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Abstract Gold nanoparticles have attracted enor-

mous interest in biomedical applications, based on

their unique optical properties. However, their toxicity

on human tissues is still an open issue. Beyond the

potential intrinsic toxicity of nanostructured gold, a

non-negligible contribution of stabilizers or reaction

by-products related to current wet chemical synthesis

procedures can be expected. Aimed at isolating gold

contribution from that of any other contaminant, we

produced colloidal suspensions of Gold nanoparticles

having average size \10 nm in deionized water or

acetone by pulsed laser ablation, that permits prepa-

ration of uncoated and highly stable Gold nanoparti-

cles in pure solvents. Subsequently, we investigated

the role of surface chemistry, size, and dispersivity of

synthesized Gold nanoparticles in exerting toxicity in

a cell model system of deep respiratory tract, repre-

senting the main route of exposure to NPs, namely

adenocarcinoma epithelial A549 cells. Gold nanopar-

ticles prepared in water showed no particular signs of

cytotoxicity, cytostasis, and/or genotoxicity as

assessed by MTT colorimetric viability test and

Cytokinesis-block micronucleus cytome assay up to

concentrations of the order of 5 lg/mL. In contrast,

Gold nanoparticles produced in pure acetone and then

transferred into deionized water showed impaired cell

viability, apoptosis responses, micronuclei, and di-

centric chromosomes induction as well as nuclear

budding, as a function of the amount of surface

contaminants like amorphous carbon and enolate ions.

Keywords Au nanoparticles � Pulsed laser ablation �
Cytotoxicity � Genotoxicity � Biomedicine � Health
effects

Introduction

A handful of nanomaterials are being studied in

clinical trials or have already been approved for use in

humans (Peer et al. 2007; McCarthy et al. 2005; Davis
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et al. 2010), and many proof-of-concept studies of

nanomaterials in cell cultures and small animal models

for medical applications are under way (Resch-Genger

et al. 2008; Sperling et al. 2008; Liu et al. 2008).

Among the experimented nanomaterials, gold is

undoubtedly one of the most used, having its first

medical application dating back to several centuries

ago (Dreaden et al. 2012; Dykman and Khlebtsov

2012). When reduced to the nanoscale in the form of

spheres, cages, stars, or rods and functionalized by

different molecular coatings, this metal seems par-

ticularly attractive for the development of a plenty of

innovative diagnostic and therapeutic processes,

which take advantage of its extraordinary properties.

Indeed, the range of uses of Au nanoparticles (NPs) in

current medical and biological research is extremely

broad and include diagnostics, therapy, prophylaxis,

and hygiene (Dykman and Khlebtsov 2012). However,

their possible toxicity is still an open issue.

Conventional AuNPs are usually generated by wet

chemical methods (Turkevich et al. 1953; Demartini

et al. 2009; Trigari et al. 2011). For such AuNPs, an

increasing number of studies is available on induced

in vitro and in vivo genotoxic and cytotoxic effects but

the toxicological profile of AuNPs remains controver-

sial. Factors such as shape, size, and surface properties

and coatings are known to affect the AuNPs

physicochemical characteristics eventually influenc-

ing their uptake and toxicity (Alkilany and Murphy

2010; Liu et al. 2014). In a series of in vitro cell

models, AuNPs induced apoptosis and mitochondrial

damage via oxidative stress mechanisms, as well as

actin and tubulin cytoskeleton disturbance, resulting in

reduced cell proliferation and cellular differentiation

(Pan et al. 2009; Soenen et al. 2012; Söderstjerna et al.

2014). Apoptosis, aneuploidy, and both DNA damage

and oxidation play a pivotal role in the cytotoxicity

and genotoxicity exerted by differently sized AuNPs

(Paino et al. 2012; Di Bucchianico et al. 2014).

Moreover, transplacental size-dependent clastogenic

and epigenetic effects of AuNPs in mouse fetus was

also noticed as well as in vitro genomic instability and

chromatin condensation (Li et al. 2011; Schaeublin

et al. 2012; Balansky et al. 2013).

In general, it seems that residues of precursors and

stabilizing agents in the final products are the ones

mainly responsible for the observed toxicity (Connor

et al. 2005; Uboldi et al. 2009), and a ‘‘safety by

design’’ approach is proposed in an EU-funded

research project, Sanowork, in order to establish a

primary prevention of NPs potential risks (www.

sanowork.eu). However, the available data do not

permit a reliable discrimination between the intrinsic

effect of nanostructured Gold and that of surface

coatings or reaction by-products.

In recent years a lot of interest has been devoted to a

physical process, namely pulsed laser ablation (PLAL)

in liquids that, under proper working conditions,

permits preparation of uncoated and highly stable

AuNPs in pure solvents (Zeng et al. 2012). Such NPs

can consequently be considered as a model system to

isolate the toxicity (if any) of nanosized Au from that

of other contaminants. While, to our knowledge, no

studies on genotoxicity are available, a few studies

evaluated the toxicity of AuNPs prepared by PLAL

(Kim et al. 2012; Jeong et al. 2013; Taylor et al. 2010;

Salmaso et al. 2009). In particular, no toxic effects

were detected after treatment of human breast adeno-

carcinoma MCF7 cells with concentrations up to

0.74 nM (0.15 lg/mL) of 18 nm size PLAL-prepared

AuNPs (Salmaso et al. 2009). Higher NPs concentra-

tions were tested on bovine-immortalized endothelial

cell line GM7373 and no significant toxicity was

observed using 15 nm size AuNPs up to 0.5 lg/mL

concentrations (Taylor et al. 2010). More recently, it

has been shown that AuNPs having 20–30 nm size and

prepared by PLAL in aqueous solution are biocom-

patible and safe, up to 10,000 lg/mL for 72 h, as

evaluated by analyzing cell survival and cell mor-

phology. These NPs were internalized through endo-

cytosis in glioblastoma and neuroblastoma human cell

lines, independent of synthesis solutions and/or size

(Correard et al. 2014).

Therefore, our study is aimed at deepening the

present poor knowledge of the effect of PLAL-

prepared AuNPs on human cell cultures, by examin-

ing, as a function of Au concentration, the cyto-

toxicity, cytostasis, and genotoxicity and the role of

surface chemistry, size, and dispersivity of PLAL-

synthesized AuNPs, having average diameter

\10 nm. We chose the human pulmonary epithelial

cell line A549, a cell model system of deep respiratory

tract, representing the main route of exposure to NPs.

To this aim, we exposed A549 cells to various

concentrations of AuNPs prepared by PLAL in

different experimental conditions. PLAL settings were

tuned in order to achieve different size, dispersivity, or

surface properties and hence to unveil the role of these
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parameters on the occurrence of cyto- and genotoxic

effects. In particular, AuNPs were prepared in pure

deionized water or pure acetone (and subsequently

transferred to water). Depending on the preparation

conditions, they exhibited different mean size

(2–7 nm) and, in some cases, the presence of traces

of amorphous carbon or enolate ions on their surface.

Cell viability was determined by MTT (methylthiazol

tetrazolium) assay, based on the measurement of the

mitochondrial dehydrogenase activity of cells. Cyto-

toxicity and cytostasis were morphologically evaluat-

ed via apoptotic and necrotic cell ratios and via the

proportion of mono-, bi-, and multinucleated cells in

cytochalasin B-treated cultures, respectively while

genotoxicity was assessed by cytokinesis-block mi-

cronucleus cytome assay (CBMN Cyt). This compre-

hensive system was used for measuring chromosomal

damage events like micronuclei induction, a biomark-

er of chromosome breakage and/or whole chromo-

some loss, nucleoplasmic bridges formation, a

sensitive measure of chromosome rearrangement,

and nuclear buds generation, a biomarker of elimina-

tion of amplified DNA and/or DNA repair complexes.

Experimental methods

Laser ablation

We prepared colloidal suspensions of AuNPs in

deionized water (18.2 MX cm @ 25 �C) or acetone
(Carlo Erba[99.8 %). The AuNPs were obtained by

PLAL of a gold target in liquid environment with the

fundamental (1064 nm) or the second harmonic

(532 nm) of a mode-locked Nd-YAG laser (EKSPLA

PL2143A: rep. rate 10 Hz, pulse width 25 ps at

1064 nm and 20 ps at 532 nm). The laser beam was

focused with a lens having 20 cm focal length. The

target was placed at the bottom of a 1 cm 9 1 cm

quartz cuvette and was kept 2 cm in front of the focal

plane. The diameter of the laser spot on the target was

fixed at 1 mm. The volume of the solvent used for the

ablation and post-irradiation tests was 2 mL, corre-

sponding to a 2-cm-high liquid column. The pulse

energy was 15 mJ in the case of ablation in acetone. It

corresponds to a fluence (i.e., energy per unit surface)

on target of &2 J/cm2, and 30 mJ in the case of

ablation in water. In the latter case, due to the

absorption of water at 1064 nm, the corresponding

fluence on target is of &1.5 J/cm2. The ablation

process was monitored by measuring in situ the visible

spectra with an Avantes fiber spectrophotometer and a

deuterium–tungsten lamp. The sampling beam was

perpendicular to the ps laser beam and crossed the

quartz cuvette 0.5 cm above the bottom of the cell.

The gold target was purchased from Goodfellow

(high purity: 99.95 %).

We transferred the AuNPs obtained in pure acetone

into deionized water, by following the procedure

previously described (Giorgetti et al. 2012). Basically,

we added deionized water to the colloids (2:1 acetone/

water volume ratio) and let acetone to evaporate. The

operation was repeated several times, until no trace of

acetone absorption was observed in the UV region of

the colloid electronic spectrum. We performed phase

transfer at room temperature under fume hood. The

process typically takes several hours.

TEM samples were obtained by dropping a small

amount of colloid onto carbon-coated copper grids and

letting it to evaporate. The images were recorded with

a Philips CM12, 120 kV. Particle mean diameter and

dispersivity were determined by fitting the measured

statistical distributions with a lognormal function.

This permits calculation of NPs and Au concentration

by fitting the experimental UV–Vis spectra of the

colloids with a home-made computer code, based on

first-order Mie Scattering theory (Giorgetti et al. 2011,

2009; Haiss et al. 2007; Giorgetti et al. 2006).

HRTEM imaging and EDX microanalysis were

performed with a HRTEM JEOL2010, 200 kV. The f-
potential of the colloids in water was measured with a

Zetasizer Nano ZS90, Malvern Instruments.

Cell culture and Au exposure

Human lung adenocarcinoma epithelial A549 cells

were purchased, mycoplasma free, from the Istituto

Zooprofilattico of Brescia (Italy). The cells were

cultured in Ham’s F12 Medium with L-glutamine

(Lonza, Italy) supplemented with 10 % fetal bovine

serum of South American origin (Lonza, Italy) and

1 % (v/v) Penicillin (10,000 U/mL) and Streptomycin

(10,000 lg/mL) (Lonza, Italy). The cell cultures were

maintained under standard conditions in a humidified

atmosphere (5 % CO2) at 37 �C and passaged weekly

in tissue culture-treated flasks (Sarstedt, Italy).

Three batches of AuNPs (B1, B2, and B3) were

prepared as aqueous stock solutions at the nominal
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concentrations of 44, 46, and 53 lg/mL, respectively.

After 24 h of seeding, the cell cultures were treated

with different mass concentrations of Au in the form of

AuNPs, ranging from 0.0046 to 4.6 lg/mL and

obtained from B1, B2, and B3 by diluting suitable

aliquots of AuNPs stock solutions in complete culture

medium.

Cell viability

The MTT (methylthiazol tetrazolium) colorimetric

assay was used as cell viability test. Subconfluent

A549 cells were grown in 96-well plates (Sarstedt,

Italy) and exposed to AuNPs suspensions for 48 h (6

well/condition). After the exposure, medium was

taken away and cells were washed twice with

100 lL PBS (Lonza, Italy) supplemented with 2 %

(v/v) fetal bovine serum of South American origin

(Lonza, Italy) and 1 % (v/v) Penicillin (10,000 U/mL)

and Streptomycin (10,000 lg/mL) (Lonza, Italy).

10 lL of a 5 mg/mL MTT solution (3-(4,5-

dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bro-

mide; Sigma-Aldrich, Italy) was added to 90 lL of

complete cell medium (nine wells for each condition).

After 3 h at 5 % CO2 and 37 �C, A549 medium was

replaced by 100 lL of dimethyl sulfoxide (DMSO;

Sigma-Aldrich, Italy) and mixed thoroughly to dis-

solve the formazan crystals. To limit potential inter-

actions due to the presence of residual NPs that could

interfere with the assay, blanks without cells were used

to detect the absorption of AuNPs themselves (3

well/condition). Absorbance was measured at 570 nm

(630 nm background) and cell viability was deter-

mined as the percentage of the blanks subtracted from

the corresponding percentage of the exposed cells.

1 mM sodium chromate (Sigma-Aldrich, Italy) was

used as positive control.

CBMN Cyt assay

Cytokinesis-block micronucleus cytome (CBMN cyt)

assay was performed as already described (Di Buc-

chianico et al. 2013). Briefly, 7 9 104 A549/well were

plated onto 6-well plates (Sarstedt, Italy) and 24 h

after seeding the cells were exposed, for 48 h, to the

three batches of AuNPs (B1, B2, and B3) as described

above and to 0.10 lg/mL Mitomycin C (Sigma-

Aldrich, Italy) as positive control according to OECD

guideline 474. To block the cytokinesis process, 20 h

after exposure to the test compounds the A549 cultures

were supplemented with 6 lg/mL Cytochalasin B

(Sigma-Aldrich, Italy) and then further incubated

under standard cell culture conditions. At the end of

the exposure period (48 h), cells were harvested and

the cell pellet was subjected to hypotonic treatment

(0.075 M KCl) and fixed with acetic acid–methanol

(1:6) (Carlo Erba, Italy).

As described by Fenech, 500 cells were scored to

evaluate the percentage of mono-, bi-, and multinucle-

ated cells, and the cytokinesis-block proliferation

index (CBPI) was calculated as an index of cytostasis

by comparing the distribution of mono-, bi-, and

multinucleated cells in the treated and control cells

(Fenech 2007). The number of apoptotic, necrotic, and

mitotic cells per 500 cells was also scored to evaluate

the cytotoxicity of AuNPs.

The genotoxic potential of AuNPs was evaluated by

scoring the binucleated/micronucleated cell frequency

as number of 1000 binucleated cells containing one or

more micronuclei (MN), a cytogenetic biomarker of

chromosomal damage. Finally, on these 1000 binucle-

ated cells other parameters such as nucleoplasmic

bridges (NPB), a biomarker of DNA misrepair and/or

telomere end fusions, and nuclear buds (NBUD), a

biomarker of elimination of amplified DNA and/or

DNA repair complexes, were also scored.

Results

Nanoparticle characterization

We performed toxicity tests using three batches of

AuNPs, whose characteristics are summarized in

Table 1.

We prepared batch B1 by 532 nm laser ablation in

pure acetone and subsequently transferred it to water

as described (Giorgetti et al. 2012). The procedure

adopted for the preparation of batch B1 corresponds to

the experimental conditions that guarantee the most

stable samples, the smallest particle size, and the

narrowest statistical distribution that can be obtained

with our experimental set up. However, the presence

on NPs surface of traces of amorphous carbon and of

enolate ions, which provide the extraordinary stabi-

lization mechanism, could contribute to particle

toxicity (Giorgetti et al. 2012). In order to reduce the

amount of contaminants, we prepared a second batch
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in acetone (B3), by ablation with a different wave-

length, namely 1064 nm. This batch did not contain

any detectable quantities of enolate, although it still

contained some graphitic carbon, as observed under

Raman inspection (data not shown). Indeed, being

graphitic carbon and enolate the product of photode-

composition of solvent, it is reasonable to expect that

both a shorter wavelength and its resonance with the

plasmon band of the AuNPs, which causes a strong

field confinement at surface, make 532 nm radiation

more active in the production of the previous

contaminants (Giorgetti et al. 2006).

In order to thoroughly exclude any enolate or

graphitic carbon contribution to NPs toxicity, we also

tested a batch obtained directly in pure water, namely

batch B2. The stability requirements of the toxicity

tests forced us to perform the ablation in water with

1064 nm. In fact, although 532 nm ablation with ps

pulses permits fabrication of AuNPs in water with

narrow statistical distribution and small size, their

stability is weak and difficult to control (data not

shown here). Such reduced stability is probably due to

perturbation of the surface electrostatic equilibrium

which, under interaction among 532 nm ps pulses and

Au, is modified by multiphoton electron ejection

(Giusti et al. 2007; Giammanco et al. 2010). In

contrast, 1064 nm ablation of Au in pure water leads to

stable colloids, although at the expense of dispersivity.

Figure 1a shows the UV–Vis spectrum of sample

B1 before (red line) and after phase transfer to water

(blue line). During the phase transfer, we doubled the

colloid concentration, as confirmed by the absorption

in the plasmon peak, which is twice that of the native

colloid. Figure 1b shows a typical TEMmicrograph of

colloid B1 after phase transfer. The inset shows a

magnification of a pair of NPs in high resolution mode.

Lattice planes are clearly visible, demonstrating that

the NPs are crystalline. The statistical distribution of

particle size is also reported in the figure. The

lognormal function (red line) which gives the best fit

of the statistical distribution can be described more

intuitively with an asymmetric Gaussian with

R = 1.15 nm radius peak value and r- = 0.35 nm

and r? = 0.5 nm left and right 1/e half width,

respectively. These parameters, which are reported

in Table 1, were introduced in a home-made Mie

fitting routine, which returns the theoretical spectrum

(black line in Fig. 1a) and the corresponding concen-

tration of AuNPs (CNP = 2 9 1014 NPs/cc) and, from

that, the total concentration of Au in the colloid

(CAu = 44 lg/mL).

The same characterization was performed for batch

B2. The UV–Vis spectrum of the fresh colloid is

reported in Fig. 2a (red line), while Fig. 2b shows a

TEM image with the corresponding statistical distri-

bution of particle size. In this case, the best fitting

parameters of the Gaussian equivalent of the lognor-

mal distribution were R = 3.5 nm, r- = 1.5 nm, and

r? = 2.7 nm (Table 1). As expected, particle size

distribution is much wider than in batch B2, along with

Table 1 Summary of AuNPs characteristics

Batch Solvent Ablation

wavelength

(nm)

Fluence on

target (J/cm2)

2R (r?/r-) (nm)

before mixing

2R (r?/r-)

(nm) after

mixing

CAu

(lg/
mL)

CNP

(NP/cc)

f-
potential

(mV)

B1 Acetone and

subsequent

transfer to water

532 1.9 2.3 (?1/-0.7) 2.7 (?1.8/-1.1) 44 2 9 1014 -23 ± 8

B2 Water 1064 1.5 7.1 (?5.4/-3) Not significant

number of NPs

46 4 9 1012 -43 ± 12

B3 Acetone and

subsequent

transfer to water

1064 1.9 2.4 (?2/-0.8) Not significant

number of NPs

53 1014 -31 ± 13

R: NPs radius; r? and r-: right and left side 1/e half width of NPs size statistical distribution; CAu and CNP: Au and NPs

concentration per unit volume; f: z-potential
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NPs diameter, which is more than doubled. The

theoretical best fitting spectrum for this batch is also

reported in Fig. 2a (black line) and returns a concen-

tration of AuNPs CNP = 4 9 1012 NPs/cc and of gold

CAu = 46 lg/mL. The increased particle size is

responsible of the intensity of the plasmon band,

which scales cubically with particle radius and linearly

with particle concentration (Kreibig and Vollmer

1995). Also in this case, the inset of Fig. 2b shows a

high resolution image of a pair of NPs, where the

lattice planes are clearly visible. EDX microanalysis

of this sample was also carried out and is reported in

Fig. 2c. Apart from the signal assigned to the copper

grid, all the other bands clearly pertain to gold.

Lastly, the characteristics of batch B3 are shown in

Fig. 3a, b. The resolution and intensity of the plasmon

band is improved with respect to sample B1. This can

be due to both the presence of some big NPs and to a

reduced quantity of carbon on NPs surface. Indeed the

presence of carbon can cause a non-negligible

quenching of the plasmon resonance, due to its

absorption in the visible spectral range. In this case,

the best fit parameters of the Gaussian equivalent of

the lognormal distribution were 2R = 2.4 nm,

Fig. 1 a UV–Vis spectra of sample B1 before (red line) and

after (blue line) transfer to water. The black line represents the

theoretical fit of the spectrum, that permitted evaluation of gold

and of AuNPs concentration. Optical path length

(OPL) = 1 cm. b Typical TEM image of sample B1, with

statistical distribution of particle size and high resolution

magnification (inset). (Color figure online)

Fig. 2 a UV–Vis spectrum

of sample B2 (red line) and

theoretical fit (black line).

OPL = 1 cm. b Typical

TEM image of sample B2

with statistical distribution

of particle size and high

resolution imaging of a

couple of NPs (inset). cEDX
spectra. (Color figure

online)
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r- = 0.85 nm, and r? = 2 nm (Table 1). Fitting of

the spectrum of Fig. 3a (red line) returned the values

of CNP = 1 9 1012 NP/cc and CAu = 53 lg/mL.

We also characterized the three batches by f-
potential measurements. In all cases, we observed

highly negative values (reported in Table 1), which

indicate excellent stability of the samples.

In order to perform a characterization of AuNPs

within the biological media, wemixed a small quantity

of the colloids with culture medium. In the case of

batch B1, we mixed 119.75 lL of the colloid with

880.25 lL of culture medium in order to achieve a

concentration of gold of 8.8 lg/mL. The obtained

sample was characterized by TEM microscopy and by

UV–Vis spectroscopy. Figure 4b shows a typical

TEM image of the sample after mixing and the

corresponding statistical distribution of NPs size.

Due to dilution the statistics was performed with

a reduced number of particles with respect to Fig. 1

and it is, consequently, less reliable. However, it did

not show significant changes, a part of some

increase of average particle diameter and width of

the distribution (see Table 1). The results of UV–

Vis spectroscopy are reported in Fig. 4a. Green and

red lines in Fig. 4a correspond to AuNPs/culture

medium mixture and to culture medium, respective-

ly, while thick blue line represents their difference

and permits observation of a weak plasmon band at

523 nm and of the typical interband absorption of

gold. Theoretical fit of the difference spectrum (thin

blue line in Fig. 4a) permits evaluation of CAu and

of CNP in the colloid. Although difference spectra

are usually affected by large errors, the obtained

results, which were CAu = 9.3 lg/mL and

Fig. 3 a UV–Vis spectrum

of sample B3 (red line) and

theoretical fit (black line).

OPL = 2 mm. b Typical

TEM image of sample B3

with statistical distribution

of particle size. (Color figure

online)

Fig. 4 a UV–Vis spectra of culture medium (green line), of the

mixing of B1 with culture medium, corresponding to nominal

8.8 mg/L Au concentration (red line), and subtraction between

the previous spectra (thick blue line). The thin blue line

represents the theoretical fit of the subtraction spectrum.

OPL = 1 cm. b Typical TEM image and statistical distribution

of particles size after mixing of sample B1 with culture medium.

(Color figure online)
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CNP = 5 9 1013 NPs/cc, respectively, are in very

good agreement with the expected values.

In the case of sample B2, we mixed it with culture

medium, in order to obtain a 9.2 lg/mL solution of

gold. Figure 5a shows a typical TEM image. Due to

the dilution and to the initially low concentration of

NPs, it was not possible to perform a reliable statistic

of their size. However, the image shows clearly the

presence of isolated spherical NPs, surrounded by a

transparent shell, probably related to adsorption of

some ligands of the medium. If a panoramic view of

the sample is taken (inset of Fig. 5b), the coexistence

of AuNPs and large irregular aggregates is clear. EDX

inspection permitted to obtain the composition of

these structures which, beyond Au, mainly contain Na,

Cl, K, Mg, and P, as expected if the characteristics of

the culture medium are taken into account.

As for sample B3, we diluted it in culture medium

in order to obtain a 10.6 lg/mL concentration of gold.

The results of TEM inspection were similar to those of

sample B2, namely spherical AuNPs with a transpar-

ent shell and big structures which we again attributed

to culture medium, thanks to EDX analysis. It is worth

noticing that such transparent shell, also appearing in

sample B2, is never observed in sample B1, suggesting

a different surface nature and, hence, a different

interaction with the environment.

Cell viability

The MTT assay was used to determine cell viability as

shown in Fig. 6. A significant decrease in cell viability

was observed in a dose-dependent manner (p val-

ue = 0.012) after B1 exposure to A549 cells, by

reaching a 50 % cell death at 4.6 lg/mL exposure. No

impairment of cell viability was seen after B2

treatment, while B3 treatment caused a significant

reduction in cell viability (18 % of cell death) at the

highest concentration.

Cytostasis and cytotoxicity

The cytokinesis-block proliferation index (CBPI),

evaluated as the distribution of mononucleated,

binucleated, and polynucleated cells, indicates the

average number of cell cycles per cell and was

determined for measuring cell proliferation (Fig. 7).

Fig. 5 Sample B2 after mixing with culture medium: a Typical TEM image and b Low magnification image and corresponding EDX

spectrum (inset)

Fig. 6 MTT assay after 48 h exposure of A549 cells to

different batches of AuNP. Cell viability results are presented

as percentage of viability relative to untreated control. Solid and

error bars represent the mean and the SEM, respectively

(n = 3). C?: 1 mM sodium chromate. Statistical analysis was

performed by one-way ANOVA and significant differences

between untreated control and treated cells are indicated as

follows: *p\ 0.05, ***p\ 0.001
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Coherently with the results found in the cell

viability assay, the proliferation rate decreased after

exposing A549 cells to B1 in a dose-dependent

manner (p value = 0.0152) and significantly at the

highest tested mass concentration of B3 AuNP. B2

exposure did not show any cytostatic effect.

To elucidate mechanisms of noticed cell death,

apoptotic and necrotic figures were morphologically

evaluated by CBMN Cyt assay showing that cyto-

toxicity seems to occur mainly by necrotic events

(Fig. 8). Apoptosis was significantly induced only at

the highest mass concentration of B1 exposure while

the percentages of necrotic events were significantly

different from the untreated control except for the

lowest concentration of B1. The highest concentra-

tions of B2 and B3 exposures showed a well-

significant induction of necrotic events.

Genotoxicity

Figure 9 summarizes the micronuclei frequency, a

biomarker of chromosomal damage and/or loss, found

after exposingA549cells toB1,B2, andB3AuNPs.Only

exposure at the two highest mass concentrations of B1

and the highest one ofB3 showed a significant increase of

micronuclei that were however induced in a dose-

dependent manner after B1 exposure (p value = 0.006).

To better define genotoxic mechanisms induced by

AuNPs, the frequencies of nucleoplasmic bridges and

nuclear buds were also evaluated as biomarkers of

reduced repair capacity as well as misrepair leading to

chromosome rearrangement, and a measure of excess

DNA that is being extruded from the nucleus,

respectively (Fig. 10).

NPB frequency increased after quite all the B1

tested concentrations, and at 2.3 lg/mL of B2 expo-

sure. NBUD formation was induced after all B1

exposures except the lowest one, and a significance

was found also at 2.3 lg/mL of B2 exposure.

Discussion

The in vitro toxicity of AuNPs produced by chemical

methods has been extensively studied so far, showing

Fig. 7 CBPI index scored by CBMN Cyt assay. Data are

presented as mean ± SEM (n = 3). C?: 0.10 lg/mL Mitomy-

cin C. Statistical analysis was performed by one-way ANOVA

and significant differences between untreated control and

treated cells are indicated as follows: *p\ 0.05, **p\ 0.01,

***p\ 0.001

Fig. 8 Apoptotic (left) and necrotic (right) indices scored by

CBMN Cyt assay. Data are presented as mean ± SEM (n = 3).

C?: 0.10 lg/mL Mitomycin C. Statistical analysis was

performed by one-way ANOVA and significant differences

between untreated control and treated cells are indicated as

follows: *p\ 0.05, **p\ 0.01, ***p\ 0.001
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a degree of toxicity, related to the use of substances as

reducing (e.g., citrate and ascorbic acid) and stabiliz-

ing agents (e.g., carboxylates, phosphines, amines,

thiols). For instance, the presence of sodium citrate

rather than the size of the AuNPs (mean diameter 11

and 25 nm), can affect both the cell viability

(60–70 %) of human lung epithelial cell line A549

following 72 h exposure at 0.7 mM (142 lg/mL) and

the cell proliferation in a dose- and time-dependent

manner by reducing the proliferation rate to 50 %

following 24 h exposure. (Uboldi et al. 2009).

Analogously, for the same AuNPs, it was shown that

the amount of citrate on the particle surface rather than

the size was correlated with impaired cell viability.

HDMEC endothelial cells had a reduced cell viability

by 25 % following 48 h exposure to 1000 lM
(214 lg/mL) of both 11 and 25 nm sized NPs as well

as a reduced cell proliferation by 20 % after exposure

to 50 lM (10 lg/mL) (Freese et al. 2012). The

importance of the surface properties to increase the

biocompatibility of AuNPs was emphasized showing

that, in spite of the absence of cytotoxicity, *20 nm

spherical citrate-coated AuNPs induced DNA dam-

age, while 11-mercaptoundecanoic acid-coated

AuNPs did not, as assessed by comet assay in human

liver HepG2 cells (Fraga et al. 2013). AuNPs with

diameters ranging from 7 to 20 nm and capped with

either sodium citrate or polyamidoamine dendrimers

(PAMAM) interact with HepG2 cells and peripheral

blood mononuclear cells and exhibit cyto- and geno-

toxicity even at very low concentrations (1.0 lM, i.e.,

0.2 lg/mL) (Paino et al. 2012). The presence of 13 and

45 nm citrate-coated AuNPs in adipose-derived stro-

mal cells resulted in increased population doubling

times, decreased cell motility, and cell-mediated

collagen contraction (Mironava et al. 2014). Further-

more, differently sized citrated-AuNPs (5 and 15 nm)

significantly decreased the cell viability of human

primary lymphocytes and Raw264.7 murine macro-

phages by 20–30 % following 24 h exposure to

10 lg/mL, inhibited cell proliferation via apoptosis,

and induced aneuploidogenic effects as well as DNA

oxidation (Di Bucchianico et al. 2014). Polyethylene

Fig. 9 Micronuclei frequencies scored by CBMN Cyt assay.

Data are presented as mean ± SEM (n = 3). C?: 0.10 lg/mL

Mitomycin C. Statistical analysis was performed by one-way

ANOVA and significant differences between untreated control

and treated cells are indicated as follows: *p\ 0.05,

***p\ 0.001

Fig. 10 Nucleoplasmic bridges (left) and Nuclear buds (right)

frequencies scored by CBMN Cyt assay. Data are presented as

mean ± SEM (n = 3). C?: 0.10 lg/mL Mitomycin C. Statis-

tical analysis was performed by one-way ANOVA and

significant differences between untreated control and treated

cells are indicated as follows: *p\ 0.05, **p\ 0.01,

***p\ 0.001
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glycol (PEG)-functionalized AuNPs, with average

sizes of 4.5, 13, and 30 nm, have the potential to affect

the primary function of human erythrocytes in a size-

dependent manner, by decreasing their deformability

and oxygen-delivering ability due to the interaction

between PEGylated AuNPs and erythrocytes mem-

branes (He et al. 2014).

Beside in vitro studies showing that surface chem-

istry of AuNPs plays a crucial role in determining cyto-

and genotoxicity, the importance of physicochemical

characteristics ofAuNP surface in determining toxicity

was investigated also in vivo. For instance, using an

embryonic zebrafish model it was showed that the

surface functionalization with a monolayer of TMAT

(N,N,N-trimethylammoniumethanethiol) cationic li-

gand dictated toxicity outcomes by increasing apop-

totic responses and altering expression of transcript

factors that continue to behavioral and neuronal

damage in the development of zebrafish (Kim et al.

2013). The long-term effect of acute exposure to

differently functionalized AuNPs (such as the

negatively charged 2-mercaptoethanesulfonic acid or

neutral 2-(2-(2-mercaptoethoxy)ethoxy)ethanol li-

gands or positively charged TMAT) was investigated

during embryonic development in a zebrafish model,

showing that both negatively and positively charged

AuNPs exposed embryos exhibited hypolocomotor

activity and affected larval behavior, with behavioral

effects persisting into adulthood (Truong et al. 2012).

In contrast to the above discussed investigations,

our PLAL-prepared AuNPs are surfactant-free. Con-

cerning reaction by-products, they can be completely

absent, as in the case of sample B2, which was

obtained in pure deionized water, or present in

different amounts, as in the case of B1 and B3, that

were prepared in pure acetone. As a matter of fact,

laser irradiation can induce some degradation of

acetone close to AuNPs surface, causing both forma-

tion of amorphous carbon and surface adsorption of

enolate ions. Previous investigations reported by some

of us showed that this effect is expected to be

considerably reduced under 1064 nm irradiation (fab-

rication conditions for sample B3), with respect to

532 nm irradiation (fabrication conditions for sample

B1) (Giorgetti et al. 2012). Raman tests performed on

a sample obtained in the same experimental conditions

as B1 permitted rather easy detection of carbon and

enolate, while no trace of such surface contaminants

could be detected in colloids obtained by following the

same experimental parameters as sample B3. This

point is also confirmed by f-potential data of B1, B2,
and B3 (reported in Table 1), showing how the f-
potential of the three colloids, which is related to their

surface charge, gets closer to 0 as long as the expected

amount of surface carbon increases, going from

-43 mV for the completely carbon-free B2 sample to

-23 mV for B1. Regarding size, samples B1 and B3

are comparable, apart from some differences in disper-

sivity, where B3 statistical distribution of diameters

being a bit larger, especially on the side of big values.

Therefore, the comparison between the results corre-

sponding to B1 and B3, having comparable size, can

highlight the effect of carbon/enolate coating on NPs

cyto- and genotoxic behavior. Analogously, the con-

siderable size difference between samples B2 and B3

and the low carbon/enolate content of B3 can elucidate

the role of NPs size on the cyto- and genotoxic

behavior. In this sense, it is worth noticing that sample

B2 contains a non-negligible amount of NPs larger

than 12 nm and that, for fixed Au concentrations, the

number of AuNPs per unit volume in B2 is 20–50

times smaller than in B1 or B3.

In our study, AuNPs showed different degrees of

cytotoxicity and genotoxicity, depending on surface

chemistry properties, size, and dispersivity. When the

AuNPs were prepared by laser ablation in deionized

water (sample B2), no impairment of cytostasis and

cytotoxicity and no signs of genotoxicity were high-

lighted in the explored Au concentration range. In

contrast, AuNPs produced by PLAL in pure acetone

and then transferred into deionized water showed

some toxicity. In particular, sample B1, which

contained the smallest NPs and the largest amount of

amorphous carbon and enolate ions, showed up to

50 % reduced cell viability following 48 h exposure to

4.6 lg/mL as well as significant dose-dependent

cytostasis and genotoxicity, which were higher than

those observed with sample B3 (up to 20 % reduced

cell viability), namely a sample with comparable

average NP size and reduced amount of surface

contaminants.

In summary, PLAL-prepared AuNPs in water did

not show any significant toxicity up to the tested

concentration values. When compared to the acetone-

prepared samples, for fixed values of CAu, the lack of

toxicity can be due to both extreme surface cleanliness

and purity of the solution and to larger size and

consequently lower CNP. However, the comparison
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between B1 and B3 suggests that NPs toxicity

originates mainly from carbon residues, as expected

on the basis of previous investigation on the toxicity of

carbon NPs (Panessa-Warren et al. 2006). That

toxicity can be preferentially related to a different

surface nature and is also compatible with the different

f-potential value exhibited by sample B1 and by the

absence of the halo, which on the contrary appears

around B2 and B3 AuNPs in the culture medium, and

which suggests a different biological reactivity.

Conclusions

We presented a cyto- and genotoxicity study of PLAL-

prepared AuNPs on adenocarcinoma epithelial A549

cells. Thanks to the absence of surfactants, that is

permitted by the preparation method, we could isolate

the contribution of nanosized Au from that of capping

agents, which is not straightforward when AuNPs are

obtained by current wet chemical methods. Although

some results on cytotoxicity of PLAL-preparedAuNPs

were already available in the literature (Salmaso et al.

2009; Taylor et al. 2010), our study includes evaluation

of genotoxic effects and our results span over a broader

concentration interval. Moreover we used very small

AuNPs and compared batches exhibiting different

surface properties, due to the different ablation condi-

tions, obtaining a more comprehensive overview of

their potential effects on human cells.

Briefly, we demonstrated that, within the explored

size range, poor surface cleanliness can affect the toxic

effect of AuNPs, as observed for the case of colloids

obtained in pure acetone and then transferred into

deionized water. In particular, the occurrence of some

degree of acetone decomposition under laser irra-

diation and subsequent formation of carbon on the

surface of the NPs confirmed the already reported

toxic effect of carbon traces on living tissues (Panessa-

Warren et al. 2006). In contrast, in the case of AuNPs

prepared directly by PLAL in pure deionized water,

we did not observe any significant signs of cyto-

toxicity, cytostasis, and/or genotoxicity up to concen-

trations of the order of 5 lg/mL.
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