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Abstract Vascular thrombotic disorders have emerged as
a serious threat to our society. Platelet adhesion to fibrin-
ogen, collagen and other platelet activators exposed over
the atherosclerotic plaques can trigger platelet signaling
events, activate platelets and lead to thrombotic events.
Since anticoagulant and thrombolytic treatment strategies
are usually associated with serious bleeding complications,
preventing platelets adhesion may help to maintain plate-
lets in an inactive state. In this study we tried to find out the
effect of Silver nanoparticles, through their interaction with
various platelet surface integrins on platelet adhesion on
immobilized fibrinogen. Platelets, isolated from anti-
coagulated human whole blood sample from healthy
donors, were suspended in physiological buffer and each
sample was divided into four tubes. In three of them 0.05,
0.5, and 5 pM concentrations of Silver nanoparticles were
added, fourth tube served as control. Platelet adhesion on
immobilized fibrinogen matrices and integrin mediated cell
signaling events were studied in all the four samples. In the
present study we show that nanosilver prevent platelet
adhesion without conferring any lytic effect on them and
effectively prevents integrin-mediated platelet responses in
a concentration-dependent manner.
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Introduction

Platelets, fascinating disc shaped subcellular fragments of
megakaryocytes found circulating in the blood of all
mammals, are chiefly known for their role in blood coag-
ulation and hemostasis [1]. Once activated, platelets
undergo a series of biochemical and morphological chan-
ges, which result in hemostasis and prevention of blood
loss at the site of injury. Platelet plug formation requires
spatially and temporally coordinated series of events [2],
which result in arrest of circulating platelets on exposed
collagen. Concomitantly, there is activation of platelets,
recruitment of additional platelets to the site and formation
of multicellular aggregates stabilized by fibrin [3].

Although hemostasis is the physiological response of
functional platelets, any over-activity of platelets can lead to
thrombotic situations. Thrombotic disorders have emerged
as a major cause of morbidity and mortality in today’s
medical scenario. Commonly used agents like cycloxygen-
ase inhibitors aimed to prevent thrombus formation, or those
which lyse an already formed thrombus like intravenous
heparin [4], tissue plasminogen activator (TPA) and strep-
tokinase [5], come with their own set of side effects [5-8].
P,Y,, integrin oy, 3 and phosphodiesterase blockers are the
newer ones being evaluated, but their use are accompanied
by side effects of serious bleeding, or even re-occlusion and
re-infarction. As platelets play a central role in thrombosis,
the preferred treatment goal would be to regulate and
maintain these cells in an inactive state [9].

The molecular mechanisms of different signaling path-
ways in resting and activated platelets make a very
important area of investigation.

Nanoparticles have been in medicinal use for thousands
of years. Even ancient texts mention the use of nanoparticles
as bhasma [10] for the treatment of various conditions.
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Fig. 1 Phase contrast
photograph of platelets
immobilized on fibrinogen
coated coverslips. In the control
slides, it was found that platelet
spreading, shape change and
degranulation progress with
time. Photos are under x 100
phase contrast from a single
experiment representative of
five different experiments

Nanoparticles are amiable to biological functionalization
and can be synthesized and assembled in various shapes,
sizes and architectures, explaining their potential biological
and medical applications [11-15]. The size of these particles
can be suitably manipulated to enable them to pass through
biological membranes and affect cell physiology [16], which
has been a challenge for the traditional medicines. Stable
silver nanoparticles have been synthesized in the lab [17]
and characterized under the scanning electron microscope
for their uniformity of shape and size. The anti bacterial
nature of silver nanoparticles by their ability to affect the
cell signaling mechanisms have been proved by various
studies [17]. In this study, we have tried to elucidate the anti
thrombotic role of nano silver. There exists a report to
suggest that nanotubes of carbon aggravate platelet aggre-
gation [18], but the effect of silver nanoparticles on platelet
reactivity is still unexplored. In this report we show that
nano-sized silver particles effectively prevent platelet
adhesion to immobilized matrices and the intra-cellular
signaling events that follow in a concentration-dependent
manner. Silver nanoparticles at the concentrations used in
this study [19, 20], do not confer any cytotoxic effect.

Result and Discussion

Effect of Silver Nanoparticles on Platelet Functions

Platelets adhere on immobilized fibrinogen and undergo
changes in size and shape characteristic of platelet

B 30 min

activation (Fig. 1). Presence of nano silver decreased
platelet adhesion, as shown by their fewer numbers per
field (Fig. 2); slowed platelet spreading and degranulation,
as seen under the Phase Contrast Microscope (Fig. 2);
Platelet cytoskeletal changes like F-actin polymerization,
as seen under the Fluorescent Microscope (Fig. 3), were
also slowed by the presence of silver nano particles.

Protein Extraction from Adhered Platelets

The phosphotyrosine analysis for platelet proteins adhered
to immobilized fibrinogen (Fig. 4), showed decreased
integrin mediated cell signaling and protein phosphoryla-
tion in the presence of silver nanoparticles.

Clot retraction Studies

Subsequently we studied the effect of nanoparticles on fibrin
clot retraction, which results from the interaction between
platelet integrin oqy,f3 and fibrin [21]. Pretreatment of plate-
lets with increasing concentration of silver nanoparticles led to
progressive inhibition in the extent of retraction (up to 40%
inhibition in presence of 5 UM nanosilver) (Fig. 5).

Clot Retraction Microscopy
The clot retraction experiment reproduced on glass cover
slips (Fig. 6), showed the micro structure of a fibrin mesh,

and how contraction of platelet cytoskeleton cause retrac-
tion of this mesh. Silver nanoparticles impeded the
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Fig. 2 a Adhesion of platelets
on immobilized fibrinogen,

b their subsequent spread
appearance after 15 min.

¢ Platelets pretreated with 5 pM
silver nanoparticles, showing
less adhesion (as shown by their
fewer numbers per field), and

d hardly any spreading after

15 min. Photos are under x 100
phase contrast from a single
experiment representative of
five different experiments

Fig. 3 Photos of spread
platelets at 15 min over
immobilized fibrinogen. The left
panels are phase contrast
photographs, whereas the right
ones are phalloidin-FITC tagged
fluorescence photographs, at
x100. a and b are of the same
field showing F-actin
reorganization and spreading in
control platelets while ¢ and

d show the same field of
platelets pre-treated with 5 pM
silver nanoparticles and
minimal cytoskeletal changes

platelet—fibrin interaction and inhibited fibrin clot retrac-
tion in a concentration dependant manner.

Materials and Methods

The study has been conducted in the Department of Bio-
chemistry, Subharti Medical College, Meerut, Uttar
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Pradesh, in collaboration with the Department of Bio-
chemistry, Institute of Medical Sciences, Banaras Hindu
University, Varanasi.

Platelet Isolation

Platelets were isolated by differential centrifugation from
fresh human blood. Whole blood sample from healthy
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Fig. 4 Phosphotyrosine profile for platelets adhered to immobilized
fibrinogen. Lane I shows resting platelets, lanes 2 and 3 show
adhered platelets: 2 in the presence and 3 in the absence of 5 uM
silver nanoparticles

volunteers was collected in citrate—phosphate—dextrose—
adenine and centrifuged at 180 g for 20 min. PRP (platelet-
rich plasma) was incubated with 1 mM acetylsalicylic acid
for 15 min at 37°C. After the addition of EDTA (ethyle-
nediaminetetraacetic acid) (5 mM), platelets were sedi-
mented by centrifugation at 800 g for 15 min. Cells were
washed in buffer A (20 mM Hepes, 138 mM NaCl,

2.9 mM KCI, 1 mM MgCl,, 0.36 mM NaH,PO,4, 1 mM
EGTA (ethylene glycol tetraacetic acid), supplemented
with 5 mM glucose, and 0.6 ADPase units of apyrase/ml,
pH 6.2). Platelets were finally resuspended in buffer B (pH
7.4), which was the same as buffer A but without EGTA
and apyrase. The final cell count was adjusted to
0.5-0.8 x 10°/ml. All steps were carried out under clean
conditions, and precautions were taken to maintain the
cells in an inactivated state.

Synthesis of Silver Nanoparticles

A solution of 0.01 M silver ions was prepared by dis-
solving 0.017 g AgNO; in 100 ml of deionized water.
During the process additives like ammonia (30%) are
added drop wise to form a stable soluble complex of silver
ions. This was used as the precursor for the silver nano-
particles. A blend of reducing agents like p-glucose and
hydrazine was used during the synthesis of the nanoparti-
cles such that an optimum rate was achieved. To ensure
complete reduction of the silver ions, about 110 ml of such
blend of reducing agents (at concentration of 0.01 M) was
incorporated into 100 ml of silver nitrate stock solution
(0.01 M) with continuous stirring which yielded stable
nano silver particles of concentration 0.005 M in aqueous
media. The nanoparticles were examined for stability by
carrying out centrifugation of a month old samples at
15,000 g for 15 min at room temperature. No noticeable
precipitation was obtained. The colour and pH of the
solution were also checked at regular intervals, which
hardly showed any change. Before every experiment the
nanoparticles were sonicated and filtered through 0.20 um
filter (Milipore) to ensure the absence of micro particles.

Consistent with recent reports [22, 23], silver nanopar-
ticles (13-15, 30-35, and 4045 nm size ranges, respec-
tively) inhibited aggregation by similar extents.

Fig. 5 Fibrin clot retraction for Control silver nanoparticles

platelets. Tube I Clot formation

was induced by thrombin in all 5 .

the tubes. In the first tube there Noretraction  Full retraction  0.05puM 0.5uM S5uM

was no WP (negative control),
in the second there was no
Silver nanoparticles (positive
control), tubes 3, 4 and 5 show
progressive inhibition of clot
retraction the presence of
increasing concentration of
silver nanoparticles

3) (4) &)

tubes
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Fig. 6 Fibrin clot seen as on a
glass slide under x 100 phase
contrast microscope. a Without
platelets. b—d, show clot
retraction in the presence of
platelets. ¢ and d show clot
retraction inhibition in the
presence of 0.05 and 5 uM of
silver nanoparticles,
respectively

The protocol followed for synthesis and characterization
of Silver nanoparticles are described in detail in
http://pubs.acs.org.

Preparation of Various Immobilized Matrices

Glass slides (Blue Star, India) were taken cleaned with
tissue soaked in acetone and allowed to dry at room tem-
perature. Cover slips (Number 1, Blue star, India) were
similarly cleaned, labeled and placed on the slide. Fibrin-
ogen (100 pg/ml) or poly-L-lysine (100 pg/ml) as appro-
priate was pipetted over the cover slip, so as to cover
almost its entire surface. The slides with the cover slips
were then kept inside a moist chamber to prevent drying at
room temperature for 1 h for coating the glass surface with
the appropriate matrix. Next, each cover slip was washed
with normal saline (0.9% NaCl) from a pipette, 300 p each
time thrice, to wash away the non-adhered fibrinogen etc.

Platelet Adhesion on Immobilized Matrices

The control platelet suspension in buffer B or platelets
following appropriate treatments (e.g., with varying con-
centrations of silver nanoparticles for a period of 10 min)
at counts of 1 x 10° cells/ml were pipetted on to the
coated cover slips and allowed to adhere. After appropriate
time, or otherwise after 30 min, the unadhered platelets
were washed off with normal saline from a pipette, 300 pl
each time thrice. A droplet of mounting medium (DABCO)
was placed on the slide and the cover slip was placed on
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this drop with the coated surface down. They were then
viewed under the microscope, with x 100 oil immersion
attachment.

Protein Extraction from Adhered Platelets

As per the experimental protocol, a parallel set of slides
were prepared using 10 x 10 cm glass plates, preferably
mini gel electrophoresis plates, kept in the moist chamber.
The plates were cleaned with acetone and dried before use.
The plates were coated with fibrinogen and platelet sus-
pension were allowed to sample lysis buffer was put on the
plate at the appropriate points of time. Adhered cells were
scrapped with a clean new shaving blade broken into half.
The sample was saved in labeled microfuge tubes, heated
in Laemmli lysis buffer and preserved in —20°C deep
freezer till further analysis.

Fluorescent Antibody Tagging of Platelets

Platelets suspended in buffer B were fixed with equal
volume of 4% paraformaldehyde at room temperature for
30 min. Triton-x100 (0.1%) and phalloidin tagged with
FITC were added and incubated in the dark for 30 min at
room temperature. (This was done in a 1,500 pl microfuge
plastic tube, wrapped with aluminum foil, or stored inside
the drawer). After this, platelets were released on the
appropriate coated cover slips and processed as mentioned
before. These slides were visualized under the fluorescence
microscope.
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Phase Contrast and Fluorescence Microscopy

The phase contrast and the fluorescence studies were done
using the OLYMPUS CX 41 RF, model ULH 50 HG or the
Leica DM-LB2 microscopes. The room lights were kept off
during the procedure, to avoid photo quenching of the
fluorescent dye. A drop of Leica immersion oil was placed
over the cover slip, the slide was viewed and the cell
populations most representative of the whole were photo-
graphed first under fluorescence followed quickly by the
phase contrast, taking care not to move the field being
viewed. Thus, it was possible to acquire a phase contrast
image of the field same as the fluorescence image.

Clot-Retraction Study

For fibrin clot retraction assay the experimental method
described by Osdoit and Rosa [21] was essentially fol-
lowed. Washed platelets (0.6 x 10° cells/ml) were incu-
bated without or with different concentrations of Silver
nanoparticles at 37°C for 2 min. Ca®* was added 90 s prior
to completion of this incubation. Fibrinogen (2 mg/ml) was
added to the platelets thereafter. Fibrin clot retraction was
initiated by addition of thrombin (1 IU/ml). Pictures of the
clot thus formed were taken at different time intervals.

Microscopy of Clot Retracted Samples

This was an adaptation of fibrin clot retraction assay, the
experimental method described by Osdoit and Rosa [21].
500 pl microfuge tubes were used for this experiment.
200 pl of platelet suspension in buffer B at counts of
6 x 10%/ml was taken and reagents were added to achieve
the following respective final concentrations. Ca*™
(2 mM), fibrinogen (2 mg/ml). Fibrin clot retraction was
initiated by addition of thrombin (1U/ml), and the time was
counted henceforth. Immediately after addition of thrombin
the sample was mixed thoroughly and 20 pl each was
pipetted out over several labeled glass slides, covered with
a coverslip and maintained at 37°C in a moist chamber.
The slides were seen at the appropriate time points under
the microscope at x 100 with phase contrast attachment.

Immuno Blotting

Platelet proteins were separated on 10% or 10-18% gra-
dient SDS-PAGE as needed and were electrophoretically
transferred to PVDF membranes (Bio-Rad Laboratories,
CA, USA) by using a wet system (TARSONS, India). The
membranes were blocked with 5% bovine serum albumin
in 10 mM Tris—HCI, 150 mM NaCl, pH 8.0, (TBS) con-
taining 0.05% Tween-20 for 2 h at room temperature blots
were incubated for 2 h with monoclonal antibody against

phosphotyrosine (clone 4G10), followed by horseradish
peroxidase-labeled antimouse IgG for 1 h. Antibody
binding was detected using enhanced chemiluminescence
and quantified in an Agfa Duoscan T1200 flatbed scanner
using Gene Tools software (Syngene).

Conclusion

The biggest challenge presented to researchers studying
platelet biology is to relate the significance of platelet
signaling and function in vitro to the in vivo situation of
hemostasis and thrombosis. We demonstrated here that
silver nanoparticles effectively inhibited integrin-mediated
platelet functional responses like adhesion to immobilized
fibrinogen, F-actin reorganization and platelet cytoskeletal
changes namely fibrin clot retraction in a dose—dependent
manner, irrespective of the nature of agonists used.

Thus, significant inhibition of platelet functions with a
relatively low dose of nanosilver, raise the hope for its use
as an antiplatelet therapeutic agent. However, like any
nascent drug, critical analysis of the toxicity profile of the
silver nano particles is warranted. The translation of this
basic research may 1 day establish silver nanoparticles as a
new strategy to maintain platelets in a low activation state
and prevent vascular thrombosis.
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