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EOs and their components as viable therapeutic antibacterials is however
greatly compromised by their volatile nature, hydrophobicity and instability

when exposed to environmental and physiological factors. Encapsulation of
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these compounds in an appropriate carrier system can alleviate these chal-
lenges. This study therefore aimed at developing, characterizing and evaluat-

ing the efficacy of antibacterial potential of thymol and eugenol loaded chito-
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san nanoparticles (TCNPs and ECNPs) against Ralstonia solanacearum, the
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bacterial wilt-causing pathogen in potatoes. Synthesis of TCNP and ECNP
was achieved via ionic gelation method and the prepared nanoparticles cha-
racterized by their particle size distributions, encapsulation efficiency, loading
capacity (LC) and in-vitro release characteristics. Antibacterial activities of
the nanoparticles were investigated using agar dilution and colony counting
methods and their minimum inhibitory concentration (MIC) determined by
96-well broth micro-dilution method. Scanning electron microscope images
of TCNPs and ECNPs showed that the nanoparticles were spherical in shape
and were well separated with an average particle size of 590 nm and 555 nm
respectively. The average size of chitosan nanoparticles alone was however
375 nm. The encapsulation efficiency was 72.9% for TCNP (with 48.3% LC)
and 71.7% for ECNP (with 49.5% LC). The release of thymol and eugenol
from the microcapsules was found to be pH dependent with the highest re-
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lease at pH 1.5. The growth inhibition of R. solanacearum was 92% and 94%
for TCNP and ECNPs respectively. The MIC of thymol and eugenol before
encapsulation was 175 pg/ml and 275 pg/ml respectively, but this reduced
significantly to 22.5 pg/ml and 45 pg/ml after encapsulation. Thus, encapsula-
tion of thymol and eugenol in chitosan nanoparticles has shown promising
potential as a bactericide alternative for R. solanacearum and could be useful
in managing the soil borne phytopathogen.

Keywords

Essential Oil, Loading Capacity, Encapsulation Efficiency, Minimum
Inhibitory Concentration, Bactericide

1. Introduction

Ralstonia solanacearum is an important phytopathogenic bacterium which
causes bacterial wilt disease not only in potato but also in other crops in the So-
lanacea family, leading to significant production losses [1]. Once it invades the
roots of the host plant, the pathogen aggressively colonizes the xylem vessels and
eventually grows into a biofilm matrix that fills the vascular vessels leading to
their obstruction and hence causing wilting [2]. Currently, bacterial wilt man-
agement is mainly achieved through cultural control methods which include the
use of clean certified planting materials, growing tolerant varieties, planting in
uninfested production sites and crop rotation. The current management strate-
gies have limited efficacy and bacterial wilt continues to be an economically im-
portant problem for farmers [3]. Currently there is no known commercialized
chemical management method for controlling R. solanacearum. Development of
alternative control strategies is therefore necessary in the management of bac-
terial wilt.

Plant extracts contain a variety of phytochemicals with antibacterial activity
which can be used for the development of novel plant protection agents. Key
among the plant extract compounds are essential oils (EOs) which have been
widely studied for their antibacterial activity against a variety of phytopathogens
[4] [5]. Some of the EOs which have been shown to have antibacterial activity
against R. solanacearum include clove, thyme and cinnamon [6] [7]. Studies
have further shown that EOs containing phenols such as eugenol, thymol, car-
vacrol, citral and cinnamaldehyde as major compounds possess the highest an-
tibacterial activity [8]. Eugenol which is a major compound of clove EOs exhi-
bits strong antibacterial activity against a number of both gram-positive and
gram-negative bacteria [9]. Thymol, a major compound of thyme EOs has also
been used as medicine in many countries for many years and research has
proved that it possesses antibacterial activity [10]. Previously, both thymol and
eugenol have been shown to have inhibitory activity against R. solanacearum

and are therefore potential antibacterials which can be used in the management

DOI: 10.4236/aim.2021.1112052

724 Advances in Microbiology


https://doi.org/10.4236/aim.2021.1112052

G. Oluoch et al.

of pathogen [11]. The use of these active EOs compounds as antibacterial agents
against soil pathogens is limited since they are highly volatile and unstable when
exposed to moisture, pH, light and oxygen, a fact that limits their activity [12]
[13]. Therefore, in order to utilize them in controlling R. solanacearum in potato
farms, there is a necessity for an appropriate packaging and delivery system that
will further enhance their efficacy.

A number of innovations and technological advancements have been applied
in the agricultural field in the recent past to address food security problem.
Among the novel technologies is nanotechnology in agriculture [14]. Nano-
technology has for many years have been utilized in medicine but its application
in agriculture has relatively received less attention. Currently, in agriculture, re-
search studies are exploring the use nanotechnology in controlled release of
agrochemicals, plant hormone delivery, seed germination, transfer of target
genes and nanosensors [15] [16]. The nanostructured systems have the potential
of enhancing the efficacy of EO and their components by promoting their sus-
tained release, reduced dosage, improved activity and minimized side effects
[15] [17]. Nanotechnology therefore, has the potential to overcome the limita-
tions that are imposed by the use of EO components as antibacterial compounds
[18]. There are two mechanisms through which the use of nanoparticles can
protect plants: the use of nanoparticles in providing crop protection and use of
nanoparticles as carriers for existing active plant ingredients such as pesticides,
fertilizers, antibacterial and antifungal compounds [15]. When used as carriers,
they enhance shelf-life, improve water solubility, reduce toxicity, and boost
site-specific uptake into the target microbe [15]. The nanoparticles or the nano-
composites can be applied to the plants through soaking the seeds, irrigating the
roots or foliar spray [19] [20].

A number of encapsulating agents have so far been reported [21]. Among
them, chitosan is the most cost effective carrier and has been used in both phar-
maceutical and agricultural fields [22]. Chitosan is preferred as an ideal carrier
system due to its properties including biodegradability, biocompatibility, availa-
bility, cationic charge safety, large surface area for adsorption and innate anti-
microbial potential [18]. It also induces plants leaves to release hydrolytic en-
zymes P-glucanase and chitinase which actively contribute to the defense of
plant against a variety of plant pathogens [23]. Previously, chitosan which is a
deacetylated form of chitin has been extensively used to encapsulate bioactive
compounds including EOs and their components such as Ocimum basilicum,
Origanum vulgare and carvacrol through ionic gelation [24] [25] [26]. This
study was therefore aimed at synthesizing, characterizing and evaluating thymol
and eugenol loaded chitosan nanoparticles (TCNPs and ECNPs) for antibacteri-
al efficacy against R. solanacearum.

2. Material and Methods
2.1. Materials

The virulent R. solanacearum was obtained from the Molecular Biology and
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Biotechnology Laboratory, Institute for Basic Sciences Technology and Innova-
tion, Pan African University located in Juja (Kenya) [11]. Thymol, eugenol,
Pentasodium tripolyphosphate (TPP), chitosan with low molecular weight (75%
- 85% degree of deacetylation) used as a coating material were purchased from
Sigma-Aldrich, Hamburg, Germany. Tween 80, acetic acid, hydrochloric acid

and ethanol (95%) were purchased from Legacy Lab Africa.

2.2. Preparation of Chitosan-Eugenol/Thymol Nanocomposites

Encapsulation of eugenol and thymol in chitosan with TPP was performed using
the two step oil-in-water emulsion and ionic gelation method [27]. Tween 80
was used as a surfactant and chitosan solution (1% w/v) was prepared by shaking
chitosan at room temperature overnight in 1% v/v aqueous acetic acid solution.
Tween 80 (336 ul) was added to 40 ml of chitosan solution and the mixture
stirred at 45°C for 2 hours forming an emulsion. Gradually, 0.5 g of thymol was
added into the stirred mixture, and agitation carried out for 20 min. Then, 40 ml
of 0.5% (w/v) TPP solution was dropped slowly into the emulsion while agitat-
ing and stirring continuously at room temperature for 30 min. Collection of the
formed particles was achieved through centrifuging the formed solution at 4000
rpm for 30 min at 25°C, and then cleaned by washing three times with water.
The obtained wet particles were dispersed in 25 ml of distilled water via probe
sonicator for 4 min (2 s sonication and 1 s rest) in an ice bath to get a homoge-
neous suspension. Finally, the formed particles were freeze dried at —65°C for 72

h. The dried nanoparticles (NPs) were then stored at 4°C until further analysis.

2.3. Characterization of the Nanoparticles

The morphology and the size of the nano-capsules were analyzed by scanning
electron microscope (0860000 Advance Laboratory Solutions, South Africa);
sample preparation followed the method described by Hosseini et a/, 2013 and
Fourier-transform Infrared Spectroscopy analysis (FTIR) was used to study the
chemical characteristics of the nanoparticles to determine the functional groups
involved in the reaction [25]. FTIR analyses for pure chitosan, thymol, eugenol
together with CNPs (loaded or unloaded with thymol and eugenol) were rec-
orded from electromagnetic spectrum range of 500 - 4000 cm™ by Shimadzu
FTIR-8400 (Kyoto, Japan). The samples were prepared by grinding the dried
nanoparticles with potassium bromide before pressing them to form disks [28].

For each spectrum, 16 scans at a resolution of 4 cm™ were obtained.

2.4. Loading Capacity and Encapsulation Efficiency

The amount of thymol and eugenol encapsulated in chitosan nanoparticles
(CNPs) was determined by UV-vis spectrophotometry technique as described
previously [25]. The sample was prepared by mixing 10 mg of thymol-loaded
chitosan nanoparticles (TCNPs) in 4 ml of 2 M HCI then boiled at 95°C for 30

minutes. After cooling, 2 ml of ethanol was then added to the homogenous mix-
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ture before being centrifuged at 9000 rpm for 5 min at 25°C. The procedure was
repeated for eugenol-loaded-chitosan nanoparticles (ECNPs). The supernatant
was then analyzed for the thymol and eugenol content using UV-vis spectro-
photometry at the wavelengths of 292.5 nm and 295 nm respectively. The
amount of thymol and eugenol was calculated by calibration curves of free thy-
mol and eugenol; CNPs was similarly treated and used as a blank and standard
calibration curve of both eugenol and thymol were established using five stan-
dard solutions with 0.02%, 0.04%, 0.06%, 0.08%, and 0.10% w/v diluted in abso-
lute ethanol. Each batch samples were measured in triplicate and the loading
capacity (LC) along with encapsulation efficiency (EE) of the compounds were
estimated from Equations (1) and (2) respectively [24].

_ Weight of loaded compound N

- — 100 (1)
Weight of initial compound

EE (%)

)

LC(%)= Weight of the loaded compound
Weight of nanoparticles after freeze drying

2.5. In Vitro Release of Thymol and Eugenol from Chitosan
Nanoparticles

The release characteristics of thymol and eugenol from CNPs was assessed in
phosphate buffer saline (PBS) at pH 1.5, 5.5 and 7.4 as described by Shetta et al,
2019 [29]. Freeze dried nanoparticles (40 mg) were put in a dialysis bag (12,000 -
14,000 KDa) containing 2 ml of PBS and was then incubated in a 50 ml tube
having 15 ml of the same release media at room temperature under gentle shak-
ing. At every 12-hour interval, 5 ml of release media was taken for analysis, with
an addition of an equal volume of fresh release media. The total cumulative
amount of thymol and eugenol (mg) in the volume of the release medium (ml)
that were encapsulated in NPs, was quantified spectrophotometrically. The re-
lease was quantified as follows:

Release (%) = [Released oil/Total oil] x 100 [30]

2.6. Determination of Antibacterial Activities of the Nanoparticles

The efficacy of encapsulated eugenol and thymol in CNPs against R. solanacea-
rum was investigated using broth dilution and colony counting methods as de-
scribed by Amro, 2017 [29]. The EOs and nano-encapsulates were first sterilized
by keeping them under UV light for 2 hours while R. solanacearum was cultured
on Casamino acid-Peptone-Glucose (CPG) broth aerobically for 24 hours at
28°C. After overnight growth, 2.5 ml of R. solanacearum culture containing 5%
DMSO was taken into falcon tubes containing 5 mg of CNPs, TCNPs, ECNPs
and corresponding amounts of pure eugenol and thymol for an incubation at
28°C in a shaker at 250 rpm for 12 hours. The positive control consisted of CPG
broth with R. solanacearum in order to check the growth of the bacteria while
the negative control was CPG broth alone in order to check for the sterility of

the media used in the experiment. Serial dilution was then prepared from the
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falcon tubes by addition of CPG broth and then 50 pL of the 7* fold dilution was
spread on the CPG agar and cultured at 28°C for 24 hours and the colonies
quantified with the help of a colony counter. The antibacterial activity was esti-
mated through the reduction in numbers of the bacterial colonies after intro-
ducing the sample compared with the positive control. All treatments were de-
termined in triplicate and average value was used in determining the percentage
inhibition.

C-A

Inhibition of R. solanacearum growth (%) = %100

where Cand A are the bacterial colonies of positive control and treated plates

respectively.

2.7. Determination of Minimum Inhibitory Concentration

The MIC of thymol, eugenol, ECNP and TCNP in relation to R. solanacearum
were measured in triplicate by 96-well broth micro-dilution method using resa-
zurin dye [11]. For eugenol and thymol, the MIC was determined based on con-
centration ranging from 300 to 100 pg/ml (300, 275, 250, 225, 200, 175, 150, 125
and 100) as previously determined from a pre-experiment. However, for TCNP
and ECNP it was determined using a concentration range of 720 pg/ml to 2.8
ug/ml (720, 360, 180, 90, 45, 22.25, 11.125, 5.6 and 2.8) in a CPG broth medium
using a 96 well plate. The concentration range was chosen based on preliminary
studies. To each well, 10 uL of R. solanacearum (10® CFU/ml) was then added
and then it was incubated at 28°C for 24 hours. After incubation, 20 L of resa-
zurin solution at 0.015 % m/v was added per well and the results recorded after
further incubation at 28°C for 1 h. The lowest concentration at which no color
change occurred (blue color retained) was considered as the MIC [31]. Positive
control consisted of 100 pL of CPG broth containing 10 uL of R. solanacearum
while the negative control contained 100 pL of broth only [21]. Each experiment

was carried out in duplicate and in three independent repeats.

3. Results and Discussion
3.1. Morphological and Particle Size Characterizations

The prepared CNPs, ECNPs and TCNPs were characterized using Scanning
Electron Microscope, Fourier-transform Infrared Spectroscopy analysis and
UV-Vis spectrophotometry. SEM images of both TCNPs and ECNPs demon-
strated distinct particles with spherical shape (Figure 1). Similar results were
observed when oregano EO was encapsulated in CNPs [25]. The size of poly-
meric nanoparticles prepared from biocompatible polymers such as chitosan had
been investigated and determined to range between 10 - 1000 nm [32]. In this
study, the average size of CNPs was 375 nm while those of TCNP and ECNP
were 590 nm and 555 nm respectively (Figure 1). The smaller size of CNPs in
comparison to the EO-loaded nanoparticles is due to the loading of thymol and

eugenol in CNPs [25]. The nanoparticle size obtained were in the same range
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Figure 1. SEM image of CNP (A), its zo

image (F) and particle size
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3.2. Fourier-Transform Infrared Spectroscopy Analysis
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of chitosan, CNPs, eugenol, thymol, TCNPs and ECNPs. Chitosan showed cha-
racteristic broad peak at 3408 cm™ due to hydroxyl group and primary amine
stretching. However, in CNP, this band shifted to 3423 cm™ and became wider,
indicating an enhancement in hydrogen bond due to hydrostatic interaction
between amino and phosphoric groups in TPP (Figure 2) [28]. The peak at 1117
cm™ indicated the amino group of chitosan but this peak shifted to 1121 cm™ in
CNPs. The shift is attributed to interaction between the amino group and phos-
phate anion in TPP signifying the formation of nanoparticles [30].

Eugenol showed characteristic peaks at 3517 cm™ (OH), 2843 - 3073 cm™
(C-H stretching), 1513 cm™, 1608 cm™ and 1638 cm™ (C-C aromatic ring)
(Figure 2). In comparison with the FTIR spectrum of CNP, the addition of eu-
genol resulted in a markedly increased intensity of the C-H stretching peak at
2931 cm™, indicating an increase in the content of ester groups, which might
come from eugenol. This increment of C-H stretching peak indicate a successful
encapsulation of eugenol into CNP [27].

Major peaks at 3408, 2931, and 1110 cm™' in ECNP indicated the presence of
N-H, O-H and CH-OH functional groups respectively [30]. The FTIR of ECNP
showed bands at 2931, 2065 and 1110 cm™, which were absent in CNP but
present in eugenol, indicating successful incorporation of eugenol in the ECNP
(Figure 3). The band attendance at 3423, 3421 and 3379 cm™ in CNP, thymol
and TCNP respectively represents hydroxyl group and primary amine stretching
(Figure 4). Sp3 C-H stretching appeared at 2961 cm™ in thymol and 2960 cm™
in TCNP and was absent in CNP which revealed the successful encapsulation of
thymol with CNPs [33]. Amide stretching peaks appeared at 1597, 1591 and
1597 for CNP, thymol and TCNP respectively. A characteristic absorption peak
at 1249 which is related to ether (C-O-C) bonds appeared only in thymol and

—— Chitosan
——CNP

100

80 1

60 -

40 -

Transmittance (%)

20 A

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 2. FTIR spectra of chitosan powder and chitosan nanoparticles (CNPs).
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Figure 3. Fourier transform infrared (FT-IR) spectra of (A) chitosan nanoparticles (CNP), (B) eugenol, and (C) eugenol-loaded
chitosan nanoparticles (ECNP).
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Figure 4. Fourier transform infrared (FT-IR) spectra of (A) chitosan nanoparticles (CNP), (B) Thymol, and (C) chitosan encap-
sulated thymol essential oil nanoparticles (TCNP).
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TCNP and was absent in CNP. Thymol and TCNP also shared a common peak
at 1110 cm™ which is related to ether (C-O-C) bonds. These FTIR results con-

firmed the incorporation of eugenol and thymol in the chitosan-TPP system.

3.3. Loading Capacity and Encapsulation Efficiency

Calibration curves for pure thymol and eugenol were constructed and used to
determine LC and EE for TCNPs and ECNPs. The generated curves for thymol
and eugenol had R? of 0.996 and 0.986 respectively. The percentage amount of
eugenol and thymol encapsulated in TCNP and ECNP was estimated by deter-
mining the EE and LC spectrophotometrically based on the calibration curves
[24]. The EE of thymol and eugenol in TCNP and ECNP was determined as
72.9% and 71.7% while LC % was 48.3% and 49.5% respectively (Figure 5).
These findings were in agreement with previous reports on the encapsulation of
peppermint in CNPs [29] [34]. However, a higher encapsulation efficiency
greater than 90% have also been reported when cardamom essential oil was en-

capsulated in chitosan nano-composites [18].

3.4. In Vitro Release of Thymol and Eugenol from Chitosan
Nanoparticles

The in-vitro release study of thymol and eugenol from TCNP and ECNP was
carried out for 180 hours in three different pH media (1.5, 5.5 and 7.4) to con-
firm the successful encapsulation of the compounds and to determine the rate at
which the compounds are released from the NPs [24] (Figure 6). The release
profile for both eugenol and thymol could be described as a two-step biphasic
process, involving an initial burst release followed by subsequent slower release
[25]. In the first step (first 12 hours), there was burst release, which could be due
to diffusion of the compounds adsorbed on the surface of particle and those near

the surface. In the second step however, the release was relatively slow and this

80 4

e

177 1

Percentage (%)
N
(e

_

TCNP  ECNP TCNP  ECNP
(A) (B)

Figure 5. Encapsulation efficiency (A) and loading capacity (B) of thymol-loaded chito-
san nanoparticles (TCNP) and eugenol-loaded chitosan nanoparticles (TCNP).
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Figure 6. In vitro release profiles of thymol and eugenol from chitosan particles in dif-
ferent pH media levels.

could be attributed to the diffusion of thymol and eugenol dispersed into the
polymer matrix. A similar release profile had been reported previously [24]. The
release of the EO components from the microcapsules was found to be pH de-
pendent. At pH 7.4, 5.5 and 1.5, the maximum release percentages for thymol
were 63.8%, 74.7% and 83.0% respectively while for eugenol, the maximum re-
lease percentages were 64.1, 78.1 and 85.6% in pH 7.4, 5.5 and 1.5 respectively.
The results suggest that the rate of release of thymol and eugenol from CNPs is
faster in acidic solution (pH = 1.5) than in slightly acidic (pH = 5.5) and neutral
(pH = 7.4) respectively. In acidic media (pH 1.5), both thymol and eugenol were
released from CNPs very quickly, and the released contents were significantly
higher than what occurs at higher pH media (pH 7.4) which is most probably
due to the swelling and partial dissolution of the NPs. The relatively higher re-
lease of the encapsulated compounds from the CNPs could be due to the partial
dissolution and swelling of the TCNP and ECNP caused by ionic repulsion of
protonated free amino groups on one chitosan chain with its neighboring chains
[35]. It was also noted that the two compounds were not completely released

from NPs because complete release needs complete degradations of CNPs [29].

3.5. Determination of Antibacterial Activities of the Nanoparticles

To determine the percentage mortality of R. solanacearum in the presence of
CNPs, TCNPs and ECNPs, agar dilution and colony counting methods in CPG
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medium was used (Figure 7) as described by Shetta et al, (2019). The percen-
tage reduction in numbers of the bacterial colonies after the treatment with
TCNPs and ECNPs when compared to the colonies of positive control (CPG
media with bacteria only) were used to estimate the antibacterial activity. Posi-
tive control had the highest number of R. solanacearum colonies which indi-
cated a normal growth of the pathogen in CPG agar medium whereas, no colo-
nies were observed in the negative control confirming the sterility of agar me-
dium. In the plate containing CNPs, percentage inhibition of 80% was recorded
while chitosan alone showed percentage inhibition of 44%. An enhanced inhibi-
tion percentage of 92% and 94% for TCNP and ECNPs respectively when com-
pared to the positive control was recorded (Figure 8). There was however, no

Figure 7. Bactericidal activity of Chitosan (A), CNPs (B), TCNP (C) and ECNP (D) on R.
solanacearum in CPG media. Negative control (E) and positive control (F).

100+

804 7

60 -

40-

% inhibition of R. solanacearum

204

Chitosan CNPs ~ TCNP  ECNP
CPG treatments

Figure 8. Inhibitory effect of chitosan, CNPs, TCNPs and ECNPs against R. solanacea-
rum.
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significant difference in the rate of inhibition between TCNP and ECNP. Donsi
et al, 2011 also reported similar results in which the antibacterial potential of
EOs were enhanced against pathogens causing food spoilage after being encap-
sulated with nanoparticles [36]. In another study, Kalagatur et al, 2018 reported
an enhanced antifungal activity of CNPs encapsulated with Cymbopogon marti-
nii EO on plant pathogenic fungi Fusarium graminearum [12]. The findings are
further supported by a study by Khalili et al, 2015 who reported an enhanced
antifungal activity of chitosan encapsulated thyme EO nanoparticles over thyme
EO during safeguarding of the tomato fruit against Aspergillus flavus [37]. The
enhanced antimicrobial activity of encapsulated EOs had been linked to sus-
tained release, improved hydrophilicity, and the better penetration resulting

from small size of the nanocapsules [38].

3.6. Determination of the Minimum Inhibitory Concentration

Using the minimum inhibitory concentration assay, thymol, eugenol, TCNPs
and ECNPs were compared for the antimicrobial efficacy of the EO against R.
solanacearum. Before encapsulation, the MIC of thymol and eugenol was deter-
mined as 175 pug/ml and 275 ug/ml respectively (Table 1). However, after en-
capsulation with CNPs, the MIC of thymol and eugenol against R. so/anacearum
reduced significantly to 22.5 pg/ml and 45 pg/ml respectively (Table 2). In a
study by Van Vuuren et al, 2010, the MIC values of Melaleuca alternifolia EO
ranged from 250 pg/ml against C. a/bicans to 2000 pg/ml against E. coli and S.
aureus [39]. After encapsulation however, the MIC was lowered to values be-

tween 17 and 34 pg/ml against all the pathogens. The reduction in MIC was

Table 1. Inhibitory levels of thymol and eugenol against R. solanacearum.

Concentration (ug/ml)

Compounds
300 275 250 225 200 175 150 125 100 +ve —ve
Thymol + + + + + + - - - + -
Eugenol + + - - - - - - - + -

Inhibited; (+): not inhibited; (-): Positive control (broth + R. solanacearum); (+ve): Neg-
ative control (broth only); (—ve).

Table 2. Inhibitory levels of TCNP and ECNP against R. solanacearum.

Concentration (ug/ml)

Compounds
720 360 180 90 45 225 113 56 28 +ve -ve
TCNP + + + + + + - - - + -
ECNP + + + + + - - - - + -
CNP + + - - - - - - - + -

Inhibited; (+): not inhibited; (=): Positive control (broth + R. solanacearum); (+ve): Neg-
ative control (broth only); (-ve).
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attributed to the persistence of antibacterial activity due to the sustained release
of compounds [40]. The reduction MIC may also be due to synergistic activity
between EO compounds and CNPs [39].

4. Conclusion

Nanotechnology is one of the latest technological advancements, that is the most
promising in agriculture. In the present study, thymol and eugenol were suc-
cessfully encapsulated in CNPs and their antibacterial activity tested against R.
solanacearum in vitro. Successful encapsulation of the compounds in CNPs was
confirmed by SEM, FTIR and UV-Vis spectroscopy. SEM images of CNPs,
TCNPs and ECNPs showed that the nanoparticles had average sizes of 375 nm,
590 nm and 555 nm consecutively. The encapsulation of thymol and eugenol in
CNPs has been demonstrated to beneficial from different perspectives, including
their protection from the surrounding medium, enhanced antibacterial activity
and their controlled release from the nanocapsules. TCNP and ECNP were ob-
served to be highly effective in controlling R. solanacearum in vitro with en-
hanced growth inhibition percentages of 92% and 94% for TCNP and ECNPs
consecutively when compared to the positive control. The MIC of the encapsu-
lated eugenol and thymol was also found to be much lower than those obtained
for thymol and eugenol. This study has therefore demonstrated that encapsula-
tion of thymol and eugenol in CNPs could protect them from degradation and
enhance their antimicrobial efficacy against R. solanacearum. TCNP and ECNP
therefore have a great potential to be used as a bactericide for managing the soil
borne phytopathogen. There is need however, for an in vivo test to confirm their

activity against the bacterial wilt causing soil borne pathogen.
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