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We propose a hew method for quantifying shape asymmetry
in the mesoscopic scale. The method takes advantage of
the intrinsic coupling between rotational and translational
Brownian motion (RBM and TBM, respectively) which
happens in the case of asymmetric particles. We determine
the coupling by measuring different correlation functions
of the RBM and TBM for single, morphologically different,
weakly-trapped red blood cells in optical tweezers. The cells
have different degrees of asymmetry that are controllably
produced by varying the hypertonicity of their aqueous
environment. We demonstrate a clear difference in the
nature of the correlation functions both qualitatively and
quantitatively for three types of cells having a varying
degree of asymmetry. This method can have a variety of
applications ranging from early stage disease diagnosis to
quality control in microfabrication.

Measuring shape asymmetry can be almost trivial as long as
the object is visualized easily and can be measured using stan-
dard length scales. However, as the size of the system reduces,
visualization is rendered more and more difficult, and becomes
extremely challenging once the size of the object is less than
the diffraction limit for the wavelength of light used for imag-
ing. Therefore, non-visual yet simpler techniques to study asym-
metry need to be explored in this regime. This is even more so
since asymmetry in the microscopic scales has far-reaching con-
sequences, especially in the context of biological entities such as
motor proteins or cells, where any biochemical processes often
result in morphological changes to cell shape! or nuclear struc-
ture2. Changes in shape of cells are also observed at the onset of
diseases - as in the case of red blood cells (RBCs) due to malaria3,
or sickle cell anaemia“. Thus, sensitive detection of small changes
in asymmetry may lead to early stage disease detection, which is
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a major technology challenge presently. Similarly, such methods
may be useful for quality control in microfabrication processes, in
order to check for small deviations from a preferred structure.

A mesoscopic particle suspended in a fluid undergoes both
translational and rotational Brownian motion due to random col-
lisions with solvent particles surrounding it>. While translational
Brownian motion dominates for symmetric particles, for asym-
metric ones - there is a strong rotational component. For the
latter, the two types of motion also get coupled®, and the cou-
pling can be expected to be stronger with increasing asymmetry.
Optical tweezers are a very useful tool to study Brownian motion
of micro-particles since they confine the particle spatially, and the
trapped particle then executes Brownian motion with amplitude
and frequency determined by the trap stiffness. In fact, the Brow-
nian motion can be used to characterize the trap itself, as is very
often done by measuring its power spectral density’. However,
an important aspect of Brownian dynamics that remains largely
ignored is the coupling between the translational and rotational
Brownian motion' for asymmetric particles inside an optical trap,
except in occasional studies®. It is this coupling that we exploit
in this paper to study asymmetry, and we go on to show both
theoretically and experimentally that the amount of coupling in-
creases with the degree of asymmetry. As test particles, we use
RBCs’ due to the fact that shape of such cells can be controllably
modified by varying the hypertonicity of a hypertonic aqueous
solution - with healthy RBCs’ in normal aqueous solutions be-
ing quite symmetric in shape3. Note that asymmetric particles
also exhibit rotational motion (spin) inside an optical trap due to
torque generated by asymmetric scattering®?. This rotation rate
depends linearly on the light intensity. We avoid such motion in
our work by maintaining a weak trap so that the light intensity is
not enough to observe such motion. Rotation is also observed for
birefringent particles with incident circularly polarized light, but
this can be avoided by using linearly polarized light.

We first develop the theoretical premise for observing effects
of the coupling between rotational and translational Brownian
motion. It is well known that Brownian motion - both rotational
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and translational - can be described by the Langevin equation?.

In our theoretical approach, we add two coupling terms to cross-
couple the rotation and the translation equations. Therefore, the
final equation becomes:

dx(t)

Y17+Kxx(t)+y2w19(t) = (ZkBT%)l/sz(t), )
dflgt)JrK"e(t)_%wzx(’) = (2kTR)'"?E0), @

where k, denotes the force constant of the optical trap for trans-
lational motion, while xy is that for rotational motion that is
polarization-dependent (i.e. it tries to orient an object with op-
tics axis along the polarization of the input laser beam for both
birefringence-driven rotation and that due to asymmetric scatter-
ing). (2kgTy1)" /2L (1) and (2kpT1)"/2Le(¢) are two independent
Gaussian random noise (kg being the Boltzmann constant), which
represent the Brownian forces at absolute temperature 7 for both
x and 6 coordinate systems. In the above equations y»®;0(¢), and
11 @x(t) denote the coupling between x and 6.

After solving® for x and 6 1°, we compute the auto-correlation
functions’ for the translational and rotational Brownian motions
astl:

<x(t)x(t+61)> = % e (/MK [R) 2101 o5(CHY),
X

<0()0(1+81)> = @ o5/ 10 )28 (1), (3)
6

where A is a coupling amplitude whose exact form is not
known to us, but which is strongly manifested in experi-
mental data, as we show later. B = (k/y + ko/%2)/2, C =
Vorw — (/v —xe/1)?/4, and characterizes the coupling
strength. Here, k,/y is the translational corner frequency while
the ky/7 is the rotational corner frequency. We then go on to
define the well known cross-correlation function (CCF) between
the translational and rotational Brownian motions !! that is given

by:

AkaT o~ (Ke/n+K0/12)/2|81|

<x(1)0(t+0ot)> = =

cos(Cét+ D),

AkgT

e B3 cos(CS1+D). (4
KxKg

<x(t)0(t+6t)> =
Here, tan(D) = B/C. The CCF differs from the ACF by the phase
factor D, which has two consequences: (i) it renders the CCF
asymmetric, (note that the ACF is necessarily symmetric due to
causality), (ii) it introduces another parameter that may be used
to quantify asymmetry, which is obviously advantageous to us.
The form of the CCF is thus similar to a coupled harmonic os-
cillator system, and has been used in diverse areas of physics
such as quantum optics?, cavity quantum electrodynamics 2,
and torque calibration in Brownian motion!!. Thus, our task is
to measure A,B,C,and D for different levels of asymmetry in mi-
croparticles executing Brownian motion in optical tweezers with
high precision so that small changes in asymmetry may be de-
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tected with enough signal to noise (S/N). For this reason, we
proceed to introduce the differential cross-correlation, DCCF, the
difference of two CCFs13, to yield better precision:

<x(1)0(t+8t) — 0(t + 81))x(t) >=

akgT
Bl -B 3| (

= cos(C8t + D) — cos(Cét — D)) )

The nature of the DCCF is anti-symmetric since the functional
form is similar to the derivative of the CCF. Now, for dielec-
tric particles with only form birefringence (or even for birefrin-
gent particles at low laser intensities), the translational corner
frequency is much larger than the rotational one!4. Thus, the
product of coupling coefficients ; @, can be written as’

w0, = B> +C2. (6)

The individual values of @w; and @, cannot be ascertained from
here since that would require exact information about the asym-
metry causing the cross coupling. However, even the value of the
product indicates how well the rotational Brownian motion and
the translational Brownian motion are coupled. A very crucial
point to note is that these equations work when the translational
and rotational corner frequencies are lower than the coupling fre-
quencies, so that one requires rather weak optical traps in order
to probe the value of the coupling constants. Note that weak traps
are also required to stop asymmetric particles from spinning, as
has been described earlier. For our optical tweezers experimentsT,
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Fig. 1 ((a). Normal RBC. (b) Moderately deformed RBC (hypertonic
solution). (c) Maximally deformed RBC (hypertonic solution). (d) Typical
measured time series of and translational (grey) and rotational (black)
Brownian motion in RBC. The original data has been offset in voltage for
visualization. (e) Histogram of time series data for rotational Brownian
motion of normal RBC. (f) Power spectral density of translational (upper)
and rotational (lower) motion of normal RBC.

we extracted RBCs from healthy donors, and typically started in-
dividual experiments after up to 1 hour from preparing the di-
luted solution in the hypertonic solvent’, allowing the time for
the RBCs to get deformed. The RBCs were also visually monitored
continuously and experiments were started after the RBC reached
the required degree of deformity. Fig. 1 shows RBCs at various de-
grees of deformation, starting with a normal RBC in aqueous so-
lution (Fig. 1(a)), a moderately deformed RBC (Fig. 1(b)), and a
maximally deformed RBC (Fig. 1(c)). With maximally deformed
RBCs, we regularly obtained rotation (spin) at constant rates de-
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pending on the trapping laser power, which demonstrated that
the RBCs maintained a definite shape in the trap. However, at
laser powers of around 15 mW after the microscope objective,
the maximally deformed RBCs were stably trapped, but did not
show any rotational motion, though they were typically aligned
with the polarization direction of the linearly polarized laser. We
used the same laser power for all RBCs during the experiments.
The normal RBCs almost never showed rotation, while moder-
ately deformed RBCs rarely showed rotation at high laser powers
(less than 5% cases).
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Fig. 2 Plots of the normalized CCF (NCCF) for (a) a spherical
polystyrene bead, (b) Normal RBC, (c) Moderately deformed RBC, (d)
Maximally deformed RBC. (b), (c), and (d) are fit (bold line) using
Eqgn. 4. The fit values of different parameters are given in boxes inside
each plot, with the respective 1o errors in parenthesis.

The measurements of Brownian motion are performed with a
quadrant photodiode®, and we use the technique we recently de-
veloped to detect rotational and translational motion simultane-
ously by measuring the sum and difference of the signals from
the diagonal quadrants of the QPD 14, The rotational and transla-
tional data are acquired at a sampling frequency of 40KHz taken
for 5 seconds. Typical time series for translational and rotational
Brownian motion for normal RBC are given in Fig. 1(d). The his-
tograms of the time series data fit well to Gaussian distributions
- a sample of which is shown in Figs. 1(e). Corresponding power
spectral densities (PSD) for both translational and rotational mo-
tion are obtained by averaging over 25 individual spectra. We
also check that our signal PSD for RBCs is substantially higher
than that of the noise floor of the setup’. The measured PSDs
are shown in Figs. 1(f), with the translational corner frequency
(1.07 Hz) being 3 times higher than the rotational one (0.35
Hz). Before computing the CCF, we first find out the ACF for all
types of RBCs and find that these are symmetric around 7 = 0, as
is expected”. We now compute the CCF and DCCF for the differ-
ent types of RBCs. Before proceeding with that, we normalize the
functions in the following representative manner:

NCCF(x,6) = <x(t) 6(r+ 1) > )

V<2 > /< 02(1) >

where NCCF (NDCCF) is the normalized CCF (DCCF). We first
proceed to measure the NCCF. As a control, we use a spheri-
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Fig. 3 Plots of the normalized DCCF (NDCCF) for (a) a spherical
polystyrene bead, (b) Normal RBC, (c) Moderately deformed RBC, (d)
Maximally deformed RBC. (b), (c), and (d) are fit (bold line) using

Eqn. 5. The fit values of different parameters (except yo, which is not of
significance) are given in boxes inside each plot.

cal polystyrene bead of diameter 3 um and determine the NCCF-
as shown in Fig. 2(a). As expected, the signal has very small
amplitude, since the rotational Brownian motion of the sphere is
negligible. On the other hand, the NCCF from the least asym-
metric NRBC has a clear structure. We can fit it well to Eqn. 4
with an additional offset term yy. It is also asymmetric in na-
ture as seen from the non-zero values of D. The fit values of
yo, A, B, C, and D with their respective error bars are given in
the box inside Fig. 3(b). Similarly, the fit parameters for moder-
ately and maximally deformed RBC are given in Figs. 3(c) and
(d). Using these, we calculate the coupling coefficient products
) o, from Eq. 6, the values of which are given in Table 1. We ob-
serve that the amplitude A for the NCCF increases with increas-
ing asymmetry, and is the most robust parameter in differentiat-
ing between the RBCs, even at the 3¢ level of error bars. The
errors in the fit parameters B and C (indicated in parenthesis)
lead to the errors in @;@,, and it is clear that we are not able to
differentiate between normal RBC (w; @, = 6.7 +3.0), and mod-
erately deformed RBC (w; @, = 9.3 +3.5) even at the 1o level of
error. Maximally deformed RBC (w; @, = 17.1+5.1), however, is
different from the other types of RBCs at the 1o level. Also, the
value of D increases with increasing asymmetry, being the high-
est for a single maximally deformed RBC. Thus, even this could
serve as a parameter that could be used to quantify asymmetry.
Note that the value of D also acts as a consistency check for the
values of B and C, since tan(D) = B/C, and the fit values of D
can thus be compared independently to that obtained from this
relation. We obtain matches for all three types of RBCs consid-
ering the overlaps of error bars at the 3¢ level’. Interestingly,
the signs of C and D change for maximally deformed RBCs, and
this needs further careful investigation at various levels of asym-
metry. In addition, we check the value of B from the fit with
that obtained by adding the translational and rotational corner
frequencies, and as we show in the case of a normal RBC - the
value of B from Fig. 1 comes out to be 1.15(15) Hz, matches well
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Table 1 Table showing the values of different parameters obtained from fitting experimentally measured NCCF and NDCCF for Normal (NRBC),
moderately deformed (MoRBC), and maximally deformed (MaRBC) RBC.

NCCF NDCCF
RBC type A B c D )0 A B c D o,
(Hz) (Hz) (rad) (Hz?) (Hz) (Hz) (rad) (Hz?)
NRBC 0.013(3) 1.20(15) | -2.3(5) | -0.05(02) 6.7(3.0) 0.0075(1) | 0.90(08) | -2.1(3) -0.08(2) 5.2(1.0)
MoRBC 0.031(3) 1.4(2) -2.7(5) | -0.30(08) 9.3(3.5) 0.011(1) 1.25(08) | -2.5(1) | -0.25(06) 7.8(7)
MaRBC 0.0503(4) 2.2(3) 3.5(5) 0.9(1) 17.1(5.1) 0.039(2) 2.05(10) 3.3(2) 0.75(06) 15.1(1.6)

with the value 1.20(15) in Table 1). We check this for all other
cases and obtain similar results. The value of B increases for a
maximally deformed RBC even for the same trapping powers as
the other types of RBCs, and we believe that the reason may be
the increase of both k, and kg due to the asymmetry of the cell.
Note that such increase of k, has been reported earlier in Ref. 15
where malaria-affected RBCs whose shape is distinctly different
from normal RBCs (and similar to the maximally deformed RBCs
in our case) showed a 25% increase in corner frequency over nor-
mal ones. The enhanced coupling of the two types of motion re-
sultantly leads to an increase in kg, which leads to a higher value
of B.

We now calculate the NDCCF to check whether error bars are
reduced, and whether we can statistically differentiate the RBCs
in terms of values of w;w,. Fig. 3(a)-(d) shows the plots of
NDCCF for all four cases as in Fig. 2. While that for a sphere very
small in amplitude, we obtain good signals (anti-symmetric as ex-
pected) for RBCs, and much better fits to the function for NDCCF
defined in Eq. 5 compared to the NCCF. While A still remains the
most robust parameter for differentiation between RBCs, we now
have lower error bars for w;w,. Thus, as we observe from Table
1, we can differentiate normal RBC (w; @, = 5.241.0) from mod-
erately deformed RBC (w; @, =7.8+0.7) at the 10 level and max-
imally deformed RBC (w; @, = 15.1+1.6) from the other RBCs at
the 30 level. Thus, it is clear that the NDCCF is a much better
tool to quantify shape asymmetry using our technique. Finally, we
repeat these measurements for other RBCs having similar relative
asymmetries, and obtain similar results. While it is not possible to
control the shape asymmetry quantitatively for RBCs by varying
the hypertonicity of the aqueous solution, we observe that single
maximally deformed RBCs can be statistically differentiated from
other RBCs using the NDCCF . Finally, we would like to point out
that RBCs often exhibit membrane fluctuations due to thermal ef-
fects 16, but such motional modes are mostly radially symmetric
and would not be detected by our rotation measurement tech-
nique using the QPDfY, so that we may safely conclude that our
technique for measuring the CCF is immune to membrane fluctu-
ations.

In conclusion, we have developed a new technique for quanti-
fying shape asymmetry by determining the cross-correlation be-
tween translational and rotational Brownian motion. The val-
ues of the coupling amplitude increase with increasing asymme-
try, while other parameters also change appreciably. We have
used RBCs as test particles, and our technique can differentiate
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between RBCs that have different morphological states, which
we control by changing the hypertonicity of the aqueous envi-
ronment of the RBCs. This is a proof of concept, and we be-
lieve that the technique can be improved further by fabricating
particles with controlled asymmetry using the various advanced
lithography tools® presently available, and could thus be useful in
diverse applications in biology (early disease detection, etc.) and
microfabrication (in terms of checking the symmetry of fabricated
micro-particles).
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We quantify asymmetry of single optically trapped red blood cells from the crosscorrelation between
their rotational and translational Brownian motion.



