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Aspects of mechanical deformability and biorheology of the human red blood cell are
known to play a pivotal role in influencing organ function as well as states of overall
health and disease. In this article, consequences of alterations to the membrane and
cytoskeletal molecular structure of the human red blood cell are considered in the
context of an infectious disease, Plasmodium falciparum malaria, and several
hereditary hemolytic disorders: spherocytosis, elliptocytosis, and sickle cell anemia. In
each of these cases, the effects of altered cell shape or molecular structure on cell
elasticity, motility, and biorheology are examined. These examples are used to gain
broad perspectives on the connections among cell and subcellular structure, properties,
and disease at the intersections of engineering, biology, and medicine.

. INTRODUCTION

As an area of scientific and technological pursuit,
“Materials Science and Engineering” has traditionally
encompassed broad intellectual activities that probe the
connections among the processing, micro/nanostructure,
properties, and performance of engineered materials.
This sphere of activities has long involved such disci-
plines as solid state physics, chemistry, applied math-
ematics, and essentially all aspects of engineering and
technology. In recent years, the rapid expansion in the
scope of traditional subspecialties of materials science
and engineering has led to greater incorporation of such
themes as experimental and computational biology, bio-
physics, biochemistry, biomedical engineering, medi-
cine, and genomics in the context of natural and synthetic
biomaterials and their functions within the human body.

With advances in nanotechnology, the ability to probe
the structural features and the size dependence of various
properties of engineered and biological materials down
to size scales finer than a nanometer has led to unprec-
edented opportunities for scientific investigations at the
intersections of engineering, biology, and medicine. Con-
comitant with this development, recent advances in com-
puter hardware and software have led to ever-improving
sophistication in the computational modeling of the
structure and properties at multiple length scales. These

® Address all correspondence to this author.
e-mail: ssuresh@mit.edu
DOLI: 10.1557/JIMR.2006.0260

J. Mater. Res., Vol. 21, No. 8, Aug 2006

developments, along with substantial progress in bioim-
aging and genomics, have collectively provided new ca-
pabilities for the study of biological cells and molecules.
A particular topic of expanding research interest in this
broad area involves the mechanical responses of single
biological cells and molecules and their connections to
human diseases. Specifically, the common availability in
recent years of biophysical tools to mechanically probe
cells and molecules in fluid media at force and displace-
ment resolutions of picoNewtons and nanometers, re-
spectively, has facilitated quantitative and systematic ex-
perimental studies of how biochemical factors alter the
cellular and subcellular mechanical properties that, in
turn, influence, and are influenced by, disease states.

Investigations of the nanomechanics of living cells and
subcellular molecular network structures also provide
challenging new opportunities to probe the structure-
properties-function paradigm intrinsic to the area of ma-
terials science and engineering in unique ways.'~* In this
regard, as illustrated in Fig. 1, the following issues are of
considerable interest for the study of human diseases:

(i) How do biological processes instigated by chemi-
cal effects occurring naturally in the body, by the exter-
nal environment, by hereditary factors, or by invasion of
a foreign organism into the human body lead to molecu-
lar changes in the cell surface, membrane, and cytoskel-
eton?

(i1)) How do these structural changes lead to changes
in the mechanical characteristics of the whole cell, in the
manner in which the cell adheres to other cells, and in the
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FIG. 1. Chemobiomechanical pathways in the connections among
structure-properties and disease state of cells.

rheology and motility of the cell, intercellular regions,
and pores?

(iii)) How does the altered cell rheology and motility
and cytoadherence influence health/disease?

In this article, we examine specific examples of the
connections between the mechanical responses of living
cells and specific human diseases in the context of an
infectious disease and several hereditary diseases. For
this purpose, in vitro studies of the mechanobiology of
single cells and/or cell populations are examined for the
following systems: human red blood cells (RBC) invaded
by the malaria-inducing parasite Plasmodium falcipa-
rum, and human RBC with deficiency in cytoskeletal
network of spectrin molecules as a consequence of he-
reditary hemolytic disorders such as spherocytosis, ellip-
tocytosis, or Asian ovalocytosis.

The perspectives and overview presented here are nec-
essarily brief and are intended to convey only broad con-
cepts. Further details on the topics addressed here, in-
cluding a comprehensive survey of recent advances and
lists of key references, can be found in the papers cited in
this brief review. For an introduction on the structure of
the human RBC, the reader may find it useful to consult
a textbook on cell biology.

Il. INFECTIOUS DISEASE: MECHANICAL
RESPONSE OF RBC INVADED BY
P. FALCIPARUM MEROZOITES

The cause of malaria, the disease that affects nearly
8% of the world population, causing nearly 2 to 3 million
deaths annually,” is the protoctistan parasite Plasmo-
dium. Of the four species of Plasmodium, the most com-
mon are P. falciparum (which is responsible for most of
the mortality) and P. vivax. Transmission of parasites
between human hosts and mosquito vectors occurs when
a female Anopheles mosquito feeds on human blood to
acquire the necessary protein to make eggs. During feed-
ing, millions of P. falciparum sporozoites residing inside
the mosquito can be injected into a human along with the
saliva of the mosquito containing an anticoagulant. The
sporozoites travel in the human host to the liver through
blood circulation, invade liver cells and multiply during
the course of about 8 days. The liver releases millions of
P. falciparum parasites in the form of merozoites (ap-
proximately 1 wm in diameter) into the blood stream.
The merozoites penetrate RBC and continually change
the structure of the RBC spectrin network (a two-
dimensional brush-like structure tethered to the phospho-
lipid bilayer that forms the cytoskeleton of the RBC)
through interaction with the hemoglobin in the cytoplasm
of the RBC and through transport of proteins to the spec-
trin network. A single merozoite inside the RBC can
nucleate 20 new merozoites during a period of 48 h (so-
called asexual development stage) after invasion. These
structural changes ultimately cause RBC lysis (destruc-
tion) and the release of newly nucleated merozoites, each
of which can invade other RBC.*™®

During asexual development, the structural changes
occurring in the RBC are commonly characterized into
three stages®: (i) the ring stage with ring-like features that
appear at about 30 min after merozoite invasion of the
RBC and last for 24 h; (ii) the trophozoite stage with
irregular knobs or bulges on the merozoite surface that
lasts from about 24-36 h after invasion; and (iii) the
schizont stage in which the parasite undergoes nuclear
division, spreads within the RBC, changes the RBC to a
spherical shape, and makes further modifications to the
RBC cytoskeleton and membrane during the period of
3648 h after invasion.

The mechanical deformation characteristics of RBC
infected with P. falciparum have traditionally been in-
vestigated through such techniques as micropipette aspi-
ration and laminar shear flow (see Refs. 2 and 9-11 for
a review of these methods). Recent advances in cell de-
formation techniques, such as optical tweezers,'*~'> have
led to more controlled and direct uniaxial tests of the
RBC, with a force resolution as small as 1 pN, at differ-
ent developmental stages of the parasite during the
asexual cycle. Figure 2 shows an example of large-
deformation optical tweezers stretching a healthy RBC
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FIG. 2. Optical microscopy images of a healthy human RBC and RBC
invaded by the malaria-inducing parasite P. falciparum. The cells are
attached to glass beads at opposite ends and stretched by laser tweezers
in a phosphate-buffered saline medium at room temperature. The top
row shows a healthy RBC and the bottom row shows the cell with the
parasite in it at 36 h postinvasion. Images show no force (left column),
a force of approximately 70 pN (middle column), and a force of
approximately 150 pN (right column). The parasite-invaded cell loses
its ability to stretch. See Refs. 1 and 15 for details on the experimental
method. Images adapted from Ref. 1.

and an infected RBC (schizont stage) in a phosphate-
buffered saline solution at several different force levels.

The effects on the elastic response of the RBC as a
function of the intracellular developmental stage of the
merozoite are illustrated in Fig. 3. The results' indicate
that during the course of a 48 h period after invasion of
the RBC by the merozoite, the effective stiffness of the
cell increases by more than a factor of 10. The effects
seen from single-cell mechanical tests of reduced de-
formability on obstructed flow of invaded RBC have also
been supplemented recently with RBC flow studies per-
formed in microfluidic channels.'®'” These experiments
reveal that although healthy RBC (with a larger diameter
of 7-8 m) are able to pass through channels as small as
2 x 2 pm in cross section, schizont-stage infected RBC
are easily obstructed at the entry point of channels of
much larger cross sectional area.

The protrusions and knobs that form on the surface of
the RBC during the late trophozoite and schizont stages
serve as adhesion sites for the binding of the infected
RBC to healthy RBC, other infected RBC, dendritic
cells, and endothelial surfaces.'®"® The significant reduc-
tion in deformability and the marked increase in the
“stickiness” of the RBC result in obstructed flow of the
RBC through the microvasculature and impaired clear-
ance by the spleen,'®'? as summarized in Fig. 4. (The
human spleen, a nonvital organ about the size of the fist,
is located in the upper left corner of the abdomen and
produces lymphocytes for the destruction and recycling
of old RBC.) These mechanical factors associated with
cell deformability and cytoadherence are considered to
be key mechanistic pathways in the pathogenic basis of
P. falciparum malaria.®

lll. HEREDITARY DISEASES AND THE
MECHANICAL RESPONSE OF RBC

The foregoing example dealt with severely altered me-
chanical characteristics of the human RBC as a conse-
quence of external environmental factors that could
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eventually lead to P. falciparum malaria. However, there
are a number of hereditary hemolytic disorders that result
from defective proteins that bind the RBC spectrin net-
work to the phospholipids bilayer or from a point muta-
tion in the polypeptide chain in the hemoglobin molecule
in the RBC. We now consider an example of each of
these two types of hereditary defects in the context of the
connections among subcellular molecular structure, cell
mechanical response, and disease state.

A. Hereditary spherocytosis (HS)

As noted earlier, the human RBC contains a brush-like
cytoskeletal network connected to the phospholipid bi-
layer. The elements of this network are a- and (3-spectrin
molecules that comprise domains, each of which is 106
amino acids long; the domains form a chain connected by
flexible links. These structures, collectively constituting
a connected network of spectrin molecules, are schemati-
cally illustrated in Fig. 5(a). The a- and B-spectrin mol-
ecules form a polygonal structure with junctions estab-
lished at actin nodes. Different types of protein (ankyrin,
band 3, glycophorin, band 4.1, and protein 4.2) connect
the spectrin cytoskeleton to the lipid bilayer membrane
of the RBC,***' as shown in Fig. 5(b).
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FIG. 3. Effective shear modulus of cell membrane as a function of the
developmental stage of the P. falciparum merozoite (ring, trophozoite,
and schizont) inside the RBC. This effective elastic response has been
extracted from large-deformation optical tweezers experiments such as
those shown in Fig. 2 and from three-dimensional computational simu-
lations of optical tweezers stretching of RBC (see Refs. 1, 14, and 15
for procedures to extract moduli from optical tweezers experiments
and computations). The control conditions shown include the healthy
RBC and an “exposed” condition where the tested RBC does not host
a parasite but is exposed in culture to other RBC harboring P. falci-
parum (whereby proteins exported by infected cells could potentially
be transported to the outer surface of other cells). The stiffness of the
exposed cell is slightly higher (based on repeat experiments involving
at least five cells). The results shown are for room temperature. Data
adapted from Ref. 1. The scatter bars represent the range of shear
modulus values for each stage.
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FIG. 5. Schematic illustration of the cytoskeletal structure of the hu-
man RBC and its attachment to the lipid bilayer. (a) Shows a predomi-
nantly two-dimensional brush-like network of a- and (-spectrin mol-
ecules forming the cytoskeleton of the RBC and attached to the phos-
pholipid bilayer. (b) Shows Ankyrin, band 3, and protein 4.2 proteins
that bind the RBC skeleton to the lipid bilayer. Adapted and modified
from Refs. 20 and 21. Full details on the subcellular structure of the
RBC can be found in Ref. 20.

HS is a blood cell disorder that arises from mutations
of ankyrin and/or other membrane protein genes.>'** Al-
though HS is found in all ethnic groups, it is most preva-
lent in northern Europe where 1 in 5000 people is sus-
ceptible. The RBC of an HS patient are characterized by
a spherical shape of smaller diameter than the typical
healthy RBC, which has a biconcave (discocyte) shape

1874

with excess surface area. The spherical RBC are less
amenable than the healthy ones to traverse small blood
vessels and microcapillaries, the smallest of which have
an inner diameter of only 2.3 wm. The symptoms of the
disease include an enlarged spleen (splenomegaly), jaun-
dice, and anemia.?’

In dominant HS, ankyrin, band 3, and -spectrin ex-
hibit mutations, whereas recessive HS occurs because of
defective ankyrin, a-spectrin, or protein 4.2. The density
of the spectrin network in the case of mild HS can be
80% of the spectrin density for a healthy RBC, and for
severe HS, the spectrin concentration can drop to less
than 50% of normal density.>' Here, the density refers to
the extent of connectivity or the number of connected
nodes over the total number of nodes. (In other words,
full density implies the absence of “holes” in the net-
work). The disconnection of the spectrin skeleton from
the lipid bilayer resulting from HS is accompanied by
vesiculation of unsupported lipid bilayer. This “budding
off” process leads to a gradual reduction in membrane
surface area and to an eventual spherical shape where the
bilayer and transmembrane cholesterol content is re-
duced by as much as 20% relative to that of a healthy
RBC.

Although homozygosity for dominant HS is nearly fa-
tal, splenectomy is one of the procedures performed for
HS.> However, such therapy should be viewed with cau-
tion in that the spleen is an important organ for clearing
foreign organisms, such as malaria parasites, from the body.
Consequently, splenectomized patients are exposed to
greater risk of succumbing to infectious diseases.

A strong correlation exists between the RBC mechani-
cal biorheology and HS. The compromised deformability
of RBC in HS patients is usually characterized by re-
course to a “deformability index” (DI).*> It provides a
laboratory indication of the relative ease with which an
RBC deforms during blood circulation in an HS patient
as a function of the variations in the osmality of the
suspending medium (measured in units of mOsmol/kg).
Quantitatively, DI is a measure of the ellipticity of the
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cell (i.e., it represents the ratio of the minor to the major
axis of the cell), which is an indirect indictor of the extent
to which the cell is able to change its shape and deform
during microcirculation. The experimental method used
to extract this information is known as osmotic gradient
ektacytometry of the RBC using a laser diffraction vis-
cometer.” This method provides a straightforward way
to detect changes in RBC water content and surface area,
and to infer the ability of the cell to traverse in blood
circulation in microcirculation. Figure 6 shows a plot DI
as a function of spectrin density changes arising from HS
for a fixed osmolality of 300 mOsmol/kg.

B. Hereditary elliptocytosis (HE)

Other types of shape mutations of RBC resulting in
compromised deformability arise from HE. Mutations in
a-spectrin, [3-spectrin, glycophorin C, or protein 4.1
genes are considered responsible for HE, which is most
prevalent among people of Mediterranean and African
ancestry, ostensibly because it provides some resistance
to malaria.’®?’” HE, like HS, causes the cytoskeleton and
membrane of the RBC to become less deformable. The
effects of protein 4.1 deficiency on mechanical stability
and deformability are illustrated in Fig. 7.

C. Sickle cell anemia

A healthy human RBC contains approximately 250
million hemoglobin molecules.?® Four polypeptide
chains, two of type a and two of type 3, form the globu-
lar protein hemoglobin. In people with sickle cell dis-
ease, a mutation occurs in the starting sequence of the
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FIG. 6. Relative change in deformability of the spherical RBC
as a function of spectrin concentration at a fixed osmolality of
300 mOsmol/kg. The greater the loss of RBC surface area, the lower
is the value of DI. In more hypotonic solutions (lower osmolality), a
decrease in surface-to-volume ratio causes a reduction in DI at a fixed
spectrin density. In hypertonic s%l‘utions, cellular dehydration results in
lower DI. After Walensky et al.
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FIG. 7. Changes in DI from defects in protein 4.1 that cause HE. The
results shown here are for RBC subjected to shear stress for 20 s in an
ektacytometer. Cells completely devoid of protein 4.1 [homozygote
4.1(-1)] have the lowest DI; their deformability is restored by recon-
stituting with normal protein 4.1, DI values close to those of the
normal range, 4.1(95). Heterozygote mutant cells, 4.1(68/65) and
4.1(-), have intermediate stability. Data adapted from Ref. 27.

amino acids in the 3 polypeptide chains. As a result, 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 amino acid
glutamate in the sixth position of the hemoglobin 3 chain
(hemoglobin S [HbS]).>*° This is a consequence of the
fact that the allele for the gene coding for the B poly-
peptide in people with sickle cell anemia contains the
base triplet CAT instead of the normal base triplet CTT.
The portion of the polypeptide chain with this mutation
lies on the surface of the hemoglobin where the water
molecules present in the cytoplasm interact. Instead of
the usual glutamate with its hydrophilic side chain, the
variation containing valine with its hydrophobic side
chain binds with another hydrophobic “dent” on the sur-
face of another hemoglobin molecule whenever there is
no oxygen present. Consequently, in the deoxygenated
state (as, for example, when people with this disease
perform strenuous exercise), the hemoglobin molecules
combine to form a long fibrous shape, instead of the
normal globular shape.?® The RBC is then pulled into a
“sickle” shape. The sickle-shaped RBC are not able to
deform sufficiently to pass through small blood vessels.
Thus, the altered shape leads to reduced deformability
and obstruction of flow, causing a lack of oxygen supply.

Hemolytic anemia and vaso-occlusive crises that cause
damage of the tissues can result in patients who are ho-
mozygous for the sickle cell mutation (HbSS). By con-
trast, people who are heterozygous for this mutation
(HbAS or sickle cell trait) are asymptomatic.>® One of
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the common methods of treatments for the disease in-
volves use of hydroxyurea (HU), which is known to pro-
mote RBC deformability and fetal hemoglobin produc-
tion. Figure 8, derived from the work of Brandao et al.,*°
shows results from the optical tweezers measurements of
elasticity of RBC from healthy patients, and those with
the HbSS or HbAS mutation, as well as with the HbSS
mutation but treated with HU for a period of at least
6 months. It is found that the RBC from homozygous and
heterozygous patients were significantly stiffer than
those of healthy subjects whose RBC served as the con-
trol. However, HbSS patients treated with HU had RBC
whose elasticity was comparable with those of the
healthy RBC. These results clearly illustrate how cell
mechanics can serve to assess the existence of the disease
as well as the efficacy of drugs used to treat the disease.

IV. CONCLUDING REMARKS

The examples illustrated in this review show the com-
plex connections among the cellular/subcellular struc-
ture, cell mechanical response, motility, and disease
state. In the case of P. falciparum malaria, the foreign
organism invading the RBC leads to marked changes in
its molecular structure, the consequences of which are
increased rigidity, cytoadherence, compromised motility,
and sequestration in microvasculature. In the case of he-
reditary hemolytic disorders such as spherocytosis, ellip-
tocytosis, and sickle cell disease, the inherited mutations
are found to markedly reduce the deformability of the
RBC. Single-cell biomechanics assays are also shown to
provide critical information about the existence of the

HbSS/HU Range: 0.2 ~ 24.9 {N=5)
HbSS
- Range:1.2 ~ 155.4 (N=15}
HbAs |
- Range:1.3 - 85.5 (N=10)
Healthy RBC | Range:1.1 - 215 (N=a5)

0 2 4 6 8 10 12 14 16
Membrane Shear Modulus (uN/m)

FIG. 8. Results of optical tweezers measurements at 25 °C of RBC at
room temperature from healthy subjects and from patients homozy-
gous (HbSS) and heterozygous (HbAS) for the sickle cell mutation.
Also shown are the RBC elasticity results for HbSS patients treated for
a minimum of 6 months with HU. The bar graph shows the median
value of shear modulus. Also indicated are the range of values in units
of wN/m. The number, N, in parenthesis indicates the number of tests
performed for each case. (Data replotted from the results of Brandao
et al.3%)

disease, systematic alterations in cell structure, progres-
sion of disease state, and efficacy of drugs used to treat
the disease.

These examples point to the many complex interac-
tions among cell biomechanics, deformability, shape
evolution, biochemistry, genetics, and disease states.
With the sophistication of available biophysical tools to
probe the elastic and viscoelastic characteristics of cell
membrane and subcellular components, it is now pos-
sible to gain a deeper understanding of the role of bio-
mechanics in influencing disease states. These advances,
in conjunction with the feasibility to clone organisms and
to knock-out and/or knock-in specific proteins, have also
provided new opportunities to probe the contributions of
key proteins in the membrane and/or cytoskeletal struc-
tures of living cells to the nanomechanics of deformation.
In addition, advances in micro- and nanofluidics offer
exciting new possibilities to quantify the biorheology of
cells in suspension and could some day provide a means
to develop portable, disposable, and cost-effective diag-
nostic tools and drug efficacy assays that at least partly
rely on advances in our understanding of chemomecha-
nobiology. It is evident from the examples considered
here that the structure-property-function connections tra-
ditionally sought in studies of the science and engineer-
ing of synthetic materials also offer a fertile ground for
probing the mechanistic origins of human health.
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