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Abstract: Translation of cellular mechanics findings is crucial in many diseases, including
Alzheimer’s disease, Parkinson’s disease, type II diabetes, malaria, sickle cell disease, and
cancer. Atomic force microscopy (AFM) is appropriate for measuring mechanical properties
of living and fixed cells due to its high force sensitivity and its ability to measure local and
overall properties of individual cells under physiological conditions. A systemic force—
displacement curve analysis is reported on the quantification of material stiffness via AFM
using two theoretical models derived from the Hertz model. This analysis was applied to red
blood cells from patients with sickle cell disease to determine the Young’s modulus of these
cells in the oxygenated and deoxygenated state. Sickle cell disease pathophysiology is a con-
sequence of the polymerization of sickle hemoglobin in red blood cells upon partial deoxy-
genation and the impaired flow of these cells in the microcirculation. A model is presented
for a four-sided pyramidal indenter that is subsequently shown to have a better fit to the
obtained data than that using a model of a parabolic indenter. It is concluded that deoxy-
genation and therapeutic treatment have a significant impact on the stiffness. This analysis

presents a new approach to addressing medical disorders.

Keywords: atomic force microscopy, cellular mechanics, elasticity, Young’s modulus,

nanoindentation

1 INTRODUCTION

A detailed knowledge of the mechanical properties
of the cell is required if an understanding is to
be obtained on how mechanical stresses and
deformations regulate cellular functions including
fundamental cell processes including mechano-
transduction, growth, differentiation, protein and
DNA synthesis, motility, and apoptosis [1, 2]. The
most common approach reported to study cell
mechanics is to determine the stiffness or an
apparent elastic modulus of the cell, assuming that
it is an elastic body. Atomic force microscopy
(AFM) [3] is appropriate for measuring the
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mechanical properties of living and fixed cells due to
its high force sensitivity and its ability to measure
local and overall properties of individual cells under
physiological conditions [4-10]. AFM allows simulta-
neous evaluation of the local mechanical properties
and the morphology of the living cells at a high spa-
tial resolution and force sensitivity. The basic tech-
nique for quantitative study of the mechanical
characteristics of cells and tissues via AFM is force—
displacement curve analysis. By recording the force—
displacement curves on the sample surface, vertical
deflection of the cantilever represents a basis for
estimation of a sample’s Young’'s modulus. In the
current study, force-displacement curve analysis is
used to explore the pathophysiology of sickle cell
disease. Understanding the relationship between
proteins and cellular material properties will allow
for detection of diseases and new approaches to
addressing medical disorders [11].
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2 SICKLE CELL DISEASE

This paper studies the Young’s modulus of red
blood cells (RBCs, erythrocytes) from patients with
sickle cell disease (SCD), a severe disease caused by
polymerization of abnormal hemoglobin [12],
a globular protein which transports oxygen from
the lungs to tissues [13]. Hemoglobin (Hb) is
formed by two type « and two type B polypeptide
chains. In sickle cell hemoglobin (HbS), the normal
sequence of Val-His-Leu-Thr-Pro-Glu-Glu-Lys is
changed to Val-His-Leu-Thr-Pro-Val-Glu-Lys, with
the amino acid valine substituting for the glutamic
acid in the B6 site. The replacement of two charged
groups by two hydrophobic ones leads to polymeri-
zation of deoxygenated Hb and to formation of long
stiff rod-like fibres [14-16], which force RBCs to
assume a wide variety of irregular shapes [17]. The
fibres form non-covalent cross-links and create
a gel that gives RBCs their irregular shapes and
alters their viscoelastic behaviour, increases their
rigidity, fragility, and cytoadherence [16, 18-21].
Other factors such as lowered pH, RBC dehydration,
and hyperthermia are also known to prompt sick-
ling [22]. Pathology in SCD begins with loss of
deformability and increased cell adherence of the
sickle cells resulting in serious and often life-
threatening complications such as chronic hemo-
lytic anemia and vaso-occlusion [20, 23-25]. People
who display a sickle cell trait (SCT) have only one
abnormal hemoglobin 8 gene producing thus both
normal hemoglobin (HbA) and sickle hemoglobin
HbS with a prevalence of HbA [26, 27].

In the case of SCD, it has been hypothesized that
increased association of HbS with the membrane
proteins contributes to the change of the mechanical
behaviour of sickle erythrocytes [28]. HbS can alter
the mechanical properties of RBCs not only by
extending the spectrin filaments, and by the interac-
tion between HbS filaments and the lipid bilayer but
also by altering the functionality of the membrane
proteins [29]. It is known that Hb interacts with the
spectrin network via the protein band 3 [30-32] and
the introduction of HbS has recently been found to
have an effect on the mechanical properties of SCT
erythrocytes [33]. In the present study, AFM techni-
ques are used to measure the Young’s modulus of
RBCs from patients with SCD under both oxygenated
and fully deoxygenated conditions.

3 PROBING CELL ELASTICITY USING AFM

In the current work, nanoindentation of RBCs is per-
formed in order to measure the local cell stiffness.

The measurements are performed via AFM by push-
ing a tip onto the surface of the sample at the position
of interest. From the resulting force-displacement
curves the local Young’s modulus is determined.

3.1 Introduction to contact problems

The general theory of elasticity has been applied to
AFM measurements based on the contact theory of
Hertz and Sneddon [34-36]. The AFM stiffness mea-
surement is modelled as an indentation of an elastic
half-space, z<0, by a frictionless rigid punch [37],
as shown in Fig. 1. The profile of the punch is
described by the function flx, y), and u,(x, y) is the
normal deformation of the indented elastic half-
space surface. In this case, the half-space represents
the indented RBC. The gap g(x, y) between the
punch and the half-space is defined as

g(x’y) = uz(x’y’o) _f(x’.)/) >0 (D

When the shape of the used indenter exhibits
a twofold symmetry (e.g. pyramidal or parabolic)
then the contact area A preserves the same symme-
try as the base of the indenter, with the centre of A
being at the coordinate origin (x=0, y=0, 2=0). The
contact tractions act normal to the surface and are
compressive inside A and zero exactly at the contact
perimeter, as well as outside A.

The gap is zero within the contact region A and
positive in the separation region A, since interpene-
tration of material is prohibited. Therefore, the fol-
lowing two conditions can be written

u(x,y,0) = f(x,y) in A )

uz(%,y,0)>f(x,y) in A 3)
The definition of the frictionless contact problem
is completed by assuming that the tangential trac-

tion is zero throughout the surface of the half-space

ox=05=0allxyz=0 4)

Rigid Punch

UZ(va!O)

Half-Space

\ V4

Fig. 1 The general indentation problem for a smooth,
rigid, frictionless punch
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and that the contact pressure p(x,y)= — 0,:(x,y,0)
is zero in the separation region A and positive in
the contact region A, that is

p(x,y) =0in A (5)

p(x,y)>0in A (6)

If the contact region A is specified, the equality
conditions (2), (4), (5) define a well-posed boundary
value problem for the half-plane which has a unique
solution. Then, the total contact force is obtained by

P, - / / p(x,y)dxdy @)

The inequalities (3) and (6) serve to determine
the extent of the contact area for the contact prob-
lem, but it has been shown [38] that the value of A,
which satisfies equations (3) and (6), maximizes the
total force P, given by equation (7).

In the case of a spherical indenter, by solving the
boundary contact problem as performed by Hertz
[35], the following result is obtained

Py(rs) = poyJa* — 1% (8)

where s =|r| = (”2+r2 —2mrscos0+u2)"? s the
distance between source (r,, 0, 0) and observation
point (r,6,u;) is the angular distance, and
po = 2E/wR(1 — v?), where E is the Young’s modulus.
The contact radius, a, is given in terms of the applied
force, F, and the Poisson’s ratio, v, of the sample

2 1/3
a= (%x 1 EV ><FR> 9

Sneddon extended the Hertz model from a spherical
indenter to an indenter of arbitrary profile deforming
elastic half-space [36, 39]. Solutions of the boundary
contact problem for other tip geometries with twofold
symmetry generated models for parabolic [40-42] and
pyramidal [39, 43-45] indenters. The general solution
for force as a function of indentation for a parabolic
indenter can be approximated as

4
Fparabolic = § RE' ug/z (10)

where E’' is the reduced Young’s modulus of the
tip—sample system defined as

11—

= 11
Fil 7 (11

The general solution for force as a function of
indentation for a pyramidal indenter [43-45] can be
approximated as

3Etan6® ,
Foyramid = 41— 07 uz (12)

3.2 Contact problems in AFM

In a force curve on a sample indented via AFM, the
indentation, u,, is equal to

u, =d—358 (13)

where 6 is the deflection of the cantilever on the
rigid substrate and d is the deflection of the cantile-
ver on the indented half-space. In this particular
study, & is the deflection of the cantilever on the
poly-l-lysine coated mica substrate and d is the
deflection of the cantilever on the indented erythro-
cyte surface.

Three important assumptions used in the Hertz-
Sneddon model are:

(@) the indenter must have a parabolic shape;

(b) the indented sample is assumed to be
extremely thick in comparison to the indenta-
tion depth;

(c) there is no adhesive interaction between the
sample and the indenter.

The first assumption remains a valid one for the
case when a spherical tip radius is much larger than
the indentation depth (u,<0.3R) [46]. The second
assumption states that elastic models based on
Hertz-Sneddon contact mechanics are accurate
when the indentation depth is small compared to the
thickness of the cell. This corresponds with the well-
known fact that the effect of the substrate over which
the cells are placed is negligible if the indentation
depth is less than 10 per cent of the total thickness of
the specimen [47]. In cases where the third assump-
tion is not satisfied, the Johnson-Kendall-Roberts
(JKR) model should be applied to incorporate the
effect of adhesion [48]. The JKR model considers
the effect of contact pressure and adhesion within
the area of contact. In the current study, no pull-off
or rupture forces were observed in the experimental
force—distance curves as shown in Fig. 2. This can be
attributed to the fact that the AFM indenter used in
these experiments was not functionalized. Therefore,
the Hertz-Sneddon model appropriately describes
the measurements in the present study.
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Fig. 2 Force-distance curves obtained during the
retraction cycle of the indention. The absence of
a pull-off force, or rupture force, indicates that
there is no adhesion present between the
sample and the indenter during experimentation

While in the current work only the elastic behav-
iour of RBCs is studied, RBCs have been found to
exhibit viscoelastic behaviour under repetitive
deformations [49]. The viscoelastic properties of
normal RBCs have been studied via magnetic twist-
ing cytometry. Results indicate that G’, the storage
modulus which represents the Young’s modulus, is
nearly constant for different frequencies, whereas
G”, the loss modulus, increases with frequency
[50]. This result suggests that the measurement of
the effective Young's modulus presented in this
work remains valid when repetitive loading is
applied, at least for normal RBCs. Finally, it should
be noted that AFM has been used to measure the
viscoelastic behaviour of epithelial cells [44, 45]. In
principle, the used methods can be used to perform
viscoelasticity measurements on normal and path-
ological RBCs.

3.2.1 Parabolic tip

When the shape of the AFM tip is approximated by
a paraboloid with a radius of curvature R at the
apex, the force Fparabolic as a function of indentation
u, is described by the following equation [40-42]

4
Fparabolic = § RE' ug/z (14)

where E’' is the reduced Young’s modulus of the
tip-sample system defined as

l/ _ 1- ygample + 1- Ugample (15)
E Etip Esarnple

where Eip, vip, and Egamples Vsample are the Young’s
moduli and the Poisson’s ratios for the materials of

the tip and the sample, respectively. If Eqample < Eiip
(in the case of SizN, tips, the Young’s modulus is
150 GPa [51]), E’' can be simplified to

E = Esample

2
1- vsample

(16)

Poisson’s ratio, v, is defined as the ratio of the
transverse, or orthogonal, strain to the strain along
the direction of elongation. It is useful for determin-
ing how much the material extends orthogonally to
the direction in which the force is applied. The
value of v is always between zero and 0.5 [52, 53].

3.2.2 Pyramidal tip

When the shape of the AFM tip is a four-sided pyra-
midal indenter, the force Fyyramia @s a function of
indentation u, is described by the following equa-
tion [39, 43-45]

3Etanf ,
prrarnid = m u; (17)

with an effective radius of contact a=u, tan(}/ V2
with 6 defined as nominal angle of the pyramidal
geometry [43-45].

4 METHODS

Experiments were carried out using an Asylum
MFP 3D-BIO (Asylum Research, Santa Barbara,
California) AFM equipped with a ‘liquid cell’ set-up.

4.1 RBC preparation

Whole blood was drawn from patients with
SCD during clinical visits to the Lea Center for
Hematologic Disorders at the University of
Connecticut Health Center (UCHC) following the
guidelines of the Human Subjects Protection Office
at UCHC. Blood was drawn by venipuncture into
51IU/ml heparin and centrifuged at 400 g for 15min
at 25°C to isolate the RBCs. The yellowish superna-
tant containing plasma and the white fluffy coat on
the pellet was discarded. All buffers were pre-
warmed to 37°C prior to use. RBCs were washed
three times with phosphate-buffered saline (PBS)
and finally re-suspended in PBS at a concentration
of 5 per cent. Deoxygenated RBCs were obtained by
bubbling N, through a suspension of RBCs in
a sealed flask for 1h. The state of deoxygenation of
the erythrocytes was expected to be maintained for
1-1.5h [54] and experiments were performed
during this time.
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4.2 Erythrocyte immobilization

Cells were immobilized on AFM grade mica
(Novascan Technologies, Inc., Ames, Iowa) coated
with poly-l-lysine (PLL) (Sigma-Aldrich, St. Louis,
Missouri) to increase cell adherence. 150 ul of 1 mg/
ml PLL solution was allowed to adsorb for 5min to
an unmodified mica surface, and excess solution
was drained away. RBCs of 0.5 per cent concentration
in PBS were allowed to adhere to each PLL-coated
mica surface for 10 min in the incubator. Unattached
cells were removed by gentle rinsing of the slide with
PBS solution at 25°C. For imaging, fixation was per-
formed by a 1 min treatment of the cells with 0.5 per
cent glutaraldehyde (Sigma-Aldrich, St. Louis,
Missori) in PBS buffer. The sample was again rinsed
several times with PBS and a volume of PBS was
added for experiments. Glutaraldehyde was not
employed for stiffness measurements.

4.3 Imaging

Erythrocytes were imaged in tapping mode with
a scan rate of 0.2Hz, and the minimal force neces-
sary to obtain good image contrast was determined
by gradually increasing the force applied to the
sample from zero force (non-contact) to the neces-
sary minimal force. Silicon nitride probes with a nom-
inal spring constant of 0.01N/m (Veeco Probes,
Camarillo, California) were employed for imaging.

4.4 Measurements

Erythrocyte’s stiffness measurements were carried out
in contact mode using silicon nitride cantilevers with
a nominal spring constant of 0.03 N/m (Veeco Probes,
Camarillo, California). Exact values for the cantilever
spring constants were obtained via a thermal-noise-
based method implemented by the manufacturer and
were used in all calculations. Probes had nominal tip
radii R of 20nm and nominal angle 6 of 20°, as pro-
vided by the manufacturer. Tip height was 2.5 pm, as
provided by the manufacturer. All measurements
were performed in PBS at 25°C. Local elastic proper-
ties of erythrocytes were quantitatively determined
from the force-distance curves. The force curves were
generated at a loading rate of 15000 pN/s, and for
both the oxygenated and deoxygenated states more
than 500 measurements were collected.

4.5 Data processing

Data was imported into MATLAB (The MathWorks,
Natick, Massachusetts) and the value of E was
obtained by fitting the theoretical curves generated
by equation (2) and equation (5) to the

experimental data up to a minimum depth of
250 nm, which is approximately 10 percent of the
total thickness of the cell. The method is in agree-
ment with the well-known fact that the effect of the
substrate over which the cells are placed is negligi-
ble if the indentation depth is less than 10 percent
of the total thickness of the specimen [47].

5 RESULTS

5.1 Morphology of SCD erythrocytes via
AFM imaging

Under both oxygenated and deoxygenated states,
highly irregular morphologies were observed in the
RBC samples. Normal RBCs are characterized by
a biconcave shape which not only increases the sur-
face area and facilitates O, and CO, diffusion into
and out of the cell [55, 56] but also increases the
compliance of the erythrocytes [57]. Polymerization
of Hb fibres forces RBCs to assume a wide variety of
irregular shapes [17]. Two representative examples
are shown in Fig. 3. Repeated cycles of oxygenation
and deoxygenation lead to irreversible sickling,
a phenomenon that it is thought to have occurred
to the erythrocyte in Fig. 3(a), imaged under oxy-
genated conditions. This cell is characterized by
protrusions likely resulting from polymerized Hb
fibres and also an enlarged morphology. Upon
deoxygenation, as in Fig. 3(b), HbS fibres are
expected to polymerize and aggregate, thus forming
the highly elongated and irregular structure shown.
In addition, this cell also contains bumps and sur-
face irregularities which are possibly associated
with protruding polymerized HbS fibres and
changes in the RBC membrane cortex.

5.2 Determination of the indentation depth

The quantitative determination of the elastic prop-
erties of a particular material can be obtained from
the relationship between the applied force F and
the indentation depth & using equation (14) and
equation (17). When force is measured on a hard
substrate, the cantilever deflection is proportional
to the relative sample position resulting in a linear
slope for the portion of the curve where the tip and
the sample are in contact. When soft samples such
as erythrocytes are investigated, the recorded canti-
lever deflection as a function of the relative sample
position is not linear owing to the deformable struc-
ture of the RBC. Prior to taking force measurements
on the RBC surface, the force is measured on the
PLL-coated mica substrate. This curve is used for
calibration since no permanent sample deformation
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Fig. 3 Three-dimensional topographical images of (a) a SCD erythrocyte in an oxygenated envi-
ronment and (b) a SCD erythrocyte in a fully deoxygenated state measured via AFM. Both
RBCs have a highly irregular morphology as compared to the characteristic biconcave
shape of a normal erythrocytes. It is evident that polymerized Hb results in highly irregu-
lar RBC morphologies characterized by protrusions, elongation, bumps, and enlargement

associated with aggregation of HbS fibres

is observed. The indentation produced by the AFM
tip was determined by subtracting the calibration
curve from the curve recorded for the erythrocyte
using the Igor Pro 6.04 (Wavemetrics, Portland,
Oregon) software program.

5.3 Force-displacement curve analysis

The Matlab output of both the pyramidal indenter
model obtained from equation (17) and the para-
bolic indenter model obtained from equation (14)
fit to the force versus indentation curve obtained
via experimentation is shown in Fig. 4. The model
of the pyramid indenter appears to provide a better
fit, as shown by the representative curves shown in
Fig. 4. At small Young’s modulus values (E < 3 kPa),
as in Figs 4(a) and (b), both the pyramid model
and the parabolic model appear to fit the experi-
mental force-displacement curves to a minimum
depth of 250nm, which is approximately 10 per
cent of the thickness of the cell [41].

However, as indentation continues, the pyramid
model continues to follow the trend of the experi-
mental force-displacement curves whereas the
paraboloid model greatly diverges. As the stiffness
of the erythrocyte’s increased, the pyramid model
continued to provide a more accurate fit to the
experimental data as shown in Figs 4(c) and
(d). Although the paraboloid model appears to fit
the data up to 50nm indentations, the pyramid
model continues to fit the data up to approximately
250nm, representative of 10 per cent of the total
thickness of the cell. Based on the presented theo-
retical model it was decided to continue the cell
stiffness analysis via the model for the four-sided
pyramidal indenter.

5.4 Cell stiffness determination

A representative curve showing experimental data
for erythrocytes from patients with SCD is shown in
Fig. 5(a). This data was fitted to the theoretical pyr-
amid model and theoretical pyramid model curves
representative of normal and SCT erythrocytes are
also shown for comparison. The average values of
the Young’s modulus for oxygenated and deoxygen-
ated SCD erythrocytes were obtained by fitting
a Gaussian distribution to the generated his-
tograms of the measured Young’s modulus values
(Fig. 5(b)). It appears that both oxygenated and
deoxygenated SCD RBCs maintain a bimodal distri-
bution with peaks at E;=1.0*x1.1kPa, and
E,=3.0 = 2.7kPa. A similar value has been reported
that was obtained using optical tweezers [58]. By
overlaying the histogram of the distribution of oxy-
genated SCD erythrocyte elasticity values on top of
the normal and SCT distribution, it is evident that
each peak in the focused SCD erythrocyte distribu-
tion corresponds to the same Young’s modulus
value as the SCT and normal RBCs, 3.0 and 1.0kPa,
respectively [33]. As seen in Fig. 6, oxygenated
RBCs have an additional peak at approximately
15kPa, whereas deoxygenated RBCs have an addi-
tional peak at approximately 40 kPa.

6 DISCUSSION

The Young’s modulus is the basic material coeffi-
cient of elasticity. It can range from ~100 GPa for
high-strength materials (steel, titanium) [59, 60]
to 100s MPa for typical polymers (polystyrene),
and 1MPa for soft gel-like materials (gelatin in its
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Fig. 4 Theoretical models for a pyramid indenter and a parabolic indenter fitted to the experi-
mental data for clinical SCD erythrocytes obtained via AFM. In these curves, the Young's
modulus values are (a) 0.65kPa, (b) 1.20kPa, (c) 8.50kPa, and (d) 13.0kPa. These curves
are representative of the force curves obtained for all SCD clinical samples of varying stiff-
ness values. From the given data at a broad range of Young’s modulus values, it appears
that the pyramid indenter model provides a better fit. Legend in (a) applies for all

gel-phase) [60]. Typical values for cells range from 1
to 100kPa [7, 8, 61-67]. In the present study, it has
been shown that sickle erythrocytes possess
Young’s modulus values between 1 and 60kPa
depending on their degree of oxygenation and the
percentage of HbS present in the erythrocytes. Both
oxygenated and deoxygenated samples of RBCs
from patients with SCD maintain a bimodal distri-
bution with peaks representative of normal RBCs
(E;=1.0 £ 1.1kPa) and SCT RBCs (E,=3.0 = 2.7 kPa)
[33]. Evidence of an additional peak is also present
for both oxygenated and deoxygenated samples at

E=15kPa and E=40kPa, respectively. The large var-
iation and presence of multiple peaks within the
distribution can be possibly attributed to patient
treatment with hydroxyurea.

Significantly higher Young's modulus values
resulting in peaks at E=15kPa for oxygenated cells
and E=40kPa for deoxygenated cells are a result of
the presence of polymerized HbS in the RBC sam-
ples from SCD patients. At high concentrations,
deoxy sickle hemoglobin results in the formation of
a seven-stranded polymer structure which increases
RBC rigidity [68]. Polymerization of deoxygenated
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Fig. 5 Experimental data for Young’s modulus. (a) The data shows the theoretical pyramid
model (equation (4)) fitted to the experimental data for normal, SCT, and SCD erythro-
cytes. In these curves, the Young’s modulus values for the normal, SCT, and both oxy-
genated and deoxygenated SCD RBCs are 1.30, 3.30, and 7.0kPa, respectively. Curves
shown are representative of the 500-600 force curves obtained for each normal and
SCT RBCs, and 1000+ curves for SCD clinical samples. (b) Histograms of the Young’s
modulus values determined for RBCs from normal, SCT, and both oxygenated and
deoxygenated SCD erythrocytes. Values for normal RBCs are Ejorma=1.10=*0.40kPa
and SCT RBCs are Escr=3.05*+ 1.09 kPa. SCD clinical samples reveal a bimodal distri-
bution with E;=1.0+1.1kPa, and E,=3.0 £2.7kPa, as well as higher (E>7.0kPa)
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Fig. 6 Histograms of the Young’s modulus deter-
mined for SCD RBCs maintained in oxygen-
ated and deoxygenated environments. The
Young’s modulus values obtained from fit-
ting the theoretical pyramid indenter model to
the experimental data were fitted with the
Gaussian distribution. The full distribution
shows evidence of an additional peak appear-
ing around 15kPa for the oxygenated RBCs
and 40 kPa for the deoxygenated RBCs

HbS is dependent on intraerythrocytic HbS concen-
tration, degree of cell oxygenation, pH, and the
intracellular concentration of HbF. Polymerized
HbS fibres form non-covalent cross-links and create
a gel that results in increased rigidity of RBCs [16,
18-21]. In addition, spectrin, which is the main pro-
tein responsible for the mechanical strength of the
erythrocyte, has been found to bind to hemoglobin
via the band 3 protein that binds almost exclusively
to hemoglobin fibres [32, 69]. Thus, in the deoxy-
genated state, interaction between the HbS fibres
that are connected to the membrane and the
HbS fibres in the cytoplasm could also contribute
to the measured increase in stiffness [70]. The data
obtained in this study shows evidence of a minimal
doubling of the Young’s modulus upon full deoxy-
genation of SCD erythrocytes. This can present
major problems in SCD patients because rigid
sickle RBC can cause microcirculatory obstruction,
resulting in vaso-occlusive crisis.

The small Young’'s modulus values found in the
present study for both oxygenated and deoxygen-
ated SCD erythrocytes are likely due to hydroxyurea
treatment, a variable in the obtained clinical sam-
ples. Hydroxyurea is the only approved medication
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for the treatment of SCD in adults; there are no
approved drugs for children [71, 72]. Hydroxyurea
stimulates the production of fetal hemoglobin
(HbF) in patients with SCD, which inhibits sickling
[73] by preventing effective contact between adja-
cent HbS molecules and also by forming mixed
hybrids with HbS that have greater solubility than
HbS polymers [72]. Increases in HbF contribute to
an increase in total Hb and a decrease in hemolysis
with the release of free hemoglobin [71]. It has been
proposed that hydroxyurea increases HbF indirectly
by killing rapidly dividing late erythroid cells, caus-
ing recruitment of more primitive erythroid precur-
sors which in turn produce high levels of HbF, or by
acting directly on the primitive precursors thereby
stimulating HbF production, the exact mechanism
by which hydroxyurea induces HbF is unclear [72].

7 CONCLUSIONS

In summary, the present study suggests a significant
impact of deoxy sickle hemoglobin in significantly
increasing the rigidity of SCD erythrocytes, thus
resulting in vaso-occlusive crisis. The presented
data leads to the conclusion that Young’s moduli
and standard deviations were E;=1.0 = 1.1kPa and
E>=3.0x2.7kPa for both oxygenated and deoxy-
genated SCD erythrocytes. Deoxygenated SCD ery-
throcytes also possessed an additional peak at
E=40kPa, whereas oxygenated SCD erythrocytes
possessed an additional peak at the significantly
lower value of E=15kPa. However, in contrast to
normal RBCs and SCT RBCs, SCD erythrocytes sub-
stantially deviate from the characteristic biconcave
shape and possess highly irregular morphologies
characterized by protrusions, elongation, bumps,
and enlargement associated with aggregation of
HbS fibres.

© Authors 2011
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APPENDIX

Notation

a radius of contact of tip with sample

A contact region of indentation

A separation region of indentation

d deflection of cantilever on the indented
half-space

E Young’s modulus

E reduced Young’s modulus

E; Young’s modulus of first bimodal peak
of oxy- and deoxy- samples

E, Young’s modulus of second bimodal
peak of oxy- and deoxy- samples

Erormal Young’s modulus of normal
erythrocytes

Esample Young’s modulus of the sample

Escr Young’s modulus of SCT erythrocytes

Eiip Young’s modulus of the tip

f profile of the punch

F force

Foaravolic force approximated by parabolic tip

Foyramid force approximated by pyramidal tip

g gap between the punch and the half-

space
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storage modulus

loss modulus

contact pressure

total contact force

radius of spherical tip

radius of curvature of tip

normal deformation of the indented
elastic half-space surface

Vsample

Vtip

Poisson’s ratio

Poisson’s ratio of the sample

Poisson’s ratio of the tip

deflection of the cantilever on the rigid
substrate

nominal angle of tip

tangential traction on half-space
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