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Abstract: Composites of Silver nanoparticles/chitosan were obtained in aqueous solution, in-one step
and eco-friendly synthesis, under ambiental conditions, using gamma irradiation. The radiochemical
synthesis enabled obtaining of controlled size, monodisperse and high stability Silver nanoparticles. The
obtained composites presented UV-Vis surface plasmon resonance comprised between 406-414 nm,
depending on composition of the reactant system, spherical shape and narrow particle size distributions,
with mean dimensions between 3-55 nm, and good antibacterial properties proven against
Staphylococcus aureus and Escherichia coli. The influence of the Silver ions/chitosan ratio and of the
pH of the initial solution on the final Ag Np properties is also discussed.
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1. Introduction

Due to their peculiar properties related to their high specific area, colloidal systems of Silver
nanoparticles (Ag Np) have a wide range of applications, such as catalysts, sensors and biosensors,
pharmaceuticals (e.g. diagnostics, drug delivery or tumoral therapies), electric and electronic devices
a.5.0. The special microbicidal properties of Silver nanoparticles are exploited in household and health
care products, such as medical (e.g. prosthetics and orthotics) and cosmetic equipment coatings, in the
food industries (e.g. packaging materials) a.s.o. [1-3].

Recent studies shown that Ag Np are highly efficient against different microbial agents such as fungi,
bacteria, viruses [4-6], opening new ways for development of new Ag Np based materials for biomedical
applications, of great importance in the current global pandemic context caused by the spread of Sars-
CoV-2.

Ag Np can be synthesized by different ways such as: chemical [7, 8], physical [9] and biological [8,
10, 11]. Generally, the chemical, conventional, methods are performed in aqueous solutions of Silver
salt precursor (i.e. AgNO:3) in the presence of some stabilizing and reducing toxic agents (e.g. hydrazine,
sodium borohydride, etc.).

In contrast with the conventional methods, the radiochemical synthesis takes place in one-step and
under mild conditions of temperature and pressure, leading to well dispersed systems with narrow
particle size distribution-and does not involve the use of chemical toxic reduction agents nor waste
release, being considered an eco-friendly method of synthesis. The dimensional control of nanoparticles
can be achieved by varying a small number of synthesis parameters, especially by controlling the
irradiation dose [12, 13].

The mechanism of radiochemical synthesis is based on the reduction of Silver ions in the presence
of strong reducing species, especially hydrated electrons (eaq) and hydrogen radicals (H-), induced by
water radiolysis [14]:

H,O - €yq » HiO7, H*, OH*, H;, H,0,, HO,* (1)
Agt+ey s —» Agl (2)
Agt+H —> Ag'+H' (3)
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On the other side, the hydroxyl radicals (OH-) present an oxidant character and can oxidize Silver
ions or atoms to higher oxidation states [15]. To prevent this effect, scavengers such as secondary or
tertiary alcohols should be used [11-13, 16].

Hence, the need to use chemical reducing agents, as well as their associated side effects, is avoided.
Moreover, by varying the irradiation dose, the number of zero-valent nuclei can be controlled. The
formed metal atoms are evenly distributed throughout the solution due to the action of ionizing radiation
which can randomly reduce the metal ion. These newly formed metal atoms act as individual nucleation
centres and coagulate into dimers [17].

Nanoparticle agglomeration of radiochemically synthesized nanoparticles is avoided by different so-
called stabilizing agents, such as polyvinyl alcohol (PVA) [13, 16, 18], polyvinylpyrrolidone (PVP)
[11], gelatine [19], chitosan [20, 21], a.s.0. These polymers can create fine coatings onto the particles
resulting in a repulsive sterical force which keeps the nanoparticles away from each other - sterical
stabilization [22, 23].

In previous studies it was found that radiochemically synthesized Silver nanoparticles capped both
with polyvinyl alcohol (PVA) and polyvinylpyrrolidone (PVP), respectively, presented strong bactericide
effects [13] as well as mitoinhibitory effect [11], suggesting their potential application as antitumoral
agents.

In this paper, Ag Np/chitosan composites were synthesized by gamma radiation, in aqueous solution
in the presence of Silver ions salt precursor and chitosan which was used both as capping agent and free
hydroxyl radical scavenger.

Chitosan, one of the most naturally abundant polysaccharides, obtained by chitin deacetylation [24],
is a biodegradable, biocompatible and non-toxic polymer. Hence, it is very attractive for use in various
fields, especially for biomedical applications, as for example: drug carrier, wound accelerator,
haemostatic agent, fat binder, etc. [25]. The influences of the concentration ratio of chitosan and Silver
ions and of the solution pH on the final properties of Ag Np were studied. Also, the antibacterial activity
against Staphylococcus aureus and Escherichia coli was investigated in this paper.

2. Materials and methods
2.1. Materials

The Silver Nitrate (Mw=169,87, p.a., Chemical Company lasi, RO) was used as a salt precursor of
Silver ions. Medium molecular weight chitosan with deacetylation 76% and viscosity 402 CPS (Sigma
Aldrich) was used as polymer matrix and capping agent. Glacial acetic acid (min. 99.5%, Chemical
Company lasi, RO) was used to assist the chitosan dissolution in deionized water. All used materials
were of analytical grade.

2.2 Obtaining of Silver nanoparticles/chitosan composites

Solutions with different ratios of Ag Np/chitosan and different pH values were prepared and
irradiated as shown in Table 1.

The chitosan was dissolved in 2% aqueous solution of acetic acid (v/v), prepared with deionized
water, at room temperature under magnetic stirring for about 4h. Then, the solution was kept overnight
in order to achieve the complete chitosan dissolution. The respective quantity of Silver nitrate (Table 1)
was added steadily to the chitosan solution, at room temperature, under magnetic stirring for about 2h.
The pH of the obtained solution was about 3.8. Each chitosan/Ag™ solution was divided into two parts:
for one part, the pH was raised at 6.8 by pouring a solution of NaOH (3N) under continuous stirring; the
second one was kept as resulted from the above described preparation. Both solution series were purged
with Argon gas for about 30 min in order to remove the dissolved oxygen.

Then, the solutions, hermetically enclosed in plastic bottles and wrapped in aluminium foil, were y-
irradiated in a laboratory facility equipped with %°Co isotope (Ob-Servo Sanguis, HU), at room
temperature, at a dose of 20 kGy (Dose rate: 0.7 kGy/h).
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Table 1 - Prepared solutions of chitosan/AgNp

Chitosan Silver nitrate
Sample code (%) (MM) pH
S1 1.0 1.0
S2 1.0 5.0
S3 0.5 1.0 38
S4 0.5 5.0
S5 1.0 1.0
S6 1.0 5.0
S7 0.5 1.0 6.8
S8 0.5 5.0

2.3. Characterization of chitosan/Silver nanoparticles composites

UV-Vis spectroscopy (Jasco V-570, JP) was performed in the spectral range of 300-700 nm on
deionized water diluted samples. The dilution factors were 10 for the solutions with the concentration of
1 mM Ag" (Table 1) and 100 for 5 mM Ag*. An irradiated solution of chitosan free of Silver ions was
used as reference.

The Scanning Electron Microscopy images were recorded on uncoated samples with an FE-SEM
model Auriga, Carl Zeiss, Germany, with an accelerating voltage of 5 kV.

The hydrodynamic diameter and particles size distribution were measured on diluted aqueous
solutions by Dynamic Light Scattering (DLS) technique, using a 90 Plus nanoparticle size analyser
(Brookhaven Instruments Corporation) equipped with 35 mW solid-state laser with 660 nm wavelength.
DLS measurements were performed at a scattering angle of 90° and a temperature of 25°C.

The antibacterial susceptibility of irradiated solutions was assessed both qualitatively and
quantitatively, against Gram-negative strain Escherichia coli ATCC 25922 and Gram-positive strain
Staphylococcus aureus ATCC 9737.

From each tested strain, a bacterial suspension with a cell density of 0.5 McFarland (1.5x10®
CFU/mL) was prepared in sterile distilled water. The bacterial suspensions were seeded on solid Muller
Hinton (MH) medium, and 10 uL of each test sample was inoculated into previously seeded plates. The
inoculated plates were left at room temperature for 5 min and then incubated at 37°C for 24 h.

The qualitative evaluation was performed using an adapted version of the Kirby Bauer agar disk-
diffusion method and the interpretation of the results was done according to the CLSI standard [26]. The
quantitative evaluation involving the serial dilution of the irradiated solution, up to 1/32, was made in
order to obtain the minimal inhibitory concentration (MIC).

3. Results and discussions
UV-Vis spectroscopy

A first, qualitative, indication of the successful synthesis of Silver nanoparticles was given by the
color changing of irradiated chitosan solution, the solution becoming darker as the concentration of the
Silver atoms increases (Figure 1).

The UV-Vis spectra (Figure 2) recorded on the irradiated Ag Np/chitosan composites confirmed the
formation of Ag Np, exposing a well-defined and symmetric SPR (Surface Plasmon Resonance)
maximum, characteristic to Silver nanoparticles [27]. According to [28] the position, height and FWHM
(Full Width at Half Maximum) of the SPR provide qualitative information related to the size,
concentration and dispersion degree of Silver nanoparticles. The main characteristics of the SPR of the
synthesized Ag Np/chitosan composites are presented in Table 2. Correlation of the UV information
inferred by Table 2 with the experimental parameters from Table 1 gives an overview of the influence of
synthesis parameters on the final characteristics of radiochemically synthesized Silver nanoparticles.
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Figure 1. The colour change of irradiated Ag Np/chitosan composites (Table 1
for the sample codes; R = reference, free of Silver ions chitosan solution)

Table 2. SPR characteristics of irradiated Ag Np/chitosan composites

AsPr Absorbance* FWHM
Sample code (nm) (au.) (nm)
Sl 412 133 75.7
S2 414 54.2 100.9
S3 410 14.0 775
S4 412 66.0 111.9
S5 412 17.7 66.5
S6 414 58.3 95.6
S7 406 15.7 76.4
S8 406 76.5 83.8
* the values were obtained by multiplying the recorded absorbance with the dilution factor
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Figure 2. Typical UV-Vis absorption spectra recorded on

Generally, a hypsochromic shift of the SPR position of about 2 nm (pH= 3.8) and of about 6-8 nm
(pH=6.8) is observed with the decrease of chitosan concentration. This indicates that the average size of
the Silver nanoparticles decreases with the concentration of chitosan [12, 13]. Lower concentration of
chitosan seems to be more beneficial for obtaining of smaller size nanoparticles with a high conversion

yield of Silver ions.

The influence of the pH solution is observed from both the absorbance and FWHM values. The
absorbance increase with the pH values suggests that the radiochemical conversion of Silver ions is higher
at higher pH values, increasing so the concentration of Ag Np. The FWHM values are higher at pH=3.8,
suggesting a higher size dispersion of Silver nanoparticles. All these aspects could be explained by the
fact that in acidic medium, the chitosan chain might be broken, reducing its stabilizing capacity of
nanoparticles [29]. Therefore, the size of Silver nanoparticles agglomerates become larger resulting in a
broader nanoparticles dispersion.
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Dynamic Light Scattering (DLS)

DLS analysis confirmed the results of UV-Vis spectroscopy: the mean diameter of nanoparticles is
smaller at higher pH values. In Table 3, the mean hydrodynamic diameter of the nanoparticles, as well
as the size distribution of the nanoparticles calculated from DLS are expressed as a distribution by
number, using the cumulative analysis of a multimodal size distribution model (MSD).

Table 3. The values of the mean diameter
of radiation-synthesized Ag Np

sample code Mean diameter
(nm)
S1 25.3+0.017
S2 55.5 + 0.030
S3 10.4 £0.015
S4 24.7 +0.025
S5 8.5 +0.015
S6 4.6 +0.012
S7 3.2+0.014
S8 3.1+0.033

Scanning Electronic Microscopy (SEM)

The SEM analysis was used to obtain information about the shape of the synthesized Silver
nanoparticles. The SEM micrography shown that obtained nanoparticles have uniform morphology,
spherical shape and a homogeneous distribution of particles in the structure of the polymer matrix (Figure
3). However, it should be noted that it was very difficult to obtain clear SEM images, especially at high
magnifications, due to both the small sizes of the synthesized Ag nanoparticles and charging effect of the
sample, respectively.

#
Mag=20035 KX 100 nm WD= 44mm EHT= 500kV  Signal A=InLens  Date:17 Jul2020 Time :13:49:38 Mag=20008 KX 100 nm WD = 43mm EHT= 500kv  Signal A= SESI Date :17 Jul 2020 Time :13:23:01 ﬁ
Operator = MV FIB Imaging=SEM  Noise Reduction = Pixel Avg. System Vacuum = §.12¢-003 mbarl Operator= MV FIB Imaging=SEM  Noise Reduction = Pixel Avg. System Vacuum = 5.26¢-003 mbar}

3) b)
Figure 3. SEM micrography of: S1 (a) and S5 (b) samples

Antimicrobial susceptibility

The antimicrobial susceptibility of the irradiated solutions was evaluated against Staphylococcus
aureus and Escherichia coli, two bacteria frequently used as models for Gram-positive and, respectively
Gram-negative strains [28]. All chitosan/AgNp solutions exhibited antimicrobial efficiency,
characterized by inhibition of the development of used strains on the treated area, with or without clear
inhibition zones (Figure 4, Table 4).

It’s worth to be noted, that the chitosan free of Silver nanoparticles shown lower antimicrobial
efficiency, its surface being partially attacked by the tested strains (e.g. development on the sample
surface of a small number of bacterial colonies, their number being higher for S aureus strain).
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Figure 4. The antimicrobial
efficiency against S. aureus
and E. coli

As can be observed, the antimicrobial activity seems to be higher for E. coli than S. aureus (Table 4).
All tested samples against E. coli presented antibacterial activity with clear inhibition zone (bactericidal
effect), while, for S. aureus, this effect was evident only for the samples S5 (Figure 4), S7 and S8,
respectively.

The pH of the solution is important in the inhibition growth of bacteria. It can be observed that higher
values of pH lead to higher antimicrobial efficiency on both tested strains. It was found that an acidic pH
of the solution could diminish or prevent the apparition of a clear inhibition zone [26]. Similar effects
were observed in our case for samples S1-S4, especially for the S. aureus strain.

The mean size of the Silver nanoparticle could influence the antibacterial efficiency of the composite:
the smaller the nanoparticles, the higher the antibacterial efficiency [11,13,16]

Table 4. Qualitative and quantitative assessment of the antimicrobial properties

Antimicrobial activity Dilutions values for MIC determination
Sample code - -
S. aureus E. coli S. aureus E. coli
R - - untested untested
S1 +/- + 1/16* 1/16
S2 +/- + 1/4* 1/8*
S3 +/- + 1/8* 1/8*
S4 +/- + 1/8* 1/8*
S5 + + 1/16* 1/32
S6 +/- + 1/16* 1/32
S7 + + 1/16 1/32*
S8 + + 1/32* 1.32

“-“ no antimicrobial efficiency; “+” antimicrobial efficiency with inhibition zone; “+/-* antimicrobial efficiency without inhibition zone;
* antimicrobial efficiency without inhibition zone

The MIC of tested solution was ranged from 1/4 for S2 (S. aureus) up to 1/32 for S8 (S. aureus and
E. coli) is a proof for the high antibacterial efficiency of obtained Ag Np/chitosan composites.

Even the antimicrobial activity of Ag Np is not fully elucidated, few action mechanisms are
universally accepted: release of Silver ions, drilling of bacterial membranes, interaction with disulphide
and sulfhydryl groups of enzymes, leading to disruption of metabolic processes and DNA alteration [30].

The bactericide effect of Ag Np/chitosan is due to the structural compatibility between chitosan and
Gram-negative bacteria (such as E. coli): the polycationic structure of chitosan is favourable to
electrostatic interactions with the lipopolysaccharides and cell surface proteins (anionic structures) of
Gram-negative bacteria [31]. Also, the smaller Ag Np (S7 and S8) possesses superior antimicrobial
activity against Gram-negative bacteria (E. coli), due to both the thin peptidoglycan layer and the outer
porous lipid membrane which enables more easy penetration of nanoparticles into the intracellular space
[11].
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4. Conclusions

The Silver nanoparticles/chitosan composites were obtained by gamma irradiation in aqueous
solution, in one-step synthesis without the use of chemical reducing agents.

The synthesized composites exhibit SPR absorption peaks between 406-414 nm, spherical shape of
Ag nanoparticles and a narrow size distribution with mean diameter between 3-55 nm.

The composites presented good antibacterial activity against both Gram-positive (S. aureus) and
Gram-negative bacteria (E. coli). The pH of the solution, as well as the size of the Ag Np played an
important role on the antibacterial efficiency.
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