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Abstract

Chitosan is a cationic natural polymer which has been widely used in various areas. Present study focused on the
preparation of the chitosan nanoparticles (NPs) throughout ionic gelation method and using tripolyphosphate (TPP),
as non-toxic polyanion counter-ions. Chitosan NPs solutions were prepared by mixing of the 10 mL chitosan
solutions, with different concentrations (1, 2 and 3 mg/mL), and different amounts of the TPP (4, 6, 8, 10, 12,
14 mL) at 35 °C. Physico-chemical characteristics of prepared chitosan NPs solutions were evaluated using FT-IR,
DLS, TEM and UV-Vis spectroscopy. Achieved results indicated that optimum conditions to prepare opalescent
chitosan NPs suspension achieved by using 10 mL of chitosan solution (3 mg/mL) and 14 mL TPP. The provided
chitosan NPs at these conditions had highest turbidity (0.317 a.u.) and zeta potential (+15.9 mV) values. The formed
spherical chitosan NPs in the solution had minimum mean particle size of 20 nm. Antibacterial activities analysis
against both Gram positive and negative bacteria strains indicated that the formed chitosan NPs had higher bacte-
ricidal effects as compared to the chitosan solution. Obtained results also revealed that both chitosan solution (3 mg/mL)
and its prepared NPs had strong fungicidal activity against Aspergillus flavus.
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Abbreviations Introduction

ANOVA  Analysis of variance

DLS Dynamic light scattering Organic nanoparticles (NPs) are known as solid particles con-
FT-IR Fourier transform infrared structed of organic materials including lipids and polymeric
NPs Nanoparticles compounds with particle size ranging from 10 nm to 1 pm
PTCC Persian type culture collection (Kumar and Lal 2014). Among these NPs, polymer NPs have
PDA Potato dextrose agar gained attentions due to their widely applications in numerous
TEM Transmission electron microscopy areas such as electronics, food packaging, biotechnology,
TPP Tripolyphosphate medicines, pharmaceutics and environmental technology

(Rao and Geckeler 2011).

Chitosan (poly [(-(1-4)-2-amino-2-deoxy-d-glucon]) is a
54 Hoda Jafarizadeh-Malmiri natural biodegradable polymer which is obtained by partial N-
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Fig. 1 Chitosan chemical structure

secondary hydroxyl groups bounded to carbon numbers 3 and
6, respectively (Shahidi et al. 1999). These functional groups
give unique properties to chitosan including high biocompat-
ibility, biodegradability and antimicrobial, with low immuno-
genicity and toxicity. However, it has low solubility in aque-
ous media (Zheng and Zhu 2003; Bodnar et al. 2005).
Chitosan is known as a strong antimicrobial agent, which is
safe for human body. Several researches and studies have been
done on antimicrobial activities of chitosan in different form
(i.e. solution, film and composite) against to the algae, bacte-
ria, fungi and viruses (Qi et al. 2004; Goy et al. 2009; Younes
and Rinaudo 2015).

As compare to the chitosan in its bulk form, chitosan NPs
have considerably special physico-chemical and biological
properties such as film forming, hydrophilicity, viscosi-
ty, water-uptake ability, biodegradability, mucoadhesion
and, antibacterial and antifungal activities (Sharma et al.
2009). Several methods have been developed to prepare
chitosan NPs namely, self-assembling, ionic gelation and
micro-emulsification or ultrafine milling (Vaezifar et al.
2013). Ionic gelation, is also known as ion-induced ge-
lation, is a mild method for chitosan NPs preparation in
an aqueous media without any chemical surface modification
of the chitosan molecule. Furthermore, this method is
included simple operating conditions (Kunjachan et al. 2010;
Vaezifar et al. 2013).

In the chitosan NPs preparation using ionic gelation meth-
od, the counter-ions have been widely utilized. These com-
pounds can be categories in three main groups namely, low
molecular weight materials (e.g. pyrophosphate and
tripolyphosphate), hydrophobic counter-ions (e.g. alginate
and polyaldehydro-carbonic acid) and high molecular weight
ions (e.g. octyl sulphate and cetylstearyl sulphate) (Sinha et al.
2004; Martins et al. 2012). Tripolyphosphate (TPP) is a non-
toxic polyanion which its negatively charged ions can be
interacted with chitosan protonated amine groups through
electrostatic forces and create ionic cross-linked networks
(Martins et al. 2012). Particle size of the prepared chitosan
NPs using ionic gelation method and TPP, as counter-ions, is
strongly affected by several parameters such as concentration
of chitosan and TPP, and reaction time (Sinha et al. 2004;
Kunjachan et al. 2010; Martins et al. 2012; Vaezifar et al.
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2013). There is a direct relationship between antimicrobial
activity of the NPs and their particle size, where smaller par-
ticle size shows higher bactericidal and fungicidal activities
(Eskandari-Nojehdehi et al. 2016). Aspergillus flavus is the
most frequently identified Aspergillus species in human infec-
tion. Aflatoxins are poisonous carcinogens that are produced
by A. flavus (Klich 2007). Streptococcus pyogenes is clinically
important for humans. It is an infrequent, but usually patho-
genic, part of the skin microbiota (Lamagni et al. 2008).
Escherichia coli and Staphylococcus aureus are two main
pathogenic food-borne bacteria (Cho et al. 2016).

Therefore, the main aims of the this study were to (i)
study the effects of concentrations of chitosan and TPP
on the particle size of the prepared chitosan NPs (as
manifested in solution turbidity) using ionic gelation
method and (ii) evaluate physico-chemical properties
and antimicrobial activities of the prepared chitosan
NPs against to four mentioned pathogenic bacteria and
fungi strains.

Materials and methods
Materials

Medium molecular weight chitosan with deacetylation
degree of 85% was bought from Sigma-Aldrich (Aldrich Co.
Steinheim, Germany). Sodium tripolyphaphate (TPP)
was obtained from Scharlau (Scharlau Co. Barcelona,
Spain). Aspergillus flavus (PTCC 5004), Escherichia
coli (PTCC 1270), Staphylococcus aureus (PTCC 1112)
and Streptococcus pyogenes (PTCC 1447) were attained
from microbial Persian type culture collection (PTCC,
Tehran, Iran). Potato dextrose agar (PDA) as culture
media for A. flavus was provided from Oxoid (Oxoid
Ltd., Hampshire, England). Violet red bile agar as cul-
ture media for E. coli, baird parker agar as culture me-
dia for S. aureus and blood agar as culture media for
Str. pyogenes, were purchased from Merck (Merck co.
Darmstadt, Germany). Double distilled water was used to
prepare all aqueous solutions.

Preparation of chitosan NPs

Chitosan NPs were prepared using the ionotropic gelation
between chitosan and sodium TPP. Chitosan solutions
with different concentrations (1, 2 and mg/mL) were
provided in acetic acid aqueous solution (1% V/V).
According to the literature studies, TPP solution with
concentration of the 1% W/V was prepared [16]. After
that, different amounts of TPP solution (4, 6, 8, 10, 12
and 14 mL) were added into thel0 ml of the chitosan
solutions on the magnetic stirrer adjusted at 500 rpm
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and 35 °C. The obtained opalescent suspension indicated
that chitosan NPs were prepared.

Physico-chemical characteristics of the prepared
chitosan NPs

Chitosan NPs formation can be easily visualized by observa-
tion of the opalescent suspension which, samples opacity was
determined using a Jenway UV-visible (UV-Vis) spectropho-
tometer (6705, Jenway Ltd., Essex, UK) adjusted at a wave-
length of 625 nm. In fact, the opalescent suspension with
higher turbidity (absorbance unit) indicated the higher concen-
tration of the formed chitosan NPs (Du et al. 2009; Martins
et al. 2012). Morphological assay (shape and size) of the
produced chitosan NPs was done using Transmission
electron microscopy (TEM, CM120, Philips, Amesterdam,
Netherlands). Mean particle size, particle size distribution
and zeta potential of the formed chitosan NPs, were measured
using a dynamic light scattering (DLS) particle size analyzer
(Nanotrac Wave, Microtrac, USA) and were presented by
number.

Fourier transform infrared (FT-IR) spectrum of chitosan
and its NPs was taken with potassium bromide pellets on a
spectrometer (Bruker, Tensor27, Karlsruhe, Germany) at
wave number range of 400-4000 cm .

Chitosan and its NPs antibacterial activity

Antibacterial activity of chitosan NPs was measured by agar
well diffusion method against S.aureus and Strpyogenes as
Gram- positive and E.coli as Gram-negative bacteria. The
bacterial suspensions containing 1.5 x 10® colony forming
unit (cfu) per 1 mL of the suspensions were provided based
on the described manner by Eskandari-Nojehdehi et al.
(2016). 0.1 mL of the prepared suspensions was then poured
in the sterile plates and the provided culture mediums
were added into the plates and completely mixed with

S S ~F

Fig. 2 Appearance of the chitosan solution (a), chitosan NPs (b) and
aggregated chitosan NPs solutions
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Table 1 Turbidity intensity of the prepared chitosan NPs solutions
Chitosan Amount of Absorption at Standard
concentration TPP (mL) wavelength of deviation
(mg/mL) 625 nm (a.u.)
1 4 0.0213 0.0035

6 0.2217 0.0194
2 4 0.0140 0.0017

6 0.0247 0.0031

8 0.0647 0.0035

10 0.2827 0.0259
3 4 0.0150 0.0026

6 0.0227 0.0021

8 0.0397 0.004

10 0.0657 0.0047

12 0.1183 0.0211

14 0317 0.0444

the suspensions. After solidification of medium inoculat-
ed with bacteria suspensions, three wells with diameter
of 5 mm were made in the solidified medium. 10 pL of
the chitosan solution (I mg/mL) and its NPs solutions
with different concentrations (1, 2 and 3 mg/mL) was
added into the wells and the plates were incubated at
37 °C for 24 h. After that, the diameter of the growth
inhibition zones was measured as antibacterial activity
of the chitosan and its NPs.

Chitosan and its NPs antifungal activity

Antifungal activity of chitosan solution, and its NPs against
A. flavus was evaluated using a method based on radial
mycelia growth of A. flavus inhibition on the culture
media containing PDA incorporated with chitosan and
its prepared NPs, as described method by Torabfam
and Jafarizadeh-Malmiri (2018). In this method, a pure
culture of the A. flavus was prepared on the plate con-
taining PDA, during 72 h of incubation (26+2 °C).
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Fig. 3 Particle size distribution profile of the chitosan NPs solution. Size
distribution is presented by number
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Fig. 4 TEM image of the chitosan NPs solution

Fig. 5 FTIR spectra of the
chitosan (a) and chitosan NPs (b)
solutions
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After that, three agar disks (5 mm diameter) from plate
containing pure culture of the fungus were isolated and
located in the center of plates containing PDA (as con-
trol sample), PDA conjugated with chitosan and PDA
amended with chitosan NPs. The prepared plates were
then incubated at 26 +2 °C for 5 days. Mycelia growth
diameters of the fungus on the plates were monitored
daily and antifungal activity of the chitosan and its NPs
was stated as inhibition of the fungal hyphae growth
(mm).

Statistical analysis

Physico-chemical analysis of the prepared chitosan
NPs were carried out in three replications. Data were
interpreted by analysis of variance (ANOVA) using
Minitab v.16 statistical package (Minitab Inc., PA,
USA). Tuky’s comparison test was used to compare
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the mean values. All comparison was made at 5% level of
significance.

Results and discussions
Formation of chitosan NPs

During preparation of chitosan NPs, three different aqueous
solutions, namely; clear solutions, opalescent suspensions and
aggregates could be obtained which the opalescent suspen-
sions were related to the formed chitosan NPs (Fig. 2). As
clearly observed in Fig. 2a, the chitosan solution, without
TPP, was completely clear. While the chitosan NPs solution,
was opalescent. By addition extra amounts of the TPP, the
formed chitosan NPs were aggregated and a two separated
phase solution was obtained (Fig. 2c).

The visually obtained results indicated that by increasing
the amounts of the TPP solution into the chitosan solutions,
with constant concentrations, the turbidity of the samples, as
absorbance unit (a.u.), increased. Table 1 shows the turbidity
intensity of the prepared solutions. The obtained results indi-
cated that the opalescent suspension solutions with higher
turbidity were obtained by incorporating of the 6, 10 and
14 mL of the TPP solution into the 10 mL of chitosan solution
with concentrations of the 1, 2 and 3 (W/W), respectively.
However, the obtained chitosan NPs solution using 10 mL
of chitosan solution (3% W/W) and 14 mL of TPP showed
the highest turbidity (0.317 a.u.) which represented the highest
concentration of the formed chitosan NPs in the solution.
Therefore, this sample was selected to further physico-
chemical and antimicrobial analysis.

Chitosan NPs characteristics

Particle size, shape and distribution are more important pa-
rameters for the prepared nanosuspensions (Sayyar and
Jafarizadeh-Malmiri 2018). The dynamic light scattering
method based on scattering of a laser light beam at the surface
of dispersed NPs and detection of the backscattered light
could be effectively used to determine these essential param-
eters (Eskandari-Nojedehi et al. 2018). Figure 3 shows size
distribution profile of the selected chitosan NPs solution with
highest formed NPs concentration. As clearly observed in this
figure, most of the formed chitosan NPs had particle size
values lower than 100 nm. The obtained result by DLS indi-
cated that the prepared chitosan NPs had mean particle size of
74.4 nm.

Zeta potential is related to the charge density of the NPs
surface and drastically affects suspension stability based
on the electrostatic repulsion between NPs (Qi et al.
2004). Zeta potential measurement revealed that the
formed chitosan NPs in the selected solution were more

Fig. 6 Inhibition zone around the holes of chitosan solution (1 mg/ mL)
(a), chitosan NPs (I mg/ mL) (b), chitosan NPs (3 mg/ mL) (¢) for
Streptococcus pyogenes

stable and had an average surface charge of +15.9 mV,
which the positive charge of this value was related to
the presence of protonated amine free groups in the
chitosan structure (Fig. 1).

TEM image of the chitosan NPs solution, presents in
Fig. 4. As can be seen, the formed chitosan NPs had
spherical shape, smooth surface and mean particle size
of 20 nm. This revealed that the formed NPs had lowest

Fig. 7 Inhibition zone around the holes of chitosan NPs (1 mg/ mL) (a),
chitosan NPs (2 mg/ mL) (b), chitosan NPs (3 mg/ mL) (¢) for S. aureus
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Fig. 8 Inhibition zone around the holes of chitosan NPs (1 mg/mL) (a),
chitosan NPs (2 mg/ mL) (b), chitosan NPs (3 mg/ mL) (c) for E. coli

surface energy with highest thermodynamic stability,
and is in agreement with high value of the zeta poten-
tial of the created chitosan NPs (Ghanbari et al. 2018).

FTIR analysis

FTIR is widely utilized to determine chemical structure and
existing functional groups of the polymers, and investigate
their possible interactions. The FTIR spectra of the chitosan
and its NPs are indicated in Fig. 5a and b, respectively. For the
chitosan (Fig. 5a), the strong and wide peak at 3452.30 cm !
was attributed to —~OH and -NH,, related to extra-molecular
hydrogen bonding of molecules stretching vibration (Qi et al.
2004; Zhan et al. 2012; Vaezifar et al. 2013). The peak at
1638.55 cm™ ' specified N-H stretching vibrations in amine
(R-NH,) and amide (R-CONH,). In the chitosan NPs spectra
(Fig. 5b), a shift from 3452.30 to 3445.28 cm ! is indicated
and the peak is sharper in the chitosan NPs, which

Fig. 9 Antifungal activity of
PDA amanded with chitosan
solution (3 mg/mL) (a), PDA
amanded with chitosan NPs

(3 mg/mL) (b) and PDA (control)
(c) on the inhibition of mycelia
growth of A, flavous during 5 days
of incubation

@ Springer

demonstrates that the hydrogen bonding is enhanced (Qi
et al. 2004). In chitosan NPs, the 1638.55 cm ! peak of —
NH, bending vibration shifts to 1557.81 cm ™' and a new sharp
peak 1645.11 cm ' appears and a new weak peak at
1150 cm™' corresponding to P=O groups. Therefore, it seems
that the tripolyphosphoric groups of TPP and ammonium
groups of the chitosan were interconnected together in the
formed NPs (Wu et al. 2005).

Antibacterial activities of the chitosan and its NPs

Bactericidal effects of chitosan and its NPs on the growth of
Streptococcus pyogenes (Gram-positive) during incubation
are presented in Fig. 6. As can be observed (Fig. 6), for chi-
tosan solution (1 mg/mL), the inhibitions zone with 20 mm
diameter was created. However, the diameter of the formed
clear zone around the chitosan NPs with concentrations of 1
and 3 mg/mL were 25 and 27 mm, respectively. The achieved
results revealed that the bactericidal effect of the formed chi-
tosan NPs were higher than that of the chitosan solution.
Furthermore, by increasing the concentration of the chitosan
in the solutions, bactericidal effects of the formed chitosan
NPs increased. The achieved results were in line with findings
of Ying Ma et al. (2010). Chitosan has bactericidal effect only
in an acidic medium due to its poor solubility in natural and
basic solutions (pH > 6.5) (Qi et al. 2004). However the real
bactericidal mechanism of chitosan is not yet clear, but it
seems that the changes in the microorganisms cell and mem-
brane permeability due to combination of the positively
charged groups of the chitosan (amine) and the negatively
charged compounds of the membrane (N-acetylmuramic
acid, sialic acid and neuraminic acid) is the main mechanism
of the chitosan antibacterial activity (Younes and Rinaudo
2015). Bactericidal effects of the prepared chitosan NPs with
different concentrations against to the S. aureus and E.coli are
indicated in the Figs. 7 and 8, respectively. As clearly ob-
served in this figure, for both selected bacteria, by increasing
the concentration of chitosan in the chitosan NPs solutions,
the antibacterial activities increased. However, the bactericidal
effects of the prepared chitosan NPs on the S. aureus was
higher than that of on the E. coli, due to the higher crated clear
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zone around the wells. The obtained results indicated that,
when chitosan NPs interacted with the bacteria cell wall, an
impermeable layer formed around the cell which that
prevented entering essential solutes inside the bacteria and
vice versa (Cruz-Romero et al. 2013).

Antifungal activities of the chitosan and its NPs

Antifungal activities of the chitosan solution (3 mg/mL) and
chitosan NPs solution (3 mg/mL) as their effects on the inhi-
bition of mycelia growth of A. flavous during 5 days of incu-
bation are indicated in Fig. 9. As clearly observed in this
figure, as compared to the control sample the chitosan and
its NPs effectively limited the mycelia growth of A. flavous.
Obtained result can be explained by the fact that, chitosan can
easily penetrate inside the fungus hyphae and by binding to
the specific enzymes, those are responsible for the fungus
growth, decreases their activities. Furthermore, the intensity
of chitosan fungicidal can be mainly related to its concentra-
tion, deacetylation degree and pH of the aqueous solution
(Yien 2012). It is known that by increasing the concentration
of chitosan, the number of cations (NH;") in the chitosan
solution increases which those can easily bind to the fungus
membrane and alter its permeability which in turn, that causes
microorganisms death. Antifungal activity of chitosan is great-
er at lower pH values due to its higher solubility as compared
to that of in natural and basic solutions (Kong et al. 2010). On
the other hand, by increasing deacetylation of chitosan its
mucoadhesion increased which in turn, increases the binding
capacity of chitosan to the microorganism cell membrane
(Goy et al. 2009).

Conclusions

The simple, low energy and cost-effective ionic gelation fab-
ricated technique using medium molecular weight chitosan
and TPP was developed to produce chitosan NPs solution,
with the desired morphological characteristics, higher stability
and strong antimicrobial activities against to numerous bacte-
ria and fungi strains. Smaller particle size of chitosan NPs
increased surface area to volume ratio of the formed NPs, high
surface energy and a lot of surface active centers as compared
to the chitosan in bulk form, which those increased bactericid-
al and fungicidal effects of the fabricated chitosan NPs and
make them more useful and applicable in the medicine and
pharmaceutical fields.
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