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Abstract: Due to the strong pathogenicity of Ralstonia solanacearum, a variety of strategies have
been used to develop antibacterial agents; however, antibacterial drugs with targeted effects on
R. solanacearum remain lacking. Herein, we present a nanoagent targeting R. solanacearum based
on our previous research on poly-(lactic-co-glycolic acid) (PLGA) particles (PLGA-NPs) loaded
with methyl caffeate and caffeic acid phenethyl ester. Antibodies that have specific effects on
R. solanacearum, which were verified using immuno-PCR, were first used to prepare PLGA-targeted
nanoparticles (PLGA-TNPs). The antibody coupling process was investigated in terms of antibody
binding degree and antibacterial activity. The EC50 value of PLGA-TNPs was 0.021 mg/mL, which
was significantly reduced by 92% in comparison to PLGA-NPs. PLGA-TNPs had a perforating effect
on the cell membrane of R. solanacearum, but no effects on Escherichia coli according to the SEM results.
In addition, a downregulation of the pathogenicity-related genes compared to PLGA-NP treatment
was observed, and the expression of egl, phcA, phcB, pilT, polA-238, and pehC decreased by 78, 79, 87,
61, 58, and 41%, respectively. Therefore, PLGA-targeted nanoparticles not only enhance the activity
against R. solanacearum, but also provide a new idea for controlling bacterial wilt.

Keywords: Ralstonia solanacearum; targeted drugs; nanoparticle; poly-(lactic-co-glycolic acid); caffeate

1. Introduction

Ralstonia solanacearum is the pathogen that causes plant bacterial wilt, one of the most
severe diseases affecting the production of many important crops worldwide [1]. Soil,
water, and even animals serve as a potential medium for this serious threat, which makes
it difficult to prevent. After a plant is infected, the leaves of the plant still appear green, but
symptoms of wilting soon appear. Due to this feature and the degree of damage, farmers
and scientists in China call it “bacterial wilt” (Qing Ku Bing) [1]. Major crops and economic
plants such as potatoes, tobacco, tomatoes, and mulberries can be infected [2]. These crops
have been plagued by this disease over the years, causing little or no harvest and severely
damaging the livelihoods of farmers. The main pathogenic factors of R. solanacearum in-
clude extracellular polysaccharide (EPS), cell wall degrading enzymes (mainly cellulase
and pectinase), and type III Hrp secretory system effector protein factors associated with
pathogenesis [3]. The infestation of cyanobacteria can be divided into the following two
stages: pre-infection and post-infection. In the pre-infection stage, R. solanacearum invades
plant roots through secondary roots and root wounds multiply in the interstices of epi-
dermal and cortical cells and activates PrhA (a plant regulator of the Hrp gene), which
regulates type III and type II secretion systems through two regulatory pathways [4]. One
of the pathways is that PrhA regulates the gene expression of PrhI and PrhJ sequentially
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by activating the PrhR gene. The signal is transmitted to HrpG to activate the transcrip-
tional activator HrpB gene of the Hrp gene cluster, which positively regulates the Hrp
gene cluster and opens the type III secretion system in preparation for the initiation of
pathogen colonization. Another pathway is that plant cell signaling is transmitted to pehR
via the outer model receptor protein pehS of R. solanacearum and regulates the expression of
environmental tolerance genes such as exopolygalacturonases (pehC), and initiates the type
II and type IV secretion systems, activating the expression of the flagellar formation and
motility-related gene pilT to accelerate the colonization process of R. solanacearum in the
plant cells [5]. These regulatory genes, such as exopolygalacturonases (pehC), phcA, phcBSR,
and the motility-related gene pilT [6], all play important roles in the pathogenicity of R.
solanacearum. The molecular mechanism of this regulation is that plant cell signaling is
transmitted to pehR via the outer model receptor protein pehS of R. solanacearum and regu-
lates the expression of environmental tolerance genes such as pehC. Thus, this antibacterial
agent has the potential to effectively inhibit the pathogenicity of R. solanacearum.

Antibiotics are often used to prevent plant microbial diseases due to their good an-
tibacterial effect, but the repeated use of antibiotics also leads to the increased resistance of
pathogenic microorganisms. According to statistics, in 2015, about 97,000 tons of antibiotics
were used in the animal husbandry industry in China, accounting for 46.1% of the total
output of antibiotics that year; excessive use of antibiotics has brought a series of problems
to animals, plants, and the ecological environment. For example, the drug resistance of
pathogenic bacteria is enhanced, the immune function of livestock and poultry is impaired,
the disease resistance of animals and plants is reduced, the environmental microorganisms
are threatened, and the ecological balance is undermined. If the dosage of antibiotics is fur-
ther increased, a vicious circle will occur. In the context of the abuse of antibiotics, polymer
nanoparticles containing antibacterial substances might be a promising solution. Various
biodegradable polymers have been employed by the US Food and Drug Administration
(FDA) as drug carriers for many human diseases [7], and poly-(lactic acid) (PLA), poly-
(glycolic acid) (PEG), and their copolymers poly-(lactic-co-glycolic acid) (PLGA) have been
extensively utilized for the treatment of human diseases for several years [8]. In addition,
some metal nanoparticles, such as silver [9] and magnesium oxide [10], have aided in
the control of bacterial wilt due to their role in promoting reactive oxygen species (ROS)
production and increasing oxidative stress in cells. However, considering the development
of drug resistance in pathogens, such a single antibacterial mechanism is not suitable for
current agricultural research. Due to the application of polymeric nanoparticles, the active
molecules showed higher antibacterial activity [11]. PLGA is a polymer nanomedicine
with multifunctional potential, while attracting the attention of researchers for its great
potential for artificial transformation [12].

Nanodrug delivery systems based on PLGA have a variety of ways of encapsulating
pharmacodynamic molecules to adapt to different needs and show excellent degradability.
Pharmaceutical molecules can be packaged inside the core or embedded in or adsorbed on
the surface of nanoparticles according to different needs [8]. Previous studies indicated that
PLGA nanoparticles (PLGA-NPs) loaded with caffeic acid phenethyl ester (CAPE) and caf-
feic acid methyl ester (MC) showed a significant effect on the control of R. solanacearum [13].
However, a major concern regarding this application is that the nanoparticles could jeopar-
dize other beneficial microorganisms or the cells of plant roots. A considerable amount
of literature has been published, but currently no studies address the use of antibodies to
modify PLGA nanomedicine to achieve targeted drug delivery to R. solanacearum.

A previous study conducted by our research group showed that the application of
caffeic acid and its ester derivatives had obvious effects on the inhibition of growth of
R. solanacearum [13]. Hereby, a pharmaceutical conjugated with antibodies is proposed
based on PLGA nanoparticles loaded with CAPE and MC. The EDC/NHS carboxyl ac-
tivation method was employed to produce PLGA-targeted nanoparticles (PLGA-TNPs)
against R. solanacearum. The antibody binding effect and antibacterial performance, which
are both used as indicators for investigation, were studied and both the high-concentration
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treatment groups of 3.2 and 4.0 mg/mL showed high antibacterial rates. To evaluate
the antibacterial activity of PLGA-TNPs on R. solanacearum, RT-PCR, scanning electron
microscopy (SEM), and transmission electron microscopy (TEM) were employed.

2. Results and Discussion
2.1. Identification of the Specific Binding Ability of the R. solanacearum Antibody

Immuno-PCR was employed to detect the specific binding ability of the antibodies to
R. solanacearum [14]. Figure 1 shows that the samples from four PCR tubes covered with
R. solanacearum-specific antibodies yielded characteristic bands, while samples containing
water and R. solanacearum were used as negative and positive controls, respectively. How-
ever, the positive control group showed higher luminance due to the lower strain content in
the PCR tubes. The antibody combined with the PCR tube can target R. solanacearum. Due
to this specific binding capacity, there was no immune response in the PCR tube with E. coli,
and E. coli could be washed away using a PBST buffer during the wash stage. Therefore,
this antibody possessed the targeted binding ability to R. solanacearum.
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Figure 1. Immuno-PCR was used to detect the specific targeting effect of the antibody on R. solanacearum. Test templates of
water and R. solanacearum bacterial solution were used as the negative control (N) and the positive control (P), respectively.

2.2. Binding Process Conditions Based on TMB Chromogenic Reaction

Figure 2A shows the effects of different ratios of EDC/NHS on the TMB chromogenic
reaction of PLGA-TNPs. When the EDC/NHS ratio was 1:1, the OD450 value reached a
maximum value of 0.4582 ± 0.0124. The ratio of EDC/NHS showed different effects on
the degree of antibody binding. EDC could activate carboxyl groups, while NHS could
enhance the stability of carbodiimide cross-linking products. When the concentration of
EDC was in a certain range, it increased the number of antibody couplings. However, when
the concentration of EDC was too high, it reduced the number of antibody couplings [15].
This was consistent with our results that the coupling of antibodies was inhibited when
the ratio of EDC to NHS was greater than 1:1 [16,17]. Therefore, the optimal ratio of
EDC and NHS was 1:1 when the degree of antibody binding was detected using a TMB
chromogenic reaction.
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Figure 2. TMB chromogenic reaction based on ELISA principles was employed to detect the binding effect of an antibody
and PLGA-NPs. The effects of the ratio of EDC to NHS (A), activation time (B), pH value of the buffer (C), and antibody
binding time (D) on the binding degree of the antibody were investigated. Error bars represent the standard error of at least
three independent trials.

Figure 2B shows the effects of magnetic activation time on the TMB chromogenic
reaction of the targeted nanoparticles. When the activation time was from 10 to 30 min, the
number of antibodies coupled by the nanoparticles increased, and the maximum OD450
was 0.85 ± 0.12 at 30 min. When the nanomedicine was activated using magnetic stirring,
as time increased, the compound nanomedicine interacted more fully with EDC and
NHS [18]. However, the OD450 value decreased rapidly when the activation time exceeded
30 min, which may be because the decrease in EDC concentration with the extension of the
activation time reduced the content of compound nanoparticles, which was not conducive
to the coupling of antibodies [19]. Therefore, considering the highest coupling between
antibodies and nanoparticles, the optimal activation time for the nanoparticles was 30 min.

Figure 2C shows the effects of different pH values of a PB buffer solution on the
TMB chromogenic reaction of the targeted nanoparticles. To obtain the optimal antibody
coupling scheme, a buffer with a pH of 5.7 to 8 was selected in this study. When the
pH changed from 5.7 to 7.0, the acid-base environment changed from acidic to neutral,
indicating an increasing trend in pH. When the pH was between 7.0 and 8.0, the acid-base
environment changed from neutral to alkaline, and the OD450 value decreased gradually.
Therefore, the highest OD450 value reached 1.61± 0.07 at a pH of 7. Studies have shown that
the pH of the buffer can affect the activity of antibodies, and most of the coupling reactions
of antibodies occur in neutral or weakly alkaline conditions [20], which is consistent with
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our results. Therefore, a reaction buffer with a pH of 7 was selected as the best reaction
condition for follow-up experiments.

Figure 2D shows the effects of antibody binding time on the TMB chromogenic reaction
of the targeted nanoparticles. Before 40 min had passed, the value of OD450 increased
with increasing time and reached a maximum value of 1.12 ± 0.04 at 40 min. The value of
OD450 decreased with increasing time after 40 min. The reaction time of antibody binding
is an important parameter related to the number of antibodies that are conjugated to the
surface of nanoparticles. Previous studies have shown that a shorter reaction time will
cause antibodies to fail to bind effectively to nanoparticles, and unbound antibodies will
be lost in the washing process. Due to the instability of the coupling effect, the dissociation
of the fully bound antibody-nanoagent conjugate was caused by a long reaction time [21].
Consequently, since the reaction time of OD450 is the longest, when the reaction time
reaches 40 min, it indicates an effective antibody coupling.

Therefore, the optimal conditions for the preparation of targeted nanoparticles were
achieved using magnetic stirring for 30 min, antibody binding for 40 min with a PB buffer
(pH 7.0), and an antibody dilution factor of 1000-fold.

2.3. The Growth Inhibition of Camphene

Figure 3 shows the results of investigating the effects of the mass ratio of EDC/NHS,
activation time, pH of the PB buffer, binding time, and antibody usage on the antibody
binding process. These conditions are critical in the antibody binding process [22,23],
which has potential effects on the antibacterial performances of PLGA-TNPs. Various
high-concentration treatment groups showed high antibacterial rates. Differences in the
preparation conditions resulted in different degrees of antibody binding, which indirectly
led to differences in the antibacterial rates. To achieve the highest antibacterial rate of
95.08 ± 1.58%, the preferred conditions were as follows: a 1:1 mass ratio of EDC/NHS,
30 min activation time, PB buffer system with a pH of 7, 40 min of binding time, and
1000-fold dilution of the antibody, which were the same conditions used to investigate the
binding process conditions based on an investigation of the degree of antibody binding.

Table 1 shows the EC50 value of different forms containing the same Active Phar-
maceutical Ingredient (API) for an inhibitory effect on R. solanacearum. According to the
literature [24], the EC50 of PLGA-NPs is calculated to be 0.021 mg/mL, which means
that 3.05 µg of MC and 2.86 µg of CAPE were required when a 50% inhibition rate was
reached with a 28% loading rate of PLGA-TNPs. However, compared to other forms of
API, the usage was significantly decreased with the same antibacterial effect. Due to the
targeting effect of antibodies, the EC50 of PLGA-TNPs decreased by 92% compared to that
of PLGA-NPs, which greatly improves the utilization rate of API and, in effect, enhances
the reduction abilities of a PLGA-TNPs reduction. This may be because antibody-modified
nanoparticles are more likely to bind to bacterial wilt, thereby enhancing the antibacterial
effect. The binding ability of antibody modified nanoparticles to R. solanacearum was
enhanced as a result of the specific binding ability of the antibodies.

Table 1. EC50 at different dosage forms of antibacterial agents against R. solanacearum and the quality
of MC and CAPE required.

Antibacterial Agents EC50 (mg/mL)

MC 0.310
CAPE 0.165
API 0.248

PLGA-TNP 0.021
PLGA-NP 0.285
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Figure 3. Investigation of the effects of the antibody and PLGA-NP coupling process on antibacterial performance. The
effects of the ratio of EDC to NHS (A), activation time (B), pH value (C), binding time (D), and antibody usage (E) on the
inhibition rate were investigated. Error bars represent the standard error of at least three independent trials.
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2.4. Characterization of PLGA-TNPs

Figure 4 shows the results of the PLGA-TNP characterization. FT-IR, zeta potential
analysis, TEM, and particle size distribution were used in the analysis of PLGA-TNPs.
Figure 4A shows the FTIR spectra of PLGA-TNPs, CAPE, MC, and PLGA, where 1763 cm−1

is the stretching of the C = O bond in the ester bond, and 1182 cm−1, 1095 cm−1 is the
stretching of the CO bond. These two features were identified as the characteristic peaks
of PLGA [25] The main peaks of CAPE at 3478, 3323, and 1600 cm−1 were significantly
reduced, indicating that CAPE was successfully embedded in PLGA [26]. The hydroxyl
stretches at 3478, 1607, 1535, and 1445 cm−1 are the unique C = C bond stretching of the
aromatic compounds, and 1307 cm−1 is the stretching of CO bonds on -COOH, which
are characteristic peaks of MC [27]. In the spectrum of PLGA-TNPs, the characteristic
peaks of 1281, 1307, 1607, 1535, and 1445 cm−1 were significantly reduced, indicating that
PLGA has successfully embedded MC. It can be judged that MC and CAPE have been
successfully embedded.
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analysis (B), particle size distribution (C), and transmission electron microscopy (D).

According to the results shown in Figure 4B, the zeta potential of the targeted nanopar-
ticles is −4.85 mV, while the zeta potential of ordinary nanoparticles is −23.52 mV. The
change in the zeta potential of the nanoparticle proves that the antibody is successfully
attached to the surface of the nanoparticle, but the targeted nanoparticle is easier to polymer-
ize in solution [28]. Combined with the TEM results shown in Figure 4C, the PLGA-TNPs
presented a multilayer structure, which indicated that the antibody successfully coupled
to the PLGA-NPs. Figure 4D shows that the average particle size of a PLGA-TNP was
189.05 nm.
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2.5. Release Kinetics of PLGA-TNPs

Figure 5 shows the relationship between the cumulative release rate and the release
time of PLGA-TNPs. The release rate of PLGA-TNPs was the highest, and the cumulative
effective drug release was the highest in the weakly acidic buffer solution with a pH of 6.5.
The release number of targeted NPs was scant at a pH of 9.5.
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CAPE at a pH of 6.5 (B), 7.4 (C), and 9.5 (D). PLGA-NPs were prepared at a 1:1 ratio of EDC to NHS, with 30 min of
activation time, a pH of 7, and 40 min of antibody binding time.

The nanoparticle drug release process consists of three stages. Figure 5A shows the
initial burst release stage (0~6 h), which was the first stage of the release process with the
highest rate [19]. The effective APIs adsorbed or adjacent to the PLGA wall material were
freely released into the solution. The cumulative release rates of API in the three buffers
were 32.76% (pH 6.5), 20.76% (pH 7.4), and 6.02% (pH 9.5). The second stage (7~27 h) was
the release stage in which the drug molecular diffusion and PLGA disintegration occurred
together. The mixed API molecules were released synchronously, and the API release
rate was significantly lower than that in the first stage. The cumulative release rates of
PLGA-TNPs in the three buffers were 39.36% (pH 6.5), 31.09% (pH 7.4), and 6.62% (pH 9.5).
In the third stage (28~40 h), with the disintegration of polymers, the API molecules were
released, while the release rate approached zero infinitely and finally entered a nearly
linear sustained-release state.

The slow-release kinetic equations of the targeted NPs at a pH of 6.5, 7.4, and 9.5 were
established using the Fickian model and recorded as Equations (4)–(6), respectively. Table 2
shows the theoretical time and theoretical half-life required for nanoparticles to reach a
90% release rate, as calculated using a semi-empirical formula. Under acidic conditions,
at a pH of 6.5, the release rate was lower, and the theoretical half-life of 90% release was
46.0 days. The half-life at a pH of 7.4 was 3.6 days, and the theoretical time to reach a
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90% release rate was 15.2 days. The higher the pH value was, the faster the degradation
rate of PLGA nanoparticles was. In addition, the API molecules in the nanoparticles were
accelerated in an alkaline environment, while an acidic environment impaired the release
of drug molecules. The pH of mulberry soil is mainly acidic, which is advantageous for the
long-term application effect of nanoparticles in mulberry soil.

Table 2. The theoretical half-life of antibody nanoparticles loaded with MC and CAPE and theoretical
time required to reach a 90% release rate.

pH of Buffer Half-Life (Days) Time to Reach 90% Release Rate (Days)

6.5 4.8 46.0
7.4 3.6 15.2

Note: The drug dosage was 1 mg/mL.

Figure 5B–D show a sudden release of the two kinds of drug molecules within 0~6 h,
which is the first stage of the release of PLGA-TNPs. MC and CAPE reached the maxi-
mum cumulative release rates of the first stage in the three buffer solutions, which were
36.75 and 28.77% (pH 6.5); 17.63 and 23.90% (pH 7.4); and 0.34 and 11.69% (pH 9.5), respec-
tively. The degradation of PLGA particles occurred after 7 h, accompanied by the slow
dissolution of MC and CAPE. In the curves of the cumulative release rate and time of the
different pH buffer solutions, the release rates of MC and CAPE reached the maximum
in the buffer with a pH of 7.4. When the release time was 40 h, the cumulative release
rates of MC in the three buffer solutions were 38.55% (pH 6.5), 20.21% (pH 7.4), and 1.54%
(pH 9.5), respectively, and the CAPE cumulative release rates were 40.17% (pH 6.5), 46.97%
(pH 7.4), and 11.69% (pH 9.5), respectively. From the point of view of the release amount,
the cumulative release amount of MC in the sudden release stage of the three buffers was
higher than that of CAPE. The release of the effective drug molecule MC is mainly in the
first stage. Although MC and CAPE are co-embedded in PLGA-TNPs, the MC alkyl chain
is shorter and its affinity with water is stronger than that of CAPE, which may lead to
different distributions during emulsification. More MC is adsorbed and embedded in
the surface layer of PLGA nanoparticles than CAPE [28]. On the other hand, the drug
molecules adsorbed and embedded in the surface layer of PLGA particles are released
faster [29], which leads to a slow release of CAPE molecules in the sudden release stage
and the stage of drug molecular diffusion and PLGA particle disintegration. In addition,
the higher the pH value is, the faster the degradation of PLGA nanoparticles, the release
of MC molecules embedded on the surface of PLGA particles with the degradation of
PLGA, and the release of MC before entering the stable release period is. Thus, combined
with the multiple effects of nanoparticles, the inhibitory effect of compound nanoagents
containing MC and CAPE on R. solanacearum not only solved the problem of developing
drug resistance but also had the effect of continuous release of drug molecules in batches
to cause damage to the cell membrane of R. solanacearum.

2.6. Test Results of Targeting Ability of PLGA-TNPs

Figure 6 shows the verification of the targeting effect of antibody nanoparticles loaded
with MC and CAPE on R. solanacearum. The form changes of E. coli and R. solanacearum un-
der the action of targeted agents were observed using SEM, and the targeting of nanoagents
to R. solanacearum was proven using Polymerase Chain Reaction (PCR) and electrophoresis.
Figure 6A,C shows the cell morphology of non-treated R. solanacearum cells and E. coli,
and the cell surface structure of the two bacteria without treatment was intact. Moreover,
Figure 6B shows that the cell morphology of E. coli underwent no obvious change when
E. coli was treated with targeted nanoparticles, and the surface structure was not deformed
or damaged. In addition, targeted nanoagents can also be seen distributed on the surface of
cells [30]. However, Figure 6D shows obvious deformation when a cell of R. solanacearum
was treated with targeted nanoagents, with sunken cell surfaces and pores. Meanwhile,
few targeted nanoparticles were visible on the cell surface of R. solanacearum. Therefore,
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compared to ordinary nanoparticles, targeted nanoparticles may more easily bind specif-
ically to R. solanacearum and destroy the surface structure of the bacterial membrane,
resulting in an overflow of R. solanacearum cell contents, and its antibacterial ability has
been proven [31]. Figure 6E shows the electrophoretic results of E. coli and R. solanacearum
treated with targeted nanoparticles and cultured under regular conditions. After diluting
the cell concentration of each treatment group and control group 10 times, there was no
significant change in the brightness and size of the E. coli electrophoretic band and normal
electrophoretic band. However, the electrophoretic band of the R. solanacearum treated
with targeted nanoparticles alone and a mixed culture of E. coli and R. solanacearum became
darker and thinner relative to the normal band. The above experimental results show that
the targeted nanoparticles targeted R. solanacearum.
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2.7. Electron Micrographs of R. solanacearum Treated with PLGA-TNPs

Figure 7 shows the morphological changes in R. solanacearum treated with ordinary
nanoparticles and targeted nanoparticles under a scanning electron microscope. Figure 7A
shows the morphology of the treated R. solanacearum strain. Comparing Figure 7B,C shows
that the morphology of R. solanacearum treated with ordinary nanoparticles has changed, the
surface is relatively uneven, and the flagella structure was destroyed, while the morphology
of the R. solanacearum treated with targeted nanoparticles has changed greatly. Due to the
targeting effect, the nanoparticles are adsorbed on the surface of the R. solanacearum cell
membrane. At the same time, the perforation effect is caused by the contact between the
polymer nanoparticles and the cell membrane itself, and combined with the release of MC
and CAPE, it may cause circular holes to form in the cell membrane [13]. The reduction in
the flagella structure reminded us that the expression of other pathogenicity-related genes
of R. solanacearum may also be downregulated. Then, qPCR was employed to detect the
expression of pathogenicity-related genes after PLGA-TNP treatment.
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Figure 7. Scanning electron micrographs of the bacteriostatic treatment of R. solanacearum. (A). The
strains incubated at 30 ◦C for 24 h were designated the blank control group at 1000 K×magnification.
(B). The strains treated with 4 mg/mL PLGA-NPs loaded with MC and CAPE were designated the
treatment group at 1000 K× magnification. (C). The strains treated with 4 mg/mL PLGA-TNPs
loaded with MC and CAPE were designated the treatment group at 10.75 K×magnification.

2.8. Electron Micrographs of the R. solanacearum Treated with PLGA-TNPs

Figure 8 shows the changes in the expression of pathogenicity-related genes after
different treatments. The polygalacturonase gene pehC, motility-related gene pilT, and DNA
polymerase-related gene polA are related to the early infection stage of R. solanacearum.
The related genes of the core system–phenotypic transformation system regulating the
pathogenicity of R. solanacearum, phcA, phcB, and another related gene egl are treated with
Triton X-100 as the blank control group. In the group treated with targeted NPs, the
expression of related genes decreased significantly.
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Figure 8. Effect of PLGA-TNPs loaded with MC and CAPE on the virulence-related gene expression
of R. solanacearum. Those treatments were designated the PLGA-TNP, PLGA-NP, API, and Triton
groups, respectively. The Triton group was used as the blank group. The gene expression levels of egl,
phcA, phcB, pilT, polA-238, and pehC were obtained in the R. solanacearum treated with bacteriostatic
agents for 24 h. The letters in the columns indicate the differences between the different treatment
groups, the same letter indicates that the difference is not significant (p > 0.05), and completely
different letters indicate a significant difference (p < 0.05).
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Among them, the downregulation of the pehC gene was the most obvious, and there
were significant differences among the different treatment groups. The expression levels of
the control group, API treatment group, and conventional NP treatment group were 20.45,
5.59, and 1.69 times higher than those of the targeted NP treatment group, respectively, hence
drug nanocrystallization could inhibit the expression of the pehC gene. Oligo-galacturonic acid
is a powerful stimulator of the plant defense response [32]. R. solanacearum could well
complete the process of colonization in plants by regulating the environmental tolerance
gene pehC, which could destroy the plant defense system, and promote the root invasion
and colonization of R. solanacearum. The downregulation of this gene indicates that targeted
NPs play a significant role in the prevention and control of bacterial wilt.

In a later stage of infection, the gene expression of the phenotypic transformation
system-related genes, phcA and phcB, was significantly downregulated compared to that of
the control group, but the gene expression of the control group was 2.76 and 13.38 times
higher than that of the targeted NP treatment group, respectively. The downregulation of
the egl gene expression was also obvious, and there was a significant difference between
the targeted NP treatment group and the control group. The gene expression of the control
group was 8.02 times higher than that of the targeted NPs treatment group. PhcA is the core
regulatory gene in the phenotypic transformation system, which regulates the pathogenicity
of R. solanacearum infection, and regulates the expression of virulence factors such as EPS,
a plant cell wall degrading enzyme, motility, and other regulatory elements [33]. The
expression of phcA was decreased due to the inhibition of CAPE on various transcription
factors and activators [34]. The phcB gene is involved in population signal transduction,
and the expression of the phcB gene is significantly lower than that of the phcA and egl
genes, resulting in a weakening of the signal that activates the expression of the phcA gene,
resulting in a downregulation of phcA expression [6]. In addition, the expression of the
phcA gene can regulate the expression of the egl gene, which can confirm the decrease in egl
gene expression.

The expression of pathogenicity-related genes egl, phcA, phcB, pilT, polA-238, and pehC
in the bacterial cells treated with PLGA-TNPs was downregulated by 78± 9, 79± 6, 87± 5,
61 ± 5, 58 ± 10, and 41% ± 16%, respectively, compared to PLGA-NP treatment. Analysis
of the results showed that the targeted NPs mainly acted at a later stage of R. solanacearum
infection, but also had a certain inhibitory effect on the invasion and colonization of
R. solanacearum in an early stage of the infection.

3. Conclusions

A promising targeted nanoparticle loaded with CAPE and MC was synthesized using
emulsification solvent evaporation and the EDC/NHS carboxyl coupling method. Two
aspects of the degree of antibody binding and antibacterial rate are taken as indicators
to study the coupling process of antibodies and nanomedicines. When the agent was
activated for 30 min and the ratio of EDC/NHS was 1:1, the antibody was coupled in a PB
buffer with a pH of 7.0 for 40 min and the antibody was diluted 1000 times. The specific
binding ability of PLGA-TNPs was verified using the immuno-PCR method and scanning
electron microscopy. In addition, the results of the zeta potential analysis of PLGA-TNPs
showed that the antibody had successfully bound to the surface of the nanoparticles,
and it was also due to the addition of the specific antibody that the EC50 value of the
agent was significantly reduced by 92%. Therefore, PLGA-TNPs can target binding to
R. solanacearum, continuously release pharmacodynamic molecules, and use the perforating
effect of the PLGA-TNPs to disrupt cell membranes and make the contents leak out;
meanwhile, it inhibits the expression of encoded flagellar genes and reduces swimming
motility. Moreover, it inhibits the expression of the polygalacturonase gene and increases
the content of oligogalacturonide, a powerful excitation factor of the plant defense system,
to improve the defense ability of plants against R. solanacearum. Therefore, a nanoparticle
that has specific targeting effects on R. solanacearum was successfully developed and is
potentially valuable in the prevention and treatment of R. solanacearum.
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4. Materials and Methods
4.1. Experimental Materials and Strains

The R. solanacearum strain (RS-5) was isolated from diseased mulberry tree leaves
and identified with gram staining and a serological response [35]. Antibodies against
R. solanacearum strains (Prajna Biology, Shanghai, China), polylactic-co-glycolic acid (PLGA)
and polyvinyl alcohol (PVA) 124 (St. Louis, Missouri, American, analytically pure reagent),
Tryptone LP0042 (Oxoid, Basingstoke, UK, analytically pure reagent), hydrolyzed casein and
methyl caffeate (research group), and phenethyl caffeate (Macleans, Hong Kong, China) [36,37].
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS)
(Sinopharm, Shanghai, China, analytically pure reagent). Ltd. DEPC water and isopropanol
(Takara). The total RNA extraction reagent TRIzol and PCR kit (Sangon, Shanghai, China).
All of the primers were purchased from Shanghai Sangon Biotech. A Roche LightCycler96
real-time fluorescent quantitative PCR instrument (Roche, Shanghai, China).

4.2. Antibody Specificity Verification

According to previous research, the specific capture ability of antibodies can be
verified using immuno-PCR methods [14] with slight adjustments. The PCR tube was
coated with 50 µL of the serum antibody that had been diluted 1000 times with a CB buffer
overnight at 4 ◦C. A PBST (0.1 M, pH 7.4) buffer was used to wash the PCR tube after
the coating process, and the remaining liquid was knocked out after the washing process.
The suspensions of R. solanacearum (CPG Culture 30 ◦C OD600 = 0.8~1) and E. coli (LB
Culture 37 ◦C OD600 = 0.8~1) were diluted 1000 times and added to PCR tubes to perform
the incubation process at 37 ◦C for 2 h. In this stage, the antibody on the surface of the
PCR tube reacted with the target protein on the surface of R. solanacearum to specifically
adsorb R. solanacearum. The cell of E. coli was not adsorbed due to the absence of the
target protein on the cell membrane. After the incubation, the PCR tubes were washed
with a PBST buffer, eventually washing out the unreacted strains. The primers, 16S rDNA
(27F:5′-AGAGTTTGATCCTGGCTCAG-3′,1492R: 5′-GGTTACCTTGTTACGACTT-3′) and
T7(T7:5′-TAATACGACTCACTATAGGG-3′,T7 ter: 5′-TGCTAGTTATTGCTCAGCGG-3′)
were used to detect R. solanacearum and E. coli, respectively.

4.3. Preparation of PLGA-TNPs Loaded with MC and CAPE

After the study of the magnetic activation time of PLGA [35] sustained-release targeted
compound nanopharmaceuticals, the antibody coupling time, the pH of the PB connection
reaction solution, the coupling drug ratio, and the antibody dilution ratio, the preparation
method began with the emulsifying solvent volatilization method to produce a compound
nanoparticle loaded with CAPE and MC. To conjugate the antibody to the surface of the
nanoparticle, an EDC/NHS chemical coupling method was used [38]. The first 2.5 mg of
EDC and NHS and 5 mg of compound nanoparticles in the MES solution were activated
(10 min, 20 min, 30 min, 40 min, 50 min, and 1 h). The nanoparticles were collected using
centrifugation at 8000× g for 5 min. A PB ligation reaction solution (pH = 8.0, 7.5, 7.0, 6.5,
6.0, and 5.7) was added, and the solution was shaken for 2 min. Antibody coupling was
performed with different dilutions (1000, 2000, 4000, 8000, 16000) and different antibody
binding times (10 min, 20 min, 30 min, 40 min, 50 min, and 1 h). The nanoparticles were
then collected using centrifugation and the supernatant was discarded. The nanoparticles
were washed once with a PBS buffer solution, centrifuged again, resuspended in a PBS
buffer solution, and finally conjugated with the antibody. The nanoparticles were frozen in
a refrigerator at −20 ◦C, lyophilized for 48 h, and stored at −80 ◦C.

4.4. TMB Chromogenic Reaction of Antibody Hrp

A microplate reader (SpectraMax i3, Silicon Valley, CA, USA) was employed to mea-
sure the absorbance after the TMB chromogenic reaction. An Hrp enzyme-linked antibody
was used to bind the nanoparticle, and the degree of binding of the antibody and the
nanoparticle could be effectively determined through the TMB color reaction. A TMB
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chromogenic solution was prepared by mixing a dihydrate tetramethylbenzidine solution
with a citric acid solution in equal amounts. Then, a 50-microliter TMB chromogenic
solution was mixed with a PLGA-TNP solution dissolved in PBS. After a dark reaction
occurred for 30 min, 50 µL of 0.5 mol sulfuric acid was added to terminate the chromogenic
reaction, and the absorbance was measured at 450 nm.

4.5. Sustained Release Kinetics of PLGA-TNPs

The sustained release kinetics of PLGA-TNPs were evaluated in buffer solutions with
pH values of 6.5, 7.4, and 9.5, according to the method previously reported by our research
group. The standard curve formula is shown in (1) and (2). The Fickian model [13,39]
was used to analyze the release process of PLGA-TNPs, and the release mechanism was
described by a semiempirical Equation (3). Formulas (1) and (2) and Equation (3) are
as follows:

MC standard curve line: Y = 439950x − 16.277 R2 = 0.9997 (1)

CAPE standard curve line: Y = 274620x − 16.708 R2 = 0.9995 (2)

Mt
M∞

= kxn + α (3)

where Mt represents the quantity of active pharmacodynamic molecules (API) released at
time t. M∞ represents the quantity of API released at infinite time, which could be roughly
regarded as the total amount of all of the pharmacodynamic molecules contained in the
nanoparticle. Moreover, k refers to a kinetic constant, and n is an exponent related to the
geometry and release mechanism of NPs. When the release model is spherical, n is equal
to 0.43. α is a pharmacodynamic molecule released at time zero, that is, the initial release
amount [29]. The API included equimolar CAPE and MC.

4.6. The Characterization of PLGA-TNPs

A Fourier infrared spectrometer was employed to reconfirm the presence of MC and
CAPE in the PLGA-TNPs [40]. The zeta potential of the PLGA-TNPs was characterized by
optical fiber technology using a Brookhaven NanoBrook particle size and zeta potential
analyzer. SEM (GeminiSEM 300, Carl Zeiss AG, Germany) and TEM (CM100, Philips
Electronic N.V., The Netherlands) was performed to observe the apparent morphology of
targeted nanomedicine after encountering R. solanacearum, and the inhibitory effect of the
inhibitor was observed by the morphology of the cell membrane of R. solanacearum [13].
The size of the nanoparticles was detected using transmission electron microscopy.

4.7. Verification of Drug Targeting Performance

R. solanacearum and E. coli were cultured separately and mixed, and further incubated
overnight at the optimal temperatures (30 ◦C for R. solanacearum, 37 ◦C for E. coli, and
30 ◦C for the mixed culture). Targeted NPs (4 mg/mL) were added to half of them at a
ratio of 2:1, and the same amount of sterile water was added to the control group. After
culturing at 30 ◦C for 24 h, the different treated strains were centrifuged at 8000 rpm for
2 min, and the precipitates were collected. The genomic DNA and plasmid DNA were
extracted using a DNA extraction kit (Sangon Biotech, China) and TIAN prep Mini plasmid
kit (Tiangen Biotech, China), respectively. The concentration was determined using a
microspectrophotometer and the plasmid was amplified using T7 and T7T primers by PCR.
The reaction system was 20 µL, which was composed of 10 µL of Taq Mix, 0.5 µL of T7
primer (5.39 nmol/OD), 0.5 µL of T7T primer (5.38 nmol/OD), 8 µL of sterile water, and
1.0 µL of plasmid DNA. The conditions of the PCR reaction were as follows: 95 ◦C for
5 min, then 95 ◦C for 30 s, 55 ◦C for 30 s, 72◦ C for 90 s for 32 cycles, then 72 ◦C for 5 min,
then stored at 4 ◦C. After amplification, a DNA loading buffer was added to the product
and an agarose gel with a concentration of 1% was prepared, a TAE buffer was used as
a separation buffer, followed by loading the DNA marker and samples. Electrophoresis
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was performed for 20 min at 140 V, 400 mA, and a UV transilluminator was employed to
observe the bands. The morphology of R. solanacearum and E. coli under the treatments
above was evaluated using SEM.

4.8. Evaluation of Antibacterial Properties of Drugs

A 96-well plate was used to measure the inhibitory effects of antibacterial agents
applied in different gradients on R. solanacearum. A 200 µL system constituted of 40 µL
of OD600 = 1 R. solanacearum bacterial suspension, 140 µL of CPG medium, and 20 µL
of different concentrations of compound nanopharmaceuticals (4, 3.2, 1.6, 0.8, 0.4, 0.2,
and 0.1 mg/mL) was added to a 96-well plate; the control group was 40 µL of bacterial
suspension, 140 µL of liquid CPG medium, and 20 µL of sterile aqueous solution. After
the sample was added, a microplate reader was used to measure the OD600, which was
recorded as T0. Subsequently, the 96-well plate was incubated overnight at 30 ◦C, and after
shaking for 5 min, the OD600 was measured and recorded as TF. The antibacterial rate of
the PLGA-TNPs was calculated according to the following Formula (4) [15]:

Inhibition(%) =

[
1− TFsample− T0sample

TFblank− T0blank)

]
× 100% (4)

where TFsample and T0sample, respectively, represent the OD600 absorbance value of the
bacterial solution before and after addition of the compound nanomedicine, and TFblank
and T0blank, respectively, represent the OD600 readings of the bacterial solution before and
after the culture of the control group.

4.9. Pathogenicity-Related Gene Expression in R. solanacearum

PLGA-TNPs (4 mg/mL), PLGA-NPs (4 mg/mL), active pharmacodynamic molecules
(APIs, 4 mg/mL), and Triton X-100 were added to the bacterial solution (OD600 = 0.8–1)
at a volume ratio of 1:2 and incubated at 30 ◦C for 24 h. The relative expression levels of
pathogenicity-related genes were measured using a LightCycler 96 real-time fluorescence
quantitative PCR system (Roche, Switzerland) as described in the previous study [13].
Specifically, each reaction system (20 µL) contained 10 µL of TB Green, 0.8 µL of upstream
primers, 0.8 µL of downstream primers, 6.4 µL of RNase-free double-distilled water, and
2 µL of cDNA (998 ng/µL). The reaction conditions were 94 ◦C for 5 min; 94 ◦C for 15 s,
60 ◦C for 30 s, and 72 ◦C for 30 s, for 45 cycles; and 95 ◦C for 10 s, 65 ◦C for 60 s, and
97 ◦C for 1s. The pathogenicity-related genes of R. solanacearum were selected according to
previous research [41]. The 16S rRNA of R. solanacearum was used as an internal reference
gene, and all of the experiments were repeated three times at the experimental level.

4.10. Statistical Analysis

The significant differences between the treatments were assessed by ANOVA, using
Duncan’s multiple range test. Data were subjected to a two-way ANOVA test using inter-
cropping and crop type as sources of a variable. ANOVA tests were performed using SPSS
version 19. Based on OTU data, redundancy analysis was performed using Canoco for Win-
dows 4.5, and Venn diagram, hierarchical cluster analysis, distance heatmap, redundancy
analysis, and variation partition analysis were performed using Ri386. Significant level
analysis was conducted using Duncan’s multiple range test, and an EC50 calculation was
completed. The significant differences between the treatments were assessed using analysis
of variance. All of the experimental data are in triplicate, and the results are reflected in the
error bars of the graph.
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