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Effect of cell geometry in the evaluation of erythrocyte viscoelastic properties
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The red blood cell membrane-cytoskeleton is a complex structure mainly responsible for giving the cell
rigidity and shape. It also provides the erythrocyte with the ability to pass through narrow capillaries of the
vertebrate blood circulatory system. Although the red blood cell viscoelastic properties have been extensively
studied, reported experimental data differ by up to three orders of magnitude. This could be attributed to the
natural cell variability, to the different techniques employed, and also to the models used for the cell response,
which are highly dependent on cell geometry. Here, we use two methodologies based on optical tweezers to
investigate the viscoelastic behavior of healthy human red blood cells, one applying small cell deformations
(microrheology) and another imposing large deformations (tether extraction). We also establish a defocusing
microscopy-based method to characterize the cell geometry and thus the erythrocyte form factor, an essential
parameter that allows comparisons among the viscoelastic properties at different conditions. Moreover, for small
deformations, a soft glassy rheology model is used to discuss the results, while for large deformations two surface
shear moduli and one surface viscosity are determined, together with the surface tension and bending modulus
of the erythrocyte membrane lipid component. We also show that F-actin is not detected in tethers, although the
erythrocyte membrane has physical properties like those of other adherent cells, known to have tethers containing
F-actin inside. Altogether, our results show good agreement with the reported literature and we argue that, to
properly compare the viscoelastic properties of red blood cells in different situations, the task of cell geometry
characterization must be accomplished. This may be especially important when the influence of agents, like the
malaria parasite, induces changes in both the geometry and chemical constituents of the erythrocyte membrane.
Together, the new methodologies and procedures used in this study would allow the erythrocyte community
to better explore the mechanical behavior of red blood cells and may be useful to characterize erythrocyte
viscoelasticity changes in several blood diseases.

DOI: 10.1103/PhysRevE.101.062403

I. INTRODUCTION

Mature human red blood cells (RBCs) are extremely dif-
ferentiated and play a vital role in the respiratory system,
transporting gas to the cells from all tissues through the whole
body. The absence of a nucleus and other inner membrane
organelles along with a flexible membrane structure are fea-
tures that allow the RBCs to undergo large deformations
and to go through all blood vessels, including very narrow
capillaries that sometimes have smaller diameters than the
RBC typical length [1]. The huge amount of hemoglobin
molecules in the RBC is critical for oxygen transportation.
However, this molecule is also the most important source
of amino acids used by the malaria parasite Plasmodium
spp. during its replicative cycle inside RBCs [2]. All along
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its development, the parasite induces dramatic mechanical
changes on the RBCs. The most remarkable ones are the
increase of stiffness and reduction of membrane flexibility,
both being highly associated with malaria pathogenesis. It is
well known that microvascular congestion and sequestration
of infected RBCs in vital organs, such as the brain and lung,
are related to the most severe malaria cases, especially when
induced by the most virulent human malaria parasite, the
Plasmodium falciparum [3]. Better comprehension of how the
RBC mechanical properties change during the Plasmodium
falciparum erythrocytic cycle could help to develop new ther-
apeutic strategies to reduce the most severe cases related to
microvascular congestion and sequestration of infected RBCs.

The linear elastic response of an isotropic material is
characterized by two independent parameters: the compres-
sion modulus KV and the shear modulus G [4]. Two other
parameters widely used in elasticity theory are the material
Young’s modulus Y and its Poisson’s ratio σp. Y and σp are
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described as functions of KV and G, and for many materials,
σp = 1/3 and only the shear modulus is used to characterize
the material response, once KV = Y = 8G/3 in this situation
[4]. On the other hand, the linear viscous response of an
isotropic Newtonian liquid is also characterized by only one
parameter, the viscosity η, which is defined as the proportion-
ality constant between the shear stress and shear strain rate in
the material.

The red blood cell membrane-cytoskeleton complex, or
simply the RBC membrane, is composed mainly of a lipid bi-
layer associated with an underlying spectrin network, formed
by tetramers of about 200 nm in length. This network gives
the RBC not only its unique resistance to stress but also
allows it to deform and pass through the smallest capillaries
of the vertebrate circulatory system [5]. The RBC membrane
is a viscoelastic material, presenting both elastic and viscous
behaviors. Isotropic viscoelastic materials are characterized
by their complex shear modulus G∗(ω) = G′(ω) + iG′′(ω),
where ω is the angular frequency of the stress and strain in the
material. For ω → 0, G′(ω → 0) = G and G′′(ω → 0)/ω =
η [4]. G′ is the storage modulus and G′′ is the loss modulus of
the material.

The RBC membrane has an average thickness of ζ ≈
90 nm and length in the micrometer scale [6]. Thus, it can
be considered as a two-dimensional material with elastic
response described by two parameters, the area compression
modulus KA and the surface shear modulus μ. Its viscous
response is characterized by a surface viscosity ηS , a quantity
that relates shear stresses and strain rates on the membrane
surface. The relations between surface and bulk viscoelastic
parameters are obtained by multiplying the bulk parameters
by the membrane thickness [7], so that KA = KV ζ , μ = Gζ ,
and ηS = ηζ . Besides, considering that the RBC membrane
has a Poisson’s ratio σP = 1/3, its elastic response is only
characterized by μ = KA/2 [4].

Since the pioneering work of Evans et al. [8], the RBC
elastic (μ) and viscous (ηS) behaviors have been character-
ized using different techniques. Using micropipette aspira-
tion, values of the RBC membrane surface shear modulus
were obtained in the range of 1–10 pN/μm [9,10]. With the
analysis of membrane thermal fluctuations [11], much higher
values were obtained, μ ≈ 1000 pN/μm, and by measuring
the local amplitude of membrane flickering a much smaller
value (μ ≈ 0) was used to explain the results. The surface
viscosity also varies among published results in the range
of 0.7–9 pN s/μm [12–14], possibly due to variations in the
surface shear modulus, since the most employed technique
assumes that ηS = μtc [15], where tc is the RBC relaxation
time after being stretched and released to return to its relaxed
form.

For the complex shear modulus G∗(ω), few reported results
can be found in the literature. Using dynamic light scattering,
values of the RBC storage and loss moduli were reported in
the range of 0.01–1 Pa, for linear frequencies, f = ω/(2π ),
varying between 1 Hz < f < 100 Hz [16]. The above results
were compared to the apparent complex elastic modulus g∗(ω)
obtained by optical magnetic twisting cytometry, multiply-
ing the results in Ref. [17] by a factor of 84. The authors
used this multiplicative factor for comparison purposes and
claimed that it was employed to convert two-dimensional (2D)

in-plane shear modulus into three-dimensional (3D) shear
modulus. Furthermore, the complex shear modulus and the
apparent elastic modulus for the RBC membrane-cytoskeleton
complex were reported as obeying a power law in frequency
with exponent α ≈ 0.6. A precise definition for the form
factor Ff that relates forces and deformations to stresses and
strains in the RBC membrane is needed to possibly clarify the
causes for the observed discrepancies.

Optical tweezers (OT) techniques are tools used to exert
forces on the scale of pN (1 pN = 10−12 N), and to measure
deformations of the order of μm. They are versatile and
relatively low-cost instruments that enable single-cell exper-
iments, and thus are suitable for investigating the cell me-
chanical properties. The RBC elastic constants and viscosity
parameters measured by optical tweezers are not only related
to biochemical alterations in the membrane but also with the
cell geometry. In this work, we characterized the erythrocyte
morphology by using defocusing microscopy to get the RBC
height profile [18] and thus the cell form factor. The form
factor was used to discuss the obtained results.

With OT-based microrheology experiments [19], we de-
termined the complex shear modulus of the RBC membrane
as a function of the angular frequency of an external load.
We found that the RBC membrane rheology can be well
described by a soft glassy material model, with a power
law dependence of the complex shear modulus with the
load angular frequency. Besides the power law exponent, the
proposed phenomenological model is characterized by two
shear moduli and one low-frequency viscosity, all demanding
information about the cell geometry to be correctly evaluated.

With OT-based tether extraction experiments [20], we ana-
lyzed the RBC membrane viscoelasticity by measuring two
surface shear moduli and one surface viscosity parameter.
Moreover, we also determined the surface tension and bending
modulus for the lipid component of the RBC membrane.
Confocal microscopy was used to evaluate the presence of
F-actin inside tethers and scanning electron microscopy to
measure the tether radius. We showed that F-actin was not
detected in tethers although the erythrocyte membrane has
physical properties similar to those of adherent cells, known
to have tethers containing F-actin inside.

In summary, we show that the cell geometry must be
considered in order to properly evaluate the RBC membrane
viscoelastic properties. This can be especially important when
the influence of agents, like the malaria parasite, alters both
geometry and chemical constituents of the RBC membrane.

II. THE RED BLOOD CELL FORM FACTOR

In order to determine the relationship between the RBC
complex elastic constant K∗(ω) and its complex shear mod-
ulus G∗(ω), the defocusing microscopy was considered to
characterize the RBC height profile and to determine the
membrane perimeter as a function of the position in the
direction of force application in the cell. As described in
Ref. [18], defocusing microscopy is a bright-field microscopy
technique sensitive to the light phase in the sample.

To identify the influence of the material geometry charac-
terized by the form factor in rheology experiments consider,
for instance, a block of Young’s modulus Y . Supposing now
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FIG. 1. Representation of the deformed RBC when subjected to
a pair of forces with magnitude F . ζ is the membrane thickness, and
zs and zi correspond to the cell limits in the z direction.

that this material has a cross section area A and length l , when
it is subjected to a pair of opposed forces, with magnitude
F , its length increases by a value �l , and the following
relationship can be written:

F = Y

(
A

l

)
�l. (1)

This is the expression for Hooke’s law with an elastic constant
k = Y (A/L) that depends on the material elasticity parameter
(Y ), and also on its geometry (form factor defined as A/l , for
this case). The defocusing microscopy has been used to study
adherent cells and erythrocytes in a series of published works
[21–24], one reason why it is employed here to characterize
the RBC morphology.

When the RBC is subjected to a pair of forces with mag-
nitude F (see Fig. 1), the cell deformation δ in the z direction
can be determined assuming that the RBC is composed by a
set of cylindrical shells associated in series, such that each one
has length dz and area p(z)ζ , with p(z) being the perimeter
of the RBC height profile obtained by the intersection of the
RBC membrane with the plane z, and ζ being the membrane
thickness. So,

δ = F

ζY

∫ zs

zi

dz

p(z)
, (2)

where Y is the Young’s modulus of the RBC membrane,
treated as a bulk material. zs and zi correspond to the cell limits
in z direction.

The RBC height profile obtained applying the defocusing
microscopy technique is then used to evaluate the integral
described in Eq. (2), which we associate with the inverse of
the form factor Ff :

Ff =
(∫ zs

zi

dz

p(z)

)−1

, (3)

and hence

F = Y ζFf δ = kRBCδ, (4)

where kRBC = Y ζFf is the elastic constant of the RBC. The
relation between the complex elastic constant and the shear
modulus is found using the corresponding principle in rhe-
ology [25], which states that the rheological response is
obtained by substituting the elastic shear modulus by the
complex shear modulus in the equation relating the Fourier
transform of force F̃ (ω) and displacement δ̃(ω), that is,

F̃ (ω) = K∗(ω)δ̃(ω). (5)

For a material with Young’s modulus Y and Poisson’s ratio
σP = 1/3, Y and G are related by Y = 8G/3 [4]. Replacing Y
in Eq. (4) by 8G/3, and G by G∗(ω) after taking the Fourier
transform of E. (4), we get

K∗(ω) = 8
3 Ff ζG∗(ω). (6)

Equation (6) can be written as

K∗(ω) = λG∗(ω), (7)

where λ = 8
3 Ff ζ has unit of length and is used to relate the

complex elastic constant with the complex shear modulus.

III. MATERIALS AND METHODS

A. Cell samples

Blood samples used in this study were provided by healthy
adult volunteers. A written form of consent was issued to
and collected from all volunteers. The procedures applied
for collecting and subsequent use of samples were per-
formed in accordance with a protocol previously approved
by the Research Ethics Committee of the University Hospital
Clementino Fraga Filho from the Universidade Federal do Rio
de Janeiro (Permit No. 074/10). A diminutive drop of fresh
blood was first collected from one finger of each volunteer.
Next, a suspension of red blood cells was obtained by mixing
0.2 μL of whole blood with 500 μL of phosphate buffered
saline (PBS) supplemented with 1 mg/mL bovine serum
albumin (BSA), following a previously established protocol
[26]. Then 150 μL of this suspension was placed inside a
rubber ring, with a diameter of 10 mm and a thickness of
2 mm, preattached to a clean glass coverslip using silicone
grease. After 5 to 10 min, the cells adhered weakly and
nonspecifically to the glass substrate. The adhesion was char-
acterized by a small area as seen in the bright-field [Fig. 4(a),
black arrows] and scanning electron microscopy [Fig. 4(d),
white arrows] images, pointing out the adhesion spots. Then,
0.2 μL of a (10% v/v) solution of polystyrene microspheres
(Polysciences, Warrington, USA) of radius (1.52 ± 0.02) μm
was added, and the sample was taken to the OT microscope.

B. Optical tweezers

The OT setup employed in this work was previously
described [19,27]. Briefly, a linearly polarized laser beam
(IPG Photonics, model YLR-5-1064LP) with wavelength of
1064 nm in TEM00 mode was directed to the back entrance of
a PLAN APO 100 × 1.4 NA DIC H Nikon objective of an in-
verted microscope Nikon TI-S (Nikon, Melville, NY). The op-
tical trap was calibrated using the Stokes method and the trap
transverse stiffness κ per unit power at the objective entrance
PE was determined: κ/PE = (0.16 ± 0.02) pN μm−1 mW−1,
giving κ = (96 ± 12) pN/μm for the laser power set in the
experiments.

C. Red blood cell tether extraction

To extract a tether, an uncoated polystyrene microsphere of
radius (1.52 ± 0.02) μm was captured using the OT, and then
the sample was moved until the trapped sphere was placed
over an RBC attached to the coverslip [see Fig. 4(a), mark 1].
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The trapped bead was then pressed against the RBC surface
for 5 s to allow bead attachment. The polystyrene beads were
attached to the RBC surface by nonspecific adhesions which
likely involves van der Waals forces. Previous studies from
our group have shown the strong attachment of uncoated
polystyrene beads to the surfaces of different cells [19,20,27–
29]. Moreover, it was already demonstrated that bead coating
and size do not seem to affect tether force measurements
[20]. The coating only helps to induce a more efficient first
contact between the bead and cell surface. The most important
caution during the experiment was to properly press, by
defocusing the sample, the OT-trapped-bead against the cell
surface, increasing the optical force intensity when pressing
the sphere against the cell surface. After that, the sample
was displaced using a piezoelectric positioning system E710
(PI, Germany) at constant speed VT . The sample movement
induced a change in the equilibrium position of the trapped
bead over time, and the RBC deformed until it reached a
point where a thin membrane tube (tether) was formed [20].
Images of the entire process were recorded by a CMOS
camera C11440-10C (Hamamatsu, Japan) at a frame rate of
25 Hz. Before attachment to the RBC, a movie of a trapped
microsphere was also recorded in order to determine a posi-
tion reference for zero force. To determine the microsphere
center of mass in each frame of a tether extraction movie,
the ImageJ software (National Institutes of Health, Bethesda,
MD) was employed. Finally, by using the displacement of
the microsphere in relation to the reference for zero force,
and the trap calibration, the tether force was obtained. The
data were analyzed using Kaleidagraph software (Synergy
Software, USA). All the tether extraction experiments were
performed at room temperature (25 ± 1) ◦C. For all tether
pulling speeds, the sample was displaced by a fixed distance
of 20 μm, resulting in tether lengths of about ≈10 μm.

D. Tether recoil

After pulling a tether with a length of 10 μm, the piezo-
electric positioning system was stopped and the optical trap
was turned off, releasing the microsphere, which moved to-
ward the RBC as the tether length decreased, until the sphere
touched the cell. A movie of the entire process was recorded,
and the center-of-mass position (ρr) of the microsphere dur-
ing tether recoil was determined as a function of time. The
experiments were performed in four different RBCs and for
two extraction pulling speeds, VT = 0.5 and VT = 5.0 μm/s.
To determine the characteristic decay times on tether recoil
experiments, we adjusted the curves of ρr for each condition
with two added exponential functions with different decay
times.

E. Scanning electron microscopy

The measurements of tether radius extracted from RBCs
were performed following the same procedures described in
Ref. [20]. Immediately after the tether extraction experiments,
the beads used to extract the tethers were attached to the cover-
slip. The samples were then fixed with glutaraldehyde, 2.5%,
in a 0.1M cacodylate buffer (pH = 7.4) for 40 min at room
temperature, dehydrated in an ethanol series, critical-point-

dried (BAL-TEC, Fuerstentum, Liechtenstein), mounted on
specimen stubs, gold-sputtered (BAL-TEC), and observed in
an EVO 40 scanning electron microscope (Carl Zeiss, Jena,
Germany). After image acquisition and analysis, the tether
radius value was obtained following the procedures described
in Ref. [20], and using the analysis of the gray level profile in
the direction perpendicular to the tether axis.

F. Confocal fluorescence microscopy

Immediately after tether pulling experiments with opti-
cal tweezers, the RBCs were fixed for 15 min with PBS-
paraformaldehyde 4%, treated with PBS-triton X100 0.2% for
5 min, blocked with PBS-BSA 5% (Sigma-Aldrich, USA) for
30 min and incubated for 2 h with phalloidin-FITC (Sigma-
Aldrich, USA). The sample was then moved to a TCS-SP5 II
confocal microscope (Leica Microsystems, Germany). Con-
focal fluorescence images were captured employing LAS AF
2.2.0 software (Leica Microsystems). Confocal Z projection
images in the XZ direction showing RBC cells stained for F-
actin (using Phalloidin-FITC) were collected at every 0.3 μm
also using the LAS AF 2.2.0 software (Leica Microsystems).

The fluorescence intensity (FI) associated the amount of
F-actin inside the tether for tethers extracted from the surface
of RBCs were measured. The fluorescence intensity values
obtained were considered as the mean ± standard error of four
different tethers. The fluorescence intensity inside the RBC
cell (FI(cell)) was also measured. All values were normalized
by FI(cell).

G. Defocusing microscopy and form factor

In order to characterize the shape of deformed and un-
deformed RBCs, 5000 focused images and 5000 defocused
images (2 μm) of the same cell were obtained at a capture
rate 110 Hz, and averaged to give the results presented in
Figs. 2(a), 2(b), 2(d), and 2(e). The deformed RBCs were
obtained by extracting a tether and fixing the microsphere
to the coverslip. The images were analyzed with ImageJ
using defocusing microscopy to get the RBC height profiles
presented in Figs. 2(c) and 2(f).

Following Ref. [18], the uncertainty associated with the
axial position (�z) can be estimated by

�z = nob�Cmin

�n∇2H (0)
, (8)

where nob = 1.5 is the glass refractive index, �n = 0.06 is the
difference between the refractive index of the RBC and the
medium, and ∇2H (0) = 1.7 μm−1 is the Laplacian of RBC
height profile at the cell center. For the optical setup with a
Hamamatsu camera employed in this work, �Cmin ≈ 0.02, so
�z ≈ 0.3 μm.

A customized ImageJ macro together with Kaleidagraph
were used to determine the form factor from the RBC height
profiles.

H. Red blood cell microrheology

The RBC microrheology experiments were performed
adapting the procedures previously described [19]. Briefly,
two polystyrene microspheres of radius (1.52 ± 0.02) μm
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FIG. 2. Images for morphological characterization of RBC
height and tether radius. [(a), (d)] In-focus images of nondeformed
and deformed RBC, respectively. [(b), (e)] 2-μm defocused images
of nondeformed and deformed RBC, respectively. [(c), (f)] 3D recon-
struction of nondeformed and deformed RBC, respectively, obtained
with defocusing microscopy.

were used [19]. The first one was fixed to the coverslip, in a
region near a chosen RBC, to be used as a position reference.
The other microsphere was trapped and adhered to the chosen
RBC surface. The cell was then stretched until its deformation
reached the value for the situation described in Fig. 4(a), mark
2. In this situation, the cell had approximately the same form

FIG. 3. RBC microrheology results. (a) Storage elastic constant
(K ′) as a function of the loss elastic constant, K ′′. (b) Storage
shear modulus (G′) as a function of the loss shear modulus, G′′.
(c) Complex shear modulus G∗(ω) as a function of the angular
frequency ω. Continuous lines in panels (a) and 9b) represent linear
fits and in panel (c), fits to Eqs. (19) and (20); see text for details.

as that described in Fig. 4(b), after tether extraction. The
sample was then subjected to a sequence of five cycles of
harmonic oscillatory motions with amplitude ξ0 = (1.000 ±
0.001) μm. Each cycle had steps with the following linear
frequencies f : 1, 7, 14, 21, 28, and 35 Hz. Images of the
entire process were recorded using a Digital Hamamatsu
C11440-10C camera with a capture rate of circa 790 Hz. The

062403-5



FRAN GÓMEZ et al. PHYSICAL REVIEW E 101, 062403 (2020)

FIG. 4. Tether extraction experiment: (a) Sequence representing the increase in the cellular deformation as the sample moves (marks 1 to
3), the point in the extraction process where the force has its maximum value (mark 3), and the force plateau (mark 4) in the tether extraction.
Black arrows indicate adhesion spots. (b) Tether image, scale bar 5 μm. (c) Force curve; see text for details. (d) SEM image of a tether used
to measure the tether radius. White arrows indicate adhesion spots. Scale bar 5 μm. (e) Determination of the tether radius using the gray level
profile obtained from the SEM image; see Ref. [20] for details. With the SEM image analysis the value of R0 = (46 ± 2) nm was obtained. (f)
Tether extraction force Fe as a function of the extraction pulling speed VT .

ImageJ and Kaleidagraph programs were, respectively, used
to analyze the images and data.

The position ξ (t ) of the reference microsphere follows the
sample movement and is described by

ξ (t ) = ξ0 cos(ωt ), (9)

where ω = 2π f is the angular frequency. The position ρ(t ) of
the microsphere attached to the RBC and trapped by the OT is
given by [19]

ρ(t ) = ξ0 cos(ωt ) − ξ ′ cos(ωt − ϕ), (10)

where ξ ′ is the out of phase amplitude and ϕ is the out of phase
angle. Both quantities are related to the RBC complex elastic
constant K∗(ω) = K ′(ω) + iK ′′(ω), as shown below:

K ′(ω) = κ (ξ0/ξ
′) cos(ϕ) − κ, (11)

and

K ′′(ω) = κ (ξ0/ξ
′) sin(ϕ) − ωβ, (12)

where κ is the OT elastic constant and β is the Stokes-Faxén
fluid friction coefficient [20] for the trapped microsphere at a
distance h = (2.5 ± 0.5) μm of the coverslip. The value of h
was evaluated by image analysis [19]. For each value of linear
frequency f , and each condition tested, five measurements
were performed. Values of K ′ and K ′′ were determined as
the average results obtained using Eqs. (11) and (12) and the
analysis of the reference and trapped microsphere positions.

The error bars were considered as the standard errors of the
means.

I. Red blood cell soft glassy rheology model

The soft glassy rheology model was developed by Sollich
et al. to describe glassy materials such as emulsions, pastes,
and slurries [30]. The model is based on two properties shared
by these materials, metastability and structural disorder. The
complex shear modulus of soft glassy materials is described
by a power law dependency of the storage and loss moduli
with frequency and a linear relation between them. It has
been shown [31,32] that the soft glassy rheology model can
be used to characterize the viscoelastic response of cells. A
universal weak power law with exponent value ≈0.2 was
observed for different types of adherent cells in a large range
of frequencies. We propose that the model can also be used to
describe RBC viscoelasticity.

The complex RBC elastic constant K∗(ω) [19] was mea-
sured as a function of the harmonic oscillatory stimulus of
angular frequency ω. K∗(ω) = K ′(ω) + iK ′′(ω) where K ′(ω)
is the storage elastic constant and K ′′(ω) is the loss elastic
constant. K∗(ω) is related to the RBC complex shear modulus
G∗(ω) = G′(ω) + iG′′(ω) by Eq. (6), where Ff is a form
factor that depends on the RBC geometry and ζ is the RBC
membrane thickness. G′(ω) and G′′(ω) are, respectively, the
RBC shear storage and shear loss moduli.
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The generalized Maxwell-Wiechert rheology model [33]
was used to characterize the RBC membrane in this work. It is
represented by an association of a spring, with constant shear
modulus Gm, in parallel to an infinite number of Maxwell
blocks (one spring associated in series with a dashpot),
each one with a specific relaxation time. The association of
Maxwell elements can be represented by a complex shear
modulus G∗

SG(ω), that shows a power law dependence with
angular frequency, this being a characteristic of soft glassy
materials (SGM) [31]. The SGM storage modulus is given by

G′
SG(ω) = G0

(
ω

ω0

)α

, (13)

and the SGM loss modulus is written as

G′′
SG(ω) = G0 tan(δ)

(
ω

ω0

)α

, (14)

where G0 is the low-frequency storage modulus, defined as the
storage modulus at the frequency ω0 = 1 rad/s, tan(δ) is the
ratio G′′

SG/G′
SG that is constant for SGM, and α (0 < α < 1)

is a parameter that characterizes the material’s viscoelastic
response. α = 0 means solid behavior and α = 1 indicates
liquid behavior [19,31].

For viscoelastic materials, besides the complex shear mod-
ulus, the complex shear viscosity η∗(ω) [34] can also be
defined as

η∗(ω) = [G∗(ω)/(iω)]. (15)

The complex viscosity η(ω) is given by the magnitude of the
complex number that describes the complex shear viscosity:

η(ω) = |η∗(ω)| = 1

ω

√
[G′(ω)]2 + [G′′(ω)]2. (16)

For an SGM, ηSG(ω) is then written as

ηSG(ω) = η0

(
ω

ω0

)α−1

, (17)

where η0 is a constant, given by

η0 = (G0/ω0)
√

1 + tan(δ)2. (18)

η0 can be seen as the material viscosity at frequency ω0. In
all the analysis done in this work, we set ω0 = 1 rad/s. For
this reason, η0 is called the low-frequency viscosity of the
material. In terms of α, G0, Gm, and η0 the storage and loss
moduli of the RBC can then be written respectively as

G′(ω) = Gm + G0

(
ω

ω0

)α

(19)

and

G′′(ω) = G0

(
ω

ω0

)α
√(

ω0η0

G0

)2

− 1. (20)

IV. RESULTS

A. Red blood cell form factor

We measured the form factor of the deformed RBC by ana-
lyzing its height profile using defocusing microscopy, and 3D
representations of nondeformed and deformed erythrocytes

are presented in Figs. 2(a)–2(f). For the deformed condition,
we found Ff = (0.64 ± 0.02) after the analysis of ten images
with the standard error of the mean considered as the error
bar. For the nondeformed condition, the same procedure was
applied to fifteen images, and we found the value (1.28 ±
0.01) for the form factor in this case. This result indicates
that a factor of about 2 in the values of the RBC storage and
loss shear moduli could be observed if the Ff parameter is
not properly considered. The RBC membrane thickness can
be determined by adding the reported value for RBC cortical
cytoskeleton thickness (82 ± 8) nm [6] to the phospholipid
bilayer thickness 5 nm, giving ζ = (87 ± 8) nm. We found for
the deformed RBC λd = (0.15 ± 0.01) μm, and so K∗(ω) =
[(0.15 ± 0.01) μm]G∗(ω).

B. Red blood cell microrheology

Figure 3(a) shows the storage elastic constant as a function
of the loss elastic constant obtained by the RBC microrhe-
ology experiments. The complex elastic constant associates
forces with deformations (elastic response) and speeds (loss
response). To obtain the relationship between stresses and
strains, the cell morphology must be considered. Using defo-
cusing microscopy and the form factor definition, we found
K∗(ω) = [(0.15 ± 0.01) μm]G∗(ω), and the complex shear
modulus was determined from the measured complex elastic
constant. The results are presented in Fig, 3.

From the linear fit shown in Fig. 3(b), the value of Gm =
(49 ± 5) Pa was found. After fixing this value in the G′(ω) fit
to Eq. (19), the values of G0 = (5 ± 1) Pa and α = (0.65 ±
0.06) were obtained. Finally, after using the result for G0 ob-
tained from the fit to Eq. (19), and fixing it in the G′′(ω) fit to
Eq. (20), η0 = (9.9 ± 0.6) Pa s and α = (0.64 ± 0.02) were
determined [Fig. 3(c)]. The method of least squares was used
to get the average values and respective uncertainties from the
data. The linear dependency of G′(ω) with G′′(ω) agrees with
the hypothesis that the RBC membrane can be modeled as
a SGM. Besides, the average value for α, ᾱ = 0.65 ± 0.03,
indicates that the RBC membrane is a viscoelastic material
with a liquid-like behavior.

The soft glassy behavior was previously observed in the
elastic response of adherent cells [31]. In that case, the power
law coefficient describing the complex shear modulus has
a value near 0.2, indicating a solid-like behavior. The RBC
by its turn is a very peculiar cell, since it does not have
a nucleus and its role in the human body demands that it
must flow with blood. A power law in the frequency, for the
viscoelastic response of RBCs, with a value near 0.6, was
also previously observed, without any mention of the soft
glassy model [17]. The soft glassy phenomenological model
in this study indicates that RBCs, when deformed, present a
liquid-like behavior, a signature of the peculiar mechanical
properties of these cells. This feature is used by the RBCs
to allow them to pass through the narrowest capillaries of the
blood circulatory system.

C. Tether extraction experiments

Figures 4(a)–4(c) present a typical result of a tether ex-
traction experiment performed in a healthy RBC placed in
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FIG. 5. Images of tethers extracted from RBCs do not present
F-actin staining. (a) (1) Confocal image of an RBC cell stained
for F-actin (phalloidin-FITC), (2) bright-field image of the RBC
cell presented in (1), a membrane tether is observed between the
RBC surface and the bead, (3) bright-field/fluorescence merge image
showing that the tether extracted from RBC does not present F-actin
staining. Scale bar is 5 μm. (b) Plot representing the fluorescence
intensity (FI) of cell and tether, normalized by the mean fluorescence
intensity inside the cell (FI(cell)). Standard errors were used as error
bars. Four different tethers extracted from different RBC cells were
used for quantification (∗∗ means p < 0.01 in t-test statistics, when
comparing cell and tether experimental conditions). (c) Confocal Z
projection image in the XZ direction showing the RBC cell stained
for F-actin. Z-stack images were collected at every 0.3 μm.

an isotonic medium. When the sample started to move the
cell, was deformed and the microsphere equilibrium position
in the OT (marks 1, 2, and 3) changed, applying a force
of intensity F in the cell-bead contact area. As the cell
deformation increased with time t , the RBC applied force also
increased until a maximum value Fm. After that, a membrane
tether was formed and the force to increase the tube length,
the extraction force Fe, remained constant during extraction
(mark 4). In the case of Fig. 4(c), the tether pulling speed was
0.5 μm/s. For t = te = 40 s, the sample stage was stopped,
and a relaxation process in the force was observed. This
process is characterized by a relaxation time τ that depends on
the tether extraction experimental conditions. The tether force
value F0 was determined by the asymptotic value of force in
the limit when time goes to infinity (mark 5).

1. Viscoelastic parameters

We defined the cell elastic constant when the system
reaches equilibrium (k∞) as the tether force divided by the cell
deformation �x∞, measured with image analysis [Figs. 6(a)

FIG. 6. (a) Nondeformed RBC attached to a microsphere. (b) De-
formed RBC after tether formation when the force reaches the
equilibrium value F0; �x∞ is the cell deformation for this situation.
Scale bar 5 μm. [(c), (d)] Force relaxation observed in an RBC before
tether formation. Marks on panel (c) (scale bar 5 μm) are related with
time instants and respective force values in panel (d). The sample
was stopped before tether formation at instant t ∼ 12 s (mark 3). A
force relaxation process with a decay time ≈15 s, without visible
changes in the cell morphology, is observed. (e) Typical result of
a tether recoil experiment. Two conditions are represented, after
pulling a tether with VT = 0.5 μm/s (circles) and VT = 5.0 μm/s
(squares). For the tether pulling speed of 0.5 μm/s, the decay times
τ1 = (0.092 ± 0.007) s and τ2 = (1.4 ± 0.4) s are determined. For
the tether pulling speed of 5.0 μm/s, the decay times τ1 = (0.06 ±
0.01) s and τ2 = (0.6 ± 0.2) s are obtained.

and 6(b)], so

k∞ = F0

�x∞
. (21)
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TABLE I. Tether extraction results obtained for different tether pulling speeds.

VT (μm/s) Fm (pN) Fe (pN) F0 (pN) σ (pN/μm) B (pNμm) τ (s)

0.2 (n = 6) 100 ± 10 53 ± 4 36 ± 3 62 ± 6 0.26 ± 0.02 45 ± 4
0.5 (n = 6) 110 ± 10 69 ± 1 44 ± 5 76 ± 9 0.32 ± 0.04 27 ± 3

1.0 (n = 20) 123 ± 6 83 ± 2 47 ± 2 81 ± 5 0.34 ± 0.02 18 ± 2

We found k∞ = (10.3 ± 0.5) pN/μm, averaging results for
all the tether extractions performed. Considering the RBC
form factor measured for the deformed condition, a shear
modulus G∞ = (69 ± 6) Pa was obtained.

In a similar way, we defined the large deformation elastic
constant kmax as

kmax = Fm

�xmax
, (22)

where �xmax is the maximum deformation applied to the
RBC before tether formation. We found that kmax did not
change with VT and had value kmax = (25 ± 1) pN/μm, av-
eraging results for all the tether extractions performed and
considering all pulling speeds used. Figure 4(a) indicates that
the RBC morphology did not change appreciably when we
compare the equilibrium and large deformation conditions.
This observation suggests that the difference between kmax

and k∞ is related to membrane-cytoskeleton stiffening for
large deformations [35]. Besides, considering the RBC form
factor measured for the deformed condition, a shear modulus
Gmax = (167 ± 13) Pa was obtained.

Hochmuth et al. [13] postulated three dissipative processes
responsible for energy dissipation during tether extraction.
These processes are characterized by three surface viscos-
ity parameters related to the friction of the external RBC
membrane monolayer and the external medium, the friction
of the internal RBC monolayer with the RBC cytoskeleton,
and the friction between the two RBC membrane monolayers.
The combination of all these processes is represented by
an effective surface viscosity parameter ηeff that relates the
extraction force Fe, the extraction pulling speed VT , and the
tether force F0 by

Fe = F0 + 2πηeffVT . (23)

Figure 4(f) shows the linear fit of the values presented in
Table I using Eq. (23). We found ηeff = (6.0 ±
0.6) pN μm−1 s.

The decay time τ was obtained by adjusting the decay
process in the tether force with the equation

F (t ′) = (Fe − F0)e−t ′/τ + F0, (24)

where t ′ = t − te, and te is the value of time when the tether
extraction is interrupted: F (te) = Fe (see Fig. 4).

The force decay after stopping the sample movement in
the tether extraction experiment indicates that a dissipative
process with a decay time τ ≈ 30 s is taking place. To inves-
tigate if the relaxation process described in Fig. 4 was related
to the tether or to the whole RBC, we used OT to deform an
RBC with an amplitude similar to the one described in mark
2 of Fig. 4, and measured the force acting on the cell. As
can be seen in Figs. 6(c) and 6(d), a force relaxation process
with a characteristic timescale of the same order of τ was

observed, although the cell deformation remained fixed. We
assign this relaxation with an RBC membrane-cytoskeleton
rearrangement not directly related to the cell deformation.

2. Elastic parameters for the lipid bilayer

The bending modulus B of the RBC membrane is given by
[20,36]

B = F0R0

2π
, (25)

and the surface tension σ of the RBC membrane is

σ = F0

4πR0
, (26)

where R0 is the tether radius. To determine σ and B, we
measured F0 with OT-tether extraction and R0 with scanning
electron microscopy. Figure 4(d) shows a scanning electron
microscopy (SEM) image of a tether extracted from a healthy
RBC. The value of tether radius was determined using the
SEM image, from the analysis of the gray level profile
[Fig. 4(e)] in a direction perpendicular to the tether axis
[20]. We found R0 = (46 ± 2) nm, where the error bar was
determined by the standard error of the mean obtained from
20 different tether SEM images. The SEM image also shows
that the tether radius can be considered constant over the tether
length. The analysis of the gray level profile perpendicular
to the tether length for two different positions, 1 μm from
the cell surface and 1 μm from the bead surface, showed a
difference of only 5%. Results for the RBC tether extraction
experiments using three different pulling speeds are presented
in Table I.

Using confocal microscopy, we investigated actin local-
ization inside RBC extracted tethers. Figure 5 shows that
we were not able to detect F-actin in the tethers based on
quantitative analysis of their fluorescence intensities, unlike
that previously observed for fibroblasts [20] and central ner-
vous system cells [28]. However, the surface tension and
bending modulus values of the RBC membrane are like those
of adherent cells [20,28]. Besides, for the RBC, σ and B
values increased significantly when comparing results for
tether pulling speeds of 0.2 and 1 μm/s (Table I).

V. DISCUSSION

This work has begun to establish a precise methodology
to measure the RBC mechanical properties for future applica-
tions in Plasmodium falciparum–parasitized erythrocytes. We
chose OT- based microrheology and tether extraction experi-
ments to characterize the viscoelastic properties of the RBC
membrane (lipid bilayer associated with cortical cytoskele-
ton), its lipid bilayer surface tension, and bending modulus.
References in literature point to some discrepancies in the
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RBC rheology that may be partially attributed to changes in
the cell morphology. Here we characterized the RBC form
factor using the well-established and noninvasive defocusing
microscopy technique [21,23,24], as a possible way to clarify
these reported differences. The complex shear modulus that
characterizes the composite membrane can be obtained only
if the geometry is considered [19] and to the best of our
knowledge this was not properly performed before for RBC
microrheology and tether extraction experiments.

Two methodologies were used to characterize the vis-
coelastic properties of the RBC membrane, one applying
small cell deformations (microrheology) and another impos-
ing large cell deformations (tether extraction experiments).
With microrheology, cell deformations between 0.1 to 0.4 μm
were imposed as the linear frequency of the sample dis-
placement varied from 1 to 35 Hz. The cell length along the
direction of deformation was ≈15 μm [see Fig. 2(f)]. We es-
timated that for this case the applied RBC strains ranged from
0.7% to 2.7%. On the other hand, during tether extraction
experiments, we conjecture that there was a detachment of the
phospholipid bilayer from the cortical cytoskeleton, and the
RBC was submitted to a stretching procedure that imposed
strains of the order of 50% (see Figs. 2 and 4), far from what
should be expected for a linear elastic response. However,
after tether formation the RBC strain was kept almost constant
and only one characteristic relaxation time was observed [see
Fig. 4(c)].

The low-frequency (ω ∼ 1 rad/s) RBC surface shear mod-
ulus obtained with microrheology measurements can be
written as μ = (Gm + G0)ζ = (54 ± 5) pN/μm2 × (0.087 ±
0.008) μm, μ = (4.7 ± 0.6) pN/μm. This value is in agree-
ment with those for the RBC surface shear modu-
lus reported in the literature [9], [10]. Whereas for
tether extraction experiments, two surface shear moduli
can be defined, μ∞ = G∞ξ = (69 ± 6) pN/μm2 × (0.087 ±
0.008) μm, μ∞ = (6.0 ± 0.8) pN/μm, and μmax = Gmaxξ =
(167 ± 13) pN/μm2×(0.087 ± 0.008) μm, μmax = (15 ± 2)
pN/μm. Considering the error bars, μ and μ∞ are not

significantly different. We also observe that μmax is more than
twofold higher than μ. Since we did not observe changes
in cell morphology after stretching the cell in the range of
deformations used to define μmax, we conclude that the RBC
membrane stiffens with increasing cell deformation, also in
agreement with reported results [35].

With microrheology and tether extraction experiments,
two different surface viscosity parameters can be de-
fined. One is the low-frequency surface viscosity of
the RBC membrane complex which is given by ηS0 =
η0ζ = (9.9 ± 0.6) Pa s × (0.087 ± 0.008) μm, ηS0 = (0.9 ±
0.1) pNμm−1 s. The value found is also in agreement with
other reported results obtained from different experimen-
tal approaches [12,14]. The characteristic timescale defined
by τ0 = ηS0/μ = (0.19 ± 0.03) s gives the well-characterized
[37] RBC shape recovery relaxation time. On the other hand,
tether extraction experiments allowed us to obtain ηeff =
(6.0 ± 0.6) pN μm−1 s, which is one order of magnitude
greater than ηS0. This difference is attributed [13,38] to the
phospholipid bilayer detachment that occurs when the tether
is formed. The characteristic timescale defined by large defor-
mations can be written as τmax = ηeff/μmax = (0.40 ± 0.06).

Although τmax and τ0 are significantly different, τmax is also in
the range of the RBC shape recovery relaxation time.

The values for decay time measured in our tether extraction
experiments (18 s < τ < 45 s) are one order of magnitude
larger than τ0 and τmax, and out of the range of most reported
results in the literature (0.1–0.3 s) [37]. A decay time of about
≈10 s was also observed in hydrodynamic deformation ex-
periments in which cells were submitted to large strains after
passing through engineered microchannels [37]. This slow
relaxation was associated with rotation of the cell after a much
faster shape recovery with a characteristic time of ≈0.3 s.
However, this does not seem to be the mechanism responsible
for the results, since in our experiments the RBCs are attached
to the substrate. A decay time of ≈50 s was also observed after
stopping tether pulling from outer hair cells [38], although the
authors did not mention any possible mechanism that could
be responsible for it. A decay time of ≈10 s was observed
after stopping tether pulling from HEK293 cell lineage [39],
and it was related to the tether radius relaxation wherein the
membrane components flow from the cell into the tether, in
response to a tension gradient induced by the tether force [40].
We also performed tether recoil experiments [see Fig. 6(e)]
after turning off the optical trap. We observed decay times
of ≈1 s or less, in all cases. Moreover, a force relaxation of
the entire cell in an experiment that was interrupted before
tether formation, showed a decay time in the same order of
magnitude of τ [Fig. 6(d)]. We conjecture that this process
may be due to some cytoskeleton rearrangement that does
not alter the cell shape in bright-field images, but the precise
mechanism responsible for such a slow relaxation process in
RBC tether extraction cannot be specified.

In addition, tether extraction experiments also provide
information regarding lipid bilayer physical properties, such
as the surface tension (σ ) and bending modulus (B). These
physical quantities may be useful when combined with the
viscoelastic characterization of the RBC membrane, once σ

and B are influenced by the interaction between the lipid
bilayer and its underlying cytoskeleton [20].

The RBC membrane surface tension values obtained for
the three tether pulling speed conditions described in Table I
are within the range of values measured for adherent cells
[28]. The bending modulus B̄ of the RBC membrane was
determined, after averaging the values found for the three
tether pulling speed conditions described in Table I. We
found B̄ = (0.31 ± 0.02) pN μm. The RBC bending modulus
measured in this work was similar to the bending modulus of
adherent cells [28].

The results for B and σ indicate that the cytoskeleton
also influences the RBC membrane properties measured with
tether extraction experiments. These results, as proposed in
Ref. [28], must be considered as effective membrane parame-
ters. They represent the coupling between the membrane and
the cytoskeleton in a way that it is not possible to separate
their contributions. However, unlike what was observed for
adherent cells, we did not detect actin in RBC extracted
tethers (Fig, 5). Other published studies have already indi-
cated the absence of cytoskeletal proteins in tethers extracted
from RBCs [41,42]. For instance, Berk and Hochmuth [41],
using the fluorescence recovery after photobleaching (FRAP)
technique, concluded that their results supported a “model of
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the tether as a hollow cylinder of lipid bilayer.” Waugh and
Bauserman [42], using fluorescent labeling of tethered cells,
concluded that “integral membrane proteins are excluded
from the tether.” The RBC membrane surface tension and
bending modulus obtained in this study suggest that they are
very responsive to the interaction between the lipid bilayer
and the cortical cytoskeleton.

The bending modulus of the phospholipid bilayer, de-
scribed by the polymer brush model, is given by Bbrush =
(1/24)YPLζ 3

PL [4,43], where ζPL = 5 nm and YPL are, respec-
tively, the phospholipid bilayer thickness and its Young’s
modulus. Using our result for the bending modulus, B ∼
0.3 pN μm, we estimated the Young’s modulus of the RBC
lipid bilayer as YPL = (60 ± 4) M Pa. This value is six or-
ders of magnitude greater than the value of Gm measured
by microrheology experiments. Even using the composite
membrane thickness instead of the thickness of the phos-
pholipid bilayer, we still found a Young’s modulus two or-
ders of magnitude greater than Gm. This indicates that dur-
ing tether formation the bending of the RBC lipid bilayer
is the dominant physical process. The tether formation re-
quires much more energy than the deformation applied in
microrheology experiments. For instance, the energy Ut [44]
of a tether with length L ≈ 10 μm, a bending modulus B ≈
0.3 pN × μm, a surface tension σ ≈ 70 pN/μm and radius
R0 ≈ 50 nm, typical parameters extracted from the present
study, is given by Ut = 2πσR0L + BπL

R0
≈ 400 pN μm. The

energy in the microrheology experiments can be estimated by
Um ≈ 0.5k∞�x2

rheology. Using again typical values obtained in
our experiments, k∞ ≈ 10 pN/μm and �xrheology ≈ 0.4 μm,
we find Um ≈ 0.8 pN μm. Ut is more than two orders of mag-
nitude greater than Um, indicating that different mechanical
aspects are accessed with the two experiments.

VI. CONCLUSION

We developed and applied a new methodology based on
defocusing microscopy to characterize the cell geometry, in
order to evaluate the influence of the cell morphology in
the viscoelastic properties of healthy human red blood cells.
We used OT-based microrheology to characterize viscoelastic
properties when the cell was subjected to small strains. We

found that the RBC membrane rheology can be well de-
scribed by a soft glassy model, with a power law dependence
of the complex shear modulus with the load angular fre-
quency. In addition to the power law exponent, the proposed
phenomenological model is characterized by two shear mod-
uli and a low-frequency viscosity. For small strains, the red
blood cell membrane presents a liquid-like behavior, while
adherent cells are solid-like. We also used OT-based tether
extraction to characterize the viscoelastic properties when the
cell was subjected to large strains. In this case, we measured
two surface shear moduli and one surface viscosity parameter.
All obtained shear and viscosity parameters defined demand
information about the cell geometry to be correctly evaluated.
A slow relaxation process of the tether force after stopping
the tether pulling was observed. We associated this process
with some cytoskeleton rearrangement that does not alter the
cell shape, although the precise mechanism needs further
investigation. We also determined the surface tension and
bending modulus of the RBC membrane lipid component. We
showed that F-actin was not detected inside tethers, although
erythrocytes have membrane physical properties similar to
those of adherent cells. We argue that to properly compare
the viscoelastic properties of red blood cells in different
situations, the task of cell geometry characterization must be
accomplished. Together, the methodologies and procedures
applied in this study would allow the erythrocyte community
to better explore the mechanical behavior of red blood cells
and may be useful to characterize erythrocyte viscoelasticity
changes in several blood diseases.
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