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Atomic force microscopy for the characterization of human platelets
before and after interaction with selected anticoagulant drugs
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Human platelets, i.e thrombocytes are the smallest non-nucleated blood cells, which are highly reactive components
of the circulatory system and play a key role in many pathophysiologic processes, such as thrombosis, hemostasis,
inflammation, host defense, tumor biology, as well as in maintenance and regulation of vascular tone. The platelets
aggregation process and the formation of platelet plugs are a fundamental part of the blood clotting process and prevent
bleeding from capillaries, small arterioles and venules. However, thrombosis disorders are one of the reasons for
complications in surgical procedures. Abciximab and Eptifibatide are efficient antiplatelet drugs used during and after
coronary artery treatments, such as angioplasty, in order to prevent platelets from sticking together and causing
thrombus formation inside the coronary artery.

The aim of this work was the comparison of different methods for preparation and immobilization of blood platelets
on a glass or mica bedding in terms of suitability for the investigation of Abciximab or Eptifibatide interaction with
platelets by Atomic Force Microscopy (AFM). AFM is a very useful tool for the observation of the topography of
biological structures. The investigation was performed on dry mica; dry glass and in a buffer solution.

On mica, changes in the shape and size of inactive and activated platelets can be observed, as well as their
aggregation with fibrinogen. Abciximab and Eptifibatide, deposited onto the mica sheet, form ‘twig-crystal’ structures.
Surprisingly, the smaller Eptifibatide molecules form a bigger structure than that of Abciximab. This is probably caused
by Eptifibatide molecular aggregation.

Platelet-inhibitor complex adhesion on mica or glass sheets was observed. The low number of activated platelets
was observed after incubation of a sample with both drugs. These drugs surrounded the platelets as a result of
interaction with glycoprotein GP IIb/Illa. Frequently, whole platelets were surrounded with drugs. Each image shows
the aggregation process in a different phase with a characteristic platelet filopodia. Each procedure can be used for the

observation of platelets and their changes under the influence of different agents, for example drugs.
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INTRODUCTION

Human blood platelets (PLT), i.e thrombocytes
are the smallest non-nucleated blood cells. They are
tiny and discoid in _shape, with dimensions of
approximately 2.0-4.0 um. Platelets are produced in
the bone marrow and arise from megakaryocyte.
The circulating life time of a platelet is 7-10 days
[1]. A normal platelet count in a healthy person is
150 000-450 000 cells/mm’ of blood (www.lab-
testsonline.org). They are highly reactive com-
ponents of the circulatory system and play a key
role in many pathophysiologic processes, such as
thrombosis, hemostasis, inflammation, host defense,
tumor biology, maintenance and regulation of
vascular tone [2].
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Human blood platelets contain granules (alpha,
dense, lysosomes), mitochondria and an endoplasm-
matic reticulum [3]. Alpha and dense granules con-
tribute to the very important function of platelets in
hemostasis. The alpha granules play a primary role
in hemostatis, while dense granules in the aggre-
gation [1]. The aggregation process and the forma-
tion of a platelet plug are a fundamental part of the
blood clotting process and they prevent bleeding
from capillaries, small arterioles, and venules. This
is a two-phase process. At first, single platelets bind
to the site of the wound — this is the adhesion
process. Next, the platelets are activated. During
activation, the platelets are drastically changing
shape. They undergo change from a discoid form to
a flat spread form, 7-10 pm in diameter [4].
Activation can be stimulated by substances released
by these cells (for example: adenosine diphosphate,
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serotonin and thromboxane) and by components,
which circulate in the blood (for example the Von
Willebrand Factor, thrombine). The result of these
two processes is the aggregation of platelets.

Platelets play an increasing role in vascular and
endovascular procedures. Thrombosis disorders are
one reason for complications in surgical procedures.
Many agents, for example specific drugs, foods,
spices and vitamins could impair platelet function
[5]. Today, there is a number of drugs that inhibit
platelet function [6]. The classic inhibitor of platelet
function is aspirin (acetylsalicylic acid). Aspirin
prevents blood from clotting by blocking the
production of thromboxane A-2.

Thromboxane A-2 is produced in platelets and
causes them to clump. Aspirin inhibits the enzyme
cyclo-oxygenase-1 (COX-1) that produces thromb-
oxane A-2 [1, 5, 6]. Clopidogrel is a potent oral
antiplatelet agent often used in the medical treat-
ment of coronary artery disease, peripheral vascular
disease, and cerebrovascular disease. The mecha-
nism of action of clopidogrel is the irreversible
blockade of the adenosine diphosphate (ADP)
receptor on platelet cell membranes [7]. A number
of new drugs, inhibitors of fibrinogen, preventing
platelet aggregation by binding to glycoprotein
[Ib/IIIa, has been recently studied. Three of them:
abciximab (ReoPro), eptifibatide (Integrilin) and
tirofiban (Aggrasrat) have been registered as effi-
cient antiplatelet drugs [8, 9]. Abciximab is a
human-murine chimeric Fab fragment of the mono-
clonal antibody c7E3 directed against the glyco-
protein IIb/Illa [10]. Eptifibatide is a cyclic hepta-
peptide containing six amino acids and one mer-
captopropionyl (des-amino cysteinyl) residue [11].
Tirofiban is a synthetic, nonpeptide inhibitor acting
on glycoprotein (GP) receptors, type IIb/Illa, in
human thrombocytes. These inhibitors are mainly
used during and-after coronary artery procedures,
such as angioplasty to. prevent platelets from
sticking together and causing thrombus (blood clot)
formation inside the coronary artery [12].

There are many methods for studying platelet
properties. Platelet functions are studied by the
measurement of key biochemical markers that can
show changes in platelet activation. There are two
principal assay systems: ELISA and flow cytometry
[13—15]. Markosyan ef al. [16] used a laser photo-
meter to study platelet shape and aggregation. The
elastic properties of cells have been measured using
a mechanical indenter called a cell poker [17],
optical tweezers [18], scanning acoustic microscopy
[19] or fine glass needles [20]. Electron microscopy
and an Atomic Force Microscope have been used [4,
21] to study the architecture of the cytoskeleton and
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changes in the platelet during activation [22], as
well as to diagnose platelet disorders [23]. The
interaction between platelet receptor and ligand (for
example fibrinogen) in the presence of platelet
inhibitors (abciximab, tirofiban, eptifibatide) has
been studied using fluorescence laser-scan micro-
scopy [24], confocal microscopy [25], laser
tweezers [26], electron microscopy [27], fluor-
escence and differential interference contrast micro-
scopy [28].

The aim of this work was the comparison of
different methods for the preparation and immobi-
lization of blood platelets on a different bedding, in
terms of the suitability for investigation of the
interactions between anticoagulant drugs (abciximab
or eptifibatide) and platelets by the Atomic Force
Microscopy (AFM). More precisely, the aim was
the observation of changes in platelet topography on
dry mica bedding and on a glass bedding, both dry
and from an aqueous buffer solution.

EXPERIMENTAL
AFM measurements

The AFM measurements were performed with a
commercial Ntegra Prima scanning probe micro-
scope (NT-MDT, Russia) using a “Tapping mode”
for “in air imaging” and a contact mode for in
“liquid and air imaging”. A scanning head for mea-
surements in liquid and air (100 mkm scanner) was
equipped with capacitive position sensors, which
allow the removal of the hysteresis of piezodrivers.
CSGO1 probes with a force constant of 0.01-0.08
N/m were used for the contact mode and NSGO03
probes with resonance frequency 90-116 kHz were
used for the tapping mode. All measurements were
done at room temperature.

Chemicals

Acetone, sodium hydrogen carbonate NaHCOs,
sodium dihydrogen phosphate NaH,PO,, sodium
chloride NaCl, potassium chloride KCl, magnesium
chloride MgCl, (all analytical purity grade, POCH,
Gliwice, Poland), Tyrode buffer (12 mM, 4 mM,
137 mM, 2.6 mM, 1 mM, pH = 7,3), abciximab
(REOPRO, Centocor B.V. Holland), eptifibatide
(INTEGRILIN, Glaxo Group Ltd, Great Britain).
Water was deionized with a MilliQ (Millipore)
apparatus.

Platelet preparation

Blood samples, taken from healthy adult subjects
were supplied by the Blood Donor Centre in Bialy-
stok. The blood was treated with sodium citrate as
an anticoagulant.
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Next, the platelet rich plasma was separated by
centrifuging the blood amount 130 g for 8 min at
room temperature. This platelet rich plasma was then
centrifuged at 2200 g for 10 min to obtain a platelet
bottom. The supernatant was removed. The platelet
bottoms were washed twice with isotonic saline.

Sample preparation for AFM measurement

a). On the mica sheet. After the last washing, the
platelets were resuspended in acetone to a solid
concentration of ~10"> g/l. 100 pl of platelet suspen-
sion in acetone was dropped onto a freshly cleaved
mica sheet. The mica sheet was dried in air for at
least 4 h.

b). On the glass cover slip. Platelets were also
prepared from the freshly drawn blood of one of the
team. 100 pul of blood were deposited onto a glass
cover slip. After 30 s, the sample was vigorously
rinsed with Tyrode buffer to separate all blood cells
from the activated platelets that had adhered
strongly to the glass. The glass cover slip with
platelets was left in air to dry.

For AFM measurements in the buffer solution,
the glass slides with platelets were deposited in a
special cell.

¢). With abciximab and eptifibatide. The drugs
were dissolved in acetone and immobilized on the
mica in accordance with the procedure described in
a) or were dissolved in aqueous buffer in
accordance with the procedure described in b).

The interaction between drugs in therapeutic
concentration (abciximab — 3.57 pg/ml of blood and
or eptifibatide — 2.57 pg/ml of blood) and platelets
was studied after incubation of blood or isolated
platelets for 1 hour at 37°C. The procedure of plate-
let preparation was the same as before (see Platelet
preparation). 100 pl platelet solution was deposited
onto a glass cover slip or mica sheet. After vigorous
rinsing, the samples were observed by AFM.

RESULTS AND DISCUSSION

In order to investigate the opportunity to observe
immobilized human platelets by the AFM tech-
nique, platelets were immobilized on the mica sheet.
This was performed by putting a suspension of
platelets in acetone on the mica surface and drying.
The sample contains both inactive platelets and
those at different stages of activation. Both inactive
and activated platelets, immobilized on mica can be

observed by the AFM. Fig. 1 shows AFM images of
human platelets in different activation phases.
Changes in the shape and size of inactive and
activated platelets can be observed (compare Fig.
1A-C). The glycoprotein receptors located on the
platelets surface change their 3D configuration
under the influence of activating factors, causing
them to lose their granular structure. This involved a
change in platelet shape. Before these changes,
platelets exhibit a regular shape and dimensions [4].
Their diameter is 2.25 pm and their thickness is 170
nm (Plot Fig. 1A). The activated platelet’s shape
becomes irregular. Figure 1b shows. the platelet
having a diameter of 4.5 um and a thickness of 250
nm (Plot Fig. 1B), while Fig. 1c shows the platelet
having a diameter of 4.25 pm and a thickness of
only 30 nm (Plot Fig. 1C). The next stage of change
is filopodia formation (see Fig.1C). The filopodia
formation is the morphological effect of platelet
activation. Simultaneously, a release reaction occurs
i.e. the platelet releases substances activating the
next platelets and their GPIIb/Illa receptors. The
glycoprotein . (GPIIb/Illa) fibrinogen receptor is
composed of two subunits, all, and B;, which form a
complex. GPIIb/Illa is specific for platelet surfaces
and binds to adsorbed protein ligands, including
fibrinogen, the von Willebrand factor and fibro-
nectin. The fibrinogen plays a fundamental role in
forming bridges between platelets and causes
aggregation. Due to receptor activation, platelets
join together with fibrinogen. Fibrinogen bridges are
formed between platelets (see Fig. 2A). This process
is responsible for platelet aggregation. The deposi-
tion procedure, of platelets from the acetone
suspension on the mica sheet enables good and fast
adhesion in different activation platelet phases.

Fig. 2 shows AFM pictures obtained after
applying three different ways of platelet deposition:
1) on the mica sheet from the acetone suspension
(shown in picture A), ii) on the glass slide from the
fresh unprocessed blood, after washing and drying
(shown in picture B), iii) on the glass slide from an
aqueous buffer solution (shown in picture C). The
first two were dry probes and the third one was
measured from an aqueous solution.

Each image shows the aggregation process in a
different phase with a characteristic platelet filo-
podia. Each procedure can be used for the obser-
vation of platelets and their changes under the
influence of different agents, for example drugs.
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Fig. 1. Human platelets on the mica sheet imaged with the AFM and cross-sectional plots showing along the lines
shown in images respectively (A, D) inactivity platelet; (B, E) activation process; (C, F) activated platelet.

In Fig. 3, two anticoagulant drugs, deposited
onto the mica sheet, can be observed (A for
abciximab and B for eptifibatide). A ‘twig-crystal’
structure is observed in both cases. Similar effects
were observed with samples immobilized on a glass
bedding. Abciximab is a bigger molecule and its
special structure is more apparent. In the case of
eptifibatide, larger structures are apparent in the
pictures than in the case of abciximab, despite the
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fact that eptifibatide is a smaller molecule. The
formation of these larger structures is probably
caused by the eptifibatide molecule aggregation.
Both drugs are platelet aggregation inhibitors due to
fibrinogen receptor blocking. Abciximab (molecular
weight of 48 kD [29]) is a human-murine chimeric
Fab fragment of the monoclonal antibody c7E3.
Moreover, abciximab shows a very high affinity to
platelets. This molecule joins to the receptor allbp3
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with an antibody fragment, hindering the joining of
fibrinogen, and in this manner inhibits platelet
aggregation due to steric hindrance. Two amino

acids sequences: RGD and KQAGDV are
responsible for bonding of abciximab to this
receptor [30].

C

Fig. 2. AFM image of human platelets deposited onto mica-cluster of aggregate platelets (A), glass sheet-separate
platelet (B), glass sheet in buffer solution-separate platelets (C).
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Fig. 3. AFM images of anticoagulant drugs deposited onto mica sheet: A - eptifibatide; B - abciximab.

Eptifibatide (molecular weight of < 1 kD [29] is
a cyclic heptapeptide containing six amino acids
with a characteristic amino acids sequence Lys-Gly-
Asp (KGD). It is a specific blocker of receptor all,fs,
due to the recognition of a specific amino acid
sequence (KGD) [11]. In this manner, eptifibatide
blocks the fibrinogen junction to the platelet receptor.
It is likely that eptifibatide forms the same steric
structure as N-terminal region y-fibrinogen chains
and in this way inhibits ligand binding. On the mica
sheet these drugs form “twig-crystal” structures.

These inhibitors do not influence the adhesion of
platelets, as this process is caused by another plate-
let receptor. This is why it is possible to observe
platelet-inhibitor complex adhesion on the mica or
glass sheets by AFM (see Fig. 4, picture A and B,
respectively). The low number of aggregated plate-
lets is observed after incubation period of a sample

with both drugs. These drugs surround the platelets
as a result of interaction with glycoprotein (Fig. 4).

Frequently, whole platelets are surrounded by the
drug. On the surface of each platelet there are
approximately 50000 GPIIb/Illa receptors [31].
Abciximab also binds to other platelet receptors,
such as the vintronectin receptor ayf3;. The platelet
shapes are deformed, especially those adsorbed on
glass. This effect may be caused both by the inter-
action with the drug, as well as by interaction with
the glass surface. Abciximab and eptifibatide block
the active centre in glycoprotein GPIIb/Illa. There-
fore, the interaction of the platelet with fibrinogen is
impossible.

The described experiments show that the fastest
method for sample preparation prior to AFM
measurements is the immobilization of platelets by
just putting a blood drop on the glass. In spite of
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visible biological pollution, the best images were aqueous buffer solution, although technically
observed for samples immobilized on mica. On the  difficult, enables kinetic measurements.
other hand, the observation of interactions from the
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Fig. 4. AFM images of human platelets in absence anticoagulant drugs: after blood incubation with abciximab on mica
and glass (A, C); after platelets incubation with abciximab on mica (B); after blood incubation with eptifibatide on mica
and glass (D, F); after platelets incubation with eptifibatide on mica (E).
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ATOMHO CWJIOBA MHUKPOCKOIINA 3A OXAPAKTEPM3UPAHE HA HOBEIIIKU TPOMBOLUTH
I[MPEJU 1 CJIEA B3AUMO/JIEMCTBUE C OIIPEJIEJIEH AHTUKOAT'YJIMPAILLIU JIEKAPCTBA
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TpombouuTHTe ca Hail-MaKuTe OE3sIPEHH KPBBHU KIETKH, KOUTO Ca CHJIHO PEaKTHBOCIIOCOOHH KOMIIOHCHTH Ha
cucTeMaTa Ha KPBHBOOOPAIICHWETO M B3MMAT yJacTHe B MHOTO MaTO(U3MOJIOTHYHH IPOIECH KaTo TpoM003a, XeMo-
CTa3a, BB3MANCHHUE, 3alUTa, OHOJIIOTHS Ha TYMOPHUTE, B MOATBP)KAHETO M PEryIHPaHEeTO HA TOHyca Ha KPHBOHOCHATa
cucreMa. [IporecsT Ha arperupane Ha TPOMOOIUTHTE U O0pa3yBaHETO HA TPOMOOIIMTHH 3AITyINAIKH CA OCHOBHA YacT
OT Ipolieca Ha ChbCUPBaHE Ha KPBHBTA U MPEJOBPATABAT TCUCHUETO OT KAIMISPUTE, MAJIKHTE apTEPUOIHM U BEHYJIHTE.
Hapymienust B cbcupBaHeTo Ha KpbBTa obaue, ca elHa OT NPUYMHUTE 32 YCIOXKHEHHUS NIPU XUPYPTHYHUTE MPOLETYPH.
Abcukcumad n Entudubdarun ca epukacHu aHTUTPOMOOIIMTHH JIEKapCTBa,; N3IOI3BaHU 110 BPEME WITH CJIe]] POy pH
BBPXY KOPOHAPHHU apTepHH, KaTo aHTMOIUIACTHS, C IIeTI Jla ce IPeoBparn ChOMpaHeTo Ha TPOMOOLIUTH U 00pa3yBaHETO
Ha TPOMOM B KOpOHApHATa apTepusl.

Ienta Ha HacrosmaTa padoTa € CpaBHCHHE Ha PA3UYHU METOJHU 3a MOJATrOTOBKAa M MMOOMIM3UpPAaHE HAa KPHBHU
TPOMOOIIMTH BBPXY CTHKIIO WU CIIIOJa C OTJIe M3CleIBaHe Ha B3aUMOICHCTBHETO Ha TpoMOouTHuTe ¢ Abcukcnmad u
Entudubarnn upe3 aromuo crmoa mukpockonus (ACM). ACM e MHOTO TION€3eH MHCTPYMEHT 3a HaOIFoJeHHE Ha
TororpaduaTa Ha OMOIOTHYHHU CTPYKTYpH. M3cieqBaneTo € MpoBEICHO BBPXY CyXa CIFOJa, CYX0O CTBKJIO M B Pa3TBOP
Ha Oydep.

Bwpxy cimroga morar na ce HaOJromaBarT IIPOMEHH BBB (opmata W pa3Mepa Ha HEAKTHBHUTE W aKTHBHUPAHHUTE
TPOMOOIIMTH, KAKTO M TAXHOTO arperupane ¢ ¢udpunoren. Adcukcumab u Entudubdatun, mocraBeHd BBPXY CIIOJA,
o0pa3yBaT CTPYKTYpH “KiIOHecT Kpuctayn’. M3HeHaaBamlo, mo-Majikute Moyiekysin EntudubaTtug oOpa3syBa mo-rojieMu
CTPYKTYpH OKOJIKOTO AGcukcumad. ToBa, BEpOsATHO, Ce IBDKH Ha MOJICKYJIHO arperupane Ha Entudubaru.

HaGmonaBana e anxes3ust Ha KOMIUIEKCA TPOMOOLMT-HHXUOUTOP BBPXY CII0Ja WK CTHKI0. HabnronaBan € Mairbk
Opoii OT aKTUBUpPAaHU TPOMOOIMTH CcJeN WHKyOaluss Ha mpobaTta W ¢ JBaTa MeAMKaMeHTa. Te3d MeIMKaMEHTH
3200HMKaNAT TPOMOOIMTUTE KAaTo pe3ynrar oT B3aumojeictue ¢ rmkonporend GP IIb/Illa. Yecro wmenwmre
TpOMOOLIUTH ca 3a00MKOJICHN ¢ MeauKaMeHTa. OTAETHNTE CHUMKHU MOKa3BaT Ipolieca Ha arperupaHe B pa3iindHa (asa
C XapaKTepuUCTH4YHa (WIONOANsA Ha TpomOouuTa. Bceska mpomemypa Moke Ja ce HW3ION3Ba 3a HaOMIOAeHHE Ha
TPOMOOITUTHTE U TEXHUTE U3MEHEHHUS 0] BIUSIHNE Ha PA3INYHN areHTH, HaIp. JEKapCTBa.
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