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ticle loaded with methyl caffeate
and caffeic acid phenethyl ester against Ralstonia
solanacearum—a plant pathogenic bacteria†
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Developing a novel agent and understanding the interaction model between multipolymer nanoparticles

and bacteria could be worthwhile to induce the protection of crops with the prevalence of frequent

hazards because of the use of pesticides and chemical resistance. Unlike metal nanoparticles,

multipolymer nanoparticles have bacteriostatic properties against Ralstonia solanacearum that can

trigger bacterial wilt by infecting the plant. Therefore, a novel poly(lactic-co-glycolic acid) nanoparticle

containing caffeic acid phenethyl ester (CAPE) and methyl caffeate (MC) was prepared with the

sustained-release property (for 10 d at pH 6.5); here, 50% of the cumulative release rate was achieved. It

was observed that the cytomembrane of R. solanacearum was jeopardized by the nanoparticle by the

creation of large holes on the bacterial surface. The nanoparticle has an approximate EC50 value of

0.285 mg mL�1 with active pharmaceutical ingredients (APIs), while the drug dosage could be reduced

by 2/3. Furthermore, to reveal the possible mechanism of interaction between the multipolymer

nanoparticles and bacteria, a formidable inhibition effect was observed; the pathogenicity-related genes,

namely, phcA, phcB, pehC, egl, pilT, and polA, of R. solanacearum were downregulated by 1/2, 1/42, 1/

13, 1/6, 1/2, and 1/8, respectively, showing significant effects on the major virulence-related genes.

Hence, a novel nanoparticle with excellent antibacterial and sustained-release properties has been

prepared, possessing the potential to replace chemical pesticides and serve as a new control strategy for

mulberry blight disease.
1. Introduction

The benets of worldwide pesticide utilization have become
limited due to their effects on the environment.1 Due to the
long-term effect of chemical pesticides, the efficiency of pesti-
cide control has weakened. Many pesticide residues have
become ubiquitous in the natural environment and are present
ranging from nanogram per liter to low milligram per liter
concentrations, which can cause serious microbial species
balance,2 soil microenvironment change,3 and effects on
human health.4 In particular, during the study on the control
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strategy of bacterial wilt disease caused by Ralstonia sol-
anacearum, which is one of the most harmful soil-borne
diseases in the world due to its wide distribution and host
range,5 traditional chemical pesticides and antibiotics have
been employed against R. solanacearum despite issues such as
limited efficacy, microbial resistance strains, environmental
pollution, and potential health risks to human health.6 There-
fore, it has become urgent to develop an alternative agent
without any collateral damage to replace traditional chemical
pesticides and protect economic crops from plant pathogens
such as R. solanacearum.

In the development of antibacterial agents, polymeric
nanoparticles have been considered as novel antibacterial
agents with the ability to enhance the antibacterial properties.7

Poly-(lactic-co-glycolic acid) (PLGA), a novel material for
preparing polymeric nanoparticles, has been commonly used as
the polymer material in drug delivery systems. Generally, PLGA
nanoparticles have a sustained-release capacity,8 which has very
environmentally friendly properties; this occurs because of the
hydrolysis of ester bonds in water to form lactic acid and gly-
colic acid.9 Further, this release capacity might lead to an
incomplete release, which can cause several active pharma-
ceutical ingredients (APIs) to directly exist in the soil aer PLGA
This journal is © The Royal Society of Chemistry 2020
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degradation. The modication of the nanoparticle surface, such
as the application of antibodies,10 might be helpful to resolve
this problem. In addition, nanoparticles prepared with PLGA
can improve the solubility and dispersibility of nanoparticles in
water without affecting their efficacy.11 Furthermore, polymeric
nanoparticles have been considered to be the most promising
approach against drug resistance of bacteria.12,13 Nanoparticles
can be used as alternative tools to handle drug-resistant path-
ogens.14 Hence, nanoparticles prepared with PLGA have the
potential to be an alternative to traditional pesticides.

Due to the ability of R. solanacearum to maintain its activity
in soils for a long period of time15 and its complex genetic
regulatory system, it is difficult to eradicate this bacterium by
means of chemical pesticides and antibiotics, even those that
cause serious environmental issues. Nearly 30 provinces in
China have suffered from problems related to R. solanacearum,
andmulberry trees in Jiangsu and Zhejiang provinces, as well as
potatoes in Fujian province, have been afflicted with the most
serious damage.16 As early as 2012, R. solanacearum was ranked
as the second most harmful plant pathogen in the top 10
bacterial plant pathogens.17 In addition, because R. sol-
anacearum can enter through the plant roots, invade xylem
vessels, and rapidly spread to the aerial parts of the plant,15 the
swimming motility of R. solanacearum can facilitate its ability to
infect plants. Furthermore, the expression of virulence factors
also plays a crucial role in the pathogenesis of R. solanacearum.
The virulence of lamentous phage against R. solanacearum was
evaluated by detecting the expression of pathogenicity-related
genes in R. solanacearum (physiological race 1, biochemical
type 3), and open reading frame (ORF) 15 of 4RSM phage can
inhibit the transcriptional regulator phcA, causing pathoge-
nicity in the phenotypic transformation system of R. sol-
anacearum, which can reduce pathogenicity.18 Further,
considering the complex regulatory mechanism of R. sol-
anacearum, the combination of multiple APIs might help to
reduce the resistance of pathogenic bacteria toward agents.

Since antibiotics can lead to increased resistance of patho-
genic bacteria, natural source agents and their derivatives have
become the mainstays in the development of antibacterial
agents.19 Due to their potential ability to inhibit bacteria, our
attention has been focused on caffeic acid—a naturally sourced
compound—and its derivatives. Among them, caffeic acid
phenethyl ester (CAPE), which is considered to be one of the
most popular compounds for the development of new drugs20

and has been the main active ingredient isolated from propolis
residues, has shown toxic effects toward R. solanacearum.21

Methyl caffeate (MC) has many pharmacological activities, and
it is a synthetic intermediate of many natural drugs and food
additives, such as propyl caffeate (PC); CAPE can be prepared by
the transesterication of MC with the corresponding alcohol.22

Recently, PLGA particles loaded with CAPE were successfully
prepared,20 which demonstrated the feasibility of fabricating
PLGA particles loaded with caffeic acid and its derivatives. Many
studies have focused on the preparation process as well as the
lack of research on the mechanism of bacteriostatic action of
the prepared nanoparticles. Therefore, a brief description of the
possible bacteriostatic mechanisms has been provided in this
This journal is © The Royal Society of Chemistry 2020
study. Further, MC and CAPE were employed as a combination
of APIs to develop an alternative agent for controlling plant
pathogens, and the preparation of PLGA nanoparticles loaded
with MC and CAPE can hopefully become an alternative agent
with high efficiency and low toxicity.

In this study, an emulsion solvent evaporation technique
was employed to prepare PLGA nanoparticles loaded with MC
and CAPE, while the drug loading rate (DL) was selected as the
main evaluation standard. Parameters such as polyvinyl alcohol
(PVA) concentration, ultrasonic power, ultrasonic time, and
ratio of the organic phase to aqueous phase were optimized.
The slow-release characteristics of these novel nanoparticles
were also investigated. To investigate the antibacterial activity
of the nanoparticles on R. solanacearum, RT-PCR was employed
to detect the expression levels of pathogenicity-related genes,
and scanning electron microscopy (SEM) was employed to
observe the treated strains. Susceptibility testing by the disk
diffusion method of the nanoparticles was also carried out to
preliminarily evaluate the drug resistance aer treatment.
2. Experiment method and material
2.1 Experimental materials and strains

Tryptone LP0042 was purchased from Oxoid, UK. Casein
hydrolysate, PLGA (lactide : glycolide ¼ 50 : 50; intrinsic
viscosity: 0.45–0.60 dL g�1; Mw: �38–54 kDa P50/50), and PVA
124 (viscosity: 40 g L�1, 20 �C, 54.0–66.0 (mPa s)�1) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Caffeate
derivatives such as MC and CAPE were prepared by our
group.21,23 SYBR premix Ex Tap™ II (Tli RNaseH Plus), primer
script RT reagent kit with gDNA eraser (Perfect Real Time),
DEPC water, and isopropanol were purchased from Takara. The
total RNA extraction reagent TRIzol and PCR kit were purchased
from Sangon Biotech. RS-5 R. solanacearum strains were used,
which were isolated from mulberry roots.21 All the primers were
synthesized by Shanghai Biotech; the primer sequences were
synthesized as described elsewhere,18 as listed in Table 1.
2.2 Preparation of nanoparticles loaded with CAPE and MC

The preparation of nanoparticles by a single emulsion/solvent
evaporation method was based on other studies.11 The effects
of PVA concentration, ultrasonic power, ultrasonic time, and
ratio of the organic phase to aqueous phase on nanoparticle
preparation were investigated. In the rst stage, 100 mg PLGA
and 55 mg API (MC and CAPE at a mass ratio of 1 : 1) were
dissolved in 1.5 mL dichloromethane and 0.5 mL ethanol,
respectively. Aer complete dissolution, the mixture was
shaken for 5 min, completing the preparation of the organic
phase. PVA (1%, 2%, 3%, 4%, 5%, and 10% w/w) was heated
with deionized water in an ultrasonic water bath at 80 �C until
dissolution to prepare the aqueous phase. Aer the second
stage, the organic and aqueous phases were mixed according
to various volume ratios (2 : 3, 1 : 2, 2 : 5, and 1 : 3) in an ice
bath and then subjected to ultrasonic treatment using
a microtip probe sonicator (65, 130, 195, 260, 325, 390, 474.5,
and 650W; amplitude: 80%; 2, 4, 6, 8, and 10 min); the mixture
RSC Adv., 2020, 10, 3978–3990 | 3979
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Table 1 Primer information of the pathogenicity-related genes of R.
solanacearuma

Primer name Nucleotide sequence (50 / 30) Size (bp)

Egl3-F CAGCGCGACCTACTACAAGA 299
Egl3-R TCATCAGCCCGAAGATGAC
PhcA(298)-F GGACATGATCTTCACGGTCAACT 298
PhcA(298)-R GACTCATCCTCCTTTTCTGCATC
PhcB(RT)-F CTACCAGATCGTCGTCAATGAA 172
PhcB(RT)-R GTCGAGGTAGTGCTTGATCTTG
HrpB(RT)-F TTCTCGATGATGTAGCGATAGG 238
HrpB(RT)-R GCTGGAATTTTCGACTTCCTCTA
PehC(RT)-F GTTGTTCGGATTGCTGTACG 227
PehC(RT)-R AGTCAAACGATTGCCTGAACTA
PilT(175)-F AAGAACAAAGCGTCTGATCTGC 175
PilT(175)-R CTTCCAGGTTTTCTTCGTAATGCT
polA-238F GGAATGTCGGAAAGTCAAGAAA 238
polA-238R CTTGTAGGCGGGGTACAGTTC
16SrRNA349-F CTAGAGTGTGTCAGAGGGAGGTAGA 349
16SrRNA349-R ATGTCAAGGGTAGGTAAGGTTTTTC

a F represents the leading chain and R represents the trailing chain.
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was stirred overnight under magnetic force at room tempera-
ture. Thereaer, the obtained white emulsion was centrifuged
3 times at 3000 rpm to remove the precipitate; then, the
remaining solution was centrifuged 3 times at 12 000 rpm for
40 min to obtain the precipitate. The supernatant was dis-
carded. Finally, a small amount of deionized water was added
to resuspend the precipitate. The mixture was then lyophilized
for 48 h, and the lyophilized nanoparticles were stored in
a freezer at �80 �C.
2.3 Determination of DL and encapsulation efficiency (EE)
of the nanoparticles

The nanoparticles were dissolved in methanol at a mass-to-
volume ratio of 2 : 1. To determine the MC and CAPE concen-
trations, the nanoparticle structures were destroyed by ultra-
sonication at room temperature for 30 min. The total amount of
drug substrate in the nanoparticles was determined by high-
performance liquid chromatography (HPLC) according to the
standard curves of MC and CAPE, and the EE and DL values of
the nanoparticles were calculated as follows:

EEð%Þ ¼ W1

W2

� 100% (1)

DLð%Þ ¼ W1

W3

� 100% (2)

W1 represents the amount of drug (mg) encapsulated in the
nanoparticle;W2 represents the total dose (mg) of the input; and
W3 represents the total mass (mg) of the nanoparticle. The
standard curve formulas of MC and CAPE are shown in eqn (3)
and (4), and the measurement methods were carried out in
accordance with an earlier research.21

MC standard curve line: Y ¼ 5.64 � 107 � X � 2.35 � 105,

R2 ¼ 0.9914 (3)
3980 | RSC Adv., 2020, 10, 3978–3990
CAPE standard curve line: Y ¼ 5.48 � 107 � X � 2.33 � 105,

R2 ¼ 0.9908 (4)

2.4 FTIR characterization of nanoparticles

Ultraviolet-visible near-infrared absorption spectrometry was
employed to reconrm the presence of MC and CAPE in the
nanoparticles.24 Each sample was scanned 10 times, in the
range of 4000–750 cm�1 at a resolution of 4 cm�1.

2.5 Drug release characteristics of nanoparticles

The determination of sustained-release kinetics was based on an
earlier reported method20 with slight modications. Nano-
particles and phosphate-buffered solution (pH 7.4, 6.5, and 9.5)
were mixed at a solid–liquid ratio of 2 : 1. The mixtures were
incubated at 37 �C under shaking and sampled at designated
time intervals (1, 2, 3, 4, 5, 6, 9, 12, 15, 24, 27, and 30 h aer
incubation). The releasemediumwas centrifuged at 9000 rpm for
3 min. The supernatant was collected and the solution was
replaced with fresh PBS for continued incubation. The collected
samples were lyophilized and dissolved in 1 mL methanol solu-
tion. Thereaer, HPLC was employed to detect the MC and CAPE
concentrations, and the method was performed according to an
earlier research.21 The Fickian diffusion model25 was used to
evaluate the release process of polymer nanoparticles; the release
mechanism was described by a semiempirical eqn (5).

Mx

MN

¼ kxn þ a (5)

Mx represents the mass of the drug released at time x;MN refers
to the mass of the drug released at innite time; k stands for the
kinetic constant; n stands for a constant; further, the geometry
of the nanoparticles and release mechanism is related.

2.6 SEM of R. solanacearum

Antibacterial treatment was carried out according to an earlier
research.21 Gemini SEM 300 (ZEISS, Germany) was employed to
evaluate the morphology of R. solanacearum, and the inhibitory
effect of bacteriostatic agents was evaluated by observing the
changes in the cell membrane and cell morphology.

2.7 Antibacterial rate of nanoparticles against R.
solanacearum

The antibacterial activity of nanoparticles was determined
according to an earlier research26 with slight modications.
Different concentrations of nanoparticles (4, 3.2, 1.6, 0.8, 0.4,
0.2, and 0.1 mg mL�1) were added to the wells of a 96-well
plate. A microplate reader (SpectraMax i3, Silicon Valley, CA,
USA) was used to determine the optical density of the plates at
600 nm at T0 before incubation. The OD600 value was
measured as the TF aer the plates were incubated at 30 �C
overnight under shaking for 5 min. The antibacterial rate of
the nanoparticles against R. solanacearum was calculated
according to eqn (6), and the EC50 calculation method was
used according to the reported methods.27
This journal is © The Royal Society of Chemistry 2020
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Inhibitionð%Þ ¼
�
1� TFsample � T0sample

TFblank � T0blank

�
� 100% (6)

T0sample and TFsample indicate the OD600 values of the bacterial
solution before and aer the addition of nanoparticles,
respectively. T0blank and TFblank indicate the OD600 values of the
control solution before and aer incubation, respectively.
2.8 Pathogenicity-related gene expression of R.
solanacearum

The nanoparticles (4 mg mL�1), API (4 mg mL�1), and Triton X-
100 were added to the bacterial suspension (OD600 ¼ 0.8–1) at
a volume ratio of 2 : 1 and incubated overnight at 30 �C for 24 h.
Aer incubation, this treated bacterial suspension was sepa-
rately centrifuged at 12 000 rpm for 3 min to collect the
precipitates of different treatment strains. The total RNA
extraction process was carried out according to the protocol
modications.28 Briey, the Trizol reagent (Invitrogen, USA) was
used to extract the total RNA from each treatment sample and
DNase I (Promega, Madison, WI, USA) was used to purify the
total RNA. The prepared total RNA was stored at �80 �C. The
PrimeScript RT Reagent Kit with gDNA Eraser (Takara
Biotechnology, Otsu, Japan) was used to synthesize the cDNA,
and the product was stored at �80 �C for immediate
measurement.

A LightCycler 96 real-time PCR system (Roche, Switzerland)
was used to determine the relative expression of pathogenicity-
related genes. Each reaction system (20 mL) contained 10 mL of
TB Green, 0.8 mL of the upstream primer, 0.8 mL of the down-
stream primer, 6.4 mL of RNase-free double-distilled water, and
2 mL of cDNA. The specic primers (Table 1) were synthesized by
Sangon in Shanghai according to another research,18 and the
16S rRNA of R. solanacearum was used as the internal control for
RT-qPCR to normalize the gene expressions of the
pathogenicity-related genes.
2.9 Signicance level analysis

Signicance level analysis and EC50 calculations were per-
formed using the SPSS 22 soware, and the mapping was per-
formed using OriginPro 9.0 soware. All the experiments had
three sets of repetitions, and the result was reected in the error
bar in the gures. The letters on the column indicate the
differences between the different treatment groups, the same
letters indicate that the difference is not signicant (P > 0.05),
and completely different letters indicate signicant differences
(P < 0.05).
3. Results and discussion
3.1 Nanoparticle preparation

Fig. 1A shows the effects of PVA concentration on the DL and EE
of nanoparticles. When the PVA concentration was between 10
and 100mgmL�1, the EE values of MC and CAPE increased with
the concentration, reaching the highest value of 28.25 � 0.17%
at 40 mg mL; further, they decreased from 28.25 � 0.17% to
19.09 � 1.04% for PVA concentrations between 40 and 100 mg
This journal is © The Royal Society of Chemistry 2020
mL�1. As an emulsier, the PVA concentration could increase
the EE of the drug molecule.29 However, when the emulsier
concentration was considerably increased, the EE and DL of the
nanoparticles could reduce.30 When the PVA concentration was
50 mg mL�1, the DL reached the highest value, i.e., 18.70 �
0.80%. In addition, when the PVA concentration exceeded
40 mg mL�1, the viscosity of the emulsion solvent was too high,
making it difficult to separate the nanoparticles; further, at
30 mg mL�1 PVA, the DL (16.46 � 0.18%) was close to the
highest value (18.70 � 0.80%), and the EE (25.26 � 0.27%) was
relatively high. Therefore, the suitable PVA concentration was
30 mg mL�1.

Fig. 1B shows the effect of ultrasonic power on the DL and
EE of nanoparticles and the emulsication treatment was
carried out in the ultrasonic power range of 65–650 W. When
the power was raised from 65 to 325 W, both DL and EE
increased. The higher ultrasonic power could facilitate the
formation of a uniform stable emulsion droplet.31 When the
ultrasonic power was 260 W, the EE reached the maximum
value of 21.71 � 1.64%. Although the DL reached the highest
value of 14.65 � 1.03% under ultrasonic power of 325 W, the
EE was 21.44 � 1.51%. However, increasing the ultrasonic
power could enhance cavitation, which could reduce the DL.
When the power was increased from 325 to 650 W, both DL
and EE decreased. The increase in ultrasonic power could
reduce the particle size, while the excessive energy could
increase occulation,32 which could cause this decrease.
Therefore, the power condition for obtaining the maximumDL
was taken as the optimal condition, and the optimal ultrasonic
power condition was 325 W.

Fig. 1C shows the effect of ultrasonic time on the EE and DL
values. When the ultrasonic time was 2–10 min, the DL value
decreases from 20.54 � 0.22% to 14.89 � 2.26%, which indi-
cates that a longer ultrasonic time leads to a decrease in DL.
The reason for this decrease might be the long-term cavitation
effect caused by ultrasound, which may cause an increase in
the droplet sizes33 and the destruction of the formed emulsi-
ed droplets, resulting in a decrease in drug content.
Furthermore, excessive time has a marginal effect on the
formation of emulsion droplets, which could prolong the
reaction time.34 This optimal treatment condition with the
highest DL was the same as that reported in another
research;11 therefore, 2 min was chosen as the suitable ultra-
sonic time.

Fig. 1D shows the effect of the ratio of the organic phase to
aqueous phase on the DL and EE values of the nanoparticles.
When this ratio was 1 : 2, the maximum values of EE and DL
were achieved, namely, 37.08 � 0.04% and 28.33 � 0.03%,
respectively. This ratio might not be conducive toward the
dispersion of emulsied droplets, while the added PVA
concentration was too small. In contrast, the addition of an
excessive amount of PVA could result in a decrease in the EE of
the nanoparticles due to a reduction in the amount of drugs
scattered in the organic phase.35 In addition, this could lead to
an increase in the possibility of dissolution of the drug under
the action of ultrasound. Therefore, the optimum ratio of the
RSC Adv., 2020, 10, 3978–3990 | 3981
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Fig. 1 Optimization of the preparation process of nanoparticles loaded with MC and CAPE. The effects of PVA concentration (A), ultrasonic
power (B), ultrasonic time (C), and ratio of the organic phase to aqueous phase (D) on the drug loading rate and encapsulation efficiency of
nanoparticles were investigated. Error bars represent the standard error of at least three independent trials.
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organic phase to aqueous phase was selected to be 1 : 2, yielding
the highest DL of 28.33 � 0.03%.

Therefore, the optimum condition was as follows: 3% PVA
with the ratio of organic phase to aqueous phase of 1 : 2 at
325 W under sonication for 2 min. Further, the highest DL
(28.33 � 0.03%) was achieved under this optimum
condition.
Fig. 2 Fourier-transform infrared spectra of the nanoparticles loaded
with MC and CAPE (NPs). The nanoparticles were prepared under 3%
PVA, ratio of the organic phase to aqueous phase of 1 : 2, and soni-
cation power of 325 W for 2 min.
3.2 Nanoparticle characterization

Fig. 2 shows the FTIR spectra of the nanoparticles, CAPE, MC,
and PLGA, where 1763 cm�1 is the extension of the C]O bond
in the ester bond and 1182–1095 cm�1 is the pull of the CO
bond. These are the characteristic peaks of the PLGA mole-
cules;36 the main peaks of CAPE at 3478, 3323, and 1600 cm�1

were signicantly reduced, indicating that CAPE was success-
fully embedded in the PLGA.20 The hydroxyl group at 3478 cm�1

was stretched; the 1607, 1535, and 1445 cm�1 peaks denote the
C]C bond stretching of the aromatic compound; and the
1307 cm�1 peak denoted the CO bond of –COOH. These are the
characteristic peaks of MC.37 In the nanoparticle spectra, the
characteristic peaks, namely, 1281, 1307, 1607, 1535, and
1445 cm�1, were signicantly reduced, indicating that MC was
successfully embedded in the PLGA. Hence, MC and CAPE were
successfully embedded.
3982 | RSC Adv., 2020, 10, 3978–3990
Fig. 3 shows the results of the particle size analysis and
electron micrographs of the nanoparticles loaded with MC and
CAPE. The particle size distribution is shown in Fig. 3A.
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Particle size analysis and electronmicrographs of nanoparticles
loaded with MC and CAPE. (A) The particle size distribution of nano-
particles loaded with MC and CAPE suspended in pure water. (B)
Transmission electron microscopy image of nanoparticles loaded with
MC and CAPE. (C) Scanning electron micrograph of nanoparticles
loaded with MC and CAPE.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 1
/1

6/
20

26
 5

:4
2:

06
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Particles with sizes below 200 nm accounted for 58.88%,
whereas particles with sizes within 200–458 nm accounted for
37.80% of the total. The hydrated particle size was 188.86 nm.
This journal is © The Royal Society of Chemistry 2020
Fig. 3B shows the transmission electron microscopy image of
the nanoparticles aer reconstitution. The particle size range
was 173.78–104.56 nm, and the results were consistent with the
particle size analysis results. Fig. 3C shows the SEM image of
a nanoparticle sample aer lyophilization. The particle size was
generally uniform, but the surface of the particle was rough due
to lyophilization. In summary, the average particle size of the
composite nanoparticles was 188.86 nm, and the particle shape
was regular.
3.3 Release kinetics of the nanoparticle

In general, the drug release process of the nanoparticles
comprised three stages. Fig. 4A shows that during the rst stage
(0–5 h) of the release process (called the initial burst release
stage11 with the highest rate), the drug molecules were adsorbed
and were located adjacent to the surface of the nanoparticles
that were rst freely diffused into the solvent.20 The cumulative
release rate of the drug in the three buffers reached 16.75 �
1.11% (pH 6.5), 15.34 � 0.22% (pH 7.4), and 16.54 � 0.56 (pH
9.5). The second stage (13–50 h) is the release stage in which the
diffusion of the drug molecule and PLGA disintegration of the
polymer material coexist. During this stage, the xed drug
molecules were released together, and the drug release rate
signicantly decreased when compared with the rst stage. The
cumulative release rates of the drug in the three buffers reached
26.56 � 1.15% (pH 6.5), 26.13 � 0.17% (pH 7.4), and 29.42 �
0.42% (pH 9.5). During the third stage, the polymer began to
disintegrate, releasing the drug molecules during disintegra-
tion; the release rate indenitely reached zero, eventually
entering a nearly linear sustained-release state.11 In theory,
there should also be a fourth stage,25 where the remaining PLGA
polymer containing the drug molecule rapidly disintegrates and
releases the last drug molecule at a higher release rate, but this
was not apparent due to the limited time.

The Fickian model was employed to formulate the delayed-
release kinetic equations of the nanoparticles at pH 6.5, 7.4,
and 9.5, which were termed as eqn (7), (8), and (9), respectively.
Table 2 lists the results of the theoretical time required to reach
90% release rate and theoretical half-life of the nanoparticles
calculated via the semiempirical formula. Under acidic condi-
tions at pH 6.5, the release rate of the agent was lower, the
theoretical half-life was approximately 10.0 d, and the theoret-
ical time required for 90% drug release was approximately 44.1
d. The half-life at pH 9.5 and the theoretical time required to
achieve a 90% drug release rate were 5.7 and 22.2 d, respec-
tively. The higher pH might lead to the faster degradation of
PLGA nanoparticles;9 further, the alkaline environment accel-
erated the release of drug molecules in the nanoparticles, while
the acidic environment slowed down the release of drug mole-
cules. The pH in the mulberry soil was mostly acidic, which was
benecial to the long-term efficacy of nanoparticles in mulberry
soil.

Mx

MNpH¼6:4

¼ 4:24� x0:43 þ 5:27;R2 ¼ 0:8978 (7)
RSC Adv., 2020, 10, 3978–3990 | 3983
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Fig. 4 Drug release profile of nanoparticles loaded with MC and CAPE (A) and release curves of MC and CAPE contained in this nanoparticle at
pH 6.5 (B), pH 7.4 (C), and pH 9.5 (D). The nanoparticles loaded with MC and CAPE were prepared under 3% PVA with a ratio of the organic
phase to aqueous phase of 1 : 2 at 325 W under sonication for 2 min. Error bars represent the standard error of at least three independent
trials.
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Mx

MNpH¼7:4

¼ 6:23� x0:43 � 1:85;R2 ¼ 0:9398 (8)

Mx

MNpH¼9:5

¼ 6:10� x0:43 � 0:65;R2 ¼ 0:9456 (9)

The nanoparticles in the acidic buffer were found to have
a long half-life with a theoretical value of 10.0 d. The theoretical
time required to release 90% of the agent under this condition
was 44.1 d, but there was a burst in drug release within 0–5 h.11

The drug release rate under these three pH conditions was
above 15%: the minimum value was 15.34 � 0.22% (pH 7.4).
This phenomenon was mainly caused by the excessive adsorp-
tion of drug molecules on the surface of the nanoparticles and
adjacent surfaces. Therefore, the nanoparticles exhibited
excellent sustained-release properties, and the half-life reached
up to 10.0 d at pH 6.5.

Fig. 4B–D show the release curves of MC and CAPE at
different pH values in the nanoparticles. The maximum
cumulative release rates of MC (18.95� 0.82%) and CAPE (15.63
� 2.27%) were achieved during the rst stage under pH 9.5 and
3984 | RSC Adv., 2020, 10, 3978–3990
6.5, respectively. Aer 13 h, the degradation stage of the PLGA
particles was accompanied by the slow dissolution of MC and
CAPE. At pH 9.5 and a release time of 50 h, the cumulative
release rate of MC was 33.76 � 0.01%, and the cumulative
release rate of CAPE was 24.73 � 0.64%. The cumulative release
rates of MC were larger than those of CAPE at pH 6.5, 7.4, and
9.5. This phenomenon could be attributed to the different
distributions of MC and CAPE during emulsication. The
shorter alkyl chain of MC has a stronger affinity toward water
than CAPE, which might result in different distributions during
emulsication. The MC molecule adsorbed and embedded
itself on the surface of PLGA nanoparticles more than that for
CAPE. The release of the drug molecules adsorbed and
embedded on the surface of the PLGA particles is faster,38

resulting in the larger cumulative release rate of MC within the
same period of time during the rst two stages of drug release.
Therefore, combined with the multiple actions of nano-
particles, the inhibitory effect of nanoparticles containing MC
and CAPE on R. solanacearum not only complicates inducing
drug resistance, but also has the effect of batch release of drug
molecules on the cell membrane of R. solanacearum.
This journal is © The Royal Society of Chemistry 2020
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Table 2 Theoretical half-lives of the nanoparticles loaded with MC
and CAPE and theoretical time required to reach 90% release rate

pH of buffer
Half-life
(days)

Time to reach 90%
release rate (days)

6.5 10.0 44.1
7.4 5.8 21.8
9.5 5.7 22.2
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3.4 Electron micrographs of R. solanacearum aer
nanoparticle treatment

Fig. 5 shows the treatment of R. solanacearum with API and
nanoparticles; morphological changes were observed by using
SEM. Fig. 5A shows the morphology of R. solanacearum. It was
found that the agellar structure of the strains treated with API
and nanoparticles was destroyed, while the untreated strains
were unharmed and the agella structure was clearly visible.
Fig. 5B shows the observation of R. solanacearum strains treated
Fig. 5 Scanning electron micrographs of the bacteriostatic treatment o
designated as the blank control group with 2500k� magnification; (B) th
group with 2500k� magnification; (C) the strains treated with 4 mg m
treatment group with 2500k�magnification; (D) the strains treated with 4
the treatment group with 4500k� magnification.

This journal is © The Royal Society of Chemistry 2020
with API alone. The rod shape of the bacterium was deformed,
the shape of the strains was distorted, and the agella were also
damaged to some extent, but the cell surface was not obviously
damaged. However, Fig. 5C shows many strains with damaged
cell membranes and incomplete agella. Further, a large
circular cavity appeared on the surface of R. solanacearum, as
shown in Fig. 5D, and the cell membrane structure was seri-
ously damaged, whichmay be related to the perforation effect of
nanoparticles on the cell membrane.39 Furthermore, the size of
this cavity was similar to the hydrated particle size (188.86 nm),
which conrmed that the particle might be involved. It was
reported that PLGA-embedded drug particles might have
certain adhesion to the surface of Candida albicans,40 which can
explain the huge pores appearing on the surface of R. sol-
anacearum, possibly due to the attachment of nanoparticles to
the cell surface. The PLGA-embedded drug particles disinte-
grate and release a large number of drug molecules, which
causes the formation of pores on the cell membrane. Therefore,
the nanoparticle has a certain perforation effect on the
membranes of R. solanacearum.
f R. solanacearum. (A) The strains incubated at 30 �C for 24 h were
e strains treated with 4 mg mL�1 API were designated as the treatment
L�1 nanoparticles loaded with MC and CAPE were designated as the
mgmL�1 nanoparticles loaded with MC and CAPE were designated as

RSC Adv., 2020, 10, 3978–3990 | 3985
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Table 3 EC50 values of different dosages of antibacterial agents
against R. solanacearum and the qualities of MC and CAPE required

Antibacterial agents EC50 (mg mL�1)

MC 0.310
CAPE 0.165
APIs 0.248
Nanoparticles 0.285
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3.5 Antibacterial activity of nanoparticles against R.
solanacearum

Table 3 shows that under optimal conditions, the DL values of
MC and CAPE in the nanoparticles were 14.50 � 0.03% and
13.61 � 0.27%, respectively. According to the literature,27 the
EC50 value of the nanoparticles was calculated to be
0.285 mg mL�1. When a 50% inhibition rate was reached, the
masses of MC and CAPE contained in 1 mL suspension con-
taining the nanoparticle were 41.33 and 38.79 mg, respectively.
Under the same bacteriostatic effect, the qualities of MC or
CAPE alone were 7.5 and 4.3 times the masses of MC and CAPE
in the nanoparticle, respectively, and the quality of the APIs was
required to be 3 times that of the nanoparticle. Considering that
the free bulk drug could facilitate the absorption of bacteria, its
excellent efficacy needs to be based on the use of a higher
amount of APIs, and the nanoparticle prepared in this study
could considerably reduce the use of APIs, indicating its
worthwhile technical economy. Furthermore, Fig. S1† shows the
image of the susceptibility testing by the disk diffusion method.
Evidently, the strains treated with the nanoparticles could not
form visible plaques when compared with the other plates aer
incubation for 7 d. This phenomenon indicated that the novel
nanoparticles loaded with MC and CAPE might possess the
ability against the resistance of R. solanacearum, which could be
supported by the data from recent studies according to which
polymeric nanosystems might be a new prospect for treating
multidrug-resistant bacteria.13 Therefore, nanoparticles can
effectively improve the antibacterial properties of caffeic acid
esters in the aqueous phase with less API.
3.6 Expressions of pathogenicity-related genes during the
early stage of infection aer treatment

Fig. 6A shows the expression levels of pehC, pilT, and polA during
the early stage of R. solanacearum infection. The expression levels
of the polygalacturonase gene pehC41 in the API and blank groups
were 12.8 and 12.7 times than those in the nanoparticle group,
respectively. The expression levels in the nanoparticle group were
signicantly lower than those in the other groups (P < 0.05). The
expression of the pilT gene, which is a twitching motility-related
gene,42 also appeared to be inhibited, as shown in Fig. 6A; elec-
tron microscopy data conrmed that the number of bacterial
agella in the nanoparticle treatment group was signicantly
reduced. There was a signicant difference in the expression
levels in the nanoparticle and blank groups (P < 0.05). The
expression levels of the blank and API groups were 2.3 and 1.6
3986 | RSC Adv., 2020, 10, 3978–3990
times those of the nanoparticle group, respectively. In addition,
the expression level of the DNA-polymerase-related gene polA43 is
shown in Fig. 6A. There was a signicant difference among the
four treatment groups (P < 0.05), where the nanoparticle group
had the lowest expression level. The expression levels of the blank
and API groups were 13.7 and 8.3 times those of the nanoparticle
group, respectively. Therefore, the nanoparticles could inhibit
the expressions of pehC, pilT, and polA.
3.7 Expressions of pathogenicity-related genes during the
late infection stage aer treatment

Fig. 6B shows the expression levels of phcA, phcB, and egl; phcA is
the core regulatory gene of the phenotypic transformation
system, which is the core system regulating the virulence and
pathogenicity of the R. solanacearum infection44 and regulates
the expression of virulence factors such as EPS, plant cell wall-
degrading enzymes, motility, and other regulatory elements.45

As shown in Fig. 6B, the expression levels of phcA in the blank
and API groups were 1.3 and 1.9 times those of the nanoparticle
group, respectively. CAPE has a certain inhibitory effect on the
various transcription factors (such as interleukin-6 and
cyclooxygenase-2) and transcriptional activators in cells,46

which may lead to the decreased expression of phcA. Further,
the decreased expression of phcA might be one of the reasons
for the decreased motility and the formation of a biolm.43

Furthermore, the phcB gene, which is involved in group
signaling, was also inhibited, as shown in Fig. 6B. The expres-
sion of the phcB gene was signicantly lower than those of the
others (P < 0.05), resulting in the attenuation of the activation of
the phcA expression,47 which led to the downregulation of phcA.
The expression of the phcA gene has a regulatory effect on the
endoglucanase-related gene egl, conrming the results of the
decrease in the expression level of egl (Fig. 6B). Fig. 6B shows
that in the presence of nanoparticles, the expression level of egl
was at least 0.54 � 0.3, which was 1/2 that of the blank group;
however, there was no signicant difference between the blank
and nanoparticle groups (P > 0.05). The above results reveal that
the nanoparticles loaded with MC and CAPE have a certain
inhibitory effect on the egl, pehC, phcA, phcB, pilT, and polA
pathogenicity genes of R. solanacearum. The expression levels of
egl, pehC, phcA, phcB, pilT, and polA were downregulated to 1/6,
1/13, 1/2, 1/42, 1/2, and 1/8 of that of the drug treatment group,
respectively.

Fig. 7 shows the schematic diagram of the regulation of
nanoparticles on some pathogenicity-related genes of R. sol-
anacearum. When the nanoparticle was added to the bacterial
suspension, the cell membrane and agellum structure were
severely damaged due to the multiple actions of the nano-
particles, which could be conrmed with the data shown in
Fig. 5. The nanoparticles containing CAPE and MC continu-
ously released CAPE and MC into the cells of R. solanacearum.
The expression of phcA, an important regulatory factor in the
phenotype transformation system, was inhibited; further, the
expressions of the EGL and EPS phytotoxic factors were down-
regulated. In addition, in the detection of the pathogenicity-
related genes of R. solanacearum before infecting the plants, it
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Effect of nanoparticles loaded with MC and CAPE on the pathogenicity-related gene expression of R. solanacearum. Nanoparticles (4 mg
mL�1) loaded with MC and CAPE, 4 mg mL�1 active pharmaceutical ingredient, and Triton X-100 were added to the bacterial suspension (OD600

¼ 0.8–1) at a 2 : 1 volume ratio and incubated overnight at 30 �C for 24 h. These treatments were marked as NPs, API, and Triton groups,
respectively. The untreated RS-5 bacterial suspension was set as the blank group. (A) The gene expression levels of pehC, pilT, and polA were
obtained from R. solanacearum treated with the bacteriostatic agent for 24 h. (B) The gene expression levels of phcA, phcB, and egl were
obtained from R. solanacearum treated with a bacteriostatic agent for 24 h. Error bars represent the standard error of at least three independent
trials.
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was found that the expression level of the transcriptional acti-
vator hrpB in the T3SS secretion system of R. solanacearum was
extremely low to be used to calculate the relative expression.
However, it has been reported that the expression of hrpB can be
This journal is © The Royal Society of Chemistry 2020
induced when R. solanacearum is cocultured with the plant
suspension,48 which might be the reason for the low expression
of hrpB. In summary, the nanoparticles loaded with MC and
CAPE have a certain inhibitory effect on the phenotypic
RSC Adv., 2020, 10, 3978–3990 | 3987
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Fig. 7 Schematic of the regulation of nanoparticles loaded with MC and CAPE on some pathogenicity-related genes of R. solanacearum.
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transformation system and the mobilization of R. solanacearum,
and it is expected to develop into a new type of antibacterial
agent.

4. Conclusions

In this paper, PLGA nanoparticles loaded with MC and CAPE
were successfully prepared by a single emulsion/solvent
evaporation method. The optimum conditions for obtaining
the highest DL (28.33 � 0.03%) were as follows: 3% PVA with
a ratio of the organic phase to aqueous phase of 1 : 2 at 325 W
under sonication for 2 min. Using the Fickian diffusion model
to t the sustained-release curve, the half-lives at pH 6.5, 7.4,
and 9.5 were calculated to be 10.0, 5.8, and 5.7 d, respectively,
indicating worthwhile sustained-release properties. The
nanoparticles loaded with MC and CAPE were used for the
antibacterial experiment of R. solanacearum, and the EC50

value was 0.285 mg mL�1. Under the same antibacterial effect,
the amount of nanoparticles used was 1/3 of the drug dose of
API. The expression levels of the pathogenicity-related genes,
namely, egl, pehC, phcA, phcB, pilT, and polA, of R. sol-
anacearum were downregulated by RT-PCR to 1/6, 1/13, 1/2, 1/
42, 1/2, and 1/8 of the drug-treated group, respectively, which
3988 | RSC Adv., 2020, 10, 3978–3990
have signicant inhibitory effects on the major transcription
factor phcA in the phenotype switching system. Therefore, the
nanoparticles loaded with MC and CAPE show good
sustained-release properties and good antibacterial effects, as
observed by the disruption of the cytomembrane and
suppression of pathogenicity-related gene expressions in R.
solanacearum, which has the potential to be considered as
a novel alternative agent for replacing traditional chemical
pesticides.
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