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Laser Trapping in Cell Biology 
WILLIAM H. WRIGHT, G. J. SONEK, 

Abstract-Optical traps offer the promise of being used as noninva- 
sive micromanipulators for biological objects. We have developed an 
analytical model that accurately describes the forces exerted on dielec- 
tric microspheres while in a single-beam gradient force optical trap. 
The model can be extended to the trapping of biological objects. The 
model predicts the existence of a stable trapping point and an effective 
trapping range. A minimum trapping power of - 5 mW and an effective 
trapping range of 2.4 pm have been measured for 10 pm diameter di- 
electric microspheres, and are in reasonable agreement with expected 
results. In cell biology, we have used the optical trap to alter the move- 
ment of chromosomes within mitotic cells in vitro and to hold motile 
sperm cells. Results for the mitotic cells indicate that chromosome 
movement was initiated in the direction opposite to that of the applied 
force. Chromosome velocities as high as 48 pm/min were observed, 
and are 24 times faster than normal during cell division. In sperm trap- 
ping experiments, mean sperm velocities were unchanged following 
short ( <30 s)  exposures in the trap, while longer exposures resulted 
in a decrease in mean sperm velocities. Given its noninvasive nature, 
optical traps should prove to be useful tools in the study of biological 
processes. 

1. INTRODUCTION 
T is now possible to use light, in the form of an optical I trap, to manipulate microscopic objects without physi- 

cal contact. In biology, an optical trap provides a new and 
novel tool for the manipulation of microorganisms and 
cells. Ashkin, et al., first described the optical trapping 
of micrometer sized dielectric particles using the radiation 
pressure from two opposing laser beams [l]. While the 
single beam gradient force trap for atoms was also pro- 
posed [2], it was not until recently that this technique was 
applied to the optical trapping of microspheres [3]. Ash- 
kin and co-workers were also the first to propose and dem- 
onstrate the use of optical traps for biological applications 
[4]-[6]. Various biological objects, including viruses, 
bacteria, yeast cells, and red blood cells have been trapped 
successfully, using both argon and Nd : YAG lasers in the 
single-beam configuration. From these studies, infrared 
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laser traps were found to have a less detrimental effect on 
cell viability, compared to visible laser beams. Cell ab- 
sorption is lower in the infrared. The use of radiation 
pressure and optical traps have subsequently been ex- 
tended to cell manipulation and cell sorting [7], [8], and, 
very recently, to the measurement of the compliance of 
bacterial flagella [9]. 

Most of the aforementioned studies have been qualita- 
tive in nature. In order to effectively design optical traps 
for specific biological applications and, at the same time, 
predict the associated trapping forces, a quantitative un- 
derstanding of the force generation process within an op- 
tical trap is required. We have, therefore, developed a 
model to describe the single-beam gradient force optical 
trap as it acts upon dielectric microspheres, and have 
compared our model to experimental results. Preliminary 
results from several biological systems are also reported. 

For the work described herein, an optical trap was as- 
sembled by directing a 1.06 pm Nd : YAG laser beam into 
a conventional microscope and focusing the beam with a 
microscope objective. A model, based on geometrical op- 
tics, is presented to explain the behavior of a microsphere 
while caught in the optical trap. Polystyrene micro- 
spheres, having a diameter of 10 pm, were used as a model 
for biological cells [lo], because of their similarity, both 
physically and optically, to tissue culture (e.g., Chinese 
hamster ovary) cells in suspension. To test the model, two 
experiments were performed. One experiment measured 
the minimum power required to trap the microsphere, 
while a second experiment determined the range over 
which a microsphere, initially caught in the trap, could be 
recovered. Results from both experiments corroborate the 
model presented herein. 

In addition, we have conducted several experiments to 
demonstrate the use of optical traps in the study of bio- 
logical systems. One set of experiments evaluated the ef- 
fect of the single-beam optical trap on the velocity of mo- 
tile spermatozoa [ l l ] .  Another set of experiments 
employed the optical trap to study chromosome move- 
ment during the process of cell division [ 121. We note that 
the calculation of trap forces exerted on spermatozoa or 
chromosomes would require a more sophisticated model 
than presented here, and should take into account the 
structural properties, such as shape, and inhomogeneities 
of the cell itself. 
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A description of the dielectric microsphere model is 
presented in Section I1 of this paper. Experimental tech- 
niques and results of the microsphere experiments are pre- 
sented in Sections I11 and IV, respectively. The results of 
experiments on chromosome and sperm trapping are de- 
scribed in Section V, along with a discussion of the cell 
fusion studies that are presently in progress. A summary 
of our work is given in Section VI. 

11. THE DIELECTRIC MICROSPHERE MODEL 
The effects of a single-beam gradient optical trap on a 

biological object can be conveniently analyzed by consid- 
ering the use of microspheres as a model system. Because 
dielectric microspheres are similar in size, shape, and re- 
fractive index to many different types of cells in suspen- 
sion, they provide a good system for the analytical and 
experimental study of optical trap behavior. Limitations 
of the present model are described in a later section. 

For spheres having dimensions that are much larger than 
the wavelength of light, the forces due to the radiation 
pressure of a focused laser beam can be calculated using 
a geometrical optics approach. To construct the model, 
we begin with a description of the forces associated with 
the reflected and transmitted light rays acting at a dielec- 
tric interface. The direction of the forces are found by 
tracing both skew and meridional rays of the laser beam 
through the sphere, both on, and off, the beam axis, in 
three dimensions. Finally, the power flowing through an 
infinitesimal area on the spherical surface, defined by each 
ray, is determined by integrating the beam intensity over 
that area. The total axial and transverse forces are then 
obtained by summing the force contributions from each 
ray over the surface of the sphere. The model assumes 
that there is negligible absorption of the light by the mi- 
crosphere, and that the mechanism for momentum trans- 
fer to the microsphere, based upon totally elastic photon 
scattering at a dielectric interface, is the same for both the 
reflected and transmitted beams. In addition, only laser 
beams with Gaussian intensity profiles are considered. 

In Fig. 1, we show the direction of the forces acting at 
each dielectric interface due to the reflected and transmit- 
ted beams. The forces are calculated at the points where 
the incident rays strike the sphere and where the trans- 
mitted rays leave the sphere. The magnitude of the forces 
due to reflection ( F , )  and refraction ( F d )  are 

F, = ( 2 n l P R / ~ )  COS ( ( ~ 1 )  ( 1 4  

( Ib) 

' / 2  Fd = (PT/c) (ni  + n; - 2nln2 cos (a1 - ( ~ 2 ) )  

where R and Tare the reflectance and transmittance of the 
beam at the dielectric boundary, nl and n2 are the refrac- 
tive indexes of the surrounding medium and the dielectric 
microsphere, respectively, aI  and a2 are the incident and 
transmitted angles, P is the total power incident on a small 
area of the sphere, and c is the velocity of light in free 
space. The term 2nl P / c  is recognized as the force ex- 
erted by a wave incident normal to a totally reflecting mir- 
ror immersed in a medium of index n1 . 

2149 

f Fdl , F r l  
Fd 1 ? k !  

I t I I +z+ 
. .  

I 
\ I I -z-w ni 

Fig. 1 .  Force components at a spherical surface. The thin solid ray is the 
incident beam, and continues through the sphere as the transmitted beam. 
The dashed rays correspond to the reflected beam at the two interfaces. 

The radius of curvature of the Gaussian beam wave- 
front, given by 

R ( z )  = z (1 + (2)2) 
is used to determine the direction of the rays incident on 
the sphere. Here, wo is the spot size of the focused laser 
beam in medium nl, X is the wavelength of light in me- 
dium n,, a is the sphere radius, and z = z1 + a - a cos 
0 is the distance from the beam waist to the surface of the 
sphere. We define z1 as the axial distance from the beam 
waist to the vertex of the sphere. Since R ( z )  is always 
greater than the distance z, the rays appear to come from 
source points behind the beam waist. These rays are nor- 
mal to the approximately spherical Gaussian wavefronts. 
Rays are traced through the microsphere in three dimen- 
sions using a skew-ray tracing procedure, as described by 
Born [13]. 

The power P in a Gaussian beam flowing through a 
small region of the spherical surface is calculated, in 
spherical coordinates, using the expressions 

dS = a2 sin ( e )  dB d+ ( 3 )  

r2 = a2 sin2 (0) + d 2  - 2ud sin ( e )  cos (4) (4) 

where dS is a differential surface area on the microsphere 
and 8 and 6 are the polar and azimuthal angles in spherical 
coordinates, respectively. 

Both the reflectance and transmittance at the dielectric 
boundary are a function of the polarization of the laser 
beam. We have assumed that the incident laser beam is 
linearly polarized, and calculate R and T for any angle 4 
as a combination of waves polarized parallel and perpen- 
dicular to the plane of incidence. 

The results, obtained by numerically integrating (6), are 
shown in Fig. 2(a)-(d), where we depict the axial forces 
acting on the microsphere in a single-beam gradient op- 
tical trap, as a function of the distance z1 . The axial force 
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Fig. 2. (a) Calculation of the axial force on a microsphere for three dif- 
ferent laser beam spot sizes as a function of the distance z,. The sphere 
diameter is 10 pm (n ,  = 1.6),  suspended in water (n, = 1.33). The 
incident laser power is 6 mW. (b) Calculation of the axial force on a 
microsphere for three different sphere diameters as a function of the dis- 
tance z,. The laser spot size is 0.6 pm. The incident laser power is 6 
mW. The dotted line denoted by F,,, and Fm,n20pm indicate the min- 
imum trapping force for the 10 and 20 pm spheres, respectively. (c) 
Calculation of the axial force on a 10 pm diameter microsphere for three 
different sphere refractive indexes as a function of the distance z,. The 
laser spot size is 0.6 pm. Laser beam power is 6 mW. (d) Axial force 
on a 10 pm diameter microsphere (n, = 1.6) for three different laser 
power levels as a function of the distance z,. The distance between A 
and B is defined as the effective trapping range. The spot size is 0.6 pm. 

corresponds to the projection of Fd and F, along the beam 
axis. We have defined the positive axial trapping force to 
be in the -2 direction. The laser beam propagates in the 
+z direction, down through the microscope (Fig. 1). Pa- 
rameters that were varied include beam spot size, sphere 
diameter, and the refractive index of the sphere. For all 
calculations, it was assumed that the dielectric micro- 
sphere was suspended in water ( nl = 1.33). 

Fig. 2(a) shows the axial force on a 10 pm diameter 
sphere, as a function of the distance zl, for laser beam 
spot sizes of 0.5,0.6, and 0.7 pm, respectively. The min- 
imum trapping force, indicated by the dashed line in Fig. 
2(a), corresponds to that force required to overcome the 
other forces acting on the microsphere. The net force act- 
ing on the 10 pm diameter polystyrene microsphere in the 
axial (vertical) direction, when radiation pressure is not 

present, is simply equal to the difference between the 
gravitational and buoyant forces (F, - Fb) and is ap- 
proximately 3 e lo-' dyn. We note that the trap is more 
effective at confining the sphere as the spot size is de- 
creased, due to the fact that there is an increase in the 
axial force directed towards the beam waist. When the 
spot size is 0.7 pm, for example, an optical trap is not 
created at all. Instead, the sphere is always pushed in the 
direction of the beam away from the beam focus. 

In Fig. 2(b), we show the axial force on a sphere for 
sphere diameters of 10, 20, and 40 pm, as a function of 
the distance z l .  The laser spot size was chosen to be 0.6 
pm. For an incident beam power of 6 mW, only the 10 
pm diameter spheres are trapped. This occurs because 
both the 20 and 40 pm diameter spheres have minimum 
trapping force requirements that are greater than the net 
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axial force produced by the optical trap. The minimum 
force for the latter is not shown on this graph, since it has 
a value of -2  * dyn. We can see that the peak of 
the force curve shifts to greater distances away from the 
beam waist as the sphere diameter increases. 

Fig. 2(c) examines the effect of the microsphere refrac- 
tive index on the axial force, as a function of the distance 
z l ,  for a spot size of 0.6 pm. Trapping forces are obtained 
only for the n = 1.4 and n = 1.6 refractive index 10 pm 
diameter spheres. In the limiting case, when the refractive 
index of the surrounding medium nl is equal to the re- 
fractive index of the sphere n2, there is no force acting on 
the sphere. Alternatively, when nl is greater than n2, the 
sphere is always pushed out of the laser beam, as in the 
case of air bubbles trapped in glycerol [ 11.  

Finally, in Fig. 2(d), we show the dependence of the 
axial force on the incident laser power. From (la) and 
(lb), we expect the axial force to scale linearly with 
power. This behavior is reflected in the curves of Fig. 
2(d), from which we can predict the behavior of the mi- 
crosphere within the optical trap. Again, the minimum 
force required for trapping is indicated by the dashed line. 
A stable trap is defined as the point where the net force 
on the microsphere is equal to zero and where restoring 
forces act to keep the microsphere at the equilibrium point. 
This occurs at point A, where the trap generated force 
equals the difference between the gravitational ( Fg)  and 
buoyant ( Fb) forces acting on the microsphere. When the 
microsphere is at a distance z1 < A from the beam waist, 
it is pulled tbwards the trap by gravity and may also be 
pushed by the optical beam. For a microsphere located a 
distance A < z1 < B, it is pulled back into the trap by 
the optical beam. Finally, if the microsphere lies at a dis- 
tance z1 > B, it remains untrapped. The region z1 < B 
defines the range over which the trap is functional in con- 
fining the microsphere, while the region A < z1 < B de- 
fines an effective trapping range, i.e., the distance over 
which the axial force exceeds the minimum trapping force. 
We note that, for very large distances from the beam 
waist, the axial force on the microsphere approaches zero. 

Our model also provides information about the trans- 
verse (Le., radial) forces exerted on a microsphere in the 
optical trap. Fig. 3 depicts the transverse force on a mi- 
crosphere as a function of the distance the sphere is offset 
laterally from the laser beam axis. Two curves are pre- 
sented, showing the variation in force for a beam waist 
located 5 or 10 pm from the vertex of the microsphere. 
As expected, the force is zero when the sphere is centered 
on the beam axis. The force reaches a maximum at an 
offset distance approximately equal to the sphere radius 
and then approaches zero for large offset distances. The 
transverse force is a restoring force that acts to pull the 
microsphere back to the center of the trap. The curves 
presented in Fig. 3 are similar in form to those presented 
in [ 141 for a homogeneous microsphere in a Gaussian laser 
beam. 

From Fig. 2(a), it can be seen that in order to effec- 
tively trap the 10 pm dielectric microspheres used in this 
study, the optical trap should have a maximum spot size 
of <0.7 pm. Below the maximum spot size, there are 
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Fig. 3. Calculation of the transverse force on a microsphere as a function 
of the offset distance transverse to the beam axis. Two curves are pre- 
sented, showing the variation in the force with the distance z , .  The sphere 
diameter is 10 pm (n, = 1.6), spot size is 0.6 pm, and the beam power 
is 1 mW. 

many possible combinations of wo and power P that will 
result in a trapped microsphere. Experimental confirma- 
tion of these results are presented in Section IV. 

111. SINGLE-BEAM OPTICAL TRAPPING SYSTEM 

The system used in our experiments for optical trapping 
is depicted in Fig. 4. A continuous wave Nd: YAG laser 
(Quantronix Model 116), operating at a wavelength of 
1.06 pm in the fundamental TEMW mode, was first passed 
through a 570 nm low-pass filter. The filter was used to 
block the 532 nm signal that was generated by a frequency 
doubling crystal within the laser cavity. The beam was 
then passed through a variable attenuator (Newport Model 
930-5), followed by a Glan-Thompson polarizing prism. 
In order to monitor the laser power at the entrance to the 
trap, a quartz coverslip was used to reflect a portion of 
the vertically polarized beam into a silicon photodiode. A 
neutral density filter (ND = 4.0) was placed in front of 
the detector to prevent overloading. 

The photodiode output was calibrated with respect to 
the laser power transmitted through the input optical sys- 
tem, consisting of the objective lens, immersion oil, and 
a coverslip. Subsequent to establishing a power calibra- 
tion curve prior to each experiment, the laser beam was 
directed into a microscope (Zeiss Photomicroscope 111), 
using a dichroic mirror that reflected the laser wavelength 
and transmitted shorter wavelengths. A 100 X objective 
lens (Zeiss Neofluar, numerical aperature = 1.3)  was 
used to focus the laser beam and create the optical trap. 
Immersion oil ( n  = 1.52) was placed between the lens 
and the coverslip to index match the high power objec- 
tive. A 15 cm positive lens, located above the micro- 
scope, was used to focus the laser beam into the micro- 
scope system. 

The microscope image was projected onto a video cam- 
era located above the microscope. An infrared (IR) ab- 
sorbing filter was placed in front of the camera lens to 
block the IR laser beam reflected back from optical ele- 
ments in the beam path. The video signal from the camera 
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was sent either to a video tape recorder or to the input of 
an image array processor. The recorded images were sub- 
sequently analyzed using an image processing system 
[15], that produced a 512 X 512 pixel image with a gray 
scale of 256 (8  b)  and a video rate of 30 frames/s. This 
method was used to measure the spot size of the focused 
laser beam produced by the objective lens. 

For the trapping experiments involving microspheres, 
a special chamber was built, consisting of a 3 X 5 cm 
sheet of parafilm, having a thickness of 5: 130 pm and a 
hole in its center, sandwiched between two 0.17 mm thick 
coverslips. Commercial microspheres, made of polysty- 
rene material having a density, relative to water, of 1.06 
and a refractive index n = 1.6 [16] were suspended in 
water ( n  = 1.33), and then placed in the well created by 
the parafilm, before being sealed with the coverslips. Fi- 
nally, the coverslips were sandwiched between two alu- 
minum plates to form a sealed chamber. An aperture on 
each side of the plates allowed the simultaneous imaging 
and trapping of the microspheres within the chamber. 

IV. OPTICAL TRAPPING OF POLYSTYRENE 
MICROSPHERES 

A.  Experimental Results 
Knowledge of the minimum trapping power and effec- 

tive trapping range are critical to understanding the effects 
of an optical trap on a biological medium. As a first step, 
these parameters were quantified for uniform polystyrene 
microspheres in the single-beam optical trapping system. 
Two experiments were therefore designed and performed 
to test the dielectric microsphere model, as presented in 
Section 11. The first experiment determined the minimum 
laser power required to hold polystyrene microspheres in 
a single-beam optical trap. The second experiment deter- 
mined the maximum period of time that it takes for a mi- 
crosphere to be released from the trap, and subsequently 
be recaptured. This provides an indirect measurement of 
the distance between points A and B in Fig. 2(d), defined 
as the effective trapping range. Both experiments rely 
upon the ability to achieve a balance between the axial 
force exerted by the laser beam on the sphere, and the 

POWER 
METER 

difference between the gravitational ( Fg) and buoyant 
forces ( Fb) exerted on the sphere. 

The minimum power required to hold the microsphere 
in the trap was measured for a lOOX objective. We note 
that, as indicated in Fig. 2(a), lower power objectives, 
which have larger beam waists, would not be expected to 
provide an axial force component that is directed towards 
the beam waist. Using the lOOX objective, a microsphere 
adhering to the upper coverslip was pushed away from the 
coverslip and into the trap using a laser power of -25- 
50 mW, a power much larger than the minimum power 
required for trapping. The microsphere was then moved 
just below the coverslip by focusing the microscope. The 
trapping force was then decreased by attenuating the laser 
beam. Once the sphere fell out of the trap, the power mea- 
sured at the beamsplitter location, as indicated in Fig. 4, 
was recorded. The power at the sphere was then deter- 
mined using a calibration curve established prior to the 
actual experiment. The results of the power threshold ex- 
periments, as described above, are summarized in Table 
I. 

A second experiment was designed to measure the ef- 
fective trapping range, or the axial distance over which a 
sphere could be caught and held within the trap. The dis- 
tance was measured by observing the maximum time the 
trap could remain off before the sphere fell outside of the 
trap range. By assuming that the microsphere moves at a 
terminal velocity during the interval of time that the trap 
is off, the total distance d traveled by the moving micro- 
sphere is given by Vt t ,  where V, is the terminal velocity. 
A 10 pm microsphere, moving in water, achieves a ter- 
minal velocity of -3.2 pm/s within -7 ps, in the ab- 
sence of trapping forces. In comparison, the average time 
it takes for the microsphere to move a distance that is be- 
yond the reach of the optical trap is on the order of sec- 
onds. The viscosity of the water was taken to be 0.01 dyn 

sec/cm2 at 20°C [17]. The results of the effective trap 
range measurements are summarized in Table 11. 

B. Discussion 
The results presented in Tables I and I1 are in good 

agreement with the calculated values presented in Fig. 
2(a) and (d). The discrepancies can, for the most part, be 
attributed to the uncertainties associated with the mea- 
surement of key parameters, such as the focused spot size, 
the precise location of the beam waist, and the laser beam 
power at the objective. 

The measurement of the minimum laser power required 
to hold a microsphere against the force Fg - Fb, when 
used in conjunction with the results of Fig. 2(a) and (d), 
provides an indirect determination of the axial force gen- 
erated by the optical trap. From Table I, this threshold 
power was found to be between 4 and 9 mW, respec- 
tively. Knowing that the force required to hold the mi- 
crosphere, Fg - Fb, is - 3  - lo-' dyn, we can use the 
model to predict the power needed to hold the micro- 
sphere. From both figures, the threshold power is approx- 
imately 6 mW for a spot size of 0.6 pm. It can be seen 

FILTER 

REFLECTOR 

FOCUSING 
LENS 

OBJECTIVE 
LENS 

<> A 

1 7 

POLARIZER 1 06 pn NdVAG LASER 

- 
VARIABLE 

ATTENUATOR cD 

<> 
+ COVERSLIP 



I 

WRIGHT er al . :  LASER TRAPPING IN CELL BIOI OGY 2153 

TABLE I 
RESULTS OF THE AXIAL FORCE MEASUREMENTS. THE NUMBER OF 

MICROSPHERES I N  EACH EXPERIMENT IS INDICATED BY n. 

THE MEASURED POWER. THE POWER MEASUREMENT 
THE ERROR INDICATED IS THE STANDARD DEVIATION OF 

HAD AN ACCURACY OF * 5 % .  THE MODEL PREDICTS 
A THRESHOLD POWER OF - 6 mW FOR A SPOT SIZE 

OF 0.6 pm 

I Exp.No. n Power (mW) 

1 20 9.1 k 1.91 

2 20 5.8 * 1.26 

3 20 4.6 k 0.84 

4 20 4.1 * 0.73 

5 20 7.5 f 0.94 

TABLE I1 
RESULTS OF THE EFFECTIVE TRAPPING RANGE MEASUREMENTS. THE 
INDICATED ERROR IS THE STANDARD DEVIATION OF THE MEASURED 

POWER AND T I M E ,  RESPECTIVELY. THE ACCURACIES WERE 

THE TIME MEASUREMENTS. THE MODEL PREDICTS A N  

SPOT SIZE OF 0.6 pn 

* 5 %  FOR THE POWER MEASUREMENTS AND &o. 1 S FOR 

EFFECTIVE TRAPPING RANGE OF - 1.4 p 7 l  FOR A 

1 10 24.2 f 0.25 2.34 f 0.41 7.6 

2 14 8.5 f 0.26 0.73 f 0.26 2.36 

3 20 8.6 f 0.38 0.75 & 0.15 2.43 

that the values are in good agreement with each other. 
However, we note that the axial force measurements are 
very much dependent upon, and sensitive to, the spot size 
of the laser beam. Likewise, the distance between points 
A and B in Fig. 2(d), defined earlier as the effective trap- 
ping range, was calculated to be approximately 1.4 pm 
for a spot size of 0.6 pm and an incident laser power of 
-8.5 mW. This distance was measured to be -2.4 pm, 
as shown in Table 11. The error associated with the mea- 
surement of the laser beam power was estimated to be 
- + 5  % , while the power stability of the laser output was 
estimated to be k 10%. This latter effect was the likely 
cause of microsphere jitter for particles caught in the trap. 

While the measurements described above nicely vali- 
date the microsphere model, it should be noted that the 
measurements only provide information on the magnitude 
of the peak axial force and the effective trapping range. 
The measurements do not provide values for the forces 
over a large portion of distances away from the beam waist 
location, nor do they indicate the absolute locations of the 
crossing points A and B with respect to the location of the 
laser beam waist. Because diffraction effects have been 
ignored, it is expected that greater accuracy can be 
achieved if a light scattering approach is taken. The size 
parameter, or the ratio of the sphere circumference to the 
wavelength, is 39 and the relative refractive index is 1.2 
for our system. We obtained, to within a factor of two, 

correlation between the model and experimental results. 
Therefore, the geometrical optics approximation appears 
to provide a good description of the trapping process. 

The greatest uncertainty in the experimental measure- 
ments described above results from the measurement of 
the spot size of the focused laser beam that forms the op- 
tical trap. From Fig. 2(a), it is evident that the focal spot 
size of the laser beam is a key parameter in determining 
the axial force on the microsphere. For the spot size mea- 
surements, the mirrored surface of a neutral density (ND 
= 2.0) filter was used to reflect the focused laser beam 
back through the optical system and into the video cam- 
era. The spot size was determined by counting the number 
of pixels, vertically or horizontally, from a video image 
and multiplying this number by a calibration factor that 
was determined using a stage micrometer. A measure- 
ment of the spot size at the beam waist, for the 15 cm 
focusing lens and the 100 x objective, with immersion oil, 
indicated that the spot diameter was - 1.2-1.6 pm & 0.1 
pm. This range in spot size was due to the ellipticity of 
the observed beam. To compare the model with our ex- 
perimental results, we used a spot size of 0.6 pm, which 
corresponds to the expected size of a diffraction limited 
spot formed by the lOOX objective at 1.06 fim. Owing to 
the complex optical system of the microscope, attempts 
to correlate measured and calculated spot size values were 
unsuccessful. It is likely that another method of measur- 
ing the spot size is needed to verify the results obtained 
using the video system technique. We note, however, that 
our spot size measurement technique is similar, in prin- 
ciple, to spot size measurements made with photographic 
film. Other methods may provide better results [18]. In 
addition, it was found that, experimentally, a change in 
the focal length of the microscope focusing lens has a dra- 
matic effect on the performance of the trap. For example, 
the trap functioned properly for the short focal length 
lenses of 10 and 15 cm, but was unable to trap particles 
when lenses of longer focal length were used. As indi- 
cated in Fig. 2(a), this also results in a change in the spot 
size at the trap. 

In the present system, the requirement that both imag- 
ing and laser beam manipulation be performed by the same 
focusing lens creates another serious design constraint. It 
was not possible, for example, to have the beam waist 
located in the same plane as the object plane and simul- 
taneously meet the requirement for both minimum spot 
size, and imaging of the object plane at infinity. The beam 
waist was measured to be 5.5 k 0.5 pm below the object 
plane of the microscope. We compare this to a calculated 
value of - 10 pm, based upon a Gaussian beam transfor- 
mation calculation for a beam passing through the micro- 
scope. Our goal was, therefore, to obtain the smallest spot 
size without the introduction of significant distortion to 
the beam intensity profile. Shorter focal length lenses 
generally produced some degree of beam profile distor- 
tion, as observed in the far field, while longer focal length 
lenses, which minimized diffraction effects, often led to 
larger spot sizes and a less effective trap. Clearly, for op- 
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timal trapping, a tradeoff exists between spot size and laser 
beam profile, as predicted by Dickson [19]. At present, 
the microsphere model, as previously described, does not 
consider non-Gaussian beam profiles. In comparison to 
our system, the single-beam gradient trap of Ashkin [ 5 ] ,  
[6] separated the manipulation of the trapping beam from 
the imaging of the specimen. Therefore, many of the 
problems described above were not encountered. 

V. APPLICATION TO CELL BIOLOGY 
Our goal in developing the microsphere model was to 

explain the performance of the optical trap acting on bi- 
ological objects in terms of the forces generated by the 
trap. The two biological studies presented herein are sig- 
nificant since they employ the optical trap as a force gen- 
erator. The experiments involving chromosome move- 
ment in mitotic cells may prove to be of use in resolving 
long-standing questions regarding the mechanisms of 
chromosome movement in cells, if the trap can be cali- 
brated in terms of the force it exerts on the chromosome. 
Another important application of the optical trapping 
technique is in the micromanipulation of spermatozoa. 
The noninvasive feature of the optical trap may prove to 
be less damaging to sperm during the manipulation pro- 
cess, compared to conventional techniques. Quantitative 
measurements of force generation by motile cells may also 
be advanced with the help of a calibrated optical trap. 

A. Studies of Chromosome Movement in Mitotic Cells 
For the chromosomal studies performed, Potorous tri- 

dactylis (PTK2) rat kangaroo kidney cells were grown in 
culture on 0.17 mm thick glass coverslips and maintained 
at a temperature of 35-37°C. This cell type was selected 
because the chromosomes are clearly visible during the 
process of cell division [20]. A 10 cm lens was used to 
focus the laser beam into the microscope instead of the 15 
cm lens described earlier. The resulting trap for the shorter 
focal length lens was just as effective as before, even 
though the beam profile exhibited slightly more distor- 
tion. 

The optical trap was used to exert a transverse force on 
chromosomes in two cases; first, for centrophilic chro- 
mosomes located off the mitotic spindle between one pole 
and the edge of the cell, and then, for late moving chro- 
mosomes located between the metaphase plate and one 
mitotic pole. Control experiments were performed by ap- 
plying the trap to other regions of the cell, with no effect 
on mitosis. The results of the chromosome trapping ex- 
periments are depicted in Fig. 5. Digital image processing 
was used to improve the quality of the images stored on 
the videotape [ 151. 

For the stationary centrophilic chromosome not yet on 
the metaphase plate, the chromosome, shown in Fig. 5(a), 
reoriented and moved towards the spindle pole, a distance 
of 11 pm away, as seen in Fig. 5(b), and arrived at the 
spindle pole 45 s later as shown in Fig. 5(c). The mea- 
sured peak velocity of - 48 pm/min was 24 times higher 
than the nominal values reported for this cell type [20]. 

A graph of the chromosome velocity over time, after ap- 
plication of the laser trap, is shown in Fig. 6. After the 
chromosome reached the pole and stopped, the trap was 
moved to the side of the chromosome facing the pole, 
shown in Fig. 5(c), and then was reapplied. Once again, 
the chromosome moved away from the trap in a transverse 
direction, as seen in Fig. 5(d), this time towards the me- 
taphase plate at a maximum velocity of -4.4 pm/min. 
Fig. 5(e) shows the chromosome at the metaphase plate. 
A second experiment involving late moving chromo- 
somes, using a trap power of -40-50 mW, initiated 
movement of stationary chromosomes towards the meta- 
phase plate. Maximum velocities of 20 pm/min and 18 
pm/min were observed for two chromosomes from two 
different cells, respectively. It is not known at this time 
what minimum power is required to initiate chromosome 
movement. 

B. Trapping of Spermatozoa 
Sperm trapping was performed using a 40X Neofluar 

objective (Zeiss), instead of the lOOx objective used in 
the microsphere experiment, on specimens moving in a 
direction transverse to the focused laser beam. The 40X 
objective has a greater field of view and, as a result, fa- 
cilitated measurement of the sperm velocity and also re- 
sulted in an increased spot size. The power of the trap 
was measured to be 1 W f 100 mW at the objective. A 
high power level was used to ensure trapping of highly 
motile sperm. A motorized X-Y microscope stage was 
used to move the sperm confined in the optical trap. A 10 
cm lens replaced the 15 cm lens used in the microsphere 
studies. The sperm velocity was measured before and after 
trapping, using the digital image processing system pre- 
viously described. Experiments were performed on a glass 
slide under a 0.15 mm thick coverslip 4-8 h following 
ejaculation, using morphologically normal sperm. Expo- 
sure times for the sperm in the trap ranged from 15 to 
120 s. 

Results for the sperm trapping experiments are pre- 
sented in Fig. 7. The mean sperm velocity did not change 
significantly for exposure times of 30 s or less in the op- 
tical trap. However, longer exposure times resulted in a 
gradual decrease in the mean linear velocity. A statistical 
t-test was used to gauge the significance of the difference 
between the mean velocities before and after exposure to 
the optical trap. The significance is expressed in terms of 
the p-value, which is the probability that the two mean 
values are not different, as shown in Fig. 7. The optical 
trap also affected the pattern of sperm motility. For ex- 
ample, of the initial sperm population, 39% were classi- 
fied as straight progressing, and another 58% had a zig- 
zag pattern as they swam through the medium. For ex- 
posure times of 30 s or less in the optical trap, there was 
little change in the motility pattern of initially straight 
progressing sperm. However, 40% of the sperm with an 
initial zigzag pattern changed to a straight progressing 
pattern upon release from the trap. Other measured pa- 
rameters are discussed in more detail elsewhere [ l l]. 
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Fig. S. (a) A cell with a single chromosome off the mitotic spindle. The 
optical trap was focused to a point adjacent to the chromosome. as in- 
dicated by the arrow. (b) The chromosome has changed orientation and 
is moving towards the lower spindle pole. (c) The chromosome is at the 
spindle pole. Subsequently, the optical trap was reapplied at the point 
indicated by the arrow. (d) Now the chromosome is moving towards the 
metaphase plate. located midway between the two spindle poles. (e) The 
chromosome is at the metaphase plate. 
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Fig. 6. Chromosome velocity versus time for the cell shown in Fig. 5. 
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Fig. 7.  Results of the sperm trapping experiments. Sperm velocity was 
measured before and after exposure to the optical trap and is expressed 
as the mean for each exposure class. The error bars indicate the standard 
error of the mean. A total of 514 sperm were evaluated, with 63 to 97 
sperm in each exposure group. For exposure times of 30 s or less, the 
change in velocity was not significant. Changes in velocity as a result of 
exposure times of 45 s or longer were significant ( p < 0.012 fort = 45 
s; p < O.OOO1 fort > 45 s) .  

C. Summary of Biological Experiments 
As described above, the experiments employing mitotic 

cells have demonstrated that the forces exerted on chro- 
mosomes during cell division, by the chromosome move- 
ment motors, can be stimulated to function in response to 
an opposing force. In this case, the opposing force is a 
pulling force exerted by the optical trap in a transverse 
direction (Fig. 3). Furthermore, they demonstrate that 
chromosomes can be moved at velocities much higher than 
previously thought possible [ 121. 

The ability to hold and manipulate sperm may be useful 
in clinical procedures, such as for fertilization in-vitro, as 
well as in the laboratory to evaluate the effect of drugs on 
sperm motility. A serious concern is the possible damage 
to the sperm, from absorption and subsequent heating, 
after exposure to the trap. We did not address this ques- 
tion directly in the sperm experiments other than to ob- 
serve the altered motility patterns. Further studies involv- 
ing electron microscopy, as well as functional assays to 
measure fertilization rates for optically trapped sperm, are 

necessary. We are currently studying the relationship be- 
tween sperm velocity and the laser power required to hold 
the sperm. In conjunction with an extension of the theo- 
retical model presented herein, it should be possible to 
calibrate the optical trap in terms of the transverse force 
it exerts on the sperm cells. 

Other applications of the optical trap presently being 
pursued include the trapping of cells targeted for cell fu- 
sion. Current methods of cell fusion are handicapped by 
the lack of selectivity regarding the choice of cells that 
participate in the fusion process. The optical trap would 
allow a user to select the specific B-lymphocyte, that pro- 
duces the desired antibody, to be joined with a myeloma 
cell into a hybridoma, as well as manipulating the hybri- 
doma after the fusion process. Once the two cells are in 
the optical trap, a second laser, in this case a frequency 
tripled Nd: YAG laser operating at a wavelength of 355 
nm, would be used to break down the membrane and in- 
duce the cell fusion. Some of the advantages of using the 
optical trap for cell fusion might include improved cell 
selectivity over current methods, increased efficiency in 
the production of desired hybridomas, and the ability to 
bring cells into close proximity during the fusion process. 
One of the problems presently encountered with this ap- 
plication is in the suitable design of the trapping chamber 
[21]. Related progress in cell manipulation and chamber 
design has previously been reported [7], [SI. 

An understanding and analysis of the aforementioned 
biological trapping experiments is hindered by the lack of 
available information regarding the optical and physical 
properties of the biological objects in the trap. Key optical 
properties that need to be determined include the refrac- 
tive index and absorption of the cell or chromosome, re- 
spectively. Some of the physical properties of the cell that 
need to be characterized include the shape, composition, 
and surface charge. Other considerations might include 
the deformation dynamics of the cell while in the trap. 
Increased knowledge of the optical and physical proper- 
ties should lead to improvements in the correlation of the 
model with experimental measurements. 

VI. CONCLUSIONS 
In summary, a model has been developed which quan- 

tifies, for the first time, the forces acting on dielectric mi- 
crospheres in a single-beam gradient force optical trap. In 
comparison to previous studies, the present model is used 
to predict, while confined in the trap, the location of the 
microsphere and the existence of an effective trapping 
range resulting from a negatively directed axial trapping 
force. Experimental results are in good agreement with 
model predictions. 

The focused spot size, and its location with respect to 
the object plane of the microscope, are found to be im- 
portant design parameters for the single beam optical trap. 
These parameters are controlled by the microscope optics 
and the optical components external to the microscope. 
As a consequence, a tradeoff exists between the spot size 
of the focused laser beam and the forces generated in the 
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optical trap. Increasing the trapping force requires a 
smaller spot size, which, in turn, leads to distortion of the 
Gaussian laser beam profile. 

Finally, we have demonstrated the application of an op- 
tical trap to several biological systems. Two experiments 
have been described which demonstrate the use of the op- 
tical trap as a tool for the study of fundamental problems 
in cell biology and sperm physiology. Furthermore, the 
optical trap may find application as a commercial device 
for cell manipulation. 
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