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Abstract The primary function of the human red blood cells (RBCs) is to transport oxygen to all tissues
in the human body for the process of cellular respiration. To do this, RBCs often need to pass through
capillaries in the human vasculature which have diameters smaller than that of the RBC, requiring them
to undergo extensive deformations. An altered RBC cell membrane stiffness (CMS), thereby, is likely
to have consequences on the RBC flow rate. RBC CMS is known to be affected by several commonly
encountered disease conditions. This mini-review gives an overview of the basic knowledge needed to study
RBC transport in microcirculation and outlines the various techniques utilized to measure the RBC CMS.
It also describes in detail certain techniques that are best suited to further understanding of in vivo RBC
microcirculation.

1 Introduction

All aerobic organisms require molecular oxygen for the processes of mitochondrial respiration and oxidative phos-
phorylation at the cellular level. In vertebrates, it is transported to the tissues through closed circulation of blood
via the cardiovascular system. Human blood consists of plasma, red blood cells (RBCs), white blood cells (WBCs),
and platelets, with RBCs forming the major cellular component [1]. The cytoplasm in the RBCs is rich in an iron
containing complex metalloprotein called hemoglobin that is capable of temporarily binding to oxygen. About 98%
of the total oxygen is transported in the blood, reversibly bound to the hemoglobin present in the RBCs, while
the other 2% is transported dissolved in the plasma and RBC water [2]. The viscoelastic properties of the RBCs,
thereby, are of extreme importance as they repeatedly squeeze through capillaries in the circulatory system with
diameters much smaller than their own, without any compromise on their functionality. The average circulation
time of an RBC is said to be about 60 s [3] and the average lifespan of the RBC is approximately 120 days [1] which
would amount to a very large number of such extensive deformations. Alterations in the viscoelastic properties of
the RBC thereby are bound to have consequences in terms of the rate of nutrient and oxygen supply to the tissues.

It is well known that medical conditions like hyperglycemia [4], jaundice [5], malaria [6], and sickle cell disease [7]
increase the cell membrane stiffness (CMS) of RBCs. It is thereby imperative to study the effect of this altered RBC
CMS on the RBC microcirculation. An altered rate of oxygen and nutrient supply to tissues could be correlated
with the various symptoms and complications that are associated with these medical conditions. Establishing
a proper cause-and-effect chronology here could help in early diagnostics and improve the likelihood of a more
effective treatment.

This review, starting from a basic description of the RBC structure and the circulatory system through which
it is transported along with the analytical models developed to understand it, gives an overview of a wide variety
of tools and methods that are used to estimate the viscoelastic properties of RBCs. As the stress regimes involved
in these methods are extremely different, the conclusions with regards to the viscoelastic response of the RBC is
varied depending on the exact technique utilized. Thus, though all these techniques, in principle, provide a measure
of the RBC CMS, not all of these are suited to understand the effects of altered RBC CMS on microcirculation. The
review further describes, in some detail, certain techniques that employ stress regimes close to that experienced by
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RBCs in microcirculation and thereby yield results that are best suited to understand RBC dynamics in narrow
passages under conditions encountered in human vasculature.

2 Human red blood cells

Human blood consists of plasma and cellular components. Plasma is 92% water, 7% proteins like albumin, globulins,
and fibrinogen with the remaining 1% being made up of electrolytes, dissolved gases, nutrients, and metabolic
wastes [8, 9]. The viscosity of plasma is about 0.0012 Pa.s at 37 ◦C [10]. RBCs, the major cellular component,
have a hematocrit value (ratio of red blood cell volume to the total volume of blood) of approximately 40–45%
(4.8−5.4 million cells per microliter) [11]. RBCs can be described as bi-concave disks with diameter in the range
6.2−8.2 µm and thickness that changes along a diametrical line from about 1 μm at the center (dimple region)
to a maximum of about 2 μm close to the edge (rim). The surface area and volume of RBC are approximately
130–140 µm2 and 90–110 fl, respectively [1]. The surface area of the RBC is in excess of what is required to cover
the volume of RBC. This excess surface area helps the RBC in undergoing large deformations without rupturing
while passing through narrow blood channels during their life span. A pH of 7.4 is required for normal functioning
of RBCs [1].

2.1 Functions of RBCs

As stated earlier, the most important function of the RBC is to carry oxygen and nutrients to different parts of
the body and that the oxygen transport happens primarily because of the hemoglobin contained in the RBCs.
Hemoglobin is made up of four protein subunits (globin) and embedded within each of these globular proteins
is a heme group containing an Fe2+ ion which can bind one O2 molecule. Thus, each hemoglobin molecule can
carry 4 oxygen molecules. This oxygen is then transported to various tissues in the body through a huge network
of blood vessels [8]. About 80% of the carbon dioxide that is an end product of metabolism in the tissues is
carried as bicarbonate in the water content of the RBC, while 10% binds to hemoglobin (and other proteins)
forming carbaminohemoglobin and is transported to the lungs where it is removed from the body by expiration.
Participation in the CO2 level regulation in the body gives the RBC a role in maintaining the pH of the blood.
RBCs have also been found to be involved in functions like controlling bio-availability of nitric oxide required for
proper vascular functioning [12], redox regulation, and blood rheology [13]. It has been shown that the RBC also
expresses several adhesion molecules on its membrane surface [14].

2.2 Life cycle of RBC

RBCs are produced in the bone marrow at the rate of 2 million cells per second [8] using amino acids, glucose, lipids,
iron, copper, zinc, and other elements. Young RBCs (reticulocytes) consist of a few cell organelles which they lose
once they are in circulation. Mature RBCs (erythrocytes) lack nucleus, mitochondria, and endoplasmic reticulum.
They obtain energy by converting glucose anaerobically into adenosine triphosphate (ATP) [15]. Erythrocytes
have a life span of approximately 120 days, as stated earlier, and travel more than 300 km during this time [16].
As they age, RBCs lose surface area and deformability. RBCs that are unable to change shape to suit circulation
conditions, like damaged and old RBCs (senescent RBCs), are trapped in the spleen and destroyed (hemolysis).
Damaged RBCs are removed by macrophages while passing through liver, spleen, and bone marrow [17–19].

2.3 Structure of RBC

RBC structure consists of cytoplasm with dissolved proteins and a cell membrane consisting of cytoskeleton (on
the cytosol side) and plasma membrane (on the outer side).

Cytoplasm The cytoplasm of the RBC is a dense aqueous mixture of hemoglobin and other proteins. A single
RBC can contain more than 300 million hemoglobin molecules. The cytoplasmic viscosity (6.07 ± 3.8 mPa.s) is
higher than that of the blood plasma due to the presence of haemoglobin [20]. The physiological osmolarity of
blood plasma is found to be 295 mOsm/kg [21] which is nothing but the osmolarity of the RBC cytoplasm. Any
variation in the osmolarity leads to shape changes of RBC.

Cytoskeleton RBC cytoskeleton is a two-dimensional sheet like structure with dynamic linkages. It consists of a
triangular network of peripheral membrane proteins like spectrin, ankyrin, and band 4.1 as well as transmembrane
proteins like band 3 and glycophorin C. It can extend into the cytoplasm up to 50 nm. Spectrin is a twisted
heterodimer protein with α and β subunits [22]. Six spectrin tetramers are linked to one actin molecule through
band 4.1 molecules. This protein complex junction is then anchored to a membrane protein glycophorin C through
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six band 4.1 molecules (Fig. 1). These protein complex junctions can move freely to make any conformational
changes, thus providing deformability to the RBC membrane. Additionally, one ankyrin molecule binds at the
middle of each spectrin tetramer and is directly linked to a band 3 tetramer of the plasma membrane [1]. The
cytoskeleton helps in stabilizing the RBC shape against any asymmetric changes in the composition of plasma
membrane [23] and offers mechanical resistance. Spectrin and proteins that attach the spectrin lattice to the bilayer
play an important role in determining the deformability of RBCs.

Plasma membrane Plasma membrane is a double-tailed lipid bilayer, with a few proteins, in L-α fluid phase.
It is about 4 nm thick. It is a quasi-2D structure that is anchored to the cytoskeleton at specific sites. Around
60% of the RBC membrane is made up of phospholipids [1], while 13% is constituted by other phospholipidic
minor components. About 23% of lipid bilayer consists of cholesterol. At pH of 7.4, most of the phospholipids are
neutral except for phosphatidylserine, phosphatidic acid, and phosphatidylinositol. The lipids are asymmetrically
distributed between the inner and outer lipid layers [25], essential for maintaining the bi-concave shape of RBC.

Fig. 1 Structure of RBC membrane [24]. Printed with permission from Elsevier
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Fig. 2 Different blood vessels encountered in human vasculature along with their typical diameters and numbers. Red:
oxygenated blood and blue: deoxygenated blood

RBC membrane fluidity exclusively depends on the composition of lipids, degree of extent of saturation of fatty
acids, and cholesterol content [14]. Being in a fluid phase, the plasma membrane can be easily deformed.

It is evident that the RBC shape and deformability is mainly controlled by the cytoskeletal membrane proteins
and plasma membrane lipids. Any changes in these will lead to an altered deformability/cell membrane stiffness
(CMS) of RBCs. The composite membrane made of the cytoskeleton (elastic) and plasma membrane (viscous)
along with the cytoplasm (viscous) makes the RBC a viscoelastic structure.

3 Circulation of blood through human vasculature

The blood in the human body is constantly transported from the heart to various parts of the body and back to the
heart via systemic circulation through five different types of blood vessels, namely, arteries, arterioles, capillaries,
veins, and venules. It is a closed circulatory system. The number and diameter of these blood vessels found in
the human body are shown in Fig. 2. At any given time, about 64% of blood is contained in veins and venules,
13% in arteries and arterioles, 7% in capillaries, 7% in the chambers of heart, and the remaining in pulmonary
circulation. The blood flow rate is least in the capillaries. The flow of blood through the capillaries is referred to
as microcirculation. The exchange of gases, nutrients, and wastes between blood and interstitial fluid takes place
here.

4 Hemodynamics

Blood is a non Newtonian fluid. Its viscosity depends on the shear stress applied as well as the duration of
application of stress [26]. At the physiological temperature of 37◦C, blood is both a shear thinning as well as a
thixotropic fluid [10]. At high shear rates (100–1500s−1), RBCs deform rendering a low viscosity of of about 2–3
cP, whereas at low shear rates (< 10s−1), RBCs aggregate with each other to form rouleaux (stacked coin like
structures) and increase viscosity up to 10 cP. The viscosity of the blood according to the Carreau–Yasuda model
[27] is given as

ηa = η∞ + (ηo − η∞)
(
1 + (λγ̇)2

)n−1
2 , (1)

with η∞ = viscosity at infinite shear limit (0.0035 Pa.s), ηo = zero shear limit viscosity (0.056 Pa.s), n = power
law index (0.36), and λ = relaxation time constant (3.313s) [28].
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In larger vessels, where the shear rate is above 100s−1, blood exhibits Newtonian behavior with the viscosity
value reaching a value of η∞ [29]. In large arteries, continuum hypothesis can be used to study the flow. The flow
field in large arteries is best described using the Eulerian approach with the general Navier–Stokes equation. An
important dimensionless quantity that helps in the prediction of flow patterns in fluid mechanics is the Reynold’s
number (Re), which is just the ratio of inertial to viscous forces. For a fluid of density ρ and viscosity η at velocity
V in a pipe of hydraulic diameter L, the Reynold’s number is given as

Re =
ρV L

η
. (2)

Fluid flow is laminar in nature for values of Re < 2300, while it is turbulent for Re > 4000 and transient at
intermediate values. Blood flows in vivo with Re = 1 in the smallest arterioles to 4000 in the aorta [30]. Blood
vessels far from the heart can be approximated to be rigid [30]. Hydrodynamics of RBCs in narrow channels can
be explained by lubrication theory.

Lubrication theory Lubrication theory has been developed to obtain relevant hydrodynamic parameters such
as drag and pressure drop in the kinds of flows encountered in capillaries [31]. If a particle of radius b is passing
through a channel of radius a, then Lubrication theory is applicable for case where b/a > 0.9. Lubrication theory
assumes the following:

• The gap between the particle and the channel wall is small compared to the thickness of the particle and
• The radial velocity is small compared to the axial velocity of the fluid (Vz) (see Fig. 3).

Under steady-state laminar flow conditions along with these assumptions, the Navier–Stokes equation in cylindrical
coordinates (r, θ, z) (fixed with respect to the channel wall)

1
η

dp

dz
=

∂2Vz

∂r2
+

1
r

∂Vz

r
(3)

and

Q =
∫ a

0

2πrVzdr = constant, (4)

where p is the pressure and Q is the volumetric flow rate including the particles.
The particles are assumed to be axi symmetric and are treated as stacks of coins of infinitesimal thickness

of variable radius (Fig. 3). The solutions to the equations are obtained in two parts by assigning appropriate
boundary conditions to reflect the cases where (i) Q = 0 and U �= 0 where U is the particle velocity, representing
a stream of particles moving in a fluid that is at rest and (ii) Q �= 0 and U=0 representing stationary particles in
fluid flow. The solution for Vz in both cases is obtained [31]. The drag force (D) acting on each coin is due to the
shear stress (τ) acting on it at r= R

′
o and due to the pressure drop across the faces of the coins

D = 4πRo

′2τ(r, z)r=R′
o

+ 2πR
′3
o

∂p

∂z
. (5)

Drag coefficients DU and DV can be obtained using the solutions obtained with appropriate boundary conditions
for the two cases mentioned above. The overall drag then can be written in terms of normalized drag coefficients

Fig. 3 Stacked coins model used in lubrication theory
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Table 1 Medical conditions affecting RBC CMS

Medical condition Effect on RBC Studies

Hyperglycemia Lipid peroxidation and glycosylated hemoglobin [4, 35–39]

Jaundice Increased bilirubin affects hemoglobin and RBC aggregation
properties

[5]

Malaria Hemoglobin degrades and new proteins transported due to
invasion of parasites

[6, 40]

Sickle Cell Disease Impaired hemoglobin leading to sickle shaped RBCs [7, 41]

Hereditary spherocytosis Mutations in transmembrane proteins leading to reduced S/V
ratio of 1.08

[16, 42]

Elliptocytosis Mutations in the integral RBC membrane protein [23]

Hypertension Reduced deformability [43]

Covid-19 Morphological changes and increased oxidative stress [44, 45]

KU and KV as follows:

D = 6πηb(−KUU + KV V ). (6)

For a Stokes flow, KU = KV = 1. The effects of gap between channel wall and particle, distance between the
neighboring particles, and the shape of particles are all contained in the KU and KV values. The normalized drag
coefficients are obtained using the equations

KU =
−1
3b0

∫ a0

−a0

1 + R0(z)2

1 − R0(z)2 +
(
1 + R0(z)2 )lnR0(z)

dz (7)

KV =
−1
3b0

∫ a0

−a0

1
1 − R0(z)2 + (1 + R0(z)2)lnR0(z)

dz; (8)

KU and KV can be in general obtained for any axisymmetric particle extending from z= – a0 to +a0 using an
appropriate shape factor Ro(z). In the case of an RBC moving through a microchannel, the integration is done
over the length of the shape the RBC has deformed into, to pass through the channel.

5 Enhancement of RBC membrane stiffness

The deformability of RBCs plays a vital role in microcirculation. The membrane stiffness of RBCs is found to be
altered in several medical conditions [32–34]. Some of these are listed in Table 1.

There can be several conditions prevailing simultaneously in an individual that affect the RBC CMS. It is
thereby not possible to draw any conclusions about comparative medical status with respect to a particular
condition only by comparing the RBC CMS of two individuals. Consequently, it is not advisable to utilize RBCs
extracted from different individuals when designing a new method of RBC CMS measurement or when calibrating
a known technique. It is useful to know artificial means of varying the CMS of RBCs extracted from a single
healthy individual in a controlled manner for utilization for such purposes. A few such methods are listed below.

A detailed investigation on the alteration of RBC CMS using BSA has been carried out [55] and is discussed in
the latter part of the review.

6 Methods to study the mechanical properties of RBCs

A variety of techniques, utilizing a wide range of stress regimes and throughputs, to study RBC CMS, have been
extensively reported in literature.

• Micropipette aspiration It was the very first technique used to measure mechanical properties of single cells.
In this technique, a cell is aspirated into a pipette of suitable radius, and as the suction pressure is increased,
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Table 2 Artificial means of stiffening the RBC CMS

Stiffening method Effect on RBC Studies

Diamide treatment Stiffens cytoskeletal proteins by creating disulfide bonds
on spectrin proteins

[41, 46, 47].

Glutarldehyde treatment (0.02 to 0.08%w/v) Stiffens entire cell by cross-linking cytoskeletal proteins,
phospholipids in lipid bilayer and cytoplasm

[48–52]

BSA treatment replacement of human serum proteins on certain sites of
the membrane and removal of lipids from outer layer
of lipid bilayer

[23, 53–55]

Heat treatment (48-50◦ C) irreversible denaturation of membrane proteins [51, 56]

the protruded length of the cell is monitored using a microscope. Micropipette aspiration has been extensively
used to measure the deformability of RBCs [57–59]. The membrane bending modulus of RBCs was measured
(1.8 ×10−19 Nm) from buckling measurements of RBCs in the micropipette aspiration technique [58].

• Optical tweezers It is a technique used to hold and manipulate microscopic particles/cells using tightly focused
laser beams, exerting forces of the order of a few pN. A relatively less complicated way of assessing the viscoelastic
response of the RBC is to use a dual beam optical trap to trap the RBC at diametric opposite ends (without
attaching any beads) and then stretch the RBC by moving one trap, while the other is kept stationary [60, 61].
Reorientation dynamics of RBCs in optical tweezers is another method of studying the deformability of RBCs
[38]. Corner frequencies extracted from Power Spectral Density analysis of RBCs in optical traps have also been
used to assess its deformability [62].

• Optical stretcher Two non-focused identical laser beams with Gaussian intensity profile propagating in oppo-
site directions can also be used to trap an object if the force is restoring in nature and at the center of gravity of
the object, there exists no net force [63, 64]. If a deformable cell is trapped, the surface forces due to scattering
of light are enough to stretch the cells in the beam direction.

• Membrane fluctuations The fluctuations of the cell membrane of an RBC are monitored by recording the
scattered intensity of light from the edge of the rim region based on point dark-field microscopy and used to gauge
the membrane bending properties [65]. Using interference reflection microscopy to record the fluctuations, the
bending modulus of RBCs in isotonic condition was measured ( ≈ 9× 10−19 Nm ) [66]. Flickering spectroscopy
studies of RBCs have also been used to measure membrane bending modulus [(2.7 ± 0.6) × 10−19 Nm] [67].

• Ektacytometry It is a technique where a dilute sample of RBCs is subjected to shear flow between two
transparent coaxial cylinders. The RBCs suspended in a high-viscosity medium deform into ellipsoids under the
shear flow. The deformability index of RBCs can be obtained by measuring the elongation index of individual
RBCs under a microscope using a rheoscope arrangement. The deformability index as a function of shear stress
is studied [47, 51, 68, 69].

• Micropore filtration Micropore filtration was the very first throughput technique used for measuring the
deformability of RBCs. It involves filtration of a dilute suspension of red blood cells through filter papers
consisting of pores which are a few microns in diameter. In this technique, either RBC suspensions of a known
concentration are passed through the filter paper at a constant pressure and the output concentration is obtained
or the total time required for a certain volume of RBC suspension to flow through the filter paper is measured.
Typically, pressure-flow curves are obtained by measuring pressure as a function of flow rate. This is then linked
to the deformability of red blood cells [47, 70–73]. Micropore filtration is a high throughput experiment which
can span over a range of stress regimes, depending on the exact flow conditions.

• Microfluidic experiments Experiments on microfluidic chips have become extremely useful in terms of mim-
icking in vivo conditions. The experiments can be designed for either low or high stress regimes, to assess single
RBC deformability or high throughput results. Microfluidic chips with cylindrical glass capillaries of few microns
have been used to study how RBCs deform under various flow rates and their recovery into normal state once
they exit the narrow channel [74]. Constrictions of narrow sizes in microfluidic channel flows have been widely
used to assess the deformability of RBCs [46, 47, 49, 75–77].

• Atomic Force Microscopy (AFM) AFM in contact mode can be used to find the Young’s modulus of RBCs.
Using AFM, very low forces of the order of 100 pN can be applied. The deflection curves are first obtained on
a reference hard surface (glass slide), and then, on the RBC, the difference between the two curves being taken
as the force–displacement curve [78, 79]. In [80], the effective Young’s modulus has been measured to be 5.8 ±
0.6 kPa.

• Nano-indentation It is a technique used to measure the mechanical properties of materials at the
nano/microscale. A probe tip (usually diamond) is used to apply load, controlled by electrical capacitance
plates or magnetic coils. The load–displacement curve is obtained by pressing the indenter tip into the sample
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while loading and unloading the sample [81, 82]. The study reported in [83] has found the mean reduced modulus
of RBCs to be about 8.9 GPa and hardness to be 0.203.

• Acoustophoretic orientation measurement Acoustic flow cytometers use ultrasonically resonant capillary
to combine hydrodynamic focusing with acoustic focusing to inject sample into the instrument’s sheath flow.
Acoustic forces are not radially symmetric, and hence, this asymmetric field is responsible for the acoustic
orientation of non-spherical cells according to their intrinsic properties, such as size, density, and compressibility.
Acoustic focusing of RBCs allows for high precision alignment and flow rates up to ten times greater than with
conventional flow cytometers that uses only hydrodynamic focusing. This technique has been used to determine
the effects of RBC storage and aging [84].

• Artificial intelligence-based techniques Images, and morphologic and mechanical parameters of RBCs were
obtained using image algorithm and integrated data were then used as input for cloud computing to perform
pathological diagnosis and quality monitoring based on a trained neural network [85]. Microfluidics technology
with machine learning for clinical diagnosis [86] and assessing RBC deformability [87] have also been developed.

For the result of a technique to have any relevance to the problem of assessing the effect of altered RBC CMS on
microcirculation in vivo, it is imperative that the method involves stress regimes that are encountered in vivo
and is carried out on RBCs in the native state (or as close to it as possible). Of all the methods enumerated
above, micropore filtration, membrane fluctuation detection, and reorientation dynamics in optical tweezers best
satisfy these conditions.

7 Effect of altered RBC CMS on microcirculation

Treating RBCs extracted from an individual with no known chronic medical conditions with BSA has proved to be
a reliable method of artificially altering the RBC CMS to different extents [55]. Using this technique, by varying
a single parameter alone, i.e., the concentration of BSA, one can alter batches of RBCs extracted from a single
source into those with varying CMS. Any difference in the results of measurements carried out on these batches
of RBCs are thereby, due to the difference in the RBC CMS alone. Further, a comparison of these results with
that of a study on RBCs extracted from individuals with established history of hyperglycemia [38] has established
that the CMS elevation brought about artificially by BSA treatment is in the same range as the effect of this
medical condition on RBC CMS. We describe here, in some detail, two studies, utilizing methods well suited to
understand the effect of altered RBC CMS on microcirculation that have been carried out on RBCs where the
CMS is artificially tuned with BSA treatment to the extent seen in individuals with hyperglycemia.

7.1 Reorientation dynamics in an optical tweezer

Experiments were carried out in an OT with normal RBCs and BSA treated RBCs. The method used has been
described in detail in [55] and a schematic of the setup used is shown in Fig. 4.

In brief, an RBC in an optical trap that is constructed by sharply focusing a single laser beam with a Gaussian
intensity profile, reorients in a manner to maximize its volume in the region of largest light intensity. This is
demonstrated in the sequence of photographs shown in Fig. 5. Analysis of such videos yields a time taken by the
RBC to complete the reorientation process (tre ) from the point of time it enters the trap with the plane of its disk
perpendicular to the direction of laser beam propagation. tre is found to be dependent on the laser power as well
as the RBC CMS. To find a factor that scales as the RBC CMS, the excess energy (ΔE) utilized at each power to
complete the reorientation process as compared to a hypothetical perfectly rigid body with identical body shape
is estimated. ΔE is found to vary as a function of power, increasing initially, as seen in Fig. 6. Extrapolating from
measured values of tre to the power range too high to perform the experiment in without damage to the RBCs,
it can be seen from Fig. 6 that ΔE finally goes to zero after going through a maximum (ΔEmax ). This value
ΔEmax, which is identified as the maximum energy spent on RBC membrane reconformation during the process
of reorientation, scales as the RBC CMS. Table 3 lists the ΔEmax for RBCs treated with different concentrations
of BSA. It can be seen that treatment with a BSA concentration of 0.5 mg/ml leaves the RBC CMS same as that
expected for RBCs from a healthy individual, while BSA concentrations higher than this render the RBCs stiffer.

7.2 Micropore filtration through pores of circular and uniform cross-section

To study the effect of altered RBC CMS on their flow through microchannels, BSA-treated RBCs were filtered
through cyclopore filter papers of uniform pore diameters of 5μm (smaller than RBC diameter) and 8μm (compa-
rable to RBC diameter) at constant volumetric flow rate using a setup whose schematic is shown in Fig. 7. From
the RBC concentrations at the input and output stage of this microfiltration study, number of RBCs that pass
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Fig. 4 Schematic of the setup for studying reorientation dynamics of RBCs in an optical trap as described in [38] and [55]

Fig. 5 Sequence of still images at 100X magnification of an RBC undergoing reorientation in an optical trap. The process
is viewed along the laser propagation direction

Fig. 6 Variation of excess energy ΔE with laser power for RBCs extracted from a healthy individual (normal RBCs) along
with those treated with 0.5 mg/ml (diamonds), 0.1 mg/ml (circles), and 1.75 mg/ml (squares) of BSA. The symbols are
the ΔE values extracted from experiments, while the continuous lines represent the extrapolated variation of ΔE even at
powers not amenable to experiment [55]
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Table 3 ΔEmax of normal RBC along with those treated with various concentrations of BSA [55]

BSA conc.(mg/ml) ΔEmax(10−18 J)

0.10 5.18 ±0.91

0.35 6.42±1.15

0.50 7.41±1.30

0.00 (Untreated) 7.80±1.50

0.70 12.97 ±2.05

1.00 16.50±1.80

1.35 23.34±1.34

1.75 25.88 ±2.10

RBCs from hyperglycemic individuals were found to have a ΔEmax value of (18.7 ± 2.7) ×10−18J [38]

Fig. 7 Micropore filtration setup used in our lab [55]

through the filter paper per unit time per pore, N ∗ is obtained. The variation of N ∗ for the 5 µm and 8 µm pores
is shown in Fig. 8. An inverse of N∗ gives the average time required for one RBC to move through a pore (filtration
time, T)

This study outlines a simple model to obtain the bending modulus of the RBCs from their filtration time. In
brief, the filtration time is assumed to be made of two components, a time required by the RBC to deform into a
suitable axisymmetric shape that can fit into the pore (T d) and a time required for this deformed shape to pass
through the length of the pore (Tp). Thus

T = Td + Tp. (9)

Fig. 8 The number of RBCs that pass through a single pore in a minute (N∗) for pore diameters of 5 µm and 8 μm [55]
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Table 4 Expressions used to calculate T d and T p

Theoretical Experimental

Tp Td Tp Td

Tp = d
U

where U = 1
KUβ

(KV V − ρV 2a2

12ηb
) Td =

εdef
Pinc

where Pinc = 1
8
πρV 3

maxa
2 d/U T -Tp

d is the thickness of the filter paper; V , ρ and η are the velocity, density, and viscosity of the fluid, respectively; U is the
velocity of the RBC, T is the filtration time, Tp the passage time, Vmax the velocity of the fluid at the axial line of the
channel, Pinc the energy incident at the RBC surface per unit time, and Td the deformation time [55]

Table 5 x = BSA concentration used in mg/ml, filtration time (T ), passage time (Tp), passage velocity (U ), translational

drag modification factor β, and deformation time (Td) for flow of RBC in 8 µm and 5 µm-diameter channels for various
concentrations of BSA used [55]

8µm 5µm

x T= Tp(ms) U (mm/s) β T (ms) U (mm/s) Tp (ms) Td (ms)

0.50 6.94 1.44 ± 0.03 2.02 ± 0.03 19.60 1.00 ± 0.02 12.00 7.60 ± 0.40

0.70 6.75 1.48 ± 0.11 1.96± 0.15 22.99 1.02 ± 0.17 11.67 11.32 ± 2.00

1.00 6.47 1.54 ± 0.01 1.88 ± 0.02 29.41 1.07 ± 0.02 11.21 18.20 ± 0.30

1.18 6.34 1.57 ± 0.11 1.84 ± 0.13 32.51 1.09 ± 0.14 10.95 21.56 ± 1.50

1.35 6.02 1.65 ± 0.03 1.75 ± 0.03 36.44 1.15 ± 0.03 10.41 26.03 ± 0.40

The model in this study utilizes a constraint of constant surface area for the deformation of the RBC and estimates
the energy required for such a deformation using the Helfrich elastic energy [88]

εdef =
∫

1
2
Eb(2H − c0)

2dA, (10)

where Eb is the RBC membrane bending modulus, and H and co are the local mean and spontaneous curvatures
of the RBC, respectively.

The total drag force acting on the RBC is obtained from [31] additionally including an RBC CMS-dependent
translational drag factor β. The various expressions used to calculate Tp and Td are tabulated (Table 4).

Assigning a value of Eb= 2 × 10−19Nm for reported for normal RBCs [89] to the case of RBCs treated with
0.5 mg/ml BSA concentration, a value of Vmax = 4.27 mm/s is obtained. Bending moduli of the RBCs treated
with other concentrations of BSA are then determined from their deformation time when filtering through the 5
μm sized pores.

From Fig. 8, it can be concluded that for pore sizes comparable to the RBC size, the filtration number (N ∗)
increases with increase in BSA concentration used for treating the RBCs which one knows scales as the RBC CMS.
Similarly, from Fig. 8, it can be concluded that for pore sizes smaller than the RBC diameter, N ∗ decreases with
increase in the BSA concentration used. From Table 5, it can be seen, however, that irrespective of the size of the
pore vis a vis the RBC diameter, the passage velocity invariably increases, leading to a shortening of the passage
time Tp with increasing BSA concentration. This suggests that stiffening of RBCs reduces the translational drag
on it. The increased transfer rate of RBCs through pores with diameter comparable to that of the RBC can be
attributed to the twofold reason of a reduced translational drag and that no deformation is required for the RBCs
to pass through it. From Table 5, it can be seen that the RBCs require more time to deform into the required
shape to pass through pores of diameters smaller than their own with increase in BSA concentration used for
treating them. This additional Td reduces the transfer rate of RBCs despite the increase in the passage velocity.
The bending modulus Eb values extracted are found to vary linearly with the BSA concentration used for the
treatment of RBCs for the range of concentrations used in this study (Fig. 9).

Finally, a linear correlation between the parameters ΔEmax and Eb that are generated by the two different
studies is found (Fig. 10). Such a correlation between these two disparate methods could only be achieved, because
both methods utilized identical means of artificially elevating the RBC CMS of normal RBCs.

Given this, it is now possible to give a quantitative estimate to the bending modulus for RBCs for which
only reorientation dynamics in an OT have been studied. Thus for the RBCs from hyperglycemic individuals
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Fig. 9 Variation of Eb with BSA concentration used as reported in [55]

Fig. 10 Plot of ΔEmax (obtained from OT) vs bending modulus Eb showing a linear correlation [55]

with ΔEmax value of (18.7 ± 2.7) ×10−18J as reported in [38], one can attribute a bending modulus of about
4×10−19Nm, twice that is obtained for normal RBC.

8 Conclusions

The idea behind this review was to familiarize the readers with the various experimental techniques available
to gauge mechanical properties of the human red blood cell and the importance of doing so. Several commonly
prevalent disease conditions affect the cell membrane properties of the red blood cell. As this is bound to affect
the RBC transport in vivo especially in the capillary beds, there are bound to be consequences in terms of oxygen
and nutrient supply to the tissues as well as carbon dioxide regulation. This review thereby also highlights those
techniques where the stress regimes the RBCs are subjected to are close to those experienced by RBCs in vivo.
The measurements made with these techniques are thereby the most relevant in the understanding of in vivo
microcirculation of RBCs. Further, this review also outlines certain artificial means of altering the cell membrane
stiffness of RBCs. It highlights the usefulness of such a technique in being able to establish correlations in the
measurements of mechanical properties of RBCs made by two different methods with highly different throughputs.

Translation of the results of the various techniques outlined in this review to understand actual in vivo conditions
requires that one overcomes several challenges. Most techniques described here work only with strongly diluted
RBC samples, whereas the actual in vivo hematocrit is 40–45%. While pores of uniform diameters make the
analysis of the micropore filtration experiment described here in this review, relatively simple, this is far from the
actual complexity of blood flow through human vasculature. While it is difficult to analyze the results of RBC
flow through complex porous material like cellulose acetate filter paper, it needs to be attempted as it is a closer
approximation to the microcirculation in vivo. There are also factors that control flow rates in the capillary bed
in vivo. It is important thereby to develop techniques and protocols that handle these complexities, so that one
can better use the methods meant to gauge the mechanical properties to understand complications arising out of
medical conditions that affect the microcirculation of RBCs.
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