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ABSTRACT Studies of red blood cells (RBCs) and RBC ghosts, using a quasi-elastic light scattering (QELS)
microscope spectrometer, have identified the membrane as the primary source of the light scattering signal. This is the
first report in which motion of the cell membrane has been demonstrated to be the primary source of the QELS signal
from a cell. Cytoplasmic changes induced in the RBC by varying the osmotic strength of the medium were also detected
using this technique. Comparison of the data from white blood cells (WBCs) with the RBC data demonstrated
significant differences between different types of cells.

INTRODUCTION

QELS has been used to study a wide range of biological
problems, including the dynamic properties of intact cells
(1). The studies of intact cells have focused on cytoplasmic
properties (2) and/or movement of intracellular structures
(3, 4). This report describes QELS studies of the mem-
brane' in human RBCs.

The QELS technique analyzes the temporal intensity
fluctuations of scattered light to obtain information on the
dynamic properties of a sample. The fluctuations are
characterized by the normalized intensity autocorrelation
function, g (7), which is defined as (5):

g2(1) = (Ut + 7)) /{I(1))?, N

where I(¢) is the instantaneous intensity the angle brackets
indicate the time average, and 7 is the delay time. For a
monodisperse dilute solution of either freely diffusing
isotropic spheres or particles small compared with the
wavelength of light, g”(7) has the form:

g(z)(T) =1+4 exp (_T/Tcorr)v (2)

where A4 is an instrumental constant and T,,, is the
correlation time of the intensity fluctuations (5). For
diffusing particles the intensity fluctuations arise from
translational diffusive motion and enable one to determine

Please send all correspondence to Dr. Tishler.

'The term membrane in this paper refers to the membrane-cytoskeleton
complex which remains after the hemoglobin is removed from an RBC. In
the following discussion it will be clear that we have actually identified the
membrane and/or the cytoskeleton as the source of the signal. Future
work will attempt to distinguish the separate contributions of the mem-
brane and the cytoskeleton.
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the diffusion coefficient. The relationship between T, and
the translational diffusion coefficient of the particle, Dr,
is:

Tcorr = l/ZDTqZ’ (3)

where g = (4w /\) sin (8/2) is the scattering vector, 8 is the
scattering angle, and X is the wavelength of the laser light
in solution (5). Using the Stokes—Einstein relationship, Dy
can be related to an equivalent hydrodynamic radius, r,
by:

Dy = kT/6myr, 4)

where k is Boltzmann’s constant, 7 is the absolute temper-
ature, and 7 is the viscosity of the solution (5). The key
features of the above equations for the purposes of the
following discussion are the sin” (/2) dependence of T,
the exponential form of g (7), and the relationship
between T, Dy, and r that can be derived from Eqgs. 3 and
4.

METHODS

A schematic of the QELS microscope spectrometer that was used for the
RBC studies is shown in Fig. 1 (6). The diameter of the scattering volume
was determined by the front aperture and the objective lens. For the
experiments described here, a 330-um front aperture and 250-um back
aperture were used. With this aperture combination, the spread in
scattering angles was +5.5° (6). The use of a 40x objective, in combina-
tion with the 330-um front aperture, gave a scattering volume with a
circular cross section 8 um in diameter. The beam diameter at the sample
was ~250 um and illuminated several cells. Light scattered from a single
cell was collected by positioning only one cell within the scattering
volume. A photon counting photomultiplier and autocorrelator (7) were
used to measure g'?(7). For § < 42° the sample chamber consisted of a
microscope slide and coverslip sealed with petroleum jelly and for § > 42°
a standard (1 cm x 1 cm x 3 cm) optical cuvette lying on its side was
used. Experiments were performed at 16°-21°C.
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FIGURE 1 Schematic diagram of the QELS microscope spectrometer
(6). The system is based on an inverted microscope (Nikon Diaphot). The
He-Ne laser beam is directed to the sample by a series of mirrors.
Included in the light path are a polarizer and a A/2 plate to adjust the
incident light intensity. The front aperture sets the diameter of the
scattering volume and the back aperture the detector area. The scattering
angle is set by varying the position of mirror 5. A 40x long-working
distance objective is used for all experiments described in this report.

The microscope spectrometer was tested using a model system consist-
ing of a dilute suspension of polystyrene latex spheres. This demonstrated
excellent agreement between the theoretical and experimentally deter-
mined angular dependence of T, for 8 between 30° and 90° (6).

RBCs were obtained from blood drawn into acid-citrate-dextrose by
venipuncture from a 27-yr-old male. The cells were prepared by centrifu-
gation and washed three times in HEPES-Ringers at pH 7.4 (8).
Hypertonic buffers were made by the addition of NaCl to the HEPES-
Ringers. Modified cells were used within 5 h of preparation. RBC ghosts
were prepared using standard techniques (9). WBCs were taken from the
“buffy coat” obtained in the initial centrifugation step of a blood
preparation and washed as described above for RBCs. All cell prepara-
tions were diluted in the buffer in which they were prepared before being
placed in the sample chamber. 1 mg/ml bovine serum albumin was added
to the dilution buffers.

RESULTS AND DISCUSSION

Typical measurements of g'?(r) obtained from an RBC
are shown in Fig. 2. A typical g'?(7) from an RBC ghost is
also shown, along with the calculated g'?(r) for a hemoglo-
bin (Hb) solution, based on published QELS values for Dy
at high Hb concentrations (10, 11). The autocorrelation
function from an RBC using a 40-us sample time (Fig.
2 A) was similar to that obtained by Nishio et al. from an
oxygenated RBC of a person with sickle cell disease (12).
Oxygenated sickle RBCs have physical properties similar
to the normal adult RBCs studied here, thus the similarity
of the results is not surprising. Their calculation gave a
correlation length of 300 A which they interpreted as solely
arising from diffusing Hb molecules. In a subsequent study
of normal adult RBCs, they included in their analysis a
contribution due to motion of the membrane (13). This
interpretation agreed more closely with our results.
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FIGURE 2 g@(7) measured from a RBC (x), an RBC ghost (O), and
£9() calculated for a Hb solution with a concentration of 34 g/dl (*).
The g?(7) calculated for Hb were obtained from QELS measurements
made by Jones et al. (10) using their value of Dy and do not account for
the second cumulant from a cumulants fit (16). Had this been included,
the correlation function for Hb would decay to ~0.1 rather than 0 as
depicted in the figure. All data in this and subsequent figures are
normalized such that the first point is equal to one. § = 42°. (4) Sample
time 40 us; (B) sample time 1 ms. (Data for Hb solution is not included in
B since only one point would appear on scale near 7 = 0.)

The primary source of the QELS signal from an RBC
was identified by a comparison of results on the RBC with
data from concentrated Hb solutions (10, 11) and RBC
ghosts. Hb, which constitutes ~95% of the dry weight of an
RBC (14), and the membrane are the two major compo-
nents of an RBC. If one of these components were the main
source of the quasi-elastically scattered light from the
RBC, then its measured g®(r) should be similar to the
£9(7) measured from the intact cell.

Comparison of g?(r) measured from RBCs with data
from concentrated Hb solutions suggested that Hb was not
the primary source of the QELS signal from RBCs. QELS
determinations of D; for Hb, extrapolated to infinite
dilution (10, 11), yield values for r of ~31 A, which are in
good agreement with values obtained by other methods
(15). As the Hb concentration was increased from 0.1 g/dl
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TABLE 1
QELS STUDIES OF RED BLOOD CELLS USING
DIFFERENT SCATTERING ANGLES AND SAMPLE TIMES

Correlation times (ms)

Red blood cells (sample times)

Concentrated Hb

0, 10 us 40 us 100 us calculated
32 29+1.0(4) 85+27(4) 138+59(@4) 0.175
42° 38 +15(6) 98 +45(6) 129 +3.0(6) 0.104
65° 38+1.1(7) 78+14(7) 13.2+28(7) 0.046
78° 39+08(7) 84+15(7) 163=x4.4(7) 0.034

Measurements from individual RBCs at different scattering angles and
sample times. The correlation times were obtained from single exponen-
tial fits to g®(7) — 1. Values listed are the mean and standard deviation
of (n) cells. The Hb data are based on data from Jones et al. (10). Their
value for the translational diffusion coefficient of Hb at a concentration of
34 g/dl (approximately the physiological concentration) was used to
calculate the correlation time at a range of angles. This tables shows the
following: (a) the QELS signal from individual RBCs is a complicated
signal and cannot be described by a single exponential; (b) the value of the
correlation time is a strong function of the sample time used; (¢) the signal
from RBCs is essentially angle independent over a range of scattering
angles from 32° to 78°; and (d) the correlation times for Hb are much
shorter than those measured for the RBC.

to 37 g/dl, Dy decreased by ~25% (10). If this resulted
from a change in the effective size of the molecule, r
increased by ~25%. For the most concentrated Hb solu-
tions in which the scattering vector dependence has been
studied (19.2 g/dl), Dy exhibited the predicted dependence
on g as both 6 and \ were varied (11). In addition, Jones et
al. (10) noted an increase in the second cumulant (16) of
their data analysis for Hb concentrations >20 g/dl. This
increase indicates that above 20 g/dl there is an increase in
the width of the distribution of D; values. However, this
does not alter the linear relationship between D; and Hb
concentration (10). Even allowing for variations due to the
second cumulant, there is still a substantial difference
between g‘?(7) measured from an RBC and that measured
from a concentrated Hb solution (Fig. 2 4).

T for the RBCs was calculated by fitting g@(7) with
Eq. 2. The value of T, was a strong function of the sample
time, increasing as longer sample times were used (Table
I). These results indicate that g”(7) for an RBC is not a
single exponential but consists of a range of correlation
times. Longer correlation times become significant as the
sample times increase. However, if T, obtained using
sample times of 10—100 us were interpreted as arising from
diffusing particles, the radii would be 0.07-2.0 um.? This is

’The analysis presented here assumes homodyne detection (2). Measure-
ments of the amplitude of g®(r) — 1 using polystyrene latex spheres gave
values (~0.7) that were in agreement with theory. The low amplitude of
g2(7) — 1 for the RBC data (<0.1) had two possible causes: the motion
leading to the intensity fluctuations had a small amplitude (17) or ()
heterodyne detection of the scattered light is occurring. If heterodyne
detection were taking place, the values for the hydrodynamic radii we
calculated would increase by at most a factor of 2. However, the
conclusions remain unchanged.
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15 to 500 times larger than the diameter of ~40 A inferred
from QELS studies on concentrated Hb solutions (10). If
data collected at 32° using a 40-us sample time are fit with
Eq. 2, values of ~0.19 um are obtained for the particle
radius. However, a third order cumulants fit (16) gives a
radius of ~400 A which is comparable to the 300 A values
of Nishio et al. (12) under similar experimental conditions.
This value is an order of magnitude higher than that for
concentrated Hb. In their later work, Nishio et al. (13)
approximated the membrane contribution by a single
exponential. The values for the radius of Hb calculated
from their measurements of Dy were still two to eight times
higher than the values obtained from concentrated Hb
solutions (10).

The angular dependence of g'?(7) for 32° < 6 < 78° was
measured for RBCs using sample times of 10, 40, and 100
us (Table I). A fivefold change in T, would be expected if
g?(r) originated from freely diffusing Hb. In fact no
angular dependence was detected. This angular indepen-
dence of g®(7) from an RBC is inconsistent with the data
from concentrated Hb solutions (11).

Light scattering from the membrane of the RBC was
studied using RBC ghosts that contained a negligible
amount of Hb (9). The intensity of scattered light per unit of
incident power from ghosts was approximately Yo that from
RBCs. This was presumably due to the decreased refractive
index gradient between the “cytoplasm” of the ghost (which
consists of buffer) and the buffer itself as compared with the
relatively large contrast between the cytoplasm of an RBC
and the buffer. Measurements on ghosts also demonstrated
more variability between individual cells. Despite these
differences, the similarity between g®(r) from an RBC
ghost and an RBC is striking (Fig. 2).

Motion of the individual cells was ruled out as the source
of the QELS signal by examining RBCs attached to a
microscope slide by polylysine. The results were indistin-
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FIGURE 3 Comparison of RBCs in different osmotic strength buffers.

Isotonic (*), 2x isotonic (O), and 2.5x isotonic (x). Sample time 1 ms.
0 = 42°,
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guishable from those shown in Fig. 2 B, where the RBC is
resting on the surface of the slide.

The similarity between ghost and RBC data and the
discrepancies between g®(r) obtained from an RBC and
concentrated Hb solution support the conclusion that the
primary source of the QELS signal from an RBC is the
membrane. This result raises the following question: why
was there little or no contribution observed from Hb to
g®(7)? Possible explanations for this are that the diffusive
motion of Hb is restricted intracellularly or that the
fluctuating component of the scattered intensity from the
membrane is much greater than that due to Hb.

The g®(r) measured from an RBC was also sensitive to
changes in the cell’s cytoplasmic properties. When the
osmotic strength of the buffer is increased by the addition
of NaCl, water leaves the cell and its protein concentration
(and cytoplasmic viscosity) is increased (18). Measure-
ments of g'”(7) in increased osmotic strength buffers
showed an increase in correlation time, which was due
presumably to a damping of the membrane motion by the
more viscous cytoplasm (Fig. 3). Cells in a hypoosomotic
(50%) HEPES buffer studied at lower scattering angles
(33°) showed small, but not statistically significant,
increases in correlation times (data not shown). A possible
mechanism in this case was increased tension on the
membrane due to swelling of the cell.

The similarity between g”(7) for ghosts and RBCs
raised the question of whether the same signal might be
seen in other types of cells. The shape of the WBC
(polymorphonuclear cell) differs from the RBC and its
cytoplasmic viscosity is two to three orders of magnitude
higher (19). The measured g®(7) from the WBC decayed
much more slowly than g(7) from RBCs (Fig. 4).

The question of what membrane motion of the RBC
might lead to the measured intensity fluctuations is partic-
ularly interesting since the cell has no known inherent
capability for motility. A possible cause of the motion is
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FIGURE 4 Comparison of RBC (*) and WBC (O). Sample time 1 ms.
0 = 42°.
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thermal fluctuations of the membrane shape. These fluc-
tuations lead to ripples or waves at fluid interfaces and
surfaces. Theoretical and experimental studies of these
fluctuations have been made for monolayers (20), vesicles
(21, 22), and RBCs (23). The optical manifestations of
these fluctuations in the RBC have been cited as the
physical basis for the so-called “flicker”” phenomenon (23).
Flicker has been studied quantitatively using phase micros-
copy to measure thickness fluctuations of the cell (23). In
addition, intensity fluctuations have been noted in experi-
ments measuring the intensity of laser light scattered from
RBCs at small angles (24). These fluctuations were an
incidental finding in a study of intracellular Hb and have
been attributed to flicker. Membrane fluctuations have
also been studied in model vesicle systems using video
techniques (21, 22). Since our studies involved shorter time
scales, different scattering angles, and a different detection
scheme than these other studies, a definitive association
between thermal fluctuations of the membrane and the
intensity fluctuations reported in this work cannot be
made.

SUMMARY

Membrane motion in the RBC has been detected by
measurements of the intensity autocorrelation function of
quasi-elastically scattered laser light. The structural sim-
plicity of the RBC has allowed us, for the first time, to
identify the membrane as the source of the intensity
fluctuations of quasi-elastically scattered light from a cell.
The question of why there is apparently no significant
contribution from Hb has been raised.

Future QELS studies of cellular and intracellular phe-
nomena must consider possible membrane effects. For
example, in a study of rat adrenals by Englert (25), the
slowly decaying nonexponential autocorrelation function
was attributed to constrained diffusion of chromaffin
granules. The data presented above show that a contribu-
tion from the membrane could lead to a similar result.

The QELS technique allows the study of membrane
properties of the individual RBCs in a nonperturbing
manner, making it ideal for studying changes in the
membrane induced by physiological or biochemical means.
Changes in the scattered light in response to changes of the
cytoplasmic viscosity can also be monitored through indi-
rect effects on the membrane. Future studies will make use
of these features and will also relate the QELS information
on membrane motion to the data obtained using other
techniques.
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