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Abstract

Gold nanoparticles (AuNPs) were synthesized, in the absence of any
reducing agent, using ionizing radiation or ultrasound in aqueous solutions
of chloroauric acid (HAuUCIl,). Chitosan (average molecular weight 158 kDa,
degree of deacetylation 90 %) was used as a stabilizing agent. Both techniques
yielded AuNPs which were stable in solution at RT for at least 3 months after
synthesis. UV-Vis spectroscopy was used to follow substrate decay,
nanoparticles formation, size of the gold core and particles stability.
Hydrodynamic radii and polydispersion of the chitozan-stabilized AuNPs
(i.e. the whole core-shell nanoparticles) were determined by dynamic light
scattering. Zeta potential measurements were performed to assess the surface
charge and stability of the particles. Influence of synthesis parameters
and presence of isopropanol on the formation and properties of the products
have been described and reaction mechanisms have been discussed. Radiation
and sonochemical methods are demonstrated to be very efficient, fast and easy-
to-control methods of synthesizing gold nanoparticles, leaving behind
no unreacted reducing agent or unwanted side products, while stabilization
by chitosan provides AUNPs with excellent stability and long shelf life.
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Preparation of gold nanoparticles stabilized by chitosan using irradiation
and sonication methods

1. Introduction

Gold nanoparticles (AuNPs) due to their unique optical, electrical
and catalytic properties are used in many areas of life, mainly in medicine,
electronics and technologies of manufacturing modern materials [1,2].
Their small size, high surface area-to-volume ratio and stability at high
temperatures make them perfect tool in medical diagnostics, photodynamic
therapy as well as in the active transport of drugs, especially for cancer treatment
[3]. Gold nanoparticles are employed in radiotherapy, in two modes — to increase
local dose deposition in tissue during radiotherapy or as a local emitter of gamma
and beta rays. In the latter case, the nanoparticles contain radioactive gold
isotopes (198 Au) [4,5]. Gold-198 (y 412 keV, B~ 0,96 MeV) has range in tissue
of about 0.38 mm and half-life 2.7 days, it can be used to imaging
and localization in biodistribution studies [6].

Up to now, a number of methods have been used to prepare AuNPs, mainly
involving reduction of gold salt in aqueous solution by various reducing
chemical agents such as sodium borohydride or sodium citrate [7]. However
in these methods unreacted substrates and byproducts are difficult to remove
after synthesis and can influence the purity of particles. Physicochemical
methods such as radiation- and sonochemical synthesis of gold nanoparticles
(of partially similar mechanisms of reduction of gold) can be classified
as environmentally friendly techniques, since no chemical reducing agents
are used and no side products are formed. In radiation synthesis metal
nanoparticles are obtained by reduction of metal ions to atoms in reactions with
radiolytically generated hydrated electrons (e,) and hydrogen atoms (H)
resulting from radiolysis of water [8-10], while in sonochemistry, where
no hydrated electrons are formed, the reducing agents are hydrogen atoms
and, optionally, also hydroxyalkyl radicals if alcohols are used as co-solvent
[11]. Basic reactions involved in the radiation synthesis of AuNPs, taking
chloroaurate as the substrate, can be schematically described by eqgns (1-3), with
a potential participation of reactions (4-5), while the sonochemical synthesis
is based on reaction (6), followed by (3-5).

H,O (radiolysis) — "OH, H', .y, H, H,0, 1)
AuCly +3e4 — Au(@)+4CI 2
AUCl, +3H — Au(0)+3H +4CI (3)
"OH + (CH3),CHOH — H,0 + (CHs),"COH ()

AUC|4— +3 (CH3)2COH — AU(O) + 3 (CHg)zC:O +3H" +4CI (5)
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H,0 (sonolysis) — "OH, H’ (6)
In the last step, gold atoms coalesce to form clusters and finally nanoparticles:

nAu® - (Au°),, (7)

The general scheme presented above is obviously a simplification. Processes
depicted as (2), (3) and (5) are in fact multi-step reactions, further complicated
by disproportionation reactions between gold species of various oxidation states.
Furthermore, it has been shown that the final nanoparticles are composed
not solely of gold atoms, but typically also incorporate some gold ions [12].

Due to high surface energy of gold nanoparticles and their tendency to aggregate
during the synthesis and subsequent storage, there is a need to moderate
the coalescence process and prevent aggregation. This is usually accomplished
by addition of a suitable stabilizing agent. Polymers are used as compounds
which can attach to and form a layer around the individual nanoparticles, causing
their stabilization. Actually, a complex nanoparticle is formed in this way, with
a metal core and polymer shell. Often, albeit not always, the chosen polymer
is a polyelectrolyte, which renders the particles high surface charge. Coulombic
repulsive forces between the particles bearing high charge of the same sign
prevents them from aggregation. One of the polyelectrolytes being studied with
this respect is chitosan, polysaccharide of natural origin, classified as a stabilizer
which improves the dispersion stability due to the presence of the protonated
amino groups. Chitosan is generally recognized as being non-toxic,
biocompatible and biodegradable, and it has many other interesting properties,
especially valuable for the prospective biomedical applications [13-15].
Previous studies on stabilization of AUNP by chitosan indicated that chitosan can
act not only as a stabilizer, but also as a reducing agents of gold salt [16].
Using chitosans of different molecular weight as a stabilizer, one can obtain
AUNP with different size distributions [17].

So far, there are few works where the influence of chitosan on
the stabilization of gold nanoparticles synthesized by irradiation or sonochemical
technique was examined. Vo et al. reported the influence of type of irradiation
(e-beam vs. gamma rays) and pH on formation of gold nanoparticles stabilized
by low molecular weight chitosan [18, 19]. They tried to explain the mechanism
of interaction between AuCl, and glucosamine moieties of chitosan molecules.
They found that complexation between Au(lll) and monomer units of chitosan
occurs only above pH 3.5 and has some influence on size of obtained AuNPs.
To our best knowledge, only one work is related to the sonochemical formulation
of gold nanoparticles in the presence of chitosan [20]. Okitsu et al. sonicated
aqueous solution of Na[AuCls] in a system containing chitosan powder.
After reduction of Au(lll), gold nuclei and then larger clusters were formed.
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Obtained nanoparticles adsorbed onto the surface of chitosan particles, thus in
a sense chitosan powder acted in this system as a kind of stabilizer.

The use of irradiation to produce gold nanoparticles is a promising method,
but the availability of sources of ionizing radiation is limited. We believe that
the use of ultrasound to synthesis of gold nanoparticles may be an interesting
alternative, allowing, as the radiation method, to skip the chemical reducing
agents, but being more readily available than irradiation. In this paper
we describe synthesis of gold nanoparticles stabilized by chitosan using ionizing
radiation (electron beam) and ultrasound, and we compare the products resulting
from these two methods. We also demonstrate how the reaction conditions
influence the efficiency of AUNP formation and their properties.

2. Materials and Methods
2.1. Chemicals/Materials

Medical grade chitosan was obtained from Heppe Medical Chitosan GmbH
(Germany). Viscosity-average molecular weight of this chitosan was 158 kDa
(our own measurement in 0.2 mol dm™ acetic acid / 0.15 mol dm™ ammonium
acetate at 25.0 °C [21]) while the deacetylation degree was 88 % as stated by
the manufacturer. HAuCl, of high purity grade was purchased from Alfa Aesar.
All other chemicals were of p.a. or equivalent quality. High-purity water (0.055
uS em™, TKA MicroPure system) was used in all experiments.
Chitosan (2 x 10° mol dm™ (in terms of monomer units bearing amine groups,
equivalent to 0.322 g dm™) was dissolved completely in 100 ml of 5 x 10 mol
dm™ acetic acid for 24 h. Next day chloroauric acid was added (1 x 10 mol
dm™) optionally followed by addition of isopropanol (0.2 mol dm™). Aqueous
solutions were made up in ultrapure water. Solution was poured into flat-bottom
glass ampoules of 10 ml capacity.

2.2. Irradiation by electron beam

Before irradiation samples were degassed by argon saturation. Solutions in
ampoules were irradiated at room temperature with 1 kGy, 2 kGy, 5 kGy and 10
kGy doses of 6 MeV electrons from a linear electron accelerator (ELU-6g,
Russia). Irradiation was carried out using a pulsed electron beam (pulse
frequency 20 Hz, pulse duration 4 ps). Average dose rate was 95 Gy s,
as determined by alanine dosimetry (e-scan, Bruker) [22].

2.3. Sonication

Sonications were performed in a URS-1000 ultrasonic reactor setup (Allied
Signal Elac-Nautik, Kiel, Germany), consisting of a CESAR wave generator
and amplifier, ultrasonic transducer and a thermostated cylindrical reactor of 500
ml capacity. The vibrating element of the transducer, covered with stainless steel,
formed the bottom of the reactor. The reactor was filled with water, and
the sample (10 ml) was contained in a gas-tight, flat-bottom glass ampoule
placed at a fixed position in the central part of the reactor (the water level in
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the reactor was higher than the level of the solution in the ampoule). Before
sonication the samples were saturated with argon for 20 minutes in order
to remove oxygen. Ultrasound power, dose rate and frequency were 50 W, 74 W
kg (equivalent to Gy s') and 620.2 kHz, respectively. Sonication
was performed at 20 °C for 5, 20 and 30 minutes.

2.4. Characterization of gold nanoparticles
2.4.1. UV-Vis Spectroscopy
The UV-Vis spectra of the gold dispersion were recorded at a resolution

of 2 nm in the range of 190-800 nm using a Lambda40 spectrophotometer
(Perkin Elmer Instruments), in quartz cells with an optical path of 1 mm. Water
was used as reference.
2.4.2 DLS and { potentials measurements

Hydrodynamic diameter and ¢ (zeta) potential of gold nanoparticles were
measured using ZetaSizer Nano ZS (Malvern Instruments Ltd.) equipped with
a 633 nm laser.

Nanoparticle size was calculated on the basis of cumulative analysis.
The particle size is defined as a Z-average diameter (Z-Average). On the basis
of the autocorrelation curve, polydispersity index (PDI) values were obtained,
which indicate the width of the particle size distributions. This parameter is low,
in the order of 0.10, for particles with a narrow size distribution and reach 1.00
for systems with very broad distributions.

¢ potential, being a measure of the surface charge of a (nano)particle, is one
of the main factors affecting the interaction between the particles in liquid.
If the value of this potential is more than 30 mV or less than -30 mV, the
repulsive forces between particles are large enough to stabilize the dispersion
(solution). Lower (in absolute terms) values of ¢ potential lead to instability
of dispersion, indicating a tendency to aggregation and / or precipitation.

3. Results and Discussion
3.1. Synthesis of gold nanoparticles and their characterization using UV-Vis
spectroscopy

Formation and stability of gold nanoparticles can be conveniently followed
by UV-visible spectroscopy. In general, AuNPs absorb light between 500 and
600 nm, depending on the particle size. As the size of nanoparticle increases,
the plasmon absorption band shifts towards longer wavelengths [23].

When deoxygenated aqueous solutions containing 1 x 10° mol dm?
HAUCIl,, 2 x 10 mol dm™ chitosan and 0.05 mol dm™ acetic acid (212 nm
to keep the solutions acidic which is needed for chitosan solubilization)
is subjected to ionizing radiation, the light yellow color of the initial solutions
turns red or pink. Fig. 1a shows absorption spectra of the unirradiated solution,
as well as solutions irradiated by various doses of high-energy electrons,
while Fig. 1b shows corresponding samples to which 0.2 mol dm?
of isopropanol has been added before irradiation. The initial spectrum (before
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irradiation) is dominated by a strong absorbance band in UV with a maximum
at 212 nm. This band is mainly due to the presence of chloroaurate ions, with
some contributions of chitosan and acetic acid. A shoulder at ca. 280-300 nm
may be due to the presence of carbonyl groups in chitosan (mainly
in acetylamino groups). Irradiation leads to significant changes in the spectrum.
The band at 212 nm gradually disappears — it is totally absent for doses of 5 kGy
and higher. In the low-wavelength end of the spectrum we can see the residual
absorbance of acetic acid and chitosan; the band at ca. 280 nm seems to become
more apparent, which may be due to formation of carbonyl groups in chitosan,
a well-known side effect in radiolysis of this compound [24]. The decay of the
212 nm band is accompanied by a formation of a new, relatively broad band
in the visible range, initially centered at ca. 530 nm. This band increases with
dose and its maximum seems to undergo a blue shift, finally stabilizing at 518
nm at the highest doses used (510 nm for samples containing isopropanol).
It should be noted that the increase in absorbance of the visible band was not
proportional to dose in the whole tested range; rather it slowed down with dose
indicating a tendency to reach a plateau. While the presence of isopropanol had
some influence the evolution of the visible band with dose and the final location
of the maximum, it apparently did not strongly influence on the final absorbance
value.

Disappearance of the 212 nm band is due to the reduction of chloroaurate
by solvated electrons and hydrogen atoms resulting from radiolysis of water.
Formation of the broad band in the visible indicates the presence of gold
nanoparticles. The maximum of absorption between 510-540 nm is characteristic
for the surface plasmon resonance band of gold nanoparticles (AuNPs). Li et al.
reported that absorbance in 522-550 nm range corresponds to AUNPs with sizes
from 7 to 45 nm [25]. The observed dose influence and the actual location of the
maxima observed in the final spectra shown in Fig. 1a (510-518 nm) indicates
that average size of our AuNPs slightly decreases during the synthesis to reach
finally the size in the order of ca. 5 - 10 nm.

Influence of isopropanol on the nanoparticles size (as evidenced by a shift
in the band location) has been observed before [9]. It has been postulated that
the alcohol molecules can adsorb on the surface of the gold nanoparticles and
the adsorbed molecules of isopropanol stabilize the particles at a small size.
However, the main rationale behind running the tests in the absence and presence
of isopropanol was to see if any influence on the AuNP yield is observed. Out of
three main products of water radiolysis (eqn. (1)), ‘OH radicals are of strongly
oxidising properties. While it is not clear if they can reverse the reduction
of chloroaurate caused by hydrated electrons and H atoms, in the radiation
synthesis procedure it seems reasonable to scavenge hydroxyl radicals using
an alcohol, since the resulting hydroxyalkyl radicals have reducing properties
and thus are expected to form additional AuNPs besides those formed by €’
and H. In the systems tested here, however, this effect seems to be weak.
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This may be in part due to the fact that both acetic acid and chitosan are fairly
good scavengers of ‘OH themselves, thus limiting the influence of isopropanol.

Chitosan seems to be a good stabilizer of AuNP at the first stages of
the synthesis. No aggregation or precipitation during or immediately after the
synthesis has been observed. Long-term stability is discussed in Chapter 3.3
below.
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Figure 1. Absorption spectra of colloidal gold nanoparticles formed
by irradiation of 1 x 10 mol dm™ HAuCI, in the presence of 2 x 10 mol dm™
chitosan in aqueous 0.05 mol dm™ acetic acid solution at pH 2.8, a) without
isopropanol, b) with 0.2 mol dm™ isopropanol. Spectra recorded 20 minutes after
irradiation.

Similar results have been obtained by Vo and co-workers [19]. In their work
(no alcohol present) the intensity of the plasmon resonance band increased with
doses and maximum absorption was around 520 nm.

Formation of AuNPs can be also achieved by the action of ultrasound (see
Introduction). Our sonochemical tests were performed in order to identify
conditions allowing for efficient AUNPs formation as well as to check if chitosan
is a good stabilizing agent for sonochemically synthesized gold nanoparticles.
Composition of solutions was identical as in the case of radiation experiments.
Sonication, at the conditions applied, did not result in apparent AuNPs formation
in the absence of isopropanol, while in the presence of isopropanol the spectral
changes (Fig. 2) indicated successful nanoparticle synthesis — the absorbance
at 212 nm was reduced, while a new band in the visible region was formed,
similar, but not identical, to that observed as a result of irradiation. The broad
band is initially located at ca. 533 nm, and during further sonication it shifts
to ca. 556 nm, while its intensity increases almost linearly with sonication time
(Fig. 3). Two facts, incomplete reduction of the substrate band
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at 212 nm and absorbance values of the product band lower than observed
in radiation experiments, indicate that even at the longest sonication time
the transformation of the substrate into AUNPs must still have been incomplete.
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Figure 2. Absorption spectra of colloidal gold nanoparticles synthesized
by sonication in 2x10 mol dm™ chitosan in aqueous 0.05 mol dm™ acetic acid
solution, HAUCI, 1x10° mol dm™, 0.2 mol dm™ isopropanol, pH 2.8, recorded
20 minutes after synthesis. Sonication time given in the figure.
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Figure 3. Sonolysis (620.2 kHz, nominal power 50 W, dose rate 74 W kg™,
20° C) of aqueous solution of 1x10% mol dm® HAUCI, 2x107 mol dm™
chitosan and 0.2 mol dm™ isopropanol at pH 2.8 (CH;COOH). Increase in
absorbance at A = 537 nm.
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While sonolysis of water shows some resemblance to radiolysis, there are
also marked differences between these two processes, which have been probably
the cause of differences in the results of our two sets of experiments (see egns.
(1-7)). First of all, in sonochemistry the yield of oxidizing species (‘OH)
available for reaction with dissolved substrates is higher than the vyield
of reducing species (H). This is probably the reason why no net effect have been
observed in isopropanol-free solutions. Secondly, efficiency of isopropanol
in scavenging ‘OH is expected to be much higher in sonolysis than in radiolysis.
This effect stems from the fact that non-ionic compounds of partially hydrophilic
and partially hydrophobic character (as aliphatic alcohols) have the tendency
to accumulate at the surface of cavitation bubbles, i.e., in the zone where "OH
radicals escape from the gas phase of the bubbles out to the solution. Greatly
enhanced local concentration of alcohol molecules in that zone makes them
much more efficient "OH scavengers (in comparison with ionic and thus strongly
hydrophilic acetate and chitosan) than in radiolysis, where such local effects are
absent. Therefore in sonochemical experiment nearly all ‘OH radicals
are efficiently converted into the reducing hydroxyalkyl radicals, which in turn
can reduce chloroaurate ions. A side action of ultrasound is also the so-called
mechanochemical effects, which by inducing high velocity gradients between
adjacent layers of liquid are capable of breaking or fusion action
on macromolecules and nanoparticles. From the location of the visible band and
its red-shift in time we infer that in the studied case the fusion action
was predominant, causing the initially formed AuNPs to coalesce. Position of
the absorption maxima at wavelengths 533-556 nm suggest that AuNPs have
larger dimensions than those synthesized by radiation. Okitsu et al. have shown
that when Au nanoparticles are sonochemically formed (200 kHz, 200 W)
in presence of chitosan powder, the maximum is located at 580 nm, which they
claimed to correspond to the size of ca. 22 nm [20].

Data shown in Figs. 1 and 2 may be also a basis of preliminary quantitative
estimates. Taking into account that 3 e,q” or H’ are necessary to reduce Au(lll)
in chloroaurate ions to Au(0), 3 x 10 mol dm™ of these species must be formed
for the reaction to be complete. Since the combined yield of these species
in radiolysis of water is ca. 3.4 x 10 mol J*, a dose of 8.8 kGy should be
sufficient for this purpose. This corroborates with the leveling off of the product
absorbance with increasing dose in the 5-10 kGy range. In sonochemistry,
assuming that all H and "OH (the latter via the hydroxyalkyl radicals) participate
in reduction, and taking their total yield at 620.2 kHz as ca. 3 x 10™° mol J* [26],
the required dose would be ca. 10 MGy. At the dose rate of 74 Gy s, this dose
would be reached after over 30 hours, thus the maximum sonication time of 30
minutes is clearly insufficient to make the reduction complete.

Similarly as for the radiation synthesis, chitosan seems to be a good stabilizing
agent during and just after the sonochemical synthetic procedure, since
no precipitation or pronounced aggregation of nanoparticles was observed.
This is true despite the fact that both irradiation and sonication induce
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degradation of chitosan, causing reduction of its average molecular weight [27-
28]. The latter effect may be actually beneficial for the stabilizing effect. Shorter
chains are more flexible, so they can easier interact with AUNPs and form
the efficient protective layer at their surface.

3.2. Long-term stability of chitosan-gold nanoparticles

One of the main factors of usability of metal nanoparticles is their stability
in time. In order to evaluate the long-term stability of radiation- and
sonochemically synthesized colloidal gold nanoparticles in the presence
of chitosan as the stabilizing agent, absorption spectra have been recorded for up
to 3 months after synthesis. These tests have been performed on the solutions
irradiated with the dose of 2 kGy (i.e., when the reduction was not yet complete)
in the absence and presence of 0.2 mol dm™ isopropanol (Fig. 4 a,b,c,d) and
on solutions sonicated for 20 minutes in the presence of isopropanol (Fig. 5 a,b).

In all these cases the spectra undergo a slow time evolution. The intensity
of plasmon resonance band increases without shift of its position, while in
parallel a decrease in the substrate band at 212 nm is observed. The most
important result, i.e., the stability of location of the band in the visible range,
indicates that the AuNPs do not change their size over the tested period, so there
is no apparent tendency towards aggregation. This is a clear indication that
chitosan is a very good stabilizer of radiation- and ultrasound-synthesized gold
nanoparticles.

Changes in the values of absorbance suggest that reduction process still
takes place in tested systems during the storage period, although this process
slows down with time. These data indicate that the average size of nanoparticles
does not change, but their amount increases. It has been shown before that
chitosan alone is capable of slow reduction of gold ions, and in our opinion this
is the main reason of the observed changes. The reaction slows down when the
substrate (chloroaurate) is depleted. One cannot exclude that other components
of the system and/or their radiolysis/sonolysis products also contribute to
the slow reduction process.

3.3. Hydrodynamic diameter and £ potential of gold nanodispersion

The size of the gold nanoparticles is an important aspect of their future
applications in medical and industrial applications. When discussing the size
of polymer-stabilized AuNPs, one should differentiate between the size of the
gold nanoparticle itself (the core) and the size of the whole entity consisting
of the core and polymer shell. Location of absorption band at the UV-Vis spectra
yields approximate information on the core size, while the total size of the core-
shell particle is of equal importance. The latter can be assessed by dynamic light
scattering measurements of hydrodynamic radii. The data are shown in Table 1.
Presented values indicate that AuNPs have hydrodynamic diameter (R;) in
the range of several dozen nanometer in dependence on type and parameters
of the synthesis.
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Figure 4. Absorption spyectra of gold nanoparticles-chitosan dispersion before
irradiation and after, a,c) without isopropanol, b,d) with 0.2 mol dm?
isopropanol, irradiation dose was 2 kGy.
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Figure 5. Changes in UV-Vis spectra of gold nanoparticles-chitosan dispersion

obtained by sonication for 20 minutes.
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Interestingly, the hydrodynamic radii mimic the tendencies of core size
changes that can be followed by UV-Vis. Radiation synthesis at low doses
results in relatively large Ry (29-37 nm), while by further irradiation these sizes
are reduced down to 12-20 nm. This trend corresponds to the shift from ca. 530
to 510-518 nm in the location of the plasmon resonance band observed in Fig. 1.
Presence of isopropanol seems to slightly reduce the core size (location of
the absorbance band maxima at 518 nm without isopropanol and at 510 nm with
isopropanol), while it apparently has a reverse effect on the shell size (20 nm vs.
12 nm, respectively) and on the polydyspersity, which tends to be larger when
isopropanol is present (PDI of ca. 0.23 vs 0.52, respectively). Exact nature
of isopropanol influence is yet to be studied. Vo et al. after irradiation with doses
of 5, 10 and 15 kGy obtained nanoparticles of average size 27, 12 and 7 nm (in
terms of hydrodynamic diameter), respectively. These values are smaller than
ours, for example for a dose of 10 kGy we obtained particles of 24 nm diameter.
One of the sources of this difference can be different molecular weight of the
applied chitosan (56 kDa in the work of Vo et al. vs. 158 kDa in our work).

Both UV-Vis and dynamic light scattering indicate that sonochemical
synthesis, in the conditions applied here, leads to the formation of relatively
large nanoparticles, of hydrodynamic radius higher than 30 nm. This roughly
corresponds to the products of low-dose radiation synthesis, and in fact the
location of their absorption maxima in UV-Vis are also similar.
For nanoparticles obtained by sonication method, polydispersity index
is relatively low, pointing to narrow size distribution of particles. Okitsu and co-
workers reported influence of ultrasound frequency on average size of formed
Au nanoparticles and rate of reduction Au(lll). Using ultrasound at 647 kHz
(nearly identical to 620.2 kHz used in our work) they obtained gold nanoparticles
of 24 nm size [10].

For all synthesized gold nanoparticles, the values of zeta potential were
higher than + 30 mV, which indicates that, due to the presence of positively
charged chitosan chains at the surface of AuNPs, sufficiently high repulsive
forces between the individual particles are present to prevent their aggregation.
These results corroborate with the observed high long-term stability
of nanoparticles, indicating that chitosan is indeed a good stabilizing agent for
radiation- and ultrasound-synthesized nanoparticles.
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Table 1. Hydrodynamic diameter (Z-average diameter), polydispersity index
(PDI) and £ potential of gold nanoparticles synthesized by the radiation- and
sonochemical methods. Measurements were carried out one hour after synthesis.

Dose [kGy]/
o Rn S
Solutions Sonication time PDI | potential
: [nm] [mV]
[min]
1 29.2 | 057 48.0
1 x 10" mol dm™ HAuClI, 2 272 1029 483
2 x10° moladm'3 chitosan 5 36.8 | 0.52 33.9
- 3%
S 0.2 mol dm™ isopropanol 10 97 (052 36.0
3
'Cas 1 28.2 0.52 47.4
= 2 16.3 | 0.36 471
1 x 10 mol dm™® HAuClI,
2 x 10° mol dm’® chitosan 5 131 | 040 45.0
10 12.2 0.23 36.7
— s s 5 332 | 0.32 43.3
w© | 1x10°mol dm™ HAuUCI,
= | 2 x 10 mol dm™ chitosan 20 458 | 025 45.0
&| 0.2mol dm™ isopropanol 30 351 1032 | 427

4. Conclusions

Radiation and sonication methods can be applied, in appropriate conditions,
to obtain particles of gold with nanometric size in aqueous solutions
of chloroauric acid, when chitosan is used to stabilize the obtained particles. The
particles exhibit characteristic absorption maxima in the UV-Vis absorption
spectra, centered at 510-560 nm. Radiation synthesis initially leads to
the formation of relatively large particles (Ry, in the range of 29-37 nm), but at
higher doses, corresponding to nearly complete substrate conversion, the average
particle size goes down to ca. 12-20 nm, while sonochemical synthesis in the
applied conditions leads to somewhat larger particles of Ry, in the range of 33-45
nm. If synthesis conditions are chosen such that irradiation or sonication does not
lead to complete conversion of chloroaurate ions to nanoparticles, a slow post-
irradiation (post-sonication) reaction takes place, finally making the reaction
complete. This effect is most probably due to a very slow spontaneous reduction
of Au(lIl) to Au(0), mainly by chitosan, but maybe also by other components
of the system. Due to the differences in mechanism of radiation- and ultrasound-
induced reactions, presence of isopropanol doesn’t seem to have a pronounced
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effect on the radiation synthesis of AUNPs, while it is indispensable for efficient
sonochemical synthesis.

Chitosan provides the gold nanoparticles with excellent stability, which is
evidenced by high zeta potential (from +34 to +48 mV), lack of aggregation
or precipitation and stability of localization of the UV-Vis plasmon resonance
band for a period of at least 3 months. The exact mechanisms of interactions
AuUNPs with chitosan and stabilization process by chitosan definitely require
further studies to be fully understood. The advantage of using radiation-
or sonochemical synthesis, especially if AuNPs are intended for various
biomedical and engineering applications, such as gold nanoparticles containing
radioisotopes for targeted radiotherapy, is the lack of contamination
by conventional reducing and capping agents, as well as simplicity of these
methods and easy process control.
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