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Understanding the biomechanical properties of red blood cells (RBCs) is crucial for many patholog-
ical analyses and diagnoses of human diseases. Here, we construct the so-called “tug-of-war” (TOW)
optical tweezers, consisting of a pair of elongated diverging beams, to study the deformability of human
RBCs. Such an optical tweezers system gives rise to object-adapted optical potentials that can stably
trap, squeeze, and stretch single RBCs under different osmotic conditions without tethering or mechanical
movement. Even at low trapping power, the TOW tweezers can exert a force of 18 pN, which is at least
two times stronger than that of dual-trap optical tweezers based on conventional Gaussian beams, leading
to more than 15% deformation of the cell shape. From a direct comparison of the trapping forces and
shear modulus of the RBCs under different osmotic conditions, we find that the cell deformability follows
a trend: hypotonic > isotonic > hypertonic. This work exemplifies another photonic tool with advanced
beam-shaping techniques for biomechanical studies of living cells that is promising for applications such
as distinguishing healthy and diseased cells and intracellular delivery.
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I. INTRODUCTION

Erythrocytes or red blood cells (RBCs), which are inte-
gral to human body metabolism, transport oxygen and car-
bon dioxide between body tissues by deforming to squeeze
through narrow capillaries. Indeed, RBC deformability and
associated biomechanical properties play an important role
in many pathological analyses and diagnoses of human
diseases, such as malaria, sickle cell disease, diabetes mel-
litus, and thalassemia [1-5]. Many factors can affect the
deformability of RBCs, such as hemoglobin concentra-
tion, osmolarity, and cell age [2,3,5]. Any change of these
properties may affect the function of the RBCs, causing
blood-related diseases. RBC deformability may be used as
a biomarker to determine the pathophysiological states of
the RBCs [2—6] and to gauge the effects of drug treatment
on RBC-mediated diseases [7].
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There are many established techniques to measure the
mechanical deformability of RBCs, such as atomic force
microscopy, magnetic twisting cytometry, micropipette
aspiration, shear-flow methods, and optical trapping tech-
niques [2—4,8—10]. Nowadays, optical trapping techniques
are routinely used for stretching RBCs to determine their
deformability because optical trapping techniques provide
a quick noncontact force measurement tool in a liquid
medium with piconewton- (pN) resolution accuracy.

Optical trapping methods can be classified mainly into
two categories. The first category is direct manipula-
tion of cells, which includes dual-trap optical tweezers
[6,7,11,12], optical stretchers with two counterpropagating
laser beams [13—15], specially shaped single-beam optical
tweezers [16—18], and single-beam optical traps in com-
bination with fluid flow or electric fields [19—23]. The
second category can be considered as indirect manipula-
tion of cells, which typically relies on tethering cells to
a well-defined bead or its other variations (such as grip-
per formation with several beads to manipulate the target
cell) [24-35]. As is usually the case, each technique has its
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own limitations in characterizing cell deformation. Direct
manipulation is relatively simple and fast, but it could
cause photodamage to RBCs from prolonged exposure or
high trapping powers [10,24,25]. It has been shown that
damage induced in RBCs could lead to large enhancement
of cell rigidity (and thus, reduced RBC deformability) after
merely minutes of laser exposure [25]. The indirect manip-
ulation technique involves a more complicated process of
attaching beads to a single RBC from opposite sides [24]

Recently, the design of optical tweezers based on
two “tug-of-war” (TOW) optical beams was proposed
and demonstrated [36,37]. In the appropriate context, the
design leads to more efficient cell stretching compared
with that of Gaussian-beam-based dual optical tweezers.
The TOW tweezers consist of two transverse elongated
diverging beams, with a tunable separation angle and a
steep intensity gradient that increases radially inward [see
Fig. 1(b) and Video 1 within the Supplemental Material
[38]]. It is demonstrated that, compared with conventional
dual-trap optical tweezers, TOW optical tweezers can be
implemented as a direct manipulation method for cell
trapping and stretching with much less photodamage. Pho-
todamage is reduced because the beams are elongated in
the observation plane and diverge in the propagation direc-
tion. In particular, such TOW optical tweezers can generate
large lateral pulling forces on a trapped object and hold it
stably in an observing plane [36]. Furthermore, here, we
report that TOW optical tweezers can also be used as a
direct squeezer of cells, which cannot be done with two
conventional Gaussian beams without attaching beads. The
ability to squeeze cells with the TOW tweezers may be
useful for studying multiple cell biomechanical properties
with a standard holographic optical trapping system.

Here, we employ TOW optical tweezers to trap,
squeeze, and stretch single RBCs under different osmotic
conditions, without any tethering or mechanical movement,

thereby quantitatively characterizing the deformability of
RBCs. With a viscous drag method, we measure directly
the trapping forces that act on RBCs under different con-
ditions and estimate that the force from just one side of
the TOW tweezers can be over 18 pN, with approximately
20 mW laser power, which is more than double that with
the force from conventional optical tweezers (Gaussian
trap) under the same conditions. Meanwhile, the spac-
ing between the two traps in the TOW tweezers can be
increased easily from 0 to over 9 ym without multiple inde-
pendent user controls for each side of the beam, resulting
in over 15% shape deformation of cells after squeezing or
stretching. The shear modulus of the RBCs under different
osmotic conditions is also calculated, and the largest value
of 3.36 & 0.95 pN um~! is found for the hypertonic condi-
tion. Moreover, by use of the TOW tweezers, we illustrate
the transformation of a RBC between a squeezed state and
a stretched state. Our work suggests that the TOW tweez-
ers may be applied to biomedical or microengineering in
the study of the biomechanical properties of living cells or
intracellular delivery [39—41].

II. MATERIALS AND METHODS

Fresh blood samples from healthy donors are col-
lected in ethylenediamine tetra-acetic acid (EDTA) tubes
and centrifuged three times at 3500 rpm for 5 min.
Each time, the upper layer of the RBC suspension is
removed, and the remaining RBCs are washed and cen-
trifuged in RPMI 1640 (Roswell Park Memorial Institute
1640 medium, R8758, Sigma-Aldrich). First, three dif-
ferent buffers are prepared by varying only the NaCl
concentration (8.182 mgml~! for isotonic, 4.0 mgml~! for
hypotonic, and 14.0mgml~' for hypertonic conditions),
while keeping the concentration of the other three salts
constant (KCI, 0.201 mgml~'; Na,HPOy, 1.434 mgml~';

FIG. 1. Manipulating and accessing
human RBCs with tunable TOW optical
tweezers. (a) Schematic of the TOW opti-
cal tweezers setup for manipulation and
assessment of RBCs. L, lens; SLM, spatial
light modulator; DM, dichroic mirror;
OL, 100x objective lens; CL, condenser
lens; WLS, white-light source; CMOS,
camera; PC, computer. The inset illustrates
a stretched RBC under the action of the
TOW tweezers. (b) Three-dimensional
image of the TOW beam obtained in
experiments, where the arrows indicate
force directions in the trapping plane. (c)
Normalized intensity distribution of the
TOW beam, showing a sharp intensity
gradient on one side. Red and blue lines
describe the beam profiles along the x and
y directions, respectively.

Stretched
RBC
-
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and KH,PO,, 0.245mgml~"). Then, 2 ul washed RBCs
are diluted in 2.5 ml isotonic, hypotonic, and hypertonic
buffers to prepare RBC samples of different osmotic con-
ditions. For each RBC solution, about 50 ul is injected into
a sample chamber, consisting of a microscope slide and
a coverslip with about 100 um spacing. Notably, a small
amount (approximately 1 mgml~!) of bovine serum albu-
min (BSA) is also added to the RBC solution to prevent the
cells from sticking to the sample chamber walls. Finally,
the prepared RBC chamber is placed on the stage of the
TOW optical tweezers system for experimental measure-
ments. As expected, we observe that the “normal” RBCs
exhibit a biconcave disk shape in the isotonic phosphate-
buffered saline (PBS), while the “swollen” RBCs have a
spherical shape in the hypotonic buffer and the “shrunken”
RBCs present an irregular spiky shape in the hypertonic
buffer [Figs. 2(b)}-2(d)]; these shape changes are largely
due to the uptake or release of water from the cells under
varied osmotic pressure [42—45].

The TOW optical tweezers can be generated by cre-
ating two diverging elongated beams [Fig. 1(b)], with
a SLM that acts as a combination of a cylindrical lens
and a prism [36]. For a real-time flexible manipulation
of RBCs without mechanical movement, the holographic
optical tweezers approach is taken, as schematically shown
in Fig. 1(a). A 960 nm linearly polarized laser beam is
expanded and directed into the SLM programmed with a
desired hologram for generating the TOW trapping beam,
which is then propagated through a 4/ imaging system
and directed into a 100x oil-immersion objective with a
high numerical aperture (NA = 1.30). For examining and
recording the process of RBC stretching, a white-light

(a)

source passing through a condenser lens illuminates the
sample. The spacing between the two arms of the TOW
tweezers is controlled by changing parameters (such as
the prism apex angle and the focal length of the cylin-
drical lens) of the designed hologram. The laser power
is also varied from 0 to 40 mW, as measured before illu-
minating the sample [after the objective lens shown in
Fig. 1(a)]. Figure 1(c) displays the intensity profile of the
TOW beam before being launched into the objective lens,
showing two stripelike beams with asymmetric intensity
distribution along the stretching x direction [36]. For sys-
tematic analysis and fair comparison, the experiments are
performed with at least eight different cell samples using
the same preparation at each osmotic condition.

ITI. RESULTS AND DISCUSSION

Before manipulating and accessing RBC deformability
with the TOW tweezers, force calibrations are performed
for the RBCs for each osmotic condition by utilizing the
viscous-drag-force calibration method [18,26,35]. For this
purpose, a single RBC is trapped by only one arm of the
TOW optical tweezers, as shown in Fig. 2(a), and then
the chamber on the piezostage is driven away from the
optical axis of the system at a constant velocity until the
cell escapes. (Notably, the other TOW arm is still there,
and we block it with a spatial filter, since the two arms
are well separated.) In equilibrium, the trapped RBC expe-
riences zero net force, as the velocity-dependent viscous
drag force and the pulling optical trapping force cancel
each other out. Increasing the velocity further, and thus,
increasing the drag force, would eventually overcome the
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FIG. 2. Force calibrations of the TOW tweezers on the RBCs. (a) Schematic illustration of the drag method for measuring the
force from one arm of the TOW tweezers. Single RBC images recorded in (b) isotonic, (c¢) hypotonic, and (d) hypertonic buffers. (e)
Measurement of the maximal optical trapping forces generated by one arm of the TOW tweezers as a function of incident laser power
at the focal plane under different conditions. The black line depicts the results measured with a conventional Gaussian-beam trap in
isotonic solution for direct comparison. (f) Measured stiffness change as a function of exposure time for a RBC trapped by the TOW
tweezer with 20 mW power in isotonic solution. The measurement error ranges are indicated by the shaded regions surrounding the
respective curves.
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optical trapping force and lead to the cell escaping from
the tweezers, thereby determining the maximum trap force.
Videos 2—4 within the Supplemental Material [38] show
the dynamic process of a cell escaping from the trap in
isotonic [Fig. 2(b)], hypotonic [Fig. 2(c)], and hypertonic
[Fig. 2(d)] solutions. Approximating the RBC as an ellip-
soid, one can estimate the maximal trapping force, Fip,
from one arm of the TOW tweezers, since it must equal the
escaping viscous drag force, Fgag, Which can be calculated
from a modified Stokes equation [18,26,35,46]:

1 2
Ftrap = Fdrag = 67[”1) (grl/fl + §r2/fZ> s

#1536 -G
_%6)5] =12 (M

where 7 is the viscosity of the solution, v is the critical flow
velocity of the fluid leading to escape of the cell from the
trap, 7 is the radius of a sphere with the same cross-section
area of a RBC, r; is the radius of a sphere with the same
surface area as that of the RBC stretched by the flow, f;, is
a drag correction factor due to the chamber surface, and 4
is the distance from the center of the trapped RBC to the
surface [18,26]. According to our experiment, the parame-
ters are taken as 2 &~ 50 um and n = 0.001 Pas, due to the
low concentration of RBCs in the solutions.

The measured average forces calculated from exper-
imental data recorded under different solutions are pre-
sented in Fig. 2(e). All forces are proportional to the laser
power, which is consistent with previous work [26—28,46].
Interestingly, our findings show that, for the same power
level, the force experienced by a RBC is largest in the
hypertonic solution and smallest in the hypotonic solu-
tion. At all power levels, the force from one TOW trap is
always larger than that of the force from a Gaussian trap.
Taking the isotonic solution as an example for compari-
son, the trapping force generated by one arm of the TOW
tweezers reaches 15 pN, which is about two times stronger
than that created by its Gaussian counterpart (6.6 pN) at
the same beam power (20 mW). In other words, we can
achieve the same force, but with lower power, as that of
a Gaussian trap. Due to the special shaping of the TOW
beam, the photon density on the surface of the cells is also
significantly reduced, and thus, further increases the photo-
damage threshold. To demonstrate this, we also investigate
the stiffness of the isotonic RBCs, as an example, trapped
by the TOW tweezers at 20 mW power during 8 min
[Fig. 2(f)]. Clearly, the TOW induces a stiffness increase
that is only appreciable after 5 min of light exposure. How-
ever, compared with previous work [25], this change of

stiffness with time is much less dramatic, which indicates
reduced photodamage with the TOW tweezers.

With approximately 20 mW of power from one arm
of the TOW tweezers illuminating the sample in the
hypertonic and hypotonic solutions, the maximum force
obtained is 18 and 10 pN, respectively. Theoretically, such
a trend in the trapping force at different osmotic pres-
sures can also be explained in terms of changes to the
cell shape and the hemoglobin concentration of the RBCs
in different buffer solutions. The refractive indices at the
three studied osmotic conditions are different: n~1.38 for
hypotonic, n~1.42 for isotonic, and n~1.44 for hypertonic
solutions [47,48], i.e., the effective refractive indices, n, of
the RBCs follow the trend #hypotonic < #isotonic < Mhypertonic-
Because the average size of the RBCs (~8 um) is almost
an order of magnitude larger than that of the laser wave-
length (0.96 um) used, we can use the geometric ray optics
approximation. The gradient force is given by Fgrq ~
OnnP/c, where Q is the trapping efficiency related to n =
n,/ny; P and c are the power and speed of light, respec-
tively. As such, the trapping force is related to the effective
refractive index difference between the particle (n,) and
the ambient medium (n,,) [46] and is expected to follow
the same trend as that of the refractive indices. Notably,
the RBCs are trapped by only one arm of the TOW tweez-
ers for these calibration experiments, as opposed to the
two-arm stretching experiments discussed below.

To examine the potential of the TOW tweezers, we study
the effect of applying both arms to the RBCs trapped under
different osmotic conditions. A RBC can be trapped and
rotated stably and reliably in a given observation plane
(see Video 5 within the Supplemental Material [38]). More
importantly, the RBCs can be efficiently squeezed and
stretched to assess deformation, as illustrated in Fig. 3,
where Figs. 3(a)-3(c) show the results obtained under dif-
ferent osmotic conditions. When the spacing between the
two arms is smaller than that of the cell diameter, the
TOW tweezers squeeze (rather than stretch) the RBCs
[Figs. 3(a2)-3(c2)]. When the spacing is increased above
a certain value, the RBCs are stretched and their vertical
axial diameter increases [Figs. 3(a3)-3(c3)]. For differ-
ent osmotic conditions, the maximum RBC deformation
is reached at different TOW spacing [Figs. 3(a4)-3(c4)]
(the maximum size change is determined and limited by
the maximum spacing of the TOW). When the spacing
increases beyond the limit, the tweezers cannot keep a
RBC stable in both traps. Consequently, the RBC tends
to escape from one arm of the TOW tweezers and be
trapped only by the other arm (see Videos 6—8 within the
Supplemental Material [38]).

To quantitatively analyze our experimental results, we
perform a detailed comparison of the morphological trans-
formation of the RBC under different osmotic conditions.
We plot the axial diameter change as a function of the
spacing between two arms of the TOW tweezers, as shown
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Spacing dependences of deformation of RBCs via TOW tweezers. (a)—(c) Results of RBC stretching in different buffers:

(a) isotonic, (b) hypotonic, and (c) hypertonic. The spacing between two arms of the TOW tweezers is varied, while the laser power
at the focal plane is fixed at 40 mW. The first column shows the images of a RBC in different buffers without the trapping beam.
The second and third columns illustrate the RBC shape change when the spacing is 2.4 and 4.8 um, respectively. The fourth column
shows the cell deformation at the largest spacing of the TOW tweezers arms, which is 9.8 um (a4), 8.8 um (b4), and 8.0 um (c4). (d)
Measured percentage change of the axial diameter of the trapped RBC under different conditions as a function of the spacing between

the two arms of the TOW beam.

in Fig. 3(d). One can clearly see the axial diameter change
under different osmotic conditions. Because the shape of
the RBCs changes under different osmotic conditions, the
TOW spacing needed to transform a RBC from a squeezed
state to a stretched state varies accordingly: 2.5 um for
the hypotonic solution, 4.9 um for the isotonic solution,
and 3.5 um for the hypertonic solution. Moreover, it can
be seen from Fig. 3(d) that the hypotonic RBCs tend to
exhibit the largest axial diameter change, if the same laser
power and the same spacing are used. At the largest spac-
ing achievable with the TOW beam, which means the
RBCs are still stably trapped by both arms of the TOW
tweezers, both hypotonic and isotonic RBCs reach over
15% change in cell size with a power of 40 mW. However,
this does not mean that these two kinds of RBCs exhibit
the same deformability because, under different osmotic
conditions, the RBCs experience different maximal opti-
cal force strengths at the same laser power, as shown in
Fig. 2(e): about 9.7 pN for the hypotonic, 15.1 pN for
the isotonic, and 18.4 pN for the hypertonic. We empha-
size that, although a similar relative change in cell size has
been demonstrated before with dual-trap optical tweezers,
the required laser power is typically much higher (about
90 mW or more) [7,26]. In addition, due to the special
beam shaping, the TOW tweezers reduce the photodam-
age to the cells, relative to that of their Gaussian-trap
counterparts.

For a more effective and reliable comparison of the
deformability of RBCs under different osmotic condi-
tions, we compare directly the stretched axial diameter
of the RBC as a function of the applied force strength,

as illustrated in Fig. 4(a). Similar approaches have been
applied in previous works [26-31]. Hypotonic RBCs are
the easiest to stretch, while hypertonic RBCs are the most
difficult to stretch; this is consistent with previous results
[29]. The hypotonic RBCs deform almost linearly with
increasing applied force strength, while the hypertonic and
isotonic RBCs exhibit a nonlinear trend of deformation
under strong stretching forces. When the deformation is
small for a reasonable range of trap spacing, the RBCs
under all three conditions exhibit linear deformation. The
difference of cell deformation in response to stretching
forces comes from different cell elasticity, since the hypo-
tonic RBCs are the most malleable, while the hypertonic
cells are the most rigid. Different trends of deformation
with respect to the spacing between two sides of the TOW
beam under different osmotic conditions may also be seen
in Fig. 3(d).

For quantitative comparison of the deformability of
RBCs, we calculate the elastic shear modulus under differ-
ent osmotic conditions by fitting the linear part of Fig. 4(a)
with [26]

F
D=D0—ﬁ, 2

where D is the diameter of RBCs in the direction per-
pendicular to the stretching force F, Dy is the diameter
of undeformed RBCs, and u is the elastic shear modulus
of the membrane. For our rough estimations, we assume
that the cell volume remains unchanged during stretch-
ing. Under these assumptions, the elastic shear modulus
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FIG. 4. Deformation of RBCs with changing forces and spacing of TOW tweezers. (a) Experimental results for human RBC manip-
ulation under different osmotic conditions. The blue, pink, and red lines denote the experimental data recorded in isotonic, hypotonic,
and hypertonic solutions, respectively. (b) Results of isotonic RBC stretching with TOW optical tweezers at different trapping powers.
The blue, pink, and red lines denote the experimental data recorded at 40, 20, and 10 mW, respectively. The experimental error ranges
are indicated by the shaded regions surrounding the respective curves. (b1)<b3) Images of the deformed RBC, showing shape changes

when the spacing is 0.0, 3.6, and 8.6 um at 40 mW, respectively.

of the RBCs under different osmotic conditions are found
to be w ~ 1.50 £ 0.65pN/um for the hypotonic solu-
tion, u ~ 1.86 £ 0.33pN/um for the isotonic solution,
and pu ~ 3.36 & 0.95 pN/um for the hypertonic solution.
These calculated results further support the notion that
the RBC deformability under different osmotic conditions
follows the trend hypotonic > isotonic > hypertonic. Here,
notably, the magnitude of the shear modulus of RBCs
differs somewhat from the reported results in the pre-
vious work because of the differences in measurement
techniques and the inherent cell to cell variability [39,
49,50]. For example, in Ref. [51], they used an indirect
method (attaching beads to RBCs) to stretch RBCs and the
extracted the shear modulus of RBCs was u ~ 6.3 pN/um.
Moreover, as shown by the shaded region of our results
in Figs. 24, the measurement errors of our experimental
data could also come from these differences, which might
partly be related to the experimental measurement dura-
tion, as the inhomogeneity of the cells could change with
time during the data acquisition process when the TOW
tweezers are applied to the living cells [39,49].

We show results for squeezing and stretching isotonic
RBCs as a function of spacing between two sides of
the TOW beam at different laser powers in Fig. 4(b).
As expected, the deformation of RBCs increases with
increasing trap spacing, as well as with increasing trap-
ping beam power. For relatively low trapping powers
(10 and 20 mW), the relationship between the axial
diameter change and the trap spacing is almost lin-
ear. However, when the trapping power is increased to
40 mW, such a linear relationship no longer holds. Notably,
Figs. 4(b1)—4(b3) illustrate the transformation of a RBC
from a squeezed state to a stretched state again. When

a RBC is squeezed, the axial diameter becomes smaller,
while the diameter perpendicular to the axial direction
increases slightly, as shown in Fig. 4(bl). While, thus
far, most research has focused on stretching the cells, the
deformability of RBCs under the action of compressive
forces certainly merits further study [2—4,6,26-31]. With
conventional optical tweezers, it is difficult to squeeze
or compress a biological object, and often it requires a
complicated design of a microfluidic platform with either
tethering beads or counterpropagating beams. Since cell
squeezing can be used to realize highly effective intra-
cellular delivery of macromolecules [40,41], we expect
the TOW optical tweezers might play unique roles in
developing photonic tools towards such applications.

IV. CONCLUSION

We perform cell manipulation (stretching and squeez-
ing) and assessment of the deformability of RBCs under
different osmotic conditions with tunable TOW optical
tweezers. Our results show that the trapping force from the
TOW optical tweezers is much stronger than that from nor-
mal dual-trap optical tweezers based on focused Gaussian
beams. Due to the special object-adapted optical poten-
tials [36,37], the TOW can reduce photodamage to the
cells when the same level of laser power is used as that
of their Gaussian-trap counterparts. We also find that the
RBCs can be squeezed when the separation of two arms
of the TOW tweezers is smaller than that of the cell size.
The capability of the TOW tweezers to stretch and com-
press cells conveniently can be implemented to study other
biomechanical properties of cells and intracellular deliv-
ery of macromolecules [40,41,52]. In addition, for different
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experimental conditions, such as the trapping laser power
and background osmotic pressure, the percentage change
in cell diameter and deformation dynamics are also quan-
titatively different. Overall, the deformability of RBCs
follows the trend hypotonic > isotonic > hypertonic. Our
results may be useful for the study of the biomechani-
cal properties of living cells and cellular clusters, and the
technique may be developed for distinguishing between
healthy and diseased cells [53]. In particular, because of
the strong trapping and pulling forces achievable at reason-
ably low laser power, the TOW tweezers may be employed
for the real-time study of cell deformability in vivo [54].
Furthermore, in the role played by dual optical tweez-
ers in microrheology measurements, the TOW tweezers
could be applied to generate an oscillatory strain to realize
stain-relaxation measurements [39,49], where force cali-
bration is not required, but the tweezers are capable of
discriminating between different cells. For example, based
on the analysis of the temporal behavior of deformation
and recovery of cells, the viscoelastic properties of fluid or
cells can be obtained via a Fourier transform method used
in related works [39,49,55].
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