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Abstract: We employ a novel optical technique, dynamic scattering
microscopy (DSM), to extract the frequency dependence of the viscoelastic
modulus associated with the red blood cell membrane. This approach
applies the principle of dynamic light scattering to micro beads attached to
the red blood cell membrane in thermal fluctuation. This allows for high-
throughput characterization of a large number of cells simultaneously,
which represents a significant advantage over current methods. The results
in terms of the effective loss and storage moduli indicate the generic
behavior of a viscoelastic material, characterized by power laws with
exponents between 0 and 1.
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1. Introduction

The structure and dynamics of red blood cells (RBCs) have been studied extensively for two
main reasons [1-15]. First, since this type of cell can be approximated by a 2D bilayer-
cytoskeleton viscoelastic membrane that encloses a homogeneous hemoglobin solution, it isa
suitable model for cell membrane biophysics [16]. Second, understanding the interaction
between the lipid bilayer and the cytoskeletal protein (spectrin) network provides insight into
the overall mechanical properties of the cdls, which impacts their function in health and
disease. Physiologicaly, RBCs must withstand large deformations during multiple passages
through the microvasculature and spleen sinusoids. The RBC deformability is progressively
diminished with age, which eventually determines the cell removal from the circulation [17].
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Diseases such as spherocytosis, malaria, and sickle cell anemia affect both the RBC
morphology and their dynamic properties[18].

In recent years, a number of different techniques have been used to assess the rheology of
live cells [19]. Among them, pipette aspiration [20], electric field deformation [2], and optical
tweezers [21] provided quantitative information about the shear and bending moduli of RBC
membranes in static conditions. However, dynamic, frequency-dependent knowledge of the
RBC mechanical response is currently very limited [22]. Red blood cell membrane
fluctuations have been investigated intensively, as they offer a potential window into the
structure, dynamics, and function of the celll, [3, 5, 10, 13, 23-25]. In spite of these efforts,
the interaction between the lipid bilayer and underlying cytoskeleton network and how it
impacts on the overall mechanical properties of the cell is insufficiently known.

Here, we employ a new optical technique, referred to as dynamic scattering microscopy
(DSM), to quantify the microrheological properties of live cell membranes. Static light
scattering have been accessed in a microscope-based system previously [26, 27]. To our
knowledge, this is the first time that dynamics light scattering is performed using microscopy
platform. Using DSM, we measure the time-fluctuating irradiance scattered at a certain angle
by micro beads conjugated to RBC membranes. By employing the fluctuation-dissipation
theorem and generalized Stokes-Einstein relationship, this dynamic scattering signa is

translated into an effective frequency-dependent 3D complex shear modulus G(w), as in
previous microrheology studies applied to 3D complex fluids[28-30].

2. Experimental results
2.1 Experimental set-up

The experimental setup combines dynamic light scattering [31] with typical inverted
microscopy and is described in Fig. 1. Monochromatic light emitted by an Ar*™ laser (A=514
nm) is used to illuminate the sample. To ensure full spatial coherence, the light from the
source is coupled into a single mode fiber and further collimated by a fiber collimator (FC).
The Olympus IX 71 inverted microscope produces a magnified image of the sample at the
plane IP. Thelens L1 (f = 200 mm), creates the Fourier transform of the sample field at plane
FP. This plane isimaged at the CM OS camera plane via the beam splitter BS. The lensL, (f =
250mm) and mirror M act as a folded 4-f system, which projects the optical field at the plane
FP onto the CMOS plane, with unit magnification. The 40x objective lens (NA=0.75)
provides afield of view of 400um, which allows for a high number (in the order of 1,000) of
red blood cells to be imaged simultaneously. The 8 bit CMOS camera (C8021, Hamamatsu
Co.) records angular scattering from the sample over a wide angle interval of (-32, 32). In
order to prevent CMOS camera saturation due to strong low-angle scattering, we placed a
spatial filter at the plane FP to obstruct the DC term. A computer was used to acquire the raw
data from the camera. By employing a full-field detector at the Fourier plane of the sample
field, a broad spectrum of spatial frequencies associated with the scattered field can be
examined. Throughout our experiments, the CMOS acquisition rate was 256 frames per
second, at aframe resolution of 256 X 256 pixels.
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Fig. 1. DSM experimental setup. M: Mirror, L1,2: lenses, f1,2: focal length of lense 1,2, BS:
beam splitter, IP: image plane, FP: Fourier plane

2.2 Experimental analysis

In order to demonstrate the ability of DSM to extract dynamic information from fluids, we
measured the angular distribution of light scattering from polystyrene micro beads undergoing
Brownian motion in Newtonian fluids, i.e. in glycerol solutions of various concentrations.
Figure 2(a) shows a single frame of the angular scattering map associated with 0.26 um
diameter beads (10% solids, Duke Scientific Co.,) undergoing Brownian motion in water. The
spatia filtering of the DC component is clearly visible. Figure 2(b) shows an example of the
dynamic scattering signal of a single point on the ring, which is characterized by the polar
angle ©® and the azimuthal angle ¢. For a given scattering angle 6, the modulus of the
scattering vector is g = (4z1A)sin(8/2), and the power spectrum is obtained by averaging the

power spectra associated with all the pixels within the ring of equal ¢ values. For studying
simple fluids, the power spectra were fitted with a Lorentzian function, which provided the
width Aw and amplitude A of the distribution [32],
A 1
Plw)=— ———-
Aw 1+(wl Aw)
In Eq. (1), Aw=Dqg?, where the diffusion coefficient D=k,T/6zna , with kg the

Boltzmann constant, T the absolute temperature, 1 the viscosity and the radius of the bead.

D
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Fig. 2. (a). Single frame angular scattering map in DSM. (b). Intensity fluctuations associated
with the angle shown in &) over 1 sec (256 frames). (c). The widths of the power spectra vs.
scattering angle and fit with the theoretical model. (d). Power spectra for liquids of various
viscosities, asindicated. The solid lines show the theoretical fit.

2.3 Results from beads

Figure 2(c) shows the widths of the power spectra obtained at various scattering angles, which
indicates a very good agreement with the theoretical values. We found that, for scattering at
various angles, particles of various diameters, and fluids of different viscosities, the width of
the measured power spectrum was a factor of 2/3 of what was expected. This consistent
calibration factor needed in our DSM measurements can be explained by assuming that, due
to the high numerical aperture of the microscope, the motion of the scattering particles that
contribute most significantly to the dynamic signal takes place in the (x, y) plane, i.e.
perpendicular to the optical axis. Thus, the factor of 2/3 reflects the ratio between the mean
squared displacements of a particle jittering in 2D vs. 3D space. Thus, throughout our
measurements, we incorporated this constant calibration factor.

Figure 2(d) depicts the measured effect of the solvent viscosity on the characteristic width
of the power spectrum for beads of radius a=0.13 zm. From the Lorentzian fit, we extracted
the values for the viscosity of the fluid at temperature T=298 K: 77 =0.987+0.013 mPas

(weter), 17 =1.2 mPast0.1 (5% glyceral), and 77 =1.9+0.1 mPa:s (25% glycerol), which agree

very well with the expected values [33]. These results demongtrate the ability of DSM to
guantify the mechanical properties of fluids.

2.4 Experimental procedure of determining the viscoel astic behavior of red blood cdlls

Using DSM, we quantified the viscoelastic properties of RBCs by recording the dynamic
scattering signal from 0.13 um radius beads conjugated to the membranes. In order to prevent
the cells from undergoing translational motions, we treated the glass substrate with polylysine
hydrobromide P1274 (Sigma Aldrich Co.). The polylysine solution was poured onto the glass
dish containing cells and allowed to incubate for approximately two hours a room
temperature. Prior to the DSM experiment, the unattached RBCs were washed with PBS three
times. Polylysine creates positive charge on the cover glass, which then attracts and affixes the
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negatively charged cell membrane [34]. The effectiveness of polylysine is demonstrated in Fig.
3, where it is shown that the width of the power spectrum is significantly narrower when the
RBCs are fixed to the substrate. This narrowing of the power spectrum is due to suppressing
the translation motion of the RBCs.

The beads were coated with the protein Concanavalin A (Con A, Sigma Aldrich Co.). The
1 mg/ml phosphate buffered saline (PBS) solution of ConA was mixed with the beads and
allowed to incubate at the room temperature. After the attachment of RBCs onto the glass
substrate containing polylysine, solution containing the coated beads was added. Prior to the
DSM experiment, any unattached beads were washed with PBS several times. Thus, by
recording the dynamic light scattering originating exclusively from the fluctuating particles
that are attached to the RBC membranes, an effective complex shear modulus can be obtained
by following the procedure used in passive microrheology [30].

2.5 Power spectrumfromthe red blood cells

The light scattered by the thermally fluctuating membranes can also generate dynamic light
scattering, which mixes with the scattering from the particles. In order to quantify this effect,
we performed DSM measurements of RBCs attached to the cover glass, but without attaching
particles to the cells. As can be seen in Fig. 3, the scattering from the RBC membranes alone
is very weak compared to the scattering from particles and, therefore, can be ignored. Thisis
also supported by the fact that each RBC contains on average two or more beads, which
produce stronger scattering than the membrane alone [Fig. 3(b)]. Furthermore, dueto the large
number of scattering micro beads, the Gaussian statistics of dynamic light scattering holds
[31]. In order to remove the electronic noise of the CMOS camera that affects the signal at
particular frequencies, we applied filtering by fitting the power spectra with rational
polynomials of the third order (using 4 fitting parameters). Thus, for the subsequent analysis,
we used this fit curve instead of the data, such that the information of the origina data is
retained but the effect of the noise is removed. We chose this type of fitting function because
it describes the data extremely well (r*>0.99) for samples with various dynamic properties. An
example of such fit is shown in Fig. 3(c).

—0—RBC
—&—RBC + Lysine

10 ¢ —O—RBC + Lysine + Beads B

Power spectrum (a.u.)

10+

10
Frequency (Hz)

Power spectrum (a.u.)

10 10" 10
Frequency (Hz)

Fig. 3. (). Power spectra associated with the dynamic scattering from RBCs in suspension,
RBCs fixed on cover dips by lysine, and fixed RBCs with micro beads attached, as indicated.
(b). Bright filed image of the micro beads attached to RBCs. (c). Fitting procedure to eliminate
the noise peaks.
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2.6 Method of quantifying the viscoelastic behavior of the red blood cells

From this filtered power spectrum P(@) , we extracted the effective 3D shear modulus G, as
follows. First, we calculated the intensity-intensity autocorrelation g'?(z) by Fourier
transforming P(@) . The Siegert relationship connects the intensity autocorrelation function
with the field atocorrelation function g®(z) ,

g? (T)=1+,B[g(1) (2')]2 : 2
where [ is the coherence factor, with values between 0 and 1. Due to our single light
scattering conditions with high temporal and spatial coherence field, we can assume g =1.
Thus, g can be obtained from Eq. (2) and further used to infer the particle mean squared
displacement<Ar2(f)> as[31]

6
(Ar2(1)>:—?ln[gm(r)] ©)
The power spectrum of the mean-squared displacement, <Ar2(a))>, was then obtained by

taking the Fourier transform of <A r? (1)> . The fluctuation-dissipation theorem (FDT) relates

the <Ar2(a))> tothelossresponse 4" (w),
w
"(@0)=——(Ar?(w 4
7(0)= 50 (ar (@)
The storage response function y’(w)is related to y”(w) by the Kramers-Kronig relation,
which expresses the causality of the system
257 ¢
"(@0)==P| y" d ®)
7 (@)=~ !z (g gzt

The symbol P in Eq. (5) indicates a principal value integral. The shear modulus G () is

related to the response function 7 (@) by the generalized Stokes-Einstein relationship,
1 1
G(w)=———
6ra y(w)
where a=0.13 um denotes the radius of the scattering beads.

(6)

2.7 Viscoelastic response data fromthe red blood cells

We used this procedure to measure G for different sasmples of RBCs attached to microscope
slides. Figure 4(a) shows the average frequency dependence of the storage G’(w)and loss

G"(w) moduli obtained from DSM measurements of 3 different RBC preparations at various

scattering angles, with a total of 13 measurements. The errors indicate the sample-to-sample
variation (N=13). Interestingly, over the frequency region centered on (10,100)Hz, the

behavior of both the loss and storage moduli can be approximated well by power laws. It is

well known tha G"« @' describes a Newtonian fluid, while G" o @° indicates a solid

behavior. Therefore, the intermediate exponent measured by our technique, G" o @**° ,

simply indicates that the membrane is a viscoelastic fluid.
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Fig. 4. DSM measurements of G vs. frequency. The dashed lines indicate power laws of
different exponents, as indicated. Also shown in this figure for comparison purpose are
complex shear modulus measured from magnetic twisting cytometry scaled by a factor of 84 to
convert 2D in-plane shear modulus into 3D shear modulus [22]. The error bars (only upper
error bars shown) are due to sample-to-sample variability (N=13).

To our knowledge, the only data published to date on the rheology of RBCs at the single-
cell level is by Puig-de-Morales, et al. [22], which is also shown in the Fig. 4 for comparison
purpose. In their experiments, magnetic beads attached to the RBC membranes are activated
by external magnetic fields and the positions of beads are tracked in order to retrieve in-plane
2D complex modulus[35]. In an earlier work, 2D in-plane shear modulus was measured [22],
in which RBC membrane and cytoskeleton complex is assumed as plane without thickness.

Using the fluctuation-dissipation theorem and assumption that modulus G’( @) and G’ (w)

can be scaled with frequency, 2D complex shear modulus can be expressed in terms of in-
plane displacement as follows [36]:
(Ar*(@) = keT 1
57w G, (w) @

In contrast, we extract 3D shear modulus of RBC membrane, taking account in the
physical thickness of the RBC membrane which consists of phospholipid bilayer and spectrin
network attached to the membrane. In order to directly compare with 2D shear modulus,
combining Eq. (4) and Eq. (6) yields,

k, T 1
(Ar*(@))=—2
3rwa G, (w) ©)
Thus,
3a Pa
~>< _“ 9
G3D(a))(|3a)_ 5 GZD(w)(nmj 9)

As we used 0.26 um diameter probing bead, the factor between 2D shear modulus and 3D
shear modulus is 84 nm, which is used for scaling the result of ref 21 in Fig. 4. The complex
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modulus, G’(w) and G"(w) from our measurement is consistent with the previous result [22]

over the intermediate frequency range in term of both absolute values and slopes. Remarkably,
the power law dependence of G’ (w) reported in Ref. [22] has a value of 0.67, which agrees

very well with our value of 0.69.
3. Conclusion

In summary we have presented a new optical method for extracting the viscoelastic moduli of
RBC membranes. The technique relies on quantifying the thermal motion of micro beads
attached to the membrane. The results compare well with those obtained by magnetic bead
excitation [37, 38]. However, our approach provides the rheological information without the
need for an external magnetic field. Quantitative phase imaging of RBC thermal fluctuations
offers unique insight into the cell membrane properties at the cellular and sub-cellular level.
By contrast to the flickering experiments, the current DSM praobes a large number of cells
simultaneously, which allows for an intrinsic ensemble averaging.
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