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Abstract 

Background  One-pot synthesis of metal nanoparticles under ambient temperature and pressure using reducing 
and stabilizing materials from microbes is energy-effective and ecofriendly, but upstream extraction of biologi‑
cal raw materials and downstream purification of nanoparticles from bioreactors are laborious and expensive. To 
simplify the productive process for using metal nanoparticles as microbicides to control plant pathogens, we use 
an endospore-forming Bacillus biocontrol agent to produce the nano-microbicide and use the bacterial raw materials 
as bio-microbicides together with the nano-microbicide.

Results  Bacillus cells at the stationary phase form endospores and tolerate Ag+ and Ag nanoparticles (AgNPs), 
while the cell-free culture supernatant (CFCS) mediates the synthesis of AgNPs. AgNPs produced from the Bacillus 
culture and CFCS show similar physical, chemical, and electrical characteristics, and bactericidal and anti-biofilm 
activities. Moreover, the diluted products effectively protect the kiwifruit leaves from the infection of the pathogen 
Pseudomonas syringae pv. actinidiae.

Conclusions  This coproduction of bio-microbicide and nano-microbicide is a totally green one-pot synthesis process 
without extraction and purification and without production of waste and can be easily scaled up using the existing 
fermentation processing of Bacillus biocontrol agents. The application of the synergistic bio-microbicide and nano-
microbicide can effectively control the bacterial canker disease of kiwifruit plants.

Highlights 

•	 Endospore-forming Bacillus cells can tolerate metal and metal nanoparticles.
•	 Bacillus biocontrol agents can be used as bio-microbicides and to produce nano-microbicides.
•	 Coproduction of bio-microbicides and nano-microbicides is a solution of large-scale production of nano-micro‑

bicides.
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•	 Screening biocontrol Bacillus agents producing metal nanoparticle in bacterial culture is a key of this solution.
•	 Cooperation of  bio-microbicides and  nano-microbicides can effectively control the  bacterial canker disease 

of kiwifruit.

Keywords  Biocontrol, Green synthesis, Metallic nanoparticle, Nanopesticide, One-pot synthesis

Graphical Abstract

Introduction
Plant diseases cause enormous reduction in crop yield 
and quality and heavy burden of using pesticides in 
modern agriculture. Current plant disease management 
relies heavily on the use of chemical pesticides, which 
are compromised by resistance development from tar-
get pests and pathogens and environmental toxicity. 

Nanoparticles with at least one dimension in the range 
of 1‒100  nm have high surface-to-volume ratios and 
display exceptional physical and chemical properties 
compared with their molecular and bulk counterparts 
[50]. Metal and metal oxide nanoparticles have shown 
potent pesticide-activities through multiple mecha-
nisms and are hard for pests and pathogens to develop 
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resistance, leading to increased pesticide efficacy 
and durability and reduced dosage and risks and thus 
becoming one type of promising nanopesticides [3, 28, 
47].

Metal and metal oxide nanoparticles have been syn-
thesized by various physical and chemical methods, such 
as ultrasonication, microwave irradiation, thermal or 
laser ablation, electrochemistry, chemical reduction, and 
photochemical reduction, which have the disadvantages 
of requiring high energy, using expensive equipment 
or toxic chemicals, and producing less biocompat-
ible products [15, 35, 42]. Biological green synthesis of 
nanoparticles under ambient temperature and pres-
sure using ecofriendly reducing and stabilizing materials 
from microbes and plants without using toxic chemicals 
reduces health and environmental risks at source level, 
produces nanoparticles with higher stability and biocom-
patibility, and promotes the sustainable use of nanopar-
ticles [15, 35, 42]. Currently, the major bottleneck in the 
development and commercialization of biological green 
synthesis of nanoparticles is the large-scale production 
of nanoparticles, requiring not only large reactors to pro-
duce large-scale nanoparticles but also large facilities to 
prepare large-scale raw materials of biomass or cell-free 
extracts of microbes or plants and to purify nanoparticle 
products, the upstream and downstream processes which 
are laborious and expensive [15, 35].

Biological control using antagonistic microbes against 
pathogens and pests is an alternative to the application 
of chemical pesticides. Gram-positive endospore-form-
ing bacteria belonging to the Subtilis clade within the 
genus Bacillus [18] can produce multifarious secondary 
metabolites against broad plant pathogens and produce 
endospores resistant to heating and dryness for the for-
mulation of stable products, and thus are high-profile 
biocontrol agents [12, 44, 51]. Some of these biocontrol 
Bacillus strains or their culture filtrate or supernatant can 
mediate the synthesis of metal or metal oxide nanoparti-
cles having microbicidal and insecticidal activities [13, 21, 
24, 36]. Bacillus usually forms endospores in response to 
nutritional and environmental stresses [34]. Bacillus cells 
in cultures at the stationary phase under nutrient starva-
tion form endospores and probably become resistant to 
heavy metal ions (e.g., Ag+) and metal nanoparticles (e.g., 
silver nanoparticles, AgNPs). Likely, biocontrol Bacil-
lus cells in culture can survive after forming endospores, 
while the aqueous part of the culture containing Bacil-
lus-produced and -released extracellular reducing and 
stabilizing substances undergoes the synthesis of metal 
nanoparticles from metal solution or suspension; the 
survived biocontrol Bacillus cells and the Bacillus cul-
ture-mediated product of metal nanoparticles can work 

as synergistic bio-microbicide and nano-microbicide to 
control phytopathogens and plant diseases.

Bacillus amyloliquefaciens strain A3 is such an 
endospore-forming biocontrol bacterium that has antag-
onistic activities against broad-spectrum phytopatho-
genic fungi and bacteria [11, 22] and can produce and 
release substances mediating reduction of Ag+ to Ag0 and 
stabilization of AgNPs [21]. Its cell-free culture superna-
tant (CFCS) and CFCS-mediated AgNP product (AgNP–
CFCS) have shown synergistic antibacterial activities 
[21].

In this study, we chose the B. amyloliquefaciens strain 
A3 to produce the synergistic bio-microbicide and nano-
microbicide together to control the bacterial pathogen 
Pseudomonas syringae pv. actinidiae (Psa) causing the 
bacterial canker disease of kiwifruit plants. This study 
provides a solution to save the troubles of extraction, sep-
aration, and purification in the green synthesis of antimi-
crobial nanoparticles using cell-free extracts of bacteria 
by using endospore-forming Bacillus biocontrol agents to 
produce bio-microbicide and nano-microbicide together 
and use them together.

Materials and methods
Bacteria and media
Bacillus amyloliquefaciens strain A3 was isolated from 
rice seeds and has shown antagonistic activities against 
multiple phytopathogenic fungi and bacteria [11, 22]. Psa 
strains T6-1 and ML2-12 were isolated from bacterial 
canker stems of kiwifruit plants grown in Taizhou, China 
and cause the bacterial canker disease of kiwifruit plants 
[4].

Bacteria were cultured in a nutrient broth (contain-
ing sucrose 10  g, tryptone 10  g, peptone 3  g, and yeast 
extract 1 g per liter; pH 7.0) and on the solidified nutrient 
agar medium containing agar 15 g per liter.

Preparation of cell‑free culture supernatant (CFCS) of B. 
amyloliquefaciens
A single colony of strain A3 grown on the nutrient agar 
at 30 ℃ for 24 h was inoculated into the nutrient broth 
and cultured at 30 ℃ and 180 rpm for 24 h. The cell con-
centration of the bacterial suspension was measured by 
optical density (OD) at 600  nm (OD600) and adjusted 
to OD600 = 1 using sterile distilled water. One milliliter 
of the bacterial suspension at OD600 = 1 was inoculated 
into 100  mL of the nutrient broth in a 500-mL Erlen-
meyer flask and cultured at 30 ℃ and 180 rpm for 48 h. 
The culture of strain A3 appeared in orange red was 
centrifugated at 3050 g for 15 min; the supernatant was 
centrifugated at 10,000g for 10  min; then, the superna-
tant was used as CFCS. No bacterium in the CFCS was 
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confirmed by no bacterial growth after incubating 100 μL 
of the supernatant on the nutrient agar at 30 ℃ for 24 h.

Biosynthesis of AgNPs using CFCS (AgNP–CFCS)
Three milliliters of AgNO3 solution (100 mM) were 
added into the CFCS obtained from a 48-h culture in a 
500-mL Erlenmeyer flask to a final concentration of 3 
mM and then shaken at 180  rpm at 30 ℃ for 24 h. The 
nutrient broth (100 mL) containing 3 mM of AgNO3 in 
the 500-mL Erlenmeyer flask was used as control. The 
synthesis of AgNPs was indicated by color change from 
light yellow to dark brown [20] and then determined by 
UV–visible spectrometry. The dark brown colloid (1 mL) 
was diluted 30-time with Milli-Q water and scanned 
from 200 to 800  nm at 1  nm resolution using a Shi-
madzu UV-2550 spectrometer (Shimadzu, Kyoto, Japan). 
Standard AgNP (10‒15  nm) colloid (Aladdin Biochemi-
cal Technology, Shanghai, China) at concentrations from 
10 to 2  μg·mL−1 was prepared to establish the standard 
curve for the UV–visible spectrometry to determine the 
concentration of AgNPs; CFCS was used as blank to set 
the baseline of the UV–visible spectra. The AgNP–CFCS 
were purified via centrifugation at 27,200g for 10  min, 
washed twice with Milli-Q water and then freeze-dried.

Biosynthesis of AgNPs using B. amyloliquefaciens culture 
(AgNP‑culture)
Three milliliters of AgNO3 solution (100 mM) were 
added into 100 mL of the 48-h culture of strain A3 in a 
500-mL Erlenmeyer flask and then shaken at 180  rpm 
at 30 ℃ for 24  h. The nutrient broth (100 mL) contain-
ing 3 mM of AgNO3 in the 500-mL Erlenmeyer flask was 
used as control. The synthesis of AgNPs was indicated 
by color change from orange–red (color of strain A3) to 
light brown and then determined by UV–visible spec-
trometry. The AgNP-culture were purified by centrifuga-
tion of the bacterial culture at 3050g for 15 min and then 
centrifugation of the supernatant at 27,200g for 10 min; 
the pellet was washed twice with Milli-Q water and then 
freeze-dried.

Survive of endospore‑forming B. amyloliquefaciens 
exposing to AgNO3 and AgNPs
The numbers of alive bacterial cells in the 48-h culture of 
strain A3 and after the biosynthesis of AgNPs were deter-
mined by plating culture after serial dilution. After heat-
ing 5 mL of bacterial suspension in water bath at 80 ℃ for 
10 min, the numbers of heat-tolerant endospore-forming 
B. amyloliquefaciens cells in the 48-h culture and after 
the biosynthesis of AgNPs were determined by plating 
culture after serial dilution. Three plates were prepared 
for each dilution. This experiment was done twice.

Physical characterization of AgNPs
The size and morphology of AgNPs were observed by 
transmission electron microscopy. The purified AgNPs 
were ultrasonically dispersed in Milli-Q water to col-
loidal AgNPs at 100  μg∙mL−1. One drop of colloidal 
AgNPs was applied onto a carbon-coated copper grid 
and dried under a lamp. The AgNPs carried by the grid 
were observed with a JEM-1400 transmission electron 
microscope (JEOL, Tokyo, Japan). The diameters of 200 
arbitrarily selected AgNPs in micrographs were meas-
ured using the Nano Measurer 1.2 software developed 
by Department of Chemistry, Fudan University (https://​
nano-​measu​rer.​softw​are.​infor​mer.​com/1.​2/).

The crystalline nature of AgNPs was analyzed by 
X-ray diffraction spectroscopy. The AgNP powder was 
mounted on a film-coated glass slide and analyzed 
using a D8 Advance Diffractometer (Bruker, Karlsruhe, 
Germany) in the 2θ range from 0° to 90° with Cu-Kα 
radiation at 40 kV and 40 mA.

Chemical and electrical characterization of AgNPs
The Ag element of AgNPs was detected by energy-
dispersive X-ray spectroscopy. The AgNP powder was 
mounted on a double-sided adhesive conductive car-
bon tape. The Ag element was detected at 20  keV by 
an X-Max N energy-dispersive spectrometer (Oxford 
Instruments, Oxford, UK) attached to a Gemin-
iSEM 300 scanning electron microscope (Carl Zeiss, 
Oberkochen, Germany).

The functional groups responsible for the synthesis 
and stabilization of the AgNPs were detected by Fourier 
transform infrared (FT-IR) spectroscopy. The AgNP 
powder (1 mg) was mixed with KBr (100 mg) and com-
pressed to a thin pellet by hydraulic pellet press. The 
CFCS and the 48-h culture of strain A3 were freeze-
dried and ground to powders, which were also mixed 
with KBr and compressed to a thin pellet. The FT–IR 
spectra were recorded in the range of 500‒4000  cm−1 
with a resolution of 4  cm−1 using a Nicolet iS50FT–
IR spectrometer (Thermo Scientific, Madison, USA) 
and were interpreted using the table of Bruker infra-
red (Bruker Optics Inc., Billerica, MA, USA) and the 
absorption table of Libre Texts infrared spectroscopy 
(https://​chem.​libre​texts.​org/).

The zeta potential of the colloidal AgNPs was meas-
ured using a Malvern Zeta-sizer Nano ZS90 system 
(Malvern Instruments, Worcestershire, UK) at 25 ℃.

Bactericide assay for AgNPs against Psa
Psa strains were cultured in the nutrient broth to the 
mid-exponential phase and were adjusted with the 
nutrient broth to a suspension about 5 × 108 CFU∙mL−1.

https://nano-measurer.software.informer.com/1.2/
https://nano-measurer.software.informer.com/1.2/
https://chem.libretexts.org/
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The antibacterial activity of AgNPs against Psa 
growth was determined by monitoring bacterial OD600 
and detecting bacterial viability using live/dead staining 
of nucleic acids. In test tubes containing 4.8 mL of the 
nutrient broth, 0.6  mL of the suspension of Psa strain 
ML2-12 or T6-1 were added, and then 0.6 mL of sterile 
Milli-Q water (control), CFCS, 1 mM AgNO3 solution, 
0.1  mM colloidal AgNP–CFCS, or 0.1  mM colloidal 
AgNP-culture were added. The Psa cultures (6.0  mL) 
were shaken at 200 rpm and 30 °C for 24 h. Afterwards, 
200 μL of the cultures were transferred into wells of a 
96-well microplate and OD600 was measured using a 
SpectraMax Plus 384 spectrophotometer (Molecular 
Devices, Sunnyvale, CA, USA). The nutrient broth was 
used as blank. This experiment was done with six rep-
lications and repeated three times. Meanwhile, 200 μL 
of the cultures were transferred into the wells of glass 
Petri dishes for inverted microscopy and stained in 
dark for 15 min by nucleic acid dyes NucBeacon Green 
and propidium iodide from the ViaQuantTM Viabil-
ity/Cytotoxicity Kit for Bacteria Cells (GeneCopoeia, 
Rockville, USA). Stained bacterial cells were detected 
by confocal microscopy using an LSM780 laser scan-
ning confocal microscope (Carl Zeiss, Jena, Germany). 
Live cells stained by NucBeacon Green were excited at 
488 nm and detected at 500‒560 nm, while dead cells 
stained by propidium iodide were excited at 514 nm 
and detected at 580‒660 nm. This experiment was done 
with three replications and repeated once.

Anti‑biofilm assay for AgNPs against Psa
The anti-biofilm activity of AgNPs against Psa was deter-
mined by crystal violet staining of biofilm and propidium 
iodide staining of dead cells. In wells of a 96-well micro-
plate (Corning-Costar Crop., Corning, USA) containing 
90 μL of the nutrient broth, 10 μL of the suspension of 
Psa strain ML2-12 or T6-1 were added, and then 100 μL 
of sterile Milli-Q water (control), 20 μM colloidal AgNP–
CFCS, or 20 μM colloidal AgNP-culture were added. The 
Psa cultures (200 μL) were incubated 30 °C for 24 h. The 
nutrient broth was used as blank. Afterwards, the liq-
uid in the wells was removed and the wells were washed 
three times with distilled water.

Bacterial cells attached to the wells were fixed by 95% 
methanol (200 µL) for 15 min and then stained with 0.1% 
(w/v) crystal violet (200 µL) for 15  min at room tem-
perature. The wells were then washed thoroughly with 
distilled water and air-dried for 2  h. The crystal violet 
dye that stained the bacterial cells in the wells was dis-
solved with 33% (v/v) acetic acid (200 µL) and transferred 
to a fresh microplate. The absorbance of the crystal vio-
let solution was measured at 590  nm (OD590). This 

experiment was done with six replications and repeated 
three times.

Meanwhile, bacterial cells attached to the wells were 
stained by propidium iodide in phosphate buffer saline 
(200  μl) for 20  min and then were detached from the 
wells by sterile cotton swabs. The bacterial suspensions 
were analyzed by flow cytometry using a BD FACSVerse™ 
system (BD Biosciences, San Jose, USA). This experiment 
was done with three replications and repeated twice.

Assays on bio‑microbicide and nano‑microbicide 
against Psa
The potential of controlling the bacterial canker disease 
of kiwifruit plants by the bio-microbicide (strain A3 and 
CFCS) and nano-microbicide (AgNP-culture and AgNP–
CFCS) were tested with Psa strain T6-1 and detached 
leaves of kiwifruit plants (Actinidia chinensis var. deliciosa 
‘Hayward’). Healthy leaves were collected from 4-week-
old seedlings of the cultivar Hongyang. Detached leaves 
were surface sterilized by immersing in 70% (v/v) etha-
nol for 1 min and then 0.6% (w/v) sodium hypochlorite 
for 3 min, and washing six times with sterile water, and 
then were air-dried inside a clean bench. Psa strain T6-1 
was cultured in the nutrient broth to the mid-exponen-
tial phase and then cells were washed with sterile water 
and adjusted to a suspension about 5 × 108  CFU∙mL−1. 
The Psa suspension (0.6  mL) was sprayed over the air-
dried leaves and air-dried again inside a clean bench. 
The air-dried leaves sprayed with sterile water and then 
air-dried were used as non-inoculated control. CFCS 
containing the AgNP product and the strain A3 culture 
containing the AgNP product were diluted 20 times and 
200 times (containing about 0.01 mM AgNPs) with ster-
ile water and 1 mL of each dilution was sprayed over the 
air-dried leaves. The air-dried leaves sprayed with ster-
ile water were used as inoculated control. Each leaf was 
kept on two layers moistened filter papers inside a 15-cm 
Petri dish. The leaves were kept under 26 ℃, a 16-h light 
(210  μmol·m−2·s−1) and 8-h dark photoperiod, and 75% 
relative humidity in a growth chamber for 7 d. The per-
centage of Psa lesion area in leaves was calculated using 
the ImageJ software (https://​imagej.​net/​ij/). This experi-
ment was done with six replications and repeated three 
times.

Statistical analyses
All data are presented as mean ± SD (standard deviation) 
using Microsoft Excel 2019. One-way analysis of variance 
(ANOVA) test was done using the SPSS software version 
21 (SPSS, Chicago, USA) and the significance level was 
set at p < 0.05.

https://imagej.net/ij/
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Results and discussion
Most B. amyloliquefaciens formed endospores 
and survived after exposing to AgNO3 and AgNPs
The number of alive bacterial cells in the 48-h culture 
of strain A3 was 1.74 ± 0.04 × 109 CFU·mL−1 and 84% of 
the strain A3 cells (1.46 ± 0.06 × 109 CFU·mL−1) formed 
endospores and tolerated the heating at 80 ℃ for 10 min. 
Likely, strain A3 cells in the 48-h culture were at the sta-
tionary phase under a nutrient starvation and thus most 
cells formed endospores.

After exposing strain A3 cells to 3 mM AgNO3 and 
newly synthesized AgNPs for 24 h, about 87% of the 
strain A3 cells forming endospores survived and were 
able to tolerate the heating at 80 ℃ for 10 min. Clearly, 
most strain A3 cells survived after the biosynthesis of 
AgNPs.

Before using the strain A3 to produce bio-microbicide 
and nano-microbicide, we did a screening on 21 strains 
belonging to the Subtilis clade of the genus Bacillus [22] 
and found that all strains at the stationary phase formed 
endospores and tolerated Ag+ (3  mM) but, besides the 
strain A3, only two strains (B. amyloliquefaciens strain 
D29 and B. subtilis strain A15) [13] produced AgNPs 
from AgNO3 in the nutrient broth cultures. There-
fore, the coproduction of bio-microbicide and silver 
nano-microbicide mediated by the endospore-forming 
Bacillus requires a screening on the biocontrol Bacillus 
agents for the culture-mediated production of AgNPs 
(AgNP-culture).

AgNP‑culture and AgNP–CFCS display similar physical 
and chemical characteristics
UV–visible spectroscopy revealed the characteristic 
surface–plasmon–resonance peak of AgNPs at 411 nm 
and 413 nm produced in CFCS and culture of strain A3, 
respectively, despite their different colors (dark brown 
and light brown) in the liquid media (Fig. 1a, b).

A standard curve (y = 0.1667x–0.01945; R2 = 0.9981) 
was established for the quantification of AgNP concen-
trations using UV–visible spectroscopy, where x is the 
concentration of AgNP, y is the absorbance unit at the 
surface–plasmon–resonance peak. The concentration of 

AgNPs produced in CFCS was 199 μg·mL−1 (1.84 mM) 
and the yield was 61.4%.

Transmission electron microscopy showed that puri-
fied AgNP–CFCS and AgNP-culture were in spherical 
or nearly spherical morphology and the morphology 
appeared to be more defined in the AgNP-culture than 
the AgNP–CFCS (Fig. 1c, d). The average diameter of the 
AgNP–CFCS (6 ‒ 30 nm) and AgNP-culture (6‒28 nm) 
was 13.29 ± 0.26  nm and 11.10 ± 0.28  nm, respectively 
(Fig. 1e, f ).

X-ray diffraction spectra showed that the purified 
AgNP–CFCS and AgNP-culture had five character-
istic Bragg-reflection peaks (1 0 1), (1 1 1), (2 0 0), (2 2 
0), and (3 1 1) at 2θ values 32.20° and 32.21°, 37.99° and 
38.07°, 46.20° and 46.13°, 67.49° and 67.46°, and 77.14° 
and 76.71°, respectively (Fig. 1g, h). The X-ray diffraction 
spectra indicate crystalline planes of the face-centered 
cubic silver based on the standard powder diffraction 
card of Ag0 (JCPDS Card no. 04–0783) in the Joint Com-
mittee on Powder Diffraction Standards library. The 
unassigned peaks at 2θ values 27.79° and 27.80°, 54.89° 
and 54.78°, 57.25° and 57.30° (asterisks in Fig. 1g, h) may 
correspond to the biomolecules coating the AgNPs.

The average particle sizes of the AgNP–CFCS (13.34 
nm) and AgNP-culture (11.58 nm) can be calculated 
using the Debye–Scherrer formula: D = Kλ/(βCosθ), 
where D is the diameter of coherent diffraction domain, K 
is the Scherrer constant (0.94), λ is the X-ray wavelength 
(0.15406 nm), β is the full-width at half maximum of the 
X-ray diffraction peak, and θ is the diffraction angle cor-
responding to the lattice plane (1 1 1) [31]. The calculated 
average diameters of the AgNP–CFCS and AgNP-culture 
are close to the corresponding values measured from the 
electron micrographs (Fig. 1e, f ).

Energy-dispersive spectroscopy revealed typical opti-
cal absorption peak of Ag element at about 3 keV [20, 21] 
(Fig. 2a, b). The weight percentage of Ag in AgNP–CFCS 
and AgNP-culture is 55.0% and 64.6%, respectively. The 
second predominant element is C in AgNP–CFCS (22.4 
wt%) and AgNP-culture (13.2 wt%). The AgNPs also con-
tain Cl, O, and N from media and strain A3.

The presence of functional groups responsible for 
the reduction of Ag+ and the stabilization of AgNPs in 

Fig. 1  Physical characterization of silver nanoparticles (AgNPs) synthesized with Bacillus amyloliquefaciens strain A3. Cell-free culture supernatant 
(CFCS) was obtained from the culture of strain A3 grown in a nutrient broth for 48 h. AgNP–CFCS is AgNPs produced in the CFCS with 3 mM 
AgNO3 for 24 h. AgNP-culture is AgNPs produced in the 48-h culture with 3 mM AgNO3 for 24 h. a, b UV–visible spectra of AgNPs. c, d Transmission 
electron micrographs show spherical and nearly spherical AgNPs. e, f Histograms of the diameter distribution of the AgNP–CFCS and AgNP-culture 
in the micrographs. g, h X-ray diffraction spectra show the nanoscale size and crystalline nature of AgNPs. The five diffraction peaks (101), (111), 
(200), (220) and (311) at the respective 2θ degree 32.20° and 32.21°, 37.99° and 38.07°, 46.20° and 46.13°, 67.49° and 67.46°, and 77.14° and 76.71° 
correspond to the lattice plane values of the face-centered cubic silver. The unassigned peaks (asterisks) at 2θ degree 27.79° and 27.80°, 54.89° 
and 54.78°, 57.25° and 57.30° may correspond to the biomolecules coating the AgNPs

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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CFCS and the culture of strain A3 were identified by 
FT–IR spectroscopy. The FT–IR spectra of CFCS and 
the culture of strain A3 are similar. The FT–IR spectra of 
AgNP–CFCS and AgNP-culture are similar and largely 
like those of CFCS and the culture of A3 (Fig. 2c, d). The 
FT–IR spectrum of AgNP–CFCS shows absorption at 
wave numbers 3293, 2926, 1648, 1560, 1386, 1232, 1089, 
and 542  cm−1 (Fig.  2c). The FT–IR spectrum of AgNP-
culture shows absorption at wave numbers 3289, 2923, 
1640, 1535, 1391, 1232, 1063, and 542  cm−1 (Fig.  2d). 
The peak at 1232  cm−1 in AgNPs is distinct from those 
peaks and bands in CFCS and the culture of strain A3 
and is attributed to C–N stretching amine vibration. The 
bands around 3293 cm−1 and 3289 cm−1 are attributed to 
N–H stretching vibrations; the peaks at 2926  cm−1 and 
2923  cm−1 are attributed to C–H stretching vibrations; 
the peaks at 1648  cm−1 and 1640  cm−1 are attributed 

to -C = O carbonyl groups and –C = C stretching vibra-
tions; the peaks at 1560 cm−1 and 1535 cm−1 are attrib-
uted to metal carbonyls stabilizing AgNPs; the peaks at 
1386 cm−1 and 1391 cm−1 are attributed to NO3

− asym-
metrical deformation vibrations [7]; the bands around 
1089 cm−1 and 1063 cm−1 are attributed to C = O stretch-
ing vibrations; the band around 542 cm−1 is attributed to 
C–C skeleton vibration. These groups show the presence 
of peptides and polysaccharides in CFCS and the culture 
of strain A3 and suggest that these functional groups 
reduce Ag+ to synthesize AgNPs and bind to AgNPs to 
stabilize the nanoparticles.

Zeta potential, the electrical potential between the 
inner Helmholtz layer near a particle surface and the 
particle-suspended bulk liquid, indicates the potential 
stability of a colloidal system. Colloids with high zeta 
potential (positive or negative) are electrically stabilized, 

Fig. 2  Chemical characterization of silver nanoparticles (AgNPs) produced in the cell-free culture supernatant (CFCS) (AgNP–CFCS) and in the 
culture of Bacillus amyloliquefaciens strain A3 (AgNP-culture). a, b Energy-dispersive spectra show major chemical elements in AgNPs. cps/eV: count 
per second per electron-volt. c, d Fourier transform infrared spectra show functional groups responsible for the synthesis and stabilization of AgNPs
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preventing the particles from aggregation. The value of 
25 mV (positive or negative) can be used to separate low-
charged surfaces from highly charged surfaces [52]. The 
zeta potential of AgNP–CFCS and AgNP-culture were 
− 36.4 ± 4.6 mV and − 35.3 ± 5.2 mV, respectively, indicat-
ing moderate stability [52].

AgNP–CFCS and AgNP-culture have shown similar 
particle size and morphology, crystalline structures, sur-
face–plasmon–resonance peaks, zeta potential, chemi-
cal element compositions and organic groups. Therefore, 
CFCS plays a key role in the synthesis of AgNPs, while 
strain A3 cells formed endospores in the cultures hardly 
contribute to the synthesis of AgNPs. X-ray diffraction 
and FT–IR spectroscopy revealed the biomolecules coat-
ing the AgNP–CFCS and AgNP-culture, which is a com-
mon feature of AgNPs produced with the extracts of 
microbes [26, 45, 48] and plants [6, 31, 41, 46].

We modified the recipe of the previous nutrient broth 
(glucose 2.5 g, tryptone 10 g, beef extract 3 g, and NaCl 
5 g per liter) [21] for production of CFCS mediating the 
synthesis of AgNPs. NaCl was removed to avoid precipi-
tating Ag+. Sucrose 10 g instead of glucose 2.5 g per liter 
was used to increase the production of exopolysaccha-
rides [32] which may mediate the reduction and stabiliza-
tion of AgNPs [27, 29]. FT–IR spectroscopy showed the 
functional groups associated with AgNPs from polysac-
charides and peptides in the CFCS. The modifications 
of the nutrient broth, the proportioning of CFCS and 
AgNO3, and culture conditions resulted in smaller sizes 
of the AgNPs in average diameter about 13  nm com-
paring with previous 50  nm [21]. The smaller spherical 
AgNPs with higher surface-to-volume ratios may eas-
ily pass through cell membranes [14, 53] and have more 
potent antibacterial activities.

AgNP‑culture and AgNP–CFCS show similar bactericidal 
activity against Psa
CFCS and AgNO3, the substrates of the AgNP biosyn-
thesis, and the products AgNP–CFCS and AgNP-cul-
ture at the respective final concentration 10% (v/v), 0.1 
mM, 0.01 mM, and 0.01 mM dramatically inhibited the 
growth of Psa strains ML2-12 and T6-1 in the nutrient 
broth. AgNO3 (0.1 mM) and AgNP–CFCS (0.01 mM) 
showed slightly but significantly greater inhibition on 
the Psa growth than that by 10% CFCS. AgNP-culture 
showed the most significant inhibition on the Psa growth 
(Fig.  3a). After the live/dead staining, confocal micros-
copy showed that most control Psa cells emitting green 
fluorescence were live whereas most Psa cells under other 
treatments were stained by propidium iodide and dead 
(Fig. 3b). Clearly, 10% CFCS, 0.1 mM AgNO3, 0.01 mM 
AgNP–CFCS, and 0.01 mM AgNP-culture have bacteri-
cidal activity.

AgNP‑culture and AgNP–CFCS show similar anti‑biofilm 
activity against Psa
Crystal violet staining and colorimetric assay showed that 
Psa under AgNP-culture (0.01 mM) and AgNP–CFCS 
(0.01 mM) formed only 17‒24% biofilm on the surface 
of the polystyrene microplate wells comparing with con-
trol (Fig. 4a, b). Moreover, propidium iodide staining and 
flow cytometry revealed that AgNP-culture and AgNP–
CFCS killed 40‒50% Psa cells embedded in the biofilms 
(Fig. 4c, d).

Bio‑microbicide and nano‑microbicide together protect 
kiwifruit leaves from Psa infection
Seven days after inoculation, Psa T6-1 caused lesions 
occupied 22% of leaf area. The 200-time diluted bio-
microbicide and nano-microbicide products (CFCS con-
taining AgNPs and strain A3 culture containing AgNPs) 
dramatically reduced the lesion area to 5% of the leaf 
area, while the 20-time diluted products almost elimi-
nated Psa lesions (Fig. 5). The bio-microbicide (strain A3 
and CFCS) and nano-microbicide (AgNP-culture and 
AgNP–CFCS) together protected kiwifruit leaves from 
Psa infection.

AgNP–CFCS and AgNP-culture have shown similar 
bactericidal and anti-biofilm activities. Moreover, the 
200-time or 20-time diluted CFCS and strain A3 culture 
containing AgNPs have shown almost identical control 
efficiency against Psa infection in kiwifruit leaves. Likely, 
AgNPs, Ag+, and antibacterial substances in the CFCS 
but not the dormant strain A3 cells played the major role 
in rapid control of the Psa infection, while CFCS played 
the role of bio-microbicide. The strain A3 cells on leaves 
may act as a biocontrol agent after recovery.

Bacteria in natural environments usually attach to sur-
faces and exist as multicellular assemblies in a structured, 
protective biofilm matrix [39]. Plant pathogenic bacteria, 
such as Psa, colonize in biofilms outside and inside plant 
tissues [16, 40], protecting them from host defenses and 
bactericides [8]. Psa has developed resistance to the con-
ventional bactericidal streptomycins and copper com-
pounds and thus urges the development of more effective 
antibacterial agents against Psa biofilm [8]. Here, we 
show the potent anti-biofilm activities of AgNPs against 
Psa via inhibition of biofilm formation and damage of Psa 
cells embedded in the biofilm matrix. Moreover, strain 
A3 produces lipopeptide surfactins, which have excep-
tional surfactant activity [33, 38], and showed potent 
bactericidal activity and anti-biofilm activity against the 
phytopathogen Dickeya dadantii [22]. Therefore, the 
application of the synergistic bio-microbicide (strain A3 
culture) and nano-microbicide (AgNPs) appears to be an 
effective solution in the management of the bacterial can-
ker disease of kiwifruit plants in future.
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At present, two risk factors, small-size AgNPs (< 20 
nm in diameter) and non-transformed Ag+, hinder the 
application of this synergistic bio-microbicide and nano-
microbicide in fields. In general, AgNPs < 20 nm in diam-
eter are toxic to living organisms [17, 25, 30, 53]. Rush 
application of this synergistic bio-microbicide and nano-
microbicide containing toxic AgNPs and Ag+ may cause 
adverse effects on living organisms and environment. 

Increasing the size of the AgNP product > 20  nm in 
diameter and the transformation rate of Ag+ to Ag0 is a 
solution to reduce the toxic risk of using the synergistic 
bio-microbicide and nano-microbicide. On the other 
hand, the green process and green product developed in 
this study reduce the toxic risk. First, negatively charged 
nanoparticles are less cytotoxic and genotoxic to mam-
malian cells than positively charged nanoparticles [10, 

Fig. 3  Bactericidal activities of CFCS, AgNO3, AgNP–CFCS, and AgNP-culture against Pseudomonas syringae pv. actinidiae (Psa) strains ML2-12 
and T6-1. a Psa grown in nutrient broth containing 10% (v/v) CFCS, 0.1 mM AgNO3, 0.01 mM AgNP–CFCS, and 0.01 mM AgNP-culture indicated 
by optical density at 600 nm (OD600). Data are presented as mean values with standard deviation (vertical bars); the different letters on the vertical 
bars indicate significant difference between treatments according to one-way analysis of variance at the significance level p < 0.05. b Images 
of confocal microscopy show Psa cells grown in nutrient broth containing CFCS, AgNO3, AgNP–CFCS, and AgNP-culture after staining by nucleic 
acid dyes NucBeacon Green and propidium iodide. Live cells stained by NucBeacon Green are presented in green, while dead cells stained 
by propidium iodide are presented in red
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23] which may be internalized by mammalian cells at a 
high rate [1]. Second, the green synthesis generates bio-
molecules coating the AgNPs, reducing the toxicity of 
AgNPs to living organisms and environment by prevent-
ing exposure of Ag0 to oxidation and slow release of toxic 
Ag+ [9]. Third, the synergistic action of the bio-microbi-
cide and nano-microbicide can reduce the working con-
centration of AgNPs and Ag+.

Conclusions
To realize the full potential of nanotechnology-enabled 
sustainable agriculture, such as using nanopesticides of 
metallic nanoparticles in plant protection, three major 
barriers need to be overcome: scale up production and 
delivery at field scale, regulatory and safety concerns, 
and consumer acceptance [19]. Here, we tried to scale 

Fig. 4  Anti-biofilm activities of AgNP–CFCS and AgNP-culture against Psa strain ML2-12 and T6-1 determined by crystal violet staining of biofilms 
and propidium iodide staining of dead cells. a Absorbance of crystal violet at 590 nm (OD590) indicates Psa cells in biofilms. Data are presented 
as mean values with standard deviation (vertical bars); the different letters on the vertical bars indicate significant difference between treatments 
according to one-way analysis of variance at the significance level p < 0.05. b Flow cytometry analyses show dot plots of fluorescence signals 
from dead Psa cells stained by propidium iodide against sideward scatter (SSC), indicate percentage of dead cells in total cells of the biofilms 
formed under AgNPs
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up the green production of metal nanoparticles to over-
come the first barrier.

The process of biological green synthesis of nanoparti-
cles generally includes preparation of biomass or cell-free 

extracts of microbes or plants, one-pot synthesis of 
nanoparticles, and purification of the nanoparticle prod-
ucts. The one-pot synthesis is comparatively energy- and 
cost-effective whereas the preparation of biological raw 

Fig. 5  CFCS and AgNPs protect kiwifruit leaves from infection by Psa strain T6-1. a Representative kiwifruit leaves under different treatments. 
Bacterial suspension (0.6 mL of 5 × 108 CFU∙mL−1) containing 3 × 108 Psa cells was sprayed over each leaf. Leaves sprayed with sterile water were 
used as non-inoculated control. CFCS containing the AgNP product (CFCS + AgNPs) and culture of Bacillus amyloliquefaciens strain A3 containing 
the AgNP product (Culture + AgNPs) were diluted 20 and 200 times (containing about 0.01 mM AgNPs) with sterile water and 1 mL of each dilution 
was sprayed over the inoculated leaves. Inoculated leaves sprayed with sterile water were used as inoculated control. b 7 days after inoculation, 
percentage of lesion area in leaves was calculated using ImageJ. c Lesion index (%) is the percentage of lesion area comparing with that in 
the inoculated control leaves, which is set to 100%. Data are presented as mean values with standard deviation (vertical bars); the different letters 
on the vertical bars indicate significant difference between treatments according to one-way analysis of variance at the significance level p < 0.05
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materials and the purification of nanoparticle products 
are generally laborious, expensive, and difficult to scale 
up. Here, we simplified the process of biological green 
synthesis to a one-pot synthesis alone by changing the 
way of using nanoparticles alone to use the nano-micro-
bicide products together with the biological raw materi-
als as bio-microbicides to control phytopathogens and 
plant diseases, and thus save the troubles of extraction, 
separation, and purification. The key to the strategy is 
using endospore-forming biocontrol bacteria which can 
tolerate nano-microbicide and produce substances medi-
ating the synthesis of the nano-microbicide, requiring a 
screening on the endospore-forming biocontrol agents 
for the culture-mediated production of nano-microbi-
cide. The high-profile biocontrol bacteria belonging to 
the Bacillus subtilis clade [18, 51] and the Paenibacillus 
polymyxa complex [5, 37] are promising candidates for 
the screening.

This study demonstrates that the B. amyloliquefaciens 
strain A3 can tolerate Ag+ and AgNPs after forming 
endospores and its culture has produced and released 
substances into the CFCS to mediate the synthesis of 
AgNPs. Consequently, AgNPs produced from the Bacil-
lus culture and CFCS show similar physical, chemical, 
and electrical characteristics, and bactericidal and anti-
biofilm activities.

The one-pot coproduction of the bio-microbicide and 
nano-microbicide developed at the laboratory scale can 
be easily scaled up based on the existing liquid fermen-
tation processing of the Bacillus biocontrol agent. For 
example, when the Bacillus cells have formed endospores 
at the final stage of the liquid fermentation, a small vol-
ume of a high-concentration AgNO3 solution will be 
added in the stirred tank bioreactor to produce AgNPs by 
continuous stirring for certain time. This coproduction of 
bio-microbicide and nano-microbicide is a totally green 
one-pot synthesis process without production of waste. 
The liquid product containing bio-microbicide and nano-
microbicide can be used after dilution to control plant 
diseases.

We used AgNP as the nano-microbicide because 
AgNPs are the most widely and commercially used 
metal nanoparticles in daily products, highly effective 
nano-microbicide, and easy for monitoring of biosyn-
thesis via color change. This pilot study verified the 
feasibility of using the endospore-forming Bacillus 
bacteria tolerating Ag+ and AgNPs to produce bio-
microbicide and nano-microbicide in one pot. The 
coproduction and cooperation of bio-microbicide and 
nano-microbicide can be easily scaled up by using the 
existing liquid fermentation processing and foliar spray 
at field scale for a Bacillus biocontrol agent. However, 
the high cytotoxic and genotoxic potential of Ag+ and 

AgNPs require high regulatory and safety concerns. 
Determining the real risk of the AgNPs releasing into 
the environment is technically difficult and has not 
been fully assessed so far. Previous studies have not got 
a concrete idea on the toxicity of AgNPs to living organ-
isms and environment [2, 43]. Future studies should 
determine the efficiency of AgNPs in plant protection 
in fields along with the assessment of their potential 
risks to environment, food safety, and human health 
by experimental assessment and mathematical model-
ling [49]. Alternatively, the strategy of the coproduction 
and cooperation of bio-microbicide and nano-micro-
bicide can be realized by using biologically benign and 
generally recognized as safe (GRAS) materials, such as 
endospore-forming biocontrol agents belonging to the 
Bacillus subtilis clade and the Paenibacillus polymyxa 
complex and Zn-based nanomaterials [37], which are 
typically subjected to lower regulatory scrutiny.
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