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ABSTRACT: The aim of this work was to study the cytotoxicity of different
fractions of gold nanoparticles prepared by ultrasonic spray pyrolysis from gold
scrap. The target cells were rat thymocytes, as a type of nonproliferating cells,
and L1929 mouse fibroblasts, as a type of continuous proliferating cells. Fractions
1 and 2, composed of pure gold nanoparticles, as determined by scanning
electron microscopy with a combination of energy dispersive X-ray analysis,
were nontoxic for thymocytes, but reduced moderately the proliferative activity
of 1.929 cells. The inhibitory effect of fraction 2, containing particles smaller in
size than fraction 1, was stronger. Fraction 3, composed of Au and up to 3% Cu
was noncytotoxic for thymocytes, but was cytotoxic for 1.929 cells. Fraction 4,
composed of Au and Ag nanoparticles, and fraction 5, composed of Au together
with Cu, Ni, Zn, Fe, and In were cytotoxic for both thymocytes and 1929 cells.
These results suggest that USP enables the synthesis of pure gold nanoparticles
with controlled size, even from gold scrap. However, microstructural analyses
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and biocompatibility testing are necessary for their proper selection from more
cytotoxic gold nanoparticles, contaminated with other elements of gold alloys.

KEY WORDS: gold nanoparticles, ultrasonic spray pyrolysis, microstructure,
cytotoxicity, 1929 cells, thymocytes.

INTRODUCTION

G old nanoparticles are of high interest because of their potential
application in electrochemistry and medicine as well as for the
production of nanodevices [1,2]. Useful properties of nanoscale materials
such as the minute size, similar to cellular components and macro-
molecules, may facilitate their use in medicine for the detection of
biological structures and systems and for manipulation of cellular
functions [2-4]. Nanoparticles are currently exploited in imaging [5,6],
bio-sensing [7,8], and gene and drug delivery [9-11]. However,
depending on their structure and physico-chemical properties, nanoma-
terials may cause adverse health effects. Due to the chemical stability of
Au, gold nanoparticles were expected to be biocompatible, as documen-
ted in different publications [12-14]. In contrast, there were some
reports showing that endocytosed gold nanoparticles may cause
cytotoxic effects. Such results suggest that the use of gold nanoparticles
as tracers in biomedical imaging and diagnostic tests or carriers for
delivery of drugs or biomolecules may be dangerous for health. On the
other hand, the cytotoxic effect of gold nanoparticles could be desirable if
such materials are designed for the treatment of malignant tumors or
the suppression of inflammation and immune response in chronic
inflammatory diseases [15,16].

We used a new technology to produce gold nanoparticles from gold
scrap by ultrasonic spray pyrolysis (USP). This method enables
synthesis of gold nanoparticles of various sizes and shapes, including
nanoparticles contaminated with metals from gold alloys. Therefore, the
aim of this work was to characterize the different fractions of gold
nanoparticles using scanning electron microscopy (SEM) with a
combination of energy dispersive X-ray (EDX) analysis and to examine
their cytotoxicity in vitro.

MATERIALS AND METHODS
Preparation of Gold Nanoparticles from Gold Scraps

A chemically dissolved gold scrap (wt: 58.5% Au; 8.11% Ni; 24.35% Cu;
8.37% Zm; 0.67% rest) from Zlatarna Celje, Slovenia, was used as
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a precursor for the synthesis of gold nanoparticles by USP, using an
ultrasonic atomizer (Gapusol 9001, RBI/France), containing a reactor
with three separated heating zones and an electrostatic precipitator.
The synthesis was performed at the IME process metallurgy and Metal
Recycling of the RWTH Aachen University in Germany. A similar
procedure for production of metal and gold nanoparticles was published
previously [17,18]. Briefly, the gold scrap obtained was first dissolved in
a water solution of chloric and nitric acid in order to prepare the solution
for an aerosol production. The solution was kept overnight and after
that passed over to the ultrasonic atomizer. The temperature and
pressure control were adjusted using a thermostat and a vacuum pump.

The aerosol produced, resulting from a frequency of 2.5 MHz, was
transported by nitrogen/hydrogen gas into a hot reactor, where the
aerosol droplets underwent drying, droplet shrinkage, solute precipita-
tion, thermolysis, and sintering to form nanoparticles. Thermal
decomposition of the resulting solution was performed at 300°C and
800°C. The nanoparticles were collected in a reaction tube and in a
bottle with water and alcohol.

Micro-Structural and Elemental Characterization of
Gold Nanoparticles

A scanning electron microscope, Quanta 200 3D equipped with a
focused ion beam (FIB) and Pt-gas deposition system, was used for the
characterization of the obtained nanopowders. The EDX microanalysis
system (EDS) — INCA 350 System was used for quantitative chemical
analysis. SEM images were used to observe the surface morphology of
particles formed at different parameter sets.

Cytotoxicity Testing

The cytotoxicity of gold nanoparticle fractions was tested using a
standard method for measurement of mitochondrial succinic dehydro-
genase (SDH) activity in rat thymocytes and L929 mouse fibroblasts.
Thymocytes were isolated from the thymuses of Albino Oxford (AO)
rats, male, 10 weeks old, bred at the Institute of Medical Research,
MMA, Belgrade, Serbia as we previously described [19]. The use of
animals for the experiments was in accordance with the Guideline for
the Use of Experimental Animals, approved by the Ethical Committee of
the Military Medical Academy, Belgrade, Serbia (282-12/2002), which
strictly follows the rules of the European Community Guidelines (EEC
Directive of 1986; 86/609/EEC). Single cell suspensions of thymocytes
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were prepared by teasing the thymuses in an RPMI medium through a
steel-mesh. After washing, the thymocytes were counted and then used
for cell cultures.

L929 cells, a continuous proliferating mouse fibroblast line (5 x
10*/mL), or thymocytes (5 x 10%/mL) were cultivated with different gold
nanoparticle fractions in flat-bottom 96-well plates (ICN, Costa Mesa,
CA; 200 pL/well) in an incubator with CO. at 37°C, using complete RPMI
medium for 24 h or 3 days. We used different number of cells because their
size was significantly different. In addition, our previous results [20]
showed that such number of cells formed confluent monolayers in
culture. The complete RPMI medium consisted of basic RPMI 1640
medium (Sigma, Munich, Germany), 10% heat inactivated fetal calf
serum (FCS) (Sigma), 2mM L-glutamine (Sigma), and antibiotics
(Galenika, Zemun, Serbia) including gentamycin (10 ug/mL), penicillin
(100 units/mL), and streptomycin (125 pg/mL). Before the experiment,
gold nanoparticle fractions were sonicificated using an ultrasonic bath for
1 h. The working concentrations of the fractions were 25 and 100 pg/mL.
The controls were cell cultures without gold nanoparticles.

The first cytotoxic test was based on the determination of succinate
dehydrogenase activity (SDA) in thymocytes and L1929 cells. After
incubation of the cells for the indicated period of time, the medium was
carefully removed and the wells were filled with 100pL of 3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) (Sigma,
Munich, Germany) (1 mg/mL), dissolved in the complete RPMI medium.
Wells with gold nanoparticle fractions without cells filled with 100 uL of
MTT served as controls. In addition, wells with 100 pL. of MTT solution
served as blank controls. After a 3h incubation period (37°C, 5% COs,),
100 pL/well of 10% sodium dodecyl sulphate (SDS) —0.1 N HCL (Serva,
Heidelberg, Germany) was added to solubilize intracellularly stored
formazan. The plates were incubated overnight at room temperature.
The optical density (OD) of the color was then measured at 570 nm in a
spectrophotometer (Behring ELISA Processor II, Heidelberg, Germany).
The results were expressed as the percentage of OD (as a measure of
metabolic activity) compared to the control (cultures without gold
nanoparticle fractions), used as follows:

Metabolic activity (%) = (OD of cells cultivated with gold nanoparti-
cles-OD of gold nanoparticles cultivated without cells)/(OD of cells
cultivated alone-OD of gold nanoparticles cultivated alone) x 100.

Apoptosis was detected by using propidium iodide (PI) (Sigma) and
flow cytometry as we described previously [19]. The method is based on
the detection of DNA fragmentation as revealed by the quantification of
hypodiploid nuclei. For this purpose, thymocytes (2 x 10°) were collected
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from the wells by pipeting, then washed with PBS and incubated with
500 uLi of PI (10 pg/mL) dissolved in a hypotonic solution (0.1% sodium
citrate + 0.1% Triton-X solution in distilled water). Cells were cultivated
with PI for 4h at room temperature and then analyzed by flow
cytometry. 1.929 cells were detached from the plastic surface by using
0.25% trypsine (Serva, Heidelberg, Germany) before staining with PI, as
described for thymocytes.

Cell death was determined by staining the thymocytes and L.929 cells
from cultures with 1% Trypan Blue. The positive cells, identified by light
microscopy, were considered as dead, predominantly necrotic cells. The
percentages of dead cells were determined on the basis of at least 500
total cells from one well. The percentage of viable cells was calculated as
100% of total cells-% of dead cells. All results were expressed as a mean
of triplicates. Additionally, necrosis was confirmed as we previously
described [21] using a staining protocol with PI without cell permea-
bilization and flow cytometry.

Proliferation Assay

L929 cells were cultivated alone or with different fractions of gold
nanoparticles for 48h as described. During the last 18 h of incubation,
the cells were pulsed with 1uCi/well [3H] thymidine (6.7 Ci/mmol,
Amersham, Bucks, UK). At the end of incubation time the cultures were
treated with 0.25% trypsine (Serva, Heidelberg, Germany) in order to
detach the cells from the plastic surface. After harvesting, the
radioactivity was counted using a scintillation counter (Beckman). The
results were expressed as mean counts per minute (cpm) of triplicates.
Proliferation activity was presented in percentages calculated on the
basis of the proliferation activity of control cultures.

RESULTS
Microstructural Analysis of Gold Nanoparticles

By using USP, five fractions of gold nanoparticles were produced from
the gold scrap. The results of microstructural analysis of the fractions
(SEM + EDX) are presented in Table 1 and Figures 1-5. The fraction 1
contained pure gold nanoparticles (120.1+51.0nm; n =29 measure-
ments) (Table 1, Figure 1), produced at 300°C in a hydrogen atmo-
sphere. This fraction, which was partially agglomerated, was recovered
from the reaction tube wall. The fraction 2 (Table 1, Figure 2),
produced and recovered similarly, contained partially agglomerated pure
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Table 1. Metal content analysis of the fractions of gold nanoparticles.

Elements Fr. 1 (W%/A%) Fr.2 (W9%/A%) Fr.3 (W%/A%) Fr. 4 (W%/A%) Fr.5 (W%/A%)

Au 100.0/100.0 100.0/100.0 99.1/97.3 61.6/59.4 57.8/28.7
Cu 0.9/2.7 19.2/28.1
Ag 35.4/315

Ni 14.5/24.3
Zn 1.9/2.7
Fe 0.2/0.6
Na 0.2/1.2

In 0.2/0.2
Cl 2.7/7.8 2.9/41
O 1.5/5.3
C 1.7/5.9

Values are given as the mean of 20 different measurements.
W = Weight; A = Atomic.

Spectrum 1

3
Full scale 831 cts cursor: 0.000

#00mm
Figure 1. Fraction 1 of gold nanoparticles: SEM image and EDX analysis of elemental

content within a representative spectrum.

Spectrum3

pectrum:

D

0 1 2 6
Full scale 838cts cursor: 0.000 keV

700nm

Figure 2. Fraction 2 of gold nanoparticles: SEM image and EDX analysis of elemental
content within a representative spectrum.
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Spectrum 2

Spectrum 3

0 2 4 6 8
Full scale 534cts cursor: 0.000 keV

Figure 3. Fraction 3 of gold nanoparticles: SEM image and EDX analyses of elemental
content within two marked spectra.

Spectrum 5

0 2 4 6
Full scale 189cts cursor: 4.074 (7 cts)

Spectrum 3

5000nm

10 12
keV

0 2 4 6
' Full scale 189cts cursor: 4.074 (4 cts)

Figure 4. Fraction 4 of gold nanoparticles: SEM image and EDX analyses of elemental
content within two marked spectra.
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Spectrum 4

2 4 6 8 10

0
Full scale 818cts cursor: 1.904 (63cts)

2000nm
Figure 5. Fraction 5 of gold nanoparticles: SEM image and EDX analysis of elemental
content within a representative spectrum.

gold nanoparticles, different in size, mostly spherical, which were smal-
ler than fraction 1 (97.3 49.8 nm; n = 135 measurements). Fraction 3,
produced at 800°C in a hydrogen atmosphere, contained pure gold
nanorods (length=3570+1960nm; n=25; width="700.5+200.3;
n=25), spherical-shaped pure gold nanoparticles (362.0+169.0 nm;
n =98) and some spherical gold nanoparticles alloyed with Cu (Table 1,
Figure 3). Fraction 4 was composed of gold particles micron in size,
irregularly shaped, contaminated with AgCl powder. This fraction
precipitated before thermal decomposition/atomization took place
(Table 1, Figure 4). Fraction 5 (size of particles 253.0 +£178.3 nm;
n=100), recovered from the bottle with water and alcohol, contained
gold and alloying elements (Cu, Zn, Ni, Fe, In), as well as contamina-
tions such as Cl, O, and C, originating from nitric and chloride acids
(Table 1, Figure 5).

Effect of Gold Nanoparticles on Cellular Metabolic Functions

The cytotoxicity of gold nanoparticle fractions was tested using rat
thymocytes as a type of non-proliferating cells and a mouse fibroblast
cell line, L929 clone, as a type of proliferating cells. The first screening,
MTT test, showed that fractions 1, 2, and 3, at both concentrations
(25 and 100pg/mlL) were noncytotoxic for thymocytes. A higher
concentration of fractions 1 and 2, and lower concentration of fraction
3 reduced moderately the metabolic activity of 1929 cells, especially
after prolonged cultivation (3 days). The inhibitory effect of fraction 2 on
the metabolic activity of 1929 cells was stronger than fraction 1. A
higher concentration of fraction 3 reduced the metabolic activity of the
cells by about 80% (day 3), compared to the control. Fractions 4 and
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Figure 6. Effect of different fractions of gold nanoparticles on the metabolic activity of:
(a) thymocytes and (b) L929 cells. *p<0.05; **p<0.01; ***p<0.005 compared to
corresponding control.

5 reduced significantly the metabolic activity of both thymocytes and
L1929 cells, and their effect was dose- and time-dependent (Figure 6).
Mechanisms of Cytotoxicity of Gold Nanoparticles

To study whether inhibition of the metabolic activity of 1929 cells
is due to the cytotoxic or anti-proliferative effect of gold nanoparticles,
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(a)100

% Viability
)
o
1

(b) 100+

Relative prolifelation (%)

100 ug/mL
1 Control [ Fraction1 M Fraction 2

Fraction 3 Fraction4 BB Fraction 5

Figure 7. Effect of different fractions of gold nanoparticles on the (a) viability and
(b) relative proliferation of 1.929 cells. ***p <0.005 compared to corresponding control.

the viability and proliferative assays were performed. The results
(Figure 7(a)) show that neither concentration of fractions 1, 2 and 3 was
cytotoxic for 1929 cells, as judged by the preserved viability of the cells.
However, both concentrations of fractions 4 and 5 were cytotoxic, since
cell viability was significantly decreased (25 ug/mL) or almost completely
reduced (100 pg/mL).

When proliferation was studied (Figure 7(b)), it could be seen that
higher concentrations of all fractions suppressed cell growth, insofar as
fraction 1 showed the lowest and fraction 5 the highest inhibitory effect.
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Table 2. Effect of different fractions of gold nanoparticles on apoptosis and
necrosis of rat thymocytes and L929 cells.

Thymocytes L929 cells
Apoptosis (%)  Necrosis (%)  Apoptosis (%) Necrosis (%)
Control 351+3.2 50+1.6 1.1+£0.1 36+1.0
Fraction 1 (25ug/mL)  33.9+3.0 45+16 0.8+0.1 41+1.0
(100 pug/mL) 345+29 50+1.4 1.2+0.0 2.8+0.1
Fraction 2 (25ug/mL)  37.2+2.8 52+17 1.040.0 38+1.2
(100 ug/mL) 36.9+3.0 57+13 0.940.1 55+0.8
Fraction 3 (25ug/mL)  40.0+2.8 63+15 1.4+0.1 48+12
(100 pug/mL) 435+4.5 6.2+0.7 1.3+02 38+22
Fraction 4 (25 pg/mL) 70.2+3.6%** 13.1£2.9** 18.2+1.4%** 56.2 +4.0***
(100 ug/mL) 59.94+3.0%**  16.3+£25%** 2.0+00 96.24£0.1%**
Fraction 5 (25ug/mL)  61.24£2.4%** 20242 7*** 0.540.0 96.8£0.2%**
(100 pug/mL) 45.7 £ 4.2%* 46.1 £2.5%** 0.2+0.0 100.0 +£0.0***

The cells were incubated with different concentration of gold nanoparticle fractions. Controls were cell
cultures without gold nanoparticles. After 24 h (thymocytes) or 3 days (L929 cells), the cells were stained with
propidium iodide as described in Materials and Methods to detect necrosis or apoptosis. Values are given
as mean =+ standard deviation of sixplicates (thymocytes) or triplicates (L929 cells).

**n<0.01; ***p<0.005, compared to corresponding controls.

Lower concentrations of fractions 1 and 2 were non-inhibitory, whereas
both higher and lower doses of fractions 3, 4, and 5 showed strong anti-
proliferative activity. Finally, we examined whether the cytotoxic effect
of gold nanoparticle fractions on thymocytes and L1929 cells was due to
apoptosis or necrosis. As shown in Table 2 and Figure 8, spontaneous
apoptosis of thymocytes in control cultures was relatively high, whereas
the percentage of necrotic cells was low. Fractions 1, 2, and 3 induced
neither necrosis nor apoptosis of thymocytes. Fraction 4 caused
primarily apoptosis, whereas fraction 5 (especially higher dose) induced
primarily necrosis. Both apoptosis and necrosis in control 1929 cultures
were very low and were not significantly modulated by fractions 1, 2,
and 3 of gold nanoparticles. Lower concentration of fraction 4 induced
apoptosis and necrosis. Higher concentration of fraction 4 and both
concentrations of fraction 5 triggered necrosis of almost all 1.929 cells.

DISCUSSION

In this article, we showed that USP is an innovative and appropriate
technology for the synthesis of pure gold nanoparticles, even from the
gold scrap. Additionally, some fractions of gold particles, contaminated
with alloying elements were produced. Therefore, apart from SEM,
EDX analysis of the nanoparticles is necessary for the explanation of
biocompatibility tests.
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Figure 8. Effect of fractions 4 and 5 of gold nanoparticles on the apoptosis and necrosis of
rat thymocytes and 1929 cells. The cells were incubated with the fraction 4 (25 pg/mL) or
fraction 5 (100 pg/mL) for 24 h (thymocytes) or 3 days (L929 cells). The control cells were
cultivated likewise but without gold nanoparticles. The cells were stained with propidium
iodide as described in Materials and Methods to detect necrosis or apoptosis and analyzed
by flow cytometry.

We used two types of target cells for biocompatibility assays: 1.929
fibroblasts and rat thymocytes. L929 cells are recommended by ISO
standards [22] as a first screening tool for biocompatibility studies of
biomaterials. In our previous papers [19,20] we demonstrated that
rodent thymocytes are an even more sensitive target for testing the
cytotoxicity of different alloys and metal ions released from the alloys in
culture medium during conditioning.

Pure gold nanoparticles (fractions 1 and 2), mostly spherical in size,
were produced by USP in a hydrogen atmosphere, by decreasing the
temperature from 800°C to 300°C. We showed that neither of these
fractions of gold nanoparticles was directly cytotoxic for rat thymocytes,
but at higher concentrations (100 ug/mL) a reduction of the proliferative
activity of L929 cells was observed. The absence of a toxic effect of pure
gold nanoparticles on thymocytes may be explained by the fact that
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these cells did not ingest gold nanoparticles and that Au was not
released from the particles in the culture medium [19].

In contrast, 1929 cells are phagocytic [23] and the inhibitory effect of
particles on the metabolic activity of these cells, seen after prolonged
cultivation (3 days) and which is most probably associated with lower
number of cells in culture due to reduced proliferation, could be a
consequence of the interference of ingested particles with the signaling
mechanisms involved in cellular proliferation. Such a hypothesis is
based on other studies, which demonstrated that ingested nanoparticles
by fibroblasts in culture, although noncytotoxic, reduced -cellular
proliferation by inducing a transient oxidative stress [24], or affecting
cytoskeleton architecture [25]. It is also possible that proliferation
processes may be influenced by disturbing cell-cell contracts by gold
nanoparticles attached to the surface of 1929 cells.

Up to now, gold nanoparticles were described as nontoxic both in vitro
and in vivo [12,26] due to the chemical stability of Au. However, some
studies suggested that gold nanoparticles, especially those prepared by
chemical modification to improve their water solubility, are toxic to
different cells. Pan et al. [3] have shown that water-soluble gold
nanoparticles, stabilized by triphenylphosphine derivatives, showed size-
dependent cytotoxicity on epithelial cells, connective tissue fibroblasts,
macrophages, and melanoma cells. Gold particles, 1.4 nm in size, were
more toxic then larger size particles. In contrast, smaller gold
compounds such as Tauredon, a drug used for the treatment of chronic
inflammatory diseases [16,27,28], and gold nanoparticles larger than
15nm were noncytotoxic. These authors also provided evidence that
chemicals used for surface modification of gold nanoparticles did not
induce the cytotoxic effect. The cytotoxicity of gold nanoparticles may
also depend on their uptake. It has been shown that smaller particles are
generally taken up better, reaching a maximum of about 40-50 nm.
Smaller particles also have a higher surface over volume ratio, leading to
a greater reactive surface when the same mass of gold is internalized
[29,30]. Therefore, the higher inhibitory effect of fraction 2, (which
contained gold nanoparticles lower in size than fraction 1) on the
proliferation of 1929 cells obtained in our study, is in line with these
results. It is interesting that the mode of cell death also depended on the
size of particles, in that 1.4 nm particles caused predominantly necrosis,
whereas closely related particles 1.2nm in diameter induced predomi-
nantly apoptosis [3].

Generally, the lower toxicity of gold nanoparticles in our culture
model could be explained by the lower capability of 1L929 cells, which are
not professional phagocytes, to internalize the particles. In addition, our
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pure gold nanoparticle fractions were partially agglomerated and the
ultrasonic treatment before their use in culture experiments was not
sufficient to disperse them completely. Furthermore, a reaggregation
process which occurred in the culture medium, leading to formation of
some micron-sized particles, might have decreased phagocytosis.
Therefore, in future experiments it is necessary to optimize the
dispersibility of particles in order to understand better the mechanisms
of their phagocytosis and biological effects.

The much higher toxicity of gold nanoparticles, which contained
contaminated metals, could be explained by the toxic effect of not only
ingested nanoparticles, but also metal ions released from the particles,
either in the culture medium or intracellularly following phagocytosis. It
seems that the cytotoxicity of these particles (fractions 3, 4, and 5)
depends on the composition of the particles and the type of contaminat-
ing micro-alloying elements and their quantity.

Fraction 3 contained nanorods and spherical nanoparticles, much less
aggregated then fractions 1 and 2. This difference was probably due to
the different temperature used for decomposition/atomization of the gold
scrap solution, 800°C (fraction 3 vs. 300°C, fractions 1 and 2). In this
context, the use of gold nanorods in biomedicine could be beneficial [31].
Tréguer-Delapierre et al. [32], reported that gold nanorods possess two
different resonance modes, in contrast to the single one developed for
spherically symmetric gold particles, which is independent of size. These
two, separate modes, are due to electron oscillation across and along the
longitudinal axis of the nanorods and are termed the transverse and
longitudinal modes, respectively. The latter is extremely sensitive to the
aspect ratio of the rod (resonance shifts by approximately 100 nm for a
change in aspect ratio of 1 unit) [32]. The significant inhibitory effect of
fraction 3, which contained not only pure gold nanoparticles, but also
some particles contaminated with a small amount of Cu (up to 3%), on
1929 cells, could be a consequence of the additional influence of Cu®* ions
released intracellularly. The absence of cytotoxic effect of fraction 3 on
thymocytes could be explained by the fact that the concentration of Cu®"
ions released in the culture medium was not sufficient to trigger
cytotoxicity of nonphagocytic cells. It has been shown that Cu ions are
toxic to 1929 cells and gingival fibroblasts at relatively high concentra-
tions (0.33-1mmol L% [33]. Our previous results showed that
concentrations of Cu lower than 8.0 ppm were not cytotoxic [20]. It is
known that the quantity of released Cu ions from a Cu-based alloy does
not depend on its relative mass concentration but rather on corrosion
behavior of Cu in the alloy. Therefore, to make clearer conclusion about
possible Cu toxicity in our culture model it is necessary to know the
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kinetics of Cu release after ingestion of the particles and its intracellular
concentration. Additionally, the higher cytotoxicity of fraction 3 could be
due to the higher phagocytosis of particles by 1929 cells compared to the
gold nanoparticles of fractions 1 and 2. If the anti-proliferative effect of
fraction 3 is influenced by phagocytozed particles, it is likely that this
does not come from the rod-shaped gold particles, but rather from the
spherical ones, because rod-shaped particles are taken up very poorly in
general due to greater membrane wrapping time required to enclose
elongated particles [34]. Therefore, much more sensitive techniques
should be additionally applied to measure intracellular uptake of
nanogold particles of different shape and size.

The manifested toxicity of fraction 4 and fraction 5, both on thymo-
cytes and L1929 cells, is most probably a result of the predominant effect
of contaminating microelements which may act synergistically. Fraction
4 contained Au and Ag. Since this fraction is micron in size, one can
postulate that Ag, released from the particles, is the dominant toxic
compound. Numerous studies confirmed that Ag could be released from
dental alloys and that Ag ions exert cytotoxicity [35,36]. The most toxic
effect of fraction 5 could be explained by the synergistic effect of
different elements such as Ni, Zn, and Cu. This fraction was formed in a
bottle with water/alcohol, most probably as a consequence of the
different composition temperature of chloride-nitrate mixture contain-
ing gold and microalloying elements. All these elements are toxic and
their effect depends on the type of cells and concentrations of released
ions from alloys as well as the duration of their exposure to cells in
culture [37-39]. We demonstrated that the lower concentration of
fraction 5 (25 pg/mL) induced both apoptosis and necrosis, whereas
higher concentrations (100 ug/mL) caused predominantly necrosis. A
relatively high spontaneous apoptosis of thymocytes in culture is in line
with previous numerous publications (reviewed in [40]), as a result of
death by neglect of non-positively selected thymocytes in vivo. Apoptosis
and necrosis are considered functionally and morphologically distinct
forms of cell death. However, the observation that cells triggered to
undergo apoptosis will die by necrosis when the intracellular energy
level is low (depletion of ATP) has altered this concept [41]. Based on
these results, it can be postulated that high concentrations of Cu, Ni,
and Zn released in the culture medium from this fraction blocked
mitochondrial or glycolytic ATP generation and caused necrosis. In this
context our results showed higher susceptibility of 1929 cells to necrosis,
compared to thymocytes. When the levels of these ions were lower, the
threshold ATP concentration was sufficient to execute the apoptotic
program [41].
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CONCLUSION

In conclusion, our results suggest that USP enables the synthesis of
pure gold nanoparticles with controlled sizes from gold scrap. However,
further microstructural analysis and biocompatibility studies are
necessary for their proper selection from more toxic gold nanoparticles,
which are contaminated with other microelements. In addition, a
detailed thermodynamic analysis is required in order to estimate the
processes of thermal decomposition, depending on the gold scrap
composition, and thus better separation and dispersion of pure gold
nanoparticles.
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