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Introduction

Abstract. A normal human red blood cell (RBC) when trapped with a linearly polarized laser, reorients about the
electric polarization direction and then remains rotationally bound to this direction. This behavior is expected for a
birefringent object. We have measured the birefringence of distortion-free RBCs in an isotonic medium using a
polarizing microscope. The birefringence is confined to the cell’s dimple region and the slow axis is along a
diameter. We report an average retardation of 3.5+ 1.5 nm for linearly polarized green light (A = 546 nm).
We also estimate a retardation of 1.87 & 0.09 nm from the optomechanical response of the RBC in an optical
trap. We reason that the birefringence is a property of the cell membrane and propose a simple model attributing
the origin of birefringence to the phospholipid molecules in the lipid bilayer and the variation to the membrane
curvature. We observe that RBCs reconstituted in shape subsequent to crenation show diminished birefringence
along with a sluggish optomechanical response in a trap. As the arrangement of phospholipid molecules
in the cell membrane is disrupted on crenation, this lends credence to our conjecture on the origin of birefrin-
gence. Dependence of the birefringence on membrane contours is further illustrated through studies on chicken
RBCs. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0O.19.11.115004]
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parallel to the electric field direction of the trapping laser and

A normal human red blood cell (RBC) is discotic in shape with a
diameter of ~8 pym. It has a thickness of ~2 ym at the rim and
~1 pm at the dimple region. One of the major functions of an
RBC, which is to transport oxygen to different parts of a human
body, is linked intricately to its shape, size, and mechanical
properties. Available literature'™'! indicates much effort to
understand the structure, mechanical, and viscoelastic properties
of the RBC. There remain, however, several aspects of the RBC
structure that are yet to be completely understood, a case in point
being the biconcave shape of the RBC and the dynamic fluctu-
ations of its membrane. Some studies link these to the presence
of adenosine triphosphate (ATP),*’ while others contradict this
claim.?

A perusal of available literature shows that the optical
tweezer has played a pivotal role in elucidating the mechanical
properties of the RBC membrane. It is also known that the
dynamical behavior of a micro-object in an optical tweezer is
strongly linked to its shape and birefringence.'>!* It was dem-
onstrated by Cheng et al.'* that a linearly polarized tweezer can
rotationally trap a birefringent microdisk. RBCs on entering an
optical trap are found to reorient, acquiring an edge-on orienta-
tion with respect to the beam propagation direction. This reor-
ientation can be explained on the basis that asymmetric micro-
objects in an optical tweezer orient such that maximum of their
volume lie in the region of the highest electric field. Further, in
the case of a linearly polarized tweezer, RBCs tilt about an axis

*Address all correspondence to: Sharath Ananthamurthy, E-mail: asharath@
gmail.com
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remain rotationally bound to the plane of polarization of the
incident light after the reorientation. This is a clear indication
that RBCs are birefringent objects.

Nonetheless, a survey of literature indicates a paucity of
recent work that addresses the optical properties of RBCs.
An earlier work, in 1969, by Srivastav and Burton'® reports
an observation indicating the presence of birefringence in
RBCs without, however, a quantitative measure of the birefrin-
gence. They conjecture that the biconcave shape of the RBC is
due to protein chains present across the cell at the dimple region
and also attribute the birefringent property to this. This, how-
ever, is untenable in the light of later studies.!' Perutz and
Mitchison'® in their studies report the presence of birefringence
in sickle-celled RBCs. They attribute this to crystallized struc-
tures of hemoglobin and, consequently, expect to see no bire-
fringence in RBCs. Ponder and Barreto'” have reported that
only ghost cells of RBCs that contain enough residual hemoglo-
bin to be visible under a microscope show a measurable bire-
fringence. Mitchison'® has reported that the RBC membrane
does not show birefringence in saline but shows a negative
birefringence in glycerol. Ghosh et al.'’ have claimed that an
RBC folds when trapped and so exhibits form birefringence.
It is, thus, clear that apart from the work of Srivastav and
Burton,'” birefringence has never been attributed to undistorted
RBCs.

There is an opinion that birefringence-based structural analy-
sis of biological cells is better than other methods, like electron
microscopy or x-ray analysis, for studying cells in their native
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states.”” With a view to enabling an alternate route to under-
standing the structure and dynamical behavior of RBCs using
birefringence measurement as a tool, we have carried out this
study where we report a measurement of the birefringence of
an undistorted RBC suspended in phosphate buffered saline
(PBS) using a polarizing microscope. Further, we estimate
the RBC birefringence from optical tweezer based studies of
the time required for realignment of the trapped RBC when
the plane of polarization of the trapping laser is rotated using
a half wave plate. We find that this estimate is indeed within
the range of the value obtained from polarizing microscope
based measurements. We also show here that the measured
RBC birefringence compares with birefringence values reported
for various phospholipids. We, thus, link the origin of the bire-
fringence in the RBC to the phospholipid content of the lipid
bilayer in the RBC membrane and further substantiate this by
showing that the variation in birefringence measured over the
RBC surface can be explained by the variation in relative ori-
entation of the phospholipid molecules in the RBC membrane
assuming a simple geometrical model for the biconcave shape of
the RBC. We also report that RBCs restored in shape subsequent
to a process of crenation show diminished to no measurable
birefringence using a polarizing microscope along with an
altered optomechanical response of sluggish reorientation in
an optical trap. As the process of crenation disrupts the original
alignment of the phospholipid molecules in the membrane, with
this study, we lend further credence to a sensitive dependence of
the birefringence on the relative orientation of phospholipid
molecules in the RBC membrane. Finally, we use the study
of birefringence of chicken RBC where the membrane curvature
is clearly different from that in a human RBC to further endorse
the view that the birefringence indeed has its origin in the
phospholipid content of the cell membrane with a sensitive
dependence on the alignment of phospholipid molecules that
is dictated by the membrane contour.

This study could, thus, be viewed as paving the route to a
noninvasive method of understanding the structure of the
RBC membrane. The birefringence variation over the RBC vol-
ume can provide clues about the possible orientations of the
phospholipids in the membrane. This could, in turn, provide
us new insights into the biconcave structure. The variation in
the birefringence is also capable of marking out the position
of the RBC dimple. Variations of this, both temporally as
well as spatially, could help in the study of RBC membrane fluc-
tuations and provide further clues to its link with the mechanical
properties of the RBC as well as the presence of ATP.*>7

Polarizer
Unpolarized
white light
Polarize
white light

2 Materials and Methods

2.1 Materials

Fresh blood drawn by the finger prick method from healthy
donors is taken in a tube containing Ethylenediaminetetraacetic
acid, an anticoagulant and diluted with PBS. This solution is
taken in an appropriate quantity so that the absorption of light
by the buffer is minimal and is held in an O-ring stuck on a
glass slide.

About 100 cells each from five healthy individuals of varying
demography within Asia and in the age group of 20 to 40 years
have been analyzed. However, the statistical analyses presented
are carried out with blood samples collected (at various
instances spanning across a year) primarily from one healthy
individual. The observations made across different blood sam-
ples are found to be similar in all aspects of birefringence
reported.

2.2 Methods
2.2.1 [dentification of the slow axis

Observations are made on the suspended RBCs between crossed
polarizers under a polarizing microscope (ORTHOLUX II POL-
BK, Leitz, Germany) along with a full wave (547 nm) retarda-
tion plate, the latter being useful in determining the orientation
of the slow axis. When viewed under white light illumination
between crossed polarizers, the full wave retardation plate
exhibits first-order red (magenta). When a birefringent specimen
is introduced into the optical path such that the slow axis of the
retardation plate and the specimen are parallel, the relative retar-
dation increases, resulting in a shift to longer wavelengths and a
second-order blue interference color appears (see schematic
Fig. 1). On the other hand, if the slow axis of the retardation
plate and the specimen are perpendicular to each other, the rel-
ative retardation decreases shifting toward shorter wavelengths
and the specimen exhibits first-order yellow interference color.

In order to identify the slow axis of the RBC, it is necessary
to orient the principal axis, which is along a diameter'” at 45 deg
with respect to both the analyzer and polarizer, as shown in
Fig. 3(a). As the RBCs are in a liquid medium, it is difficult
to fix the orientation of all the RBCs present in the buffer sol-
ution along a fixed direction. We have, therefore, carried out our
measurements by choosing those RBCs that are oriented in the
appropriate position, i.e., edge-on to the beam propagation
direction with the plane of the RBC tilted 45 deg with respect
to the axes of both polarizer and analyzer. The full wave

ii) RBC

perpendicularto L

Plate ii) The Central region of
S~ the RBC appears yellow

\
i) RBC paranel\“")

to L Plate i) The Central region of

1 Plate the RBC appears blue
Analyzer

Fig. 1 Schematic for identification of the slow axis.
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Fig. 2 Schematic for Sénarmont technique.

Fig. 3 Identification of slow axis. Central region of the RBC appears
(a) blue if its diameter is parallel to the slow axis of the lambda plate
and (b) yellow if its diameter is perpendicular to the slow axis of the
lambda plate. The background remains magenta, indicating the
absence of any birefringence of the buffer solution. In order to
increase visibility, the contrast has been increased identically on
both photographs.

retardation plate is then introduced into the optical path such that
its slow axis is either parallel or perpendicular to the diameter of
the RBCs.

2.2.2 Measurement of the birefringence (Sénarmont
technique)

Subsequent to identifying the slow axis of the RBCs, the bire-
fringence is measured using the Sénarmont technique?' (see
schematic Fig. 2). Light from a mercury vapor lamp passing
through a green filter resulting in a wavelength range of 556 +
55 nm is used for the Sénarmont technique based retardation
measurements. The measurements are carried out using a quar-
ter wave plate for a wavelength of 546 nm. The wavelength of
the incident light was appropriately chosen by a suitable filter
(PanchromGrun, Leitz). As described earlier, the polarizer and
analyzer are kept in the crossed condition. RBCs oriented edge-
on to the beam propagation direction with their diameters at
45 deg (clockwise or anticlockwise) to the electric vector of
the incident light beam are chosen for the measurements. The
process of imaging the RBCs took a maximum of 5 min.
Only those RBCs that did not change their orientations during
the measurement process were used for our calculations. Note,
however, that it was made certain that the RBCs could change
their orientation easily with slight disturbances, clearly indicat-
ing that they were freely suspended in the PBS and could be
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assumed to be undistorted in shape. On passing through the
RBC, the outgoing beam consists of two linearly polarized com-
ponents of equal amplitude. One of the components is phase
shifted by 2zrAu/A with respect to the other. Here ¢, 4, and
Ap are the optical path length, wavelength of the incident
light, and the birefringence, respectively. These two components
are then made to pass through a quarter wave plate arranged with
its slow axis parallel to the polarizer, resulting in two opposite
circularly polarized beams. Superposition of these two beams
results in a linearly polarized beam whose vibration direction
is now rotated by z#rAu/A with respect to the vibration direction
of the incident beam. If the analyzer is now rotated by an angle
6 = ntApu /A, the intensity should become null. This angle 6,
called the angle of extinction, can be used to extract the
value of the birefringence Au. Here we plot the change in inten-
sity at the center of appropriately oriented RBC as a function of
the angle between the polarizer and analyzer to estimate the
angle of extinction or analyzer compensation. We report values
of retardation, which is the product of the optical path length in
the sample with the birefringence (tAu). The retardation was
computed from the analyzer compensation using the equation

Retardation = (546 nm

X analyzer compensation)/180 deg. (1)

The images of the RBCs were digitally recorded (Olympus,
C4000, 3X Optical zoom, 4 Mega pixel) for various angles of
rotation of the analyzer.

3 Results and Discussion

3.1 Slow Axis Identification

Our observations show that when the diameter of the RBC is
oriented parallel to the slow axis of the full wave plate, the center
of the RBC appears blue. On the other hand, when the wave
plate is oriented such that its slow axis is orthogonal to the diam-
eter of the RBC, the center of RBC appears yellow. The sur-
rounding buffer solution always exhibits a first-order
magenta, indicating the absence of birefringence. The edge
of the RBC appearing similar to the background may be due
to the diminished birefringence here [Figs. 3(a) and 3(b)].
These observations indicate that the RBCs are indeed birefrin-
gent and that the slow axis is along a diameter of the RBC.
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Fig. 4 Images recorded for RBCs with edge on orientation to beam propagation direction between
crossed polarizers of a polarizing microscope with a quarter wave plate introduced between sample
and analyzer such that its slow axis is parallel to the polarizer axis. The images have been recorded
under green light illumination (1 =546 nm) for various angles between polarizer and analyzer.
(a) Image recorded at an angle where RBC_ 45 ¢ is dark, while the center of RBC_,5 geg is bright.
(c) Image recorded at an angle where the center of RBC, 45 4eq is bright, while RBC_y5 qeq is dark.
(b) An intermediate angle where RBCs of both orientations show bright centers. The angles at which
each of the images [4(a), 4(b), and 4(c)] have been recorded have been indicated with arrows on
the X axis of the plot in Fig. 5. Also note the change in the background intensity indicating the change
in the angle between the analyzer and polarizer. In order to increase visibility, the contrast has been

increased identically on all three photographs.

3.2 Birefringence Measurement Using Polarizing
Microscope

Image analysis was carried out on the recorded images of several
RBCs oriented in the appropriate direction for various angles
between the polarizer and analyzer using ImageJ. Figure 4
shows a set of images recorded at different angles between the
analyzer and polarizer. It can be seen from Fig. 4(a) that an
RBC oriented with its slow axis at 45 deg clockwise to the polar-
izer direction (RBC_ 45 4,) is dark, while an orthogonally ori-
ented one (slow axis at 45 deg anticlockwise to the polarizer
direction, RBC_45 4¢g) has a bright center. Figure 4(c), on the
other hand, is recorded at an angle where RBC 45 4.¢ has a bright
center, while the orthogonally oriented one (RBC_45 ¢cg) is dark.
Figure 4(b) is at an intermediate angle where the center of RBCs
of both orientations appears bright. Since the cells were freely
suspended, they did not maintain their orientation for times
>30 s. Therefore, the same set of cells has not been imaged in
Figs. 4(a), 4(b), and 4(c). Variation in intensity at the center of
RBC.45 gg as a function of the angle between the polarizer
and analyzer is shown in Fig. 5 along with that of RBC_45 gee
as well as the background. A Malus law fit was carried out for
each of the intensity variations and the shift in the minima of
the curve corresponding to the RBC intensity with respect to
that for the background gives us the analyzer compensation.
The estimated retardations have been shown in Table 1.

It should be remarked here that wavelength-dependent aniso-
tropic absorption of the composites of aligned biomolecules
leading to dichroism can, in principle, appear as birefringence,
especially in situations where the measured birefringence is
small.?? The retardation measured could, therefore, have contri-
butions from possible dichroism over and above the birefrin-
gence. We have not attempted to estimate the contribution
due to dichroism here. Of significance here is the nature of
the optomechanical response of the RBC in a polarized optical
trap that is a clear indication of its birefringence.'** The
reported retardation is to be regarded, therefore, as an upper
bound estimate for the birefringence and not a precision
measurement.

The intensity profile corresponding to the RBCs under
crossed polarizers [Fig. 6(b)] shows a maximum at the center
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Fig. 5 Variation in intensity at the center of RBC_ 45 qeq, RBC_45 deg»
as well as the background as a function of angle between the polarizer
and analyzer. The continuous curves are Malus law fits for each of the
intensity variation. The analyzer compensation is estimated from the
shift in the minima of the curve corresponding to the RBC intensity
from that of the background. The arrows indicate the angle at
which the image corresponding to the arrow label was recorded.

of the dimple region decreasing toward the ends of the dimple
region.

3.3 Birefringence Estimate from the
Optomechanical Response of an
RBC in an Optical Trap

In our optical tweezer setup, light from an Ytterbium fiber laser
with a wavelength range of 1064.586 + 0.318 nm was used in
experiments studying the optomechanical response of the RBC.
The details of trapping an RBC are explained elsewhere.” The
observations carried out with the polarizing microscope cor-
roborate with results from our experiments using an optical
tweezer. When an RBC is trapped in a linearly polarized optical
trap, the RBC tilts and reorients with the normal to the disc
perpendicular to the laser beam.”> When RBCs are trapped
using an unpolarized laser beam, the choice of axis about
which the reorientation occurs (tilt axis) is random, i.e., there
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Table 1 Summary of all the results discussed in this section.

Retardation
Type Method employed measured
Normal human Polarizing microscope RBCs_ 45 dgeg
RBC
Fit to intensity change as 4+15nm
the angle between polarizer
and analyzer is varied RBCS_45 dgeg
3+£1.5nmm
Optical tweezer 1.87 +£0.09 nm
Fit to variation in angular
displacement with time for the
process of realignment
Reformed Polarizing microscope Varies between 0

RBC and 1.5 nm
Angle of complete extinction

Chicken
RBC

Polarizing microscope 35+1.5nm

Angle of complete extinction

is no preferential axis of tilt. In a linearly polarized tweezer,
however, the tilt axis is found to be always parallel to the electric
field vector of the laser beam. Further, the RBC remains rota-
tionally bound to the direction of the electric field polarization of
the laser beam after the reorientation. Throughout we find no
evidence of any folding.

The reorientation of the RBC to acquire an edge-on orienta-
tion to the beam direction occurs so that the maximum of its
volume lies in the region of the highest electric field. The rota-
tionally bound behavior of the RBC, on the other hand, is
explained in terms of the slow axis of the RBC, which lies
along a diameter, getting locked along the electric field direction
of the linearly polarized laser beam. This is as expected for a
negative birefringent object.'>!> When the slow axis of an
RBC makes an angle 6 with the plane of vibration of the incident
electric field, the state of polarization is changed to elliptical
polarization, resulting in a torque in the opposite direction to
the sense of polarization in order to conserve momentum.
This change in the state of polarization ceases once the slow
axis of the birefringent object aligns parallel to the electric
field direction. Therefore, a birefringent object trapped by a

Fig. 6 RBC exhibiting birefringence. (a) RBC between crossed polar-
izers and under green light illumination (1 =546 nm). (b) Surface
intensity profile of the RBC viewed edge-on. The intensity confined
to the dimple region is maximum at the center and reduced toward
the ends.
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linearly polarized laser beam orients such that its slow axis is
parallel to the electric field of the polarized light.

The reoriented RBC, whose slow axis is now locked along
the electric vector of the linearly polarized beam, follows the
direction of the electric vector when the latter is changed by
introducing a 4/2 plate in the optical path. A recording of
such a realignment process at a laser power of 4 mW is
shown in Fig. 7. Such realignment processes were recorded
at a wide range of laser powers. The variation of the orientation
of the RBC as a function of time extracted from a video record-
ing of the realignment process at 28 mW is shown in Fig. 8. We
use an expression for the alignment torque experienced by a
birefringent object in such situations'>!* and apply it in the rota-
tional equation of motion for a rigid disk under a low Reynold’s
number condition as shown below.

32 ,do P . R\ .
3 nr 7 p sin (360 X ﬁ) sin 26. 2)

Here, 0 is the angular displacement (angle between slow axis
of the RBC and the plane of polarization of the incoming beam),
t is the time, # is the viscosity of the surrounding medium, r is
the radius of the RBC, P is the laser power at the sample plane,
w is the angular frequency, R is the retardation, and A is the
wavelength of the laser light. Fitting the experimentally
observed variation of angular displacement with time using
Eq. (2) yields a value of 1.87 +0.09 nm for the retardation.
This is in a reasonable range of the measurements made
using the polarizing microscope. Discrepancy between this
value and that from polarizing microscope based measurements
could be due to several contributory factors, such as the
assumption that the RBC is a perfectly rigid disk in the rota-
tional equation of motion, limited frame rate of the camera,
or large least count for the angular measurement of the analyzer
of the polarizing microscope as well as the possible presence of
dichroism in the RBC.

High-speed edge-on rotations of birefringent microdisks in
an optical tweezer have been demonstrated with the use of cir-
cularly polarized light. In the case of the RBCs, the maximum
possible rotational torque'*'® under circularly polarized light
estimated using the value of retardation we have measured is
small at the laser power range we use. Consequently, we can
expect to see the fastest rotations at the rate of one complete
rotation in ~3 h. Observing a sustained rotation at such slow
rates is difficult considering the experimental conditions in
the tweezer.

3.4 Origin of Birefringence in the RBC

Our measurements show that the birefringence is confined to the
dimple region of the RBC. Hemoglobin or other constituents of
the cytoplasm are uniformly spread over the RBC volume and
are, therefore, present in larger quantities at the rim than at the
dimple. Thus, these components cannot be the cause of the bire-
fringence observed. We, therefore, associate the origin of the
birefringence with the membrane. The RBC membrane consists
of a fluid lipid bilayer with an underlying two-dimensional
cytoskeleton network of spectrin molecules having short actin
filaments and some proteins at the nodes, along with certain
transmembrane proteins that bind the two together.%** While
several components in the human RBC are optically anisotropic
in nature and can contribute to birefringence, barring the
phospholipid content of the lipid bilayer, none of them exhibit
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Fig. 7 Reorientation of trapped RBC using a 1/2 plate. The arrows indicate the direction of the linear
polarization of laser. (a) [time: 0 s], (b) [time: 4.63 s] and (c) [time: 9.25 s] are time sequential images of the

reorientation process

any kind of spatial long-range orientational alignment, which is
extremely important for a form birefringence to manifest. We,
thus, conjecture that the birefringence arises from the phospho-
lipid content of the membrane and that the birefringence varia-
tion is a result of the curvature of the membrane, which
determines relative molecular orientations.

A positive birefringence has been measured for phospholipid
bilayers of a molecular structure close to the bilayers in the RBC
membrane.”> Multiplying an average diameter of the dimple
region of the RBC as measured by us with the reported birefrin-
gence values measured for various types of phosphatidylcholine
bilayers as reported in Ref. 25 gives a range of retardations from
~2 to 33 nm. Considering that phosphatidylcholine is only one
of the four phospholipids present in the RBC membrane,’ the
measured retardation is in reasonable agreement with our esti-
mate of the RBC birefringence. Therefore, it is reasonable to
conjecture that the origin of the birefringence in the RBC is
from the phospholipid content of its cell membrane.

3.5 Computation of Phospholipid Molecule
Contribution to Birefringence

Here we describe a numerical computation that we have used to
validate our conjecture that the birefringence measured in the
RBC is due to the phospholipid content in the RBC membrane
and that the variation in the birefringence over the volume of the
RBC (measurable at the dimple and below detection levels at the
rim) is due to the curvature in the RBC membrane.

80 ——
60

40

Angle b/w RBC slow axis and plane of polarization (Degrees )

0.0 0.2 0.4 0.6 0.8 1.0 12 1.4

Time (Seconds)

Fig. 8 Variation of angular displacement with time for the process of
realignment of the slow axis of an RBC (trapped at 28 mW of laser
power) with the laser beam polarization direction in an optical trap.
The continuous line is a fit to this data generated using Eq. (2).
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To do this, we first construct a simple geometrical model for
the RBC surface (Fig. 9). We use the standard values of 8 pm for
the diameter of the RBC, and 1 and 2 ym for its minimum and
maximum thicknesses, respectively. For the average diameter of
the dimple region, we use a value of 5 ym as measured by us in
the laboratory. Assuming that the surface of the RBC has no
abrupt features like discontinuous changes in its radius of cur-
vature except at the region of transition between the dimple and
the rim (Fig. 9), we calculate a value of 8.63 um as the radius of
curvature for the membrane at the dimple region (Rgimpie) and a
value of 1 um for the radius of curvature at the rim (R,).

We assume that the lipid molecules are ordered with their
long axes perpendicular to the surface of the RBC membrane.*®
‘We then proceed to study how the change in the orientation of
the lipid molecules affects the birefringence measured over a
certain region of the specimen. As we have been able to observe
birefringence only at the dimple region of the RBC, we carry out
our numerical computation over two regions of the RBC mem-
brane: (1) the dimple region, where the surface is essentially like
a section of a hollow sphere of radius 8.63 ym with a chord
length of 5 um, and (2) the rim region, where the surface is
like a part torus (Fig. 9).

Dimple region /!

\(—’ ,’
A p
S S um -

<€— Rimregion

g 8 um T .

Transition region

Fig. 9 Geometric model of the human RBC surface: a cross-sectional
view. The model is constructed using experimentally measured val-
ues of the diameter of the RBC, Dggc = 8 um, the maximum thick-
ness, fmax =2 um, the minimum thickness, f., =1 um, and the
diameter of the dimple, Dpimpe =5 um. The radius of curvature at
the rim (Rgrim) is taken to be /2, i.e., Rgim = OA =1 um, and
the radius of curvature at the dimple (Rpimpe = O’A’) is found to
be 8.63 um.
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The calculations are done assuming only a single layer of the
phospholipid molecules at the RBC surface. The transition
region between the dimple and the rim, assumed by us to be
between radial distances of 2.4 and 2.6 um, is ignored in all
our calculations. This will be a region of very rapid change
in the orientation angles of the phospholipid molecules and per-
haps also a region of high stress where the equilibrium molecu-
lar separation assumed otherwise is unlikely to hold. Any
functional form that we can assign to the change in molecular
orientation in this region will be without the possibility of exper-
imental verification. As the number of molecules in this region
will be only a minute fraction of the total number of molecules
that are being considered, ignoring this region in our calcula-
tions will not affect the final conclusions.

We follow a method to theoretically correlate the molecular
polarizability tensor and the molecular shape factor to the aniso-
tropic refractive indices and, thus, the birefringence as outlined
by Salamon and Tollin® in their report on using coupled plas-
mon waveguide resonance measurements to estimate molecular
orientation, polarizability, and shape. The method described by
Salamon and Tollin is in itself based on the work of Bragg and
Pippard®’ on the contribution of molecular shape either as indi-
viduals or in molecular aggregates on the form birefringence.
Optical anisotropy can arise from either the anisotropy in the
molecular polarizability tensor or the asymmetry in the molecu-
lar shape factors or both. The relation among the anisotropic
refractive indices, the components of the molecular polarizabil-
ity tensor, and the molecular shape factors is given by

47[&[

(V—aiL;)’ ®

(ni)*=1=

where n; is the refractive index, a; is the ii-component of the
polarizability tensor whose principal axes are assumed to
coincide with the x, y, and z axes, V is the molecular volume,
and L; is the molecular shape factor. To calculate the molecular
shape factors, the long acyl chains in the lipid molecules
are represented as cylindrical cavities. Now, if the optical
axis of this uniaxially anisotropic medium coincides with the
cylinder axis and the electric field is applied in the direction
either parallel to this axis or normal to it, the shape factors
can be given as”®

: } “)

LZ_4E|:1_W

2rl

L,= @1 (%)
where [ represents the average length of the acyl chains and d is
the diameter of the cylinder. If there is a distribution in the
molecular orientation (0), the ; in Eq. (3) has to be replaced
with an average value of the polarizability [(«;),,] and L;
with an average value of the shape factor. For the uniaxial
lipid molecules, we write a, = @, = q,, the transverse polariz-
ability, and a, = «;, longitudinal polarizability of the lipid mol-
ecule, and we have

2
—(a;—a,)S, (6)

(az)av =y + 3
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1
(ax)av =Qy + § (al - at)S7 )
where
1
Ayy = g (al + 2()"t)s (8)

and S is the degree of orientational order given by

S =~ (3(cos?0) — 1). )

N =

() represents an average over all orientations. The average shape
factors are given by replacing ! with [ cos 8 and d with
(d*/ cos 6)'/2, and averaging over all orientations. Thus, we get

4z(a,)
(”,)2 —1= z/av , (10)
: [V - (az)av (Lz)av}
4r(ay),
(n)?>—1= ad , (11
[V = (@2)ay (Ly)ay]
and using Eqs. (10) and (11), we get the birefringence
4r () ay
An = (n —nx):—{ <
: 2n0 L[V = (@) oy (Lo)a]
(@)ay }
- ) (12)
[V - (ax)av(Lx)av}
where ny = (n, + n,)/2 is the average refractive index of the
material.

We use the values of transverse and longitudinal polarizabil-
ities as well as the dimensions of the molecules of 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine as given in Ref. 26 for
our calculations. We generate S, (L.),,, and (L,),, averaged
over all molecular orientations present in the dimple region
of the RBC and the same quantities averaged over all molecular
orientations present in the rim (see the Appendix for details).
Using these and taking an arbitrary value of 1 for nj, we evaluate
the birefringence in the two regions. We get a value of 0.265 in
the dimple region and a value of 0.138 in the rim region. Thus,
these numerical calculations show that the birefringence arising
out of the anisotropic polarizabilities and shape factors of a sam-
ple lipid molecule averaged over molecular orientations at the
rim region of the RBC is about half of that at the dimple region
of the RBC. Given that the birefringence measured at the dimple
region is low, it is possible that the still weaker birefringence at
the rim is below the detection threshold of our measurement
apparatus. Thus, the difference in the membrane curvature at
the dimple and the rim regions of the RBC can explain the vary-
ing birefringence measurement observed over the RBC volume.

We have also presented the variation in the computed value
of the birefringence when averaging over all molecular orienta-
tions present on the RBC membrane enclosed within a projected
circular area with the radius of this circle as it is made to vary
from the geometric center of the RBC along a diametric line to
the radius of the RBC [Fig. 10(a)] (see the Appendix for details).
For the reasons given above, we have not plotted the values in
the transition region. We find that there is a steady drop in the
birefringence value in the dimple region as molecules with
larger tilts to the normal to the plane of the RBC are included
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Fig. 10 (a) Plot of numerically computed birefringence due to all
phospholipid molecular orientations present on the RBC membrane
within a projected circular area as a function of the radius of this
area. The discontinuity seen in the plot is due to the fact that compu-
tations in the transition region between 2.4 and 2.6 ym have not been
carried out. (b) Variation of experimentally measured intensity with
distance from center of RBC that is oriented edge-on to beam
propagation direction between crossed polarizers in a polarizing
microscope.

with an increase in the radial distance. At the start of the rim, we
see an initial rise in the birefringence value with radial distance
as there is now an inclusion of molecules with progressively
smaller tilt angles to the normal to the plane of the RBC. A
sharp fall in the value of the birefringence follows this.
Figure 10(b) shows the intensity profile along a diametric
line of the RBC when viewed edge-on between crossed polar-
izers under green light illumination. Note the presence of the
shoulder like feature flanking the main peak in the intensity
variation with radial distance. This variation of intensity
being proportional to the birefringence shows a trend similar
to the variation of the birefringence itself, thus lending further
support to our hypothesis that the phospholipid content of the
RBC membrane can explain the birefringence values measured
over the RBC volume. We note here that birefringence measure-
ments are sensitive to curvature changes in the RBC membrane.

3.6 Birefringence of RBCs that are Shape Restored
Subsequent to Crenation

The contraction of a cell into a scalloped structure due to exos-
mosis of water on exposure to a solution that is either hypertonic
or with pH altered toward acidic conditions is called crenation. It
has been reported in the literature that the initial stages of cren-
ation in an RBC are completely reversible.”® We refer to RBCs
that are reformed in shape consequent to a process of crenation
as reformed RBCs. The elasticity of the cell membrane of an
RBC is affected by the process of crenation as has been reported
in Ref. 23. The cell membrane of the reformed RBCs correspond
to a much lower shear modulus as compared to normal RBCs.
This affects their dynamics in the optical tweezer in terms of a
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longer time required for acquiring an edge-on orientation to the
incoming laser beam. In addition, it was observed that there is a
sluggish response to aligning themselves about an axis that
coincided with the polarization direction. This suggests that
the slow axis that aligns parallel to the polarization vector
was no longer realized along every diameter of the restored
cell. Thus, shape restoration seems to result in perturbing the
symmetry of the dimple region, rendering some of the directions
along the diameters ineffectual as slow axes. In concomitant
measurements with the polarizing microscope, the retardation
measured was found to be lower than that of normal RBCs,
and in some cells, even absent. As the process of crenation
can alter the alignment of phospholipids in the RBC membrane,
the reduced and sometimes absent birefringence measured is in
agreement with our conjecture that the birefringence of the RBC
arises from the phospholipid content of the cell membrane. We
note here that any process that affects the cell membrane in
terms of the alignment of the phospholipid molecules in it
will affect the birefringence of the RBC as well as the optome-
chanical response of the RBC in a trap.

3.7 Birefringence of Chicken Red Blood Cell

In order to underscore the role of the cell membrane contour in
determining the variation in birefringence over the surface of the
cell, we report here results of studies that we have carried out on
a particular example of avian red blood cells, namely that of
broiler chicken (biological name Gallus gallus domesticus).
Unlike human red blood cells, chicken red blood cells are
nucleated and have an oblong shape with an average length
of ~11.9 ym and a width of ~7.1 um.?’ Under a microscope,
chicken erythrocytes appear ellipsoidal in shape. We did not
find any reports on the thickness of chicken erythrocytes.
However, images recorded by us in the polarizing microscope
suggest that the thickness varies over the surface of the chicken
RBC with a pronounced bulge over the central region that
houses the cell nucleus. This is like a contrasting counterpart
of the dimple region of the human RBC.

Using a polarizing microscope, we have identified the long
axis of the oblong to be the slow axis. Figure 11(a) shows the
intensity profile of chicken RBCs in an edge-on orientation
when viewed under crossed polarizers in a polarizing micro-
scope. The intensity profile is in clear contrast to the case of
human RBCs. While in human RBCs the intensity is maximum
in the center of the dimple region decreasing toward its edges
and falling below detection limits in the rim, here the intensity is
below detection limits at the central region. The central dark
region is observed to be flanked on either side by an intensity

Fig. 11 (a) Chicken RBC in edge-on orientation between crossed
polarizers and green light (1 = 546 nm) illumination. (b) Surface inten-
sity plot of the freely suspended chicken RBC.
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Fig. 12 Comparison of intensity profiles for human and chicken RBCs
under crossed polarizers.

peak. Figure 11(b) shows the variation of intensity over the sur-
face of the chicken RBC in an edge-on orientation, while Fig. 12
shows the variation of the intensity along the long axis of the
chicken RBC. The separation in the two maxima in the intensity
variation (estimated to be ~7.9 um from the intensity variation
pattern) is well beyond the largest dimension of the cell nucleus
dimension (~4.2 um) as estimated from our microscope images.
The value of retardation, as measured by the Sénarmont tech-
nique, was found to be in the same range as that of the
human RBCs. As cell membranes, in general, are made up of
a phospholipid bilayer’® and owing to the fact that the value
of retardation measured here is comparable to that of a
human RBC, we conjecture that in the case of chicken erythro-
cytes, the birefringence is primarily due to the phospholipid con-
tent of the cell membrane as well. The variation of intensity over
the chicken RBC surface when viewed under crossed polarizers
in a polarizing microscope is, therefore, also due to the variation
in curvature of the membrane surface, which in turn affects the
relative orientations of the phospholipid molecules. As the cen-
tral bulge is the region of maximum rate of change in the
phospholipid molecule orientations, the birefringence measured
here is minimal. In the relatively flat flanking region, where the
relative orientations of the phospholipid molecules do not
change very rapidly, a higher intensity is measured [Figs. 11(b)
and 12]. It is, thus, clear that birefringence measurements are
indeed very sensitive to cell membrane curvature.

It is essential for us to develop a plausible mathematical
model for the cell membrane curvature in a chicken RBC before
a numerical computation of the birefringence can be attempted.
The lack of circular symmetry as compared to the human RBC
will make this more challenging. Further, it would be interesting
to study the optomechanical response of chicken RBCs in an
optical tweezer where the shape asymmetry and nonequivalence
of all major axes as slow axes could lead to intriguing results.
Maximization of the cell volume in the region of highest electric
field would dictate that the chicken RBC orients itself with
the long axis parallel to the beam propagation direction. On
the other hand, alignment of the slow axis with the direction
of polarization of the laser would require that the orientation
is such that the long axes are perpendicular to the beam
direction.
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4 Conclusions

A normal human RBC is rotationally bound to the direction of
the electric field vector in a linearly polarized tweezer establish-
ing that it is birefringent. We have quantified this birefringence
and identified the slow axis to be along a diameter of the cell.
This estimate of the birefringence is in agreement with what we
can calculate from optical tweezer experiments. We find that the
birefringence is confined to the dimple region of the RBC.

Constituents of the RBC cytoplasm, especially hemoglobin,
are uniformly spread over the RBC volume and, thus, we expect
to find it in greater quantity at the rim rather than at the dimple
and, hence, cannot associate the birefringence with it.
Phospholipid bilayers of molecular structure close to the
bilayers found in the RBC have been shown to exhibit birefrin-
gence.” Using the values of birefringence measured for these
phospholipids and the optical path length in the RBC, we
find that the values of retardation are in the same range as
what we measure for the RBC. We, therefore, conjecture that
the birefringence we measure arises from the phospholipid con-
tent of the RBC cell membrane and the variation seen over the
RBC volume is a consequence of the molecular alignment in the
phospholipid bilayer, which is linked to the curvature of the
membrane. The membrane curvature is a minimum at the dimple
region of the RBC and the phospholipids in this region are,
therefore, maximally aligned. The situation is different at the
outer edges of the cell where the light samples a wider range
of orientations of the phospholipids, with the membrane curva-
ture here being greater. This leads to a contrast in the measured
birefringence of the two regions. We have constructed a simple
geometric model for the RBC membrane surface and have car-
ried out computations of birefringence that can be expected for
molecular orientations of a sample phospholipid molecule
assumed to be oriented normally to the local surface tangent
over such a surface. We find that the variation in the measured
values of birefringence is in agreement with our computation.
We note here that the enhanced birefringence at the dimple
region could also arise due to the close proximity of the aligned
phospholipid molecules of the two opposing membranes, an
effect that our model does not incorporate in its present
form. Nonetheless, membrane curvature linked changes in the
molecular alignment in the phospholipid layer are clearly
seen in the birefringence measurement.

In order to endorse the role of the phospholipid content of the
membrane and the relative molecular orientations as brought
about by the membrane curvature in explaining the origin of
birefringence as well as its variation over the cell surface, we
have compared the results of our studies on reformed human
RBCs and chicken RBCs with that of human RBCs. Our studies
with reformed human RBCs have established that damage to the
RBC membrane has clear signatures in the birefringence meas-
urement. An earlier study has already shown that the process of
shape reforming an RBC after crenation affects the membrane
elasticity.> We have shown with this study that this process also
results in reduced or sometimes absent birefringence, which
links up with the sluggish reorientation and alignment response
in a linearly polarized optical tweezer. In the case of the chicken
RBC, the cell is oblong and nucleated and has a membrane con-
tour completely unlike that of a human RBC. Notably, there is a
pronounced bulge at the center, in contrast to the dimple region
of the human RBC and has rapidly changing relative molecular
orientations in this region as compared to the flanking regions.
The birefringence over the cell surface is indeed in conformity
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with being the least where relative phospholipid molecular ori-
entations change rapidly and highest where the relative orienta-
tions hardly change. Again, we note here that variation in the
birefringence over the chicken RBC function could be a func-
tion of the proximity of the aligned phospholipid molecules
forming the membrane on either side of the cell leading to
an enhancement when they are close, as in the edges, and
very low values in the central region, where they are farther
apart due to the presence of the nucleus. We also note here
that if the origin of the birefringence in these cells is thought
to arise from a partially aligned subpopulation of hemoglobin
molecules, it will, nonetheless, be impossible to ignore the
role of the membrane contour in aligning these molecules in
order to consistently explain the results for all the three cases
that we have discussed here.

We reemphasize here that while birefringence has been
reported in the human RBC earlier, the source of this effect
was tied to either distortions in the cell shape or abnormalities
in the hemoglobin content. There is only one study where bire-
fringence is reported in an undistorted normal human RBC, but
the cause of this was attached to the probable presence of protein
chains at the dimple region that ran across the thickness of the
cell connecting opposite sides of the RBC membrane."> Later
studies of the structure of the RBC have ruled out the presence
of such protein chains.®!" We have shown here that the current
knowledge of the RBC membrane structure can explain the
differential birefringence measured over the volume of an undis-
torted normal human RBC. We have also tied the birefringence
measurement of the RBC consistently with its optomechanical
properties as observed in an optical tweezer. Our results on the
restored RBCs show that changes in the physiological conditions
of the RBC are reflected in the birefringence measurement. We
have also shown that the birefringence data contain information
with regard to subtle changes in the membrane structure in terms
of change in the orientation of the constituent phospholipid mol-
ecules. It is even possible to gauge the boundaries of the dimple
region of the RBC from such a measurement. Thus, monitoring
variations of birefringence both spatially and temporally could
open up newer ways of understanding the structure and dynam-
ics of the RBC membrane.

Appendix: Computation of Human RBC Cell
Membrane Phospholipid Contribution to
Birefringence

Let d be the diameter of a single phospholipid molecule, Rpimpie
and Rg;,, be the radii of curvature at the dimple and rim regions
of the RBC, respectively, and Dgpc and Dpjppe be the diameters
of the RBC and the dimple region of the RBC, respectively. In
the dimple region, the orientation of a phospholipid molecule
located at an arc length of OX from the geometric center of
the RBC is given by

OX nd

R Dimple R Dimple

0(n) , (13)

where n is a positive integer, while the number of molecules
having such an orientation is given by
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NIO(n)] = =27 R i Sinf0(n)]. (14)

Further, the variation of € in the dimple region will be from
0 deg to 0¢p such that

. D imple
Rpimple sin[0(n)] = %- (15)

However, as we do not wish to carry out the computation in
the transition region from the dimple region of the RBC to the
rim, we compute a final value for n in the dimple region (np)
that is given by

2.4 /un) . (16)

1
_ o1
nep = aRDimple sin Rop
imple

Now, we compute values of S, L, and L, for radial distances
varying from 0 to Dpjppe/2 using the following expressions:

Nulto) = 3 N[0, (a7
n=0
S(np) = % {3 2y Nigiﬂ;‘;sz o] _ 1}, (18)
1
L) = s D NIO(n o
tot\"*D /) ,,—o
1 cos[0(n)]
x{1- , (19)
{ \/ﬁﬂ%o&[e(nn}
L.(np) 1 & N 27l cos[O(n)]

\/cosfg(n)] + I? cos? [9(}1)]
(20)

for np varying from O to ngp. Substituting values of S(np),
L.(np), and L (np) in Eq. (12), we get An(np) and plot it
as a function of radial distance, Ry, given by

Rgise = 27Rpimpie sin[0(np)] @n

in Fig. 10(a). The value of An(np = nsp) gives us the birefrin-
gence on averaging over all phospholipid orientations present in
the entire dimple region of the RBC.

For the rim region, the orientation of the phospholipid mol-
ecule with respect to the normal to the plane of the RBC is given
by

nd

Or(n) = R,
1m

Oir — ; (22)

where 0, is the initial angle of orientation in the rim region
given by
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Dgpc _ Dpimple _
_an-1{_2 2
;g = sin (

RRim

RRim) . (23)

while 7 is a positive integer. Once again, as we do not wish to
carry out the computation in the transition region from the dim-
ple region of the RBC to the rim, we compute an initial value for
n in the dimple region (n;z), which is given by

Rg; 0.5 04
nig = —am {Sin‘1 < ym) — sin~! < ym)} (24)
d RRim RRim

Also, defining the quantity

d
04 = (0= 7). e5)

we get the number of phospholipid molecules having an orien-
tation of @ (n) from the expression

NilOg(m)] = 220 =2

1 Dgpc
d

= Rpim — Rgim Sin[gzle(”)]}'

(26)

In the rim, the variation of the orientation is from 6;; to
O = ;g + m/2, thus yielding a final value for n in the rim
region, nsg, using Eq. (22). We can now continue computing
values of S, L, and L, for all orientations of the phospholipid
molecules present on the RBC membrane enclosed within a pro-
jected circular area of radius (radial distance)

D
Ry = % — RRim — RRim sin[0(n)] 27

using the following expressions:

np

Z Ng[Or(n (28)

n=n;g

Ngiot ”R

1 3
2 <Ntol(nfD> + NRtot(nR

+ ZNR Ox(n)|cos2[04(n )]}-1), (29)

n=n;g

Sg(ng) = ) {Ntot(nfD)S(nfD)

1
Ntot(nfD) + NRlot(nR

+ Z Ni[Or(n)|4n

n=n;p

Lo () = ) (Nmmm)Lz(nfD)

1 cos[Ogx(n)]

{1 TR >J})’ o
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1
N (n L)r n
Ntot(nfD)‘FNRto[(nR){ wt(np)L(np)

Ik 2zl cos|Og(n)]
NR 9R n s
N ar s <n>]}

Lx(R) (nR) =

€1V

for ng varying from n; to nsg. These values are then substituted
in Eq. (12) to generate An(ng), which has then been plotted in
Fig. 10(a) as a function of the radial distance. The birefringence
when averaging over all molecular orientations present in the
rim region alone can be derived from Eqgs. (26)—(31) by ignoring
the contribution from the dimple region and modifying the num-
ber of molecules in the denominator appropriately. Explicitly,
the expressions are

St =3 (s D Naloatnleoso4(n] =1,

NRtot(nfR) n=nyp
(32)

ngr

= N 9
NRtot ”fR (Z R R

_ llios[eR( )]
X{l oty + P eos2[O(n )]}) -

nfR

= Ng[Or(
NRtol nfR {Z R i

n=n;g

2zl cos|Og(n)] } (34)
\/cos[ (n)] +l cos [HR( )]

which can be substituted in Eq. (12) to get the birefringence
value on averaging over phospholipid molecular orientations
present in the rim region of the RBC alone.
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