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‘We report the construction of an optical tweezers system and the results of the trapping and the moving of living

algal cells. Experimental study on trapping polystyrene spheres demonstrates the effects of the system parameters on

the trap. The trapping forces on dielectric spheres are calculated using Ashkin’s ray-optics model. The result shows

that an objective with higher numerical aperture can build a more stable trap along axial direction than an objective

with lower numerical aperture, though their transverse trapping forces are on the same order.

Keywords: optical tweezers, light force, cell biology

PACC: 8780, 4279

I. INTRODUCTION

The single-beam optical trap, or optical tweezers,
is a novel technique that applies laser in cell biology.
The tweezers consist of a highly focused laser beam,
usually by the objective of a microscope, which at the
same time is used to observe the manipulated objects.
In the presence of such a beam, a dielectric sphere is
polarized by electric field, and due to the high inten-
sity gradient of the light field it is drawn to the beam
focus and then trapped there. In 1986, Ashkin and his
cooperators constructed the first optical tweezers, !
and proved that it could also trap biological objects,
such as living cells or organelles, without damage.!?!
Since then, more and more interests appeared, and
important works have been done in this field.3l=[8]
Optical tweezers have now become widely using tool
in cell biology. In China, to our knowledge, a group
at University of Science and Technology of China first
began to explore this technique and has trapped bi-
ological cells successfully.[”! Recently, a group at the
Institute of Physics in Chinese Academy of Science has
been engaged in this field. They studied the transverse

stability of trapping force in optical tweezers.[10]

For constructing optical tweezers for some spe-
cial purpose we need to calculate the force neces-
sary for trapping and manipulating the objects in-
terested. There are two methods of calculating the
tapping forces: ray-optics model and electromagnetic-

field model. The calculation of electromagnetic-field

model is cumbersomel'!]. When the diameter of the
tapped sphere d > A (where ) is the wavelength of the
laser), results from the ray-optics model are in good
agreement with those from the electromagnetic-field
model. We use Ashkin’s ray-optics model to calculate
the forces!!?].

In this paper, we describe the calculation method
and results, the setup and the experimental results
of our optical tweezers system. We have successfully
trapped and moved living algal cells, 1ym and 0.5pum
polystyrene spheres. With polystyrene spheres, we
have also studied the performance of the tweezers sys-
tem, and the effects of variations of some parameters,
such as the numerical aperture of the objective and

the diameter of the trapped spheres.
I. CALCULATION

In ray-optics model, the light beam is decomposed
into individual rays. Trapping forces of tweezers are
results from the momentum change of input photons
due to the reflection and refraction of the incident rays
by dielectric spheres. So the total force exerted on the
sphere is the sum of contributions of individual rays
in the beam. According to Refs.[12,13], the net force

f on the sphere can be broken into two components:

n P n P

f = fs + -fg = Qtotall— = (Qtotals + Qtotalg)T
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where fs = Z F; is the scattering force component
all rays
and f, = Z F, is the gradient force component of
all rays

a beam, and Fs and F, are the corresponding force

components for a single ray. ma2,__ is the cross-section

of the beam with radius a,,.x, AS is the cross-section
of a single ray and nqP/c is the incident momentum

per second in a medium of index of refraction ny.
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where R; and T; are the Fresnel reflection and trans-
mission coefficients when polarization is along § di-
rection, and R; and T are those when polarization
direction is along p. The notation is the same as in
Ref.[12] (see Figs.1 and 2 cited from [12]).

We consider two situations:

(1) Trap focus along Z axis of the sphere

First, we consider the case where the trap focus
f is located along Z-axis at a distance S above the
The objective

has radius a,,.x and focal length [, and the radius of

sphere center O, as shown in Fig.1.

the sphere is taken as 1. Consider an arbitrary inci-
dent ray that hits the objective at radius « and angle
B in WZ plane.

an angle ¢ (¢max is determined by numerical aperture

The ray and the beam axis make

N.A.=n4 sin @ax). 0 and r are the angles of incidence

and refraction, respectively.

1
v+ Ray
Input apcrturcl l
of mic objective

w!
| Gmax
(e}
b

Beam axis Ray

'\*‘—ﬁ/ T J
b
l ¢l“lx W
+
08 *Y
X
Loy
(a) ; b))z
Z Z

Fig.1. (a) Single-beam gradient force trap in the ray op-
tics model with beam focus f located along the Z-axis of
the sphere. (b) Geometry of an incident ray giving rise to

gradient and scattering force contributions Fg and Fs.

Due to axial symmetry, the resultant Qota1s and

Q+total¢ point in the direction of +2 or —2.
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Qs cos pada, (5)
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where values of 0,r,¢ can be given by tan¢ =
%,sin@ = Ssin ¢, and nysinf = nsinr.
(2) Trap focus along Y axis of the sphere

We next examine the trapping force when focus
f is located along the Y-axis of the sphere at a dis-
tance of S’ from O, as shown in Fig.2. An arbi-
trary incident ray hits the objective at V in AWW'f
plane, and makes an angle o with line fW'. Direc-
tions of scattering force component Fy and gradient
force component F, of the incident ray run parallel
with plane fV O, which contains the incident ray and
the normal n. The incident ray and Y-axis make
an angle . Values of 0,7,a and v can be given by
tana = l/a,sinf = S'sin~, and cosy = cos a cos S.

We have
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6 Ray

Z (b)
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Fig.2. (a) Trap geometry with the beam focus f lo-
cated transversely along the Y-axis at a distance S’
from the origin. (b) Geometry of the plane of in-
cidence, showing the directions of the gradient and

scattering forces F' and F; for the input ray.
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II. CALCULATED RESULT

We develop a FORTRAN program to calculate
the integrals in expressions (5)—(10) and plot the re-
sults in Figs.3-8 using software Origin 5.0.
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Fig.3. Values of scattering force, gradient force and
total force Qotals Qtotalg and Qiotal exerted on a
polystyrene sphere in water by a trap, which is fo-
cused along the Z-axis by a N.A.=1.25 objective. The
radius of the sphere is 1.

First, we take a N.A.=1.25 oil immersion objec-
tive for example. We know that directions of the scat-
tering force, gradient force and total force are all par-
allel with +Z-axis when the trap focus f is located
on Z-axis. Magnitudes of these forces are plotted in
Fig.3, in which we can find that the gradient force
always points to the trap focus f but the scattering
force always points to +2 direction. We can also find
that the absolute value of the gradient force exceeds
the scattering force in region of |S| > 0.07, this means
the trap is stable. The stable equilibrium point S, of
the trap is located at S = 0.07, where the total force

is zero.
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Fig.4. Values of scattering force Qotals and gradient
force Qyotalg exerted on a polystyrene sphere in wa-
ter by a trap, which is focused along the Y-axis by a
N.A.=1.25 objective.
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Figure 4 shows similar results when the trap focus
f is located on Y-axis. Although the direction of the
gradient force is parallel with Y-axis, it always points
to the focus f and the scattering force always points
to +2 direction still.

Figures 5 and 6 are the results of a N.A.=0.65 ob-
jective. There is not much difference between Figs.4
and 6, when the focus f is located on Y-axis, but the
forces change dramatically when focus f is located on
Z-axis, as shown in Fig.5. The gradient force is obvi-
ously smaller than that in Fig.3 and stable equilibrium
point S, is located at S ~ 0.69, where the sphere can
escape from the trap more easily if perturbed. All
this means the trap is weaker along Z-axis when us-
ing a lower numerical aperture objective, though the

tranverse trapping force does not change much.
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Fig.5. Values of scattering force, gradient force and total force
Qtotals Qtotalg and Qiotal exerted on a polystyrene sphere
in water by a trap, which is focused along the Z-axis by a
N.A.=0.6 objective.
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Fig.6. Values of scattering force Qota1s and gradient force
Qtotalg exerted on a polystyrene sphere in water by a trap,
which is focused along the Y-axis by a N.A.=0.6 objective.

Effects of the refractive index of the sphere are

also studied. Figures 7 and 8 show values of the trap-

ping forces acting on a sphere of refractive index n
in a trap focused by a N.A.=1.25 objective. We can
see the maximum magnitude of the total force occurs
when n equals to 1.65 and a quite good performance
can be got over the range n = 1.5 to n = 2.0, which

covers most biological samples.
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Fig.7. Values of scattering force, gradient force and
total force Qotals Qtotalg and Qiotal exerted on a
sphere of refractive index n in water by a trap, which
is focused along the Z-axis at position s=1 by a
N.A.=1.25 objective.
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Fig.8. Values of scattering force Qotals and gradient
force Qyotalg exerted on a sphere of refractive index n
in water by a trap, which is focused along the Y -axis

at position s’=1 by a N.A.=1.25 objective.

Our results also show that the gradient force is
independent of sphere radius r in the regime in which
r > laser wavelength A. Since the force varies as r3 in
the Rayleigh regime in which r < \,[! we can expect
the force varies between r° and r3 in the intermediate
regime in which r & A.

We also neglect effects of polarization direction
on the trapping forces in the preceding calculation.

Experiment of Wright and his co-workers showed that
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when the gradient force is parallel with the polariza-
tion direction, it is a little bit larger than that when
the force is perpendicular to the polarization direction

while the linear polarization laser is used.[!%]

IV.SETUP OF THE SYSTEM

The preceding calculation gives us a clear guide
for constructing a tweezers system. As the widely used
method, we introduce the output of laser to an objec-
tive lens of a microscope to get a highly focused beam
and the microscope is used as the observing tool at the
same time. In the preceding section, we know that an
important parameter that affects the trapping force is
the numerical aperture of the objective. This is im-
portant for choosing the microscope. We use in our
experiment a fluorescent microscope, which has a flu-
orescent port that can let the laser beam in.

We choose an 850nm-wavelength diode laser to
avoid damage of biological samples. In the preced-
ing section, we have known that whether the trap can
work is independent of the laser power, though the
gradient force and the scattering force both increase
with the increase of the laser power. When a spherical
bead is moving in the liquid, the viscous force exerted

on the sphere takes the form of the Stokes drag force:
Fy = 6mnru, (11)

where 7 is the viscosity of the liquid, r is the radius of
the bead, and v, is the velocity of the bead.[*® Thus,
taking n = 1073 N/m?, to drag the sphere with a di-
ameter of 10um at 20um/s we need to overcome a
drag force Fy of 2pN. We choose a 50mW nominated
power laser to get at least 2mW power in the speci-
men plane and about 2.2pN transverse gradient force
is obtained.

The diagram of the tweezers system is depicted in
Fig.9. Since the cross-section of the diode laser output
is an elliptical light spot, two prisms are used to com-
press it to an approximate circular spot on circular
cross-section of the objective (using cylindrical lenses
can produce more satisfactory result). Lenses L; and
Lo expand the beam diameter to the objective lens
diameter of 6mm in order to get the largest intensity
gradient within the limit of the numerical aperture of
objective L,. Meanwhile, by adjusting the distance
between Li and Lo, we can adjust the position of the
trap focus along the beam axis. Mirrors M; and M,
are used to manipulate the beam position. Adjusting
the angles of the mirrors between lenses L; and Lo

can change the angle of the beam incident into the mi-

croscope, i.e. changing the trap position in specimen
plane. From a simple geometry, we get an expression

for the trap displacement Ay in the specimen plane,
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Fig.9. Schematic Diagram of the optical tweezers system:

P1, Py: prisms; Djp: diaphragm; Lj, La: lenses for beam ex-
panding; M1, Ma: mirrors for beam steering; M3: mirror; My:

dichroic mirror; L3, L4: auxiliary lenses in the microscope.

Ay = Jo, 51 sin 264, (12)
f2

where f, and f5 are the focal lengths of L, and Lo
respectively, 0y is the angle that M; turns, and S;
is the distance between M; and the focal plane of L;.
From this expression, we know that we can get a more
precise displacement of the trap by simply increasing
Ly’s focal length fs.

when the angle of My changes. In our design we can

There is a similar expression

get a precision displacement of the tweezers as small
as 3.5 micrometers in the specimen plane.

M, is a dichroic mirror, and is specially designed
for us to reflect the infrared light and lets visible light
from illuminating source pass through.

Before we trap living cells, our test particles are
polystyrene spheres with diameters of 1uym and 0.5um

and refractive index of 1.59.
V. RESULT

Figure 10 shows some pictures of trapping and

moving living algal cells with our tweezers system.
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Fig.10. Images of demonstration of trapping and moving
living algal cells with 40x N.A.=0.65 objective.

The size of each image is 100pum X75um, so we can
see from the images that the size of the trapped cell
is about 10pm and it is moved by 25um. The trapped
cell looks brighter than untrapped cells since it scat-

ters some laser light. The diameter of the laser spot

is about 2-3um, which is very close to the diffraction-
limited diameter 1.6um.

Besides, we studied the effects of the parameters
of the tweezers with polystyrene spheres. Experiments
of trapping and moving two sizes of spheres are done
with two types of objectives: 40x N.A.=0.65 objective
and 100x N.A.=1.25 oil-immersion objective.

One experiment is to examine the minimum laser
powers needed to trap two sizes of spheres with two

objectives. Our result is as follows Table 1.

Table 1

objective 40X | objective 100X

Minimum power needed to 0.03mW 0.01lmW
trap a sphere with d=1pm
Minimum power needed to 0.16mW 0.06mW

trap a sphere with d=0.5pum

When trapping different sizes of spheres with one ob-
jective, the smaller sphere needs more power, which is
consistent with our discussion that the gradient force

varies between 70 ~ 3

in regime where r = A. When
trapping a spherical bead with different objectives,
more power is required with 40x objective and we be-
lieve the reason is that its gradient force along Z-axis
much smaller than the trap with 100x objective.

We also find that as many as 10 spherical beads
can be trapped in the same spot after the waiting time
of about 30 minutes.

We discover that we can only move the trapped
bead by up to only 15-20 micrometers along Z-axis
by moving the specimen plane, while there is almost
no limit by moving the specimen plane along X-axis
and Y-axis. This can be explained as a result of
aberration.[12/[10]
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