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he use of nanotechnologies for

medical applications raises high ex-

pectations regarding diagnosis, drug
delivery, gene therapy and tissue engineer-
ing. There is an increasing number of re-
ports using AFM as a nanodiagnostic tool
with patient cells. Cross et al. showed that
cancer cells from patients have a significant
decrease of their cell stiffness, when com-
pared with healthy cells."? Another report
used AFM to detect early stages of cartilage
degeneration on osteoarthritis that could
not be detected by the most common avail-
able techniques. Besides its direct relevance
on the identification of the fibrinogen re-
ceptor on erythrocytes (red blood cells) and
of a pharmacological strategy to inhibit it,
our present work is also a demonstration of
the applicability and validation of the AFM-
based force spectroscopy technique as a
highly sensitive, rapid and low operation
cost nanotool for the diagnostic and unbi-
ased functional evaluation of the severity of
hematological diseases arising from ge-
netic mutations, such as Glanzmann
thombasthenia.

To stop a bleeding, blood clotting oc-
curs when fibrinogen, one of the more
abundant plasma proteins, polymerizes,
forming a fibrin network that entraps eryth-
rocytes and platelets to form a clot. Human
fibrinogen is a 340 kDa glycoprotein, con-
sisting of two symmetric subunits, each one
containing three nonidentical polypeptide
chains (Aa, BB and ). These subunits are
grouped into three major structural regions:
two D-domains and one central E-domain.
Integrin receptors, expressed on the plate-
lets surface, play a critical role on blood clot-
ing regulation.*® Fibrinogen contains three

Www.acsnano.org

ABSTRACT The established hypothesis for the increase on erythrocyte aggregation associated with a higher
incidence of cardiovascular pathologies is based on an increase on plasma adhesion proteins concentration,
particularly fibrinogen. Fibrinogen-induced erythrocyte aggregation has been considered to be caused by its
nonspecific binding to erythrocyte membranes. In contrast, platelets are known to have a fibrinogen integrin
receptor expressed on the membrane surface (the membrane glycoprotein complex o, 35). We demonstrate, by
force spectroscopy measurements using an atomic force microscope (AFM), the existence of a single molecule
interaction between fibrinogen and an unknown receptor on the erythrocyte membrane, with a lower but
comparable affinity relative to platelet binding (average fibrinogen—erythrocyte and —platelet average
(un)binding forces were 79 and 97 pN, respectively). This receptor is not as strongly influenced by calcium and
eptifibatide (an oy [3; specific inhibitor) as the platelet receptor. However, its inhibition by eptifibatide indicates
that it is an oy [3;-related integrin. Results obtained for a Glanzmann thrombastenia (a rare hereditary bleeding
disease caused by o35 deficiency) patient show (for the first time) an impaired fibrinogen —erythrocyte binding.
Correlation with genetic sequencing data demonstrates that one of the units of the fibrinogen receptor on
erythrocytes is a product of the expression of the 3; gene, found to be mutated in this patient. This work
demonstrates and validates the applicability of AFM-based force spectroscopy as a highly sensitive, rapid and
low operation cost nanotool for the diagnostic of genetic mutations resulting in hematological diseases, with an
unbiased functional evaluation of their severity.

KEYWORDS: fibrinogen - erythrocyte - platelet - atomic force
microscopy - Glanzmann thrombasthenia - force spectroscopy

potential integrin binding sites: two RGD
(arginine-glycine-aspartic acid) amino acid
sequences within the Aa chain and a 12
amino acids (dodecapeptide) sequence on
the y chain but can also interact with cells
through nonintegrin receptors.> The mem-
brane glycoprotein complex ay3; is the
well characterized platelets integrin recep-
tor for fibrinogen.® Ligand binding to this in-
tegrin heterodimer involves specific re-
gions of the amino-terminal portions of
both oy and B3 units. Fibrinogen binding
is enabled only after activation by the asso-
ciation of four calcium ions to the integrin.*®
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Figure 1. Diagram illustrating platelet—fibrinogen and erythrocyte—fibrinogen interactions at different experimental con-
ditions. (A) Physiological conditions. During the coagulation process, platelets and glycoprotein a,[3; receptor are activated,
in the presence of calcium ions. Fibrinogen molecules binds to platelets, bridging them to form the blood clot and to stop
bleeding (A1). Fibrinogen binds to an unknown receptor on erythrocytes, leading to an increase of erythrocyte aggregation
and contributing to cardiovascular diseases (A2). (B) Absence of calcium. In the absence of calcium, glycoprotein o33 re-
ceptor is inactivated, unabling its binding to fibrinogen (B1). The identical situation on erythrocytes was evaluated in this
study (B2). (C) Glanzmann thrombasthenia. Glanzmann thrombastenia patients have a quantitative (absent) or qualitative
(mutated) o3 platelet receptor deficiency; therefore, the binding to fibrinogen does not occur or is diminished, even in the
presence of calcium (C1). The binding between fibrinogen and the erythrocyte unknown receptor on GT patients was also in-
vestigated (C2). (D) Presence of a glycoprotein o35 specific inhibitor eptifibatide. In the presence of this inhibitor and
with calcium ions, the binding of fibrinogen to platelets decrease or is abolished (D1). The effect of this inhibitor on the un-
known erythrocyte receptor was also measured (D2). (E) AFM-based force spectroscopy measurements. Approach and re-
tract cycles were performed to measure the (un)biding force between fibrinogen (covalently attached to the AFM tip) and
the receptors on the surface of the blood cells, deposited on a glass slide (E1 and E2).

Antiplatelet therapies can target individual receptor-
linked activation pathways. Glycoprotein o33 inhibi-
tors block the binding of fibrinogen to the glycoprotein
aybPs3 receptors. Eptifibatide is a cyclic heptapeptide
that inhibits specifically and reversibly the binding of fi-
brinogen to the glycoprotein o33 receptor in plate-
lets. It is derived from the structure of an anticoagulant
peptide found in the venom of the southeastern pigmy
rattlesnake (Sistrurus m. barbouri).” It contains a KGD
(lysine-glycine-aspartic acid) amino acid sequence,
identical to that in the y-chains of fibrinogen.® These
molecules are clinically used as anti-integrin therapies
for the treatment of pathologic increases on platelet
aggregation.

In addition to its important role in mediating plate-
let adhesion, oypPs is essential for platelet aggregation
upon blood clotting, as demonstrated in Glanzmann
thrombasthenia (GT) patients.3® This is a rare heredi-
tary bleeding syndrome caused by a quantitative or
qualitative o3 deficiency.'® The platelets from indi-
viduals with this defective receptor fail to aggregate, as
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this glycoprotein mediates the binding to
fibrinogen.!®™

Increased fibrinogen concentration' and erythrocyte
aggregation' are factors that significantly increase the
risk of cardiovascular and cerebrovascular diseases. The
prevailing hypothesis for the mechanism of fibrinogen-
induced erythrocyte hyperaggregation has been that it is
caused by a nonspecific binding mechanism.'> However,
the published data on the changes in erythrocyte aggre-
gation during hypertension points to the possible exist-
ence of other mechanism(s)."

At the moment, only a few studies were done us-
ing atomic force microscopy (AFM) based force spec-
troscopy to study related systems, but none of them
studied the interaction of the entire fibrinogen mol-
ecule and its specific receptors on blood cells. In 2003,
Lee and Marchant studied the binding between the
RGD peptide and the receptor on platelet and between
the fibrinogen dodecapeptide and the receptor on
platelets.® Litvinov et al. also reported on the fibrino-
gen binding to the isolated glycoprotein aypPs.”®
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In the present work, we evaluated the existence of
a specific binding between fibrinogen and an unknown
receptor on the human erythrocyte membrane. For
the sake of comparison, an equivalent study was con-
ducted with human platelets. We performed force spec-
troscopy studies with cells from healthy donors and a
patient with Glanzmann thrombasthenia. Knowing that
the activation of the integrin o33 complex is depend-
ent on the presence of calcium ions, we performed
equivalent force spectroscopy experiments in the ab-
sence of calcium. We also conducted similar studies in
the presence of the specific inhibitor of ay,33 platelet
receptor eptifibatide. All these results allow us to char-
acterize the erythrocyte receptor for fibrinogen and
compare it with the glycoprotein o533 platelet recep-
tor. Figure 1 presents a schematic diagram illustrating
the interactions between blood cells membrane recep-
tors and the fibrinogen molecule at all the different ex-
perimental conditions tested in the present work. Our
data indicate that there is a specific binding between fi-
brinogen and the erythrocyte membrane, with a lower
but comparable affinity to the platelets binding. This in-
teraction is mediated by an erythrocyte’s integrin oyp33-
like receptor, in which one of its units is expressed by
the same gene as platelet’s B35 unit.

RESULTS

AFM Scanning Images of Human Blood Cells. Platelets col-
lected from healthy human donors were scanned by
AFM, showing different activation states (spiky, partially
spread and fully spread). Figure 2A,B show, respec-
tively, the height and error signal images of spiky mor-
phology of platelets isolated from human blood in the
presence of CaCl,. Imaging reveals that human platelets
have 3—5 pum of diameter, which is the expected size
for these cells. The height of deposited platelets ranged
between 350 and 650 nm, depending on their activa-
tion state. Platelets with irregular surface and extended
pseudopods about 1—2 pwm long can also be seen (Fig-
ure 2B).

Human erythrocytes AFM image (Figure 2C,D; height
and error signal image, respectively) revealed the com-
mon disk shape of human erythrocytes, with 8—10 pm
of diameter and a height of approximately 1—1.5 pm.
In Figure 2C, the biconcave disk shape of erythrocytes
can easily be seen.

Both cell types showed good adherence to glass
slides coated with poly-L-lysine (a positively charged
polymer).

Force Spectroscopy of Fibrinogen—Platelet and
Fibrinogen —Erythrocyte Interactions. When a fibrinogen-
functionalized tip contacts the cells surface in buffer
with calcium, the force curves show well-defined and
measurable adhesion forces. The frequency of
adhesion-rupture events achieved from the platelet-
fibrinogen system was 22%. For the erythrocyte-
fibrinogen system this percentage was only slightly
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lower (17%). From these adhesion events, approxi-
mately 75% were of single rupture events and the re-
maining 25% were from double or multiple steps bind-
ing events, for the two systems studied.

The distribution of rupture forces between
fibrinogen-functionalized tip and erythrocyte or plate-
let surface ranged from several piconewtons to 1 nN,
with the probability of forces above 500 pN being very
low (<5%) (Figure 3B). Rupture force values are defined
as the force necessary to break the bond between one
molecule of fibrinogen and one cell receptor, which is
characterized by the instantaneous jumps in force seen
in Figure 3A. Rupture length values are defined as the
distance between the cell-AFM tip contact point (de-
fined as the zero point value at the force curve plot, Fig-
ure 3A) and the height value at the moment when the
cell receptor-fibrinogen bond breaks.

Figure 3B shows typical histograms of rupture force
events for the fibrinogen—erythrocyte and
fibrinogen—platelet systems, in the presence of Ca?* 1
mM. Experimental data were fitted with Gaussian
curves to obtain the average rupture force for a single
fibrinogen-cell receptor binding, yielding values of 79 =
3 pN for erythrocytes and 97 = 2 pN for platelets. These
values are statistically different (P < 0.001; unpaired
samples t-test). Thus, fibrinogen—erythrocyte binding
has a lower but comparable force than the one be-
tween fibrinogen and its platelet specific receptor. The
two peaks observed on both histograms with forces
above 150 pN are from multiple binding events be-
tween different fibrinogen molecules and its cell
receptors.

The length of the rupture adhesion events was also
analyzed by fitting the histograms with Gaussian
curves. Two distinct peaks were obtained for each
protein-cell receptor, which were 145 and 245 nm for
erythrocytes and 120 and 250 nm for platelets (Figure
3Q). It should be borne in mind that this rupture length
values are influenced by the stretching of the elastic
platelet or erythrocyte surface and, eventually, by the
unfolding of the polypeptide chains of the fibrinogen
molecules.' The two coiled-coil regions (Ax, BB and
v-chains) in fibrinogen are each 111 amino-acid resi-
dues long, which, when fully unfolded, are expected to
be 40 nm long. In contrast, the C-terminal y-chain, con-
sisting of 215 amino-acid residues, has 77 nm.>"

Validation Experiments. We performed identical force
spectroscopy experiments with cells isolated from one
patient with Glanzmann thrombasthenia, resulting
from a mutation on the fibrinogen receptor in plate-
lets, to have an ideal negative control for the studied
system, and to confirm that what we are measuring is
in fact the binding forces between fibrinogen mol-
ecules and its specific platelet receptor (vd. Genetic
analysis).

This GT patient presented a drastic decrease on the
frequency of binding/unbinding events. The average

\NIC
VOL. 4 = NO.8 = 4609-4620 = 2010 ”@@%{¥)

4611



4612

Figure 2. Air tapping-mode AFM images of human platelets (A,B) and hu-
man erythrocytes (C,D) from healthy donors, deposited on poly-L-lysine
coated glass slides. (A,C) Height images; (B,D) error signal images. AFM im-
ages of typical circular, biconcave erythrocytes and spiky human blood
platelets.

force rupture value obtained for the fibrinogen-platelet
system was 38 = 0.1 pN (mean = SE; Figure 4). This sig-
nificant decrease of the force value for fibrinogen-
B3 platelet receptor confirms the specificity of these
experiments. Interestingly, a similar decrease on the ef-
ficiency of the fibrinogen-receptor interaction was ob-
served for the erythrocytes of this patient, with a de-
crease on the average force rupture value to 37 *= 0.4
pN (mean = SE). This is the first assessment of the inter-
action of fibrinogen with erythrocytes in a GT patient
and the first proof of its impairment.

No background adhesion force between an unmodi-
fied silicon nitride tip and the platelet or erythrocyte
surface was detected (Figure 3A). When a nonfunction-
alized tip contacts with poly-L-lysine-coated glass slides,
or a fibrinogen-functionalized tip contacts with a clean
noncoated glass surface, only weak interactions were
detected. Adhesive interactions were not detected dur-
ing the approach to the cell surface, but only on tip re-
traction. Interactions between a fibrinogen-
functionalized tip and a poly-L-lysine coated glass slide
were also detected but in a lower range than the
fibrinogen-erythrocyte and fibrinogen-platelet binding
(<40 pN). This force rupture histogram could not be fit-
ted with the Gaussian model (data not shown).

Effect of the Absence of Calcium. As a first step for the
characterization of the fibrinogen specific binding to
erythrocytes, we tested its Ca?*-dependence. This de-
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pendence has been reported for the fibrinogen-platelet
binding.'® Therefore, the same evaluation on platelets
constitutes a further experimental control. Force spec-
troscopy experiments were done without including
CaCl, in the BSGC buffer, and adding instead two differ-
ent concentrations (1 mM and 4 mM) of ethylenedi-
amine tetraacetic acid (EDTA) to chelate any trace
amount of calcium free in solution. From the force rup-
ture histograms shown on Figure 5, it can be seen that
in the presence of EDTA there is only one Gaussian
force peak for each studied systems. For the
erythrocyte-fibrinogen system, the force rupture value
was 61 £ 0.9 pN in the presence of EDTA T mM and 35
+ 6.7 pN for EDTA 4 mM (Figure 5A; both statistically
different from the samples with Ca?*; P < 0.001). The
percentage of rupture events also decreases (for EDTA
4 mM, ~20% less than in the presence of calcium). For
the binding between fibrinogen and its platelet recep-
tor, the absence of calcium resulted in a significant de-
crease on the percentage of rupture events (for EDTA 4
mM, ~55% less than in the presence of calcium) and
on the force rupture values, which decreased to 43 *
0.8 pN in the presence of EDTA 1 mM and 30 = 0.2 pN
for EDTA 4 mM (Figure 5B; both statistically different
from the samples with Ca*; P < 0.001). In fact, in the
absence of calcium there is a stronger fibrinogen bind-
ing to erythrocytes than to platelets (P < 0.001 for EDTA
1 mM; for EDTA 4 mM the variation was not statisti-
cally significant, P > 0.05).

Effect of the Presence of Eptifibatide. To evaluate the simi-
larity between the erythrocyte receptor for fibrinogen
and the glycoprotein o533 platelet receptor, force spec-
troscopy studies were done in the presence and ab-
sence of eptifibatide, a specific inhibitor of the platelet
receptor. As a third control or proof of concept for the
present experimental approach, the same evaluation
was conducted with platelets.

As expected, results revealed that there are signifi-
cant decreases on the percentage of rupture events
and on the force rupture values of the
fibrinogen—platelet system for all the eptifibatide con-
centrations (Figure 6B). Concentrations of 3.4, 8.5 and
17 png/mL yielded binding/unbinding frequencies 42%,
54% and 80% lower than those obtained without epti-
fibatide, respectively. The force rupture values decrease
considerably, to values between 32 and 45 pN, for all
the eptifibatide concentrations studied (Figure 6B).

For the erythrocyte—fibrinogen system, in Figure 6A
we observe that the same levels of inhibition attained
with platelets are also reached, but only at the highest
tested concentration. The average force rupture value
in the presence of eptifibatide 3.4 pg/mL was 74 pN, 47
pN with eptifibatide 8.5 p.g/mL and 32 pN with eptifi-
batide 17 wg/mL. The frequency of the binding/unbind-
ing events decreases approximately 15% for the two
lower eptifibatide concentrations and 65% for eptifi-
batide 17 wg/mL. The binding between erythrocytes
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Figure 3. Force spectroscopy results from healthy human blood donors in the presence of Ca?* 1 mM. (A) Typical
force—extension curves of a control experiment of unmodified silicon nitride tip and the platelet/erythrocyte surface (---),
where background adhesion forces were undetectable; a single fibrinogen—erythrocyte unbinding event (—); and a single
fibrinogen—platelet receptor unbinding event (bold —). (B) Rupture-force histograms from about 8000 single event-force
measurements for the fibrinogen—erythrocyte and fibrinogen—platelet systems. Measurements were done with an applied
force of 1 nN, pulling speed of 2 um/s and at a loading rate of 4 nN/s. (C) Rupture-length histograms from the same experi-
mental curves referred in (B).

and fibrinogen is influenced by the presence of eptifi-
batide, but not as significantly as for the
fibrinogen—platelet binding.

The summary of the individual average rupture forces
values obtained for the previously described different ex-
perimental conditions are summarized on Table 1.

Single-Molecule Dynamic Force Spectroscopy. To extract ki-
netic bond rupture parameters, using the Bell, Evans
and Ritchie model,'?° experimental retraction veloci-
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ties were varied between 0.5 and 16 um/s. The con-
tact time between the tip and the cell surface was ap-
proximately 1 ps. Loading rates were calculated for
single adhesion events as a product of the effective
spring constant with the retraction velocities. The effec-
tive spring constant was calculated from the slope of
the force vs distance plot prior to the rupture. For the
given retraction velocities, the corresponding effective
loading rates are between 1 and 32 nN/s.
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Figure 4. Force rupture histograms from blood cells isolated from a Glanzmann thrombasthenia patient. (A)
Fibrinogen—erythrocyte and (B) fibrinogen—platelet interactions.

Under an AFM dynamic force spectrum for
protein—ligand unbinding, the variation of the most
probable unbinding force, F, with the natural logarithm
of the loading rate, r;, is a straight line in each regime
of the spectrum, as set by the projected location of the
potential barrier, x,, along the direction of the force.
Thus, mean values of the single rupture force and of
the effective loading rate were used to construct a dy-
namic force spectrum (DFS), and the experimental data
points in this graph were fitted to:

F=axInr,+ b (1)

with a =(kgT)/(x,) and b = a X In (1)/(a X ko)), where
kg is the Boltzmann constant, T the absolute tempera-
ture and ks the unstressed dissociation rate (1/k. is the
bond lifetime). Equation 1 was applied to the
fibrinogen-platelet receptor and fibrinogen-erythrocyte
receptor systems, and the kinetic bond rupture param-
eters®' calculated. The spectrum for a single-sharp en-
ergy barrier, where the logarithmic intercept can be
used to obtain the activation energy barrier height, E,

gives an estimate for the microscopic diffusion time
such that:

()

éT =—=Inrg_y+Ina

From the record of the dependence of the rupture
forces on the loading rate we can calculate the bond-
specific parameters: ko, the unstressed dissociation
rate, x,, the width of the potential barrier, and 1/k.,
the bond lifetime. Increasing the loading rate, the aver-
age rupture force values increased from 72 to 105 pN
for the platelet receptor-fibrinogen, and from 59 to 82
pN for the erythrocyte—fibrinogen system (Figure 7).

Plotting the mean rupture force vs the natural loga-
rithm of each respective loading rate, the dynamic force
spectrum for each studied system was obtained. The
linearization of the dynamic force spectrum for both
systems showed a sequence of two sharp activation en-
ergy barriers. Applying the Bell, Evans and Ritchie
model (vd. eqs 1 and 2) to each linear regression equa-
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Figure 5. Effect of the absence of calcium on fibrinogen-blood cells binding. Decrease in fibrinogen specific binding to human
erythrocytes and platelets with the increase of Ca?* sequestring by the presence of different EDTA concentrations (1 mM and 4
mM). Force rupture histograms peaks obtained after choosing the best rupture force scale bin and fitting the (A)
fibrinogen—erythrocyte and (B) fibrinogen—platelet rupture-fore histogram with the Gaussian model. Values of force rupture
are presented as mean * standard error (SE).
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tion, the different values of E, kg, 1/k. and x, were ob-
tained (Table 2).

Our results for the erythrocyte—fibrinogen and
platelet—fibrinogen systems are in accordance with
the suggested biphasic logarithmic dependence for
protein-receptor pairs.?' Both systems have a primary
regime with similar dissociation rate constants and en-
ergy barriers, but the binding between erythrocyte and
fibrinogen have a bond lifetime of ~44 s, which is
higher than the fibrinogen—platelet interaction bond
lifetime. Moreover, the effective bond length of the po-
tential barrier of the binding between fibrinogen and
erythrocytes is 2.5 times higher than the one with plate-
lets. On the second regime of the dynamic force spec-
troscopy chart, the results were totally different; result-
ing of the high loading rates applied on the force
spectroscopy experiments. In this part, we could con-
clude that the binding between fibrinogen and plate-
lets is much more stable than the one with erythrocytes,
as it can be noticed on the considerably longer life-
time, shorter bond length and favorable energy bar-
rier. On the last part of the linearization, the interac-
tion between fibrinogen and erythrocytes only occurs

for a few milliseconds, which corroborate the higher dif-
ficulty of the observation of this interaction in vivo.?

Genetic Characterization of the Mutation for the Glanzmann
Thrombasthenia Patient. For the patient with Glanzmann
thrombasthenia, we found a homozygous cytosine to
thymine nucleotide change in the third coding exon of
the ITGB3 gene (c.262C > T), resulting in an arginine-to-
stop codon substitution at codon 62 (p.R62X). In paral-
lel, we did not find any mutations in the ITGA2B gene.
The p.R62X mutation in ITGB3 was already described in
the literature as a pathogenic change associated to
Glanzmann thrombasthenia.?®

DISCUSSION

We evaluated the possible existence of a specific fi-
brinogen receptor on erythrocyte membrane, using
the tip of the AFM (derivatized with fibrinogen) as a
nanotool for force spectroscopy measurements. From
the results we can conclude that there is an unknown
erythrocyte membrane receptor that specifically binds
to fibrinogen with an average force of 79 = 3 pN. This
study was conducted in parallel with the evaluation of
the already known, but never studied before by force

TABLE 1. Average Force Rupture Values Obtained for the Fibrinogen—Platelet and Fibrinogen—Erythrocyte Systems at

the Different Studied Conditions?

experimental conditions

Presence of calcium Ca* 1 mM 79 £3.0
Absence of calcium
EDTA 1 mM 6109
EDTA 4 mM 35+67
Presence of Eptifibatide
Eptifibatide 3.4 Lg/mL 74£125
Eptifibatide 17 p.g/mL 3202
Glanzmann thrombasthenia patient 37 £04

“Values are presented as mean == SE.
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erythrocyte receptor—fibrinogen rupture force (pN)

platelet receptor—fibrinogen rupture force (pN)

97 =20
4308
30 0.2

3208
35504
38+0.1
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Figure 7. Dynamic force spectra of fibrinogen-erythrocyte (T; solid line) and fibrinogen-platelet (A; dashed line) (un)bind-
ing. Experimental values of the force ruptures dependence on the loading-rate, and theoretical fits obtained applying the

Bell, Evans and Ritchie model to the two regimes.

spectroscopy, specific interaction between fibrinogen
and the glycoprotein o33 receptor in platelets. An av-
erage force of 97 = 2 pN was obtained for the rupture
of the binding between fibrinogen and its platelet re-
ceptor. The erythrocyte—fibrinogen system has a lower
rupture force than the determined for platelets; thus,
as expected, we can conclude that fibrinogen has lower
affinity for erythrocytes than for platelets. However,
the proximity of the rupture force and binding fre-
guency values obtained for both systems show an un-
expected quantitative proximity between
fibrinogen—erythrocyte and fibrinogen—platelet
binding.

The rupture force value obtained for the
fibrinogen—glycoprotein oypB; platelet receptor sys-
tem (97 pN) are in accordance with other authors, who
reported a rupture force value of 93 pN for the binding
between the RGD peptide and the receptor on plate-
lets and a value of 96.8 pN between the dodecapep-
tide and the receptor on platelets.® Litvinov et al. also re-
ported a strong fibrinogen binding to the isolated
glycoprotein oypB3, with rupture forces peaking at
80—90 pN." They also reported a typical force histo-
gram, omitting values below 10 pN, containing two re-
gimes of weak-moderate and strong binding, corre-

sponding to 20—60 pN and 60—130 pN, respectively.
The two-component fit used to quantify the force distri-
butions and to compare o33 receptor—fibrinogen in-
teractions registered under different experimental con-
ditions could also be applied to our data.

An increased erythrocyte aggregation is associated
with a higher incidence of vascular pathgologies.' This
erythrocyte hyperaggregation can result from increased
plasma fibrinogen concentrations.'? Until now, only a
few reports were published describing a possible spe-
cific interaction between erythrocytes and
fibrinogen'>'82* based on different experimental ap-
proaches. Lominadze et al. found that labeled fibrino-
gen binds rat erythrocyte membranes with a dissocia-
tion constant, Ky, of 1.3 wM, also estimating that the
membrane of each erythrocyte has about 2000 fibrino-
gen binding sites'® Rampling, also using labeled fibrino-
gen, estimated that in vivo 2% of fibrinogen circulates
associated to erythrocytes, and that at normal fibrino-
gen concentrations (3 g/L) 20 000 molecules bind to
each cell?* Comparing these two values with the re-
ported 0.5—1 X 10° aypP3 glycoproteins per platelet,®
the number of specific receptors for fibrinogen per cell
on erythrocytes is 5—50 times lower than on platelets.
Rampling®* and Maeda et al."? proposed the possible lo-

TABLE 2. Kinetic Bond Rupture Parameters Calculated from the Linearization of the Dynamic Force Spectra for the

Fibrinogen—Platelet and Fibrinogen—Erythrocyte Systems

cell receptor—fibrinogen energy barrier (ksT)

erythrocyte
1st regime 3.8
2nd regime —41
platelet
1st regime 3.4
2nd regime 3.7

NO. 8 = CARVALHO ET AL.

dissociation rate (s™")

bond lifetime (s) barrier width (A)

0.023 4.5 1.74
60.9 0.016 1.23
0.034 29.4 0.72
0.026 385 0.17
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cation of the erythrocyte-binding site in fibrinogen mol-
ecule to be in the Aa chain. Maeda et al. also proposed
a model for the possible location of the binding regions
on fibrinogen and how it affects the erythrocyte aggre-
gation and flexibility. They estimated two different fi-
brinogen binding regions, which fit well with the hy-
pothesis that erythrocyte aggregates are due to
intermembrane cross-linking, that is, that the two bind-
ing sites on the fibrinogen molecule bind to different
erythrocytes, bridging them.'

As for the previous reports on the
fibrinogen—erythrocyte interaction, we have also
evaluated this system by other experimental method-
ologies (unpublished data); however, as observed in
previous studies, conventional methods are able to
show that the fibrinogen-erythrocyte interaction exists,
but fail on further characterizing it. We believe that
this is a result of the transient character of the
fibrinogen-erythrocyte interaction, which can be prop-
erly studied by force spectroscopy, but limits the details
that are possible to assess by flow cytometry, for in-
stance. This transient interaction cannot lead to clot for-
mation, but is able to increase erythrocyte aggrega-
tion, increasing cardiovascular risk. The bond rupture
kinetic parameters calculated from the Dynamic Force
Spectra (vd. Table 2) show that the lifetime of the
fibrinogen-erythrocyte bond is, in some situations,
only 0.04% of the lifetime of the fibrinogen-platelet
binding, pointing out why force spectroscopy is a spe-
cially appropriate methodology to study this
interaction.

Force spectroscopy reveals to be a good biophysi-
cal method to determine the interaction forces be-
tween fibrinogen and human blood cells. At variance
with other methodologies, the process of cell isolation
is not an issue with this technique because the meas-
urements are conducted at the single-cell level. After
isolating the erythrocytes, the fibrinogen interactions
are measured on the top of a single erythrocyte at a
time, while it can be optically imaged in real-time, assur-
ing that it is not a platelet or any other type of cell.

The coupling of biomolecules, such as fibrinogen, to
tips has already proven to be important for measuring
both inter and intramolecular forces with subnanonew-
ton resolution.?>~?” Although the use of nonspecific ad-
sorption allows the detection of discrete forces, the
measurement of the interaction force between co-
valently bonded molecules permits the molecules to
be firmly attached to the tip, in order not to be removed
during the pulling of a ligand —receptor complex. In
our study, the use of glutaraldehyde as a flexible cross-
linker to covalently couple fibrinogen to the tip gives fi-
brinogen the flexibility necessary to diffuse freely in a
volume of buffer, only restricted by the dynamic length
of the spacer.?’~2° With this cross-linker, the binding
sites on the fibrinogen molecule are reachable and the
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bond between fibrinogen and its receptor on erythro-
cytes or platelets can be formed.

The number of fibrinogen molecules bound to the
AFM tip is not crucial for the force measurements, pro-
vided that we are able to identify single molecule de-
tachments from the characteristic stretching curves be-
fore rupture.'”3%3" However, it may affect the rupture
distance measurements obtained with a unique tip. As
fibrinogen has several accessible primary amines,*? its
binding site cannot be defined a priori and the part of
the protein that is exposed for binding may vary from
molecule to molecule. This, conjugated with the fact
that the membranes of erythrocytes and platelets are
very elastic, makes the rupture length values achieved
by force spectroscopy for both blood cells not as rel-
evant as the respective rupture forces (vd. Figure 3).

On our measurements, platelets are already partially
activated. However, as our work is focused in erythro-
cytes, these cells were just used as a (successful) con-
trol or proof of concept, demonstrating that in the
erythrocyte studies we are actually measuring
fibrinogen—receptor interactions, ruling out any type
of artifact.

The validation of the association of the forces deter-
mined with certain molecular recognition events is a
key issue for all force spectroscopy studies. This is espe-
cially relevant when we are measuring the interaction
of a molecule on the AFM tip with an entire living cell,
instead of a purified molecule attached to the substrate.
In the present study, this validation was thoroughly
conducted based on the well characterized interaction
of fibrinogen with its receptor on the platelets mem-
brane and through the theoretically expected substan-
tial decreases on the fibrinogen-platelet interactions
observed experimentally: (i) in the absence of Ca2*; (ii)
in the presence of eptifibatide; and (iii) for a Glanzmann
thrombasthenian patient (all discussed below). To con-
clude if the binding between fibrinogen and erythro-
cytes could be through an integrin ay,B3-related recep-
tor, we performed the same force spectroscopy
experiments with erythrocytes changing the same spe-
cific experimental conditions.

As a negative control for our study, we collected
cells from one patient with Glanzmann thrombasthe-
nia who, as shown by the genetic analysis, presents a
pathogenic mutation in the ITGB3 gene, which was pre-
viously described as causing Glanzmann thrombasthe-
nia.3® This mutation leads to a nonfunctional expression
of the glycoprotein aypB3 platelet receptor.*3* From
the force spectroscopy results, we could see that the
force necessary to break the bond between fibrinogen
and platelets decreases 61% and for the
fibrinogen—erythrocyte system it decreases 53%.

As indicated above, the specificity of this
fibrinogen—cell binding was also confirmed using cal-
cium depletion as a negative control. The role of diva-
lent cations in integrin function is thoroughly demon-
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strated in the literature by the lack of ligand binding
upon their removal by chelating agents.® Fibrinogen
binding to the oy,B3 receptor requires Ca®* to activate
the integrin complex.® In our study, we could conclude
that the effect of the absence of calcium is more signifi-
cant for the fibrinogen-platelet system than for erythro-
cytes. The presence of calcium ions emerged to be cru-
cial for a strong binding between platelets and
fibrinogen, as expected. In the presence of EDTA 1
mM, the existence of traces of Ca" in solution appears
to be sufficient for a certain level of binding to occur.
However, by increasing EDTA concentration to 4 mM,
the fibrinogen—erythrocyte interaction decreases dra-
matically to values similar to those obtained for the
platelet-fibrinogen system. The loss of fibrinogen spe-
cific binding caused by the cation chelator suggests the
involvement of an integrin-type receptor in the
fibrinogen—erythrocyte interaction. This integrin would
not be as calcium dependent as the platelet receptor.
We also analyzed the effect of the presence of a spe-
cific inhibitor of the glycoprotein o33 platelet recep-
tor, eptifibatide, commonly administrated in hospital
settings to patients with acute coronary syndromes in
order to minimize platelet aggregation, coronary
thrombosis and angina, among other vascular
conditions.”?® The eptifibatide concentrations tested in
this study are in accordance with those previously used
to test the efficacy of this compound and with the
doses administered to patients.”3¢ All the eptifibatide
concentrations used significantly inhibit the binding
between fibrinogen and platelets, as expected. The few
binding/unbinding events detected in the presence of
eptifibatide present weak rupture forces. A complete in-
hibition would not be expected, due to eptifibatide’s re-
versible effect, low affinity to glycoprotein o33 recep-
tor (Ky = 15 nM) and rapid platelet dissociation time.”3¢
Results with erythrocytes show that their interaction

METHODS

Blood Cells Isolation. Blood was collected from adult donors
into K3EDTA anticoagulant tubes. Blood from healthy blood do-
nors was obtained with their previous written informed consent,
following a protocol with the Portuguese Blood Institute (Lis-
bon, Portugal). Blood from the Glanzmann thrombasthenia pa-
tient was obtained with her previous written informed consent
in the Immune-Hemotherapy Service from the Santa Maria Hos-
pital (Lisbon, Portugal). For the AFM experiments, blood cells
were centrifuged at 1040X g for 10 min in a Sorvall TC6 centri-
fuge and washed three times with buffered saline glucose citrate
(BSGC; 1.6 mM KH,PO,, 8.6 mM Na,HPO,, 0.12 M NadCl, 13.6 mM
sodium citrate, 11.1 mM glucose, pH 7.3) supplemented with cal-
cium chloride T mM. Erythrocyte final suspensions were pre-
pared with the addition of BSGC buffer, to reconstitute the ini-
tial hematocrit (Ht, approximately 45%).

Platelets were isolated from platelet-rich plasma (PRP).
Briefly, PRP was separated by centrifugations at 220X g for 7
min, at 10 °C. Platelets were pelleted from PRP at 1620X g for
10 min, at 10 °C, and washed three times with BSGC buffer with
calcium chloride 1 mM. The final pellet was ressuspended in T mL

\\&) VOL. 4 = NO.8 = CARVALHO ET AL.

with fibrinogen is also inhibited by eptifibatide, but
with a lower efficiency.

It is known that several integrin and nonintegrin re-
ceptors may bind to known recognition sites on hu-
man fibrinogen and regulate some cell functions (e.g.,
adhesion, aggregation, migration and proliferation).3
The existence of integrin o3 on erythrocytes is con-
troversial. Some authors reported the existence of this
receptor and the nonintegrin glycoprotein Ib,>” other
authors contradicted these results.3® There were also
several reports showing the involvement of integrin
and nonintegrin glycoproteins in erythrocytes adhe-
sion to endothelial cells.3340

Our results indicate that an integrin receptor is in-
volved in the fibrinogen specific binding to erythro-
cyte membranes. This receptor is not as calcium de-
pendent and as influenced by the presence of
eptifibatide as the glycoprotein a3 platelet receptor;
however, its inhibition by eptifibatide indicates that the
receptor for fibrinogen on erythrocytes is not the glyco-
protein oypB3, but a related integrin. The results ob-
tained for the Glanzmann thrombastenia patient show
for the first time that in this hereditary disease the bind-
ing of fibrinogen to erythrocytes is also impaired. The
correlation of the force spectroscopy data with the ge-
netic sequencing demonstrates that one of the units of
the integrin receptor for fibrinogen on erythrocytes is
also a product of the expression of the 33 gene (ITGB3),
found to be mutated in this patient.

Furthermore, our results clearly demonstrate the
AFM force spectroscopy technique applicability as a
highly sensitive, rapid and low operation cost nanotool
for the diagnostic of hematological disorders, using
blood cells from patients with genetic mutations. This
methodology enables a unique unbiased functional
nanodiagnostic (at the single-molecule level) of the se-
verity of the disease for Glanzmann thrombastenia
patients.

of BSGC buffer and kept at 4 °C before use. Platelets were
counted using a Cell-Dyn 1600 (Abbott, Abbott Park, lllinois).

For the atomic force microscopy studies, the erythrocytes
were diluted 1/1000 and platelets to 10,000 cells/pL with the
BSGC buffer + CaCl, 1 mM.

The study was approved by the joint Ethical Committee of
the Santa Maria Hospital and Faculty of Medicine of the Univer-
sity of Lisbon.

Blood Cells Deposition. Five-hundred microliters of platelets or
erythrocytes suspension were placed on a clean poly-L-lysine-
coated glass slide surface and allowed to deposit for 1 h. Nonad-
herent cells were removed by 5 sequential dilutions with BSGC
buffer + CaCl, 1 mM, loaded into the AFM and allowed to equili-
brate in this buffer for 15 min before force spectroscopy meas-
urements. For AFM imaging, the cells samples were washed with
buffer and allowed to dry on air at room temperature. No cell
fixation was involved in sample preparation.

AFM Scanning Images of Human Blood Cells. A NanoWizard Il atomic
force microscope (JPK Instruments, Berlin, Germany) mounted
on the top of an Axiovert 200 inverted optical microscope (Carl
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Zeiss, Jena, Germany) was used for imaging and force spectros-
copy experiments. The AFM head is equipped with a 15-um
z-range linearized piezoelectric scanner and an infrared laser.

Imaging of platelets and erythrocytes was performed in air
in tapping mode. Oxidized sharpened silicon tips with a tip ra-
dius of 6 nm, resonant frequency of about 60 kHz and spring
constant of 3 N/m were used for the imaging. Imaging param-
eters were adjusted to minimize the force applied on the scan-
ning of the topography of the cells. Scanning speed was opti-
mized to 0.3 Hz and acquisition points were 512 X 512. Imaging
data were analyzed with the JPK image processing v.3 (JPK In-
struments, Berlin, Germany).

Fibrinogen-AFM Tips Functionalization. For the functionalization,
AFM silicon nitride tips were cleaned with an intense ultraviolet
light source and silanized in a vacuum chamber with
3-aminopropyl-triethoxysilane (APTES, 30 L) and N,N-
diisopropylethylamine (10 L) for 1 h in an argon atmosphere,
to be coated with a self-assembled monolayer of amines. After
1 h, the probes were rinsed with fresh chloroform and dried in ni-
trogen gas. The amine-terminated AFM probes were then placed
in glutaraldehyde solution 2.5% (v/v) for 20 min and washed 3
times with PBS (phosphate buffered saline) pH 7.4. Finally, the
tips were placed in a fibrinogen solution to attach the fibrino-
gen molecules to the AFM tip. Purified human fibrinogen (Sigma
Aldrich Co, St. Louis, Missouri) was used at a concentration of 1
mg/mL on a 30 min incubation.?®#! The functionalized fibrinogen
tips were immediately mounted on the AFM and used for the
force spectroscopy experiments.

Force Spectroscopy on an Atomic Force Microscope. Force spectros-
copy measurements were performed using fibrinogen function-
alized OMCL TR-400-type silicon nitride tips (Olympus, Tokyo, Ja-
pan). The softest triangular cantilevers, with a tip radius of 15
nm and a resonant frequency of 11 kHz, were used. The spring
constants of the tips were calibrated by the thermal fluctuation
method, resulting in values of 0.019 = 0.007 N/m. For every con-
tact between cell and cantilever, the distance between the can-
tilever and the cell was adjusted to maintain an applied force of
1 nN before retraction. Molecular recognition was searched by
intermittently pressing the cantilevers on different points of the
cells adsorbed on the glass slide. Data collection for each
force—distance cycle was performed at 2 pm/s, leading to a
loading rate of 4 nN/s. To extract kinetic bond rupture param-
eters, using the Bell, Evans and Ritchie model,'*?° AFM dynamic
force spectra were performed for the two fibrinogen-blood cell
receptor interactions. Force curves were analyzed using the JPK
image processing v.3 (JPK Instruments, Berlin, Germany). For any
given experiment, approximately 8000 force —distance curves
were collected, analyzed and fitted to the worm-like-chain model
(WLC).*? Each experiment was performed at least three times,
each time on different samples and with different functional-
ized tips. Histograms of the unbinding forces of each studied
fibrinogen-cell complex were constructed choosing the ideal bin
size to achieve the best fitted Gaussian model peak forces. Se-
lected binning sizes consistently ranged between 14 and 16 pN.
Force rupture values ranging between 0 and 10 pN were consid-
ered to represent noise, artifacts or nonspecific interactions. Ac-
cording to this, the values up to 10 pN were neglected in data
presentation and analysis. From each histogram, the most likely
single fibrinogen molecule rupture force can be determined by
fitting the distributions of the rupture forces with the Gaussian
model. The maximum values of the Gaussian peaks represent a
single-molecule-based statistical measure of the strength of the
molecular bond.

Force Spectroscopy at Different Calcium Concentrations. To study the
influence of the presence of calcium ions, we performed identi-
cal force spectroscopy measurements, but with buffered saline
glucose citrate (BSGC) buffer without calcium chloride CaCl, and
with ethylenediamine tetraacetic acid (EDTA, a calcium ions che-
lator). Two different EDTA concentrations were used (1 mM and
4 mM). This new buffer was used on the blood cells isolation pro-
cesses and on the AFM measurements, as described above.

Force Spectroscopy at Different Eptifibatide Concentrations. Eptifi-
batide (a kind gift from GlaxoSmithKline plc, UK)) is a reversible
inhibitor of fibrinogen binding to the a5 receptor in platelets,
and is one of the identified drugs that reduce blood clotting. It
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is clinically used for the treatment of undesired increased plate-
let aggregation upon different vascular pathologic conditions.”3°
To analyze the effect of the addition of different eptifibatide con-
centrations on the binding between fibrinogen and erythro-
cytes or platelets, blood cells were isolated as described above,
with BSGC buffer + CaCl, 1 mM. After removing non adherent
cells, similar erythrocytes/platelets aliquots were incubated for
45 min with increasing concentrations of eptifibatide (3.4, 8.5,
and 17 pg/mL; 4—20 uM) at room temperature. Force spectros-
copy experiments were carried out in the presence of each epti-
fibatide concentration.

AFM Additional Control Experiments. All the interactions between
fibrinogen and blood cells were studied at room temperature
in physiological buffer (BSGC). The AFM laboratory is strictly
maintained between 23 and 25 °C. Small variations in tempera-
ture on this range did not affect the force spectroscopy measure-
ments, even after a long period of experiment. The same per-
centage of cell-fibrinogen (un)binding events and rupture force
values were obtained at the end of the day-long experiments.

As controls for tip modification, measurements with tips at
the different steps of their functionalization process (including
nonfunctionalized tips) were conducted on glass slides, with and
without poly-L-lysine, and on blood cells.

Genetic Analysis. The patient’s genomic DNA was extracted
from a peripheral blood sample using standard procedures. The
ITGA2B and the ITGB3 genes, which are associated with Glan-
zmann thrombasthenia due to the expression of the oy, and 33
subunits, respectively, were investigated for mutations. Intronic
primers were designed to flank each of the 30 /ITGA2B and 15
ITGB3 exons (GenBank accession number NM_000419 for ITGA2B
and NM_000212 for ITGB3). Primer sequences are available upon
request. Polymerase chain reactions (PCR) were performed in a
25 p.L reaction volume, using 10 M of each primer, 2.5 L of
10X reaction buffer [160 mM (NH,4),SO,4, 670 mM Tris-HCl pH 8.8,
0.1% Tween-20] (Bioline, London, UK), 1.5 mM MgCl,, 0.2 mM
dNTPs and 1 U of BioTaqg polymerase (Bioline, London, UK).

An 100 ng aliquot of genomic DNA was denatured for 5 min
at 94 °C, followed by 30 cycles of amplification (45 s at 95 °C;

45 s at specific annealing temperature; 45 s at 72 °C) followed
by a 10 min extension at 72 °C. PCR products were tested on a
2% agarose gel. After purification, the PCR products were se-
quenced on an automated sequencer ABI PRISMR 3100-Avant
using a BigDye v3.1 sequence kit (Applied Biosystems, Carlsbad,
California). Sequencing analysis was done in both strands of the
PCR amplified exons whenever a mutation was found. Nucle-
otide numbering for ITGA2B is according to the cDNA nucleotide
sequence of Poncz et al.*® and for ITGB3 according to the nucle-
otide sequence of Fitzgerald et al.** Modifications for the nomen-
clature of the mutations are according to the international GT
mutation database (http://sinaicentral.mssm.edu/intranet/re-
search/glanzmann/play?page=nomenclature).
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