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When a laser beam is focused into colloidal nanoparticle suspensions, a number of nanoparticles can be
confined in the focal spot due to an optical gradient force. To reveal the assembling dynamics of polymer
nanoparticles, the assembling process was investigated by analyzing the time evolution of the fluorescence
intensity of the nanoparticles. In a dilute suspension of 100-nm-sized particles, a stepwise increase of the
fluorescence intensity corresponding to a trapped single nanoparticle was observed. Statistical analysis revealed
that the initial assembling rate of nanoparticles was proportional to the laser power and concentration of
particle suspensions as expected from the diffusion equation. In 40-nm-sized particle suspensions, blinking
profiles of fluorescence intensity were obtained, in which 2–3 particles were simultaneously trapped and then
escaped from the focal point. It is considered from statistical analyses and two-dimensional Monte Carlo
simulations that this assembling phenomenon is attributable to cluster formation assisted by optical trapping.
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I. INTRODUCTION

Since the pioneering work by Ashkin and co-workers[1],
the possibility of utilizing the mechanical action of optical
fields to trap neutral particles has accelerated a wide range of
applications[2]. Optical trapping has been developed to a
laser manipulation technique, which enables noncontact and
nondestructive manipulation of fine particles in solution
[3–5]. Most of these approaches have been concentrated on
micrometer-sized objects because of the difficulty in trapping
and identifying individual nanometer-sized ones. The smaller
the particle size is, the weaker the trapping force is, since the
trapping potential depends on the particle size in principle. In
recent years, some groups[6–8] including ours have devel-
oped the laser manipulation technique to handle nanopar-
ticles and polymer chains in solution. We have demonstrated
that single polystyrene and gold nanoparticles in solution can
be trapped and fixed onto the substrate with laser manipula-
tion and fabrication techniques[9]. Furthermore, when the
diameter of a trapped material is smaller than the size of the
beam spot of the trapping laser, a number of particles can be
trapped and assembled at the focal spot. This “optical assem-
bly” of microparticles was first studied by Burnset al.
[10,11], who demonstrated that binding forces between di-
electric particles can be induced by intense optical fields.
This research has been followed by some studies on various
forms of optical assembly. An interesting example was given
by Mei et al. [12]; they constructed a three-dimensional as-
sembly by the interference field of multiple laser beams. As
an another example, Tatarkovaet al. [13,14] created a
one-dimensional optical assembling system of microscopic
colloidal particles. On the other hand, we have successfully
demonstrated optical assembly of polymers; poly

(N-isopropylacrylamide) [15], sodium dodecyl sulfate/xylene
micelles [16], poly (N-vinylcarbazole) [17], and wire-type
dendrimers[18]. In all cases, when a single laser beam is
focused into these polymer suspensions, a number of poly-
mers can be assembled at the focal spot and finally an asso-
ciation of polymers can be formed at the same point. How-
ever, it is difficult to reveal the assembling process of the
polymers, since polymer-polymer interactions such as the
van der Waals attraction, hydrogen bonding network, and
physical entanglement of polymer chains are complicated.

This optical assembly recalls the initial stage of aggrega-
tion and crystallization of macromolecules, which are sub-
jects of great current interest. The structure of a molecular
assembly with a sufficiently measurable size can be deter-
mined by x-ray crystallography. However, the growth pro-
cess, especially the initial stage of association, is beyond our
knowledge, since it is difficult to observe it directly. Re-
cently, in order to reveal the growth process of the molecular
assembly, the assembling dynamics of colloidal particles has
been extensively studied using suspensions of charged and
hard spheres[19]. Colloidal particles are easy to handle as
good models for molecules, since the particle-particle inter-
action can be simply described and the size and shape of
each particle are almost the same. The recent interest is
based on the availability of direct imaging techniques[20,21]
using large-sized colloidal particles that allow one to inves-
tigate the colloidal dynamics in real space in detail. Theory
and computer simulations[22,23] have also been developed
to probe their dynamical behavior at the microscopic level.

Even in the case of optical assembly, colloidal suspen-
sions give essential information toward understanding their
mechanism and dynamics. In this paper, we investigate the
initial optical assembling process of polymer nanoparticles
suspended in water. Since the nanoparticles include dyes,
fluorescence is detected due to two-photon excitation when
they are trapped in the focal spot of an yttrium aluminum
garnet(YAG) laser. The time evolution of the fluorescence
intensity was analyzed by changing particle sizes, trapping

*Electronic address: yosikawa@ap.eng.osaka-u.ac.jp
†FAX: 181-6-6879-7840. Electronic address:

masuhara@ap.eng.osaka-u.ac.jp

PHYSICAL REVIEW E 70, 061410(2004)

1539-3755/2004/70(6)/061410(7)/$22.50 ©2004 The American Physical Society061410-1



laser powers, and concentrations. In contrast to the assem-
bling process of 100-nm-sized particles which were trapped
one by one, that of 40-nm-sized particles strongly depended
on the laser power. In the case of low laser power(150–450
mW), temporal profiles of fluorescence intensity showed a
characteristic blinking, in which 2–3 particles were simulta-
neously trapped and then escaped from the focal point. From
experimental and numerically simulated results, it was re-
vealed that the differences of assembling processes are attrib-
uted to the cluster formation assisted by optical trapping.

II. EXPERIMENT

Commercial polystyrene latex particles(Molecular
Probes, FluoSpheres carboxylate-modified orange F-8800
and F-8792; diameters 100 and 40 nm) were used as
samples. These nanoparticles contain fluorescent dyes which
absorb light in the range 500–560 nm with a maximum ab-
sorption at 540 nm and fluoresce in the range 550–650 nm
with a maximum emission at 560 nm. Samples were diluted
to appropriate concentrations with distilled water. It was con-
firmed by using dynamic light scattering(DLS) (Otsuka
Electronics, DLS-70S) that the diameters of the latex par-
ticles were 95.3±15 nm for 100-nm-sized particles and
36.3±6 nm for 40-nm-sized particles, and that these particles
dispersed well without aggregation. The ratio of isolated and
aggregated nanometer-sized particles was investigated by
scanning electron microscopy(SEM; DB235, FEI Com-
pany). For the SEM observation, the sample(particle con-
centration 8.83107 particles/ml) was dropped on a glass
substrate and dried at room temperature. The zeta potential
of the particles was obtained with a zeta potential analyzer
(Malvern Instruments, Zetasizer Nano-ZS).

The experimental setup is described in Fig. 1. A 1064 nm
fundamental beam from a cw Nd3+:YAG laser (Spectron
Laser System, SL-902T 1104) was introduced into an optical
microscope (Carl Zeiss, UMSP-50) and focused into a
sample with,1 mm spot size with an objective lens(3100
magnification; numerical aperture 1.25). Sample solutions
were dropped in a depression glass slide(1 mm depth) and
covered by a cover slip(0.17 mm thickness). Since the dyes
included in the nanoparticles absorb the YAG laser light via
a two-photon excitation process, fluorescence from nanopar-
ticles captured in the focal spot can be detected without an-
other excitation light source. A focal point was set between
10 and 15µm from the bottom of the cover slip.

Fluorescence emission collected by the objective passed
through a bandpass filter(Melles Griot, FIV-008), and was
detected by an avalanche photodiode(APD) (EG&G,
SPCM-AQ) in photon counting mode. The average dark
count was a few hundred counts/s with an APD. The signal
was sampled at 20 Hz using a counter board(Contec,
CNT24-4) on a PC.

III. RESULTS

When a 1064 nm cw-laser beam was focused on colloidal
nanoparticles, the orange emission of the nanoparticles was
observed via an optical microscope due to two-photon exci-

tation. The fluorescence intensity is proportional to the
square of the excitation laser power; thus the effective exci-
tation volume is restricted to the central portion of the focal
spot, allowing only nanoparticles trapped at the focal spot to
be detected as demonstrated in[24]. Therefore, this method
is useful for investigation of optical assembling process of
nanoparticles.

First, we explain experimental results on 100-nm-sized
nanoparticles. Figure 2 shows temporal profiles of fluores-
cence intensity after laser irradiation in the sample suspen-
sion (particle concentration 107–1012 particles/ml). The in-
crease in fluorescence intensity corresponds to that in the
number of trapped nanoparticles. At high concentration, we
confirmed that the number of nanoparticles increases con-
tinuously with decreasing rate of increment as shown in Fig.
2(a). This shows that nanoparticles are trapped one after an-
other and fill up the focal spot. On the other hand, when the
suspension was diluteds,109 particles/mld, a stepwise in-
crease of fluorescence intensity was observed. A representa-
tive temporal profile in a diluted suspension is shown in Fig.
2(b). The mean value of the fluorescence intensity at the first
step level was 4893±303 counts/0.05 s. To confirm that the
one step is ascribed to a single particle, the fluorescence
intensity of a trapped 1-µm-sized particle, which is discerned
as a single particle visually under the microscope, was mea-
sured using the same microscope. The 1-µm-sized particle,
which contains the same concentration of dyes as the 100-
nm-sized particle, gave,4.73106 counts/0.05 s under the
same excitation conditions. Since the ratio of the fluores-
cence intensity of a 1-µm-sized particle to a 100-nm-sized

FIG. 1. Schematic diagram of optical setup for optical assem-
bling dynamics studies. A Nd3+:YAG laser beam is focused on the
observation plane of the objective. DM, dichroic mirror; BP, band-
pass filter; APD, avalanche photodiode; Inset: Schematic illustra-
tions of optical assembling of nanoparticles by optical gradient
force.
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particle should be identical to the volume ratio, the fluores-
cence intensity of a 100-nm-sized particle is estimated as
4700 counts/0.05 s. This is in good agreement with the ex-
perimental results. Consequently, the temporal profile as
shown in Fig. 2(b) indicates that 100-nm-sized particles are
trapped one by one by an optical gradient force. Apart from
the stepwise increase, slight decreasess,10% /80 sd of fluo-
rescence intensity are observed in individual steps due to
photobleaching. Since we use the time and the fluorescence
intensity at the moment when the nanoparticles are trapped
in the focal spot for the following analysis, photobleaching
induced by the trapping laser does not influence it. This as-
sembling process can be described as Brownian motion of
individual nanoparticles under the external potential energy
Utrap>−auEu2/2. The trapping potential shape is ascribed to
the intensity distribution of the laser beam whose region is
experimentally and numerically determined to be,1 mm in
the focal plane and,3 mm on the optical axis, respectively.
When the trapping potential energy is introduced in a diffu-
sion equation, the probability flux[25] per unit area of the
nanoparticle suspension, namely, the number of nanopar-
ticles trapped in the focal spot in unit time, is defined as

Jsrd = − DS ] C

] r
+

C

kBT

] Utrap

] r
D , s1d

whereD is the diffusion coefficient,C is the concentration
sparticles/mld of the nanoparticle suspension, andr is the
distance from the focal point of the laser. SinceC is inde-
pendent ofr under the initial conditions, the first term of Eq.
(1) can be neglected just after the irradiation. The assembling
rate of particles corresponds to the total fluxJtrap, which is
defined as the number of particles passing through a spheri-
cal surface around the focal point in unit time,

Jtrap= − 4pr2D
C

kBT

] Utrap

] r
. s2d

By substituting a Gaussian intensity profile of the trapping
laser beam into Eq.(2), the assembling rateJtrap can be de-
scribed as

Jtrap~ DCaI0, s3d

whereI0 is the laser power. These equations lose accuracy in
a highly concentrated suspension because particle-particle
interactions cannot be neglected in the assembling process.
For instance, in the case of adsorption and diffusion of
micrometer-sized paramagnetic particles in a magnetic po-
tential well, long-range magnetic interparticle interactions
must be taken into account[26–28]. In general, however,
electrostatic forces between colloidal particles are screened
by counterions, so that they are effective at short range as
compared to their radii[29]. In the present case, since the
early stage of assembling(until a few nanoparticles are
trapped) is treated in Eq.(1), particles are separated by large
distances and electrostatic interactions can be neglected.
Thus single-particle counting in dilute suspension is indis-
pensable to obtain accurate estimations.

We simply demonstrated the validity of the relation(3) by
a statistical analysis of our experimental results. Figures 3(a)
and 3(b) show the mean values of assembling rates
sparticles/sd as a function of concentration and laser power,
respectively. The assembling rates of nanoparticles were es-
timated from the reciprocal of the laser irradiation time
which is taken until the first particle is trapped. This corre-
sponds to the number of trapped nanoparticles in unit time
sparticles/sd. Figure 3 shows that the assembling rates are
proportional to the concentration of nanoparticle suspension
and the laser power with slopes of 0.8 and 1.2, respectively,
indicating that the assembling process of 100-nm-sized par-
ticles is consistent with the relation(3), i.e., it is a diffusion-
limited process. It was also confirmed that this relation is
applicable for 200-nm-sized particle suspensions.

In contrast to the 100-nm-sized particles, 40-nm-sized
particles showed a characteristic assembling process depend-
ing on the laser power, as shown in Fig. 4. In the case of 300
mW of laser power, packets of a specified fluorescence in-
tensitys500–1000 counts/0.05 sd, were observed in the tem-
poral profile. Since the fluorescence intensity of a single par-
ticle was estimated as,250 counts/0.05 s at the laser power
of 300 mW, the temporal profile indicates that 2–3 particles
were trapped and escaped simultaneously. Strictly speaking,

FIG. 2. Temporal trapping profiles of 100-nm-sized particles in
water. The photon counts are sampled at each 0.05 s. The concen-
tration of the suspension is(a) 4.331010 and (b) 4.3
3107 particles/ml. Vertical bars indicate fluorescence intensity cor-
responding to the particle number described beside each bar.
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this is not an assembling process because the trapped nano-
particles escape before the trapping of another nanoparticle.
Optical assembling is realized when the trapping rate(num-
ber of nanoparticles trapped in unit time) exceeds the escape
rate. To achieve it, you have a choice between two methods:
one is the increase of laser power and the other is the in-
crease of concentration. However, it is interesting that the
methods give different results. At higher laser power(900
mW), it was observed that the number of nanoparticles in-
creased stepwise one by one, as shown in Fig. 4(b), which is
a similar profile to that of 100-nm-sized particle suspensions.
On the other hand, nanoparticles were assembled with an
increasing amount of several particles in a higher-
concentration sample, as shown in Fig. 4(c). In the case of
100-nm-sized particles, the laser powerI0 and concentration
C contribute to the assembling process in the same way as
represented by relation(3), and actually this is demonstrated
in Fig. 3. The experimental results of 40-nm-sized particles
cannot be represented by a simple diffusion-limited process
described as relation(3).

One likely cause for the characteristic assembling of
40-nm-sized particles is aggregation which has occurred
before laser irradiation. However, the percentage of aggre-
gates included in the original solution was estimated as
2.5% (i.e., 2.23106 particles/ml) from SEM measurements
s3 aggregates/120 particlesd. This may be an overestimation
because the sample prepared for SEM measurement includes
aggregates formed during the evaporation of water. When
such aggregates(doublets) are suspended in water, from the
relation (3), it is expected that the first aggregate would be
trapped around 2.23102 s after starting the laser irradiation
under the same conditions as in Fig. 4(a). In practice, how-
ever, it took only 10.9 s on average. This demonstrates that
the event takes place more frequently and the characteristic
assembling of 40-nm-sized particles cannot be explained by
trapping of aggregates included in the original suspension.

Let us consider the size and laser power dependencies of
the assembling processes. In the case of Fig. 4(a), even if
40-nm-sized nanoparticles are once trapped in the focal spot,
they escape before the next one is trapped, so that the num-
ber of trapped particles does not increase. This is caused by
the potential energy of a 40-nm-sized particle whose depth is
comparable to the energy of Brownian motion. Actually each
depth of the trapping potentialsuUminu= I0a /cn2«0d is 105kT
for 100-nm-sized particles and 6.7kT for 40-nm-sized ones at

laser power of 300 mW. That is, if the focused laser beam is
introduced into a polydispersed suspension including differ-
ent sized particles, the escape time, which is determined by
the duration of trapping of one particle or aggregate, reflects
the particle size[30]. We ascertained that the escape time
that was obtained from the temporal profiles[see Fig. 4(a)]
correlated with the fluorescence intensity. These results sug-
gest that the unexpected fluorescence signals shown in Fig.
4(a) are attributed to aggregates which were generated during
optical trapping.

In other words, clustering took place in advance of assem-
bling in Fig. 4(a), while nanoparticles were assembled one
by one in Figs. 2(b) and 4(b). We suppose that this difference
originates from the relation between three frequencies of op-
tical trapping, escape, and clustering, which are defined by
the number of trapping, escape, and clustering events in unit
time. On the basis of this consideration, we propose one
model as follows. Nanoparticles form clusters with each
other with a certain possibility by getting over the repulsive
potential of electric double layers. If the depth of the trap-
ping potential is larger than the kinetic energy of Brownian
motion and the repulsive interparticle potential is large
enough to prevent clustering for a while, nanoparticles are
trapped at the focal spot one by one, because the trapping
frequency exceeds the escape frequency and the clustering
frequency around the focal spot is low. That is, nanoparticles
are captured before cluster formation and this corresponds to
assembling of 100-nm-sized particles[see Fig. 2(b)]. On the
other hand, when the trapping frequency is comparable to the
escaped one and the clustering frequency around the focal
spot is high, i.e., when the depth of the trapping potential and
repulsive interparticle interaction are small(weak), formed
clusters possessing large polarizability are trapped and stay
at the focal spot for a relatively long time. From the differ-
ence between Figs. 4(a) and 4(b), it is clear that the above
two cases are interchanged between two laser powers(300
and 900 mW) in the case of 40-nm-sized particles. In con-
trast, the more concentrated sample of 40-nm-sized particles
gives higher trapping and clustering frequencies, so that ag-
gregates are trapped and fill the focal spot[see Fig. 4(c)].

To evaluate the validity of this model, the assembling pro-
cess of nanoparticles was investigated by Monte Carlo(MC)
simulation, which calculates the Brownian motion of nano-
particles under the optical gradient force in a two-
dimensional(2D) system. In 100-nm-sized particle suspen-
sions, the simulated temporal profiles, where the particles are

FIG. 3. Assembling rates of
100-nm-sized particle suspensions
as functions of concentration and
incident laser power.(a) Concen-
tration dependence of the assem-
bling rates at the laser power of
300 mW. (b) Laser power depen-
dence of the assembling rates at
the concentration of 1.3
3108 particles/ml. Solid lines
show linear relations.
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assembled one by one, agree with the experimental results.
Figures 5(a) and 5(b) exemplify the temporal profiles of 40-
nm-sized particle suspensions in the simulation at laser pow-
ers of 300 and 900 mW, respectively. We used the Derjaguin-
Landau-Verwey-Overbeek(DLVO) potential with the
repulsive barrier of,2kT, as shown in Fig. 5(c). At the laser
power of 300 mW, even if a single particle is trapped, it

escapes immediately from the focal spot. Therefore the nano-
particles escaped from the optical trapping drift around the
focal point. The increase of local concentration makes the
clustering frequency increase. Clusters once formed stay at
the focal spot for a longer time than the individual nanopar-
ticles, which gives the characteristic temporal profiles, where
clusters of 2–3 particles are frequently found. These results
of the MC simulation indicate that our proposed model gives
a consistent explanation of the optical assembling process of
nanoparticles.

IV. CONCLUSIONS

As a first step to reveal the optical assembling process of
nanoparticles, we have investigated the assembling dynamics
of a single nanoparticle under the optical gradient force. The
assembling process of nanoparticles was clarified by time
evolution of the fluorescence intensity of nanoparticles. In
the case of the strong trapping potentialsUtrap@kTd, e.g.,
100-nm-sized particles at the laser power of 300 mW or 40-
nm-sized particles at 900 mW, it was observed that nanopar-
ticles were assembling one by one at the focal spot. This
process was explained as a diffusion-limited assembling
process.

In contrast, in the case of a weak trapping potential
sUtrap,kTd, e.g., 40-nm-sized particles at 300 mW, it was
observed that a few particles were simultaneously trapped
and then escaped from the focal spot. Furthermore, the re-
sults of the simple numerical simulation suggested that the
clustering was induced by increase of the local particle den-
sity and then the cluster was likely trapped since the formed
cluster had a large polarizability. It is expected that the char-
acteristic assembling process, which is attributed to the weak
interparticle potential, would be observed in a protein crys-
tal. Protein crystal growth shows some states of assembling
during nucleation and the clusters affect whether crystals are
finally obtained. Our study indicates that optical assembly
could control such states of clustering. Optical assembly me-
diated by clustering in the micrometer-sized region has the
possibility to produce an assembly that cannot be obtained
by conventional perturbations, i.e., stirring, evaporation, and
addition of salt.
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APPENDIX: SIMULATION PROTOCOL

The MC simulation is performed in a 2D system, where
nanoparticles are dispersed and moved. The center of the
focused laser beam is set at the origin of coordinates and a
particle positioned atr =sx,yd is attracted toward the focal

FIG. 4. Temporal trapping profiles of 40-nm-sized particles in
water at the concentration of(a),(b) 8.83107 and (c) 1.8
3109 particles/ml. The laser power is(a),(c) 300 and(b) 900 mW.
Vertical bars indicate fluorescence intensity corresponding to the
particle number described beside each bar.
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point due to the optical gradient force. This potential energy
Utrap is expressed as

Utrapsrd > − auEu2/2, sA1d

where E is the electric field.a is the polarizability of the
particle under the dipole approximation and is given bya
=4p«2a

3fsn1/n2d2−1g / fsn1/n2d2+2g, where a is the radius
of the particle,n1 and n2 are the refractive indices of the
particle and the surrounding medium, respectively, and«2 is
the dielectric constant of the medium. The beam intensityI is
described as

Isr d = s«2c/2n2duEu2 = s2P/pw0
2dexps− 2r 2/w0

2d, sA2d

in which w0 is the beam waist, andP is the beam power. The
three-dimensional fluorescence intensity distribution was
measured and confirmed to be reproduced by a Gaussian
function, from which its parameters were determined.

The Derjaguin-Landau-Verwey-Overbeek potential[31]
UDLVO is represented by the combination of attractive and
repulsive potentials:UDLVO =Uattsrd+Urepsrd . Uattsrd is the
van der Waals attractive potential andUrepsrd is the electro-
static Coulomb repulsive potential. The parameter values to
determine the DLVO potential are set as follows: the radius
of the particle a=20 nm, the absolute temperatureT
=298 K, and the effective Hamaker constantAH=1 eV. The
particle surface potentialc0=−44.0 mV is determined from

the zeta potential. The Debye length 1/k is calculated as
3.04 nm from these parameters. The DLVO potential used in
the simulation is shown in Fig. 5(c).

The simulation protocol is based on a standard Metropolis
Monte Carlo simulation[32,33]. All simulations are executed
in a 30330 mm2 sized two-dimensional simulation cell with
periodic boundary conditions. At the start of the simulation,
particles are randomly positioned. In each Monte Carlo step,
we generated a random step whose maximum lengthrmax

=3a. In one step, each particle is moved to the next destina-
tion where the total potential energysUtrap+UDLVOd is
smaller than that of the previous position. The time interval
Dt at each step is assigned asDt=krmax

2 l /2D,165 ms, where
D is a diffusion coefficient obtained by DLS measurement of
40-nm-sized particles. The positions of particles are recorded
at each 0.05 s, which corresponds to the experimental con-
ditions.

As a model of clustering particles, we included a cluster-
moving process in our MC simulation. In the simulation pro-
cess, adjacent particles within the distancerc=2.1a are
treated as a cluster whose volume isN times as large as a
single particle, whereN is the particle number in the cluster.
To obtain the temporal profiles of the two-photon fluores-
cence intensity of trapped particles, we calculated the sum of
squares of the laser intensity irradiated on each trapped par-
ticle located atr i sur iu,2 mmd, that is,oiI

2sr id.
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