
skeleton but also as an antibacterial ingredient Although curcumin has 
no apparent inhibitory activity on Xoo and Psa, this may be due to the 
low solubility of curcumin in pure water, which is easy to form disor-
dered aggregates in water, resulting in weak interaction between drugs 
and bacteria. (Fig. S53). Previous studies have suggested that increasing 
the solubility or decreasing the particle size of curcumin in water can 
improve its antibacterial activity [41,89]. Therefore, nanoscale curcu-
min (ZnO@Cur NPs) may play some positive role in antibacterial ac-
tivity via enhancing the interaction with bacteria. ZnO NPs is an 
essential component of nanocapsules, including encapsulated ZnO NPs 
and converted into Zinc-Curcumin complex in the shell. Although ZnO 
NPs have a strong antibacterial effect against Xoo and Psa, it is weaker 
than ZnO@Cur and ZnO@Cur@PDA nanoparticles. The addition of 
curcumin enhanced the bactericidal effect rather than reducing that, 
which revealed the synergistic effect of the two substances. SEM results 
revealed that the ZnO NPs did not interact much with the bacterial 
surface(Fig. S43); additionally, TEM images confirmed the absence of 
ZnO NPs around the bacteria(Fig. S38), whereas ZnO@Cur@PDA was 
uniformly distributed around the bacteria(Fig. 5c(3)-c(4), 5d(3); S39- 
S42). The antibacterial mechanism of the ZnO NPs may have involved 
the particle size effect, surface action, and the release of reactive oxygen 
species (ROS) and Zn2+, but the agglomeration of ZnO NPs in water or 
nutrient medium prominently diminished these effects. Consequently, 
the probability of contact with the bacteria decreased for the nano-
particles that inhibited the antibacterial effect. The number and surface 
area increased for the same mass of ZnO@Cur and ZnO@Cur@PDA if 
the nanoparticles were hollow capsules instead of nanospheres or 
irregular aggregates, because these stable and dispersive nanoparticles 
could create more opportunities to come in contact with the bacteria. 
This indicated that the aggregation forms of the drug molecules in water 
determined their biological activity. In addition, the experiment results 
of ROS accumulation, membrane potential change, and membrane 
damage confirmed that the interaction between ZnO@Cur and bacteria 
was stronger than that between ZnO NPs and bacteria. 

The distinct biological activities of the ZnO@Cur@PDA nano-
capsules might be attributed to two different pathways. First, the formed 
nanocapsules tend to closely bind with bacteria, probably due to the 

high chemical affinity between Zn2+ or coated PDA and the amino acid 
residues of the bacterial membrane (Fig. 5c; S38–S42) [90–92]. Conse-
quently, the contact interaction helps damage the outer and inner 
membranes of bacteria (Fig. 5d; S44–S50, S52;). A second mechanism 
involves decreased glutathione over time upon treatment with ZnO@-
Cur@PDA nanocapsules (Fig. 5b(2)–(3)). The consumption of gluta-
thione results in a burst of ROS in the bacteria since plant pathogenic 
bacteria, such as Xoo, have weak redox systems to remove exogenous 
ROS (Fig. 5b(1), Fig. S51), which ultimately leads to the death of the 
bacteria [93,94]. The strong adhesive and functionalization of the PDA 
coating enhances the interaction between bacteria and nanocapsules to 
improve the antibacterial ability. The excellent antibacterial effect of the 
nanocapsule is the result of the rational assembly of ZnO NPs, curcumin 
and polydopamine. Notably, we find a strong interaction between the 
nanocapsules and plant viruses, leading to the passivation effect of the 
nanocapsules on tobacco mosaic virus. Therefore, the strong surface 
interaction of nanoparticles is a key factor in the design of nano-
pesticides (Fig. S48). The detailed data, results analysis and discussion 
are given in S32–52. 

3.6. Controlling effect of ZnO@Cur and ZnO@Cur@PDA on bacterial 
blight in rice in vivo 

Notably, the PDA–coated ZnO@Cur@PDA nanocapsule features 
considerably improved protective and therapeutic activities against rice 
bacterial blight relative to ZnO@Cur and the commercial drugs bis-
merthiazol and zinc thiazole (Fig. 6b, S55). In particular, ZnO@-
Cur@PDA are affixed to the surface of the rice leaf as a protective film by 
the formation of many nanocapsules (Fig. 6a, S56–S61). The distribu-
tions of the nanocapsules do not show significant changes after washing 
with double distilled water (ddH2O, 20 mL/min for 10 min); the residual 
amount of nanocapsules still reaches 68.4% (calculated based on the 
curcumin content), as demonstrated in Fig. 6g. The substantial washing 
resistance of the nanocapsules might arise from the strong interactions 
of the nanoparticles with the rice leaf surface and the unique adhesion 
and water insoluble of the PDA coating. Furthermore, nanocapsules are 
detected in the rice leaves after spraying ZnO@Cur@PDA for 24 h 
(Fig. 6a, S62–63), implying that the nanocapsules may readily enter the 
rice plant through the leaf pores (Fig. S61), which might be the reason 
for the improvement in curative activity of the PDA–coated nano-
capsules. In addition, the wettability of the nanocapsules on the rice leaf 
surface can be effectively improved through adding trace amount of 
sodium dodecyl sulfate (SDS). SEM results revealed that the nano-
particles can be effectively dispersed on rice leaves, while their particle 
size and morphology are not significantly affected. (Fig. S65). 

3.7. Safety evaluation of ZnO@Cur and ZnO@Cur@PDA in rice plants 

ZnO@Cur@PDA is composed of ZnO NPs, curcumin, trace of Zn- 
curcumin and polydopamine. These substances have been widely used 
in food and biomedicine fields, and are all safe for humans and envi-
ronment [95–98]. The effects of nanocapsule exposure on the growth of 
rice plants were studied using a potted plant experiment in a green-
house. After spraying with a normal dose of ZnO@Cur and ZnO@-
Cur@PDA for 1 d, there was no significant variation in rice growth 
relative to that in the group treated with ddH2O (Fig. S66). Thus, we 
further investigated the safety of nanocapsules for rice plants under 
high − dose exposure. As shown in Fig. S67, the rice leaf tips turned 
yellow after treatment with curcumin, ZnO@Cur, and ZnO@Cur@PDA 
at normal doses for five consecutive days. This phenomenon probably 
occurred because a large amount of the drug covered the surface of rice 
leaves, thereby affecting photosynthesis. However, the growth of the 
rice plants recovered after terminating the drug treatment, and the drug 
residues on the surfaces of rice leaves disappeared after 1 month 
(Fig. S67). After nanocapsule exposure, the biomass of rice did not vary 
significantly from that of the control group, and it was greater than that 
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Fig. 5. Antibacterial activity of the nanocapsules (a): Agar plate photographs (1) and survival rates of Xoo (2) and Psa (3) treated with different drugs at the 
concentration of 3.125 μg/mL. Possible mechanisms for the potential antibacterial activities of ZnO@Cur and ZnO@Cur@PDA (4). ROS accumulation in bacteria (b): 
Fluorescence images of Xoo and Psa incubated with different drugs for 30 min and subsequently stained with CM–H2DCFDA, respectively (1); Glutathione elimi-
nation curves (2); Glutathione (GSH) could change the colloidal stability and morphology of ZnO@Cur@PDA (3). The surface interaction between the nanocapsules 
and bacteria (c): Effects of the bacteria and nanocapsule interactions on the zeta potential (1) and the colloidal stability (2) of the mixed solution; Representative TEM 
images of Psa cells exposed to ZnO@Cur (3) and ZnO@Cur@PDA (4) for 1 or 4 h. Nanocapsules caused bacterial cell membrane disruption (d): Fluorescence images 
of Xoo and Psa incubated with drugs for 1 h and subsequently stained with propidium iodide (PI) (1); (k) Representative TEM images and SEM images of Psa cells 
incubated with ZnO@Cur (2) and ZnO@Cur@PDA (3) for 1 h. The red arrow indicates the disrupted cellular membrane. (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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of the ZnO NP treatment group after 1 month (Fig. 6c). In addition, 
two–week–old rice seedlings were cultured in a ZnO@Cur@PDA solu-
tion for three consecutive days. The results indicated no inhibition of 
seedling growth relative to that in the control group (Fig. S68c). 
Furthermore, the taiphenol blue staining method was used to evaluate 
the toxicity of the nanoparticles on root cells; the stain did not enter the 
living cells, instead entering the dead cells and staining them blue. Thus, 
the roots treated with the nanocapsules were not dyed blue, signifying 
that ZnO@Cur and ZnO@Cur@PDA posed no evident toxicity to root 
cells within 72 h (Fig. S68c). Furthermore, the microstructure of the root 
tissue of rice was observed under an optical microscope. In contrast to 
that in the blank control group, the microstructure of the root tissue 
exhibited no significant variation after treatment with the nanocapsules 
for 72 h (Fig. S68b).Scanning electron microscopy (SEM) results 
revealed the attachment of numerous nanocapsules to the root surface 
that entered the root interior (Fig. 6d). Toxicological tests of ZnO@Cur 
and ZnO@Cur@PDA on rice plant and root cells showed their excellent 
biocompatibility and biodegradability properties (Fig. 6f). In the actual 
field application, ZnO@Cur@PDA nanocapsules will inevitably be 
irradiated by ultraviolet light or exposure to reactive oxygen species 
(ROS) and glutathione in plants, which leads to the nanocapsules 
degrading slowly rather than accumulating in plants [99–102]. On the 

other hand, the main components of nanocapsules have been confirmed 
that there are no significant side effects even if ingested directly into the 
body. Moreover, the main components of nanocapsules and their 
degradation products are very low in the plant, which has almost no side 
effects on biosafety. 

3.8. Functional expansion of curcumin nanocapsules 

The prospect of nanocapsules constructed by small–molecule natural 
products prompted us to construct multifunctional active nanoparticles 
for versatile applications (Fig. 7a). By using ZnO@Cur@PDA as a tem-
plate, we preliminarily established a hollow capsule–nanocase system 
ZnO@Cur@PDA/nanozymes and a chitosan oligosaccharide–encapsu-
lated nanocapsule delivery system ZnO@Cur@PDA–COS (Fig. 7c–d; 
S70–73). Notably, our protocol involved fewer raw materials and 
shorter synthetic steps compared with the preparation of nano-
zyme–loaded nanocapsule systems that use silica or polymers as tem-
plates [103]. Attempts to construct particular inorganic-organic hybrid 
nanoparticles by assembling natural small molecules, such as silver-
–loaded curcumin nanocapsules, also gave inspiring results (Fig. 7b; 
S74). In addition, a novel nanoparticle ZnO@Cur-Beb was constructed 
by the co-assembly of curcumin and berberine hydrochloride mediated 

Fig. 6. Representative SEM and EDS images of ZnO@Cur@PDA distribution on the surface of and inside the rice leaves (a). Antibacterial activity of nanocapsules in 
vivo (b): Lengths of the lesions on the clip–inoculated leaves measured on day 14 for the protective and curative activities of different drugs against bacterial blight in 
rice (1) Histogram of the therapeutic and protective activity data (n = 3; ANOVA; Tukey HSD; p < 0.05) (2). After five consecutive days of exposure to different 
drugs, the average plant height, average fresh weight, and dry weight of the shoot parts of the plants were calculated after 1 month (n > 30) (c). ZnO@Cur@PDA 
could adhere to the rice root surface and could travel via the root vascular system (d). ZnO@Cur@PDA can be completely degraded within 30 days (f). Distribution 
and residual rate of ZnO@Cur@PDA on the rice leaves before and after washing with ddH2O (g). 
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Fig. 7. (a) ZnO@Cur@PDA nanocapsules were used as templates to construct complex functional nanoparticles or pesticide delivery systems. (b) Ag–ZnO@Cur: 
Scheme and the topography characteristics of the curcumin assembled in the nanosilver dispersion solution (1); Scheme and the topography characteristics of the 
mixed solution containing curcumin and nanosilver assembled in the ZnO NP dispersion solution (2). (c) The colloid characteristics (1), morphology (2–4), particle 
size distribution (5), potential conversion (6) and infrared spectrum characteristics (7) of ZnO@Cur@PDA–COS. (d) Morphology (1, 2), element analysis in the 
microarea by EDS (3) and high–resolution Cu 2p XPS spectra (4) of Cu–ZnO@Cur@PDA; morphology (5, 6), element analysis in the microarea by EDS (7) and 
high–resolution Ce 2p XPS spectra (8) of Ce–ZnO@Cur@PDA; morphology (9, 10), element analysis in the microarea by EDS (11) and high–resolution Ce 2p XPS 
spectra (12) of Mn–ZnO@Cur@PDA. 
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by ZnO NPs. The ZnO@Cur-Beb NPs showed core–shell structure with an 
average particle size of 81.0 nm (Fig. S75). The loading efficiency of 
berberine hydrochloride of ZnO@Cur-Beb(mCur/mBeb = 1:1) was 
28.2%±2.45%. ZnO@Cur-Beb NPs can selectively release berberine 
hydrochloride in PBS solution at different pH values (Fig. S76–S77). 
These nanoparticles with multiple active sites may be widely used in 
controlling plant disease or human disease by synergistic action. 

4. Conclusion 

In summary, we have established a new strategy for the assembly of 
nature small molecules (curcumin) mediated by inorganic nanoparticles 
(ZnO NPs) in water to form multifunctional nanocapsules with anti-
bacterial activities against plant diseases. Our method has addressed the 
challenges in transforming unmodified small–molecule natural products 
such as curcumin into well–ordered nanostructures. The process is green 
and practical with low costs, meeting the environmental and economic 
expectations for pesticide applications. Detailed structural character-
izations and physical property investigations of our nanocapsules were 
conducted. Both in vitro and in vivo bioactivity studies and their mech-
anistic implications were performed. In addition to direct use as po-
tential nanopesticides, our multifunctional nanocapsules may also be 
further developed for the loading of other bioactive molecules to treat 
plant diseases. We expect our present work to open new avenues in 
turning natural small molecules into ordered structures for better per-
formance as (nano)pesticides via environmentally benign and cost-
–effective processes. 
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