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Abstract Mitochondria are one of the most sensitive
targets for the toxicity of silver nanoparticles (AgNPs).
Limited studies have demonstrated nanoparticle-induced
impairment of mitochondrial oxidative phosphorylation.
Reduced adenosine triphosphate (ATP) production can be
due to inhibition of the respiratory chain and/or to direct
effects of AgNPs on the activity of mitochondrial ATP
synthase/ATPase. In this regard, we synthesized and
evaluated the in vitro effects of two types of AgNPs with
various environmental friendly coatings—polysaccharide
starch (AgNPs/Starch, D,, = 15.4 + 3.9 nm) and trisac-
charide raffinose (AgNPs/Raff, D,, = 24.8 £ 6.8 nm),
with an emphasis on their potential action on rat liver
mitochondrial ATPase. Both types of AgNPs showed
decoupling effect on intact mitochondria. Unlike AgNPs/
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Raff, AgNPs/Starch reduced 2,4-dinitrophenol-stimulated
ATPase activity of intact mitochondria, which suggests
that they are able to penetrate the inner mitochondrial
membrane. Both types of AgNPs inhibited ATPase
activity of freeze/thawed mitochondria and submitochon-
drial particles as the effects of AgNPs/Starch were more
pronounced. UV-Visible absorption measurements
showed changes in the absorption spectrum of AgNPs/
Raff added to the reaction medium. This suggests
nanoparticle aggregation and thus a possible reduction in
their reactivity. The distinction in the effects of the two
types AgNPs studied may be due to their different sizes
and/or to the stabilizing agents used for their synthesis,
which determine AgNPs colloidal stability in the assay
media. This study suggests the need for further research
into the importance of surface modifications of AgNPs for
their interaction with cellular components. Our findings
could contribute to the elucidation of the mechanisms
underlying AgNPs toxicity.
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Introduction
Nanomaterials are increasingly being used for com-

mercial purposes because of their unique physico-
chemical properties. At the same time, concerns about
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their adverse effects on human health and the
environment are growing. It is estimated that of all
nanoparticles used in consumer products, the silver
nanoparticles (AgNPs) currently have the highest
degree of commercialization (Woodrow Wilson Inter-
national Center for Scholars 2013) with a wide range
of industrial and medical applications that may put
human health at risk. Following their entry into
systemic circulation, AgNPs may migrate to liver,
spleen, lungs, kidneys, and brain and induce toxicity
(Rahman et al. 2009; Tang et al. 2009). Interactions
between AgNPs and living system are not as yet fully
understood. In vitro studies suggest that the mecha-
nisms of AgNPs cytotoxicity include apoptosis,
inflammation, free radical production, membrane
damage, and cell death (AshaRani et al. 2009; Eom
and Choi 2010).

Mitochondria play a key role in cell physiology,
producing energy, and participating in number of
processes such as production of reactive oxygen
species (Turrens 2003), organization of cell apoptosis
(Green and Reed 1998), modulation of cellular
defense mechanisms, and adaptive responses (Erusa-
limsky and Moncada 2007). Mitochondria appear to
be one of the most sensitive targets for AgNP toxicity
(Ahamed et al. 2010). Nanoparticle-induced impair-
ment of the mitochondrial function has important
biologic effects, which include the initiation of
apoptosis and decreased adenosine triphosphate
(ATP) production (Hiura et al. 2000).

Mitochondrial ATP synthase/ATPase (ATP hydro-
lase: EC 3.6.1.34) is an enzyme complex, responsible
for ATP synthesis. It is comprised of a membrane-
spanning sector F, and a soluble sector F;. The latter
catalyzes the synthesis of ATP from adenosine
diphosphate (ADP) and inorganic phosphate (Pi) by
utilizing the transmembrane proton gradient and
membrane potential generated during substrate oxi-
dation. This reaction can be reversed by pumping
protons in the opposite direction resulting in ATP
hydrolysis (Boyer 1997). A number of recent studies
have focused on the cytotoxicity of nanoparticles with
respect to changes in cell morphology, cell viability,
metabolic activity, and oxidative stress (AshaRani
et al. 2009; Carlson et al. 2008; Chairuangkitti et al.
2013; Hussain et al. 2005; Piao et al. 2011). Although
limited studies have demonstrated that nanoparticles
impair the mitochondrial oxidative phosphorylation
capacity by inhibiting the respiratory chain and/or
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uncoupling between the oxidation and the phosphor-
ylation (Costa et al. 2010; Teodoro et al. 2011), there
are no reports on direct or indirect effects of AgNPs on
the mitochondrial ATPase activity.

Several factors have been reported to influence
AgNP toxicity such as particle size, shape, surface
area, capping agents, and surface reactivity. In
general, smaller nanoparticles were found to be more
toxic, compared with larger nanoparticles (Kim et al.
2012; Panda et al. 2011). A smaller diameter of
spherical particles is related with an increased surface-
to-volume ratio and, in turn, the increased surface area
is accompanied by increased chemical reactivity
(Elsaesser and Howard 2012; Nel et al. 2009). The
chemical nature of the capping agent on the nanopar-
ticle surface was also found to be important, since the
colloidal stability and the interactions of nanoparticles
with cell membranes depend largely on the nanopar-
ticles’ surface properties (Elsaesser and Howard
2012). Moreover, some capping agents are more toxic
than others (Lima et al. 2012). Hence, the design of
synthesis methods using environmentally benign sol-
vents and nontoxic chemicals for preparation of
AgNPs has become a major field of interest. The
green synthesis of AgNPs involves three main steps,
which must be evaluated based on green-chemistry
perspectives, including (i) selection of solvent med-
ium, (ii) selection of environmentally benign reducing
agent, and (iii) selection of nontoxic substances for the
AgNPs stability (Raveendran et al. 2003). The green-
chemistry type AgNPs synthesis processes have been
reviewed by Sharma et al. (2009) and include mixed-
valence polyoxometallates, polysaccharides, Tollens’
reagents, irradiation, and biological methods. Silver
nanocomposites containing carbohydrates and bio-
polymers have a relatively large potential due to their
biocompatibility, low cost, and green approach (Dal-
las et al. 2011). Starch-coated AgNPs were found to be
toxic for cells (Ahamed et al. 2008, 2010; AshaRani
et al. 2008, 2009). While polysaccharide-coated
nanoparticles are widely applied and investigated,
data concerning nanoparticles stabilized with other
saccharides are scarce.

In this regard, we synthesized, characterized, and
evaluated the in vitro effects of AgNPs of two different
sizes (D,, = 154 £+ 3.9 nmand D,, = 24.8 £+ 6.8 nm),
electrosterically stabilized with various nontoxic environ-
mental friendly capping agents (the polysaccharide starch
and trisaccharide raffinose, respectively) with an emphasis



J Nanopart Res (2014) 16:2243

Page 3 of 14 2243

on their potential action on rat liver mitochondrial ATPase.
This could contribute to the elucidation of the mechanisms
underlying AgNPs toxicity.

Materials and methods
Chemicals

Sucrose, potassium chloride (KCl), magnesium chlo-
ride (MgCl,), potassium dihydrogen phosphate
(KH,PO,), sulfuric acid (H,SO,), sodium deoxycho-
late (Cy4H39NaO,), iron(Il) sulfate heptahydrate
(FeS0O4-7H,0), ammonium molybdate
(H>SO4(NH4)sMo,0,4-4H,0), and Folin reagent were
purchased from Merck (Germany). Adenosine-5'-
triphosphate disodium salt (ATP) and Tris(hydroxy-
methyl)aminomethane (Tris) were obtained from
Sigma Aldrich (USA); potassium hydroxide (KOH),
sodium hydroxide (NaOH), and L-cysteine—from
Fluka (Switzerland); ethylenediaminetetraacetate
disodium salt (EDTA), bovine serum albumin
(BSA)—from Serva (USA); perchloric acid
(HC104)—from Riedel de Haén (Germany); 2.4-
dinitrophenol (DNP)—from BDH (England). Silver
nitrate (AgNO;, 99.8 %, Merck, Germany), soluble
starch (Merck, Germany), pharmaceutical grade p-(+)
glucose, p-(+4) raffinose pentahydrate (Alfa Aesar,
Germany), and sodium hydroxide (NaOH, 99 %,
Merck, Germany) were used to prepare aqueous
dispersions of AgNPs. All other chemicals were of
reagent grade. Fresh stock solutions of ATP and
cysteine were prepared prior to each experiment and
kept on ice to preserve them from hydrolysis and
oxidation, respectively. Double distilled water was
used for preparation of all reagent solutions.

Animals

Liver mitochondria were isolated from male albino
rats (Wistar strain; 50-60 days of age; 120-150 g;
supplied by Experimental and Breeding Base for
Laboratory Animals, Slivnitsa, Bulgaria). The animals
received a standard laboratory diet (commercial rat
chow, TopMix Ltd., Bulgaria) and water ad libitum
and were fasted prior to use. They were decapitated
and the liver was surgically removed for subsequent
isolation of hepatic mitochondria. All studies were

performed in accordance with the institutional ethical
guidelines.

Synthesis of AgNPs

AgNPs were synthesized and characterized in the
Laboratory of Nanoparticle Science and Technology,
Department of General and Inorganic Chemistry,
Faculty of Chemistry and Pharmacy, Sofia University
“St. Kliment Ohridski”. Starch-stabilized AgNPs
(AgNPs/Starch) and raffinose-stabilized AgNPs (Ag-
NPs/Raff) were prepared by one-step, one-phase
“green” synthesis based on chemical reduction meth-
ods in aqueous solutions.

AgNPs/Starch were synthesized by reduction of
AgjL (AgNOj3, 0.001 M) using p-(+) glucose (0.1 M)
as a reducing agent, soluble starch (0.2 %, w/v) as a
stabilizing agent, and sodium hydroxide (0.1 M) as a
reaction catalyst (Vasileva et al. 2011). Briefly, 20 ml
of AgNOj; solution were added to 40 ml of starch
solution, homogenized in an ultrasonic environment
(power 100 W, frequency 38 MHz) for 15 min fol-
lowed by the addition of 600 pul of p-(4) glucose
solution and 3 ml of sodium hydroxide solution. The
reaction mixture was incubated in an ultrasonic
environment at 30 °C for 60 min. The color of the
solution changed immediately from colorless to pale
brown and subsequently to light yellow, indicating
nanoparticle formation.

AgNPs/Raff were obtained by reduction of Ag™*
(AgNO3;, 0.1 M) using p-(+) raffinose (0.1 M) both as
reducing and stabilizing agent, and sodium hydroxide
(0.1 M) as a reaction catalyst. Briefly, 5 ml of
raffinose solution and 0.5 ml of AgNOj; solution were
added to 40.5 ml of distilled water, homogenized in an
ultrasonic environment for 15 min followed by the
addition of 4 ml of sodium hydroxide solution. The
reaction mixture was kept in an ultrasonic environ-
ment at 30 °C for 60 min. A change of the solution
color from colorless to pale brown and subsequently to
yellow orange was observed, indicating nanoparticle
formation.

Using the methods described above, starch- and
raffinose-stabilized AgNPs were obtained with Ag
concentrations of 3 x 107* mol/l (32 mg/l) and
1 x 1072 mol/l (110 mg/l), respectively. AgNPs/
Starch and AgNPs/Raff primary dispersions were
centrifuged at 14,000 rpm for 90 and 60 min, respec-
tively. The supernatants containing soluble
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components of the reaction mixtures were decanted
and the nanoparticle pellets were re-dispersed using
sonication in tenfold and sixfold less volume of double
distilled water for AgNPs/Starch and AgNPs/Raff,
respectively. As a result of the described procedures,
concentrated stock dispersions of starch- and raffi-
nose-stabilized AgNPs were obtained with silver
concentrations of 3 x 107° mol/l (320 mg/l) and
6 x 107> mol/l (650 mg/l), respectively. This step
ensured purification of the nanoparticles employed in
the study by elimination of the reaction side products.
The stock dispersions were kept in closed containers at
room temperature and used after appropriate dilutions
in the following experiments. The nanoparticle dis-
persions were homogenized by an ultrasonic bath
UST2.4-150 (Siel, Bulgaria) for 30 min prior to each
experiment.

Characterization of AgNPs

The aqueous dispersions of AgNPs were characterized
by UV-Visible spectroscopy using an Evolution 300
spectrometer (Thermo Scientific, USA). Double dis-
tilled water was used as a reference for the base line.
The formation of AgNPs was further confirmed by
X-ray diffraction (XRD). Briefly, 2 ml of AgNP
suspension (on portions of 100 pl) were placed on
microscope glass and air-dried. The XRD patterns of
the dried samples were determined using an X-ray
powder diffractometer (Siemens D500) equipped with
CuKu radiation (2 = 1.54 A) in 20 ranging from 15°
to 80°. In addition, the morphology and particle sizes
were examined using a transmission electron micro-
scope (TEM, JEM-2100) operating at accelerating
voltage of 200 kV. Volume of 5 pl AgNP suspension
was placed on a carbon-covered copper grid for TEM
and then air-dried. Size distribution of the nanoparti-
cles and average particle size were determined from
the TEM images for at least 200 particles using
imaging software (Image J). Zeta ({) potential of
AgNPs was measured with a Zetasizer Nano ZS
(Malvern) instrument.

Isolation of rat liver mitochondria
Intact mitochondria were isolated by the method of
Johnson and Lardy (1967) with modifications. Briefly,

livers were repeatedly washed in icy isolation medium
consisting of 0.25 M sucrose and 1 mM EDTA-KOH
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(pH 7.5) and homogenate (in proportion tissue to
medium 1:3) was prepared using a Potter—Elvehjem
type glass-Teflon homogenizer. The homogenate was
centrifuged at 600xg for 10 min and the resulting
supernatant was retained. The pellet was further re-
suspended and centrifuged under the same conditions.
The combined supernatants were centrifuged at
14,000xg for 10 min. The resulting pellet was
suspended in washing medium consisting of 0.25 M
sucrose (to 1/3 of the initial volume) and further
centrifuged under the same conditions. The final
mitochondrial pellet was suspended in 1-1.5 ml
washing medium. All operations were carried out at
0—4 °C. The mitochondria thus obtained were used
within 4 h or kept at —15 to 20 °C. Following
freezing/thawing the mitochondria uncouple and can
be used for ATPase activity assay or for the isolation
of submitochondrial particles (SMPs). Mitochondrial
protein was determined by the biuret reaction with
BSA as a reference standard.

Isolation of submitochondrial particles

SMPs were isolated by the method of Racker and
Horstmann (1967) with modifications. The mitochon-
drial suspension was diluted with medium consisting
of 0.25 M sucrose and 5 mM EDTA-KOH (pH 7.5) to
a protein concentration of 8-10 mg/ml. The suspen-
sion was adjusted to pH 9.2 with 1 M NH,OH.
Subfractionation of mitochondria was performed by
six periods of sonification for 30 s with 1 min intervals
between them, using an ultrasonic disintegrator Son-
iprep-150 (MSE Ltd., UK). During sonification the
suspension temperature was kept at 0—4 °C. After that
the suspension was centrifuged at 26,000xg for
15 min, the resulting supernatant was adjusted to pH
6.2 and further centrifuged at 25,000x g for 45 min.
The pellet of SMPs was suspended in 0.25 M sucrose
to the initial volume and centrifuged under the same
conditions. The final pellet of ammonium SMPs was
suspended in 0.25 M sucrose to a protein concentra-
tion of 10-20 mg/ml and was kept at —20 °C. Protein
concentration was determined by the method of Lowry
et al. (1951) with BSA as a reference standard.

Assay of ATPase activity

ATPase activity was determined by measurement of Pi
released from ATP. The reaction with the freeze-
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thawed mitochondria was carried out in 1 ml reaction
medium consisting of 0.2 M sucrose, 10 mM KCI,
50 mM Tris—HCI, and 100 pM EDTA-KOH, pH 7.5.
Aliquots of the AgNPs stock solution were added to
reach final concentrations of 3, 10, 25, and 50 mg/l
respectively. After pre-incubating the mitochondria in
the assay medium for 10 min at 37 °C the reaction was
initiated by the addition of 1 mM ATP (final concen-
tration), continued for 5 min and terminated by adding
0.4 ml of 3 M perchloric acid.

The assay medium for SMPs had the same
composition except that 2 mM MgCl, was added
since these preparations lose bound Mg®" during
isolation. Other experimental conditions were as
previously described.

The ATPase reaction with intact mitochondria was
carried out at room temperature and continuous stirring
in 5 ml assay medium consisting of 0.2 M sucrose,
10 mM KCl, 50 mM Tris—HCI, 100 uM EDTA-KOH,
and 1| mM ATP (pH 7.5) and 50 pM DNP was included
wherever indicated. Aliquots of the AgNPs stock
solution were added to reach final concentrations of
25 and 50 mg/1 respectively. The reaction was started
by adding the mitochondrial suspension. Samples of
500 pl were taken after 30, 60, 120, 180, 300, and 600 s
incubation and added to 200 pl of 3 M perchloric acid
for termination of the reaction.

In all cases the protein precipitates and nanoparti-
cles were removed by centrifugation at 8,800x g for
30 min. The concentration of Pi in the supernatant was
determined spectrophotometrically (spectrophotome-
ter S-22UV/Vis, Boeco, Germany) at 4 = 750 nm
using the method of Fiske and Subbarow (1925) with
modifications. Blanks in which the reaction was
blocked by addition of perchloric acid before ATP
addition were carried out in parallel in order to
determine the background Pi amount as a result of
non-enzymatic hydrolysis. The activity of mitochon-
drial ATPase was expressed as pmol Pi mg/pro-
tein min or pmol Pi mg/protein.

Statistical analysis

Data are expressed as mean + standard error of the
mean (SEM) of at least three independent experiments
performed in duplicate unless otherwise indicated.
When appropriate, the difference between nano-
particles-treated samples and the untreated control
was tested by one-way analysis of variance

(ANOVA) followed by Tukey test with treatment
as a factor. For one of the groups Kolmogorov—
Smirnov test showed that the data were not
normally distributed and non-parametric Kruskal—
Wallis one-way ANOVA on Ranks test was
performed. A value of p < 0.05 was considered
significant. All statistical analyses were computed
using SigmaStat version 3.5.

Results and discussion

Two types of nanoparticles, starch- and raffinose-
stabilized AgNPs, were successfully synthesized by
green-chemical reduction methods, using glucose and
raffinose, respectively, as reducing agents in alkaline
aqueous solutions. The effects of the two types of
AgNPs on the ATPase activities of three different
mitochondrial  preparations were investigated:
(1) intact mitochondria (coupled mitochondria); (ii)
freeze-thawing disrupted mitochondria; and (iii)
SMPs.

Our previous experiments (unpublished data) dem-
onstrated that oligomycin, a specific inhibitor of
F-ATPases, in concentration of 1 pg/mg protein
significantly inhibited the ATPase activity of freeze-
thawed mitochondria in control conditions
(p = 0.014, n = 3). Oligomycin-sensitive ATPase
activity was calculated as the difference in the activity
in the absence (total ATPase activity) and presence of
oligomycin (oligomycin-insensitive). The results
showed that 84.94 + 2.04 % of the total mitochon-
drial ATPase activity were oligomycin-sensitive. This
allowed us to accept that the largest part of the
registered mitochondrial ATPase activity was oligo-
mycin-sensitive and the contribution of other ATPases
was negligible.

There are no data that the stabilizing agents,
raffinose and starch, can influence the mitochondrial
ATPase activity. It has been demonstrated that
sucrose, dextrose, fructose, lactose, arabinose, and
raffinose had either no effect on mitochondrial
ATPase from rat liver or else caused only a small
inhibition (Ulrich 1964). Furthermore, when starch
alone was used as control, no significant cytotox-
icity was found in both cancer cells and fibroblasts,
which illustrates the biocompatibility of starch as a
capping agent in nanoparticles (AshaRani et al.
2009).
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Nanoparticle characterization

Optical characteristics and stability
of the nanoparticle dispersions at storage
and after concentration

UV-Vis absorption measurements of the primary
yellow solutions of starch- and raffinose-stabilized
AgNPs showed UV-Visible spectra with surface
plasmon resonance (SPR) bands at A,,, of 410 and
413 nm, respectively (Figs. Sla and S1b). The regis-
tered reproduction of the optical characteristics (SPR
maximum and full band width at half maximum,
FWHM) of the nanoparticles in the concentrated
aqueous dispersions demonstrated their high colloidal
stability after the concentration by centrifugation (Fig.
Slc). Practically, the absorption spectra of the two
types of nanoparticles coincided, i.e., broader FWHM
of AgNPs/Starch was observed after the concentration
procedure in comparison with UV-Vis spectrum of
primary solutions of starch-stabilized AgNPs shown in
Fig. Sla. This could be explained by the fact that
during centrifugation of the starch-stabilized nanopar-
ticles, even with a duration of 90 min, the smallest
particles did not precipitate and remained in the
supernatant (supernatants were pale yellow solutions).
Hence, this fraction of smallest nanoparticles was not
present in the concentrated aqueous dispersion of
AgNPs/Starch.

Morphology and crystal structure

It can be seen from TEM micrographs (Fig. 1) and UV—
Vis spectra (Fig. S1) that aqueous dispersions of starch-
and raffinose-stabilized AgNPs with a relatively narrow
size distribution and high colloidal stability at storage
can be obtained. The colloidal stability of the two types
of AgNPs synthesized was also confirmed by the (
potential values of —25.3 £ 1.3 mV (AgNPs/Starch)
and —47.2 &£ 1.1 mV (AgNPs/Raff) measured in
1 mM KCI at pH 6.8. TEM measurements showed that
the resulting products mainly consisted of quasi-spher-
ical nanoparticles with average size of 15.4 £ 3.9 nm
for AgNPs/Starch, and of 24.8 + 6.8 nm for AgNPs/
Raff. In addition to the nanospheres, some typical
polyhedral nanoparticles (multiple twined nanocrystals)
can be easily observed.

The XRD pattern of AgNPs/Starch (Fig. 2a)
revealed three broad diffraction peaks with very weak

@ Springer

; Mean diameter 15.4 nm
3 t. Dev. £3.9 nm

20 nm

b

Mean diameter 24.8 nm

St. Dev. iﬁis nm

s

Fig. 1 Transmission electron microscope (TEM) images of
starch-stabilized (AgNPs/Starch, a) and raffinose-stabilized
silver nanoparticles (AgNPs/Raff, b). TEM measurements
showed that the resulting products mainly consisted of quasi-
spherical nanoparticles with average size of 15.4 £ 3.9 nm for
AgNPs/Starch, and of 24.8 £+ 6.8 nm for AgNPs/Raff

intensity indicating the amorphous nature of AgNPs—
starch complexes, comprising polycrystalline nano-
particles with fine nanocrystallite nature. The XRD
pattern of AgNPs/Raff (Fig. 2b) showed four rela-
tively broad diffraction peaks with 20 of 38.2°, 44.4°,
64.6°, and 77.4° corresponding to the (111), (200),
(220), and (311) planes respectively, of the face-
centered cubic (fcc) silver, confirmed by SAED
pattern from TEM observations (not shown). No
impurity peaks were observed in the XRD patterns of
both types of nanoparticles.
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Fig. 2 X-ray diffraction patterns of starch-stabilized (a) and
raffinose-stabilized (b) silver nanoparticles. The abbreviations
are the same as in Fig. 1

Effects of raffinose- and starch-stabilized silver
nanoparticles on intact mitochondria

To test the possible uncoupling action of the nano-
particles a set of experiments with intact mitochondria
was carried out. Figure 3a and b show the results from
one representative experiment with raffinose-stabi-
lized AgNPs applied in concentrations of 25 mg/l and
50 mg/l. ATPase activity remained low during the
registration for 600 s under control conditions.

Addition of the uncoupler DNP in final concentration
of 50 uM powerfully stimulated ATP hydrolysis. The
effects of AgNPs/Raff were similar, indicating their
uncoupling action on intact mitochondria (Fig. 3a).
We could not obtain convincing data about the
influence of AgNPs/Raff on ATPase activity of
DNP-uncoupled mitochondria (Fig. 3b).

The effects of AgNPs/Starch on ATPase activity of
intact mitochondria are presented in Fig. 3c and d.
Addition of the nanoparticles in concentrations of 25
and 50 mg/1 led to strong stimulation of ATP hydro-
lysis similarly to the effect of DNP in concentration of
50 uM (Fig. 3c). These results confirmed the uncou-
pling action of the AgNPs on mitochondria. Unlike
AgNPs/Raff effects, AgNPs/Starch reduced DNP-
stimulated ATPase activity (Fig. 3d). This suggests
that starch-stabilized AgNPs are able to pass the
mitochondrial membrane with subsequent inhibition
of ATPase activity.

Data have been presented that AgNPs do penetrate
the cell membranes although the exact mechanisms
have not been clearly identified (Diaz et al. 2008; Piao
et al. 2011). Hussain et al. (2005) showed that at a low
dose (10 pg/ml) AgNPs associated with the cell
membranes and with increasing doses the cells
internalized particles and became irregular in shape.
The mechanism of AgNP cellular entry could involve
large-scale phagocytosis of agglomerates or a passive,
nonspecific diffusion of individual particles through
the cell membrane (Carlson et al. 2008).

Effects of raffinose- and starch-stabilized AgNPs
on freeze-thawed mitochondria and SMPs

Freezing/thawing disrupts the mitochondrial inner
membrane leading to uncoupling and stimulation of
initial ATPase activity. In parallel with this, mito-
chondria preserve their structure and the membrane-
spanning F, sector of the ATPase.

ATPase activity values were calculated as per-
centages of the activity (expressed as pmol Pi mg/
protein-min) measured under control conditions
(nanoparticle-free assay medium). AgNPs/Raff in
concentrations of 3, 10, 25, 50 mg/l reduced
ATPase activity of freeze-thawed mitochondria in
a dose-dependent manner (to 78.60 £ 8.64 % of the
control), but the differences between the groups
were not statistically significant (Fig. 4a). In con-
trast, AgNPs/Starch significantly inhibited ATPase
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Fig. 3 Effects of AgNPs/Raff on ATPase activity of intact
(a) and 2,4-dinitrophenol (DNP)-uncoupled mitochondria (b);
c effects of AgNPs/Starch on ATPase activity of intact
mitochondria; d effect of AgNPs/Starch on DNP-uncoupled
mitochondria. The reactions were started by adding 80 pl of
mitochondrial suspension (protein 5.2 mg/sample and 9.4 mg/
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C 3
AgNPs concentration [mg/I]

Fig. 4 Effect of AgNPs/Raff and AgNPs/Starch on ATPase
activity of freeze-thawed mitochondria (a) and submitochon-
drial particles (SMP, b). ATPase activity values were calculated
as percentages of the activity measured under control conditions
(nanoparticle-free assay media, C). Data in a are plotted as
mean + SEM of six (for AgNPs/Raff) and five (for AgNPs/
Starch) independent experiments (two parallel samples per
group per experiment). Data in b are plotted as mean = SEM of
seven (for AgNPs/Raff) and nine (for AgNPs/Starch) indepen-
dent experiments (two parallel samples per group per

activity, as the strongest effect was observed at
concentration of 25 mg/l — 48.28 + 11.43 % of the
control.
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sample for AgNPs/Raff and AgNPs/Starch, respectively) and
carried out for 10 min as described in “Materials and methods”
section. Data present curves registered during one experiment
with AgNPs/Raff and AgNPs/Starch, respectively. The abbre-
viations are the same as in Fig. 1
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experiment). The difference between nanoparticles-treated
samples and the untreated control was tested by one-way
analysis of variance (ANOVA) followed by a Tukey test with
“treatment” as the independent factor. For the group of
mitochondria treated with AgNPs/Starch, 25 mg/l, the Kol-
mogorov—Smirnov test showed that the data were not normally
distributed; hence, a non-parametric Kruskal-Wallis one-way
ANOVA test on ranks was performed. Asterisks indicate
significant differences (¥p < 0.05; **p < 0.01) from the con-
trol. The abbreviations are the same as in Fig. 1

These results supplement the data on possible
deleterious effects of AgNPs in cells. A study on
normal human lung fibroblast cells and human
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glioblastoma cells has shown the toxicity of starch-
coated AgNPs in which the proposed possible mech-
anism involves disruption of the mitochondrial respi-
ratory chain by AgNPs leading to production of
reactive oxygen species, interruption of ATP synthesis
and DNA damage (AshaRani et al. 2009). Impaired
oxidative phosphorylation capacity has also been
demonstrated in rat liver mitochondria exposed to
AgNPs mainly due to alterations of mitochondrial
membrane permeability (Teodoro et al. 2011). How-
ever, the authors have not found any changes in the
activity of several enzymatic chain complexes and in
the ATP levels. On the other hand, in vitro experi-
ments have demonstrated inhibition of the activities of
respiratory chain complexes I, II, III, and IV from rat
liver, induced by AgNPs in concentrations similar to
those used in our experiments (Costa et al. 2010).
AgNPs-caused impairment of the mitochondrial func-
tion could involve damage of the inner mitochondrial
membrane. It is suggested that AgNPs may affect
cellular enzymes by interference with free thiol groups
and via mimicry of endogenous ions (Chen and
Schluesener 2008; Volker et al. 2013).

The observed effects of the AgNPs could be due to
direct interactions with the water-soluble catalytic
complex F; and/or with the membrane sector F,. For
partial localization of the site of action of the
nanoparticles series of experiments with SMPs were
carried out. SMPs represent closed inverted vesicles
derived from the inner mitochondrial membrane. As a
result, the complex F; is located on the outside of the
membrane and oriented to the solution, which allows
direct access of the reagents in the medium to the
enzyme. Due to absence of a membrane, some of the
properties of ATPase from SMPs resemble those of the
soluble mitochondrial ATPase (F;). In our opinion,
SMPs are a suitable instrument for investigating the
activity of the membrane-bound mitochondrial ATP-
ase without the limitation of the outer mitochondrial
membrane. The results obtained with SMP (Fig. 4b)
were similar to those from the experiments with
freeze-thawed mitochondria. The ATPase activity of
SMPs was slightly decreased by AgNPs/Raff (to
82.76 &+ 2.46 % of the control), whereas AgNPs/
Starch in concentration of 50 mg/l significantly
inhibited the activity to 54.22 £ 4.86 % (p = 0.0006).

Overall, our finding that both types of AgNPs
increased the rate of ATP hydrolysis in intact mito-
chondria showed that they were able to change the

permeability of the mitochondrial membrane. The
observed identical inhibitory effects of AgNPs/Starch
on the ATPase activity of DNP-stimulated mitochon-
dria (uncoupled mitochondria), freeze-thawed (dis-
rupted) mitochondria, and SMPs indicated that the
mitochondrial membrane was not a barrier for the
nanoparticles to enter the mitochondria and interact
directly with the enzyme. Since in the lower concen-
trations (10 and 25 mg/1) of starch-stabilized AgNPs a
weaker effect on the SMP activity was observed
compared to that in freeze-thawed mitochondria, it
could be assumed that the outer mitochondrial mem-
brane was a nanoparticle target structure as well.

The established different effects of the two types of
AgNPs could be due to the difference in their size and/
or the stabilizing agents used for synthesis (Ahamed
et al. 2008, 2010; Samberg et al. 2010). Starch as a
polysaccharide with helical structure forms a thicker
coating on AgNPs surface than the trisaccharide
raffinose does. On the other hand, the starch-stabilized
AgNPs are smaller than AgNPs/Raff (15.4 &+ 3.9 and
24.8 £ 6.8 nm, respectively). Thus, the more signif-
icant effects of AgNPs/Starch compared to AgNPs/
Raff could be assigned mainly to their smaller size.
Hence, the nanoparticle size appears to be the
dominant factor determining the nanoparticle reactiv-
ity and the observed effects on the mitochondrial
ATPase activity. This conclusion is in accordance with
recently reported data. It has been found that smaller
AgNPs are able to penetrate the mammalian cell
membrane more efficiently than larger AgNPs. These
AgNPs also cause more significant cytotoxicity than
larger AgNPs because of their larger surface area
available for interaction with cellular organelles (Kim
and Ryu 2013; Liu et al., 2010).

Influence of cysteine on the effects of AgNPs
on ATPase activity of submitochondrial particles

In aqueous solutions Ag™ could be released by surface
oxidation of AgNPs (Kim et al. 2009; Kim and Ryu
2013) and the mechanisms of AgNPs cytotoxicity can
also be referred to Ag™ (Chen and Schluesener 2008).
There are data suggesting that the Ag™ ion is the actual
species that accounts for the toxicity of AgNPs
(Limbach et al. 2007; Lubick 2008; Park et al. 2010;
Yang et al. 2012). Other studies indicate that AgNPs
toxicity is associated with production of Ag™ but these
ions could not fully explain AgNPs biological effects

@ Springer
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Fig. 5 Influence of cysteine (Cys) on the effects of AgNPs/Raff
(a) and AgNPs/Starch (b) on the ATPase activity of submito-
chondrial particles. ATPase activity values were calculated as
percentages of the activity measured under control conditions
(nanoparticle-free assay media, C). Data are plotted as
mean = SEM of three independent experiments (two parallel

(Kawata et al. 2009; Kim et al. 2009). In fact, AgNPs
and Ag" exert similar biological effects (Foldbjerg
et al. 2009; Laban et al. 2010; Miura and Shinohara
2009). For example, Ag™ exhibits a high affinity to
thiol groups of cysteine residues in membrane-bound
enzymes and proteins (Holt and Bard 2005; Liau et al.
1997; Zeiri et al. 2004) similar to AgNPs effects on
cellular enzymes (Chen and Schluesener 2008; Volker
et al. 2013). Therefore, it is necessary to distinguish
the toxic effects of AgNPs and Agt (Johnston et al.
2010). An useful tool to examine the contribution of
Ag? to the overall toxicity of AgNPs is cysteine, a
strong Ag™ ligand (Navarro et al. 2008). In this study,
5 mM L-cysteine was used as an Ag™" ligand to assess
the contribution of these ions to AgNPs effects on the
mitochondrial ATPase activity. As can be seen in
Fig. 5, cysteine alone did not affect the ATPase
activity of SMPs, but it completely abolished the
inhibitory effect of starch-stabilized AgNPs. With
respect to AgNPs/Raff, the data obtained in the whole
concentration range studied did not show statistically
significant differences from the control.

Similar effects of cysteine on the toxicity of AgNPs
have been previously reported. Navarro et al. (2008)
found that cysteine abolished the inhibitory effects of
AgNPs on photosynthesis in algae, Chlamydomonas
reinhardtii and concluded that AgNPs contributed to
the toxicity as a source of ionic Ag". Kawata et al. also
suggested that Ag™ contributes mainly to the cytotoxic
and stress-associated effects of AgNPs.

Taking into account the studies and discussions of
other researchers (AshaRani et al. 2008; Lim et al. 2012,
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samples per group per experiment). The differences between the
groups were tested by ANOVA followed by a post hoc Tukey
test. *p < 0.05—significant differences from the control; '
p < 0.05—significant differences from the cysteine-free media.
The abbreviations are the same as in Fig. 1

Nair et al. 2010) regarding the contribution of Ag ions
obtained by AgNP dissolution to nanoparticle toxicity,
we can assume that the concentration of released Ag™ in
our experimental conditions was low enough to exclude
the possibility that this was a major factor in AgNPs
effects. Thus, the question arises as to whether the
abolishment of AgNPs effects by cysteine is a result of
its interaction with the nanoparticles themselves causing
their aggregation. Therefore, the nanoparticle stability in
the medium used is an important factor that can influence
AgNPs effects on the ATPase activity.

Stability of AgNP in the reaction medium

Since nanoparticles are liable to display different
aggregation states depending on their chemical envi-
ronment, their characterization in the medium used for
the experiments is particularly important (Navarro
et al. 2008). In this connection, UV—Visible absorption
spectra of AgNPs were measured in the reaction media
used in the present experiments. UV-Visible absorp-
tion spectra and photographs of AgNPs/Starch added
to reaction media with different composition are
presented in Fig. 6a. We found that starch-stabilized
AgNPs were characterized by colloidal stability in
both reaction media with and without the substrate
ATP. In a reaction medium containing cysteine,
lowering of the SRP absorption intensity at 400 nm
(transverse SRP) and a new band at about 530 nm
(longitudinal SRP) can be observed. This corresponds
to a change of the solution color from yellow to pink-
red.
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Fig. 6 UV-Visible absorption spectra and photographs
recorded after adding of AgNPs/Starch (a) and AgNPs/Raff
(b) to double distilled water (/); a reaction medium (2); a

UV-Vis absorption spectra and the photograph
presented in Fig. 6b show that AgNPs/Raff possess
lower colloidal stability in the reaction medium used,
as well as in the reaction medium containing ATP.
This is the reason for the enhanced background
absorption at wave lengths above 450 nm and the
evident change of the solution color from yellow to
light brown. These results suggest nanoparticle aggre-
gation and thus a reduction in reactivity. Notably, in a
reaction medium containing cysteine SRP absorption
intensity at 400 nm (transverse SRP) was decreased
and a second band at 695 nm (longitudinal SRP)
appeared which correspond to a change of the solution
color to deep blue.

The changes in AgNPs optical characteristics in a
medium containing cysteine may be due to chemi-
sorption of cysteine on the surface of the nanoparticles
and to formation of aggregates with an anisotropic
shape. Formation of these large complexes could
explain the cysteine-provoked abolishment of AgNPs

200 300 400 500 600 700 800 900 1000 110

reaction medium, containing adenosine triphosphate (ATP, 3);
and a reaction medium, containing ATP and cysteine (4). The
abbreviations are the same as in Fig. 5

inhibitory effects on ATPase activity. Compared to
AgNPs/Starch, AgNPs/Raff aggregated to structures
with larger size and greater degree of anisotropy as
evident from the red-shift of the longitudinal SRP
band in their spectrum. One possible explanation for
this difference is that the particle surface of AgNPs/
Raff was more accessible for cysteine molecules than
that of AgNPs/Starch, resulting in accelerated aggre-
gation for raffinose-stabilized AgNPs. Gondikas et al.
(2012) have also discussed that along with the
complexation of dissolved Ag™, cysteine can induce
aggregation of the nanomaterials, leading to a sec-
ondary mechanism by which the presence of cysteine
could decrease the Ag NP toxicity. In addition, Xiu
et al. (2011) have argued that using cysteine to
neutralize Ag™ may confound the reactivity of the
AgNPs themselves due to their potential association
with the added ligand. It has also been demonstrated
that cysteine decreases the inhibitory effects of both
Ag" and AgNPs (He et al. 2012).
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It should be noted that in the present study we
demonstrate the inhibitory effects of AgNPs on the
ATPase activity of freeze-thawed mitochondria and
SMPs, i.e., a membrane-bound enzyme. There is a
possibility that AgNPs affect the enzyme surroundings
rather than enzyme itself. Further studies on AgNPs
influence on the activity of isolated soluble ATPase
(F;) could provide opportunity to localize more
precisely the site of AgNPs action.

Conclusions

Our findings demonstrate that AgNPs studied inhibit the
activity of rat liver mitochondrial ATPase. Both types of
AgNPs (starch- and raffinose-coated) increase the rate of
ATP hydrolysis in intact mitochondria as expected for an
uncoupling agent. The observed identical inhibitory
effects on the ATPase activity of DNP-stimulated
mitochondria (uncoupled mitochondria), freeze-thawed
(disrupted) mitochondria, and SMPs are indications that
the mitochondrial membrane is not a barrier for the
nanoparticles to enter the mitochondria and interact
directly with the enzyme. These results provide an
insight into the mechanisms of the possible deleterious
effects of AgNPs on the cells, in particular on mito-
chondria. Starch-stabilized AgNPs exert more potent
inhibition of the mitochondrial ATPase activity than
AgNPs stabilized with raffinose. We suggest that this
differential is due to the different sizes of the two types of
AgNPs and/or to the stabilizing agents used for their
synthesis, which determine AgNPs colloidal stability in
the assay media. Starch as a polysaccharide covers more
tightly the metal core of AgNPs than does the raffinose.
As a result, raffinose-coated AgNPs are less potent in
inhibiting the mitochondrial ATPase activity because of
their higher ability to aggregate in the medium used. This
study proves the necessity of further research on the
importance of surface coatings of AgNPs and their
interaction with cellular components.
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