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ABSTRACT
Gold nanoparticles (AuN) are one of the most investigated nanomaterials,
finding numerous applications from medicine to industry. AuN were
obtained by reduction of gold salts using tannic acid as a reducing agent.
To detach the impact of AuN onto cells of two lines human monocytic
cells (U-937) and human promyelocytic leukaemia cells (HL-60), the effects
of postreaction residues (of effluent from sol cleaning) and gold ions were
also examined. It was demonstrated that resistance of cells to the toxic
action of AuN is dependent not only on incubation time and dosage, but
also on stages of cell differentiation. It was found that after incubation of
promonocytes U-937 with 25 ppm AuN, the cell viability decreased by
25% and of macrophages by 50%. Differentiated cells U-937 showed a
significantly lower resistance than the not-differentiated cells. For HL-60
cells, regardless of differentiation, cell viability decreased by
approximately 20% after treatment with 25 ppm AuN sol. It was noticed
that U-937 exhibited higher vulnerability to AuN than HL-60 cells. It was
proved that AuN induced over a 15-fold increase in nitric oxide and a
decrease of intracellular glutathione levels indicating the inflammatory
response of cells. Even though gold ions did not show a significant effect
on cell viability, they caused fivefold increase of nitric oxide level. The
results show a higher cytotoxicity of AuN than gold ions. An overall picture
of the interaction of AuN with human cells of first defence line was
obtained. The results indicate that AuN may cause changes in the
response of phagocytes in inflammatory conditions.

KEYWORDS
Gold nanoparticles;
monocytes; macrophages;
granulocytes; cytotoxicity

1. Introduction

The huge development of nanotechnology has contributed to the ever-growing demand for nano-
particles with an extremely wide range of applications, from medicine and cosmetics to industry.
This is also related to the unacknowledged risk of exposure of living organisms to nanoparticles.

Nanotoxicology as a new branch of science is trying to find an answer to the question whether the
nanoparticles or nanomaterials are toxic to living organisms. The ‘foreign’ nanoparticles at first meet
cells of the immune system. ‘The intruders’ use all possible ways of penetration into the body (skin,
respiratory, digestive and circulatory systems). Nanoparticles are generally defined as particles between
1 and 50nm in size. Studies have shown that the nanoscale objects smaller than 12nm may cross the
blood-brain barrier [1,2] and objects smaller than or equal to 30 nm may be endocytosed into cells.[3]
It is not surprising that intensive research is carried out on biomedical applications of nanoparticles.
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The action of the nanoparticles on living organisms depends on such parameters as physical and
chemical properties of the particles, cell type, dose and duration of action. Unfortunately, the clear
establishing whether the nanomaterials acts as a good or bad is still a matter of dispute.[4] Gold nano-
particles (AuN) became an object of great attention due to their interesting electronic, optical and
thermal properties and potential applications in the fields of medicine, biology, chemistry, physics and
material sciences.[5] The AuN have been reported as both toxic and non-toxic.[6,7] AuN were used
as markers for tracking signal transduction in cells, which also suggests their non-toxic nature.[8,9]
The AuN of diameter of 13 nm, covered by oligonucleotides were used for gene regulation.[10]

Bulk gold is widely regarded as ‘safe’ and chemically inert, and, produced as drugs, have been used,
inter alia, in the treatment of rheumatic diseases already in the seventies of the twentieth century.[11]
AuN are also applied in the local radionuclide therapy of cancer.[12] Nanogold is also used in photo-
thermal intravital therapy as imaging agents. AuN have some special optical properties, such as plas-
mon resonance. It was also shown that the AuN are selectively accumulated in tumour cells
exhibiting bright scattering.[13] Toxicological studies suggest the adverse effects of nanoparticles on
health, but a full explanation of their action at the molecular level is still missing. The AuN used in
medicine are in contact with body fluids or cells. Analysis of cytotoxicity in vivo is difficult and the
results are often contradictory. That was the case of the study of multi-walled carbon nanotubes acting
in a mouse model, where no induction of inflammation was showed, while macrophage activation and
development of the inflammatory response was observed for single-walled carbon nanotubes.[14,15]

In the last decade, a lot of methods for the synthesis of AuN with the defined parameters, such as
size or shape was developed.[16�19] The preparation of AuN generally involves the chemical reduc-
tion of gold salt in aqueous, organic or simultaneously in two phases. Chemical reduction of metal
salts is carried out in the presence of stabiliser which binding to particle surface imparts high stabil-
ity and provides the desired charge and solubility.[20] Great progress has been made in the synthesis
of AuN. The surface chemistry plays a key role in future AuN applications as nanosensors, biosen-
sors, catalysts, nanodevices and in nanoelectrochemistry.

Purification of gold sols for biomedical applications, understood as the removal of the residue
after synthesis is crucial as improperly cleaned reaction mixture can itself act proinflammatory. The
immune response includes humoral and cellular partners, where the phagocytes like macrophages
and granulocytes are the first line of defence. For this reason, human granulocytes, monocytes and
macrophages were chosen as a model system for detection of the action of AuN. In this paper, the
effects of AuN, gold salts and the residue after the synthesis on model cells: a human cell line U-937
and HL-60 were presented. The human cell line U-937 was isolated from the pleural fluid of a
patient with diffuse histiocytic lymphoma.[21] HL-60 originated from the peripheral blood of a
patient with acute promyelocytic leukaemia.[22] These stable lines are capable to differentiate into
granulocytes, monocytes and macrophages.

2. Materials and methods

2.1. Materials

Gold (III) chloride trihydrate and tannic acid were purchased from Sigma-Aldrich. Ultrapure water
used during the AuN synthesis was obtained from the Milli-Q Elix&Simplicity 185 purification sys-
tem (Millipore SA Molsheim, France). Dimethyl sulfoxide (DMSO) and 12-myristate-13-acetate
(PMA) and all standard chemicals were purchased from Sigma (USA). RPMI-1640 medium, foetal
bovine serum (FBS) and antibiotics were from CytoGen GmbH (Germany).

2.2. Preparation of gold nanoparticles

Aqueous solution of 0.1 mM tannic acid (93.6 ml) was heated to temperature of 50 �C in three-
necked round-bottomed flask for 20 minutes under vigorous stirring. Afterwards, 5 ml of HAuCl4
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(1 mM) was rapidly added to the reaction mixture. In 10 minutes, the colour of the reaction mixture
changed from yellow to dark red. Nonetheless heating and stirring was continued for 30 minutes.
After this period, the obtained gold suspension was cooled to room temperature. In order to remove
the excess of unreacted substrates, suspension was washed with deionised water using a stirred filtra-
tion cell (Millipore, model 8400) with a regenerated cellulose membrane (Millipore, nominal molec-
ular weight limit: 100 kDa). The washing procedure was repeated until the conductivity of the
supernatant solution stabilised at 10�15 mS/cm and pH at 5.5�5.8.

2.3. Nanoparticle characterisation techniques

The AuN concentration in the suspension was determined using Anton Paar densitometer of high-
precision (type DMA5000M) according to the procedure described previously.[23]

UV�vis spectra of gold suspension were recorded using the Shimadzu UV-1800 spectrometer.
Ultrapure water was used as the reference sample to take the ‘blank’ spectrum for all measurements.

The morphology and size of particles were determined using scanning electron microscope JEOL
JSM-7500F working in a transmission mode. Samples for this examination were prepared by dis-
persing a drop of the gold colloid on a copper grid which was covered by a carbon film.

The diffusion coefficients and the electrophoretic mobility of obtained nanoparticles were mea-
sured by the dynamic light scattering (DLS) and microelectrophoresis, respectively, using the Zeta-
sizer Nano ZS Malvern instrument.

2.4. Cell cultures and nanoparticles treatment

Human promyelocytic cells of the HL-60 line (ATCC) were cultured in suspension in RPMI-1640
medium containing 10% FBS and 0.01% penicillin�streptomycin. Stock solution of AuN (214 ppm)
and their effluent were diluted in RPMI-1640 medium to the required concentration. Human pro-
myelocytic leukaemia cells (HL-60) were induced to differentiate into macrophage-like cells by
application of the phorbol-12-myristate-13-acetate (PMA) at a dose of 3 nM in RPMI-1640 medium
with 10% FBS and 0.01% penicillin�streptomycin for 6 days.[24] The differentiation into granulo-
cytes was achieved by using 1.5% DMSO in RPMI-1640 medium with 10% FBS and 0.01% penicil-
lin�streptomycin applied for 6 days.[24,25]

Human histiocytic lymphoma cell line U-937 (ATCC) was cultured in suspension in RPMI-1640
containing 5% FBS and 0.01% penicillin�streptomycin. The activated macrophages were obtained
by inducting the U-937 cells with 1 mM PMA for 24 h in the full medium. The solution of appropri-
ate concentration of nanoparticles was added to the cultures to obtain respective concentration of
nanoparticles and such prepared cultures were incubated for 24, 48 and 72 h.

2.5. Cell viability assay

The tetrazolium salt colorimetric assay (MTT) described by Mosmann (1983) was used to measure
cytotoxicity of nanoparticles.[26] Cells were cultured in 24-well plates in an amount of 0.25 mln cells
HL-60 per well or 0.5 mln cells U-937 in a volume of 0.3 ml/well. After incubation with nanopar-
ticles, gold salt (HAuCl4) or effluent from sol purification the 50 ml MTT solution (5mg/ml) in ster-
ile water was added to each well and incubated for 2 h in 37 �C. Then, 0.3 ml of DMSO was added
to each well and left for 5 minutes. After centrifugation, the supernatant optical density at 570 nm
was read. Data were expressed as mean § SD. The viability of the treated group was expressed as a
percentage of the control group. Data points are means § standard deviations (three determina-
tions). The statistical analysis was performed by Duncan’s multiple range test, taking p < 0.05 using
PC SAS 8.0.
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2.6. Nitric oxide production

Cells (1£106 cells/well) were treated for 24, 48 or 72 h with AuN or effluent of final volume of
0.5 ml. After treatment, the supernatants were collected, centrifuged (1000£ g, 5 minutes) and
stored at �20 �C. Nitric oxide (NO) production from AuN, effluent or HAuCl4-treated cells was
quantified spectrophotometrically using the Griess reagent (modified) (Sigma). The absorbance was
measured at 540 nm and the nitrite concentration was determined using a calibration curve pre-
pared with sodium nitrite.[27] Data were expressed as mean § SD. The statistical analysis was per-
formed by Duncan’s multiple range test, taking p < 0.05 using PC SAS 8.0.

2.7. Measurements of GSH

The intracellular reduced glutathione (GSH) level was determined by the reaction with 5,50-dithiobis
(2-nitrobenzoic acid) (DTNB) � the method of Ellman.[28] Cells were differentiated as described
above and then cells (3£ 106 cells/well) were treated with AuN or effluent for 24 h on 24-well plate
(of 1 ml final volume). To 1 ml of samples, 75 ml of 50% trichloroethanoic acid was added and
mixed for 30 s. The samples were centrifuged at 12,000 £ g for 10 minutes at 4 �C and the superna-
tants were transferred to a tube on ice. The reaction mixture contained 0.8 ml of phosphate buffer
(pH D 8.2), 0.1 ml of 6 mM DTNB and 0.1 ml of samples. Control samples without supernatant
were also prepared. The absorbance was measured at 412 nm and the GSH concentration was read
from the calibration curve. Results are presented in terms of protein content determined by the
Bradford method. Data were expressed as mean § SD. The statistical analysis was performed by
Duncan’s multiple range test, taking p < 0.05 using PC SAS 8.0.

3. Results

3.1. Characteristics of gold nanoparticle sol

At the first step of studies, the UV�vis analysis of gold suspension was performed. The absorption
spectrum was presented in Figure 1. As can be seen, the three characteristic absorption bands appear
in the spectrum. The bands at 214 and 271 nm come from the oxidised form of tannic acid. The

Figure 1. Ultraviolet�visible spectrum of gold nanoparticle suspension obtained with the use of tannic acid.
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band at 530 nm is a result of plasmon resonance of AuN. As can be noticed, this peak is narrow sug-
gesting that the suspension should be fairly monodisperse.

After filtration, the weight concentration of the AuN in aqueous suspension was precisely deter-
mined. The density of the stock gold suspension and the effluent solution acquired by membrane fil-
tration was measured using densitometer DMA 5000M. Then, the concentration of gold suspension
was calculated using formula described in detail in previous work.[23] These measurements revealed
that the concentration of AuN in stock sol was equal to 214 ppm.

To obtain the particle size distribution and information about the shape, the micrographs from
transmission electron microscopy (TEM) were studied. The size of a single nanoparticle was defined
as an average of the two axes perpendicular to each other and from the surface area of particles by
using MultiScan Base software. Based on the obtained histograms (Figure 2(b)), it was found that
the average size of nanoparticles was 20.9 §10 nm.

Furthermore, the DLS method was used to determine the hydrodynamic diameter of AuN at
varying pH of the medium. Particle diffusion coefficients were measured by DLS and the hydrody-
namic diameters were calculated using the Stokes�Einstein relationship. The results obtained at
ionic strengths 10¡3 and 10¡2 M NaCl and pH range 3.5�9.3 are presented in Figure 3. As can be
noticed, the particle hydrodynamic diameters remain practically constant and equal to 20 nm in pH
range 4.0�8.0. A significant increase in nanoparticle size was only observed at pH below 4.0 which
indicates some instability (aggregation) of the gold particle suspension under such conditions.

The measurements of electrophoretic mobility (me) of AuN at controlled pH were carried out at
constant ionic strength. From electrophoretic mobility, the zeta potential of nanoparticles was calcu-
lated using Henry’s equation analogously as it was described previously.[29] As can be seen in
Figure 4, the zeta potential of gold particles remains negative for the entire range of pH, indicating
that the particles acquired a net negative surface charge. With increasing pH, zeta potential attains
more negative values. Thus, the zeta potential equals �43 mV at pH 4.3 and �65 mV at pH 9.2.

3.2. Cytotoxicity of AuN, effluent and gold ions against cultured U-937 and HL-60 cells

Representative plots of cell viability after AuN treatment are shown in Figure 5. For both lines, cell
survival changes pretty much the same after 24 and 48 h of incubation, but being, however, depen-
dent on nanoparticles’ doses. At 25 ppm AuN, the concentration survival of U-937 cells decreased

Figure 2. Geometrical characteristics of obtained nanoparticles: main plot – the size distribution of nanoparticles, insets: TEM
micrograph of nanoparticles deposited on copper grid.
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by approx. 25% and for the HL-60 cells by about 20%. Significant changes were observed after 72 h
contact. Extending the incubation time to 72 h resulted in a decrease in viability by 50% for U-937
cells and only by 25% for HL-60 cells.

Cytotoxicity of AuN was studied as a function of the stage of cell differentiation (Figure 6). U-937
cells after treatment with phorbol ester showed lower survival after contact with AuN than undiffer-
entiated ones. After differentiation into macrophages, 20% decrease in survival was observed when
comparing to cells not treated with PMA. For HL-60, cells differentiated into macrophages or gran-
ulocytes and no significant changes in survival were found.

To study a possible cytotoxicity of the residue after the AuN synthesis, the effluent was added to
both cells lines (Figure 7). It was found that the effluent does not affect cell viability. Only 5%

Figure 3. The dependence of the hydrodynamic diameter of nanoparticles on pH determined for ionic strength: (�)10¡3 M NaCl
and (�) 10¡2 M NaCl. Measurement conditions: suspension concentration cp D 100 mg/l, T D 298 K. The solid line is a guide to
the eye.

Figure 4. The dependence of zeta potential of gold nanoparticles on pH for ionic strength 10�2 M NaCl. Measurement conditions:
concentration of suspensions cp D 100 mg/l, T D 298 K. The solid line is a guide to the eye.
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decrease in viability of the cell line HL-60 was observed. The tannin content in the effluent was also
determined (results not shown). Tannin content in stock effluent was 2.1 ppm, which, after dilution
in the same way as gold sol with 25 ppm AuN, corresponds to 0.14 ppm.

The effect of gold ions on U-937 and HL-60 cells was tested (Figure 8). We observed that incuba-
tion of the cells with gold ions (originated from a salt constituting a substrate in the nanoparticle
synthesis) has little influence on the cell viability. At the highest concentration of gold salt (25 ppm),
U-937 promonocytes showed a 9% reduction in survival (relative to the control), while macrophages
survival decreased by 15%. In the case of HL-60, promyelocytes viability decreased to 88% at Au2C

concentration equal to 25 ppm, whereas the survival of macrophages decreased by 4% and survival
of granulocytes remained unchanged.

3.3. Increased NO level

To investigate the relationship between the development of the inflammatory response and cytotox-
icity caused by AuN or gold ions, the release of NO (acting as a second messenger in inflammatory
signalling) was measured. As shown in Figure 9, secretion of NO increased significantly after con-
tacting the cells with AuN. For promonocytes U-937, as a result of cell treatment by AuN at a

Figure 5. Changes of cell viability due to contact with AuN. Cell viability was measured by the MTT assay and the viability of the
treated group was expressed as a percentage of the control group (cells not treated). (a) U-937 cells or (b) HL-60. Cells were incu-
bated with AuN for 24, 48 and 72 h. Data points are means § standard deviations (three determinations).
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concentration of 25 ppm, 17-fold increase in the NO content in the tested cell medium was found.
For U-937, macrophages treated by AuN at the same concentration NO level increased 15 times. In
contrast to the U-937 line, promyelocytes, granulocytes and macrophages of the HL-60 line did not
differ among themselves in NO production. For HL-60 cells, a fivefold increase in NO concentration
after treatment with 25 ppm AuN was found.

To study the possible induction of inflammation through the gold ions, the NO content in the
culture medium was examined (Figure 10). For all tested cell types, incubation with the highest con-
centration of HAuCl4 (25 ppm) resulted in a fivefold increase in the content of NO in the medium
(relative to the control). No relationship between the degree of cell differentiation and production of
NO was found in this study.

Figure 6. The dependence of cell viability on AuN concentration. (a) U-937 cells were activated in 1 day with 1 mM PMA and (b)
HL-60 cells were differentiated during 6 days: to macrophages using 3 nM PMA or to granulocytes with 1.5% DMSO. Cell viability
was measured by the MTT assay and the viability of the treated group was expressed as a percentage of the control group (cells
not treated by AuN). After that cells were incubated with AuN for 24 h. Data points are means § standard deviations (three
determinations).
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3.4. Decreased intracellular GSH level

To explore the correlation between cytotoxicity and the induction of oxidative stress induced by the
presence of AuN, the level of intracellular GSH (acting as an antioxidant scavenger of reactive oxy-
gen species) was measured. Concentration of intracellular GSH in promonocytes U-937 decreased
to 75.8%, 75.5% and 36.2% of the control (untreated cells) at AuN concentrations of 1.56, 6.25 and
25 ppm, respectively, while in U-937 macrophages, the GSH level decreased by approx. 40%
(Figure 11(a)).

Reduction of intracellular GSH content was also observed for the cells of the HL-60 line. The
GSH level in promyelocytes HL-60 treated with AuN at 25 ppm concentration for 24 h diminished
by 60%, in macrophages HL-60 by 55% and in granulocytes by 42% (Figure 11(b)).

4. Discussion

The nanoparticles may cause a variety of effects on the cellular response of the components, such as
cell membranes, mitochondria and nucleus. They may have adverse effects on organelles, DNA and
regulation of protein biosynthesis, and may cause oxidative stress, apoptosis and mutagenesis.
[30�32] Nanotoxicological studies of the model cell lines facilitate evaluation of the effects of par-
ticles exerted on the cells; nonetheless, the results obtained for model systems not always coincide
with the in vivo studies.

Based on numerous reports, AuN were hailed as non-toxic. Studies on human leukaemia cell line
treated with gold nanospheres of different sizes (4, 12, 18 nm in diameter) and covered by various
capping agents have shown that they are non-toxic.[6] Similar results were obtained with AuN
of 3.5 nm diameter. These nanoparticles penetrated the cells by endocytosis without inducing
toxicity.[33] For example, AuN did not exhibit cytotoxic activity against dendritic cells.[34] In con-
trast to these findings, other research showed that the AuN are toxic. Thus, cationic gold nano-
spheres (2 nm in diameter) were found to be toxic, whereas anionic nanoparticles were not toxic to
the same cell line.[35] Equally important seems to be their size, for example, 1.4 nm gold nano-
spheres resulted in necrosis, damage to mitochondria and induction of oxidative stress, while 15 nm
gold nanospheres did not harm the cells.[32]

Many authors focused on the impact of physical and chemical parameters, such as particle size,
shape or charge, while the effect of a degree of nanoparticle purification on the biological model was

Figure 7. Cell viability after effluent (remains of the synthesis of AuN) treatment. U-937 and HL-60 cells were incubated for 24 h
with effluent (diluted the same way as gold sol). Cell viability was measured by the MTT assay and the viability of the treated group
was expressed as a percentage of the control group. Data points are means § standard deviations (three determinations).
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not tested. Today, many preparations of gold sols are available in commercial sales, but they are not
equipped with information on the degree of purification from the residues after synthesis. Particle
purification was defined by the conductivity of the sol solution. Gold sol used in presented studies
underwent a very thorough cleaning and reliable physicochemical characterisation. Among many
described physical, physicochemical and biological methods for the AuN synthesis, the chemical
reduction of gold ions by tannic acid was chosen. Tannic acid is a natural polyphenolic reducer
belonging to the group of hydrolysable tannins, which contain glucose esterified by gallic acid in the
central core.[36] Due to reducing and stabilising properties, tannic acid is often used for the synthe-
sis of nanoparticles of gold,[37,38] silver [39,40] and nickel.[41] The additional advantage of tannic
acid is that it is a natural antioxidant exhibiting also antiviral activity.[42�47]

Figure 8. Effect of gold ions on the survival of original and differentiated U-937 and HL-60 cells. Cell viability was measured by the
MTT assay and the viability of the treated group was expressed as a percentage of the control group (cells not treated). (a) U-937
cells were activated in 1 day with 1 mM PMA and (b) HL-60 cells were differentiated in 6 days: to macrophages using 3 nM PMA or
to granulocytes with 1.5% DMSO. After that cells were incubated with HAuCl4 for 24 h. Data points are means § standard devia-
tions (three determinations).
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Toxicity of AuN was tested using two human cell lines of the immune system which are capable
to differentiate into macrophages or granulocytes after treatment by the inductive factors. The role
of these cells is to defend organisms against ‘strangers’: microbial or inorganic particles that can pen-
etrate the body. Human monocytic U-937 cells are non-adherent under standard culture conditions.
These cells when treated with phorbol ester differentiate into macrophages.[48,49] It has been
shown that these macrophages contain non-specific esterase, b-glucuronidase, elastase and lyso-
zyme. At the surface of U-937 cells, Fc receptor, C3 and chemotactic peptides for monocytes were
identified. After activation, U-937 macrophages are capable of producing reactive oxygen species.
[49] Formation of H2O2 and O2

�¡ by U-937 has been studied in great detail. In this case, the ability
for reactive oxygen species production is a measure of the cell maturity. The percentage of nitro
blue tetrazolium chloride (NBT)-positive cells increases significantly after treatment with agents,
such as TPA, DMSO, LK, RA, VD3 and PMA.[49�51] Promielocytes HL-60 are also non-adherent
under standard culture conditions. The characteristic feature of this cell line is the ability to

Figure 9. Levels of NO secretion due to AuN treatment of (a) U-937 cells or (b) HL-60 cells differentiated or not. NO production was
quantified spectrophotometrically using the Griess reagent. Cells were treated with AuN with the indicated concentrations for 24 h.
Data points are means§ standard deviations (three determinations).
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differentiate into several types of cells of the myelocytic line, such as granulocytes, monocytes, mac-
rophages and eosinophils.[25] In these studies, two ways of differentiation were used: to macro-
phages (using 6-day incubation with 3 nM PMA) and to granulocytes (6-day incubation with 1.5%
DMSO).[24] The application of DMSO results in significant changes of morphological, functional,
enzymatic and surface membrane antigens’ characteristics of cells with consequent formation of
mature granulocytes.[25] Cells of the HL-60 line, differentiated to neutrophils-like cells, possess
granulocytes’ nuclei disintegrating into lobes. These cells exhibit an increased expression of the
CD11b antigen, and are capable to reduce NBT to phagocytosis.[52] Differentiation, in vitro, beside
changes in cell functions, causes significant alterations in the composition of membrane lipids and
in cell membrane fluidity.[53]

The experimental system included two types of cells: the human cell lines U-937 and HL-60.
Selected cell types that after differentiation become monocytes, macrophages and granulocytes

Figure 10. NO production by cells treated with gold salt (HAuCl4). (a) U-937 cells or (b) HL-60 cells differentiated or not. NO level
was quantified spectrophotometrically using the Griess reagent. Cells were treated with HAuCl4 with the indicated concentrations
for 24 h. Data points are means § standard deviations (three determinations).
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constitute the first line of defence. Being widely distributed in blood and tissues, these cells come
into contact with ‘foreign’ agents, such as metal nanoparticles. ‘Response’ of the body to a toxic
agent depends on the cell types, which reaches the place of contact with the toxic agent as the first.
Their activation promotes and modulates the course of the immune response of the body. Getting
the best purified and defined AuN is the goal of many laboratories around the world. Using highly
purified AuN enables one to observe only the activity of gold (not of the postsynthesis residue which
often can be more toxic than analysed nanoparticles).

The plasticity of selected cell lines allowed us to carry out tests on the human immune system
cells that are most exposed to contact with toxic agents. The results provide a tentative picture of
the possible effects of AuN on the human body and induce further research on this issue.

In this work, the cell viability as a function of incubation time and AuN was determined. Viability
of the cells treated with 25 ppm AuN was reduced by 20% and was practically the same for 24 and
48 h of incubation. Increasing the incubation time to 72 h led to a decrease in the survival of the cell

Figure 11. Concentration of intracellular GSH in (a) U-937 or (b) HL-60 cells treated for 24 h by AuN at various doses. Data points
are means § standard deviations (three determinations).
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line U-937 to 50% only. On the basis of these results, 24 h incubation was chosen for studying the
effect of AuN on cells. Macrophages have a nearly twice lower survival compared to the U-937
promonocytes. Probably it is connected with many changes taking place during cell differentiation.
Viability of the HL-60 cells did not change with differentiation. An interestingly opposite effect, i.e.
differentiated cells showing a significantly higher resistance to the toxic effect of silver nanoparticles
than the non-differentiated cells, has been described in our previous work.[54]

The mechanism of nanogold seems to be based on a different mode of action. For example, in
contrast to the well-soluble nanoparticles of silver or copper, gold does not dissolve so easily.
Increased toxicity to the cells differentiated in the forfeiture of macrophages may be related to,
among others, mechanical damaging of the U-937 cells.

Treatment of U-937 cells by PMA causes the changes in the production of reactive oxygen species
and specific cell surface receptors, and cells acquire the ability to phagocytosis and chemotaxis.[55]
This might explain such a significant decrease in cell viability.

To ensure that the observed changes are not due to the possible presence of residues from the sol
gold postprocessing, the influence of the effluent and the substrate used for the nanoparticle synthe-
sis was examined. The effluent caused no alterations to studied cell viability. Tannin used for the
synthesis arouses interest as a factor which itself can influence the cell viability. Tannic acid is a
highly water-soluble polyphenolic antioxidant that exhibits antiviral, anti-inflammatory and anti-
cancer activity.[44,55�65] However, there are literature reports indicating the induction of apopto-
sis by the action of TA on cells. Chen et al. showed pro-apoptotic activity of TA on the cells of the
HL-60 line depending on the time of exposition and TA dose.[63] The authors noticed 50% reduc-
tion in cell viability after 24 h incubation at a TA concentration equal to 17mM. Experiments
described in our publication were performed after subsequent purification steps aimed at removing
the postsynthesis remains (including TA). The TA concentration in the collected effluent (deter-
mined by two analytical methods) appeared to be equal to 2.1 ppm TA (1.2 mM), while the TA con-
tent in the gold sol was below the detection limit. Therefore, it can be excluded that the observed
effects were caused by the postreaction remnants.

In addition, a study was conducted on the impact of gold ions used for the synthesis on cell viabil-
ity. It appeared that gold ions have less effect on cell viability than AuN. So far, it has been suggested
that gold can inhibit the activity of lysosomal enzymes in phagocytic cells.[66] Knowledge about the
influence of gold ions on cells of the immune system is still modest. It was recognised that gold ions
are powerful inhibitors of macrophages and polymorphonuclear leucocytes.[67] Most reports are
focused on the release of gold ions from implants and their accumulation in tissues and cells.[68] The
immuno-modulatory effects of gold ions have been exploited in the treatment of rheumatic arthritis
for more than 50 years. Even though the underlying mechanisms have never been fully revealed.

NO acts as a mediator of inflammation state and has many biological functions, both in physio-
logical and pathophysiological processes. Depending on the concentration, NO may be involved in
neurotransmission, regulation of blood pressure and vascular permeability, as well as in the body’s
immune response. More than 15-fold increase in NO production by U-937 cells incubated with
AuN found in the studies indicates a strong stimulation of the cells to induce an immune response.
This effect is not as strong as in the case of HL-60 cells, where the production of NO increases only
five times. Gold ions did not cause such a strong response, as for both types of cells, fivefold increase
in the NO concentration in the culture medium was observed. Undoubtedly, the presence of AuN is
responsible for induction of the inflammatory processes.

As is well known, metal nanoparticles induce oxidative stress through the generation of reactive
oxygen species in the cells. The relationship between oxidative stress and AuN cytotoxicity can be
represented by intracellular GSH. GSH acts as an antioxidant scavenging of reactive oxygen species
formed under stress conditions. In this study, the concentration of GSH was determined. A signifi-
cant decrease of GSH levels after treatment by AuN was found in all examined cell types. A similar
effect, i.e. a decrease in the GSH content, was observed in murine macrophages treated with silver
nanoparticles.[69]
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The increasing potential benefits from the use of AuN in biomedicine and industry to human
health and to the environment are widely studied.

For more than 50 years, gold is used in medicine for dental implants. The radioactive gold is used
in cancer therapy.[70,71] Cytotoxicity � a term of biological and medical importance � depends on
the context. It can be understood either as a universal cytotoxic activity or as toxic only to a particu-
lar cell type. AuN have been found to be ‘non-toxic’ according to many authors. Our research shows
that the synthesised 20 nm AuN, of high purity and physicochemically defined, exhibit cell-type
selective ability of death induction. Furthermore, AuN activate a signalling cascade leading to induc-
tion of inflammation, especially through promonocytes and human macrophages, as well as the sil-
ver nanoparticles, as described previously.[54] In this regard, it seems that very less importance has
been paid to gold ions as inductors of the inflammatory response. The synthesis procedure and
accurate purification of AuN contributes to their biocompatibility. It seems that it is possible to
work out an acceptable compromise between the good and bad influence of AuN on the human
body.
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