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Optically driven transport into a living cell
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We report a method for transporting foreign substances into a desired living cell through the use of
laser trapping. A single giant DNA molecule can be delivered into a cytoplasmic space if the DNA
is folded into a compact state. We also find that microparticles of zeolite are very effective as a
vehicle for transferring foreign compounds into a living cell by optical manipulation. ©2003
American Institute of Physics.@DOI: 10.1063/1.1613356#
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The transport of specific foreign substances into a
geted cell is an indispensable procedure in medical scie
and genetic engineering. However, the only method tha
currently available for selective transport into individu
cells is micro-injection using a micropipette.1,2 For example,
in genetic engineering, the insertion of chromatin from
differentiated somatic cell into an oocyte using a micro
pette is a widely used technique to obtain cloned cells.3 A
similar technique is used in fertility treatment. Although t
micropipette method is a powerful tool, great skill is nece
sary for successful manipulation. As an alternative metho
high-power laser has been applied in cell biology, wher
focused laser is used to make a pore on a cell membran
local heating.4,5 With this method, foreign species in the e
ternal solution flow into the cell in a passive manner. In t
present study, we applied the methodology of laser trapp
to the transport of a foreign substance into a desired cel
a potentially automated procedure.6

The infrared laser used for optical trapping was
Nd:yttrium–aluminum–garnet laser~SL902T, Spectron!,
with a TEM00 beam at a wavelength of 1064 nm. The las
beam was reflected by a dichroic mirror, and focused by
objective lens ~Nikon, 3100, numerical aperature51.30)
with a microscope~Nikon, TE-300!. The beam power was
100–500 mW, as calibrated just before the objective lens
the microscope by a laser power meter~Neoark, PM-345!.
Experiments on optical delivery and measurements of
trapping efficiency with various particles were performed
the earlier laser trap microscope with a micro-motion ho
zontal stage~SIGMAKOKI !. Ginkgo leaf cells and cabbag
protoplasts were used as the recipients. The cabbage p
plasts were prepared by a modified enzyme method usin
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enzyme cocktail containing 15 g/l Cellulase ONOZUK
~Yakult, Co. Ltd.!, 2 g/l Pectoliase Y-23~Kikkoman, Co.
Ltd.!, 3 mM MES @2-(N-Morpholino! ethanesulfonic acid#,
10 mM CaCl2 2H2O and 0.5 M sorbitol.7 The delivered sub-
stances were double-stranded T4DNA~Nippon Gene! and
the calcium-detecting fluorescent dye fura-2~Molecular
Probes!. The multivalent cation PEG-A, a polyethylene gl
col derivative with 8.3 amino-pendent groups (MW53900)
was synthesized as reported previously.8 T4 DNA molecules,
0.6 mM in base pairs, were collapsed into a compact state
PEG-A ~6 mM in amino group concentration!. As a delivery
vehicle to promote a higher trapping efficiency, we used z
lite particles@Na56 (Al56Si36O384)•250H2O, Toyosoda, Co.
Ltd.# ground with a mortar and pestle as a carrier.

Table I compares the trapping efficiencies for differe
objects: a polystyrene bead with a radius of 0.1 mm a gro
zeolite particle~radius of around 0.2mm! and a folded com-
pact DNA (;hydrodynamic radius)9 under 200mM spermi-
dine. In this table, the trapping efficiencyQ is represented as
F5nQP/c, whereF, n, P, and c are the trapping force
refractive index of the surrounding medium, beam pow
and light velocity, respectively. The trapping efficienci
were evaluated based on the drag speed of trapped ob
under the assumption of Stokes friction.10

Figure 1 shows the injection of a single T4 DNA mo
ecule into a ginkgo leaf cell by laser transport. In this ca

il:

TABLE I. Trapping efficiency of submicrometer-sized particles.a

Trapping efficiencyQ (1023)c

Compact T4DNAb 0.07560.025
Fluorescent bead 0.8060.10
Zeolite particle 2.8060.10

aThe medium values of 36 experimental trials are given.
bDNA was compacted by spermidine.
cThe extinction ratio of trapping laser was assumed as 0.5.
8 © 2003 American Institute of Physics
 license or copyright; see http://apl.aip.org/apl/copyright.jsp



-
s

2469Appl. Phys. Lett., Vol. 83, No. 12, 22 September 2003 Kubo et al.
FIG. 1. Optical delivery of a single
DNA molecule into a ginkgo leaf cell,
where the DNA is compacted by
PEG-A. Upper pictures are black
white inverted images, and lower one
are the corresponding schematics.~a!
A compact T4 DNA complete with
PEG-A is optically grasped.~b! The
compact DNA is optically transported
toward the cell surface.~c! Delivery of
the DNA into the cytoplasm.
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T4 DNA is folded into a compact state by forming a compl
with PEG-A. It has been reported that individual giant DN
molecules can be optically trapped when they are folded
a compact state using suitable condensing agents.11 The abil-
ity to trap DNA molecules stably suggests that it may
possible to apply optical manipulation to the microinjecti
of DNA into living cells. However, in experiments on com
pact DNAs, we found that the probability of the success
transport of DNA into a cell was not high~only a few % in
several trials!. The difficulty in these experiments is due
the weak optical force for grasping compact DNA, as in
cated in Table I.

Therefore, we sought a better method for optica
driven transport into a living cell. As shown in Table I, th
ability of laser-tweezers to grasp a zeolite particle is mu
greater than its ability to grasp compact DNA molecules. T
higher efficiency for zeolite is based on its permittivity f
1064 nm light. Although bigger zeolite particles, larger th
several microns, have higher trapping efficiencies, they o
absorb laser beam photons, which induces flashing evap
tion of the medium. Thus, we used micron-sized particles
optical delivery.

Zeolite particles can hold foreign chemicals in their fi
pores. Figure 2 shows the transport of a zeolite part
doped with a fluorescent dye, fura-2, into a protoplast c
After the particle is delivered, emission from fura-2 com
plexed with intracellular calcium ion is observed@Fig. 2~b!#,
indicating that the particle is indeed transferred into the
toplasmic space.

This optically driven transport method may have ma
practical applications. Compared to the current methodo
gies, transport by laser trapping should cause less dama
living cells. In addition, laser manipulation is suitable f
remote control by a computer, i.e., the system can be f
automated, unlike other methods such as micropipettin12

As the mechanical force that can be applied by laser trapp
is less than that possible in micropipetting even with the
of a vehicle such as zeolite, it is of importance to impro
the efficiency. One promising approach to improve the e
ciency is to spin the objects using optical force. For exam
the rotary motion of a trapped object induced by opti
pressure13 could promote the efficacy of optical deliver
through the membrane into the cytoplasm similar to drilli
into a hard wall. Another benefit of optical trapping is that
does not require physical contact with the sample and
rounding substrates. The laser beam passes through the
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or plastic transport plate glass. This feature could be ben
cial under sealed conditions such as in a microflow chan
or in microfabrication. Using a laser, an object can be tra
ported to any location on the stage, whereas the applica
of micropipetting is much more limited. Optical tweezers c
be used to transport desired particles within a fully sea
microchannel.14

In conclusion, the present results suggest that laser t
ping may be useful in the field of cell biology, when com
bined with the use of a suitable carrier such as zeolite. It m
be useful to identify or develop a vehicle that would disso
in the cytoplasm after delivery. Future studies to ident
effective carriers or vehicles for various kinds of target su
strates are eagerly awaited.

FIG. 2. Optical delivery of a zeolite particle~marked with an arrow! doped
with fura-2 into a cabbage protoplast.~a! and ~b! are brightness inversion
images observed by bright field microscopy, showing the process of op
delivery into the cytoplasm.~c! is the fluorescent microscopic image 1 m
after delivery of the particle, where emission from intrinsic calcium io
complexed with fura-2 is observed.~d! Typical electron micrograph of a
zeolite particle.
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