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ABSTRACT

There is a strong correlation between the membrane fluctuations and the material
properties of living cells. The former, consisting of submicron displacements, can be altered by
changing the cells’ pathophysiological conditions. It is our hypothesis that the material properties
of cells can be retrieved when we quantify cell membrane fluctuation and combine that result with
an appropriate physical model. We have developed: (1) an optical imaging technique to
noninvasively quantify membrane fluctuations in red blood cells at the nanometer and millisecond
scales; and (2) a model to retrieve the material properties of red blood cell membrane. The
technique employs laser interferometry and provides full-field quantitative topographical
information of living cells with unprecedented stability. Integration with the mathematical model
provides the specific material properties from individual cell membrane fluctuations: shear
modulus of the membrane; bending modulus; and viscosity of the cytoplasm. Employing these
methods, we have systemically studied the material properties of human red blood cells altered by
various pathophysiological conditions: morphological transition of red blood cell; parasitization by
the P. falciparum parasites; and metabolic remodeling of the membrane driven by Adenosine-5'-
triphosphate (ATP). We envision that this investigation could offer a means to link cell membrane
fluctuations with the pathological conditions that lead to human disease states by quantitatively
providing the alternation in material properties. A clear understanding of the mechanical alteration
of red blood cells is important to studying the human diseases which cause their infection.
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CHAPTER 1. INTRODUCTION

1.1. PARASITE INDUCED MALARIA

Malaria is a vector-borne disease caused by a protozoan parasite. Every year, it causes the death of
more than 500 million people, especially young children in South Africa. Plasmodium falciparum (P.
falciparum) and Plasmodium vivax (P. vivax) are the two main causes of the disease!. Sporozoites,
parasites injected by mosquitoes, invade the tissue and then move to the liver. The receptors on
sporozoites specifically bind to hepatocytes. Inside the hepatocyte, each sporozoite develops into
tens of thousands of merozoites, which are released from the liver and can invade red blood cells
(RBCs). After invasion of an RBC host, P. falciparum and P. vivax differentiate and multiply over two
days, producing around 20 merozoites per mature parasite. Each merozoite can invade other RBCs
after rupture of the parasitized RBC2. A key feature of the biology of P. falciparum is its ability to
alter the material properties of infected host RBCs; they lose their deformability and adhere to the
small blood vessel wall2. Stiffened infected RBCs fail to the splenic sinusoids, resulting in the
destruction of malaria infected RBCs. The sequestered parasites cause considerable obstruction to
tissue perfusion after adhesion to the lining of endothelial cells. In addition, in severe malaria there
may be marked reductions in the deformability of uninfected RBCs which are exposed to but not
invaded by merozoites. Individuals affected with malaria are often dehydrated and this potentially
exacerbates micro-vascular obstruction by reducing perfusion pressure. The destruction of RBCs is
also an inevitable part of malaria disease, and anemia further compromises oxygen delivery. During
intra-erythrocytic development (48 hours after invasion of a parasite into a RBC), P. falciparum
exports proteins that interact with the host red blood cell plasma membrane and membrane-
associated spectrin network3. Parasite-exported proteins modify the mechanical properties of host
RBCs, resulting in altered cell circulation. The Pf155/Ring-infected erythrocyte surface antigen
(RESA), the knob associated histidine-rich protein (KAHRP), the mature parasite-infected
erythrocyte surface antigen (MESA), and the P. falciparum erythrocyte membrane protein-1
(PfEMP1) are typical proteins that alter the material properties of RBCs*. The detailed mechanism
of those proteins is still elusive.

Most recently, the effect of RESA and KAHRP on the material properties of RBCs have been
investigated by using optical tweezers®, and micropipettes aspiration3. The RESA protein is
discharged by the merozoite which invades the host RBC and is exported to the membrane where,
once phosphorylated, it interacts with the spectrin network 5. Since spectrin is crucial in the ability
of RBCs to undergo deformation?, it has been proposed that RESA could play a critical role in the
modulation of the mechanical properties of a host RBC. A connection between RESA and altered P.
falciparum infected RBC (Pf-RBC) mechanical properties has been demonstrated in a previous study
on Pf-RBC membrane stability8. Mills et al. showed RESA causes the decrease in the deformability in
ring-stage of malaria infection using optical tweezersS. However, the detailed role and mechanism
of RESA is still not known. Adhesion is mediated by P/EMP1, which can bind to host receptors
including CD36 and chondroitin sulfate A (CSA)°. PfEMP1 is concentrated on electron-dense
elevations of the membrane referred to as knobs. In P-RBC, knobs appear on the membrane, which
is associated with adherence to endothelial cells10. Knobs mainly consist of KAHRP, assembling on
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the outer surface of the membrane!l. KAHRP is required for knob formation. Current evidence
suggests that the KAHRP protein interacts with various cytoskeletal components of the erythrocyte
including spectrin, actin, and spectrin-actin band 4.1 complexes and these interactions may be
responsible for changes in host-cell physical properties!l. The role of KAHRP in the formation of
knob and the effect to the material properties of host cells are still unknown. The investigation of
these specific proteins will offer potentially new avenues for understanding the malaria parasite,
which could result in new treatments for human diseases.

1.2. RED BLOOD CELL MEMBRANE

Cell membranes are essential to the life of a cell. The plasma membrane defines the cell boundary
and serves as the interface between the cell and the extracellular environment 12, Red blood cell
membranes are dynamic, fluid structures (Figure 1). The lipid bilayer is a continuous double-layer
arrangement of phospholipid molecules, which provides the basic structure of the membrane and
serves as a relatively impermeable barrier to the passage of water-soluble molecules. Important
protein molecules embedded in the lipid bilayer determines the elastic properties of the membrane.
Spectrin is a 100-nm-long, peripheral membrane protein that is the major component of the
cytoskeleton that underlies the RBC membrane, and accounts for its biconcave shape and its
flexibility. The tail ends of spectrin tetramers are linked together to short actin filaments and other
cytoskeletal proteins, integrated in a junctional complex. The spectin network thus provides
elasticity to the lipid bilayer of RBCs.

Figure 1 Scanning Electron Microscopy image of A: Red Blood Cell!3, B: membrane proteins?4.

Red blood cells must withstand large deformations during multiple passages through
microvasculature and spleen sinusoids. This essential ability is diminished with senescence and
disease. Cells affected by diseases such as spherocytosis, malaria, and sickle cell anemia depart from
their normal discoid shape and lose their deformability 15. Therefore, quantifying the mechanical
properties of live RBCs provides insight into a variety of problems regarding the interplay of cell
structure, dynamics, and function.

1.3. RED BLOOD CELL BIOPHYSICS



Pathogenesis of malaria induced by Plasmodium falciparum is characterized by structural and
mechanical modifications to the host blood cells (RBCs). The mechanical properties of RBCs are
crucial to their physiology. RBCs must withstand large mechanical deformations during repeated
passages through the microvasculature and the fenestrated walls of the splenic sinusoids?é. This
essential deformability characteristic is diminished with senescence, resulting in physiological
destruction of the aging RBCs. Pathological destruction of the cells occurs when they are affected by
a host of diseases such as spherocytosis, or parasite-induced malaria disease, and sickle cell
diseaseS 17. Prior to their pathological destruction, RBCs depart from their normal discoid shape
and lose their deformabilitys. 18,

The structure of the RBC is relatively simple to model physically, compared to other
biological cells, for the study of single-cell mechanics. RBCs do not have a nucleus or sub-cellular
organelles and they have a well-defined biconcave shape. RBCs have a cytoskeleton cortex, which is
a two-dimensional network of cross-linked elastic spectrin?®. This spectrin network is attached to
the proteins embedded into the inner surface of the cell membrane. Such a cortical cytoskeleton
gives the RBC the elastic resistance to the large and repeated deformations induced when RBCs
pass through the microcapillaries whose diameters are typically smaller than those of the RBCs.
The phospholipid bilayer of the cell membrane is a fluid-like material which is vulnerable to lateral
extension, being easily torn when extended more than 2%. RBCs have a homogeneous cytoplasm
consisting mostly of hemoglobin solution?0. The cytoplasm is fivefold more viscous than plasma,
such that it provides viscous damper to absorb abrupt mechanical stress?l. The membrane cortex
consisting the lipid membrane and tethered spectrin network endows the soft and elastic
properties to RBCs.

1.4. CONVENTIONAL IMAGING TECHNIQUES FOR STUDYING CELL DYNAMICS

Since Antoine van Leeuwenhoek used his home-built microscope for cell observation more than
300 years ago, optical microscopy techniques have been used in the field of biology and medicine 22.
One of the reasons why they are broadly used is an intrinsic characteristic of light - it is non-
invasive and non-harmful to living cells. The transparency of cells and small organisms, however,
makes cell imaging difficult because the conventional microscope, in which images are formed
based on the intensity of optical wave, does not provide enough contrast enough for a transparent
sample. Phase Contrast Microscopy, invented by Frits Zernike, solved this problem by converting
optical phase information into intensity variations, making it easy for biologists to access and study
many biological phenomena related to living cells 23. Even though phase contrast microscopy is very
commonly used to provide contrast images of a transparent live cell, it is qualitative and does not
convey quantitative information about the refractive index and cell thickness.

For the past few decades, many quantitative imaging techniques have been developed for
cell imaging, such as Scanning Electronic Microscopy (SEM) 2¢ and Atomic Force Microscopy (AFM)
25, SEM is an electron microscopy technique which produces images by detecting electrons which
are emitted from the sample surface due to excitation by the primary electron beam. SEM offers
higher resolving power than optical microscopy but it requires that the samples be silver or
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platinum coated prior to imaging, which is not compatible with live cell imaging. AFM is a scanning
image technique with sub-nanometer resolution. When a micro-scale cantilever with a sharp tip
(probe) scans the sample point by point, the laser reflected from the cantilever gives information
about the height of the sample. The AFM techniques can be used on live cells, but slow point
scanning limits the range of biological applications. Even though conventional quantitative imaging
techniques such as SEM and AFM provide high lateral resolution, they are not well-suited for live
cell imaging.

1.5. CONVENTIONAL TECHNIQUES FOR PROBING CELL MECHANICAL PROPERTIES

Various experimental techniques have been developed to investigate the mechanical behavior of
live cells (Figure 2).

.

Magnetic bead

n Micropipette
aspiration

A Focal adhesion

Stretching st
. X

- SN = =

Soft membrane

Figure 2 Conventioﬁal techniques to probe material properties of cells. (adapted from Bao et al.26)

AFM can generate a local deformation on the cell surface?’. The applied force can be calculated from
the deflection of the cantilever tip. The effective elasticity of cell can be calculated from the applied
deformation and force. In Magnetic Twisting cytometry (MTC), magnetic beads coated with
functionalized surfaces are attached to the surface of a cell. An applied magnetic field imposes a
twisting moment on the beads, thereby deforming a portion of the cell 28, An appropriate analysis
provides the elastic and/or viscoelastic properties of the cell?®. In micropipette aspiration3?, a cell
can be deformed by applying negative pressure through a micropipette placed on its surface. By
measuring the geometry of deformed cell, the elastic response of a cell can be calculated. Optical
tweezers apply an attraction force to a dielectric bead of high refractive index by a focused laser
beam. They are adapted to deform a single cell5 17.31. Two micro beads (typically one to several
micrometres in diameter) attached to the opposite ends of a cell, are stretched in opposite
directions. The force is estimated by the input power of the laser source and a cell shape is imaged

by optical microscopy to calculate the deformation. Shear-flow experiments are usually used to
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study the mechanical response of a large number of cells ( N = 102 - 104 ). They are conducted by
either: a cone-and-plate viscometer, a rotating inverted cone to apply turbulence or laminar flows
to the cell laid out on substrates; or a parallel-plate flow chamber in which cells are subjected to
laminar flow32. In both cases the shear stress is applied to the surface of cells and deformations of
cells are quantified. Elastic-membrane stretching devices have also been used to deform adherent
cells33. Cells are cultured on a thin-sheet polymer substrate, which is coated with extra cellular
matrix (ECM) molecules for cell adhesion. The substrate is then stretched while maintaining the
cell's viability. In this manner, the effects of mechanical loading on cell morphology can be
examined. The techniques introduced above have been widely used to investigate the mechanical
properties of cells, but not all the techniques are suitable for the study of red blood cells. RBCs are
100 - 1000 times softer in elastic modulus than other cell types and they generally do not adhere to
the ECM molecule, which makes it difficult to probe their material properties using AFM, shear flow,
and stretching substrate, etc. Instead, the micropipette aspiration and optical tweezers techniques
are typically used for studying the mechanical response of RBCs and recently MTC has been used to
study their material properties3+-35,

11



CHAPTER 2. METHODS

2.1. DIFFRACTION PHASE MICROSCOPY!

In order to study dynamics of living cell membrane fluctuations, we have developed a technique
called diffraction phase microscopy (DPM)37-38, The DPM instrument consists of an interference
microscope that is incorporated into a conventional inverted fluorescence microscope. The
quantitative phase images are characterized by sub-nanometer optical path-length stability over
periods from milliseconds to a cell lifetime. The potential of the technique for quantifying rapid
nanoscale motions in live cells can be utilized to investigate the membrane fluctuations of RBCs,
while the composite phase-fluorescence imaging mode can be used to identify the presence of
parasites with labels such as DAPI.

s AT LASET fOr

; f | Argon Laser
Phasle |T“age A=514nm
—  Excitaton
—  Emission
| Optical
Point Fiber
Sou

Figure 3 Illustration of DPM setup. F1, 2, filters; M1, 2, mirrors; L1-4 lenses (f1-4, respective focal
lengths); G, grating; SF, spatial filter; IP1, 2, image planes; SF, spatial filter.

The DPM experimental setup is depicted in Figure 3. An inverted microscope (IX71, Olympus Inc.) is
equipped for standard epi-fluorescence, using a UV lamp and an excitation-emission filter pair, F1-
F2. An Ar?* laser (A = 514nm) is used as an illumination source for transmission phase imaging.
Through its video output port, the microscope produces the image of the sample at the image plane
IP1 with magnification M = 40x. The lens system L1-L2 is used to collimate the un-scattered field

1 This chapter is modified from Ref. 3¢ with the permission from the publisher.
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(spatial DC component) and further magnify the image by a factor f2/ f1=3, at the plane IP2. An
amplitude grating G is placed at IP2, which generates multiple diffraction orders, each containing
the full spatial information about the sample image.

The goal is to isolate the Ot and 1st orders of diffracted beams and to create a common-
path Mach-Zender interferometer, with the 0th order as the reference beam and the 1st order as the
sample beam. To accomplish this, a standard 4-f spatial filtering lens system L3-L4 is used. This
system selects only the 0th and 1st order and generates the final interferogram at the CCD plane. The
0th order beam is low-pass filtered using a pinhole placed at the Fourier plane L3 so that it becomes
a plane wave after passing through lens L4. The spatial filter passesthe entire frequency spectrum
of the 1st order beam but blocks the high frequency information of the 0th beam. Unlike a
conventional Mach-Zender interferometer, the two beams propagate through the same optical
component, which significantly reduces the longitudinal phase noise without the need for active
stabilization. The fluorescent light also passes through the grating, generating two diffraction spots
in the Fourier plane of lens L3. However, due to its spatial incoherence, the fluorescence spots are
much larger than the pinhole, which blocks the 0% order almost entirely. Therefore, the
fluorescence image information is carried to the CCD by the 1st order of diffraction. An EMCCD
camera (PhotonMAX, Princeton Instruments Inc.) is used to capture both the interferogram and the
fluorescence image. The CCD has a resolution of 512x512 pixels with each pixel being 16x16 um?2 in
size. The grating period is 30 pum, which is smaller than the diffraction spot of the microscope at the
grating plane (47um). Thus, the optical resolution of the microscope is preserved.
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Thickness [um]

1 1
X axis [um]

Thickness [um}
—- r W e
2

Thichrioes [jwy] " ity
I, | SESSIONC WO, 2 4 1
g Yo d— Y e o]

Figure 4 DPM images of single red blood cell. A. Interferogram measured by DPM B. Reconstructed
topography from the interferogram in A. C. The cross section profiles of RBC topography in B.

Due to its single shot nature, the DPM technique can be applied to investigate dynamic phenomena
in live cells over temporal intervals that span from the millisecond scale or less to an entire cell
cycle. We demonstrate this versatility of DPM with experiments of red blood cell (RBC) membrane
fluctuations, which take place at the millisecond scales. Droplets of whole blood were placed
between cover slips without further preparation. Figure 4 depicts an example of such quantitative
phase image of an RBC. Figure 4A shows the interferogram of single RBC measured by the CCD
camera of DPM setup. From the interferogram recorded, the quantitative phase image, @(x, y,t) is

extracted via a spatial Hilbert transform, as described elsewhere3¢-37, The instantaneous cell
thickness map is obtained as 4(x, y,f) = (A /27An)@(x, y,t), where A1 = 514 nm is the wavelength of
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the laser light used and An = 0.06 the refractive index contrast between the RBC and the
surrounding medium as shown in Figure 4B-C. Therefore, DPM can quantitatively and non-
invasively measure the membrane fluctuation in RBCs with high sensitivity and high frame rates,
which can be applied to the study of P~RBCs.

2.2. TOMOGRAPHIC PHASE MICROSCOPY

Tomographic phase microscopy (TPM) is a technique developed in our laboratory, which can map
the 3-D distribution of refractive index in live cells and tissues 3% In TPM, the sample-induced
optical phase shift is imaged using a phase-shifting heterodyne interferometer, as shown in Figure
5. Phase images are recorded by varying the directions of illumination. The angle of illumination
ranges from -60 to 60 degree and angular step is 0.2 degree. It takes about 10 seconds to scan the
entire angular range. Phase image at each step of angle corresponds to angular projection of
refractive index at the illumination angle. The custom built microscopy and CMOS camera
(FASTCAM 1024 PCI, Photron, Inc.) were used to measure interferograms. With the set of angular
projection phase images, a filtered back-projection algorithm is used to calculate a 3D refractive
index. The transverse and axial resolutions are 0.3 and 0.6 um, respectively, and the accuracy of
index measurement is 0.001.

He-Ne Laser

Objective
(100x,1.4NA)

CMOS Camera
: Photron 1024PCl

Figure 5 Tomographic phase microscope. BS1 and BS2, beamsplitters; GM, galvanometer scanning
mirror; L1, focal length f = 250 mm lens; BF, back focal plane of condenser lens; L2, f =200 mm lens.
The sample laser beam with original laser frequency is shown in red, and the frequency-shifted
reference laser beam is shown in blue. A typical fringe pattern for a tilted beam illuminating a single
HeLa cell is shown. (figure is adapted from Ref. 39)
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2.3. SPECTROSCOPIC PHASE MICROSCOPY2

Biochemical activity of molecules governs cellular metabolism, which makes molecular
concentrations important indicators of patho-physiological states of cells or tissues. Staining agents
such as fluorescent dye and fluorescent protein have been widely used to quantify molecules of
interest. However, the quantification of molecules using such techniques requires careful
consideration on the artifacts of the staining agents: photo-bleaching; interference with metabolic
activities of living cells; and non-uniform binding to the target molecules.

Refractive index (RI) can provide molecular concentration without such artifacts. As is well
known, Rl is related to the concentration of cellular dry mass 4. Quantitative phase microscopy
(QPM) has proven to be a useful tool to measure the phase delay induced by a specimen, which is
related to its RI 37. 4247, However, two limitations prevent it from retrieving specific molecular
concentrations from the phase delay measurements. First, the measured phase delay depends on
approximate total protein contents, not the concentration 4148, The phase delay is an integrated RI
over the cell volume, and the RI should be decoupled from thickness to obtain molecular
concentration. Second, both the phase and RI are not specific enough to differentiate single
molecular species from mixtures. All types of molecules present in the cell can contribute to the RI.
We note that the wavelength-dependent RI, obtained via dispersion, can resolve both limitations
simultaneously. Many types of molecules can be differentiated by their dispersion. For example, Hb
has significant dispersion in the visible wavelengths. Dispersion was previously used to decouple RI
from thickness of cells from the dispersion of a fluorescent medium 46, and to measure the
concentration of molecules in solution and in tissue sections 4.

This chapter presents a new technique, spectroscopic phase microscopy (SPM), which can
measure the concentration of specific molecules in living cells and their volumes at the same time.
SPM integrates diffraction phase microscopy (DPM) 3637 and a white-light source with various
bandpass filters to select various wavelengths. We demonstrate the simultaneous extraction of Hb
concentration and cell volume of intact individual RBCs. Abnormalities in Hb concentration are
associated with various RBC diseases (sickle-cell anemia, thalassemia, and malaria infection) 45, and
the present technique will potentially lead to assessing these disease conditions quantitatively.

2 This chapter is modified from Ref.40 with the publisher’s permission.
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Figure 6 Experimental setup for SPM

The experimental setup consists of two parts: a white-light source with color filters for wavelength
selection, and DPM for measuring quantitative phase delay (Figure 6). DPM provides highly stable
phase measurements, while the use of color filters simplifies the experimental setup in switching
wavelength of the light source. In dispersion measurements, a wide range of wavelengths is
necessary. Either a tunable laser or a set of different lasers can be used, either of which is costly.
Instead, we used a Xenon arc lamp with a set of bandpass filters. Seven different filters are used to
select various center wavelengths: 440+20 nm, 546+10 nm, 560+20 nm, 580+25 nm, 600+£20 nm,
655420 nm, and 700+20 nm. The common-path geometry of DPM matches the optical path lengths
for the sample and reference arms such that the alignment is independent of the wavelength and
temporal coherence of the illumination source. However, it still requires high spatial coherence, due
to a spatial filtering process to be described. Thus, the size of aperture stop was minimized to in
order to achieve this. The E-field was extracted from the recorded interferogram by spatial Hilbert
transform 37. The grating period, 30 pm, was set to be smaller than the diffraction-limited spot of
the microscopic imaging system at the grating plane. All the lenses were achromatic to minimize
their contribution to chromatic dispersion.
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Figure 7 (a-c) Interferograms of PDMS channel filled with Hb solution. (d-f) Corresponding
quantitative phase maps (g) RIs of PDMS, BSA, and water. Rls of water are adopted from Ref. 50,
Inset, the RI difference between BSA solution and water. (h) Measured dispersion of Hb solutions
(symbols) and comparison with Ref. 51 (lines). Error bars indicate standard deviations.

To assess the ability of SPM, we measured the Rls of polydimethylsiloxane (PDMS), Bovine
serum albumin (BSA), and Hb solutions at various wavelengths. Since the phase image presents the
relative phase delay between a sample and a medium, a phase reference is required to determine
absolute phase change induced by a specimen. We used a micro-fluidic channel and the RI of water
for this purpose. We filled the PDMS channel with distilled water, and measured quantitative phase
images at different wavelengths. The relative phase delay between PDMS and water is given by
Ap=2r/Anppy e (A)—n (AN, where A, h, nppus and n,, are the wavelength of the light, channel

height, RI of PDMS, and RI of water, respectively. Given the known dispersion of water 50 and h = 10
pum, we obtained nppms (Figure 7). Next, we measured the RI of the BSA solution. The measured
dispersion of PDMS served as reference this time. The PDMS channel was filled with BSA solution
(300 mg/ml; Gibco). From the relative phase to PDMS, the dispersion of BSA solutions were
acquired using the relation, Ag =2x(nppy(A)—ngg (A:C)h/A, where ngg,(1;C)is the RI of BSA
solution at wavelength A and concentration C. The obtained ngs4 is consistent with the literature 52.
Next, we measured the dispersion of Hb solutions, prepared from Hb protein powder (H7379,
Sigma-Aldrich, Inc.), at three different concentrations: 0.05, 0.15, and 0.30 g/ml, respectively
(Figure 7a-f). Using the method above, we obtained n,,(4;C) (Figure 7h), which is consistent with
that of the literature 51. From this measurement, we retrieved a linear relationship between the RI
of Hb solution and its concentration at various wavelengths 41: n, (1;C) = @(A)C +n,,, with a(1) a
specific Rl increment for Hb: a(440) = 0.240+0.007 ml/g, a(560) = 0.227+0.004 ml/g, and a(660) =
0.221+0.005 ml/g. The albumin protein in BSA solution does not show significant dispersion in the

visible range (inset, Figure 7g); a(A) is 0.183 £ 0.003 ml/g for the wavelength range of 440 - 700
nm.
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Figure 8 (a-c) Quantitative phase maps of a RBC at three different wavelengths. (d) The retrieved
Hb concentration. (e) Histogram of Hb concentrations and (f) cell volumes (N=25).

Next, using the calibrated dispersion of Hb solution we applied SPM to measure
cytoplasmic Hb concentration in live human RBCs. Fresh blood (5 ml) obtained by venipuncture
were diluted in Phosphate-Buffered Saline (PBS) solution, and then washed three times to remove
white blood cells and platelets. The interference images of RBCs were measured at the seven
wavelengths (Figure 8a-c). The phase images of a RBC can be expressed as,
Ag(x,y;A) =27(a(A)C(x, y) +ny (x,y,4))h(x,y)/ 2, with h(xy) the local thickness of the cell and

ny(x,y,A) an relative averaged RI of other molecules besides Hb in RBC compared to water (non-

Hb proteins (2.5 % of total protein mass) and ionic molecules in cytosolic space 53). These non-Hb
molecules usually do not have distinct dispersion at visible wavelengths. For example, albumin,
most abundant plasma protein in mammals, has almost the same trend in Rl as water in the
wavelength range 440 - 700 nm (inset, Figure 7g). Thus, we can approximate n,(x,y,A) as an

independent constant of wavelength, ny. Since a(A) was calibrated above, there are three
unknowns: C, nx, and h(x)y). Thus, the phase measurements at three different wavelengths are
sufficient to extract C, ny, and h(xy) simultaneously. In principle, we can distinguish N different
molecular contents with N+2 spectroscopic phase measurements, assuming that they have
distinctive dispersion characteristics. Figure 8d shows the retrieved Hb concentration, C(xy) of a
RBC. Figure 8e is a histogram of the Hb concentration in RBCs ( N = 25). The average value is
0.318+1.7 g/ml. From the measured area of the cells and corresponding thickness, we calculated
the cell volume (Figure 8f). The average value is 90.5+3.3 fl. These results are within normal
physiological range 53. According to the measured conversion factors, the sensitivity of SPM is
0.0009-0.0014 g/ml for Hb concentration, since the sensitivity in phase measurement of DPM is ~3
mrad 36. This sensitivity corresponds to 0.08-0.13 pl for Hb contents per cell, assuming the average
red blood cell volume is 90 fl.
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Taken together, we have presented SPM, a simple and practical method for spectroscopic
phase imaging, which can simultaneously measure Hb concentrations and cell volume of living
RBCs. This new instrument has many potential applications, one of which we give here, quantifying
isomeric shifts in Hb (oxy- and deoxy-Hb) when exposed to different oxygen pressures. Binding of
oxygen to Hb proteins cause conformational changes which result in significant differences in
dispersion. Thus, the SPM instrument may provide a valuable tool for better understanding of
oxygen transport by RBCs.

2.4. MATHEMATICAL MODEL TO RETRIEVE MECHANICAL PROPERTIES3

The standard description of a RBC treats the membrane as a flat surface; in reality the membrane of
a RBC is curved and has the compact topology of a sphere. In our theoretical analysis we simplify
the complex shape of a RBC to that of a sphere to produce an analytically tractable model of
membrane elasticity and fluid hydrodynamics that still incorporates the effects of the curvature and
topology of a RBC. Because of that curvature, the bending and compression modes of a spherical
membrane are coupled in the linear order in deformations. In order to understand the thermally
generated height fluctuation spectrum of a spherical membrane, we need to account for the full
linear response of the membrane to applied (radial) forces; due to the geometric coupling of
bending and compression at linear order we are obliged to study both deformation modes. The
geometric coupling of bending and compression generates undulatory dynamics consistent with
the experiments, and does not require the postulation of a surface-tension-like term in the
Hamiltonian of the composite membrane 55. The bending and compression modes of a flat
membrane are linearly independent. Thus, when the wavelength of the RBC undulations is small
compared to its radius, these modes become approximately decoupled into a bending mode - which
we refer to as the Lennon-Brochard (LB) mode - and a compression (C) mode. We then calculate
the height-height correlation function of the RBC, which is the experimental quantity used to probe
its undulatory dynamics. In addition, we map the ellipsoidal shape of the discocyte and echinocyte
RBCs onto our theoretical spherical model.

The deformation energy of the spherical membrane includes a bending energy F, and an
in-plane elastic energy Fe. To understand the thermal fluctuations of the membrane, an energy
quadratic in the deformations is sufficient. These energies take the well-known Helfrich form34

Fy =2 Ja*s(Kg ~e0)? (1
F, = Idzs[ LES +-§(Eg)2] (2)

3 This chapter is modified from Ref.54 with the publisher’s permission.
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where d?s is an element of area on the surface, x is the bending modulus, K2 is the trace of the
curvature tensor, A and u are the two 2D Lamé coefficients required to describe the elasticity of the
isotropic composite (i.e. lipid and spectrin) membrane, and Ej is a two-dimensional (2D)
covariant strain tensor. The Greek indices run over the two (angular) coordinates of the
undeformed sphere. We expect the bending modulus k to be dominated by the elastic response of
lipid membrane to curvature. The two Lamé constants, in general, describe the viscoelastic
response of the composite membrane to in-plane deformation. In the frequency domain these are
then complex quantities where the imaginary parts reflect the viscous or dissipative response to
stress, primarily due to the lipid membrane (of viscosity 7m). Recent membrane diffusion
experiments 56 and coarse grain simulations 57 have found an upper bound for the membrane
viscosity of 77m =5x10-3 uNs/m at room temperature. Since the elastic modulus of the spectrin
network is on the order of 5 uN/m, the viscous (imaginary) part contribution to the shear response,
-iwnm, is subdominant up to frequencies of approximately 103 Hz. Accordingly, we fit our data using
a purely elastic response to in-plane shear and compression.

The deformation vector of the material elements in the membrane can be written as
g, = wr, +t,, where w is the radial (i.e. out-of-plane) deformation field, 7, is the unit normal of
the sphere, and t, is the in-plane displacement vector. Since the in-plane shear deformations of
the membrane do not couple to the out-of-plane deformations, we ignore shear deformations
throughout this calculation. Therefore t, contains only compression modes, so it can be written
as the gradient of a scalar: 7, =D,¥. Using Egs. (1) and (2), we can write the deformation free
energy of the sphere in terms of the fields w, ‘¥:

2
2 2K 1
F, = Id%{g—w(Al +F) w+7w(w+ A‘P)+5(K +u)a, ¥y +—:—2‘PAL‘P} (3)

where A, is the two-dimensional in-plane Laplacian and K=u+A. To investigate the undulatory

dynamics of the membrane, we also need to consider the coupling of the bulk fluid flows inside and
outside the sphere to the deformations of its surface. The hydrodynamics of these fluids can be
described using the incompressible Stokes equation (i.e. zero Reynolds number) 58, We allow for a
difference between the interior cytosol viscosity 7. and the exterior solvent viscosity 7, The
coupling of the fluid to the membrane is done using the usual stick boundary conditions and the
stress balance condition at the surface of the membrane.

We now look for the overdamped normal modes of the combined fluid/membrane system.
Because of the spherical geometry of the membrane, the natural basis for the radial w and
compression VY fields is the spherical harmonics Yin(6¢). However, due to the rotational symmetry
of the problem, the normal modes are independent of the azimuthal number m. For each order [, the
two normal modes are solutions of the two-by-two matrix equation
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where f,, and fy are the forces acting on the radial and compression fields of the membrane
directly. The response matrix y depends on all the elastic constants of the material, the viscosities
of the interior and exterior fluids, the radius of curvature, the order I of the spherical harmonic, and
the frequency @. From the eigenvalues of this matrix we derive the decay rates of each normal
mode 58. We can relate the order of the spherical harmonic to an in-plane wave number g, via I=qR.

2.5. PROBING UNDULATORY DYNAMICS OF RBC MEMBRANES#

To quantitatively investigate the material properties of RBCs during morphological changes, we
analyze the spatial and temporal correlations of the out-of-plane fluctuations of the RBC membrane
and interpret them using a new viscoelastic continuum model of the composite spectrin-
network/lipid membrane. This model accounts for the linear coupling between the bending and
compression modes of a curved membrane, and thus provides a better description of the dynamics
of the RBC than theories based on a flat membrane. The undulatory dynamics of a RBC are typically
probed experimentally by measuring the spatial and temporal correlations of the out-of-plane
fluctuations of the membrane. Theoretically, these correlations can be calculated using the
response matrix y defined above and the fluctuation-dissipation theorem 59. The correlation of
height fluctuations at two points on the membrane separated by the projected distance d and time ¢
is defined by

C(d,1) = (Ah(d,)AR(0,0)) (5)

where the angular brackets denote both spatial and temporal averaging. From the results of our
previous works8 and the fluctuation-dissipation theorem, we find that the Fourier transform of this
function in the frequency domain is given by

&'(y,0) =22 S 1l (¢.0)P.(cos7)

@ o , (6)

Where Pi(x) is the Legendre polynomial of It order. The experiments do not measure the radial
deformations ® of the membrane directly. Rather, the experiments measure the height of the
membrane, i.e. the projection of the radial deformations onto the z-axis. Furthermore, the height-
height correlation function é(d,a)) is measured as a function of the projection of the distance

between two points on the membrane onto the xy-plane, d. If we choose, for simplicity, the two
points to lie symmetrically about the north pole of the sphere, then

# This chapter is modified from Ref.5* with the publisher’s permission.
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2 2
Cm’(d,w)=[l—f?Jé'[y=l—2d?,mJ. (7)

we show the frequency dependence of the autocorrelation function C(y = 0,w)in Figure 9C and the

spatial decay of correlations at two fixed frequencies in Figure 9D. Figure 9C shows the transition of
the autocorrelation function from an elastically dominated plateau at low frequencies to a viscously
dominated region at high frequencies. In Figure 9d we show the spatial decay of the height-height
correlations at two fixed frequencies: one corresponding to the elastic plateau (low frequency, blue
curve) and one to the viscously-dominated regime (high frequency, red curve). At lower
frequencies, we see a pronounced oscillatory behavior in the correlation function. The negative
correlations are due to the dominance of the small-/ contributions to the response function at low
frequencies. At higher frequencies, we see that there is a shorter-ranged and nearly monotonic
decay of the height-height correlations.
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Figure 9 Computed membrane undulation. A, Decay rates for the LB mode a)fﬂ (blue line) and the

C mode @, (red line) as a function of the order of the spherical harmonic £>1 for a spherical
shell with & =20xk,T,R =3um, n,=10° Pa-s, 7,=5x10° Pa-sand pu=A=5 uN/m. B, decay
rates measured from DCs (faint lines, N=30) and the averaged data (think line) C, height-height
autocorrelation function as a function of the frequency, for the parameter values listed above. D,
correlation function as a function of the projected distance d for 5 rad/sec (blue line) and 50
rad/sec (red line), for the parameter values listed above. Remarkably, this mode coupling predicts a
decay rate w oc g, which is identical to the behavior by a model of the membrane with an

effective surface tension proposed by Gov et al.55.¢0, In order to address this effect of curvature in an
analytically tractable manner, we simplify the geometry of the RBC to that of a sphere.
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In this chapter, we presented the physical model of dynamic fluctuations in red blood cell
membrane cortex. By comparing the cross correlation functions derived from this physical model
with ones measured from experiments, we can retrieve the mechanical properties of RBC
membrane. We will present the results in the following chapters.
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CHAPTER 3. RBC MECHANICS PART I: PHYSIOLOGICAL EFFECTS

3.1. MORPHOLOGICAL EFFECTS5

In this section we communicate new measurements of RBC mechanics that rely on novel
experimental and theoretical techniques to characterize the mechanics and rheology of normal and
pathological RBCs over a variety of length and time scales. Lacking a traditional 3D cytoskeleton,
RBCs maintain their shape and mechanical integrity through a spectrin-dominated, triangular 2D
network associated with the cytosolic side of their plasma membrane. This semiflexible filament
network confers shear and bulk moduli to the composite membrane structures!. The fluid lipid
bilayer is thought to be the principal contributor to the bending or curvature modulus of the
composite membrane. Little is known about the molecular and structural transformations that take
place in the membrane and spectrin network during the cell’s morphological transitions from
discocyte (DC, normal shape) to echinocyte (EC, spiculated shape) to spherocyte (SC, nearly
spherical), which are accompanied by changes in RBC mechanics.

A number of techniques have been used recently to study the rheology of live cellszs.
Pipette aspiration3?, electric field deformationé?, and optical tweezers?¢ provide quantitative
information about the shear and bending moduli of RBC membranes in static conditions. However,
dynamic, frequency-dependent knowledge of RBC mechanics is currently very limited34 RBC
thermal fluctuations (“flickering”) have been studied for more than a century®® to better
understand the interaction between the lipid bilayer and the cytoskeleton3s. 556465, Nevertheless,
quantifying these motions is experimentally challenging, and reliable spatial and temporal data are
currently desirable 64 66-67,

3.1.1. TOPOGRAPHIES OF RBCS UNDER DIFFERENT MORPHOLOGIES

We use diffraction phase microscopy (DPM)3637 to study the dynamics of RBCs over the commonly
occurring DC-EC-SC shape transition. DPM is a highly sensitive optical imaging technique that
quantifies the flickering of RBC membranes with nanometer accuracy. From measurements of
dynamic fluctuations on RBC membranes, we extract the mechanical properties of the composite
membrane structure. DPM provides quantitative high-stability maps of the optical paths across the
living cells (Figure 10A-C). This optical path-length information can be readily translated into cell
thickness, since mature RBCs, lacking nuclei and other internal structures, are characterized by a
spatially uniform refractive index.

5 This chapter is modified from Ref.5¢ with the publisher’s permission.
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Figure 10 Red blood cells (RBCs) in three different morphologies (A-C) and instant displacement
map (D-F). A, Typical RBC physical maps for discocyte (DC), B, echinocyte (EC), and C, spherocyte
(SC) obtained by DPM (colorbar represents thickness in pum). D-F, Respective instantaneous
displacement maps (colorbar in nm). The scale bar is 1.5 pm.
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Over the morphological transition from DC to SC, the root-mean-squared amplitude of equilibrium
membrane height fluctuations (Ah2> decreases progressively from 46 nm (DCs) to 34 nm (ECs)

and 15 nm (SCs), indicating an increasing cell stiffness (Figure 10D-F). Similarly, the long
wavelength undulations observable from the instantaneous displacement map of discocytes are
extinguished in spherocytes, which is another manifestation of the loss of deformability.
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Figure 11 The effective spring constant (k.). A-C, Typical effective spring constant map for DC (A),
EC (B), and SC (C). Color bars are in uNm-! and the scale bar is 1.5 pm. D, Corresponding histograms

of the effective spring constant. The legend shows the respective mean values (ke>. The inset

details the (ke) behavior in the vicinity of the origin.

To characterize the time-averaged (static) behavior of the membrane elasticity, we map the cells in
terms of an effective local spring constant k., defined by: k, =k,T/ (Ah2> (Figure 11A-C).

Examining the resulting k, maps reveals quenched material inhomogeneities, particularly in ECs
and SCs. For normal cells (DC) the central “dimple” appears to be stiffer, as shown in Figure 11A.
This feature of the spatial distribution of k. is due to a combination of local variations in the
curvature and the structural properties of that part of the underlying spectrin network. We found
that the extracted parameters are not highly sensitive to the more highly curved region making up
the dimple. When such spatial heterogeneities are averaged over, we find that SCs are characterized
by an elastic constant 4 times larger than that of DCs (Figure 11D). The average elastic constant
measured for DCs, k. = 1.9uN/m, is a factor of 3.5-10 lower than what was measured by
micropipette aspiration¢ and electric field deformation®2. This difference can be explained by
noting that these two techniques probe larger cell deformations (A2 =1 um) than our technique,
which measures the much smaller thermally generated membrane displacements

(3 nm S|Ah] <200 nm) in the absence of external stress, and thus explores the linear response

regime.

3.1.2. MECHANICAL PROPERTIES OF RBCS UNDER DIFFERENT MORPHOLOGIES
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In order to extract the material properties of the RBC, we fit our theory to the measured correlation
function C(d,w) by adjusting the following parameters: the shear u and bulk K = u+A moduli
of the spectrin network, the bending modulus x of the lipid bilayer, the viscosities of the cytosol 7,
and the surrounding solvent 7, and the radius of the sphere R. We constrain our fits by setting R

to the average radius of curvature of the RBC obtained directly from the data and fixing the
viscosities for all data sets to be 7, =1.2 mPa-s, 7, =5.5 mPa-s¢-, Finally, for a triangular

elastic network we expect u=41 so we set K =2x70. The fitting parameter space is now reduced

to two dimensions and spanned by the bending modulus k of the lipid bilayer and the shear
modulus p of the spectrin network. These are obtained by fitting the correlation data for each RBC.

Using DPM, we measure the height correlations versus the projected distance d at various
frequencies w for the three different morphological groups (Figure 12A-C). At low frequencies, we
observe oscillations in the correlation function at distances of a few microns in the case of the more
elastically compliant DC and EC cells. At higher frequencies, these anti-correlations are suppressed,
as expected in the more viscously-dominated regime. The experimental data (thin lines) and the
best fit of the average data (thick lines) are shown in Figure 12A-C. As can be seen, the theory
generates a very good fit to the data including at low frequencies, where anti-correlatated motion is
observed in DCs and ECs. Both at higher frequencies (red curves) and for stiffer membranes (e.g. SC
cells) these anti-correlations are strongly suppressed.
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Figure 12 Height-height correlation function from experiments (faint lines, N=30 per each group)
and calculation (thick lines). A-C, height-height correlation function as a projected distant for DCs
(A), ECs (B), and SCs (C) for @= 6 rad/sec (blue) and w= 50 rad/sec (red).

The parameters extracted from the fit are shown in Figure 13A-C. The extracted bending
modulus increases significantly during the DC-EC-SC transition (p < 10-7. Their mean values are
6.3+1.0 (DC), 11.9+2.5 (EC), and 23.8+4.1 (SC) in units of ksT, as shown in Figure 13C. These values
are in general agreement with those expected for a phospholipid bilayer (5 - 20)xksT7t. The
increase in bending modulus suggests changes in the composition of the lipid membrane. In
particular, experiments have shown that a 30% increase of cholesterol causes a three-fold increase
in bending modulus of lipid membranes’273.We measured directly the change in surface area of
RBCs during the transition from DC to SC morphologies and found a 31% decrease in surface area
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(not accounting for surface area stored in fluctuations). This surface area decrease must be
accompanied by loss of lipids, via microvesiculation. Previous work indicates that, after
vesiculation, RBCs indeed have a higher -cholesterol/phospholipid ratio and a lower
phosphatidylserine/phospholipid ratio compared to the exovesicles shed from the parent RBCs74.
Thus, there is evidence that there is a significant change in lipid composition of the RBC bilayer
during the morphological changes from DC to EC and SC and these changes in lipid composition can
generate the observed changes in the bending modulus.
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Figure 13 Shear modulus and bending modulus. A, Shear moduli of DCs, ECs, and SCs with their
mean values represented by the horizontal lines. p-values verify that the differences in the shear
moduli between morphological groups are statistically significant: p < 10-5 between DCs and ECs,
and between DCs and SC; p < 104 between ECs and SCs. B, Distributions of shear moduli. The
Gaussian fits are overlapped. The centers of the Gaussian fits are 6.7 (DCs), 6.4 and 13.0 (ECs), and
6.8 and 12.9 (SCs). C, bending modulus of three groups. The mean of bending moduli (shown by
horizontal lines) are 5.3 £ 1.2, 11.8 + 2.3, and 22.5 + 3.3, respectively (p < 107 between both DCs -
ECs and ECs - SCs.)

The shear modulus results are shown in Figure 13A-B. The fitted shear moduli are 6.4+1.4
(DC), 10.743.5 (EC), and 12.2+£3.0 (SC) in puNm-L. These values are consistent with earlier work
based on micropipette aspiration!é and optical tweezers3!. The magnitude of the measured shear
modulus also agrees well with simple elastic models of the spectrin network. We calculated the
shear modulus of a disorder-free triangular network of wormlike chain elastic elements?’s. Taking
typical values for the lattice constant of the network (90 nm) and persistence length (7.5 nm)7¢, we
find that the network shear modulus of 5 uNm-! requires a spectrin contour of 197 nm. This contour
length is consistence with the previously published value of 194 nm 77.
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The shear modulus of SCs and ECs increased by roughly a factor of two compared to the
DCs (p < 105). There is, however, significant cell-to-cell variation in the shear modulus. While the
histogram of shear moduli of DCs can be fit by a single Gaussian distribution centered at 6.7 pNm-t,
the analogous shear moduli distributions for ECs and SCs are bimodal, with peaks at, respectively,
6.4 uyNm-and 13.0 pNm- (ECs), and 6.8 pNm-1and 12.9 pNm-! (SCs) (Figure 13B). These data
suggest that there are essentially two independent conformations of the spectrin network: a soft

configuration (#~7 uNm™) and a stiff one (u~13 pNm™). Essentially all DCs have the soft

configuration, but the morphological transition to EC and then SC promotes the transition to the
stiff network configuration.

Given the well-known extension-hardening of a wormlike chain’8, one might hypothesize
that the stiff state of the spectrin network results from simply stretching the individual filaments.
The observed stiffening would require approximately a 50% extension of the lattice constant of the
spectrin network during the DC-EC-SC transition. However, such a stretch is incompatible with the
observed - area decrease of the membrane during this morphological transition. From the
topographical information measured by DPM, we calculate mean surface areas of 139.4 (DC), 143.4
(EC), and 96.3 (SC) in pm?2 Thus, we propose that the observed morphological changes must be
accompanied by modifications of the spectrin elasticity, the connectivity of the network, or its
attachment to the lipid bilayer.

3.2. OSMOTIC EFFECTS

The physical properties of living cells are exquisitely sensitive to their physical and chemical
environment. Complex multi-cellular organisms typically maintain a sophisticated feedback system,
known collectively as homeostasis, to control these variables and ensure the continued
physiological function of the cell. For example, red blood cells (RBCs) do not have an autonomous
regulatory system maintaining cell volume. Instead the blood serum is maintained at fixed
osmolality to control the flux of water to the circulating RBCs. When placed in hypotonic solutions
(i.e., solutions with a lower concentration of solutes), the hemoglobin (Hb)-rich interior of the RBCs
has a lower chemical potential for water. Water enters the cells through the lipid membrane,
causing swelling and, in extreme cases, bursting the cells. Alternatively, RBCs shrink when placed
in hypertonic solutions, as the osmotic pressure difference forces water out of the cytosol of the
RBCs.

In addition to changing the cells’ morphology, these volume changes driven by osmotic
pressure variations modify the mechanics of the cells. Since RBCs do not have an internal
cytoskeleton or other complex sub-cellular organelles, their mechanics is determined entirely by
their membrane, which is a lipid bilayer coupled to a triangular lattice of semiflexible polymer
filaments mainly composed of spectrin. Any observed change in the mechanics of the cells under
osmotic stress must reflect the elastic nonlinearity of this composite membrane as it is tensed or
relaxed by the influx or respectively efflux of water. Thus, the ability to measure the linear response
properties of the cell membrane at varying states of osmotic stress allows one to experimentally
probe the nonlinear elastic response of this tethered membrane.
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In this section we report on a series of microrheological measurements of RBC membrane
mechanics obtained at varying levels of osmotic stress. We simultaneously measure the cellular
volume so that we may quantitatively measure the change in the elastic properties of the composite
membrane as a function of applied strain. Our results provide insight into the general problem of
the nonlinear mechanics of tethered membranes but also have biological implications for
understanding the effects of blood serum osmolality on RBC mechanics. Since these cells undergo
large deformations and significant changes in osmotic stress in the microvasculature,
understanding the nonlinear mechanics of RBCs under osmotic pressure may have direct
physiological implications.

3.2.1. MORPHOLOGIES OF RBC UNDER DIFFERENT OSMOTIC PRESSURES

In this study we use cellular microrheology to probe the effective linear elastic response of the
membrane at varying states of stress, controlled by an external osmotic pressure. To modulate the
osmolality of the medium, we prepared RBC suspensions (106 cell/ul) with eleven different
osmolalities ranging from 100 to 600 mOsm/kg H20. Fresh blood samples were collected and
diluted 1:5 in Hank's buffer saline solution (HBSS) and then immediately centrifuged at 2000 g at
5°C for 10 minutes to separate RBCs from plasma. The RBCs were washed three times and then
resuspended in the given NaCl solutions. The NaCl solutions contained increasing concentrations of
NaCl (0.3-1.8)%, which correspond to suspension osmolalities ranging from 100-600 mOsm/kg.
Using DPM we extracted quantitative optical phase shifts ¢(x,y,t) associated with the cells, at spatial
and temporal resolutions of nm and ms, respectively 3745, The cell thickness profile is obtained
from the optical phase shift as  h{xy,t)=(4/27An)¢(xy,t). Since the refractive index difference, 4n,
is mainly contributed from homogeneous Hb solution in cytoplasm, the integration of optical phase

shifts over cell area, i.e. the dry mass 48, is related to the volume of RBC as, Volume= '[(h(x, y))dA.

The 4n was calculated using the RBC volume data in the literature.

3.2.2. MEMBRANE DYNAMICS OF RBC MEMBRANES UNDER DIFFERENT OSMOTIC PRESSURES
Thickness profiles and horizontal cross-sections of RBCs in hypotonic, isotonic, and hypertonic
media are shown in Figure 14. It is clear that different osmolalities of the extracellular medium
result in significant changes in RBC shape. In a hypotonic medium (100 mOsm/kg, Figure 14a),
RBCs are swollen due to water influx but still maintain the dimpled region in the center. At the
osmotic pressure less than 100 mOsm/kg, most of RBCs are lysed. In the hypertonic case (600
mOsm/kg, Figure 14), RBCs shrink due to water efflux. In a hypertonic medium, the projected area
of the membrane is lower than that of normal RBCs, which is indicative of an increase in the
membrane tension caused by cell swelling; see Figure 15a.
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Figure 14 (a-c), Topography of a RBC exposed to hypotonic (a), isotonic (b), and hypertonic (c)
solutions. (d-f), Corresponding membrane height as a function of a distance from the center of cells.
Thick lines show the average values and the shaded areas represent standard deviations for 20
RBCs.

In contrast, the projected area in a hypertonic medium does not change significantly. We extracted
the mean corpuscular hemoglobin (MCH), i.e,, the total amount of Hb in the cell, as the product of
the Hb concentration and cytoplasmic volume. The Hb concentration was retrieved using its known
relationship with the refractive index 51, MCH maintains constant values at different osmolalities
(Fig. 2c), which is consistent with the impermeability of the RBC membrane to large Hb proteins.
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Figure 15 (a) Projected areas of RBCs at different osmolalities. (b) Averaged refractive index of RBC
cytoplasm (closed symbols) and RBC volume calibrated from Ref. 7° (open symbols). (c) MCHs
at different osmolalities. (d) RMS fluctuations in RBC membrane. Each box represents standard
deviation for 20 RBCs, center line for median and whisker for min-max data.

The membrane fluctuations were obtained by subtracting the time-averaged cell profile
from each instantaneous topography map in the series, Ah(x,y,t)=h(x,y,t)—(h(x,y)). The root

mean squared (RMS) displacement of membrane fluctuations, <Ah2> , shows that the maximum

membrane fluctuations occur around 300 mOsm/kg, which is within the normal physiological
blood osmolality (Figure 15d). The decreased deformability of RBCs in both hypo- and hypertonic
conditions is consistent with a variety of experimental techniques including laser scattering, cell
elongation measurements, and blood filtration experiments 8081,
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3.2.3. RBC MECHANICS UNDER DIFFERENT OSMOTIC PRESSURES

In order to investigate the mechanical properties of RBCs, we analyze the spatial correlations of the
out-of-plane membrane fluctuations using a continuum model of the composite spectrin-
network/lipid membrane %8, Our recent theoretical description incorporates the coupling between
the bending and compression modes of the curved membrane 58 and allows us to determine
quantitatively the cell’s mechanical parameters: x Ks, 4 7. The details of the model have been
discussed in the earlier section. The two-point correlation function of the membrane fluctuations
was calculated as C(d,t):(Ah(d,r)Ah(0,0)), where the angular brackets denote both spatial and

temporal averaging. As shown in Figure 16, the theoretical model provides a very good description
of the experimental data, which allows us to extract the cell material properties. In addition, we find
that there is generically a single best fit, as many of the different features of the correlation function
are controlled primarily by one parameter.
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Figure 16 (a-c), Height-height correlation of RBC membrane fluctuations as a function of projected
distance, in hypotonic (a), isotonic (b), and hypertonic (c) solutions. The faint lines are the
experimental data for individual RBCs (N=20 per each group), while the thick lines are the
theoretical curves using the averaged fitting parameters.

To obtain these fits to C(d,w), we adjust the following parameters: the shear u and area
compression K, moduli of the spectrin network and lipid bilayer, the bending modulus « of the
lipid bilayer, the viscosity of the cytosol 77, and the radius of the sphere R54 We constrain our fits

by setting R to the average radius of curvature of the RBC obtained directly from the data and fixing
the viscosity for extracellular medium to be 7,=1.2 mPa-s 6. Furthermore we assume that the
elastic properties of composite membrane are dominated by reactive and not dissipative terms, so
that we may treat the elastic constants as real and frequency-independent. This assumption is
supported a posteriori by making fits to correlation functions at two frequencies separated by a
factor of ~ 8 with the same elastic parameters. This leaves a four dimensional space of fitting
parameters spanned by x Ki 4 and 7. For a triangular elastic network we expect pg=1 70 so

positive values of dimensionless parameter =K, /u—2 measures the importance of the

contribution of the lipid bilayer’s surface tension to the effective area compression modulus of the
composite membrane.
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Figure 17 (a) Shear modulus p, cytosol viscosity 7., and bending modulus k versus different
osmotic pressure. Error bar represents standard deviation for 20 RBCs. (b) The observed increase
in p of the membrane (black line) compared to a simple WLC prediction for the nonlinear increase
in p associated with the tensing of the membrane (red line).

From these fits we determined the three mechanical properties of RBC membrane in different
osmolalities (Figure 17). We also extracted the viscosity of the cytosol by fitting the fluctuation data
at two frequencies; the viscosity generates the only frequency-dependent stress. The shear
modulus of spectrin network u in hypotonic medium shows a significant increase compared to the
normal and hypertonic cases. Interestingly, 4 does not change above 300 mOsm/kg. As expected
the spectrin network becomes significantly less compliant (=~ 13 pNm-1) under tension. We model
the spectrin network as a perfect triangular lattice of semiflexible worm-like chain (WLC) filaments,
using a standard value for the thermal persistence length of spectrin ¢, =7.5 nm . At physiological
osmolality (300 mOsm/kg ), we can account for the observed shear modulus using a standard value
for the lattice constant of the spectrin network at physiological osmolality a, =90 nm and
assuming that the spectrin contour length between nodes of the network is 170 nm, which is close
to previous measurements 6, We now assume that lower osmolality leads to a uniform extension of
the spectrin lattice constant: a(V )= a,(V /V,)'""°, where ¥, is the volume of the cell at physiological
osmolality and V is the measured volume under osmotic stress. From this extension of the lattice
and the WLC model 8 we determine the effective spring constant of the stretched spectrin in the
osmotically stressed cells, which allows predictions of the RBC shear modulus without additional
fitting parameters. The results fit the observed increase in the shear modulus remarkably well. The
area compression modulus K, also increases as the membrane is tensed by the osmotic stress.
This increase, however, is stronger than that predicted by the WLC model, showing the importance
of the lipid bilayer’s surface tension in determining this elastic constant. This is not surprising:

6~0.4 even for the low membrane tensions present at physiological osmolality, demonstrating
the significant role of the bilayerin K.

The membrane bending modulus, on the other hand, does not show a significant
dependence on osmolalities (x ~ 5 xksT). This indicates that the composition of the RBC bilayer
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does not change with osmotic stress. Finally, the viscosity of the cytosol 7.increases monotonically

with increasing osmolality since water leaves the cell (through aquaporin-1 channels) increasing
the cytoplasmic Hb concentration, resulting in an increase of cytosolic viscosity 8. We speculate
that large changes in the cytosolic viscosity may have a physiologically protective effect. By
increasing viscous dissipation when RBCs pass through the small capillaries of the kidney, where
the osmolality can be as high as 1200 mOsm/kg, the viscous stresses in cytosol may reduce in-plane
membrane stresses and prevent cell lysis as they undergo large-scale deformation.

We have used the dynamic fluctuations RBCs under varying osmotic stress to measure the
nonlinear response of the composite membrane’s shear modulus, bending modulus, and area
compression modulus. By examining data at different frequencies we also obtain the cytosolic
viscosity. We find that under tension the composite membrane is strongly strain hardening in both
shear and area moduli. The shear modulus enhancement is easily understood in terms of the WLC
model. Further work is needed to understand the nonlinear stiffening of K,under tension. As
expected, the bending modulus is highly insensitive to imposed osmotic stress and the cytosolic
viscosity increases with Hb concentration. These elastic constants are all relatively insensitive to
membrane relaxation in hypertonic solutions. Understanding this point may require more
sophisticated models that include steric interactions between parts of the membrane. Finally, we
note that the RBC moduli reach their minimal values at physiological osmolality, perhaps reflecting
some evolutionary tuning of these elastic nonlinearities.
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CHAPTER 4. RBC MECHANICS PART II: PATHOLOGICAL EFFECTS

4.1. INFECTION OF P.FALCIPARUM®

During the intra-erythrocytic development, the malaria parasite Plasmodium falciparum causes
structural, biochemical and mechanical changes to host RBCs. Major structural changes include the
parasitophorous vacuoles that surround the growing parasites in their host RBCs, loss of cell
volume, and the appearance of small, nano-scale protrusions or “knobs”, on the membrane surface
85, From the biochemical standpoint, a considerable amount of hemoglobin (Hb) is digested by
parasites during intra-erythrocytic development and converted into insoluble polymerized forms of
heme, known as hemozoin 86-87, Hemozoin appears as brown crystals in the vacuole of parasite in
later maturation stages of Pf-RBCs.

Two major mechanical modifications are loss of RBC deformability 8890 and increased
cytoadherence of the invaded RBC membrane to vascular endothelium and other RBCs 1. These
changes lead to sequestration of RBCs in microvasculature in the later stages of parasite
development, which is linked to vital organ dysfunction in severe malaria. In the earlier stage,
where some loss of deformability occurs, Pf~RBCs continue to circulate in blood stream.

Membrane dynamics of RBCs can be influenced by human disease states. Fluctuations in
phospholipid bilayer and attached spectrin network are known to be altered by cytoskeletal
defects, stress, and actin—spectrin dissociations arising from metabolic activity linked to adenosine-
5’-triphosphate (ATP) concentration 17.30.65 9293, Proteins transported from invading organisms,
such as the virulent malaria-inducing parasite P. falciparum, to specific binding sites in the spectrin
network are considered to introduce significant alterations to RBC membrane dynamics and
mechanical response 5. 18. These changes could provide insights into possible mechanistic pathways
in the pathogenesis of malaria, as the parasite alters biophysical properties of RBCs during its intra-
erythrocyte stage that lasts up to 48 hours. Despite the broad realization that membrane
fluctuations provide information on critical interactions among sub-cellular structure, mechanical
stress, and biochemical links between the cell interior and the external environment, systematic
experiments of cell membrane dynamics, over the physiologically relevant temperature range, have
not been performed.

A clinical feature of symptomatic P. falciparum malaria is the presence of periodic episodes
of high fever. Previous studies report that fever influences P. falciparum survival rate and
deformability of Pf~RBCs 5. Specifically, loss of deformability at ring stage was found to be more
severe at febrile temperature (41°C) compared to physiological temperature (37°C). However, in
vitro experiments at febrile and ‘physiological temperature only reveal a partial story of what is
experienced in vivo. When physiological temperature is restored after a fever episode, infected

& This chapter is modified from Ref.8* with the publisher’s permission.
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RBCs in circulation might not fully recover properties typically observed at physiological
temperature. If the changes to deformability observed at fever conditions are irreversible, prior
effects of fever on Pf~-RBCs would remain. As a consequence, Pf~-RBCs in circulation at physiological
temperature may actually display deformability closer to those measured at febrile temperature. To
explore this possibility, we measure the deformability of Pf-RBCs at physiological temperature after
a transient exposure to febrile temperature to simulate the in vivo behavior after a febrile episode.
When combined with deformability measurements at static physiological and febrile temperatures,
these results give new and useful insights into how Pf-RBCs behave in vivo.

In this section, we present for the first time two intrinsic indicators that quantitatively and
non-invasively elucidate the consequences on cell biomechanics of P.falciparum malaria: three
dimensional distributions of refractive index and the membrane fluctuations in Pf-RBCs. The
refractive index maps of Pf~RBCs show the morphological alterations of host RBCs and the
structures of vacuoles of parasites. In addition, the refractive index is translated into quantitative
information about Hb content of individual Pf-RBCs. During the intra-erythrocytic stages of P.
falciparum, we show the decrease of both the total amount and the concentration of Hb in the
cytoplasm of P/~-RBCs. Thermally driven membrane fluctuations in Pf~RBCs are strongly correlated
with the material properties of cell membranes, which is significantly modified by the specific
proteins exported by parasites during developmental stages. Fluctuations in P~FRBCs membrane are
used to characterize the membrane stiffness by determining the in-plane shear modulus. We
present experimental results of membrane fluctuations in Pf~RBCs over the full range of intra-
erythrocyte stages at both physiological and febrile temperatures, representative of malaria fever
episodes. Parasite interactions with host RBC strongly correlate with temperature-dependent and
stage-specific alterations to membrane dynamics. We critically assess the hypothesis that after
exposure to febrile temperature, P/~-RBCs at physiological temperature display deformability closer
to those at febrile temperature.

4.1.1 THREE DIMENSIONAL REFRACTIVE INDEX MAPS OF PF-RBCS

To quantitatively investigate the refractive index distribution of Pf-RBCs, we employed
tomographic phase microscopy (TPM) 3% TPM uses laser interferometry combined with rotating
the incident beam, analogous to computed tomography (CT) in X-ray. TPM quantitatively provides
the three dimensional distribution of refractive index, n(x,y,z). As shown in Figure 18, we
measured the refractive index maps of Pf~RBCs during all intra-erythrocytic stages: healthy RBC
(Figure 18A), ring (Figure 18.B), trophozoite (Figure 18C) and schizont stage (Figure 18D). Images
in the horizontal rows show refractive index maps at three different cross sections: 0.6 pm above
the focused plane (top), at the focused plane (middle), and 0.6 pm below the focused plane
(bottom). Whereas healthy RBCs show homogeneous distribution of refractive index, Pf~RBCs are
not optically homogeneous. Many factors contribute to refractive index change: the vacuole of
parasite occupies a fraction of volume in cytoplasm of RBC; Heme is released from hemoglobin
digestion and converted into hemozoin crystals in the food vacuole of the parasite; and various
parasite proteins are exported from parasite into cytoplasm of Pf~-RBCs 9. Regions of low refractive
index indicate the vacuole of P. falciparum (black arrows in Figure 18B-D) and regions of high
refractive index suggest the position of hemozoin (gray arrows in Figure 18C-D).
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Figure 18 Three dimensional refractive index maps of Pf~-RBCs reveal the structural modifications
and the hemoglobin concentration of cytoplasm. (A) Healthy RBC, (B) Ring-stage, (C) Trophozoite-
stage, (D) Schizont-stage. Images in row show three different cross sections: 0.6 pm above the
focused plane (top), at the focused plane (middle), and 0.6 um below the focused plane (bottom).
Black arrows indicate the location of P. falciparum, and the gray arrows the location of hemozoin.
Color-maps show the refractive index (n) (top right) and the Hb concentration (bottom right).
Scalebar is 1.5 pum.
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4.1.2. HEMOGLOBIN CONTENT IN INDIVIDUAL PF-RBCS

To quantitatively investigate the Hb content in P~-RBCs we utilized refractive index maps measured
by TPM. We averaged the refractive index over the cytoplasmic volume of Pf~-RBC for 15 cells per
group (Figure 19A). Their mean values are 1.399 = 0.006, 1.395 £ 0.005, 1.383 £ 0.005, and 1.373
0.006 for healthy RBCs, ring , trophozoite, and schizont stage, respectively. Given that the cytoplasm
of RBCs consist mainly of Hb, it is likely that the refractive index is mostly due to the content of Hb.
We calculated Hb concentration for individual P~RBCs by calibrating from the refractive index of
Hb solutions reported in Ref. 51, The results are shown in Figure 19B. The mean values of Hb
concentration are 30.9 = 3.1 g/dl, 29.3 + 2.4 g/d], 23.3 + 2.7 g/d], and 18.7 + 2.9 g/dl for healthy
RBCs, ring , trophozoite, and schizont stage, respectively. Since TPM also provides three-
dimensional structural information, we calculate cytoplasmic volume of P~RBCs by subtracting the
volume of parasites vacuole from the volume of whole RBC. The results are shown in Figure 19C.
Their mean values are 93.1 £ 7.9 f], 88.5 + 11.8 f], 57.5 £ 13.8 f], and 34.2 + 15.1 fl for healthy RBCs,
ring, trophozoite, and schizont stage, respectively. In addition, we calculated total Hb contents per
each Pf-RBC. The total amount of Hb in cytoplasmic volume is given by multiplying Hb
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concentration and cytoplasmic volume. The results are shown in Figure 19D. Their mean values are

28.8 £ 1.2 pg, 25.9 + 4.2 pg, 13.4 + 3.4 pg, and 6.3 + 2.5 pg for healthy RBCs, ring , trophozoite, and
schizont stage, respectively.
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Figure 19 Host RBC hemoglobin concentrations decreases as P. falciparum matures. (A) Refractive
index of healthy RBC and Pf-RBCs at the indicated stages, (B) Mean corpuscular Hb concentration
(MCHC) of healthy and Pf-RBCs at the indicated stages, (C) Cytoplasm volume of Pf-RBCs at the
indicated stages, (D) Hb content in healthy and Pf-RBCs at the indicated stages. Each point in A
represents average refractive index for one cell. Graphs in B-D show the median (central horizontal
line), standard deviations (box), and minimum and maximum values (vertical lines). For each
condition 15 samples were tested.

4.1.3 CHANGES IN MORPHOLOGY AND DEFORMABILITY OF PF-RBCS DURING ALL INTRA-
ERYTHROCYTIC STAGES

To quantify the progressive alterations to RBC membrane fluctuations and mechanical response
due to parasitization by P. falciparum, we employed diffraction phase microscopy (DPM). By
extracting optical path-length shifts produced at each point across the cell, DPM quantitatively
measures cell thickness information with spatial and temporal resolutions of nanometer and
millisecond, respectively 36. This information is then translated into the cell thickness profile,
h(x, y;t), by taking into account the optical homogeneity of the internal cell composition, which is

captured through its refractive index.
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Figure 20 Topographic images and effective elastic constant maps of Pf-RBCs. (A & E) Healthy RBC,
(B & F) Ring-stage, (C & G) Trophozoite-stage, (D & H) Schizont-stage. The topographic images in A-
D are the instant thickness map of Pf-RBCs. The effective elastic constant maps are calculated from
the root-mean-squared displacement of the thermal membrane fluctuations in the PfRBC
membranes. Black arrows indicate the location of P. falciparum, and the gray arrows the location of
hemozoin. (Bright-field and fluorescence micrographs provide information on locations of parasite
and hemozoin; see Sl text). Scalebaris 1.5 pm.

We used TPM to extract average values of refractive index of cytoplasm of healthy and Pf~RBCs. To
investigate morphological changes of Pf-RBCs, we measured the instantaneous thickness

profile, h(x, y,t,) of cells with DPM. Figure 204-D show topographic images of healthy and Pf~RBCs
at all stages of development. The effective stiffness map of the cell, k,(x,y) is obtained at each
point on the cell, assuming an elastic restoring force associated with the

membrane: ke(x,y)=kBT/<Ah(x,y)"‘>, where kg is the Boltzmann constant, T the absolute

temperature, and (Ah(x, y)2> the mean-squared displacement. Representative k. maps of RBCs at
the indicated stages of parasite development are shown in Figure 20E-H. The map of instantaneous
displacement of cell membrane fluctuation, Aa(x, y,t), was obtained by subtracting time-averaged

cell shape from each thickness map in the series. A histogram showing membrane displacements
for all parasite stages is shown in Figure 21A4.
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Figure 21 Membrane fluctuations and in-plane shear modulus at different intra-erythtocytic stages
of Pf-RBCs. (A) Histograms of cell thickness fluctuation of Pf-RBCs (Histogram of the schizont stage
is scaled down by a factor of 1.5), (B) In-plane shear modulus of the RBC membrane versus
developmental stage of Pf-RBCs. The in-plane shear modulus is calculated from the in-plane

membrane displacement, A/, over the rims of RBCs. Also shown for comparison are the estimated
from optical tweezers 35. Inset, Illustration of RBC and membrane fluctuations; A/, thickness
fluctuations measured by DPM. A, , in-plane membrane displacement, Ak, , out-of-plane

membrane displacement, and o , the angle between Al and Ak, . The measurements are

performed at the room temperature (23°C) and for each group 20 samples were tested.

RBC deformability is sensitive to membrane stiffness. Our DPM experiments provide quantitative
information from which in-plane shear modulus of RBC membrane with attached spectrin
cytoskeleton could be determined. The in-plane shear modulus G can be obtained using the Fourier-
transformed Hamiltonian (strain energy) and equipartition theorem 95:

k,TIn(A/
G~ Xl 4] a) ®)
37r<Ah, >
where A is the projected diameter of RBC (~ 8 um), and a is the minimum spatial wavelength
measured by DPM (~ 0.5 um). The tangential component of displacement in membrane

fluctuations, Ak’ is decoupled from axial membrane fluctuation A4’ usingthe angle o between

the direction of Ak, and the normal direction of membrane as illustrated in Figure 21B inset. The

angle «a is extracted from cell topographical information measured by DPM. The squared
displacement component, Ah,2 was calculated and averaged along the circumference of the cell,

from which in-plane shear modulus G was calculated. We determine that G = 5.5 + 0.8 uN/m for
healthy RBCs (Figure 21B), which compares well with independent modulus measurements,
extracted for healthy RBCs from micropipette aspiration and optical tweezers 516,35, The modulus
for ring (G = 15.3 * 5.4 pN/m), trophozoite (G = 28.9 + 8.2 uN/m) and schizont (G = 71.0 + 20.2
uN/m) stages is in good quantitative agreement with that inferred from large-deformation
stretching with optical tweezers of P~RBCs over all stages of parasite maturation 3,

4.1.4. EFFECTS OF TEMPERATURE ON DEFORMABILITY OF PF-RBC DURING ALL INTRA-
ERYTHROCYTIC STAGES

The effect of febrile temperature exposure on deformability of P/~RBCs is evaluated at each parasite
stage. Measurements are made at physiological temperature (37°C), febrile temperature (41°C) and
physiological temperature after 45 min exposure at 41°C (one fever cycle) using DPM. The results
of these tests are summarized in Figure 22 (membrane fluctuation) and Figure 23 (in-plane shear
modulus). The measured membrane in-plane shear modulus values reflect the overall cell
deformability. The in-plane shear moduli for healthy RBCs are 6.2 + 1.4, 4.9 £ 1.1,and 59 + 1.0 in
units of uN/m, respectively, for 37°C, 41°C, and 37°C after one fever cycle. For ring stage, 14.5 + 3.8,
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20.4+7.2,and 13.5 £ 4.2 uN/m; for trophozoite stage, 35.0 £ 9.0, 56.6 + 14.9, and 46.7 £ 13.4 uN/m;
and for schizont stage, 71.8 £ 21.0, 95.0 + 25.5, and 99.6 + 21.6 pN/m, respectively. Previous work
consistently reports a shear modulus of 4 - 8 pN/m for healthy RBCs at physiological and febrile
temperature 5. A higher shear modulus indicates a loss in deformability. As a control, healthy RBCs
were evaluated at all three temperature conditions (Figure 22A and Figure 23A).
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Figure 22 Membrane fluctuations of Pf~RBCs at different temperatures. Membrane fluctuation at
different parasitic development stages at 37°C, 41°C, and 37°C after one fever cycle for (A) healthy
RBCs, (B) ring-stage, (C) trophozoite-stage, and (D) schizont-stage of Pf~-RBCs. The values for
fluctuations are FWHM (full width half maximum) of the membrane fluctuation histograms. Graphs
show the median (central horizontal line), standard deviations (box), and minimum and maximum
values (vertical lines). The number of samples n=15 for each group.

Results from testing ring stage display a marked decrease in deformability at febrile
temperature compared to physiological temperature (Figure 22B and Figure 23B). Upon returning
to physiological temperature, the deformability of ring stage returned to the level observed before
the fever episode. Similar to ring stage, measured shear modulus values for trophozoite and
schizont stage increase at febrile temperature compared to physiological temperature. However,
measurements at physiological temperature after one fever cycle indicate permanent changes to
deformability as a result of fever conditions. In trophozoites, a partial recovery of deformability is
observed after returning to physiological temperature (Figure 23C). Only half of the loss in
deformability associated with a fever episode is recovered at the trophozoite stage. For schizonts
stage, essentially all loss of deformability as a result of febrile temperature exposure is permanent
and is not recovered after fever conditions end (Figure 23D).
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Figure 23 In-plane shear modulus of Pf~RBCs at different temperatures. In-plane shear modulus at
different parasitic development stages at 37°C, 41°C, and 37°C after one fever cycle for (A) healthy
RBCs, (B) ring-stage, (C) trophozoite-stage, and (D) schizont-stage. Symbols indicate individual Pf-
RBCs. For each group 15 samples were tested.

4.1.5 DISCUSSION

With P. falciparum parasitic development into the schizont stage, the normal discocyte shape is lost.
Parasite modifications to the internal and membrane structure of invaded RBCs are implicated in
the observed morphological changes (Figure 20A4-D). Membrane stiffness also increases
progressively with parasite development. In particular, the spatially averaged effective stiffness,

(ke (x, y)), at the schizont stage is up to an order of magnitude higher than that for healthy RBCs

(Figure 20E-H). These results indicate that parasite development stage directly correlates with the
amplitude of membrane fluctuations, and that the distribution of membrane fluctuations becomes
much sharper with parasite development.

Interestingly, there is significant increase in membrane fluctuations (53% in the full width
half maximum (FWHM) value of the fluctuation displacement histogram) from physiological to
febrile temperature (p < 0.01), which is only a 7.5% increase in absolute temperature. Evidently,
such enhancement in the fluctuation cannot be explained simply by equilibrium thermodynamics
alone, i.e. the increase in the Boltzmann factor ksT. This indicates that RBC phospholipid membrane
and spectrin network undergo structural changes that alter elastic properties, which is reflected in
changes to membrane in-plane shear modulus, G (Figure 21). One possible explanation is that a
transitional structural change in spectrin molecular architecture occurs between physiological and
febrile temperature, causing altered and reorganized cytoskeleton network. Both a- and B-spectrin
molecules have a significant structural transition near 40 °C %, It has been shown that membrane
shear modulus of healthy RBCs decreases by about 20% when the temperature increases from 23
to 41 2C 16, From physiological to febrile temperature, membrane fluctuations decrease significantly
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(p < 0.01) for all infected test conditions (Figure 22), with trophozoite and schizont stages showing
the strongest temperature-dependence. Based on comparison with results from healthy RBC and
associated changes of in-plane shear modulus (Figure 23), we postulate that intra-erythrocytic
parasite development causes an opposite effect. Parasite exported proteins that target RBC
membrane can alter thermally induced spectrin folding transitions involved in stabilizing
erythrocyte cytoskeleton 97. Expression of P. falciparum genes is known to be affected by exposure
to 41 °C %8, Under febrile conditions, increased levels of parasite-exported proteins could contribute
to large changes in membrane fluctuations observed by DPM between physiological and febrile
temperatures. One example is the ring-infected erythrocyte surface antigen (RESA). When RESA
binds to spectrin, normal balance between spectrin dimers and tetramers in the cytoskeletal
network is skewed towards tetramer formation, which results in increased membrane stability 6. As
a result, RESA enhances RBC resistance to mechanical and thermal damage. Moreover elevated
thermal stability conferred by RESA plays a protective role for Pf~RBCs against damage at febrile
temperature 7. The possible specific role of other membrane proteins and histidine-rich proteins in
influencing thermal and mechanical stability of RBCs over the temperature range of interest is
presently not fully understood. The development of adhesion properties at the trophozoite and
schizont stages can also contribute to significant decrease in fluctuation observed by DPM at these
stages, especially at febrile temperature. For the same febrile temperature, our results indicate that
fluctuation amplitude progressively decreases as a parasite develops from the ring to the schizont
stage.

The findings presented in Figure 22-24 reveal that effects of fever episodes cause
irreversible changes to deformability of P/~RBCs. These experiments, for the first time, mimic in vivo
conditions that Pf~RBCs experience to behavior at physiological or febrile temperature that cannot
be examined by studying mechanical alone. Plastic behavior caused by a febrile episode is not
observed at the ring stage. Decreased deformability observed under febrile conditions is recovered
upon returning to physiological temperature. The decrease in deformability of P~RBCs may be
attributed to exported parasite proteins that interact with the host RBC membrane. Their ability at
the ring stage to regain deformability could play an important role in their ability to avoid splenic
clearance when circulating. At the trophozoite and schizont stages, they displayed significant plastic
changes to deformability. Again, the decreased deformability for mature stages may be also
attributed largely to parasite exported proteins that associate with the membrane. Parasite protein
exportation is likely accelerated by thermal energy. In turn, febrile episodes may be accelerating
parasite protein exportation to the membrane that results in advancing the loss of deformability.
Both reduced deformability and the development of adhesion properties contribute to
sequestration at the trophozoite and schizont stages. The temperature-related permanent loss of
deformability found in our experiments is greater than previously anticipated and can be viewed as
an additional driving force to impede microcirculation and promote sequestration. The plastic
behavior at the trophozoite and schizont stages in response to fever could also have implications
when treatments are used to suppress fever episodes. Additional studies would be needed to
explore this possibility.
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Finally, the optical experimental techniques (TPM and DPM) used to measure the refractive
index maps and the membrane fluctuations in this study offer unique advantages over other more
commonly used techniques, such as micropipette aspiration, optical tweezers, laminar shear flow,
and magnetic twisting cytometry. TPM quantitatively and non-invasively measures the three
dimensional maps of refractive index, which provides a measure of Hb content of single Pf~-RBCs.
Indeed, TPM does not require any special sample preparation since the refractive index is an
intrinsic optical property. DPM is able to measure nanometer level membrane fluctuations without
any direct, and potentially invasive, contact with a cell. The optical layout of DPM is such that the
sample temperature can be regulated easily without affecting of the rest of the apparatus, a
common limitation of other techniques. In addition, deformability of living cells, measured by
thermally driven membrane fluctuations, ensures mechanical properties in the linear regime. Also,
measurements are made within seconds once a specific cell is identified. Thus, the technique
provides the flexibility to experimentally sample a large number of samples under a variety of well-
controlled test conditions in a reasonable time span.

4.3. EFFECTS OF ATP7

As they travel through small blood vessels and organs, RBCs undergo repeated severe deformation.
The coupling and interactions between the phospholipid bilayer and the spectrin network govern
the deformability of RBCs 100, The fluid-like lipid bilayer is coupled to the two-dimensional spectrin
network that comprises an approximately hexagonal lattice via protein junctional complexes. The
RBC membrane is remarkably soft and elastic, and thus exhibits fluctuations with amplitudes of the
order of tens of nanometers. The dynamics of the RBC membrane is strongly related to the
membrane structure and mechanical properties, and has been explored extensively 55 60,66, 101-102,
However, experimental results available to date on RBC membrane fluctuations have provided only
limited information on select regions of the cell membrane with limited spatial and/or temporal
resolution (7-9). No full-field measurements of membrane fluctuations in the entire RBC arising in
response to well-controlled metabolic activity have been made so far, and consequently, different
techniques have led to different interpretations of the mechanistic origins of dynamic RBC
membrane fluctuations with and without metabolic activity 103-105,

The RBC membrane is not a static but a metabolically regulated active structure. It is
known that biochemical energy controls its static and dynamic characteristics. The presence of ATP
is not only crucial in maintaining the biconcave shape of the RBC membrane 65, but has also been
shown to increase the dynamic membrane fluctuations 103105, However, the regulatory mechanism
of ATP in RBC membranes still remains elusive. Furthermore, these static and dynamic effects of
ATP on RBC membrane fluctuations have hitherto been regarded as separate phenomena and have
never been explored simultaneously.

7 This chapter is modified from Ref.?? with the publisher’s permission.
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In this section, we present dynamic, full-field, and quantitative measurements of ATP
effects on RBC membrane morphology and fluctuations. We show that in the presence of ATP, the
RBC membrane fluctuations have a non-equilibrium, metabolic component in addition to a thermal
one. The characteristics of this metabolically driven dynamics are observed only in the convex
regions of the RBC membrane, with a periodic spacing on the order of the spectrin molecular
network length scale. We demonstrate through systematic experiments that the metabolic energy
of ATP dynamically remodels the coupling between a lipid layer and a spectrin network, which
governs both the biconcave shape and non-equilibrium fluctuations in RBC membranes. Through
these observations, we also rationalize the origins of differing mechanistic interpretations of RBC
membrane fluctuations (commonly referred to as “flickering”) specifically in the context of the role
of ATP.

4.3.1. ATP EFFECT ON THE RBC MORPHOLOGY.

We first address the effects of ATP on the morphology of RBC membranes. RBC samples were
prepared under four different conditions: healthy RBCs; RBCs with irreversibly depleted ATP;
metabolically depleted ATP; and repleted ATP groups. After collection, a group of healthy RBCs was
minimally prepared. For RBCs in the irreversibly depleted ATP group, the cytoplasmic pool of ATP
was depleted by inosine and iodoacetamide. For the metabolically depleted ATP group, healthy
RBCs were incubated in a glucose-free medium for 24 hours. For RBCs in the ATP repleted group,
cytoplasmic ATP was first metabolically depleted, and then regenerated through the addition of D-
glucose. To quantitatively measure the cell thickness map, we employed Diffraction Phase
Microscopy 36-37, By extracting the optical path-length shifts produced across the cell, we measured
the cell thickness with nanometer sensitivity and millisecond temporal resolution. From the
measured cell thickness profiles at a given time ¢, h(xy,t), we calculated time-averaged heights
(h(x,y)) (Figure 24A-D). We observed the characteristic biconcave shape for healthy RBCs. When

ATP was depleted, for both the irreversibly and the metabolically depleted groups, we observed
loss of biconcave shape and echinocyte shape transformation. Reintroducing ATP resulted in the
recovery of biconcave shape. This shows that ATP is crucial to maintaining the biconcave shape of
RBCs 106,
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Figure 24 Effects of ATP on morphology and dynamic fluctuation in RBC membrane. Topography of
a healthy RBC (A), of an ATP-depleted RBC (irreversible -ATP group) (B), of an ATP-depleted RBC
(metabolic -ATP group) (C), and of a RBC with recovered ATP level (+ATP group) (D), respectively.
(E-H), Instantaneous displacement maps of membrane fluctuation in the Figs. 1a-d, respectively.
The scale bar is 2 pm. The colorbar scales are in pum and nm, respectively.

4.3.2. ENHANCED MEMBRANE FLUCTUATIONS IN THE PRESENCE OF ATP.

To probe dynamic membrane fluctuations, we analyzed the membrane displacement map by
subtracting the averaged shape from the cell thickness map, Ah(x,y,t)=h(x, y,t)—(h(x, y)) (Figure
24E-H). Compared to healthy RBCs, the fluctuation amplitudes were decreased in both ATP-
depleted groups. Reintroducing ATP, however, increased the fluctuation amplitudes to healthy RBC
levels. We calculated the root mean squared (RMS) displacement of membrane fluctuations,

(Ah2> , which covers the entire cell area for 2 s at 120 frame/s (Figure 25). The RMS displacement

of healthy RBCs is 41.5 + 5.7 nm. Fluctuations significantly decreased to 32.0 + 7.8 nm and 33.4 +
8.7 nm in both the irreversibly metabolically ATP-depleted groups, respectively. However, the
fluctuations in the ATP repleted group returned to the level of healthy RBCs (48.4 + 10.2 nm). This
is in agreement with an earlier report using the point measurement technique 65. 105,
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Figure 25 RMS displacements of membrane fluctuations for different ATP conditions: healthy RBCs,
irreversibly ATP depleted RBCs, metabolically ATP depleted RBCs, and RBCs in which ATP was
reintroduced to metabolically ATP-depleted RBCs. Each symbol represents an individual RBC and
the horizontal line is the mean value.

4.3.3. ATP RESULTS IN NONEQUILIBRIUM DYNAMICS FOR MEMBRANE FLUCTUATIONS.

We showed that the membrane fluctuations indeed decrease in the absence of ATP, which is
consistent with the previous results using point measurement techniques 103 105, However, this
result does not yet answer the question of whether ATP drives ‘active’ non-equilibrium dynamics,
or simply modifies membrane elastic properties. Of course, the two different situations can give rise
to fundamentally different dynamics: (i) out-of-equilibrium fluctuations or (ii) equilibrium
Gaussian fluctuations. In order to answer this question, we calculated the non-Gaussian parameter,
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K, which is also known as kuritosis, for the membrane fluctuations (Figure 26A-D). Theoretically, K
= 2 for purely thermally driven Gaussian motion and K increases above two for active non-
equilibrium dynamics °. For healthy RBCs, the average value of K was 2.8, which shows that
membrane fluctuations contain non-equilibrium dynamic components, particularly on short length
and time scales (q > 5 rad/um and At < 0.5 s). With depletion of ATP, K decreased to 2, as expected
in purely thermally-driven dynamics (the average values of K were 2.06 and 2.19 for the
irreversibly depleted and metabolically depleted ATP groups, respectively). Reintroducing ATP
increased K to healthy RBC levels (average value K = 2.98). Our data clearly proves that active,
metabolic energy from ATP contributes an enhancement in RMS displacements by 44.9%. This
measured value is lower than predicted by a theoretical model, where an increase of at least 100%
was expected 9. However, it can be explained by recognizing that the ATP effect is more significant
at large g-values, comparable with the size of the spectrin network %. For example, the ATP-
mediated RMS displacement at g = 17 + 0.5 rad/um showed an increase of 143 % compared with
the thermal components. Thus, in our overall assessment that includes all spatial frequencies, ATP
enhancement is likely to be underestimated.
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Figure 26 Non-equilibrium dynamic in RBC membranes. Averaged non-Gaussian parameter versus
a lag time, At, and a spatial frequency, g, for membrane fluctuation in healthy RBC (A), irreversible
ATP depletion group (B), metabolic ATP depletion group (C), and after reintroducing ATP to
metabolic depletion group (D), respectively. The number of RBCs, N = 40 for each group.

Even though RBC membrane dynamics have been explored extensively, no definitive
experiment has determined whether flickering is purely thermally driven or contains active
contributions. First observed a century ago, its origin is generally believed to be thermal forces ¢
107, Different interference-microscopic techniques have been employed to study membrane
fluctuations and mechanical properties assuming Brownian dynamics 60101, In contrast, a technique
that qualitatively measured the local fluctuations of RBC membranes, reported a correlation
between the ATP concentration and the fluctuation amplitude 65 105, However, recent experimental
work, in which only edge shapes of RBCs were probed, showed no relation between ATP depletion
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and membrane fluctuations 194 Theoretically, RBC membrane fluctuations were traditionally
studied using models of thermally driven equilibrium systems 66,101, A recent theoretical model 92
108, validated by simulation 109-110, showed that local breaking and reforming of the spectrin network
can result in enhanced fluctuations. Our results here showed that the depletion of ATP decreased
the fluctuations in RBC membranes, which can be reversed when ATP is reintroduced.
Furthermore, measurement of the non-Gaussian parameter k revealed that the enhanced
membrane fluctuations in the presence of ATP are indeed governed by nonequilibrium dynamics,
and do not only reflect the change of the mechanical properties of RBCs.

4.3.4. BICONCAVE SHAPES ARE COUPLED WITH ATP-DEPENDENT ENHANCED MEMBRANE
FLUCTUATIONS.

In order to study further spatial aspects of active motions, we analyzed the morphologies and
fluctuations for RBCs in a polar coordinate system with its origin at cell center. Assuming
cylindrical symmetry, the average height of the RBC membrane, (h(r)), and the membrane mean-

squared displacements, (h*(r)), are shown as functions of the radial distance, r (Figure 27). In
gu

healthy RBCs, the membrane fluctuations are enhanced and strongly localized at the outer convex
region (the shaded are in Figure 27), while both ATP depletion groups showed little variation in
membrane fluctuations over the cell surface. Remarkably, reintroducing ATP restores not only the
biconcave shape, but also enhances the fluctuations in the outer convex area. This is striking
because continuum equilibrium models predict a stronger restoring force and a decreased
fluctuation amplitude in regions of high membrane curvature 111. Qur results show that active
contributions are spatially inhomogeneous, and correlated with the maintenance of the biconcave
shape. This strongly suggests that the RBC membrane cortex, especially the coupling and
interaction between a lipid layer and spectrin network, is actively and dynamically remodeled in
the presence of ATP. It also rationalizes different mechanistic inferences reported in the literature
from prior measurement of membrane fluctuations 65.103-104, Probing the edge shape of RBCs alone
does not capture ATP-dependent enhanced fluctuations 194 since they are localized on the convex
region on RBC membrane and may not be significant only after 1 hour of ATP depletion. Point
measurement techniques, which measure the averaged dynamics of the RBC membrane, could
measure ATP-dependence 65. 103,105,
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Figure 27 Correlation between biconcave shape and enhanced membrane fluctuations. (A-D),
Averaged height as a function of the distance from the center of cells for healthy RBCs (A), for RBCs
in the irreversibly ATP-depleted group (B), for RBCs in the metabolically ATP-depleted group (C),
and for RBCs in which ATP was reintroduced to the metabolically ATP-depleted group (D),
respectively. (E-H), Averaged squared height fluctuations as a function of the distance from the
center of cells in Figs. 3a-d, respectively. Thick lines show the average value and the areas represent
standard deviation for 40 RBCs.

4.3.5. SPATIAL ANALYSIS OF MEMBRANE FLUCTUATIONS.

Other cytoskeletons that contain actin, microtubules, and motor proteins such as myosin have
demonstrated active motion 112 . However, this cannot be the case for the ATP-enhanced
fluctuations in RBC because motor proteins are absent here. Then, how can the RBC exhibit active
dynamics? To address this question, we further analyzed the results in the context of RBC
cytoskeletal structure. The non-Gaussian parameter, K, at short time delays, was plotted as a
function of spatial distance A = 27/q (Figure 28A). Interestingly, in the presence of ATP, K showed
distinct peaks at specific distances (A = 361, 512, 680, 860, and 1030 nm). These peaks are equally
spaced at 167 + 10 nm, which indicates that ATP-dependent enhanced fluctuations are correlated
with the network structure of the underlying cytoskeleton. Considering the roughly hexagonal
lattice of spectrin network, these peaks can be related to the dynamic remodeling of the spectrin
network by ATP. Possible elements responsible for this remodeling are the junctional complexes of
the spectrin network that join six spectrin polymers by a short actin segment and protein-4.1
(Figure 28B). It was proposed that the ATP-induced remodeling takes the form of local associations
and dissociations of spectrin filaments within the network or between the cytoskeleton and the
lipid membrane 5592. Both processes result in the formation of a structural defect in the hexagonal
network, of size ~ 2A, where A is a distance between neighboring junctions (Figure 28C). This
remodeling of the cytoskeletal attachment causes a local release of the cytoskeleton-induced
membrane tension, and results in local bilayer deformation 5592, The length-scale of this local, ATP-
induced, bilayer deformation is therefore a multiple of the junction spacing, 2A. From the data we
find A ~83.5 + 5 nm, which is in good agreement with the separation of the junctions complexes
measured by electron microscopy 113. In addition, K at the short distance 2A was plotted as a

function of a lag time (Figure 28D), which shows longer temporal correlations in the presence of
ATP.
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Figure 28 Cytoskeletal structure and enhanced fluctuations. (A), Non-Gaussian parameter at short
time delay (4t < 0.1 sec) as a function of spatial wavelength. The presence of ATP lead to non-
thermal fluctuations, especially at A=361, 512, 680, 860, and 1030 nm. (B), Non-Gaussian
parameter at short time delay as a function of lag time (A<350 nm). (C), Illustration showing the
major proteins in the anchor complexes and the spectrin network. (D), Non-Gaussian parameter at
spatial wavelength (q=15 rad/pum) as a function of a lag time. (E-F), models explaining the non-
equilibrium dynamics in RBC membranes by phosphorylation of PI (E) and by phosphorylation of
protein-4.1 (F).

4.3.6. ORIGIN OF THE ENHANCED FLUCTUATIONS.

The question then arises, how can ATP cause this dynamic remodeling of the cytoskeletal
attachment? This may be related to protein phosphorylation powered by ATP, which is one of the
physiological processes that control membrane stability. One possible candidate is the
phosphorylation of the phosphoinositides (PI) because it consumes more ATP than the combined
phosphorylation of all the membrane proteins 114, PIP;, phosphorylated from PI by ATP, is thought
to play an important role in modulating the binding of the lipid bilayer to the cytoskeleton by
altering the protein interactions that comprise the junctional complex at spectrin tetramer ends 115,
For example, PIP; strengthens the binding affinity of protein-4.1 to glycophorin C (GP) 16 (Figure
28E). Furthermore, PIP; dephosphorylation results in a decreased affinity for GP binding, and a
subsequent detachment from spectrin network; the latter can result in increased membrane
fluctuations since tension applied to the bilayer by spectrin network is locally and transiently
released. In the absence of ATP, this dynamic remodeling may not occur, and thus RBCs exhibit only
thermally driven membrane fluctuations. Another possibility is the phosphorylation of protein-4.1,
which results in a reduced binding affinity between the actin, protein-4.1, and GP at the junction 117
(Figure 28F).
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4.3.7. DISCUSSION

The phosphorylation-dependent binding of the cytoskeleton to the membrane can explain the
correlation between nonequilibrium dynamic fluctuations and biconcave shape. Several models
have been proposed to explain the biconcave shape of RBC 118, but it still remains as an unsolved
puzzle. It was proposed that the ATP-regulated interaction between the junction complexes and the
membrane plays a role in maintaining the biconcave shape 116, A theoretical model, which relates
ATP-induced unbinding to RBC shape, showed that this active process lowers the overall
cytoskeleton shear rigidity and the tension that the spectrin network imposes on the membrane 92
108, Qur results provide further experimental evidence for the metabolism-dependent shape
transformation; we show that ATP-dependent transient binding of junctional complexes are
localized over the cell outer area, and that the spectrin network should therefore exert a lower
tension on the membrane. We also note that in the absence of ATP, the shapes of RBCs are similar
to those of patients with hereditary elliptocytosis, where GP does not properly interact with protein
4.1, resulting in the lack of biconcave shape and deformability 15119, This dynamic remodeling of the
spectrin network offers a possible explanation for the observed metabolic dependence of red cell
deformability 120, Taken together, we have shown that the biconcave shape and nonequilibrium
dynamics in the membrane are both consequences of the same biochemical activity: the
dissociations of the cytoskeleton at the spectrin junctions, powered by ATP metabolism.

In summary, we have presented definitive evidence that membrane fluctuations in the RBC
membrane have a metabolic as well as thermal energy component, which are localized at the outer
area of the cell. Our results suggest that the spectrin-bilayer binding, through local remodeling of
the spectrin junctions, give rise to these nonequilibrium dynamics. This remodeling is also
important in determining cell deformability and the unique biconcave shape of RBCs. Our results
are in good qualitative agreement with previously proposed theoretical models 92 108, The values
measured for the ATP-mediated fluctuation amplitudes, which are lower than those predicted
theoretically, can be understood by the spatial inhomogeneity of active motions. Whether this
dynamic remodeling of the RBC cytoskeleton is beneficial in physiological conditions remains an
open question, and it is now accessible to direct experimental study.
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5. SUMMARY AND OUTLOOK

This thesis has presented a novel methodology to establish a non-contact optical imaging technique
to retrieve the material properties of single red blood cells (RBCs) from their membrane
fluctuations. We have developed an optical imaging technique to non-invasively quantify
membrane fluctuations in red blood cells at the nanometer and millisecond scales!2!. This
technique employs laser interferometry and provides full-field quantitative topographical
information of living cells with unprecedented stability. Integration with a mathematical model has
established a new methodology that provides specific material properties from individual cell
membrane fluctuations: bending modulus; shear modulus of the membrane; and the viscosity of
cytoplasm.

These properties have been used to systemically study the pathophysiology of human
diseases affecting red blood cells. We have studied the mechanical properties of RBCs under various
conditions including: (1) the morphological transition from discocyte to echinocyte, and to
spherocyte; (2) different osmotic pressures; (3) parasitization by P.falciparum parasite; and (4)
different amounts of metabolic energy.

We envision that this investigation could offer a means to link cell membrane fluctuations
with the pathological conditions that lead to human disease states by quantifying the material
properties of red blood cells, which may address a broader range of red-blood-cell biology
problems concerning human health, disease diagnostics, therapeutics, and drug efficacy assays.
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