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Abstract

Hereditary hematological disorders and foreign organisms often introduce changes
to the spectrin molecular network and membrane of human red blood cells (RBCs).
These structural changes lead to altered cell shape, deformability, cytoadherence and
rheology which may in turn, promote the onset of vaso-occlusive events and crises
that may ultimately cause pain, stroke, organ damage and possibly death. Previous
work by our group and others has shown that the RBC membrane exhibits reduced
deformability as a manifestation of diseases such as malaria, spherocytosis, elliptocy-
tosis and sickle cell anemia. However, much of this previous work has modeled the
RBC membrane as a purely elastic material and experiments are typically performed
within the quasistatic deformation regime. This work investigates the connection
between disease, structure and function in a more physiologically relevant, dynamic
context using two in-vitro experimental approaches: (1) dynamic force-displacement
characterizations using advanced optical trapping techniques and (2) microfluidic flow
experiments. A new set of dynamic optical trapping experiments are developed using
an alternate loading configuration and a broader range of deformation rates (up to
100um/s) and forcing frequencies (up to 100Hz) than previously reported with optical
trapping systems. Results from these experiments provide further support to recent
suggestions that traditional constitutive descriptions of the viscoelastic behavior of
the RBC membrane are not applicable to this wide range of deformation rates and
frequencies. Initial results on RBCs infected with Plasmodium falciparum malaria
suggest that the parasite and its related exported proteins act to increase the effec-
tive viscosity of the RBC membrane. The role of the temperature-dependent, viscous
behavior of the RBC membrane is further explored in microfluidic flow experiments,
where the flow behavior of RBCs is quantified in fluidic structures with length scales
approaching the smallest relevant dimensions of the microvasculature (approximately
3um in characteristic diameter). In particular, the role of a parasitic protein, the ring
infected erythrocyte surface antigen (RESA), is investigated and determined to have
a rate-dependent effect on microvascular flow behavior that has not previously been
identified. Results from optical trapping and microfluidic flow experiments are used
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to inform and validate a collaborative effort aimed at developing a meso-scale, three-
dimensional model of microvascular flow using dissipative particle dynamics (DPD).
This combination of modeling and experiments give new insight into the relative roles
of fluid and membrane viscosity in microvascular flow. The results of this work may
be used in the development of new constitutive behaviors to describe the deformation
of the RBC membrane and to inform the design and optimization of microfluidic tools
for blood separation and point-of-care diagnostic platforms. In addition, using the
techniques developed here in further investigation of the roles of particular parasitic
proteins may yield additional insight into the pathology of P.f. malaria that may, in
turn, provide new avenues and approaches for treatment.
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Professor of Mechanical Engineering
Chairman of the Committee
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Chapter 1

Introduction

The flow of red blood cells (RBC) through the microvasculature is critical to human
health. During its typical life-span of 120 days upon egress from the bone marrow,
the human RBC circulates through the body approximately 500,000 times, delivering
oxygen to tissue and vital organs. As it repeatedly traverses capillaries and microvas-
cular passages, the RBC undergoes severe deformation with strains in excess of 100%
[14, 21, 70]. Such deformation levels are typical, for example, in the spleen, where
the RBC squeezes through splenic sinus and inter-endothelial slits with diameters es-
timated to be approximately 3 um [18, 42]. Large deformation can also occur in cap-
illaries and artioles, where RBCs do not travel in isolation and their interactions with
one another and the vascular wall cause them to stretch by up to 150%. As a result,
the role of deformability in influencing RBC function has been studied extensively
[14, 21, 70]. Furthermore, compromised RBC deformability contributing to human
disease pathologies has also been a topic of growing research interest. For example,
hereditary blood disorders such as spherocytosis, ellipocytosis and ovalocytosis, as
well as diseases such as diabetes, sickle cell anemia, and malaria all exhibit character-
istic losses in RBC deformability with the onset and progression of the pathological
state. For the case of Plasmodium falciparum (P.f.) malaria, recent experiments
showed that the membrane stiffness of the parasitized RBC can increase more than
20-fold during intra-erythrocytic parasite maturation [102, 67]. Such changes act in

concert with enhanced cytoadherence to other RBCs and the vascular endothelium
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to facilitate vaso-occlusive events such as stroke or other ischemias. In addition to its
impact on disease pathologies, the deformability of the RBC is also of interest for the
development of advanced in-vitro tools for the purposes of drug efficacy studies and
the development of diagnostic platforms. Furthermore, RBC deformability and its
impact on blood-flow and the development of vaso-occlusions is of direct importance
in the performance more traditional implantable devices, such as heart valves and

stents [95].

Despite such broad and growing interest in RBC deformability, much of the quan-
titative understanding of single-cell deformability characteristics has been limited to
quasi-static experiments, where only a limited range of deformation rates are exam-
ined. While such single-cell, quasi-static assays have helped establish connections
between the biophysical characteristics of RBC and disease states [102], they do not
adequately capture the reality of various biorheological events associated with the flow
of a population of RBCs through the microvasculature. Where more physiologically
relevant, dynamic or flow characteristics of RBCs have been presented, they are often
times limited in their quantitative nature and/or do not consider physiologically rele-
vant temperature conditions. Furthermore, very little quantitative information exists
on the dynamic and flow behaviors of diseased RBCs, such as those parasitized with

P.f. malaria at relevant length scales and temperature.

In this thesis work, two experimental approaches were used in order to satisfy the
need for additional quantitative insight into the dynamic behavior of healthy and dis-
eased RBCs. First, an advanced optical tweezers system was implemented to examine
the dynamic response of human RBCs over the broadest range of time-scales, frequen-
cies and largest deformations reported to date with optical trapping techniques. In
addition, this trapping system was used by collaborators to study the mechanical
response of the human RBC as a function of temperature and disease progression
in P.f. malaria. The effect of a specific parasitic protein (ring-infected erythrocyte
surface antigen, RESA) on the mechanical behavior of the RBC membrane was also
examined. Second, a microfluidic system was employed in order to quantify the flow

dynamics of healthy and diseased RBCs at the smallest relevant length scales, as well
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as physiological temperatures.

An important aspect of these optical trapping and microfluidic characterizations
is their ability to be utilized in the development and validation of advanced com-
putational models of microvascular flow. Therefore, where applicable, the results of
a collaborative effort in computational modeling using dissipative particle dynamics
(DPD) are presented in conjunction with experimental results in order to highlight
the utility of such a combined experimental and modeling approach. This framework
may be accessed to develop robust models that can be used for in vivo predictions.
The insight gained from a systematic combination of simulations and experiments
could also be used in the design and optimization of novel microfluidic systems for
disease diagnostics and drug efficacy assays and in the interpretation of the role of
mechaniéal and rheological cell properties in disease pathologies. Such insight may,

in turn, lead to new therapeutic approaches for treatment.
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Chapter 2

Background

2.1 Red Blood Cell Deformability

Red blood cells (RBCs) comprise 40-50% of human blood volume and are the pri-
mary vehicle for oxygen delivery to the tissue and vital organs of the body [11].
A mature RBC does not contain a nucleus and is comprised of a membrane struc-
ture and an internal fluid environment. The RBC membrane is comprised of a lipid
bilayer and an underlying spectrin network. This general structure is depicted in
Figure 2-1. The phospholipid bilayer contains cholesterol molecules with polar, hy-
drophilic head groups and a hydrophobic core, as shown in Figure 2-2, as well as
integral /transmembrane proteins that form the attachment sites for the spectrin net-
work. The detailed structure of the spectrin network is shown in Figure 2-3. The
primary subunit of the spectrin network is a spectrin tetramer, which is composed
of two head-to-head aligned heterodimers, themselves made up of intertwined alpha
and beta spectrins. The end of each spctrin tetramer is linked to a junction com-
plex of f-actin and band 4.1 proteins, which is in turn anchored to the bilayer via
glocophorin. In addition, band 3 and ankyrin also form a complex that is anchored
to the bilayer at intermediate points along the spectrin tetramer. Topologically, the
spectrin network is a triangulated network, as shown in Figures 2-3 and 2-4 2, 61].

The typical, at-rest, shape of the RBC is that of a biconcave disc with an average

major diameter of approximately 7-8 um and thickness of approximately 2.5 pm [43].
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Gilycophorin

Figure 2-1: General structure of the Red Blood Cell (RBC). (Taken from Alberts et
al. [2])

adducin

Figure 2-3: Graphical depiction of the structure of the RBC spectrin network. (Taken
from Alberts et. al. [2])
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Figure 2-4: Electron micrograph of the RBC spectrin network. (Taken from Alberts
et. al. [2])

This characteristic shape is shown in Figure 2-5. As discussed in Chapter 1, as part
of its normal physiological function, this shape is required to deform severely as it
undergoes nearly 500,000 cycles of deformation through its 120-day lifetime, often
times being required to pass pores or slits with characteristic lengths and diameters

down to 2—3um. Several examples of such deformation levels are shown in Figure 2-6.

With such severe mechanical deformations required for the human RBC to per-
form its primary function, it is no surprise that reduced RBC deformability plays a
role in the pathology of several diseases and disorders. These include hereditary dis-
orders such as spherocytosis, elliptocytosis, ovalocytosis and sickle cell anemia, where
genetic mutations cause deficiencies in either the spectrin network or the hemoglobin
that lead to reduced deformability. Alteration of RBC membrane properties is also
a part of the pathology of infectious diseases such as malaria, where structural mod-
ifications made by parasitic proteins lead to significantly reduced deformability and
increased cytoadherence. The role of RBC deformability in blood flow and its man-
ifestation in haemotological disorders is well-reviewed by several authors, including
Mohandas [69], Chien [21], Hochmuth and Waugh [51], and Mohandas and Evans

(70]. Generally speaking, it is widely accepted that in many diseases and disorders,
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Figure 2-5: (a) Colorized electron micrograph illustrating the typical biconcave shape
of human RBC. (Taken from Lodish et. al.[61]), (b) Average geometric cross-section
and corresponding surface area and volume (Adapted from Fung [43])

reduced deformability acts in concert with other factors, such as cytoadherence, to
facilitate the occurrence of vaso-occlusive events that may lead to ischemia and/or,

in the extreme case, stroke and death.

2.1.1 RBC membrane elasticity

The elastic properties of the RBC have most frequently been characterized using mi-
cropipette aspiration, whereby a portion of the RBC membrane is drawn into a glass
micropipette using suction pressure [88, 37, 51, 21, 109]. Measuring the geometry
changes of the cell into the pipette, such as the projected length of the membrane
in the glass tube combined with predictions from numerical and analytical models,
allows one to determine the mechanical properties of the membrane, such as the
membrane shear modulus (p,) and the area expansion modulus (K). In addition,
other techniques, such as buckling instability measurements and thermal fluctuation
measurements, allow for an estimate of the bending modulus of the membrane (B,)

(38, 40]. The typical range of elastic properties of the RBC membrane are summarized
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(Pries, Secomb
1990) (d)

Figure 2-6: Examples of large deformations of RBCs in the microvasculature: (a)
Bright field, phase image of RBC flow in the canine microvasculature. (Taken from
Fung. [43]), (b) Histological stain of ex-vivo spleen perfusion experiment showing the
passage of red cells (stained red) across the splenic sinus wall from the cords (co) to
the sinus lumen (sl). (Taken from Buffet et. al [18]), (c) SEM image of mouse RBC
passage across circular pores in the spleen (Taken from Klausner [56]), (d) graphical
depiction of RBC flow in the microvasculature in the presence of white cells. (Taken
from Pries and Secomb, [85])
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in Table 2.1. It has been shown that these values do not vary significantly between

room and physiological temperatures (22-41°C) [109].

Area Expansion Modulus (K) | 300 — 500mN/m [37, 51, 21, 109]
Membrane Shear Modulus (u,) | 4 — 10uN/m [37, 51, 21, 109]
Bending Modulus (B,) (1.7—-9) - 107°Nm |38, 40]

Table 2.1: Elastic properties of the healthy human RBC

At the molecular level, the lipid bilayer is responsible for the strong resistance to
area changes in the RBC membrane. The bilayer is also responsible for the relatively
small amount of bending resistance. However, the bilayer is not capable of resisting
shear deformations. Thus, the underlying, two-dimensional spectrin network is re-
sponsible for the shear resistance of the RBC membrane. It is this shear resistance
that is considered to be the major property of interest when considering the overall
RBC deformability [37].

Other techniques have been employed to measure the quasistatic, elastic prop-
erties of the RBC membrane. These include laminar shear flow experiments [104],
spectroscopic techniques measuring thermal fluctuations [75] and, most notably for
this work, optical tweezers [47, 101, 30, 29, 28]. The first experiments utilizing an
optically trapped bead to impart tensile forces to an RBC and attempt to extract
mechanical properties were reported by Henon et al. [47]. This work reported an
RBC membrane shear modulus of 2.5 £+ 0.4u/N/m, which is significantly lower than
the typically measured range of 4 — 10uN/m. This discrepancy may be attributed to
the fact that, in their analysis of the measured force-displacement response of the cell,
Henon et al only considered a linear-elastic, small deformation constitutive model of
the RBC membrane and did not consider the effects of contact area between the bead
and cell. A subsequent study by Sleep et. al. [101] over-estimated the membrane
shear modulus by at least one order of magnitude compared to the typically accepted
values. This is also likely due to incorrect assumptions about the RBC shape as either
a planar disc or a sphere and failure to account for the large contact area between

the trapped beads and cells. More recently, Mills et. al. and Dao et. al. combined
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optical tweezers with a finite element study to determine the elastic properties of the
RBC membrane [30, 29, 28]. This combined experimental and modeling approach ac-
curately accounted for the RBC shape and contact areas during an experiment. As a
result, their results were in much better agreement with other traditionally-accepted

techniques such as micropipette aspiration.

2.1.2 RBC membrane viscosity

Much of the current understanding of the RBC membrane viscosity is built upon the
work of Evans and Hochmuth [39, 49], who described the stress in an RBC mem-
brane undergoing finite deformations as the superposition of elastic and dissipative

or viscous components:

Ti; =T5+ Ty (2.1)

Where the elastic component of stress

Ti? = Kaéij + pei (22)

Where K is the area expansion modulus, & = A\; Ay — 1 is the area expansion, and

p is the shear modulus. The viscous stresses are expressed as a constant (Ne, the
membrane viscosity) times the rate of deformation (V;;):

Ty = 20,V (2.3)

For the case of an incompressible material (A;Ag = 1) in uniaxial tension,

Ti1 = (/2)(Af = AT?) + dne(dAi/dt)(1/ M) (24)

Under conditions when external forces such as fluid shear are small compared to
the internal membrane forces, the elastic stresses must balance the viscous stresses:

TS+ T =0 (2.5)
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Under uniaxial tension, Equation 2.5 reduces to:

(1/2)(\] = AT?) + dne(di /dt)(1/ M) = 0 (2.6)

For a given set of initial stretch values ()\;,), Equation 2.6 has the solution:

(OF = D/ + 1) = (W, = D/ (A, + 1))e™/" (2.7)

Where ¢, = 2n./p is the characteristic time constant for the membrane material.
This relationship has been applied to experiments measuring the relaxation charac-
teristics of RBCs upon release from micropipette aspiration to determine ¢, = 0.3s.
With the range of shear modulus in Table 2.1, the membrane viscosity is in the range:
Ne = 0.6 — 1.5uNs/m [39]. Further experiments measuring the relaxation time of an
RBC deformed at diametrically opposite ends using a dual micropipette aspiration
configuration estimated the characteristic time to be approximately 0.2-0.26s [49].
Similar relaxation measurements made by Mills et. al [68] using optical tweezers
yielded similar results as the dual micropipette configuration used by Hochmuth et.
al. [49].

Subsequent to the work done by Hochmuth and Evané, Engelhardt et. al. mea-
sured the time-dependent extension and relaxation characteristics of the RBC under
forces resulting from a high-frequency electric field [35, 36]. This work suggested two
time-scales present in the response of the RBC: a short time scale (t.; = 0.1s) and
a long time-scale (t; = 1.0s) governing the initial and long-term response of the
RBC, respectively. More recently, Puig-De-Morales-Marinkivic et. al have examined
the viscoelastic response of the RBC membrane using magnetic twisting cytometry
(MTC) [86]. This work suggests that the single or two time-scale descriptions of the
RBC membrane viscosity are not sufficient to describe the RBC membrane behavior.
Instead, considering the RBC membrane as a viscoelastic material with a complex
modulus (G* = G’ 4 iG"), this work found a strong dependence of the loss modulus
(G”) of the membrane with frequencies from 0.1-100Hz. This dependence is best

described by a power-law where G” ~ f* and a = 0.64. However, this work was
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done under very low levels of applied force/deformation, with applied strain energies
on the order of 0.1x.J/m?, compared to 1 — 10uJ/m? in the work of Mills and in
this thesis work [30, 29, 28]. The implications of larger deformation levels on the
apparent rate and/or frequency-dependent response of the RBC membrane, as well
as the appropriate scaling to describe the dissipative nature of the RBC membrane

are subjects of this thesis work.

2.1.3 RBC flow in the microvasculature

There is a hrge body of classical work that has characterized the effective viscosity
of whole blood as a function of vessel diameter and hematocrit. This work is well-
reviewed in the texts by Fung [43, 44]. Generally speaking, in vessels on the order
of 100 wm in diameter or larger, such as major arteries, blood can be described as a
thixotropic fluid with a constant viscosity of 3.5cP (3-4 times that of water) under
shear rates above 200s~!. However, as length scales approach the smallest regions of
the microvasculature (less than 10pm diameters), an effective viscosity description is
insufficient and contributions of the properties of individual cells must be considered.
Such length scales and flow behaviors are a focus of this thesis work.

The biophysical factors affecting blood flow in the microcirculation are well-
reviewed in the literature (e.g. Pries et. al. [84], Skalak et. al. [100], Schmid-
Schonbein [90], Popel and Johnson [81]). Specifically, there exists a large body of
work analyzing the flow of RBCs in vessels comparable to or smaller than the cell
diameter. Much of this work builds upon the analysis presented by Lighthill of the
flow of deformable pellets through narrow tubes [60]. Secomb et. al. [94] applied
lubrication theory when considering the flow of an axisymmetric cell with shear and
bending properties of the healthy RBC and determined, amongst other things, the
equilibrium shapes of the RBC as a function of vessel diameter and flow velocity.
Theses shapes are reproduced in Figure 2-7. Subsequently, Secomb and Hsu ex-
tended this analysis to consider the transit of red blood cells across pores comparable
to the microvasculature [92]. In this analysis, the effects of membrane viscosity and

external fluid viscosity were included and it was determined that the role of these

31



87 J7 |6 S um 0.002 0‘.81 0.05cm/s

(a) (b)

Figure 2-7: Steady-state shapes of axisymmetric cells flowing through cylindrical
tubes. (a) Cell shapes in varying diameter tubes with a cell velocity of 0.01cm/s, (b)
Cell shapes in a vessel diameter of 6um subjected to varying flow velocities. (Taken
from Secomb et. al. [94])

viscous components on flow inhibition (i.e. increased transit time) is more signifi-
cant than membrane elasticity at diameters below 6um. However, like the previous
work, this analysis had limited experimental validation and was restricted to the
axisymmetric flow case. More recently, several groups have attempted much more
advanced computations and simulations of RBC biorheology and microvascular flow
(94, 92, 34, 27, 10, 74, 22, 82]. However, these computational approaches typically
lack rigorous validation by either in-vivo or in-vitro experiments. This thesis work
will present a framework allowing for experimental validation of modeling approaches

attempting to describe the full three-dimensional flow behavior of the RBC.

In-vivo characterizations of microvascular flow in animal models have been pre-
sented by several groups (e.g. [85, 21, 33, 54]). Much of this work is well-reviewed
by Fung [44]. These in-vivo experiments have provided important validation of the
role of RBC deformability in microvascular flow. For example, RBCs stiffened by
incubation with diamide or gluteraldehyde have shown decreased cell survival, in-
creased splenic sequestration and increased filtration resistance in perfusion studies
using canine and rat mesentary models [21, 33, 54]. In addition, perfusion studies

of rat skeletal muscle have been coupled with insights from computational models
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to suggest that the RBC membrane viscosity has a significant role in increasing flow

resistance in the microvasculature [91].

More recently, Jeong et. al. [53] were able to use a high speed imaging technique
to measure microvascular flow in the microcirculation of anesthetized rats whose
natural heartbeat is maintained through a life support system. Typical RBC velocities
measured were approximately 2mm /s in vessels of approx. 6 pm diameter. This work
provides some of the most quantitative measurements of individual cell velocities in
the smallest regions of the microvasculature to date. However, in this work, like
many others, significant uncertainties exist in the vessel geometry and there are no
concurrent measurements of the pressure profile along the vessel of interest. Generally
speaking, due to imaging and other experimental constraints (i.e. size constraints
complicating the integration of local pressure probes), there have been few attempts
at simultaneously characterizing flow velocities, pressure differentials and geometry
in-vivo. Furthermore, there are no such studies at the length scales of interest in this
thesis work (down to approx. 3um diameter), such as those present in the spleen (see

Figure 2-6).

In order to overcome this limitation, in-vitro assays of RBC flow through glass
tubes [14, 50] and microfabricated fluidic structures made of glass, silicon or poly-
dimethylsiloxane (PDMS) have been developed (3, 48, 97, 99, 107, 17]. These in-vitro
experiments have suggested an increased role of the dynamic properties of the RBC
under flow conditions. For example, Brody et. al. [17] have suggested that the time-
scales of the RBC cytoskeleton’s active reorganization is a significant factor of the
ability of the RBC to traverse narrow pore-like structures. In-vitro flow studies have
also established semi-quantitative links between decreased RBC deformability and
inhibitied flow [99, 97]. However, there still remain a few short-comings of this body
of work. Most notably, like in-vivo experiments, there is virtually no experimental
quantification of flow characteristics (e.g., pressure difference versus cell velocity) of
RBCs through constrictions of well-known geometry of the smallest relevant length
scales (approx. 3 um in diameter) whereby the dynamics of RBC deformation charac-

teristic of the conditions in the microvasculature can be simulated and visualized. In
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a few isolated studies where RBC flow has been studied through such small channels
[97, 99, 98], the dynamics of flow has not been quantified or analyzed so as to facili-
tate broad conclusions or to help facilitate the development of general computational
models. Furthermore, when attempts to quantify such RBC dynamics have been
made, they often do not take into account the effects of physiological temperature
conditions [1, 41]. Providing such a fully quantitative study of RBC flow in the small-
est length scales of the microvasculature at physiologically relevant temperatures is

an important contribution of this thesis.

As a final note regarding microvascular flow, there exist a growing body of recent
work examining the role of the microvascular glycocalyx, or endothelial surface layer
(ESL) (e.g. [93, 83, 27], and the reviews of Kamm [55], Popel and Johnson [81], and
Weinbaum et. al. [112]). This network of polysaccharides and glycoproteins on the
surface of endothelial cells lining much of the microvasculature is approximately 0.5
pum thick and is an additional source of hydrodynamic resistance in microvascuature.
As such, the glycocalyx is often hypothesized to be the source of discrepancies between
in-vitro and in-vivo flow experiments. In addition, the glycocalyx is also thought be
an integral part of the transduction pathway between fluid shear and the motility of
the vascular endothelium [114]. The experimental results presented in this work do
not explicitly account for the interaction of the RBC with the glycocalyx. However,
where applicable, the extension of these results into future studies and simulations

involving the glycocalyx will be discussed.

2.1.4 Deformability of Plasmodium falciparum malaria par-

asitized RBCs

P. falciparum malaria is the most severe of the four different plasmodium species
capable of parasitizing human RBCs. The annual infection rate of P.f. malaria is on
the order of several hundred million people and it is estimated to be responsible for
several million deaths [63, 110]. The highest percentage of fatal cases of P.f. malaria

occur in children, pregnant women and the elderly. A graphical description of the
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Figure 2-8: Life cycle and pathogenesis of P.falciparum malaria (Taken from Miller
et. al. [65])

life cycle and pathogenesis of P.f malaria is shown in Figure 2-8. Upon transmission
through a bite from the female anopheles mosquito, the malaria sporozoites travel
to the liver. In the liver, each sporozoite, may develop into tens of thousands of
merozoites. Upon release from the liver, merozoites invade red blood cells and begin
the asexual life cycle of the parasite. This intra-erythrocytic life cycle is approximately

48 hrs and is broken down according to three characteristic stages (see Figure 2-9):

e Ring Stage (0-24hrs): The parasite resides as a thin discoid or ring-shaped
feature with slightly enhanced size and pigment near the end of the stage. In

this stage, the RBC generally retains its biconcave shape.

e Trophozoite Stage (24-36 hrs): The parasite growth accelerates and develops
more pigmented regions. The parasite begins to grow rapidly and develop knobs

or bulges at its surface.

e Schizont Stage (36-48 hrs): The parasite divides, producing up to 20 new mero-
zoites. Knobs form on the surface of the RBC, which may serve as adhesion

sites. The RBC also has a much more spherical shape.
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Figure 2-9: Intra-erythrocytic, asexual life-cycle of P.falciparum malaria (Taken from
Alberts [2])

The body’s natural immune response to malaria predominantly involves removal
(aka " pitting”) of the parasite, followed by phagocytosis by lymphocytes in the spleen.
However, as the parasitemia increases, splenic clearance is insufficient. Throughout
this entire life cycle, in addition to the severe structural evolution in the RBC, it
has been shown that reduced deformability is a characteristic of the parasitized cell
[24, 25, 45, 104]. In the trophozoite and schizont stages of parasite development, this
decreased deformability is accompanied by increased cytoadhesion of the RBC mem-
brane to other RBCs and vascular endothelium [65, 23]. Thus, it is likely that these
factors act together to bring about red cell sequestration in the microvasculature and
ischemia of major organs. Such sequestration and occlusive events contribute signifi-
cantly to the occurrence of cerebral malaraia, hypoglycaemia, metabolic acidosis and
respiratory distress [65]. This phenomenon of decreased deformabilty in parasitized
RBCs was previously quantified using micropipette aspiration [45, 76] and laminar
shear flow [26, 104]. Following that work, Suresh et. al. [102] used an optical trap-
ping technique to demonstrate that the RBC membrane shear modulus may increase

by more than a factor of 20 in the latest stages of the parasitic cycle. Those results
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Figure 2-10: Membrane shear modulus of P.f. malaria as a function of intra-
erythrocytic stage (Taken from Mills [66])

are presented in Figure 2-10. Most recently, Marinkovic et. al. [62] have charac-
terized the complex modulus of parasitized RBCs as a function of temperature using
magnetic twisting cyctometry (MTC). This combination of data generally shows that
both membrane stiffness and viscosity increase with the development of the parasite.
Extending this general result to larger applied forces, as well as looking at the con-
tribution of an individual erythrocytic proteins using an advanced optical trapping

method is a major contribution of this thesis work.

In addition to membrane mechanical property measurements, there have also been
attempts at characterizing the microvascular flow behavior of parasitized RBCs. Most
notably, Shelby et. al. and Handayani et. al. have used simple microfluidic struc-
tures to demonstrate that parasitized cells are less capable of traversing channels
with smallest dimension ranging 2-8 um (97, 46]. As with the aforementioned in-vitro
studies of RBC flow in the microvasculature, these studies did not provide a robust
characterization of the hydrodynamic forces (i.e applied pressure-velocity) such that
the physiological relevance of the results may be inferred or that they may be applied
to the development of analytical and computational models. Such quantitative char-

acterizations of parasitized cells is a part of this thesis work. More recently, Antia
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et. al. have used microfluidic structures to investigate adhesive interactions of par-
asitized cells flowing over endothelial-lined surfaces [3]. Such adhesive interactions
are not the subject of this thesis work. However, where appropriate, the interplay

between adhesion and reduced deformability will be highlighted.

2.2 Background on Optical Trapping

Particle trapping by radiation pressure from a laser was first demonstrated by Ashkin
[7] with subsequent development leading to the formation of the first stable, three
dimensional optical trap from a single laser beam by Ashkin et. al. [9]. Shortly
thereafter, Block et al. demonstrated one of the first applications of single beam op-
tical trapping to biological systems in the measurement of the compliance of bacterial
flagella [12]. Since that time, optical traps have been used extensively in the manipu-
lation of biological cells and in the measurement of biological forces at the molecular
level. The history of optical traps and their applications in biology is well-reviewed in
the literature [8, 72, 96]. The optical trapping configurations used in this thesis work
overcome two key disadvantages of the micropipette aspiration technique: (1) the
presence of any increased cytoadherence causes friction along the wall of the pipette
and complicates the interpretation of results and (2) micropipette aspiration is lim-
ited in its dynamic range and resolution (largely due to image processing and pressure
control systems employed). With optical trap systems, the effects of adhesion on the
interpretation of results is minimal, enabling the investigation of biological systems
where both altered cytoadherence and deformability are present. This thesis will also
show how the dynamic capabilities of an advanced optical trap allows for a host of
new experiments to be performed on the RBC membrane. In addition, optical traps
have the general advantage over micropipette and other experimental approaches
(laminar shear flow, AFM) in that the applied stress state is more readily reproduced
in three-dimensional computational simulations. This allows for a more accurate in-
terpretation of experimental results and the ability to parametrically investigate the

effects of experimental uncertainties such as cell shape and contact conditions on the

38



extraction of mechanical properties. The following sections will establish the physical
principles behind optical trapping systems and describe the major components and
layout of an advanced trap system and the techniques that are commonly used in

their calibration.

2.2.1 Principles of optical traping

A laser beam passing through a high numerical aperture microscope objective and
focussed onto a dielectric particle, typically a glass or polystyrene bead, will place
that particle in a three-dimensional potential well. Within this potential well, the
interaction of the laser beam and the particle gives rise to two characteristic forces:
the scattering force and the restoring, or gradient, force. The scattering force arises
from the momentum transfer of light that is reflected from the particle, tending to
push the particle away from the focal plane. The gradient force arises from the
refraction of light, whereby the momentum transfer of photons will tend to pull the
particle towards the focal point of the laser beam. The magnitude of these two forces
vary with a host of factors, including the wavelength of light used and the laser
power, the diameter of the particle. The mathematical description of these forces in
the ray optics regime (i.e. particle diameter is much larger than the wavelength of
light d, >> ) or the Rayleigh / electromagnetic dipole regime (i.e. d, >> A) are
presented throughout the literature (e.g. [89, 96]). The gradient and scattering forces
are described using ray optics in Figure 2-11.

In stable traps, the gradient force dominates the scattering force, allowing the
particle to be maintained near the focal plane of the laser beam. This is achieved
through the use of a laser with a TEMgy or Gaussian mode. At the center of the
trap, a particle has a net force of zero. However, when displaced from the center
of the trap by an outside force, the restoring force will act to pull the bead back to
the focal point. The magnitude of this force is dependent on the displacement from
the center of the trap. However, within a range of displacements, this force varies
linearly with radial displacement. The radius of this linear region is typically on the

order of 100nm — lpm, depending on the particle size. Within this linear regime,
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Figure 2-11: Ray optics representation of optical trapping. (a) Unstable trapping
with a non-Gaussian beam, (b) Stable trapping with a Gaussian beam. In both
cases, the particle is attracted towards the focal point. (inset) Refraction gives rise
to the gradient /restoring force. Figure taken with permission from Brau [15]

the trap has a characteristic stiffness(x) that may be empirically determined using
one of the techniques described below. With a known trap stiffness, measuring the
displacement of the bead from the center of the trap within this linear regime allows

one to determine the force applied to the trapped particle.

2.2.2 Optical trapping system and components

The layout of a high-end optical trapping system employing laser-based detection is
shown in Figure 2-12. This system, like most used in biological systems, employs a
high-power infrared trapping laser (A = 1064nm), colinear with a low-power infrared
(A = 975nm) detection laser. These wavelengths are used due to the limited absorp-
tion of biological molecules in the infrared spectrum, ensuring that the laser does not
damage the molecules or cells when trapped particles are brought into contact with
them. The lasers are passed through a high N.A. objective of a modified inverted
microscope. At the specimen/imaging plane, the specimen is commonly mounted on

a manual positioning stage and, as in the case of this thesis work, a high resolution,
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closed-loop controlled piezo stage capable of sub-micron displacements. An image
of the condenser back focal plane formed by the detection laser is monitored on as
position sensitive detector (PSD), which produces an X and Y voltage proportional
to the position of a spot on is active sensing area (analogous to the quadrant photo-
diodes commonly used in AFM systems or earlier trapping systems). Alignment of
the various optical paths are achieved through the use of three different telescope lens
pairs. The trapping laser is steered using acoustic optical deflectors (AOD), which
utilize piezo crystals to form diffraction gratings whose position response time is less
than 1ms. Further details on the components used in this system are provided later

and in the literature [57, 72, 96, 103].

2.2.3 Optical trap calibration

In the most commonly applicable configurations of an optical trap, the beads used
have diameters that are comparable to the wavelength of the trapping laser (both
approximately 1 pm). Thus, neither the ray optics or Rayleigh analyses can be used
to assume a quantitative trap stiffness. Thus, an important aspect of employing
optical traps is their bead position measurement and trap stiffness calibrations. The
followiﬁg summarizes the techniques most commonly used for these tasks. For further
details on these techniques, the reader is referred to the reviews of Neumann and Block

and Svoboda and Block [72, 105].

Bead position measurement system calibration

The typical calibration of the bead position detection system first requires the cali-
bration of the CCD camera image. For this, a ruled or grid slide (i.e. Ronchi Ruling)
may be used in order to establish the translation of CCD pixel coordinates to physical
length units (nm or pm). Following this calibration, displacements of a trapped bead
via changes in frequency of the AOD may be used to establish a correlation of AOD
frequency with physical displacement. Using the AOD to move the trapped bead

across the stationary detection laser and recording the corresponding signal on the
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Figure 2-12: Representative layout of a high-end laboratory optical trap: (A) 1064 nm
trapping laser, (B) acoustic optic deflector (AOD) for high speed beam steering, (C)
telescope lens pair for trap beam alignment and expansion only, (D) 975nm detection
laser, (E) telescope lens pair for detection beam alignment and expansion only, (F)
telescope lens pair for simultaneous alignment and expansion of trap and detection
beams, (G) high numerical aperture objective (60 - 100X, N.A. > 1.4), (H) condenser
lens, (I) dichroic mirror used to integrate trap and detection beams into microscope
optical path, (J) dichroic mirror to direct beams to detection branch, (K) bright
field lamp, (L) position detection branch with band pass filter to eliminate 1064
nm wavelength and focus detection beam onto position sensitive detector (PSD),
(M) CCD camera for conventional imaging, (S) specimen plane. Figure used with
permission from P. Tarsa and caption used with permission from D. Appleyard [4]
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Figure 2-13: Example position calibration of an optically trapped bead. (a) and (b)
show the X and Y voltage signals, respectively, from the PSD as the bead is moved
across the detection region in both AOD coordinate directions. (¢) The PSD signals
as the bead is moved in a single direction, highlighting the linear detection region.
(Figures (a) and (b) taken from Brau [15] and (c) from Appleyard [4].)

position sensitive detector (PSD) allows allows for the mapping of AOD frequency
coordinates to PSD X and Y voltage signals. This mapping is commonly fit using
a fifth-order polynomial. With the fifth-order function to map PSD X and Y volt-
ages to AOD frequency coordinates, the previously established conversion from AOD
frequency to physical displacement coordinates allows for a complete mapping of the
PSD signal to the bead position relative to the center of the trap position. This

mapping process is shown in Figure 2-13.

Trap Stiffness Calibration

Stokes drag technique: This technique employs the flow of fluid around a trapped

bead and the corresponding measured displacement to determine the trap stiffness.
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Fluid of a known viscosity (1) flowing past a bead with a known diameter (D) at a

known velocity (V) will impart a steady-state drag force (Fp) of:

Fp = 3mViDy f, (2.8)

The Faxen’s correction factor (f.) is employed to correct for boundary effects when

the bead is near a fixed surface.

1
(1= (9/16)(a/h) + (1/8)(a/h)* — (45/256)(a/h)* — (1/16)(a/h)®)

fe= (2.9)

Where a is the bead radius (¢ = D,/2) and h is the height of the center of the
bead above the surface. In most common trap configurations, the fluid velocity is
applied via relative motions between the piezo stage and the trapped bead. This
drag force will be countered by the trap restoring force (Fiqp = K.Az). Measuring
the steady-state bead displacement during the fluid flow allows the determination of

the trap stiffness (k,) using Equation 2.8.

Equipartition or Variance technique: This technique relies on the recognition that
the trapped bead may be treated as a harmonic oscillator, at the center of a potential
well. The equipartition theorem states that every degree of freedom of a harmonic
potential contains 1/2kgT of energy (where kp is Boltzmann’s constant and T is
the absolute temperature). This thermal energy is related to the variance in mean

squared displacement of the trapped particle as:

1/2kgT = 1/2k,0a7 (T ~ Zmean)* (2.10)

Thus, measuring the mean squared displacement of the bead under thermal /brownian
motion for an appreciable time and knowing the absolute temperature of the medium
allows for a direct inference of the trap stiffness. Note that this method does not re-

quire any knowledge of the medium viscosity, particle size, or distance off the coverslip.
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Power spectrum calibration technique: The power spectrum of the thermal motion
of a trapped bead has been shown to follow a Lorentzian profile [72]. This gives the

following relationship:

Suw(f) = p*(ksT)/(m*B(f3 + ) (2.11)

Where S,, has units of V2/Hz, T is the absolute temperature, fo is the corner
frequency and 3 is the drag coefficient 3 = 371D, f, and p is a detector voltage to
displacement calibration factor. Fitting the form of Equation 2.11 to a measured
power spectrum of the bead allows for the extraction of the corner frequency fc. This

corner frequency is related to the trap stiffness as:

Ky = f,213 (2.12)

Thus, while the magnitude of the power spectrum does rely on the detector po-
sition calibration, the determination of trap stiffness does not. Therefore, the trap
stiffness may be calibrated with no knowledge of the detector voltage to displacement
calibration and, for these purposes, p may be considered and arbitrary constant.
However, for typical trap and stiffness configurations, the cut-off frequency is on the
order of a few kHz. Therefore, a fast acquisition rate (typically 10kHz or greater) is

required.
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Chapter 3

Dynamic Characterization of
Healthy and Malaria Infected
Human Red Blood Cells Using

Advanced Optical Trapping

Techniques

3.1 Introduction

As discussed in Chapters 1 and 2, most quantitative measurements of RBC deforma-
bility characteristics (i.e. mechanical properties and time-dependent, viscous behav-
iors) have traditionally been limited to quasistatic measurements or measurements
with limited temporal resolution (minimum time-scales and maximum frequencies of
0.1s or 10Hz, respectively). Typical transit times across entire microvascular regions
of the body occur on the order of 1 second where transient deformations may oc-
cur over a much smaller fraction of that time [11]. Furthermore, in-vitro laboratory
assays and diagnostic systems, in the interest of increased throughput, may operate

using hydrodynamic conditions that are more severe than that seen physiologically.
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Thus, there is an interest in examining the dynamic response of the human RBC
both within and outside of physiological time-scales. This chapter describes the im-
plementation and application of an optical trapping system aimed at measuring the
response of the RBC over a large range of deformation rates and frequencies. In this
work, a new loading configuration is developed and employed in order to measure
the force-displacement response of healthy and parasitized RBCs. These results are
presented along with the results of a parametric finite element study used to infer the

elastic properties of the RBC under this new loading configuration.

3.2 Materials and Methods

3.2.1 Buffer, bead coating and cell solution procedures

Whole blood from healthy donors was obtained from an outside supplier (Research
Blood Components, Brighton, MA). Blood was collected in plastic tubing with an
acid-citrate-dextrose (ACD) solution. ACD serves as an anti-coagulant and glucose
preservative solution. Upon reception, blood was stored at 4°C. All experiments on
healthy cells were performed within 24 hours of acquiring blood samples.

The primary buffer used in all cell solution preparations and experiments was
PBS(1X) with 0.1 %wt of Bovine Serum Albumin (BSA) (pH=7.4). 50 uL of whole
blood is suspended in 0.5 mL of this buffer and centrifuged three times for 5 min.
at 1000rpm. After each centrifugation, the supernatant is removed and replaced
with fresh PBS/BSA(0.1%) buffer. 20 uL of this cell solution is added to 0.5 mL of
PBS/BSA (0.1%wt) buffer, resulting in a final hematocrit level of 0.0002%.

Streptavidin-coated, polystyrene beads with diameters of 1.87um (Bangs Labo-
ratories) were used in this work due to their high refractive index. 50uL of this
1% wt. bead solution was incubated with 50uL of biotin-conjugated Conconavalin-
A (ConA, Sigma C2272) at 4°C for a minimum of 30min. ConA binds to the RBC
transmembrane protein, Band 3, allowing direct attachment to the RBC cytoskeleton.

The membrane forces are fully transmitted to the trapped bead during experiments
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through the even stronger biotin-strepatavidin interaction. Following incubation with
ConA, the bead solution was suspended in 0.5mL of PBS/BSA buffer and centrifuged
three times for 6-8 min. each at 10,000rpm. After each centrifugation, the supernatant
is removed and the bead pellet is re-suspended in 0.5mL of PBS/BSA. 20uL of the
final bead solution is added to the 0.0002% cell solution to form the final bead/cell
suspension.

Experiments on P.f parasitized cells were done using the same cell and bead
concentrations and the same final buffer suspensions as healthy cells. Parasite cultures
were maintained by a collaborator within this thesis author’s research group (Dr. M.
Diez-Silva). The details of the culture protocol as well as the genetic modification

routines are found in [67].

3.2.2 Optical trapping techniques
Instrumentation design and position calibration

The optical trapping instrument used in this work is shown in Figure 3-1. The general
design of the system is similar to designs of advanced optical trapping systems found
in the literature [12, 57, 72, 105]. The specific system in this work was implemented
largely as a collaborative effort between the author and Dr. John Mills [66]. Addi-
tional significant contributions to the design and implementation were also made by
Dr. Matt Lang, Dr. Jorge Ferrer, Dr. Ricardo Brau and Dr. Kevin Turner. The opti-
cal layout and a detailed overview of the design and features of the trap was presented
in Section 2.2.2. In Figure 3-1, several key components are highlighted: the trapping
laser (IPG Photonics Fiber Laser YLD, 1064 nm wavelength, 10W maximum power),
dual-axis acousto-optical defelctors (Intra-Action Corp., DTD-276HD6), position de-
tection laser (Thorlabs 975nm diode laser), and position sensitive detector (PSD)
(Pacific Silicon, DL100-7PCBA3) and closed-loop controlled piezoelectric positioning
stage (Physik Instrumente P-527 stage with E517.3CD controller). Temperatures up
to 45°C are controlled using a combination of a custom-made microscope objective

heater and resistive heaters mounted to the top of a sample chamber. Heater set-
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Figure 3-1: Optical trapping system implemented and used in this work, separated
by (a) the specimen plane, condenser and position sensing branch and (b) the trap,
detection laser and supporting alignment and beam steering optics. Labels correspond
to schematic view of the system given in Figure 2-12, where the specimen plane is
comprised of the piezoelectric stage and the sample chamber, S; and S respectively.
The 100X microscope objective used (G) is shown with the objective heater used in
physiological temperature experiments.

points required to achieve a desired temperature in the sample chamber are calibrated
using a K-type thermocouple embedded in a representative sample chamber. Bright

field optical images and videos are taken using a Dage CCD100 camera.

In the configuration shown, the trapping laser is split into two separate paths using
a polarizing beam splitter. The second trapping branch (not shown in Figure 2-12)
is not used in this work. However, as a result of this split and additional power losses
through the AODs, typical laser output powers (1-3W) result in much lower powers
into the microscope objective ( 200-700mW). A neutral density filter is placed in the
path of the detection laser, resulting in objective powers of less than 10mW. Thus,
the position detection laser does not influence the stiffness characteristics of trapped

beads during the experiments.

As described previously, within a range of radial displacements from the center

of the trap, PSD voltage coordinates correspond to a unique (X,Y) position in the
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specimen plane. This range of displacements is termed the “linear detection regime.”
Translating the PSD voltage coordinates to bead position coordinates is done using
the position calibration routines described in section 2.2.3. The resulting calibration
function used in this work is a fifth order polynomial mapping the PSD voltages (Vx,
Vy) to bead positions (Xpos,Ypos). The form of the fifth order polynomial function
and a typical set of coefficients are presented in Equations 3.1, 3.2, and Table 3.1,
respectively. With the beads used in this work (1.87um diameter polystyrene), the

linear detection regime has a typical radius of 540nm.

Xposinm| =
Ay(Cz1 + CzVa + CasVy + CxyVa® + CasVy® + CaeVz® +
CzVy? + CzsVat + CaoVyt + CryoVa® + CxnVy® + CxpVaVy +
Cx13Va2Vy + CxiVaVy? + CaisVaiVy + Cr1V2?Vy? + CaiVaVy® +

CzisVriVy + CaclgVac3Vy>2 + CzooVa?Vy? + Cxn VaVy?) (3.1)

Ypos[nm| =
Ay(Cyr +CyVr + CysVy + CysVa? + CysVy* + CyeVz® +
CyVy® + CysVa* + CyoVy* + CyroVa® + CynVy® + Cy1aVaVy +
CysVa2Vy + CyuVaVy? + CysVa®Vy + CysVa?Vy? + CynrVaVy® +
CysV*Vy 4+ CyVa*Vy? + CyxnVzVy® + Cya VaVy?) (3.2)

The PSD signal voltages are passed through a low pass filter and amplifier (Krohn-
Hite Model 3384 or Standford Research Systems Model SR640) with a typical cut-off
frequency setting of 30kHz and input and output gains between 5-30dB. Gains are
adjusted such that the signal voltages within the detection region typically fall within
the range of +5V, giving approximately 10mV/nm of displacement. These signals
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Xpos Ypos

A, 3132.02 Ay 3031.03
Cx; | 26.001204 | Cy, | 26.001099
Czy | 0.020008 | Cy, | —0.017028
Czs | 0.025211 | Cys | 0.027547
Czgq | 0.000125 | Cys4 | —0.000458
Czs | 0.000260 | Cys | —0.000156
Czg | —0.000148 | Cys | 0.000168
Cz7 | —0.000201 | Cy; | —0.000240
Czxg | —0.000015 | Cys | 0.000007
Czg | —0.000010 | Cye | 0.000001
Cz1o | 0.000015 | Cyio | —0.000016
Czqy; | 0.000002 | Cyip | 0.000007
Cz2 | 0.000423 | Cys2 | 0.000661
Czy3 | 0.000027 | Cy3 | —0.000272
Czy5 | 0.000012 | Cyy5 | —0.000020
Cz16 | —0.000006 | Cys6 | —0.000017
Czi7 | —0.000007 | Cyy7 | —0.000012
Cz15 | —0.000011 | Cysg | 0.000028
Czy9 | 0.000023 | Cyr9 | —0.000041
Czy | 0.000001 | Cyq | 0.000026
Cx91 | 0.000007 | Cye; | —0.000013

Table 3.1: Typical fifth-order polynomial calibration coefficients used to map PSD
voltages to position in the specimen plane
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are collected using a National Instruments data acquisition system (PCI-MIO-16E-1
with BNC-2090 accessory) featuring 12 bit data acquisition over up to 16 channels
with a maximum range of £10V. This range and digital resolution gives a maximum
analog signal detection resolution of 5mV, corresponding to a resolution of the detec-
tion system of approximately 1nm of bead displacement. These displacements may
be monitored continuously at a maximum sampling rate of 100kHz/channel. Such
capability to monitor nm level displacements at such high frequencies is a significant
advantage of this system over trap systems that rely on image processing and image
correlation techniques from captured images, which are subject to diffraction and

frame-rate limitations.

Trap stiffness calibration

The three most common techniques to calibrate optical traps were discussed in Sec-
tion 2.2.3. In this work, the stokes drag technique was used to determine the trap
stiffness. This technique is especially useful to determine larger trap stiffnesses where
passive, thermally driven bead displacements approach the detection resolution limit
and their measurement is more readily influenced by the presence of electronic noise.
As described in section 2.2.3, this technique requires a fluid of known viscosity and
a bead of known diameter and height above the surface. The BSA/PBS buffer used
in this work has a viscosity equal to that of water (1mPa s) [113, 73, 20]. The bead
height above the surface is set by first bringing a trapped bead in contact with the
coverslip surface via incremental movements of the piezo stage. Contact with the
coverslip surface is indicated by a slight change in the focus of the bead image seen
on the CCD camera. This is followed by a relative displacement of the stage of the
desired bead height. The estimated uncertainty in the bead height above the coverslip
surface due to this procedure is approximately 100nm. Fluid velocities are imparted
by relative motion of the piezo stage at velocities ranging from 300um/s —2000um/s
and stage displacement ranges 50 — 150um/s. A typical stokes calibration data set is
shown in Figure 3-2. For powers into the microscope objective ranging from 200mW

- 700mW (laser output powers 1-3W), the trap stiffnesses measured by this combina-
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Figure 3-2: Calibration of optical trap using stokes flow technique. (Trap stiffness
k = 0.29pN/nm.)

tion of techniques range from 0.1 - 0.3pN/nm. These characteristic stiffnesses across
the 540nm linear detection region result in maximum forces up to 150pN in these ex-
periments. Higher trap stiffnesses are achievable using different combination of power
and bead diameters as well as changes in the optical path, such as including a beam
expansion telescope on the trapping branch. However, for the work presented here,
these forces are sufficient. The variation in stiffness measurements using the stokes
calibration technique, as well as the differences in stiffnesses measured via stokes flow
calibration and the variance technique were both between 10 —20%. This uncertainty
in trap stiffness translates to an equal uncertainty in applied force. However, this un-
certainty is small when considering the inherent variability in the biological systems
explored in this work. Thus, these uncertainties do not significantly affect the results

and conclusions presented in subsequent discussion.
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Stage position detection

The piezoelectric stage used in this work is controlled using a collection of LabView
drivers provided by the manufacturer. A GPIB communication interface (NI-GPIB-
USB-HS) is used to send commands to and receive signals from the stage controller.
In the case of relatively large deformations (greater than a few microns) and slow dis-
placements (less than 20 um/s), this interface suffices for getting concurrent measure-
ments of the bead and stage position during an experiment. In high rate/frequency
experiments, the GPIB communication is too slow to provide adequate sampling
rates. In order to overcome this limitation, a novel optical lever system was designed
using an approach analogous to the deflection detection system used in an atomic
force microscope (AFM). In this system, depicted in Figure 3-3, a coverslip mounted
to the housing of the piezo stage serves as the cantilever. This cantilever is deflected
by a glass slide fixed to the piezo stage surface. A 590nm (red) laser (Thorlabs) is
reflected off the coverslip surface and onto a position sensitive detector (PSD) that is
mounted at a position that gives approximately 1m of optical path length from the
stage. With this path length and the configuration depicted, stage displacements on
the order of 1um result in approximately 1mm displacements of the laser spot. The
resulting signal change due to these displacements is used in conjunction with the
known displacements from the stage controller to establish a calibration between the
change in Stage PSD signal and stage displacement. An example of such a calibration
is shown in Figure 3-4. Stage position calibrations are performed either immediately
before or immediately following an experiment in which high deformation rates or
oscillation frequencies are used (greater than 10um or 10H z, respectively). Immedi-
ately prior to such experiments, the laser spot of the optical lever is centered on the
stage PSD using the mirror shown in Figure 3-3. During an experiment, the analog
voltage signal of the stage PSD is monitored concurrently with the bead position
system described above. This allows for direct monitoring of the stage position at
10-100 times larger sampling rates of the stage position during an experiment (10-

100kHz, compared to approximately 1kHz sampling of the stage position using GPIB
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Figure 3-3: (a) Picture and (b) schematic of optical lever system used to measure stage
displacements for large displacement rates and high oscillation frequencies (typically
greater than 10um/s and 10H z, respectively).

communication with the stage controller).

Loading configurations and testing procedures

The two loading configurations used in this work, termed Configuration A and B, are
displayed in Figure 3-5. In Configuration A the RBC is adhered to the coverslip in a
small region and the trapped bead is adhered to the RBC membrane at a diametrically
opposed area. In this configuration, non-specific bonding between the RBC and the
coverslip is relied upon to achieve an appropriate level of coverslip adhesion. In
order to promote the proper level of adhesion, standard pre-cleaned coverslips are
used and their surfaces are first incubated with a high BSA concentration buffer for
approximately 1 minute (1% wt. BSA/PBS, compared to 0.1% BSA/PBS used in
cell and bead solution preparation). Experiments are carried out on cells that are
found to be adhered in the proper manner. In order to achieve Configuration B,
bead/cell solutions suspended in 0.1% wt. BSA/PBS are used with coverslips that

are more thoroughly cleaned using a combination of KOH etching and ethanol rinses
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Figure 3-4: Example calibration of optical lever system used for stage position detec-
tion, showing approximately 0.5um/V.

(see Appendix A for details). No BSA/PBS incubation step is used. This procedure
promotes additional adhesion between the RBC membrane and coverslip such that
cells are frequently adhered in a perimeter with a characteristic diameter (d..). This
loading configuration was developed as a part of this thesis work due to its capability
to achieve a consistent set of contact conditions that remained constant over the
course of multiple experiments performed on the same cell, enabling much of the

dynamic characterizations discussed below.

During a typical experiment, a trapped bead is set at a height above the coverslip
surface between 0.25 — 0.6,um and calibrated using the position calibration routines
described above. Following calibration, slight adjustments to the height of the bead
above the surface (less than 200nm total changes) are made in order to bring the edge
of the cell in focus with the bead and ensure the bead may be accurately placed on the
perimeter of the RBC. The bead is brought into contact with an RBC using relative
motions of the piezo stage. This initial contact typically results in an initial pre-load
on the RBC membrane. In both loading configurations, additional load is applied
to the cell via relative motion of the piezo stage. Trapped bead displacements are

measured during this loading process and the applied load is inferred by multiplying
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Configuration A: Configuration B:
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Figure 3-5: Loading configurations relying on (a) limited coverslip adhesion and (b)
circular coverslip adhesion and examples of a healthy cell under 60pN and 30pN load,
respectively.
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Figure 3-6: Determination of the coverslip contact radius (R..) via relative motion of
a weakly-trapped bead relative to the cell to reveal the perimeter of contact between
the cell and the coverslip.

these measured displacements by the previously calibrated trap stiffness. For reasons
that will become clear in subsequent discussion, the load-displacement characteristics
of this deformation are typically plotted as the axial cell diameter versus applied load,
where the axial cell diameter refers to the length of the cell along the loading direction.
The axial cell diameter is taken to be the initial cell diameter (measured using images
captured on the CCD camera), plus the displacement of the piezo stage (monitored
using the stage controller or the optical lever system described above), minus the
displacement of the bead during loading. In addition, videos of each experiment are
used to measure the major diameter of contact between the cell and the bead. In
the case of load configuration B, the diameter of the perimeter of contact with the
coverslip is measured by first displacing the bead further from the surface at reduced
laser power and moving the stage in the opposite direction from loading. This reveals
the contact edge between the cell and the coverslip surface, the radius and diameter
of which may be determined using the initial diameter of the cell and the location of
the contact edge relative to a diametrically opposed point on the cell. An example of
this process and the resulting measurement of the coverslip contact radius is shown

in Figure 3-6.
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3.2.3 RBC elastic property extraction
Hyperelastic constitutive behavior of the RBC

The loading configurations used in this work and the relatively complex geometry of
the RBC impede the use analytical solutions for standard geometries (e.g. cylinders,
spheres, discs) in comparable loading configurations to determine the mechanical
properties of the RBC membrane from the measured load-displacement characteris-
tics. Previous work done within this thesis author’s research group has shown that a
combination of dimensional analysis and a parametric finite element study can be used
to account for all of the relevant experimental parameters and determine the elastic
properties of the RBC membrane from a measured load-displacement response. This
was done for loading configuration A and presented in [29]. A contribution of this the-
sis work is the application of this approach to loading configuration B. What follows
is a summary of this approach and its application to both loading configurations.
The combination of the phospholipid bilayer and underlying spectrin network
is idealized as an isotropic, incompressible, rubber-elastic material with a reduced-

polynomial strain energy potential of the Yeoh form:

G
U= 220+ 2 4 X —3) + Cy(A + 23 + 4% - 9)° (8:3)

The material is assumed to be incompressible (i.e. A\;A2A3 = 1). The initial shear
modulus (G,) is related to the initial membrane shear modulus and initial thickness
(o and h,, respectively) by G, = poh,. Cs is a higher order modulus that accounts
for the hardening behavior of the membrane under large stretch levels (A > 2). As
presented by Dao et. al [29], equation 3.3 may be expressed in terms of the membrane

shear moduli as:

o = %(Afﬂgﬂg—s)+uh(A%+A§+A§—3)3 (34)
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Where 11, and g, are the initial and hardening membrane shear moduli, respec-
tively. Recent work has shown that this constitutive response replicates the response
given by molecular mechanics-based approaches [29, 58, 5, 6]. However, in much
of the classical work on RBC mechanics, the RBC membrane is modeled as a Neo-
Hooken material, which is equivalent to Equation 3.3 with p, = 0. In addition, these
descriptions also impose area conservation (i.e. AjAy = Az = 1). This constraint is
generally thought to be imposed by the phospholipid bilayer, which is highly resis-
tant to changes in area. However, using fluorescent-labeled micropipette aspiration
experiments, Discher et. al [32] showed that the spectrin cytoskeleton may deform
significantly, relative to the lipid bilayer. These results suggest that, while the bilayer
may impose a global area constraint on the membrane, local area conservation of the
spectrin network may not be appropriate. Thus, for this work, only local volume
conservation is assumed for the membrane. However, as noted by Dao et. al., under
the assumption of area conservation, a given uniaxial response would imply an initial

membrane shear modulus that is 75% of that without area conservation.

Non-dimensionalized RBC force-displacement response

Using the aforementioned constitutive response, the force-displacement of the RBC
membrane during loading configuration A and configuration B may be analyzed us-
ing dimensional analysis. This approach was first reported in Dao et. al. [29] for
configuration A. Here, that approach is summarized and extended to configuration
B.

In the first loading configuration, the axial diameter (D) during loading will be

a function of the following variables:

DA = f(F, Hos Kb, Dov dcb) (35)

Where:
F - applied load

o - initial membrane shear modulus
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fn - membrane hardening modulus
D, - initial cell diameter

de - contact diameter between the trapped bead and the cell

In the second configuration, the contact area with the coverslip must also be taken

into account, such that Equation 3.5 becomes:

DA - f(F7 Koy Lhs DO) dcb, dcc) (36)

Where d,. is the diameter of the coverslip contact area.

According to the PI theorem, the following dimensionless groups exist for this set
of parameters:
DA F _ 1273 D Do

D, b2 3 , Iy s (3.7)

I —_—
! 110D, Lo de dec

And, equations 3.5 and 3.6 may be written in terms of these dimensionless groups,

such that:

DA ( F Hh DO)
= f— B 3.8
D, f HoDo™ pro” dep ( )

Dy _ ( F D, Bg) (3.9)

D, 1oDo’ 1o’ oy’ dec

For loading configurations A and B, respectively.
Dao et. al. [29] performed extensive finite element simulations to show that, in
configuration A, for a given set of contact conditions and material properties, the
dimensionless groups containing the force and axial diameter, II; and II, respectively,

may be related by the following functional form:

o148 (

D, )C (3.10)

Where B and C are functions of the remaining dimensionless groups (II3, IT3, I14).

toDo
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In this thesis work, a finite element model was implemented using commercial soft-
ware (ABAQUS) to examine the applicability of this functional form to configuration
B. In this finite element model, half symmetry was invoked and the RBC membrane
was modeled using shell elements. In light of the negligible effect that bending was
found to have on the force-extension behavior in these and previous studies [29, 30},
the shell thickness was set to give a typical bending rigidity of B, = 2- 107" Nm in
all simulations, unless specified otherwise. The geometry of the RBC is taken to be
that described by Fung et. al. [43], where the total cell thickness as a function of the

distance from the axis of symmetry (r) may be described by:

D(r) = [1 = (r/Ro)**"*[C, + Ca(r/R,)* + Ca(r/Ro)*] (3.11)

Where, for the average RBC radius of R, = 3.91um, the shape coefficients are:
C, = 0.81um,Cy = 7.83um,Cy = —4.3%1,. An example of the finite element mesh
and strain contours during the loading process for a given set of contact conditions

and average material properties are shown in Figure 3-7.

For a given set of contact conditions and modulus ratio (i.e. a fixed I3, Iy, I15) and
varying initial shear modulus, it was found that Equation 3.10 is also applicable to
configuration B. This is demonstrated in Figure 3-8, where various force-displacement
responses collapse along a single line described by equation 3.10. The values of B
and C will be different for variations in II3, II; and IIs. For configuration A, Dao et.
al showed that the following functional forms may be used to accurately replicate the
force-displacement response seen in the results of hundreds of finite element studies

[29]:

B =B, + B, (m(d%:—Bg)),

By = by,

BQ=b2—bg(ln(’/ﬁ§ )
)

33:b4+b5(1n(5f +b6(1n(ﬁ—§))2

(3.12)

SN N’
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Figure 3-7: Finite element simulations of RBC loaded under load configuration B
with po = 7.5uN/m, pn/ tto = 0.05, dee = 5.78um, depy = 0.96um.
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Figure 3-8: (a) Effect of initial shear modulus (y,) on the axial displacement vs. force
response of an RBC for a fixed set of contact conditions and moduli ratio; (b) non-
dimensionalized response where all curves in (a) may be described by Equation 3.10
with the displayed values of B and C.



C=0C -G, (1n(d2c§~03)

).
Crmerv s (1n () + o

o (Z_h))? (3.13)
Cy = cy,

o e e (n(2)) e (n (2)

Following this same framework, a similar set of non-dimensional equations may be
used to describe loading configuration B, where the additional dimensionless group

IIs = D,/d,. is taken into account:

55y (3 ) 5. (n 0(2) - 5).

By = by,
By = by — by (1n (u_h))
Bs =by + b5 (ln (/:‘j—';)) + bg (ln (1’%))2’ (3.14)
By = by — b (ln (%&)) ,
2

Cy = ¢y, 9 (3.15)
Cg = —C5 — Cg (h’l (%)) —Cr (ln (%)) )
Cy = cg,

o=~ e (in(32)) = e (n (32))

Where the constants and range of parameter studied for each loading configuration

are presented in Tables 3.2 and 3.3, respectively.

Using this system of non-dimensional equations, the initial shear modulus and
modulus ratio may be determined from the measured force-displacement response of
an optical trapping experiment using an optimization routine such as that described

by Dao et. al [29].
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Configuration A [29] Configuration B
by 0.42054 C1 0.5998124 | b, | 0.014635 | 219.43
b 0.059016 cp | -0.0574776 | by | 0.020626 | cp 2.9280
bs | -0.01489195 | c3 | -0.00348081 | b3 | 0.0080519 | c3 | 0.047723
by 3.247842 Cy4 0.04985 by 3.3536 cy | 0.011784
bs 0.4191616 | cs -1.93967 bs 0.15593 cs | 0.045700
bg | 0.0424185 | cg | -2.090442 | bs | 0.0081847 | c¢ | -0.062250
bs N/A cr | -0.2258287 | by | 0.084877 | c7 | 0.079457
bs N/A Cs N/A bs | 0.0067689 | cg 25.602
bg N/A Cy N/A bg 10.920 Cg 5218.6
bl() N/A C10 N/A blO 0.68419 C10 -561.80
b | N/A  |en| NJA by | 0077350 | ¢y | 25.007

Table 3.2: Fitted coefficients for non-dimensional equations.

Configuration A | Configuration B
I, = Da/D, (fit range) [1,1.8] [1,1.25]
I3 = pn/po [0.011,0.1] [0.01,0.1]
[y = D,/dw [3.5,15.64]] 3.92,15.64]
s = D,/dec N/A 1.30,1.564]

Table 3.3: Range of parameters explored in finite element studies to determine non-
dimensionalized system of equations describing the load-displacement response of the
RBC under loading configurations A and B.

3.3 Results and discussion

3.3.1 Elastic and viscoelastic characterization of healthy RBCs

An example force-displacement response of a healthy RBC under load configuration
B and the predicted response using the mechanical properties extracted from the
foregoing system of equations is shown in Figure 3-9.

In Figure 3-10, results of elastic characterizations of healthy cells using configura-
tion B are compared to results yielded by configuration A and other techniques. The
average initial membrane shear modulus of healthy RBCs (p, = 4.99uN/m) measured
using loading configuration B are comparable to those from the other techniques and
fall within the broader range of perviously reported values discussed in Table 2.1.

As discussed in Section 2.1.2, a classical experimental characterization of the vis-

coelastic characteristics of the RBC involves measuring the viscoelastic shape recov-
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Figure 3-11: Viscoelastic shape recovery tests performed at room and physiologically
normal, body temepratures.

ery behavior after extension via diametrically opposed pipettes (39, 49]. Modeling
the RBC membrane as a Neo-hookean material with an additional viscosity term in
the constitutive law (akin to a standard linear solid, or kelvin, model), a single char-
acteristic time-scale (t., where t. = 1/u,) is used to describe the viscous behavior of
the membrane (see Chapter 2). This work determined characteristic time-scales of
t. = 0.1—0.3s [39, 49]. Mills first extended this technique to loading via optical trap-
ping under loading configuration A, yielding similar results [68]. In this thesis work,
similar experiments were performed at room and physiological temperatures. Results
of those experiments are presented in Figure 3-11. It has been shown previously that
the membrane shear modulus does not vary significantly over this temperature range.
Thus, the measured change in characteristic time-scale corresponds to a reduction in
apparent membrane surface viscosity by a factor of two at physiological temperature.

However, such shape recovery experiments are limited in the time-scales over
which they can probe the dynamic response of the membrane. They also do not
explicitly account for the loading history of the RBC prior to the measured shape
recovery. Furthermore, other relevant work of Engelhardt et. al. [35, 36] and Puig-
De-Morales-Marinkivic et. al. [86], discussed in Section 2.1.2, suggest that this
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single time-scale description may not be appropriate for a large range of deformation
rates and frequencies. However, these studies are themselves limited in the levels of
deformation achievable and the deformation modes being applied (i.e. bending vs.
shear extension of the membrane). Such limitations are overcome using the optical
trapping system developed in this work where the combination of a high resolution
piezo stage and continuous force-displacement measurement capabilities enable two
classes of experiments: (1) stress relaxation experiments and (2) frequency-dependent

viscous dissipation characterizations.

Stress-relaxation of RBC membranes

The stress relaxation experiments developed in this work consist of three stages: (i)
a loading portion at a prescribed displacement rate, (ii) a holding portion where the
maximum stage displacement is maintained and (iii) an unloading portion, where the
stage is returned to its initial position at a slow displacement rate (typically 1um/s).
Using load configuration B, multiple stress-relaxation experiments were performed
over a range of displacement rates (1 — 100um/s) on the same cell. Thus, the explicit
effect of this loading rate on the response of the cell may be observed. An example
of the load-time history of a healthy RBC loaded using displacement rates ranging
from 1 — 100um/s is shown in Figure 3-12. During the displacement of the stage,
the cell experience a peak load that is dependent on the applied displacement rate.
After this peak load, the cell relaxes to a value that is roughly independent of the
applied load rate. This relaxed load level typically achieves a near steady-state value
in approximately 4-5 seconds.

The application of high deformation rates will impart a fluid drag force on the
trapped bead that may affect the measured force-displacement characteristics. How-
ever, under the conservative assumption that the maximum displacement rate of
100um/s produces the same fluid flow past the trapped bead (i.e. the bead-fluid
system immediately reaches steady-state), Equation 2.8 estimates these forces to be
approximately 2-3pN, which is small compared to the forces measured in these ex-

periments. Therefore, the load-time histories presented in Figure 3-12 suggest a
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Figure 3-12: Example time-history of loading a healthy RBC with approximately
2um of displacement imposed under configuration B at deformation rates from 1 —
100um/s. The stage is held at its maximum displacement for 4sec and returned to
its initial position at a rate of 1um/s. (a) and (b) display different ranges of time for
the same experiments performed on the same cell.

71



120

® 1um/s
100l * 5 umfs 1
® 10 um/s
® 50 um/s
= SOl ¢ 100 umis ]
=
o 60t
2
o
L 40f
20¢

8B 0 0B 05 075 1 125 15 175
Cell Disp (um)

Figure 3-13: Typical force-displacement response of healthy RBC under varying dis-
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stiffening behavior of the RBC membrane when it is loaded under large displacement
rates. This stiffening behavior is clearer when looking at the corresponding load-
displacement characteristics of the loading portion of the relaxation experiment, as
seen in Figure 3-13.

A simple way of interpreting this load displacement response is in terms of an “apparent”
initial shear modulus (p,p,) using the scheme presented in Section 3.2.3. Such an in-
terpretation is seen in Figure 3-14, where the apparent shear modulus of the RBC
membrane increases by nearly a factor of 2 with displacement rates up to 100um/s’.

More insight into the appropriate viscoelastic constitutive model of the RBC may
be gained by examining the time-dependent relaxation behavior exhibited in Fig- -
ure 3-12. A detailed development of such a constitutive model is beyond the scope
of this thesis work. Instead, this work aims to demonstrate the application of the
experimental techniques developed in evaluating constitutive theories previously put
forth in the way of aiding the development of future models. One class of constitutive
theories employed previously are descriptions that model the RBC membrane as a

combination of elastic and dissipative elements, such as the finite viscoelastic, stan-

'In these and many subsequent results, “p” values represent the results of a Mann-Whitney U
test, where the p-values indicated represent the probability that the two compared data-sets are
derived from the same population of data.
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Figure 3-14: Apparent shear modulus as a function of displacement rate. Data points
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dard linear solid model employed by Hochmuth and Evans (see Chapter 2 and above).
In such models, the elastic and dissipative characteristics of the RBC membrane are
described by a combination of spring and dashpot elements. Each viscous, or dash-
pot, element introduces an exponential term (e~%/t) with a characteristic time-scale
(t.) into the relaxation behavior of the RBC. Hochmuth and Evans proposed a single
time-scale description (f, = 0.1 — 0.3) where that time-scale is equal to the ratio of
membrane viscosity to membrane shear modulus (t. = n/u,) [39, 49]. Engelhardt et.
al. proposed a constitutive model of the RBC membrane involving a combination of
a short and long dissipative time-scales (t,; = 1.0s,t.0 = 0.1s) [35, 36]. Examining
the RBC relaxation behavior in this work found a strong correlation between the
necessary time-scales required to describe the relaxation behavior and the loading
rate of the RBC. As shown in Figure 3-15, under loading rates less than 10um/s,
a single exponential time-scale was sufficient to describe the observed relaxation be-
havior. Whereas, the relaxation behavior of cells subjected to larger loading rates
greater than 10um/s were typically best described by a two-term exponential de-

cay, suggesting the presence of two viscous time-scales. This was especially true for
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cells deformed at the highest deformation rates (50um/s and 100um/s). However,
as shown in 3-16, the exact value of these time-scales varied significantly for different
cells tested at the same loading rate, especially in the case of the single time-scale
description of cells subjected to slow deformation rates.

While these results do not eliminate the application of standard spring/dashpot
models to describe the dissipative nature of the RBC membrane, they do suggest
that a single time-scale description of the RBC membrane is insufficient to capture
behaviors observed at high deformation rates. The lack of an inherent time-scale in
the time-dependent deformations of living cells has been identified in other systems,
such as smooth muscle cells [31, 106]. In this and other work, the elastic and dissi-
pative characteristics of the cytoskeleton (typically expressed as the complex storage
(G’) and loss (G”) modulus) are found to follow a power-law dependence on fre-
quency. A similar power-law dependence was first suggested for red blood cells by
Puig-De-Morales-Marinkovic et. al. [86]. However, this work, using magnetic twist-
ing cytometry, examined smaller deformation levels than explored here. In this thesis
work, the relevance of a power-law description of the dissipative characteristics of the
RBC membrane was considered by examining the energy dissipation of the membrane
subjected to different loading rates. The energy dissipation of the membrane was de-
termined by integrating the force-displacement loading histories of the membrane,
shown for 1,10, 100um/s displacement rates in Figure 3-17.

As shown in Figure 3-18, it was found that this energy dissipation (Eys) ranged
from (20 — 80 - 107'8.J). In principle, this energy dissipation may arise from either
the RBC membrane or the internal fluid. In order to estimate the contribution of the
hemoglobin to the overall energy dissipation, one may consider a simple model of the
deformations imposed in these experiments as analogous to the shear of two parallel
plates with length equal to the initial cell diameter D, = 8um and width equal to the
bead diameter D, = 2um. With a hemoglobin viscosity of 1y, = 6mPas, the fluid

shear stress (7,,) may be expressed as:

Tey = ngE (316)
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Figure 3-15: Example of exponential fits of relaxation behavior of an RBC following
loading via a stage displacement rate of (a)lum/s, (b)10um/s and (c)100um/s.
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Figure 3-17: Corresponding load-displacement histories of a healthy RBC subjected
to loading via stage displacement rates of 1,10,100um/s, hold periods of 4 seconds
and unloading rates of 1um/s.

Where U is the relative velocity of the plates, which is taken as the displacement
rate (U = 1pm/s — 100um/s) and § = 2.6um is the maximum thickness of the cell
(i.e., the "gap” between the plates). The rate of work, or power, is given by the

product of the shear force and displacement velocity:

Wmte = shearU = T(Don)U (317)

Over the time duration of the loading and unloading portion of these experiments,
this gives an energy dissipation in the range of Ex, = (0.06 — 6) - 107'8J. Thus
the hysteresis observed is dominated by energy dissipation in the RBC membrane.
The RBC membrane dissipation displays a power-law dependence on loading rate
where Eg; ~ df;, and a = 0.25, which compares well to the results of Yoon et.
al., who found a nearly identical power-law description of the energy dissipation
with deformation rate under a smaller range of deformation rates and lower forces
(maximums of 20um/s and 40pN, respectively). Thus, these results suggest that

constitutive models employing power-law descriptions of viscous dissipation of the
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RBC membrane may be most appropriate to describe the viscoelastic behavior of the

RBC under a wide range of dynamic conditions.

Dissipative Behavior of Healthy RBC Membranes Subjected to Periodic
Loading

A second set of dynamic experiments was performed in order to explicitly investigate
the frequency-dependent behavior of the RBC membrane when subjected to periodic
loading conditions. In these experiments, the cell is subjected to periodic loading of

a particular amplitude (A4;) and frequency (f) via time-varying displacements of the

stage (z(t)) of the form:

z(t) = Ay (sin(2m f(t + %)) +

Note that this motion is not symmetric in compressive or tensile loading about the

%) (3.18)

initial position. Rather, only stage displacements that would typically provide tensile

loading are used. Significant compressive loading cannot practically be investigated
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Figure 3-19: Typical load-displacement behavior of a healthy RBC subjected to si-
nusoidal displacements of varying frequency.

as such loads would result in the bead being significantly displaced upward, out of

the focal plane of the trap.

The force-displacement response of the RBC membrane as a function of displace-
ment frequency is shown in Figure 3-19. The non-linear response of the RBC shown
in Figure 3-19 and the inherent dependence of this response on the contact con-
ditions preclude the direct application of simple theory to directly determine the
frequency-dependent complex moduli of the RBC membrane, such as that presented
in for isotropic, viscoelastic medium in [16]. Developing the appropriate frequency-
dependent constitutive behavior is beyond the scope of this work. However, as with
the discussion of relaxation behavior presented above, it is instructive to consider the
energy dissipation in these frequency-dependent measurements in the way of guiding

the development of future models.

The average energy dissipation per cycle for 6 measured cells is shown in Figure 3-

20. At high frequencies (typically greater than 25Hz), the stage displacement exhibits
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Figure 3-20: Energy dissipation behavior of healthy RBCs subjected to sinusoidal
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errors in matching the exact range of prescribed positions. In an attempt to account
for this error over the entire range of frequencies, the energy dissipation is expressed
in a per unit change in axial cell diameter (AD,) basis. However, even correcting for
this behavior, it is clear from Figure 3-20 that the same power-law dependence with
loading rate does not hold over the whole range of frequencies examined here. Instead,
examining the energy dissipation on log-scales, shown in Figure 3-21, suggests that
the energy dissipation may be related to the loading frequency by two power-law
regimes Egs ~ f®, where a = 0.45 from 0.5-10Hz and oo = —0.82 from 50-100Hz and
a transition between increasing energy dissipation to decreased energy dissipation

exists between 10-50Hz.

In order to make an adequate comparison of the stress-relaxation behavior and
the periodic loading behavior of the RBC, one must first consider the magnitude of
the loading rates employed in the sinusoidal load applications. The average and max-

imum deformation rates for the given combinations of frequencies and displacement
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Figure 3-21: Power-law dependence of energy dissipation of healthy RBCs subjected
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amplitude are outlined in Table 3.4.

Generally speaking, the characteristic loading velocities during sinusoidal load ap-
plication are comparable to those imparted in the foregoing stress relaxation exper-
iments. Therefore, the apparent discrepancy between the stress relaxation behavior
described above and cyclical loading behavior described here might be at least par-
tially explained by a time-dependent reorganization of the spectrin network. Given

adequate time, the deformed spectrin network dissipates energy in its reorganization

Amplitude (um) | Freq. (Hz) | Max. Vel (um/s) | Avg. Vel (um/s)
1.5 0.5 1.5 2.36
1.5 1.0 3.0 4.71
1.5 ) 15 23.56
1.5 10 30 47.124
0.75 50 75 117.81
0.75 100 150 235.62

Table 3.4: Corresponding average and maximum velocities imparted by sinusoidal
displacements of given amplitudes and frequencies.
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and correlated stress relaxation. Whereas, in the case of periodic loading, the applied
is not maintained sufficiently long enough to drive this reorganization, thus reducing
the average amount of energy dissipated per cycle. Admittedly, this description is
somewhat analogous to mechanical models of viscoelasticity such as those historically
described by Hochmouth and Evans and discussed previously. In those models, un-
der high enough loading rates, the dissipative elements (i.e. dashpots) “short out”
and result in an apparently elastic response. However, as established in the forego-
ing results and discussion, if such models are going to be capable of describing the
RBC behavior over a wide-range of deformation rates, they require multiple dissi-
pative elements and time-scales. The observed periodic loading behavior may also
give evidence of the fluidization of the spectrin network. Fluidization of the RBC
spectrin network has been discussed and analyzed in the context of computational
models, such as that presented by Li et. al [59]. Under large shear strains and high
strain rates (engineering shear strains 0.8-1 and strain rates ~ 1051/s), the spec-
trin network undergoes a solid to fluid transition, resulting in an apparent softening
of the stress-strain response. An analagous behavior appears to be present in the
force-displacement behavior of Figure 3-19, where, at the largest frequency exam-
ined, 100Hz, the energy dissipation is minimal and the force-displacement response is
much “softer” than in lower frequencies. This behavior is clearer when examining the
force-displacement characteristics at different frequencies on the same axes, as shown
in Figure 3-22. Such fluidization has not been observed experimentally in previous
experiments. However, the techniques presented here may allow such observations as
they enable the application of large shear strains and stresses at frequencies previ-
ously unexplored. Future work should be aimed at further exploring this possibility
of fluidization, as well as the governing energetics of these deformations. Most no-
tably, temperature-dependence and the possible presence of a metabolic dependence
of these behaviors (i.e. ATP-mediated deformation and dissipation behavior) my be

explored to further understand these dissipative phenomenon.
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3.3.2 Characterization of P.f. parasitized RBCs

The optical trapping system implemented as part of this thesis work was used by Mills
et. al. in the investigation of the role of a particular protein, the ring-infected surface
antigen (RESA), in the reduced deformability present in the Ring stage (0-24hrs)
of the parasitic cycle. The results of that study is reproduced, with permission, in
Figure 3-23 [67]. These results will be further referenced in Chapter 4. Of particular
significance in this work is the role of physiological temperatures on the reduced
deformability of parasitized Ring stage cells with RESA present. In normal body and,
even more significantly, febrile temperatures, the shear modulus of the parastiized
RBC is approximately three and six times that of the healthy or uninfected RBC.
The implications for such stiffening behavior on the flow behavior of the parasitized
vs. healthy RBCs is discussed in Chapter 4. Future work should also aim to quantify
the role of RESA on the viscous behavior of the RBC membrane using the techniques

described above.
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using Configuration A.

One of the particular advantages of the loading configuration developed as part
of this thesis work is its potential applicability to investigating cells with enhanced
cytoadhesion, such as those seen in the latest stages (Trophozoite and Schizont) of
the parasitic cycle of P.f. malaria. As shown in Figure 3-24, the loading and analysis
scheme presented in this thesis work yields similar results for parasitized cells to those
presented by Mills et. al [66, 102]. In principle, this combination of loading configura-
tion and interpretation via a non-dimensionalized FEA study represents a framework
by which the mechanical properties of other adherent cells might be explored.

Finally, as prelude to future work on the characterization of parasitized cells, the
periodic loading response of trophoéoite—stage infected cells was also examined. As
shown in Figure 3-25, the infected cells exhibit a slightly larger characteristic energy
dissipation under low loading frequencies. However, at larger loading frequencies,
the behavior of infected cells is comparable to healthy RBCs. While the data-sets
are not large enough to produce a statistically-significant result, they do suggest
the possibility of a parasite-mediated viscous response in conjunction with the well-
established increase in membrane stiffness. As with healthy RBCs, under sufficient
loading frequencies, this viscous dissipation may be reduced by the presence of a time-

dependent reorganization response and/or membrane fluidization. As with healthy
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RBCs, the influence of temperature and ATP are two areas that might be of particular

interest in further exploring this phenomenon.

3.4 Conclusion

An advanced optical trapping system was developed to investigate the quasistatic (ie
purely elastic) and dynamic (ie viscoelastic) response of healthy and diseased human
red blood cells. Using a combination of laser-based detection schemes this system
has the ability to continuously monitor force and displacement applied to an RBC
membrane in order to determine its mechanical properties and dissipative character-
istics. The elastic properties of the RBC membrane are inferred from the measured
load-displacement characteristics using a system of non-dimensional equations de-
rived from a parametric finite element study. In exploring the dynamic response of
RBC membranes, a new loading configuration was developed in which the RBC is
firmly adhered to a glass coverslip and loaded via relative motions of a high resolu-
tion, closed-loop controlled piezo stage. This loading configuration was used in the
development of two techniques to charcterize the large deformation, time and fre-

quency dependent behavior of the RBC membrane. The first technique, time depen-
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dent stress-relaxation of the RBC membrane subjected to displacement rates ranging
three orders of magnitude (1 — 100um/s), revealed that there does not exist a single
viscous time-scale capable of describing the dissipative nature of the RBC membrane.
Instead, a power-law dependence on energy dissipation was found. These results are
in-line with other studies done at smaller loads and deformation rates. However,
when subject to periodic, sinusoidal loading of frequencies (0.5-100Hz), such power-
law descriptions break-down at high frequencies (greater than 50Hz). These results,
which represent the most extensive combination of large deformations and dynamic
range applied to the human RBC in an optical-tweezers system, suggest the possible
presence of either cytoskeletal reorganization processes or fluidization of the spectrin
network at large frequencies and strain levels.

The optical trap system developed here was used by Mills et. al. to establish a
strongly temperature-dependent role of the parasitic protein, RESA in the reduced
deformability observed in the Ring stage of P.f. malaria. Initial results on trophozoite
stage parasites using the loading configuration developed in this work suggest the
applicability of this configuration to the characterization of late-stage, adherent cells
and a potential role of the parasite in increasing the viscous behavior of the parasitized
RBC membrane. In addition to further examination of the temperature-dependent,
viscous behavior of parasitized RBCs, the ATP-mediated response of healthy and
infected RBCs is identified as a near-term avenue for future work in understanding the

underlying mechanisms governing the responses measured using these new techniques.
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Chapter 4

Flow Dynamics of Healthy and
Malaria Infected Human Red
Blood Cells in Microfluidic

Systems

Much of this chapter was reproduced from [87].

4.1 Introduction

While single-cell, quasistatic assays have helped establish connections between the
biophysical characteristics of RBC and disease states [102], they do not adequately
capture the reality of various biorheological events associated with the flow of a pop-
ulation of RBCs through the microvasculature. It has also not been feasible thus
far to develop in-vivo characterization of blood flow in the regions of largest RBC
deformation due to the small length scales and geometric complexity of the microvas-
culature.. To overcome this limitation, in-vitro assays of RBC flow through glass
tubes [14, 50] and microfabricated fluidic structures made of glass, silicon or poly-
dimethylsiloxane (PDMS) have been developed [3, 48, 97, 99, 107, 17]. These ex-

periments have also been complemented with computations and simulations of RBC
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biorheology [94, 92, 34, 27, 10, 74, 22, 82].

Despite these advances, there is virtually no experimental quantification to date of
flow characteristics (e.g., pressure difference versus cell velocity) of RBCs through con-
strictions of the smallest relevant length scales (approx. 3 um in diameter) whereby
the dynamics of RBC deformation characteristic of the conditions in the microvascu-
lature can be simulated and visualized. In a few isolated studies where RBC flow has
been studied through small channels [97, 99, 98], the dynamics of flow has not been
quantified or analyzed so as to facilitate broad conclusions to be extracted or to help
facilitate the development of general computational models. Attempts to quantify
RBC dynamics to date have not involved realistic in vivo temperature conditions
[1, 41]. Furthermore, to date no detailed, three-dimensional (3D), quantitative sim-
ulations, validated by experiments, of RBC flow through microfluidic systems have
been reported. Such simulations are essential to: (a) develop an understanding of the
relevant mechanisms and sensitivities of RBC flow behavior (e.g. the effect of RBC
membrane viscosity on resistance) that cannot be systematically probed through ex-
periments alone, (b) quantify the dynamics, rheology and interactions of RBCs with
the plasma, (c) extract biophysical and rheological properties of RBCs, and (d) de-
velop robust models that can be used for in vivo predictions. The insight gained from
a systematic combination of simulations and experiments could also be used in the
design of novel microfluidic systems and in the interpretation of the role of mechanical

and rheological cell properties in disease pathologies.

This chapter presents the results of a combined computational and experimental
framework aimed at satisfying the need for quantitative, temperature-dependent char-
acterizations of RBC flow at the smallest relevant length scales. The experimental
approach centers on quantifyinng the flow behavior of healthy and parasitized RBCs
through microfluidic channels with characteristic length scales down to 3um. The
results of these experiments are used to validate a three-dimensional, computational
model of RBC flow using dissipative particle dynamics (DPD). The DPD model for-
mulation was the work of collaborators in this thesis author’s research group and

thus, the author does not claim its development alone as a contribution of this thesis
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work. However, as outlined above, this combined experimental/modeling approach
represents an important framework by which further insight may be gained regarding

the flow of healthy and diseased human RBCs in the microvasculature.

4.2 Materials and Methods

4.2.1 Microfluidic channel fabrication and experimental pro-

cedures

PDMS-based microfluidic channels were fabricated using a replica molding process,
sometimes termed ”soft lithography,” that is well reviewed in the literature [108, 111].
The master mold is made from SUS8 resist using a two mask, two layer process.
The first layer defined the region of primary interest in the flow characterization
experiments (described below) and the second layer was used to define large reservoirs
for input/output ports and easier interfacing with buffer and cell solutions.

The channel structures and pressure-control system used in this work are illus-
trated in Figure 4-1. At their narrowest point, channels were 30 ¢ m long, 2.7 um
high and had widths ranging from 3-6 pm. A sharply converging/diverging structure
was used to ensure that it was possible to observe nearly the entire traversal process
(channel entrance deformation, channel flow and channel exit behavior/shape recov-
ery) at the imaging magnifications used, typically 20X - 50X. In this way, the use
of a single channel structure ensured that the hydrodynamics of the experiment was
well-controlled and more easily understood. In addition, this approach reduced the
physical domain of the experiment so as to allow for a small modeling domain and
decrease the computational time required in the evaluation of our modeling approach.

In the pressure-control system, adapted from [115], a set of dual input and output
ports are utilized in order to allow for periodic exchanges of buffer and priming
solutions as well as fresh cell solutions. The applied pressure difference was achieved
using a combination of pressurized reservoirs and hydrostatic pressure adjustments.

The pressure regulators (Proportion Air Inc., McCordsville, IN) utilized a computer-
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Figure 4-1: Schematic view of pressure-control flow system and channels used in flow
experiments. A combination of pneumatic regulators and relative height adjustments
are used to set the desired pressure differential.

controlled high-resolution solenoid valve and had a range of 0-207 kPa with an applied
pressure resolution of approximately 69 Pa (0.01psi). These regulators exhibited the
best response and linearity at pressure levels above 20.7 kPa. Therefore, this was
the minimum pressure level applied at the entrance and exit reservoirs. Applied
pressure differences were first set by increasing the regulator pressure above this
minimum level. Additional hydrostatic pressure adjustments were made by adjusting
the relative heights of the pressure columns using a micrometer stage, giving an
applied pressure difference resolution of approximately 1 mmH,0O (0.001 psi or 9.8 Pa).
A secondary set of pressure gages was used to check the applied pressure difference at
the fluid reservoirs in order to ensure there were no significant leaks in the pressure
lines leading up to the fluid reservoirs.

Experiments at 37°C and 41°C were carried out using a water bath system in which
the channel was bonded into an aluminum dish using a PDMS seal or a parafilm gas-
ket. Pre-heated water was then added to the reservoir to bring the system to the
desired temperature. This temperature was maintained by a temperature control
system using a flexible heater to radially heat the water bath, a T-type thermocou-
ple temperature probe, and a proportional - integral - derivative (PID) temperature
controller (Omega Inc., Stamford, CT). Temperature at the coverslip surface was

monitored throughout the experiments using a T-type thermocouple. The use of
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such a water-bath system ensured that the entire device, including the input and
output tubing containing the cells under examination, was maintained at the same
temperature. In addition, the high thermal mass of the water-bath system ensured

temperature stability for the duration of a typical experiment (1 - 4 h).

During a typical experiment, the channel system was first primed with a 1%wt
solution of Pluronic F-108 surfactant (Sigma Inc., St. Louis, MO), suspended in PBS
(1X). The enhanced wetting properties of the Pluronic solution allows for easy filling
of the channel and purging of air bubbles. After the channel is filled, the Pluronic is
allowed to incubate for a minimum of 20 minutes in order to block the PDMS and
glass surfaces from further hydrophobic and other non-specific adhesive interactions
with the red cell membrane. After this incubation time, the system is flushed with
a 1%wt BSA/RPMI buffer solution. The excess buffer is then removed from the en-
trance reservoir and the cell solution is added and introduced to the channel reservoir
area. After an initial flow of cells across the channel is observed (typically by ap-
plying a pressure difference of approximately 0.7 kPa (0.1 psi)), the applied pressure
difference is set to zero by first equilibrating the applied pressure from the pressure
regulators and then stagnating the flow in the channel by trapping a bead in the cen-
ter of the channel via relative height (i.e. hydrostatic pressure) adjustments. After
this process, pressure differences are typically set using the electronically-controlled
pressure regulators. However, due to hydrodynamic losses, this applied up-stream and
down-stream pressure difference does not correspond to the local pressure difference
across the channel. In order to determine this local pressure difference, bead trajec-
tories and velocities are measured using our high speed imaging capabilities and an
image processing routine. These measured velocities are used to determine the local
pressure difference using a combination of computational fluid dynamics simulations
and well-known analytical solutions for flow in rectangular ducts [71]. The details of

this procedure are provided below.

Flow experiments were performed on a Zeiss Axiovert 200 inverted microscope
(Carl Zeiss Inc. Thornwood, NY) using a halogen source and either a 20X or 40X

objective. The microscope objective used for imaging was not a contact objective
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(e.g., not an oil or water-imersion objective), in order to ensure that the cover slip
was sufficiently thermally isolated for experiments at elevated temperatures. Images
were recorded on a PCO.1200hs high-speed, CMOS camera, operated at typical frame-
rates of 1000-2000 fps (Cooke Corp., Romulus, MI).

4.2.2 Local pressure differential measurement

Across several experimental runs, differences in hydrodynamic pressure losses may
arise due to several factors, such as minor leaks, the presence of debris in the chan-
nel reservoirs, and cell concentration gradients. Such variability would result in
differences in cell traversal/flow behavior under the same nominally applied up-
stream/downstream pressure differences. Therefore, in order to minimize the effect
of these variations as well as minimize the physical domain required in our DPD sim-
ulations, a particle tracking scheme was used to experimentally determine the local
pressure gradients in the microfluidic channel.

Viscous flow of a Newtonian fluid with viscosity (n) through a channel of rectan-
gular cross-section with width (w), height (k) and length (L) may be described by

the well-known pressure-velocity relationship [71]:

ey n3 cosh(nmw/2h)

V(z,y) = %i—lf i ! (1 _ coshinmz/h) ) sin{nmy/h) (4.1)

where —w/2 < z < w/2 and 0 < y < h. Neutrally-buoyant, rigid particles
with a diameter (D,) that is small compared to the length and width of the channel
(Dp << wand D, << h) may be expected to flow along streamlines and give a direct
measurement of the fluid velocity at a point corresponding to the center of the particle.
Thus, a measured average fluid velocity may be used to infer a pressure difference from
an integrated/averaged form of Equation 4.1. However, due to imaging limitations
and the small channel dimensions used in this work, we are required to use minimum
particle diameters of 1p4m, which is comparable to both the channel height and width.

In this case, the particle may be expected to travel with a velocity comparable to the

average fluid velocity over the projected area of the particle. In addition, the particle
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may not perfectly track the fluid streamlines due to rotational effects brought upon
by the high velocity gradients in the length or width direction. Therefore, in order to
establish a relationship between the measured bead trajectories and the local pressure
gradient, a combination of numerical averaging and computational fluid dynamics
studies (CFD) was used. First, it is important to realize that bead trajectories are
limited to the region: —w/2 + D,/2 < 2 < w/2— D,/2 and D,/2 <y < h— Dy/2.
Over this region, a grid of points with coordinates (x,5) and separation (dz,0y) may
be selected for which the velocity of the beads at those points may be approximated
by the average fluid velocity of the circular region of radius R, = D, /2 around that
point. These bead velocities may be averaged over the bead flow region to establish a
relationship between the average bead velocity and the local pressure difference. This
relationship is plotted for the channels and temperatures used in our experiments in
Figure 4-2. In calculating these relationships, the fluid is assumed to have the same
temperature-dependent viscous properties as water [113, 73, 20]. This relationship
was compared to the results of a series of CFD simulations of a flow of 1 um particles
in a 2.7 wm high x 4 ym wide channel. These CFD results indicated that for flow off
the centerline of the channel, rotational effects are present and beads do not exactly
travel along the fluid streamlines. However, as shown in Figure 4-3, these effects have
only a small effect on the bead’s average velocity in the microfluidic channel compared
to that calculated using the local average of 4.1. Therefore, the relationships presented
in Figure 4-2 are believed to be adequate for inferring the local pressure gradient for

a measured average bead velocity.

In our experiments, the minimum depth of field of our imaging system was es-
timated to be 2.8 um using the analysis presented in [64]. Thus, bead images are
believed to be taken along the entire channel height. These bead trajectories were
tracked and subsequently analyzed using an image segmentation and tracking rou-
tine written in Matlab. Average velocity measurements were checked by manually
tracking a subset of beads from every data-set. The average bead velocity is then
translated to a local pressure differential using the relationships presented in Figure

4-2.
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Figure 4-2: Relationship between average velocities of 1um diameter beads and local
pressure difference at room, body and febrile temperatures (22°C, 37°C and 41°C,
respectively) for 2.7 pm high, 30 gum long channels of varying width.
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Figure 4-3: Comparison of analytical solutions and CFD results for fluid and bead

velocities at various positions along the width of the channel. (Inset: Pressure-velocity
relationship for beads and fluid along channel center-line)
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4.2.3 Buffer and cell solution preparation

Whole blood from healthy donors was obtained from an outside supplier (Research
Blood Components, Brighton, MA). Blood was collected in plastic tubing with an
ACD preservative added during collection. Upon reception, blood was stored at 4°C.
All experiments were performed within 12 hours of acquiring blood samples.

The primary buffer used in all cell solution preparations and experiments was
RPMI 1640 with 1 %wt of Bovine Serum Albumin (BSA) (pH=7.4). 100 xL of whole
blood is suspended in 1 mL of this buffer and centrifuged three times at 1000rpm.
After the final centrifugation, red cells are suspended in 10 mL of BSA/RPMI buffer,
resulting in a final hematocrit of approximately 0.4-0.5%. Finally, immediately prior
to introduction into the microfluidic channels, 20-30 L (5%wt) of 1 gm polystyrene
beads (Polysciences Inc., Warrington, PA) were added to the cell solution. If neces-
sary, fresh cell/bead solutions were periodically introduced over the course of a flow
experiment. For all cell solutions, no more than 2 hrs. elapsed from the time of its
final centrifugation to the time of its flow characterization.

Experiments on P.f. parasitized cells were done using the same cell concentra-
tions and the same final buffer suspensions as healthy cells. Parasite cultures were
maintained by a collaborator within this thesis author’s research group (Dr. M. Diez-
Silva). The details of the culture protocol as well as the genetic modification routines

are found in [67].

4.2.4 Dissipative particle dynamics (DPD) modeling

We use high-speed imaging to measure and quantify the temperature-dependent flow
characteristics (pressure versus velocity relationships) and shape transitions of RBCs
as they traverse microfluidic channels of varying characteristic diameters. These re-
sults are compared to simulated flow behavior using Dissipative Particle Dynamics
(DPD). DPD is a mesoscopic approach whereby both fluid and solid elements of a
fluid-solid media are discretized as a collection of points. The interaction between

points and amongst different domains are governed by a collection of pairwise inter-
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action potentials and a combination of conservative and dissipative forces [52]. The
DPD model formulation and execution presented in thesis is the work of a collabora-
tor in the thesis author’s research group (Dr. Igor Pivkin). Details on this particular
formulation are provided in [80, 79, 78, 87].

However, it is important to note that an important feature of our modeling ap-
proach compared to other mesocopic approaches is that the interaction parameters
governing the elastic behavior of the RBC membrane are derived from the properties
of the individual components of the RBC cytoskeleton. Therefore, the model is capa-
ble of capturing the elastic behavior of the RBC without the need for additional fitting
parameters. The viscous parameters are defined using additional independent exper-
imental measurements. As a result, the RBC model accurately matches the behavior
measured in three different experiments at both room and physiological temperatures:
(1) the force-displacement response as measured with optical tweezers [79], (2) the
magnitude of resting membrane thermal fluctuations [75], and (3) the characteristic
time scale of membrane relaxation following stretching, such as that presented in
Figure 3-11 and [39, 68]. The membrane and fluid parameters determined from this
diverse combination of experiments are applied for all subsequent modeling condi-
tions and are complemented with the results of a single data point from our RBC
flow experiments in order to translate non-dimensional simulation results to physical

units.

4.3 Results and Discussion

4.3.1 Flow characterization of healthy RBCs

Figure 4-4 presents shape profiles of the RBC as it traverses channels that are 2.7
pum high, 30 pm long and 3 to 6 um wide, geometries typical of some of the large
deformation conditions in the microvasculature. Figure 4-4(a) presents a qualitative
comparison of experiment with our DPD model for RBC traversal across a 4 ym wide

channel. Three time scales can be identified: (Frames 1-2) the time required for the
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the cell to go from its undeformed state to being completely deformed in the channel,
(Frames 2-3) the time it takes the cell to traverse the channel length, and (Frames 3-4)
the time for complete egress from the channel. Here the cell undergoes a severe shape
transition from its normal biconcave shape to an ellipsoidal shape with a longitudinal
axis up to 200% of the average, undeformed diameter. Figure 4-4(b) illustrates how
the longitudinal axis of the cell, measured at the center of the channel, changes with
different channel widths. Experimental and simulated longitudinal axes typically
differ no more than 10-15%. During such large deformation, the RBC membrane
surface area and volume are assumed to be constant in our DPD model. However,
the model allows for local area changes during passage through the channel. The
contours presented in Figure 4-4(c) show the evolution of such local gradients in area
expansion. These results indicate that, for the smallest length scales, the leading edge
of the cell deforms significantly as the cell enters the constriction and deforms further
as the cell traverses the channel. As expected, little area expansion is seen during flow
through the 2.7 um high x 6 um wide channel. The local stretch of the underlying
spectrin network scales with the square root of local area expansion. Therefore, this
information may be used to estimate the maximum stretch of the spectrin network
at any point during this traversal process. This result is shown in Figure 4-4(d) for
the channel widths used in the experiments. At the smallest width channels, the

maximum stretch increases to A > 1.6.

In Figure 4-4(e) we compare these shape characteristics to the results of other
meso-scale modeling approaches, such as the multiparticle collision dynamics (MPC)
models presented by McWhirter et. al. [63]. Here, the deviation of the RBC shape
from that of a sphere is quantified by its average asphericity < o >, where < a >=0
for a sphere and < o >= 0.15 for an undeformed discocyte. In larger vessels, the
asphericity approaches 0.05 as the cell assumes its well-known parachute-like shape
[63]. Our DPD scheme, when used to model flow in larger vessels, indicates a similar
trend as shown in Figure 4-4(e). However, in the narrowly constricted channels, the
average asphericity increases significantly greater than previously known. Thus, our

computational model is capable of capturing a range of shape deviations in large and
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Figure 4-4: Shape characteristics of RBC traversal across microfluidic channels: (a)
Experimental (left) and simulated (right) images of erythrocyte traversal across a 4
pm wide, 30 pm long, 2.7 pm high channel at 22°C and an applied pressure difference
of 0.085kPa.; (b) local area expansion contours for an RBC traversing a 3 um and 6
pum wide (h = 2.7 pm) channel under AP = 0.085 kPa; (¢) measured and simulated
cell lengths at the center of the microfluidic channel for varying channel widths; (d)
estimated maximum stretch ratios of RBC spectrin network; and (e) asphericity index
as the cell passes through different channel widths under AP = 0.085 kPa. In (d)
all channel heights are 2.7 um. In (e), channel height and width dimensions are
indicated. Vertical dashed lines in (d) and (e) indicate locations of channel entrance
and exit. Horizontal dashed line in (e) indicates the stress-free, resting asphericity of
a normal RBC (a = 0.15).
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small vessels, which correlate well with experimental measurements for the smallest

length scales.

Figure 4-5(a) presents pressure—velocity relationships for RBC flow across channels
of different cross-sectional dimensions. Average cell velocity measurements are taken
between the point just prior to the channel entrance (the first frame in Figure 4-4(a))
and the point at which the cell exits the channel (the final frame in Figure 4-4). As
such, the time scale examined in these studies is a combination of entrance times,

traversal and exit times. These individual time scales are plotted Figure 4-5(b).

The DPD model adequately captures the scaling of flow velocity with average pres-
sure difference for 4-6 wm wide channels. The significant overlap in the experimental
data for 5-6 wm wide channels can be attributed largely to variations in cell size and
small variations in channel geometry introduced during their microfabrication. The
relative effects of these variations are the subject of a sensitivity study we present
in Figure 4-6; the variations are illustrated here as error bars on DPD simulation
results for select cases. For the smallest channel width of 3 um, the experimentally
measured velocities are as much as half that predicted by the model. This may be
attributed to several factors, including non-specific adhesive interactions between the
cell membrane and the channel wall due to increased contact. Furthermore, this 3 um
x 2.7 pm (8.1 um?) cross-section approaches the theoretical 2.8 um diameter (6.16
pm?) limit for RBC transit of axisymetric pores [19]. Therefore, very small variations
in channel height (due, for example, to channel swelling/shrinking due to small varia-
tions in temperature and humidity) can have significant effects. Thus, this geometry
may be taken as a practical limit of the current modeling scheme for the chosen level
of discretization (500 ”coarse-grained” nodes, see [79]). In addition, while the total
traversal time scales are in close agreement, the data presented in Figure 4-5(b) in-
dicates that the DPD model typically over-predicts the relative amount of time the
cell requires to enter the channel constriction. This can be attributed in part to the
use of periodic inlet/outlet boundary conditions, which do not allow for an accurate
characterization of the fluid momentum. This is clear when examining the sensitivity

of the simulated time scales to the size of the modeling domain. Doubling the domain
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Figure 4-5: Quantitive flow behaviors of RBC traversal of microfluidic channels. (a)
Comparison of DPD simulation results (open markers) with experimentally measured
mean velocities (filled markers) of RBC traversal as a function of measured local
pressure differences for 3, 4, 5 and 6um channel widths (height = 2.7 pm, length
= 30 wm). Error bars on experimental data points represent an average £ one
standard deviation of a minimum of 18 cells. Error bars on modeling data points
indicate minimum and maximum variations resulting from a case study exploring
the sensitivity of the RBC traversal to channel geometry and cell volume, shown
in Figure 4-6. (b) Experimentally measured and modeled total transit time broken
into entrance, channel and exit components for RBC traversal across varying channel
widths under AP = 0.085 kPa. (*) Modeling results with 2X domain size to examine
the role of fluid inertia and periodic boundary conditions.
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Figure 4-6: Case studies using the DPD model to evaluate the sensitivity of RBC
flow in a 4 pwm wide x 2.7 pm high channel subjected to a pressure difference of 0.14
kPa with respect to geometric variations in flow direction (B: Off-centerline flow),
channel geometry (C: Non-rectangular, beveled corner cross section with the same
cross-sectional area), and cell volume (D,E.F: 0.8, 1.1, and 1.25 times the standard
cell volume of 100 um?, respectively).

size (results noted in Figure 4-5(b)), effectively increases the momentum of the fluid
and cell as the cell enters the channel, and results in a decrease in characteristic en-
trance time, but has little effect on the transit and exit time. It is also possible that
there is a physical basis for this discrepancy between relative contributions of the cell
entrance time. For example, at such high rates of deformation (up to 200% overall
stretch in approximately 0.2 seconds), the RBC might undergo an active reorganiza-
tion of its spectrin network. Any such molecular reorganization is not accounted for

in our model, but could be introduced.

Some additional features of the experimental results and modeling predictions
should be highlighted. First, the velocities in Figure 4-5(a) compare well to exper-
imental measurements made across 5 um and 6 pm axisymmetric pores by Frank
and Hochmuth [41] as well as aggregate measurements made by Sutton et. al [103]
in a microfluidic device where control of flow pressure was less robust than in the
present case. Also, as in these and other in-vitro experiments, the flow resistance
in our experiments are significantly smaller than those measured in-vivo at smaller
characteristic diameters, which would typically result in significantly larger flow re-

sistance [112, 83]. This is most likely due to the lack of a glycocalyx layer in these
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in-vitro experiments, which has been hypothesized to increase the flow resistance of
the microcirculation in vivo by as much as ten times that of in-vitro experiments of

comparable length scales [112, 83, 93].

Our experimental and modeling results are also compared to the predictions [92]
from an axisymmetric analysis of RBC passage through micropores. Here pressure
differences of 0.1 kPa across 10 pm long pores with diameters ranging from 3.6 pum to
6 pum result in average traversal velocities from approximately 0.2 - 2 mm/s. These
velocities are of the same approximate magnitude as those presented here. However,
when the analysis in [92] of 5 um and 6 um tube traversals are compared to the
experimental results of Frank and Hochmuth, it consistently over-predicts the traver-
sal velocities by up to a factor of four. This may be due to increased dissipation of
the membrane and fluid due to slight asymmetries of the cell and tube that are not
captured using an axisymmetric continuum assumption. However, the use of a fully
three-dimensional, discrete approach is capable of capturing such asymmetries and

giving more robust predictions of RBC flow dynamics at such small length scales.

The effect of temperature on the flow dynamics of the RBC is shown in Fig-
ure 4-7(a). Here, we examine the ratio of the local pressure gradient and average cell
velocity (AP/V') versus temperature for two different channel geometries. We also
present the pressure-velocity ratio for a fluid with the properties of the surrounding
media as a function of temperature for each of the respective channel geometries. For
a given channel geometry, AP/V scales with the effective viscosity of the medium
(external fluid, cell membrane and internal fluid) and the membrane stiffness. Over
this temperature range (22°C-41°C), quasi-static experiments reveal essentially no
effect of temperature on the stiffness of healthy RBCs [109, 67]. Here, the observed
temperature dependence is ascribed to changes in viscosity in that decreased flow
resistance (i.e. increased average cell velocities) results from increasing temperature
due to a decrease in the effective viscosity of the medium (the combination of external
fluid, internal fluid and membrane). As discussed in Chapter 3, under a standard lin-
ear solid model, optical trapping measurements have shown that the RBC membrane

viscosity at 37°C is 50% of its value at room temperature. Similarly, the viscosities
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Figure 4-7: Temperature dependent RBC flow behaviors. (a) Comparison of DPD
simulation results with experimentally measured effects of temperature on ratio of
local pressure difference and mean velocity of erythrocyte traversal in a 4 um and 6
pm wide (h = 2.7 pm, L = 30 pm) microfluidic channel. Data points represent an
average of a minimum of 18 cells. (all p < 0.05 in experimental data) (b) Independent
effects of external fluid viscosity, membrane viscosity and internal fluid viscosity on
the modeled flow characteristics of RBCs in 4 um channels subjected to a pressure
difference of 0.14 kPa.
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of the suspending media and internal cytosol decrease by 22% and 27%, respectively.
However, the relative influences of the internal fluid, external fluid and membrane
appear to be different for flow across 4 um and 6 um channels. In the case of RBC
flow across 6 pm wide channels, the effective viscosity is nearly equivalent to the sur-
rounding fluid viscosity. However, RBCs flowing across 4 um wide channels exhibit
a markedly larger apparent viscosity, ranging from approximately twice that of the
external fluid at room temperature down to 1.3 times at febrile temperatures. Thus,
there appears to be a threshold cross section below which, the RBC rheology begins
to play a significant role in its dynamic flow behavior. The membrane viscosity is
at least 10 times the internal and external components. Therefore, one might expect
its influence on the flow behavior of the RBC across such small cross-sections to be
relatively larger than the internal and external viscosities [39]. Figure 4-7(b) presents
the results of a series of simulations used to determine the relative contributions of the
RBC membrane viscosity and its internal and external fluid viscosities for flow across
a 4 pm wide channel. It can be seen that, for a 4 um wide channel, the external fluid

and membrane viscosities play an equally significant role in determining the transit

behavior of the RBC.

4.3.2 Flow characterization of parasitized RBCs

As discussed in Chapter 2, it has been established that the presence of the parasitic
protein RESA is largely responsible for reduced deformability in P.f. parasitized
RBCs in the Ring stage of parasitic maturation. This reduced deformability is most
severe at physiologically normal and febrile temperatures. In order to investigate the
effect of such a stiffening behavior in the context of microvascular flow, microfluidic
experiments were performed using 4um wide channels at room temperature, 37°C,
and 41°C'. In the extreme case, cells were occasionally observed to occlude the channel
for long periods of time. However, it is generally believed that these cells are late-
Ring or early-Trophozoite stage infected cells. A comparison of the flow behavior
of uninfected RBCs and that of the RESA wild-type (WT) and RESA knock-out
(KO) infected RBCs is shown in Figure 4-8. This data suggests that all parasitized
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Figure 4-8: Flow behaviors of (a) wild-type (WT) and (b) RESA knock-out (KO) P.f.
parasitized RBCs in 4 um wide channels under a pressure difference of approximately
AP = 0.1kPa. In order to highlight the differences between healthy and infected cells
and the variation with temperature, each data set is normalized by the flow velocity
of uninfected cells at 41 °C.

cells, regardless of the presence of RESA, exhibit inhibited flow (i.e. reduced transit
velocities) across the channel. There does not appear to be a significant effect of the
presence of RESA. As shown in Figure 4-8, the absence of RESA results in parasitized
cells whose elastic properties are comparable to healthy cells. Thus, the inhibited
flow behavior presented in Figure 4-8 is likely the result of increased dissipation of
either the cell membrane or the internal environment. DPD simulations presented in
Figure 4-7 suggest that the internal fluid viscosity plays a less-significant role than
the membrane viscosity. Therefore, the observed flow inhibition may be a result of
increased membrane viscosity due to other parasitic proteins binding to the spectrin

network.

As a final note, the work of Bow, when combined with these results, provides
additional insight into the role of RESA in microvascular flow (13]. In this work, a

microfluidic device with periodic constrictions is used to examine the flow behavior
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of healthy, uninfected and parasitized cells. The flow velocities in this work are
nearly an order of magnitude lower than those measured in this thesis work (0.1mm/s
compared to approximately Imm/s here). Under these conditions, a statistically
significant difference between RESA-WT and RESA-KO populations is seen relative
to uninfected and healthy cells. This result suggests that the role of RESA is rate-
dependent where, at low shear rates, RESA serves to increase over all viscous flow
resistance but, under higher shear rates, the effect of RESA is reduced. This would be
akin to a plateau in membrane viscosity or a possible shear-thinning behavior, perhaps
analogous to the frequency-dependent dissipative behavior discussed in Chapter 3. In
order to more fully understand this behavior, future work should be aimed at using
the optical trapping techniques presented in Chapter 3 to more explicitly examine

the changes in apparent viscosity of parasitized RBCs.

4.4 Conclusion

In this work, we have presented an integrated experimental-computational framework
for the quantitative analysis of the flow dynamics of human RBCs in a microfluidic
system mimicking smallest dimensions in the microvasculature. In this framework,
we develop a 3D computational model using Dissipative Particle Dynamics that ac-
curately reproduces the behavior observed in three different, independent sets of ex-
periments: force-displacement measurements using optical tweezers, membrane re-
laxation measurements, and membrane thermal fluctuation measurements. The use
of this model to simulate the flow behavior of RBCs in microvascular structures is
validated using the most quantitative experimental measurements to date of the flow
characteristics of individual RBCs in an in-vitro system at physiologically relevant
temperatures. The model also provides accurate simulations of the RBC shape tran-
sitions. In addition, the model is capable of identifying areas of high, non-uniform
levels of stretch in the spectrin network during RBC passage through small channels.
This information might be used to establish a criterion for hemolysis, which is an

important consideration for the design of in-vitro diagnostic and blood separation
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systems as well as heart valves and stents [95].

Experimental investigation of the temperature-dependent flow characteristics (e.g.
velocity vs. pressure, and pressure-velocity ratio vs. temperature) indicates that
there exists a cross-sectional area threshold above which, the passage of individual
RBCs is largely dictated by the properties of the external fluid. However, below
this area threshold, the effective viscosity of the RBC and surrounding media is ap-
proximately doubled. At physiologically relevant temperatures (37°C and 41°C), this
effective viscosity increase is about 30%. This result suggests a strong temperature-
dependence of RBC dynamics that is not captured in traditional quasistatic mem-
brane property measurements of healthy RBCs. This temperature-dependence is
further investigated to evaluate the role of individual system components (external
fluid, internal fluid and RBC membrane) in influencing flow dynamics. Results reveal
that the RBC membrane viscosity begins to play an equal or dominant role over the
effective RBC flow behavior compared to that of the external fluid below a threshold
channel cross-sectional area.

Finally, using the microfluidic system developed, the flow of ring-stage parasitized
RBCs were compared to that of uninfected RBCs. It was found that, although para-
sitized RBCs do exhibit reduced flow velocities, the parasitic protein RESA does not
have a significant role on inhibited flow behavior. When taken into consideration with
other studies, this result is hypothesized to be due to a rate-dependent effect of RESA
on the effective viscosity of the parasitized RBC that is not examined in this study.
Future work should be aimed at more explicitly connecting the time and frequency
domains examined here or in future studies using a similar approach with the char-
acterizations and constitutive models resulting from the optical trapping techniques

described in Chapter 3.
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Chapter 5

Summary of Results and Thesis

Contributions

The major results and contributions of this thesis work are outlined below:

e An advanced optical trapping system was implemented and used in the charac-
terization of the mechanical properties of healthy and Plasmodium falciparum
parasitized human Red Blood Cells at room and physiological temperatures.
Work done with this system by Mills et. al. revealed a strong temperature-
dependent role of the parasitic protein RESA in the reduced deformability of

Ring-stage parasitized cells.

e A new loading configuration was developed in order to test the mechanical
response of healthy and parasitized RBCs. This development was accompa-
nied by an extensive parametric finite element analysis study in which the
range of relevant experimental parameters were explored to determine the force-
displacement response of RBCs under the new loading configuration. These
results were combined with dimensional analysis to determine a system of non-
dimensional equations that may be used to extract the membrane shear moduli
of RBCs from experimental measurements of force, displacement and contact
conditions. This new loading configuration yielded similar results for the mem-

brane shear modulus of healthy and late stage (trophozoite) parasitized RBCs
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as other studies, indicating that it may be applied both to healthy RBCs and

cell systems exhibiting increased cytoadhesion.

e This new loading configuration was also used in the development of new ex-
periments aimed at characterizing the dynamic response of RBCs. Essential to
these experiments was the concurrent development of a novel system to track
the position of the piezoelectric stage that serves as the load actuator in these
experiments. This system allows for concurrent measurements of force and dis-
placement over a broad range of displacement rates and and sinusoidal frequen-
cies (up to 100pum/s and 100H z, respectively). This combination of dynamic
range and force levels exceed any previous investigation of RBC membrane me-

chanics using optical trapping.

e Stress relaxation experiments on healthy RBCs using this dynamic optical trap-
ping system reveal an “apparent” stiffness increase by a factor of 2 when loading
rates increase from 1lum/s — 100um/s. Examining the subsequent relaxation
behavior under this range of loading rates reveals that there does not exist
a single characteristic viscous time-scale that can be used to describe the re-
laxation behavior of the RBC. Instead, analysis of the energy dissipation of
stress-relaxation cycles suggests that a power law dependence on strain rate

may be the most appropriate description of the RBC membrane.

e Periodic loading of the RBC membrane under sinusoidal forcing functions re-
veal that the power-law description of the viscous membrane characteristics
suggested by stress relaxation experiments and by other investigators may not
be applicable to the largest loading frequencies (50Hz or greater). Instead,
decreasing viscous dissipation is seen at these frequencies, suggesting either a
unique time-dependent relaxation spectrum (i.e. a combination of viscous time-
scales not yet examined) or the potential “fluidization” of the RBC membrane

at high frequencies of oscillation.

e A microfluidic system was designed and implemented to characterize the flow be-

112



havior of healthy and parasitized RBCs. This system resolves the shortcomings
of several previous in-vitro experiments in its ability to simultaneously measure
pressure differentials and flow velocities at the smallest relevant length-scales
(down to 3um in characteristic diameter) and physiologically-relevant temper-

atures.

A combination of optical trapping measurements and results from this mi-
crofluidic system were used in the validation of a three-dimensional compu-
tational model based on Dissipative Particle Dynamics. Such a combined
experimental-computational framework has not been previously reported for

developing mesocsopic approaches to modeling microvascular blood flow.

The experimental flow characterizations reveal a cross sectional area thresh-
old of approximately 2.7um x 4um that, below which, the properties of the
RBC membrane begin to dominate the flow behavior of the RBC. Flow mea-
surements taken at physiological temperatures reveal that this dependence is
due to temperature-dependent viscous effects of the RBC membrane, internal
fluid or external fluid environments. DPD simulations suggest that the external
fluid and the RBC membrane viscosities are more influential than the internal

cytosol /hemoglobin solution.

Ring-stage parasitized cells uniformly exhibit inhibited flow behavior relative
to uninfected cells. However, the role of RESA on this behavior is minimal
within the pressure-velocity regime explored here (typical AP = 0.1kPa and
V = 1lmm/s). Parallel work by others, done at an order of magnitude smaller
characteristic flow velocities, suggest that the role of RESA in microvascluar-
like flow may be rate-dependent and more relevant at smaller pressure-velocity

regimes than explored here.
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Appendix A

KOH Etch coverslip protocol

(taken, with permission, from [77])
This protocol outlines a method to etch coverslips using KOH.

Reagents:

e Potassium Hydroxide (KOH)
e Ethanol (100%)

e ddH20 (Millipore, Dedon Lab)
Equipment:

e Corning Coverslips, 24 x 60 mm, 1?7 thickness (Cat No. 12-553-6, Fisher Scien-
tific)

e Teflon racks (custom made)
Procedure:

e Dissolve 100g of KOH in 300 ml of 100% ethanol in a 1 L beaker. Stir with a

stir bar until KOH is completely dissolved or for 30 minutes.
e Place coverslips in Teflon racks. Usually we do 6-8 racks per procedure.

e Fill another 1 L beacker with at least 300 ml of 100% ethanol and two additional
beakers with at least 300 ml of ddH20.
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Degas all four beakers (two at a time) in the bath sonicator for 5 min. After
degassing, place one of the ddH20 beakers and the KOH beaker in the bath

sonicator.
Submerge one coverslip rack in the KOH solution and sonicate for 5 min.

Wash coverslips by dipping the rack up and down or spinning it in the ethanol

beaker.

Wash coverslips by dipping the rack up and down or spinning it in the ddH20

beaker.

Submerge the rack of coverslips in the ddH20 beaker in the sonicator and

sonicate for 5 min.
Spritz coverslips with ddH2O bottle. Do each coverslip side at least twice.
Spritz coverslips with ethanol bottle. Do each coverslip side at least twice.

Repeat steps 4-9 for other racks. Note that the ddH20 and KOH beakers in

the sonicator can contain coverslip racks during sonication at the same time.

Dry rack in oven for at least 15 min at 100C. Store coverslips in racks inside

sealed containers at room temperature. They last about a week.
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