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Abstract

Pseudomonas syringae pv. syringae (Pss) is the causal agent of bacterial canker disease in stone,
pome and Kkiwi fruit trees, which causes much damage to these hosts. Using biodegradable
nanoparticle complexes is a new approach against bacterial cankers. This research investigated the
antibacterial activity of chitosan nanoparticles (CNPs)/Copper/thyme essential oil (EO) nano-
complexes against this bacterium. In this regard, the physicochemical characteristics of chitosan
nanoparticles and nano-complexes were analyzed by dynamic light scattering (DLS) and Fourier-
transform infrared spectroscopy (FTIR) methods. The DLS results showed that the nanoparticles
had unimodal size distribution with an average particle size of 190 to 254 nm. The FTIR analysis
confirmed the interaction among the components of nano-complexes. To evaluate the antibacterial
activity of the nano-complexes, the minimum inhibitory concentration (MIC) was measured
against Pss. The results showed that the nano-complexes had relatively high antibacterial activity
against Pss compared to their components. In particular, the nano-complexes showed the lower
MIC value and, therefore, higher antibacterial activity compared to thyme EO, Copper, and CNPs
alone. These results suggest a synergistic interaction among the components, indicating that the
nano-complexes could be a promising eco-friendly option for controlling bacterial canker disease
caused by Pss. Further research is needed to study the effectiveness of these compounds in the
field and to investigate the long-term environmental effects.
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Introduction

Pseudomonas syringae is one of the most
common pathogens of plants which infect
almost all economically important crop
species (Lamichhane et al., 2018; Xin et al.,
2018). Disease caused by new P. syringae
isolates, continue to threaten global crop
production ( Scortichini etal., 2012; Sun et al.,
2017; Xin et al., 2018; Cérdova et al., 2023).
For example, bacterial canker disease caused
by P. syringae pv. syringae (Pss) affects all
parts of stone fruit trees which causes
considerable damage to the trees, and reduces
yield (Shahryari et al., 2020). Although this
disease occurs worldwide, the current known
control methods have limited effects.

Copper-based compounds are usually
used to manage the diseases, but limited
success has been obtained due to their low
efficiency. Moreover, their widespread use
has led to copper tolerance and
environmental concerns (Shahryari et al.,
2020). A new approach for managing these
plant diseases is using nanoparticle
compounds, which show better control with a
lower dose and reduced environmental
contaminations (dos Santos et al., 2024).

Copper ions (Cu?") are used against
various fungal and bacterial pathogens in
agriculture to control different plant diseases
( Varympopi et al., 2020; Cruz-Luna et al.,
2021). They appear in some copper-based
compounds, which have been commercially
used for nearly 14 decades (Lamichhane et
al., 2018). Copper nanoparticles are more
efficient than conventional copper-based
compounds in preventing diseases (Yu et al.,
2023). Complexing of copper ions with
chitosan nanoparticles (CNPs) is a new
approach for preparing stable copper-based
nanoparticles with antimicrobial activity. For
example, it was shown that copper—CNPs
demonstrate  higher antifungal activity
because of the presence of both copper and
chitosan ions. The mechanism of the action
was explained so that the chitosan component

of the nanoparticles can induce the
production of enzymes which play a plant
defense role and this will improve plant
antifungal and antibacterial activity (Yu et
al., 2023). Besides, during plant infection,
fungi could produce different levels of acids,
which results in the acidic pH and protonate
the amino groups of chitosan. As a result, the
free copper ions are released from the
nanostructures. These copper ions could
enter into the fungal cells , which, in turn,
induce the synthesis of highly reactive
hydroxyl radicals, which could destroy
biological molecules (Gomes et al., 2023).

Thymus vulgaris L. (common thyme) is an
aromatic plant that belongs to the genus
Thymus of the Lamiaceae family (Morales,
2002). Thyme has been employed in
medicine, food, agriculture, veterinary, and
pest control (Tao et al., 2014). Thyme oil
extracted from Thymus vulgaris has shown
inhibitory activities against different bacteria
and yeasts (Deans & Ritchie, 1987;
Gaysinsky et al.,, 2008). The major
constituents of thyme essential oil (thyme
EO), which is rich in  phenolic
phytochemicals, have been reported to be
thymol, carvacrol, and y-terpinene (Aydin et
al., 2005; Undeger et al., 2009).

As a safe and approved food additive,
Chitosan is a biopolymer composed of D-
glucosamine and N-acetyl-D-glucosamine
units linked via B (1-4) glycosidic bond.
Chitosan is obtained by deacetylation of chitin,
a polysaccharide found in crustacean shells and
fungi cell walls. The main characteristics of
chitosan include antibacterial and antioxidant
effects, biodegradability, nontoxicity,
mucoadhesivity, and exceptional
biocompatibility, (Ali & Ahmed, 2018).
lonotropic gelation is the most widely used
method for CNPs synthesis. In this technique, a
polyanion like TPP is used to interact with the
positively charged amino groups on chitosan,
producing CNPs with spherical shape (Granata
etal., 2021).



Azarakhsh and Gerivani: Antibacterial activity of chitosan/thyme essential oil/Copper ... 4

This study investigated the antibacterial
activity of thyme EO/Copper ions/CNPs
complexes against Pss. As mentioned
above, each of these components show
antibacterial activity, but their complexes
are expected to show superior antibacterial
activity against this bacterium. To the best
of our knowledge, the antibacterial activity
of these complexes against Pss has not been
reported yet. The final aim of this research
is to find a more effective and
environmentally friendly approach to fight
with stone fruit bacterial canker.

Materials and Methods

Material preparation

Chitosan (= 92.0% deacetylation, CAS
no.: 9012-76-4, EC no.: 618-480-0) was
prepared from Tahoorkaran Bahador Pars
Company, Shiraz, Iran. CuSo4 (5H:20),
Tween 80, and Sodium tripolyphosphate
(TPP) were supplied from Merck
Company. Thyme plants were harvested
from research field of North Khorasan
Agricultural Research, Education and
Extension Organization, Iran, Bojnord.
After shade drying of thyme leaves, their
EO was extracted for 180 min using a
Clevenger apparatus. After hydro-
distillation, water was removed by
decantation and the EO obtained was
stored at 4°C for further uses.
Preparation of chitosan nanoparticles (CNPs)

Two hundred milligrams of low
molecular weight chitosan was dissolved in
50 ml 1% (v/v) acetic acid solution and
mixed overnight to prepare a 4 mg/ml
chitosan solution. To 10 ml of this chitosan
solution, 1 ml of 20 mg/ml tween 80
solution in deionized water was added.
CNPs were prepared using spontaneously
ionic gelation method. For this purpose, 1
ml of TPP solution (5 mg/ml) was dropwise
added into the above chitosan solution
while stirring at 700 RPM on the magnet
stirrer. The final pH of the system was

adjusted to 4.2-4.5 adding 4N NaOH.
Nanoparticle system was dialyzed against
deionized water using a dialysis membrane
with a 12000 g/mol cut off overnight.
Afterwards the system was air dried in 40
°C to dry the particles for further
investigation.  Copper-loaded  chitosan
particles were prepared using the same
procedure. 5 mg/ml of CuSO4.5H.0
solution was prepared. Two or 4 ml of this
solution was added to the chitosan solution
before adding TPP. Thyme EO loaded
nanoparticles were prepared using the same
procedure. After addition of EO mixing was
continued for three hours on magnet stirring
with a speed of 700 RPM.
Characterization of particle size

The particle size and polydispersity index
(PDI) were measured using dynamic light
scattering method (Particle Sizing Systems,
K-ONE NANO LTD, DLS9900). The
samples were analyzed in three replications
at 25°C with 90° scattering angle. The
samples were dispersed in deionized water.
The average particle size was obtained by
analyzing three different batches which each
of them was measured three times.
Fourier transforms infrared (FTIR) analysis

FTIR analysis was used to confirm the
synthesis of nano-complexes. The results
were recorded by Thermo Scientific Nicolet
i1S10 spectrometer. In FTIR spectroscopy the
chemical bonds in a molecule are
characterized based on their vibration which
depends on the elements and types of bonds.
During FTIR measurements, an IR beam is
subjected to a spot on the specimen. The
specimen's transmittance and reflectance of
the infrared radiation are measured at
different frequencies and translated into an
IR absorption plot.
Bacterial strain and inoculums preparation

A bacterial strain of Pseudomonas
syringae pv. syringae (IBRC-M 10702) was
obtained from Iranian biological-resource
center, Iran, Karaj.
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Growth medium and minimum inhibitory
concentration assay (MIC)

For the preparation of inoculum, a single
colony of the bacteria was transferred from
the solid culture media to 5 ml of Muller
Hinton (MH) broth and incubate at 37 °C on
shaker incubator (120 rpm). Optical density
(OD) was measured at 600 nm after 24 hours
incubation and adjusted to 0.5 adding sterile
deionized water under the Laminar flow
cabinet. Ten sterile test tubes were prepared,
and 1 ml of MH Broth was added to each one.
One ml of nano-complex suspensions was
added to the first test tube and after mixing 1
ml of the mixture was transferred to the
second test tube and in the same way serial
dilution was obtained up to the tenth test tube.
This procedure was repeated for positive
control (without treatment: adding deionized
water) and Bulk controls (Cu, Thyme EO and
CNPs). Then 100ul of the bacterial
suspension with adjusted OD at 0.5 was
added to each test tube. Negative control
tubes (without bacteria) were also used. The
prepared test tubes were incubated in shaker
incubator at 37 °C for 24 hours and the
minimum inhibitory concentrations were
determined visually. The MIC assay was
performed in triplicate with independently
grown cultures. The results showed high
reproducibility so calculating a means and
statistical analysis was unnecessary.

Results and Discussion

Fourier Transforms Infrared (FTIR)
Analysis

FTIR spectroscopy uses infrared waves
which induce vibration in the chemical bonds
and due to this vibration, the presence and
absence of functional groups in samples
could be examined. The present study
performed FTIR analysis to confirm the
interaction of chitosan, TPP and Cu?*-thyme
EO. In bulk chitosan, a specific peak at 3357
cm! corresponds to the combined peaks of
the -NH2 and -OH group stretching vibration.

The characteristic peak at 2917 cm™ was due
to the C-H stretching. A peak at around 1400
cm is usually attributed either to the
deformation of C-H (Cardenas & Miranda,
2004) or the stretching of C-N, (Qu et al.,
2011) and finally, the peaks between 1100
and 1000 cm™%, due to the stretching of the
glycosidic bond C-O that connects the
glucosamine monomers of chitosan (Kim,
2010). CNPs in comparison to bulk chitosan
shows sharper peaks at 3357 cm™. The
characteristic peak at 2917 cm™ became
sharper and shifted to 2921 cm™. The
characteristic peak at 1412 shifted to 1456,
and new peaks at 1734 cm™ and 1634 cm™
appeared in the spectrum of CNPs. As a result
of copper interaction with CNPs the induced
characteristic peaks at 3355 cm?, 1633 cm™,
and 1073 cm! shifted to 3277 cm™, 1622
cm, 1069 cm™?, respectively, which can be
considered as a confirmation of complex
formation. Copper concentration did not
change the FTIR spectrum significantly, and
thyme EO presence did not change the FTIR
spectrum (Fig. 1). Therefore, the FTIR study
showed a shift in characteristic peaks in
CNPs and Cu-CNPs compared to bulk
chitosan and these results were in line with
earlier findings (Saharan et al., 2013; Saharan
etal., 2015; M. K. Choudhary et al., 2017).

Dynamic Light Scattering (DLS) Results

Particle size analysis was conducted using
dynamic light scattering method which
measures the diffusion of particles in
solutions to determine their hydrodynamic
size. For this purpose, in 10 ml of deionized
water, combinations of chitosan, TPP, CuSOg4
(5H20) and thyme EO according to Table 1,
were prepared. The results of particle size
analysis have been shown in Table 2.

The average particle size, represented by
D50 (median diameter), ranges from 190 nm
to 254 nm across the samples. The
Polydispersity Index (PDI), an indicator of
size distribution, is relatively low for most
samples, ranging from 0.97 to 1.12. This
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suggests that the samples have a relatively
narrow size distribution, with most particles
falling within a similar size range. Only

Sample 2, where TPP was not added, exhibits

a higher PDI of 1.41, indicating a broader size
distribution.
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Fig. 1. FTIR spectrum of chitosan, chitosan NP and nano-complexes. In comparison to the bulk chitosan, the
characteristic peaks of chitosan were shifted and new characteristic peaks were appeared in chitosan NP

spectrum, which can be correlated to the nanoparticle’s formation. The copper/chitosan NP interaction was
also confirmed by shifting in the characteristic peaks.
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Table 1. Concentrations of the main parts of prepared systems for DLS analysis.

Sample  Chitosan concentration

TPP concentration

CuSO4 (5H20)

Thyme EO Concentration

No. (mg/ml) (mg/ml) concentration (mg/ml) (mg/ml)
1 2 0.25 1 0
2 2 0 1 0
3 2 0.25 2 0
4 2 0.25 2 2.5
5 2 0.25 0 0
Table 2. Results of particle size and size distribution analysis for the samples in Table 1.
Sample No. D10 (nm) D50 (nm) D90 (nm) PDI
1 118 190 330 1.12
2 136 254 495 1.41
3 140 224 370 1.03
4 128 221 351 1.01
5 138 220 352 0.97

Samples 1 and 3-5, which contain chitosan
and TPP, exhibit similar particle size
distributions compared to Sample 2 (without
TPP). This suggests that the presence of TPP,
a polyanion, interacts with chitosan, a
polycation, to form stable nanoparticles.
Adding CuSO4 (Samples 1- 4) did not seem
to significantly impact the average particle
size or size distribution compared to Sample
5, which lacked CuSO4. Adding CuSO4
(5H20) concentration from 1 to 2 mg/ml, did
not significantly change the particles average
size, but interestingly the PDI decreased from
1.12 to 1.03. Sample 4, the only sample
containing thyme EO, shows a slightly lower
PDI than the other samples. This suggests
that the incorporation of thyme EO may
contribute to a narrower size distribution.

Overall, the DLS analysis indicated the
successful formation of nanoparticles with
relatively uniform size distributions in most
samples. The presence of TPP appears crucial
for nanoparticle formation, while CuSO4 and
thyme EO had limited influence on the
overall particle size and distribution.
Antibacterial assessment against Pss

To assess the antibacterial activity of
CNPs/Cu?*/thyme EO complexes against Pss,
the minimum inhibitory concentration (MIC)
for different ratios of these three components
was determined. The results of this assessment

have been shown in Table 3. In Sample 1,
thyme EO had the weakest antibacterial
activity. As has been shown in Samples 2-5,
CuSOs (5H20) solution and  CNPs
demonstrate lower MIC values and therefor
better antibacterial activity in comparison to
thyme EO. Adding 1 mg/ml CuSO4 (5H20) to
this CNPs concentration (Sample 6), reduced
the MIC value to 0.031 mg/ml. By increasing
the CuSO: (5H20) concentration to 2 mg/ml
(Sample 7), the antibacterial activity has not
been improved. At last, as it is shown in
Sample 8, addition of thyme EO, did not
change the MIC significantly in comparison
with CNPs+CuSO4 (Sample 7). However, it
showed increased antibacterial activity in
comparison with thyme EO, CuSO4 and CNP
each alone.

In the absence of CNP (Sample 2), CuSO4
at 2 mg/ml exhibited an MIC of 0.062 mg/ml.
When combined with CNP (Samples 6-7),
CuSO04 at 1 mg/ml or 2 mg/ml further reduced
the MIC to 0.031 mg/ml. This indicates a
synergistic effect between CNP and CuSO4 in
enhancing antimicrobial activity. In the
absence of CNP and CuSO4 (Sample 1),
thyme EO had the MIC of 1.25 mg/ml. When
combined with CNP and CuSO4 (Sample 8),
the MIC was further reduced to 0.031 mg/ml,
indicating a synergistic effect among all three
components.
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Table 3. Minimum Inhibition Concentration for CNP/Cu/Thyme EO complexes with different proportions

Sample Chitosan nanoparticles
No. (CNP) (mg/ml) (mg/ml)

CuSO4 (5H,0)

Minimum Inhibition
Concentration (mg/ml)

Thyme essential oil
(EO) (mg/ml)

CONO OB WNBE
AP PAANPFPLR OO
NNPFP,POOONO

1.25
0.062
0.125
0.250
0.250
0.031
0.031
2.5 0.031

N

The effect of Cu?*-CNPs was shown in
previous research on pathogenic bacteria to
humans or plant pathogenic fungi (Mekahlia
& Bouzid, 2009; Manikandan &
Sathiyabama, 2015; Tantubay et al., 2015; R.
C. Choudhary et al., 2017; Gritsch et al.,
2018; Tabesh et al., 2019; Vanti et al., 2020;
Ahmed etal., 2021; Omar et al., 2021; Gomes
et al., 2023), however it was less studied
against the agriculture bacterial pathogens (
Hoang et al., 2022; Akdasgci et al., 2025) and
it was not studied before on P. syringae pv.
syringae specifically.

Although the addition of thyme, EO has not
increased the antibacterial effect of the nano-
complexes, since the thyme EO has pest insect
control effect (Barros et al, 2022
Goharrostami et al., 2022), their simultaneous
application could also cause pest control effect
(in addition to the antibacterial -effects).
However, further studies are required to
confirm the pest control effect.

Conclusion
The antibacterial activity of the
CNPs/Cu?*/Thyme EO nano-complexes
against Pseudomonas syringae pv. syringae
as the leading cause of bacterial canker in
stone, pome and kiwi fruit trees was
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