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ABSTRACT

Double optical tweezers combined with active rheology approach are suggested for dynamic monitoring of the
red blood cell elastic properties. Frequency dependence of the phase difference in the forced movement of the
erythrocyte opposite edges appeared to be highly dependent on the rigidity of the cellular membrane. Cell
relaxation time value is suggested as an effective parameter determining the state of the cell. Photo-induced
effects caused by optical trapping are analyzed.
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1. INTRODUCTION

Characterization of viscoelastic properties of cellular membranes is a crucial problem of tissue physiology as
it gives an opportunity to detect changes caused by various diseases or drug effects. Local methods probing
the cellular viscoelastic properties and characteristics of complex materials at the microscale provide tools to
characterize the physiological state of the membrane and its changes and are of great practical and fundamental
importance so far. The most widespread techniques to work with single cells are optical tweezers,1–4 micropipette
aspiration technique,5–7 and atomic force microscopy.8, 9 These methods are based on the analysis of the cell
responce when it is perturbated by an external force. Recently a new method to study viscoelastisity of the
red blood cell (RBC) membrane was proposed10 by attaching a functionalized ferrimagnetic microbead to the
RBC membrane and exposing the system in the ac-magnetic field. The magnetic bead’s motion caused the
deformation of the membrane and elastic and frictional moduli were extracted from optically tracked bead
motion. However the only method having the ability for ultrafine positioning, control and noninvasive probing
of local object properties in aqueous solution having no impact from the bulk substrate is the optical tweezers
technique which is a unique tool for exploring problems related to quantitative characterization of single objects
at the microscale.11–13 This technique is widely used to determine the elastic properties of cell membranes,
in particular of the RBC membranes being noninvasive and handy tool for characterization of living cells. In
the present work which is an extended version of Ref.14 we suggest a new way to employ optical tweezers and
active rheology approach to dynamically probe viscoelastic properties of the cells. Active rheology is based on
the analysis of the studied objects motion on the frequencies of external perturbations caused by optical traps.
This approach is the further development of so-called passive rheology15 monitoring the thermal fluctuations of
the stydied object. This approach was widely used to study erythrocyte flicker effect. The term “flicker” was
introduced for the phenomenon of spontaneous low-frequency oscillations of the erythrocyte membrane. This
effect, in turn, is used as an important tool in the investigation of the mechanics of the cell membrane.16, 17

Passive rheology was also used to study the effect of hydrodynamic coupling on the dynamics of two colloidal
particles held in fixed optical traps.18 Here we report on a new approach to study viscoelastic properties of
thr RBCs which is based on the combination of active rheology in optical tweezers and an analysis of forced
RBC motion when the cell is optically trapped. This approach allows marking out correlated displacements of
trapped erythrocyte edges. The displacements determined using forced vibrations analysis in the frequency range
up to 1 kHz quantitatively characterize the viscoelastic properties of individual RBC. A new dynamic parameter,
namely, the tangent of phase difference in the movement of the erythrocyte edges, is introduced as an effective
finger-print characterizing the state of the cell.
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Figure 1. Sketch of the experimental setup: double-trap optical tweezers for RBC elastic properties monitoring. 1, 2 —
systems for the conjugation and expansion of the laser beams.

2. MATERIALS AND METHODS

Figure 1 shows the setup of the double trap optical tweezers used in the experiments for RBC elastic properties
monitoring. Two independent optical traps were formed using two singlemode diode infrared lasers (Lumics
LU0975M330, Germany) with wavelength of 980nm, output power of up to 330mW. These laser diodes were
pigtailed by polarization-maintaining optical fiber, and output radiation was collimated by aspheric lenses.
After collimation one of laser beams was put through the beam shifter. The translation of the micrometer
changed the position of the first shifter lens perpendicular to the optical axis which caused the movement of the
trap within the focal plane of the focusing objective with translation accuracy about 30 nm per graduation of
micrometer drive which results in precise control of optical trap position. The position of the second optical trap
was controlled using acousto-optical deflector (Isomet LS55-NIR, USA). An oil immersion objective (Olympus
UPLFLN 100XOI2, Japan) with numerical aperture of 1.3 and about 60% optical transmittance at 980 nm was
used for focusing of the laser beams to form the traps. The objective working length was 0.15mm when using
0.17mm coverslip. This guaranteed the possibility to work with the sample throughout its thickness. Both laser
beams were expanded to the full objective aperture to create maximal optical field gradient at the focal points
for the most efficient RBC trapping. Laser beam expansion systems 1 and 2 are shown in Fig.1. They served
as conjugating systems as well. The setup provides an accurate three-coordinate (relatively to the optical traps)
sample positioning using step-motors. Two extra laser beams (635 nm and 670nm) with the output power of
0.3mW were used in order to detect small displacements of the trapped cell. The latter beams passed through the
optical system controlling the positions and the width of the beams and then were focused into the sample. The
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Figure 2. Single erythocyte trapped by two infrared trapping lasers. One of the trapping lasers position is oscillating with
an amplitude of 100 nm in the frequency range from 50Hz to 1 kHz which is schematically shown by the arrow. Two extra
lasers which are focused on the RBC edges are used for the RBC edges positions detection.

forward scattered light was collected by a 40x objective and detected using two quadrant photodiodes (QPD).
Displacements of the trapped cell were extracted from the changes in the QPD photocurrent. White LED,
collector lens and field diafragm were used as the sample illuminating system. CCD camera was used for visual
control of the trapped objects. Filter 1 absores the light with the wavelength more than 600nm so that there
were no artifactual spectral components detected by the QPDs. Filter 2 was used to prevent the infrared laser
components from the traps to be detected by the CCD camera. The hermetic observation chamber was made of
RBC suspension in autologous plasma placed between two coverslips. The coverslips were previously processed
using the following protocol. They were firstly treated with a surface active agent, rinsed with deionized water
with resistivity 18.2MΩm. Then the coverslips were washed in ethanol with the volume fraction of 96%, in 3%
hydrogen peroxide and after that were treated by bovine serum albumin with the concentration of 1mg/ml.
Fresh blood was taken from donors by a fingertip needle prick. For sample preparation 0.2µl of blood was
suspended in 1ml of autologous plasma, which was previosly obtained by whole venous blood centrifugation
(firstly 3500RPM, 25◦C, 7min, then 20000RPM, 25◦C, 7min). Centrifugation was carried out in order to purify
plasma from formed elements of the blood including platelets that can be trapped together with RBCs preventing
correct measurements. Then 40µl of the RBC suspension was placed into the hermetic observation chamber
made of two 0.1mm-thick coverslips separated by a gap of about 0.15mm. The observation chamber was placed
on the two-coordinate motorized stage for fine sample positioning in the focal plane. All measurements were
performed at room temperature (25◦C).

The use of the QPDs and extra-lasers is a handy tool for the trapped objects displacements monitoring. This
method is particularly sensitive for measuring displacements of the trapped spheric objects at the nanometer
scale. But the exact calculation of the displacements and optical forces acting on particles is difficult since the
calculations can only be performed using approximate methods. They are only applicable within their ranges
of validity. One of the main problem here is that the trapped object has to be spherical and isotropic. The
scattering pattern from the nonspheric trapped object, for example from the cell, is complex that restricts the
direct measurement of displacements in the trap. Another way to quantitatively analyze the movement of the
trapped cell is to measure the relative to the trap oscillations phase of the cell’s edge movement.

In the experiment single erythrocyte was doubly trapped at the edges by two independent laser tweezers with
the cell being not stretched or deformed as it is schemstically shown in Fig.2. The distance between the traps
was fixed to 7.5µm while the erythrocytes studied were always selected to be of 8µm in size. Trapping laser
power in the focal plane was 20mW per each trap which was enough for effective cell trapping but at the same
time no heating effect was observed on the time scales of the experiment duration. One of the traps was stable
while the position of the second one was oscillated with an amplitude of 100nm in the frequency range from
50Hz to 1 kHz using acousto-optical deflector. This caused the cell vibration and the displacements of the cell
edges. Position detecting lasers were also focused on the RBC edges as it is shown in Fig.2 and the scattered
light was detected by QPDs.

The data acquistition time T was set for each frequency of the trap oscillation. The signal obtained by each
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Figure 3. Dependence of the phase difference in the movement of the RBC edge in the fixed trap relative to the RBC edge
trapped by an oscillating trap upon the frequency of the trap oscillation. Empty points correspond to the normal RBC,
filled points relate to the cell fixed by glutaraldehyde (stiff membranes). Inset on the left shows a microphotograph of the
trapped normal RBC. Inset on the right shows the microphotograph of the glutaraldehyde-fixed erythrocyte trapped in
optical tweezers.

QPD is represented as follows:

f(t) =
A0

2
+

∞∑

k=1

(Ak cos kω0t+Bk sin kω0t) =
A0

2
+

∞∑

k=1

Ck sin(kω0t− ϕk), (1)

where

Ak =
2

T

∫ T

0

f(t) cos kω0tdt, Bk =
2

T

∫ T

0

f(t) sinkω0tdt, (2)

Ck =
√
A2

k +B2
k, ϕk = − arctan

Ak

Bk
, (3)

and ω0 = 2π/T . In the presence of external harmonical perturbation at the frequency ω = nω0 the phase ϕn

characterizes the phase difference of the RBC edge displacement relative to the external perturbation. Provided
by the cell edges displacements f(t)1,2 the phase difference in the movement of the opposite edges of the RBC
ϕ = ϕn2 − ϕn1 referred to as phase difference (PD) further in the text can be obtained using Fourier transform,
and the subscripts “1” and “2” refer to oscillating and fixed trap, respectively.

3. RESULTS AND DISCUSSIONS

The relative PD ϕ of the cell edges oscillations were measured as a function of the trap oscillation frequency
ω. Figure 3 shows typical frequency dependences of the PD. Data-acquistition time for each data set was
about 20 seconds for both directions of frequency increase and decrease. The results for different directions
are almost identical, therefore the time impact during the measurements was neglected and the ϕ values for
both directions were averaged. Experimental observations showed that dependence of the PD as a function of
trap oscillation frequency considerably different for different types of the RBC membranes. Fig.3 shows that
the PD of the glutaraldehyde-fixed erythrocytes shifts to the right comparing to the PD of the normal RBC.
Glutaraldehyde solution (2.5%) is used as a fixative in biological applications.10 It makes the cells controllably
rigid by crosslinking the proteins of the cell membrane.

In order to quantitatevly characterize the elastic properties of the RBCs using this experimental approach the
following phenomenological mechanical model shown schematically in Fig.4 was considered. It is determined by
elastic elements k and K represented by springs, which describe the trap stiffness and the RBC elastic coefficient,
respectively, and by purely viscous components γ and Γ represented by dash-pots describing the effective viscous
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Figure 4. Phenomenological mechanical model of the trapped RBC, k is the trap stiffness, K is the RBC elastic coefficient,
γ and Γ are effective viscous coefficients of the trapped system.

coefficients of a doubly trapped single erythrocyte. While the first trap oscillates forcing the trapped cell edge
to move, the opposite cell edge faces the ballance of the following viscous and elastic forces in its motion:

γẋ2 = −k(x2 − xtrap2 ) + Γ(ẋ1 − ẋ2)−K(x2 − x1 − L), (4)

where L is an undeformed K-spring length which is the RBC length, xtrap2 is a position of the second trap, x1

and x2 are the edges displacements from the trap centers.

The variables detected in the experiment are the displacements of cell edges from the equilibrium, y1 =
x1 − x0

1, y2 = x2 − x0
2, where x0

1,2 are the equilibrium positions of the opposite cell edges. The second cell edge
movement is then described as follows:

(γ + Γ)ẏ2 = Γẏ1 − (k +K)y2 +Ky1. (5)

Let the displacement of the cell edges from equilibrium to be of y1 = ŷ1 expiωt, y2 = ŷ2 expiωt. Solving Eq.(5)
gives:

(k +K + iω(γ + Γ))ŷ2 = (K + iωΓ)ŷ1. (6)

In assumption of the frequency range ω2 " k(k +K)/Γ(Γ+ γ) the PD tangent is written as follows:

tanϕ = −
Γk − γK

k(k +K)
ω = −ωτ. (7)

Phase difference tangent refered to as PDT further in the text appears to be a linear function of the trap
oscillation frequency. The proportionality factor τ determines the viscoelastic properties of the trapped cell as
a complex biological and hydrodynamical system where implementation of specific parameters is indispensable
and it is impossible to pick out viscous and elastic cell properties independently. Having the dimension of time,
the τ coefficient can be interpreted as an effective response time of the cell. It is related to the characteristic time
of mechanical perturbation propagation in the cell. Experimental observations showed that dependence of the
PDT as a function of trap oscillation frequency is reproducibly linear one and has considerably different slopes
for different types of the RBC membranes which is shown in the Fig.5. Empty points in Fig.5 correspond to
dynamic measurements for normal living RBC. The slope value appears to be of (−6.4±0.1)·10−4 s. Filled points
represent the measurements for the RBC previously fixed by glutaraldehyde. The slope value for glutaraldehyde-
fixed RBC is equal to (−2.7± 0.2) · 10−4 s. The error bar in the Fig.5 is a systematic experimental error which
was approximately the same for all experimental points. Thermal undulations of the red cell membrane known
as flicker phenomenon provide noise background to the frequency spectrum measured for a single RBC, which is
optically trapped while one of the traps position is oscillating at the certain fixed frequency. Relative systematic
error corresponded to the ratio of the amplitudes of adjacent noise Fourier harmonics to the amplitude of the
peak at the frequency of applied perturbation. Therefore the response time τ measured for glutaraldehyde-fixed
erythrocytes drastically decreases from 640µs to 270µs indicating considerable change in the state of the cell.
This proves the ability of the offered method to detect and to control the effective rigidity of the cell.

It is important to mention that the equation (4) is written neglecting the mass of the object studied since
the case of mω2 " k +K is considered. This estimation is supported by the following experiment.
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Figure 5. Dependence of the tangent of the phase difference in the movement of the RBC edge in the fixed trap relative to
the RBC edge trapped by an oscillating trap upon the frequency of the trap oscillation. Empty points correspond to the
normal RBC, filled points relate to the cell fixed by 2.5% glutaraldehyde (stiff membranes). Lines are linear mean-square
fits to the data.

In order to estimate the trap stiffness k and effective elastic parameter K for the RBC, the trapping force
calibration is needed first. For this carboxylated polystyrene beads, 3µm in diameter, were washed in phosphate
buffer saline three times by centrifugation (Centrifuge 5417R, 3000RPM, 25◦C, 5min). After that, RBCs and
polystyrene beads were suspended in 1ml of autologous plasma (∼1 particle per RBC). The coverslips for
observation chamber were treated by serum bovine albumin (BSA) solution to prevent RBCs from sticking to
the glass. One bead and one RBC were trapped by two independent laser beams with a certain distance between
them and were moved to the distance of 10µm above the lower coverslip. By varying the distance between
the traps the particle and the cell were brought together until they contacted. The bead stuck irreversibly and
nonspecifically to the RBC membrane in plasma within 1 to 2min. Then the whole system was doubly trapped
by the microbead and the opposite RBC edge. The trap power for the RBC edge was set at 20mW and the trap
power for the bead varied in order to find the laser power value which would equalize the trapping force of the
microbead and the RBC edge. Escape trapping forces for the bead and for the RBC edge appeared to be the same
when the trap power for the bead was of 17± 1mW. In order to obtain the value of this force, standard escape
force method was used. Aqueous glycerol solution (15% wt.) was chosen as a calibration medium. Its index of
refraction appeared to be 1.351 with Abbe number V = 42, which was measured using the Abbe refractometer.
The same index of refraction value was obtained for plasma. Since optical characteristics of glycerol solution
mimic optical characteristics of plasma the trapping force of the calibration beads was expected to be the same in
plasma and in glycerol. Provided by these characteristics, the same polystyrene particles as used in the previous
measurements were suspended in glycerol solution and then trapped by optical tweezers at fixed height of h =
10µm above the surface of the lower coverslip. As the optical trap moved, solution exerted a viscous drag force
on the trapped bead which is given as F = β · v, where β is a viscous drag coefficient for a spherical particle
with the radius r in fluid at a height h from the surface:

β =
6πηr

1− 9/16(r/h) + 1/8(r/h)3 − 45/256(r/h)4 − 1/16(r/h)5
. (8)

η was taken to be 1.32 ± 0.02mPa · s (room temperature 25◦C). Viscous drag force was each time equal to the
trapping force when the bead just escaped the trap. Provided by the value of the trap velocity v corresponding
to this case, the trapping force of the bead in our glycerol solution was obtained and appeared to be 29±2 pN for
the laser power of 17mW. Such approach to calibrate the optical trapping force was appropriate in our case as far
as the Reynolds number was ∼ 10−3 (bead radius rbead = 1.50± 0.05, glycerol solution density ρ = 1036kg/m3

– for 15% glycerol solution). As a consequence, escape trapping force of the RBC edge in plasma was estimated
to be of 29± 3 pN.

Provided by the RBC escape trapping force value the trap stiffness k for the RBC edge and effective RBC
elastic parameter for small deformations K was estimated by doubly trapping a single erythrocyte and by

A*/%?(/B(@A2C(D/'?(EFGE((EFGEH)OP



Figure 6. Dependence of the RBC edge displacement while pulling the traps apart upon the RBC edge trapping force
Ftrap. Solid line corresponds to the mean-square fit of the linear part of the data. The inset shows the schematic of the
experiment, dx is the RBC edge displacement from its initial position in the fixed trap.

Figure 7. Dependence of the RBC elongation upon the trapping force while stretching the cell. Solid line corresponds to
the mean-square fit of the linear part of the data. dl is the RBC elongation.

pulling one of the traps and keeping the other trap position fixed. This procedure was repeated for a numerous
amount of erythrocytes and the resulted data obtained by means of optical microscopy were averaged over all the
experiments. Fig.6 shows the dependence of the RBC edge displacement upon the RBC edge trapping force. For
each data-point the maximal RBC edge displacement from its initial position in the fixed trap dx was detected
before the cell sliped out from the trap. Approximation of the dependence linear part gives the value of the trap
stiffness to be of about 9 pN/µm. At the same time the cell elongation dl was detected for each value of the
trapping force shown in Fig.7. Linear fit gives the K value of about 13 pN/µm which is of the same order as the
k value. The maximal frequency value used in the experiment was 1 kHz. The blood test showed the value of
the mean cell volume (MCV) to be of 88,5 fl, which is in correspondence with the normal MCV.19 Therefore the
RBC mass is about 10−13 kg and the estimation of mω2 " k +K is reasonable for the case studied.

In optical tweezers experiments intense laser light is tightly focused therefore it is a matter of concern to be
aware of photo-induced effects when biological samples are exposed to laser radiation. In our case a particular
care was put to estimate photodamages induced by the traps and to provide the invasiveness of the method. For
this, single erythrocyte was trapped by two opposite edges using optical tweezers. One of the traps was stable
while the other one was oscillated at the frequency of 1 kHz with the amplitude of 100nm. Displacements of
the cell edges were detected as a function of experiment duration. The PD between oscillations of the opposite
RBC edges was extracted. Time dependence of the PD with fixed frequency of forced oscillations shown in
Fig.8 appears to be a constant at the scales of 160 seconds revealing no significant change in the cell form or
viscoelastic properties during the experiment. This time is long enough since typical experiment duration is
about 20 seconds.
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Figure 8. Time dependence of the phase difference between oscillations of the opposite RBC edges. Frequency of the trap
oscillations is 1 kHz, amplitude of the trap oscillations is 100 nm.

4. CONCLUSIONS

Double trap optical tweezers are suggested as a method for precise monitoring of red blood cells viscoelastic
properties using active rheology approach combined with the forced RBC edges vibration analysis. Tangent of
the phase difference obtained while the cell is doubly trapped by the fixed optical trap and the trap oscillating at
the specified frequency in the range from 50Hz to 1 kHz appears to be an effective measure of the RBC viscoelastic
properties. Phase difference tangent is found to be a reproducible linear function of the trap oscillation frequency
that allows introducing a novel effective parameter – response time – characterizing the average viscoelastic
properties of an individual cell. A significant difference in the response time is obtained for normal RBCs and
the cells fixed by glutaraldehyde demonstrating the sensitivity of the offered method to the state of the cells.
The photo-induced effects observed on typical experiment duration times are negligible.
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