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We report in situ observation of cluster growth of nanoparticles confined in an optical trapping potential by
means of fluorescence correlation spectroscopy. When an optical trapping force caused by a highly focused
laser beam acts on nanoparticle suspensions, the number of nanoparticles increases and an assembly can be
formed at the focal spot. The decay times of fluorescence autocorrelation curves were investigated as a function
of the irradiation time of the laser beam and the laser power. In the initial stage of the optical assembling, the
decay time increases with the irradiation time of the laser beam. On the other hand, in the later stage, a
decrease of the decay time was observed. This behavior is explained successfully by using two models of
Brownian motion under weak and strong optical trapping. It was revealed that trapping and clustering of
nanoparticles proceed simultaneously and clusters confined in the focal spot make larger aggregates
spontaneously.
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I. INTRODUCTION

Optical trapping has made a critical contribution to trap-
ping and manipulating microscopic objects in solutions
�1–3�. A single focused laser beam has now become an es-
tablished tool to hold a micrometer-sized particle in three
dimensions. Applying optical trapping to nanoparticles and
macromolecules, another interesting phenomenon is ex-
pected. When the particle size is smaller than the size of the
trapping laser beam, a number of nanoparticles can be
trapped and an assembly is formed at the focal spot. We have
actually observed this “optical assembly” of several kinds of
polymers �4–6� and nanoparticles �7,8�. Our goal is to con-
trol their size, shape, and properties by the incident power,
irradiation time, wavelength, and spatial pattern of a focused
laser beam and to demonstrate the high potential of the trap-
ping force in preparing molecular assemblages. Therefore,
we have investigated the minimum size of the trapped poly-
mer �9�, the relation to the hydrogen bonding network and
the electrostatic repulsion force between polymers of the
trapping force �5,10�, and the possibility of molecular orien-
tation controlled by a focused laser beam �11,12�. Moreover,
the stability, fluctuation, and displacement from the focal
point of the trapped objects have been measured to evaluate
optical trapping �13–15�.

Nevertheless, the dynamic process of optical assembly in
real space has been rarely discussed due to the lack of mature
methods for studying the diffusion properties both in the
bulk solution and in the microscopic region. In earlier work,
we investigated the temporal profile of the number of trapped
nanoparticles as a function of the laser irradiation time by
single-particle counting �16�. In 100-nm-sized particle sus-
pensions, it was observed that particles were trapped one by
one at the focal spot. On the other hand, in 40-nm-sized

particle suspensions, clusters composed of a few particles
were trapped and then escaped from the focal spot. From the
experimental and numerically simulated results, it was re-
vealed that a cluster of nanoparticles formed around the focal
spot was selectively trapped in the case of relatively weak
trapping. As the next stage of studies on optical assembly of
nanoparticles, rearrangement and aggregation proceeding in
the focal spot have to be investigated. In this paper, we ex-
amine it by means of fluorescence correlation spectroscopy.

Fluorescence correlation spectroscopy �FCS� is a power-
ful tool to study Brownian motion of single fluorescent mol-
ecules in solution �17–19�. The number of fluorescent mol-
ecules and the diffusion coefficient are obtained from the
autocorrelation function �ACF� of the fluorescence intensity.
The fluorescence fluctuation originates from dynamic pro-
cesses characterized by the diffusion of single molecules and
single nanoparticles which occurs in small volumes of the
focusing laser beam. If the association of such molecules and
nanoparticles proceeds in suspension, the characteristic dif-
fusion property due to the association may be obtained by
using the FCS method. Thus, FCS has found widespread
application in fields including biological systems, intercellu-
lar protein dynamics, reaction kinetics, and so forth �20�.

In this paper, we investigate the clustering of nanopar-
ticles proceeding in the focal spot by FCS measurement. The
decay times of autocorrelation curves were observed as a
function of the laser irradiation time and the laser power. It
was clearly found that clustering of nanoparticles proceeds
concurrently with the optical trapping and the clusters
formed spontaneously make larger aggregates in the focal
spot.

II. EXPERIMENT

As sample suspension, polystyrene latex particles with
fluorescent dye �Molecular Probes, FluoSpheres carboxylate-
modified orange, diameter 200, 100 nm and nile red, 24 nm�
were used. The surface of the particle is negatively charged

*Electronic address: yosikawa@ap.eng.osaka-u.ac.jp
†Electronic address: masuhara@ap.eng.osaka-u.ac.jp

PHYSICAL REVIEW E 72, 021408 �2005�

1539-3755/2005/72�2�/021408�7�/$23.00 ©2005 The American Physical Society021408-1

http://dx.doi.org/10.1103/PhysRevE.72.021408


by the carboxyl groups. These suspensions were prepared at
107–1013 particles/ml of the particle concentration by dilu-
tion of the stock solution, whose concentration is 2.6
�1015 particles/ml. The particle concentration appearing
henceforth is that of the bulk suspensions. Of course, the
local concentration in the focal spot increases during optical
trapping. A dynamic light scattering apparatus �Otsuka Elec-
tronics, DLS-70S� was used to confirm the average diameter
of the spheres. The � potential of the 24-nm-sized particles
was −49.3 mV, obtained with a � potential analyzer �Mal-
vern Instruments, Zetasizer Nano-ZS�. All experiments were
performed at room temperature �293 K�.

A 1064 nm fundamental beam from a cw neodymium-
doped yttrium aluminum garnet �Nd3+:YAG� laser �Spectron
Laser System, SL-902T 1104� was used for optical trapping
and two-photon excitation. The YAG laser was introduced
into an optical microscope �Carl Zeiss, UMSP-50� and fo-
cused into the nanoparticle suspensions via a microscope ob-
jective �magnification �100, numerical aperture 1.25�. The
sample solution was dropped into a 1-mm-depth well on a
glass slide and covered by a cover slip of 0.17 mm thickness.
Two-photon excitation fluorescence from nanoparticles
trapped at the focal point was passed through a notch filter
�Kaiser Optics� to remove the scattered excitation light and
was detected by an avalanche photodiode �APD� �EG&G,
SPCM-AQ�. The output of the APD unit was connected to a
correlator card �ALV, ALV-5000/EPP� and a counter board
�National Instruments, PCI-6601� set in a PC. For FCS mea-
surement, the fluorescence intensity was acquired for 2–30 s
depending on the intensity. Autocorrelation functions were
calculated by the correlator board and analyzed with IGOR

PRO 4.0 �WaveMetrics� for analytical fitting to obtain the de-
cay time.

III. RESULTS AND DISCUSSION

In general, a smaller particle is trapped with more diffi-
culty in the focal spot, since the trapping potential �force� is
proportional to the polarizability �particle volume�. Figure
1�a� shows a temporal profile �binned in units of 50 ms� of
the two-photon excitation fluorescence intensity from 24-
nm-sized nanoparticle suspension at 2.6�109 particles/ml
concentration. The spikelike signal is due to fluorescence
from a trapped nanoparticle, which escapes from the well at
short times. In other words, since the free Brownian motion
of the nanoparticle is affected by the weak trapping potential,
the nanoparticle should stay in the focal spot for a longer
time than in other places. Therefore, Brownian motion under
weak optical trapping needs a different description from that
under strong trapping, and the two-photon FCS curve is de-
scribed in the following expression �21–23�:

Gdiff�t� = ��I�t��I�0��/�I�0��2 = 1 + gdiff�0��1 + t/�BD�−1.

�1�

Here gdiff�0��1/N, where N is the average number of par-
ticles in the effective focal volume. �BD, which is obtained by
analytical fitting of a FCS curve to Eq. �1�, is expressed as

�BD = �D exp��Utrap�/kT� � �D�1 + �Utrap�/kT� �2�

where �D=w0
2 / �8D� and w0 is the beam waist, which is ex-

perimentally determined to be w0=0.45 �m by the three-
dimensional confocal fluorescence image of the 40-nm-sized
nanoparticle �16�. D is the diffusion coefficient derived from
the Stokes-Einstein equation, D=kT / �6�	a�, where 	 is the
viscosity of solution and a is the radius of the particle. �Utrap�
is the optical trapping potential, which is represented as
�Utrap�= �n2I0
� / �c�2�, where I0 is the laser intensity, 
 is the
polarizability of the particle, c is the speed of the light, and

FIG. 1. �a� Temporal profile of two-photon excitation fluores-
cence intensity of 24-nm-sized particle suspensions �2.6
�109 particles/ml� at 300 mW of laser power. �b� Typical normal-
ized autocorrelation curves of the fluorescence fluctuations emitted
from 24-nm-sized particle suspensions at the different laser power.
Solid lines are results of least-squares fitting of Eq. �1�. The noise
observed at the early time is due to weak fluorescent signal. �c� The
decay time � of 24-nm-sized particle suspensions plotted as a func-
tion of the laser power. Solid line shows the theoretical values cal-
culated from Eq. �2�.
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n2 and �2 are the refractive index and the dielectric constant
of the surrounding medium, respectively. �BD and �D corre-
spond to average transit times of nanoparticles through a
focal spot with and without the optical trapping potential,
respectively. Equation �2� indicates that the transit time �D is
biased by a small perturbation �Utrap� /kT of the trapping po-
tential. Here it should be noted that �BD increases as a func-
tion of the trapping potential �Utrap�, i.e., the laser power and
the particle volume. Figures 1�b� and 1�c� show the autocor-
relation curves at the different laser powers and the transit
times �BD obtained by fitting the curves to Eq. �1� plotted as
a function of the laser power, respectively. These are in good
agreement with theoretical data �solid line� calculated from
Eq. �2�. For example, in the case of 24-nm-sized particle at
the laser power of 300 mW, �D=1.4 ms, and �Utrap�=1.5kT,
the calculation gives �BD=3.6 ms and the averaged value ob-
tained from experiments is 3.7 ms.

Here we briefly mention the temperature elevation in-
duced by the trapping laser, which would influence data
analysis. Some experimental results are reported that the
temperature increases by less than 10 K/W �24–27� on fo-
cusing a subwatt YAG laser in water. In a recent example,
Peterman et al. showed theoretically and experimentally that
the temperature increase induced by trapping a 0.5 �m silica
particle is 	8 K/W. We estimate that the autocorrelation
functions are influenced by only a few percent by the tem-
perature rise, so that temperature elevation caused by optical
trapping can be neglected in our analyses henceforth.

Next, to evaluate our FCS analysis on the strong trapping
potential ��Utrap��10kT�, we present experimental results re-
garding 200-nm- and 100-nm-sized particles. As shown in
our earlier work �16�, a single particle at these sizes can be
recognized by fluorescence. A single particle was trapped by
focusing the laser beam in a dilute nanoparticle suspension
and then the ACF of the two-photon excitation fluorescence
was measured. As shown in Figs. 2�a� and 2�b�, the autocor-
relation curves strongly depend on the laser power and the
particle size. Figure 2�c� shows the inverse ACF decay times
obtained by exponential fitting of ACF curves as a function
of the laser power. Since the trapping potential �Utrap� is
enough larger than kT��Utrap��10kT� under the present ex-
perimental conditions, the motion of the trapped nanoparticle
is regarded as that in the harmonic potential generated by the
focused laser beam. It has been obtained theoretically that
Brownian motion in an optical harmonic potential shows the
ACF decay time �trap, which is determined as follows
�28,29�:

�trap =
6�	a

�Utrap�/w0
2 = 6�	a

c�2w0
2

n2I0

. �3�

It is noteworthy that �trap is in inverse proportion to the trap-
ping potential, i.e., the polarizability of the particle 
 and the
laser power I0. In addition, �trap is proportional to 1/a2, since
the polarizability is proportional to a3 in Eq. �3�. This is
opposite to that of weak trapping, in which �BD is propor-
tional to I0. Theoretical values calculated from Eq. �3� are
also shown in Fig. 2�c� as solid lines. They are in good
agreement with the experimental results, demonstrating that

FCS analysis with our experimental setup gives quantitative
data regarding the Brownian motion of trapped nanopar-
ticles. Furthermore, we should point out that the ACF decay
time � of the strong trapping shows a different dependence
on the trapping potential �Utrap� from that of the weak trap-
ping. If �Utrap�, i.e., particle size or laser power increases
gradually during optical trapping, the � should increase ini-
tially and then decrease. By use of these FCS analyses, here-
after we examine the optical assembly of 24-nm-sized nano-
particles.

Even in the case of weak trapping, optical assembly takes
place under a high concentration of nanoparticles since an-
other particle is trapped before the escape of one already
trapped. Figure 3 shows temporal profiles of the fluorescence
intensity of 24-nm-sized particles at 2.6�1013 particles/ml
given at different laser powers. The fluorescence intensity in

FIG. 2. �a� Laser power dependence in the 200-nm-sized par-
ticle suspensions and �b� particle size dependence at 150 mW of the
laser power obtained from fluorescence autocorrelation curves of
single trapped nanoparticle. Solid lines are results of exponential
least-squares fitting. �c� The inverse decay times � of ACFs versus
the laser power. Solid line shows the theoretical values calculated
from Eq. �3�.
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Fig. 3 reflects the number of nanoparticles in the trapping
potential, where the depth of the potential is larger than kT.
Its region was experimentally and numerically determined in
earlier work to be 	1 �m in the focal plane and 	3 �m on
the optical axis �16�. Before laser irradiation, the particle

number in 1 �m3 is estimated to be 26 particles/�m3 at
2.6�1013 particles/ml of the concentration. On the other
hand, it is demonstrated by the fluorescence intensity in Fig.
3 that the particle number reaches 	5000 particles at the
focal spot at 120 s of the laser irradiation time, correspond-
ing to 3.7 vol %. It is noted that the particle number in the
trap exceeds that in the stock solution �2.6�1015

particles/ml�. The fluorescence intensity �i.e., the number of
nanoparticles� increases with the irradiation time and reaches
a plateau value, indicating that 24-nm-sized particles are as-
sembling in and filling up the focal spot. Figures 3�a�–3�e�
clearly show that high power laser promotes growth of the
assembly. The concentration �Ctrap� in the trapping potential
�Utrap� is described as Ctrap=Cbulk exp��Utrap� /kT�, where
Cbulk is the concentration of the bulk suspension. In the
present case, the �Utrap� exerted on the individual nanoparticle
is �0.51–1.7�kT in Figs. 3�a�–3�e�, that is, Ctrap

= �1.7–5.5�Cbulk. However, as described later, Fig. 3 shows
that a number of nanoparticles more than this expectation is
trapped, suggesting that aggregates, which are confined in
the optical trap more strongly than individual nanoparticles,
are formed during the optical assembly. Hereafter we discuss
this aggregation process on the basis of FCS analyses.

While the temporal profiles of fluorescence intensity were
measured, FCS measurements were performed simulta-
neously. The ACF decay time � is plotted as a function of the
irradiation time of the laser beam in Fig. 4. This shows that
the ACF decay time � is clearly dependent on the laser irra-
diation time. In particular, at the low laser power of 100 mW
�Fig. 4�a��, the decay time first increases during 	40 s and
then decreases with increasing irradiation time. In addition, it
is noted that the irradiation time when the decay time shows
its maximum value becomes shorter �left shifted� with in-
crease in the laser power. Figure 4 indicates that the Brown-
ian motion dynamics of the optical assembly is strongly de-
pendent on the laser irradiation time and the laser power.

We focus on Fig. 4�a� and discuss the optical assembling
process of 24-nm-sized particles at low laser power. In Fig.
4�a�, the ACF decay time obtained at the beginning of the
optical assembly is �=33±9.9 ms, which is longer than the
transit time �BD=2.2 ms calculated by Eq. �2�. By substitut-
ing the ACF decay time �=33 ms into Eq. �2�, it is estimated
that the cluster consists of 	15 particles. This is in good
agreement with the stepwise fluorescence increase in Fig. 3,
showing that clusters of nanoparticles formed in the area
surrounding the focal spot are trapped, as examined by
single-particle counting in our earlier study �16�. Figure 3
demonstrates that the optical assembly proceeds by taking
clusters into the focal spot. Such clusters are taken into the
focal spot and the optical assembly proceeds.

Furthermore, the ACF decay time increases up to 40 s;
however, the curve turns downhill after that. In this time
region, the fluorescence intensity, i.e., the number of trapped
nanoparticles, increases from beginning to end as shown in
Fig. 3. On the other hand, the concentration in the focal spot
is estimated to be 3.7 vol % at most, which is twice as large
as that of the stock solution. This means that trapped par-
ticles �the original nanoparticles and aggregates� can move
individually without any interaction. Therefore, the FCS data

FIG. 3. Temporal profiles of two-photon excitation fluorescence
intensity of 24-nm-sized particle suspensions �2.6�1013

particles/ml� measured with �a� 100, �b� 140, �c� 210, �d� 280, and
�e� 350 mW of laser power. Solid lines are a representative result of
a single measurement and dotted lines are averaged ones over seven
measurements at each laser power, respectively. Vertical bars indi-
cate fluorescence intensity corresponding to the particle number of
1.0�103 particles.
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in Fig. 4 represent the Brownian motion of nanoparticles and
clusters crossing and trapped in the focal spot as in Figs. 1
and 2. From these considerations, it was concluded that the
change of ACF decay time in Fig. 4 can be attributed to
aggregation of nanoparticles and clusters in the focal spot.
Of course, the FCS data in Fig. 4 are contributed by many

particles and clusters and show the mean value of their dis-
tribution. In the earlier part of the assembly up to 40 s, the
aggregation of the trapped clusters occurs, resulting in the
increase of the trapping potential �Utrap� and ACF decay time
� according to Eq. �2�. As shown in Fig. 3�a�, the number of
trapped nanoparticles is increasing in this time region, so that
trapping and aggregation are proceeding simultaneously and
the optical trapping force is getting strong due to the growth
of the cluster volume. Therefore, in the later part of the as-
sembly, the intrinsic motion of nanoparticles changes from
biased diffusion in the case of weak trapping to Brownian
motion tightly confined in a harmonic potential. The de-
crease of the decay time after 40 s can be explained as the
growth of the trapped clusters in the harmonic potential,
since the ACF decay time is proportional to 1/a2 in Eq. �3�.
Accordingly, as the trapped clusters make larger aggregates,
the decay time becomes shorter. The decay time reaches �
=18±7.5 ms at the end of the measurement as shown in Fig.
4�a�. This corresponds to that of a 230-nm-sized aggregate,
i.e., a compact aggregate of 	940 particles derived by Eq.
�3�. At the same time, the fluorescence intensity in Fig. 3
shows that 	4400 particles are trapped in the focal spot at
least, so that at least a few large aggregates are confined
in the strong trapping potential at the final stage of the
assembly.

Figure 5 shows the ACF decay times at 120 s of laser
irradiation time as a function of the laser power, indicating
that the ACF decay times decrease with increase in the laser
power. The particle number deduced from the size of the
aggregate is calculated by means of substituting the decay
time and the laser power in Eq. �3� and is plotted in Fig. 5
�indicated by open circles�. This demonstrates that the size of
the produced aggregates at the final stage of the assembly
does not strongly depend on the laser power. This can be
attributed to the depletion of particles around the focal spot.

The time when the ACF decay time shows a maximum
value in Fig. 4 indicates the boundary between weak and
strong optical trapping. Since the laser power is proportional
to the trapping potential depth, a higher laser power makes
the confinement of nanoparticles stronger. As the laser power

FIG. 4. Temporal profiles of the decay time � of 24-nm-sized
particle suspensions �2.6�1013 particles/ml� measured with �a�
100, �b� 140, �c� 210, �d� 280, and �e� 350 mW of laser power. The
ACF is measured every 2–5 s during the irradiation of laser beam
and the ACF decay time � is obtained by the least-squares fitting of
Eq. �1�. Each figure �a�–�e� corresponds to Figs. 3�a�–3�e�.

FIG. 5. Laser power dependence of the ACF decay time �
�closed circles� of 24-nm-sized particle suspensions at 120 s of the
laser irradiation time. The particle number deduced from the size of
the aggregate �open circles� is estimated from the ACF decay time.
From the fluorescence intensity, the particle number in a focal spot
�open squares� is derived.

CLUSTER FORMATION OF NANOPARTICLES IN AN… PHYSICAL REVIEW E 72, 021408 �2005�

021408-5



gets higher, the peak of the ACF decay time actually appears
at shorter times as shown in Figs. 4�b�–4�e� due to strong
confinement. Of course, a strong trapping potential makes
the assembling rate �the number of trapped nanoparticles per
unit time� increase. If the rapid aggregation of the trapped
clusters is enhanced by optical trapping, the change of the
decay time must become sharp with increase in the laser
power. However, the rate of decrease of the decay time does
not strongly depend on the laser power. It is noteworthy that
optical trapping does not force the aggregation, but makes
the local concentration of nanoparticles increase. As shown
in Fig. 4, aggregation proceeds for several tens of seconds.
On the other hand, the concentration in the focal spot is at
most twice as high as that of the stock solution, which is
stable for more than half a year, indicating that the colloidal
stability has been degraded in the trapping potential. How-
ever, since the aggregation half-time T1/2=3	 / �4kTN0�,
where N0 is the particle number in a unit volume, is 7.7 ms
calculated by Smoluchowski theory at 2.6�1013particles/
ml concentration, the aggregation in the focal spot proceed-
ing via a diffusion-limited process must be completed on the
order of milliseconds. This means that the assembling pro-
cess is not described as a diffusion-limited process and the
trapped particles still have a repulsive potential, which is on
the order of kT. Such particles are confined in a trapping
potential whose energy is also comparable to the thermal
energy kT. This soft confinement is a significant property of
optical trapping, because nanoparticles trapped in the focal
spot can rearrange the location of each particle. This means
that nanoparticles can form a kind of self-assembly structure
in the focal spot. A practical application of this optical as-
sembly is the crystallization of macromolecules like proteins.
By focusing the laser beam in the macromolecular solution,
local increase in concentration and spontaneous nucleation
are induced in the focal spot. This would produce a tech-
nique whereby the position and the number of nuclei can be
controlled.

IV. CONCLUSIONS

We have investigated the clustering of colloidal nanopar-
ticles in the focal spot by means of fluorescence correlation
spectroscopy. The decay times of fluorescence autocorrela-
tion curves were characterized by the irradiation time and the
power of the laser beam. In the initial stage of the optical
assembling process, the ACF decay time of the fluorescence
intensity increases with irradiation time of the laser beam.
This can be attributed to the clustering of nanoparticles as a
result of the increase of the local concentration assisted by
optical trapping. As the focal spot becomes saturated by
trapped nanoparticles, the ACF decay time turns to a de-
crease, demonstrating that larger clusters formed in the focal
spot are strongly confined. Furthermore, the peak of the ACF
decay time appears at shorter time in the case of high laser
power. However, the rate of decrease of the decay time does
not strongly depend on the laser power, indicating that opti-
cal trapping increases the local particle density, but does not
force aggregation. Recently nanoparticles have been consid-
ered as building blocks to fabricate functional nanostruc-
tures, so that self-assembly of nanoparticles is energetically
studied. Our present study suggests that such assembled
structures of nanoparticles can be produced at an intended
position at the submicrometer level by optical trapping.
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