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Fluorescent polarization methods are used to detect
complementary base pairing of DNA in biological
fields. These methods work by measuring the rota-
tional diffusion coefficient of Brownian motion of the
fluorescent particles in solution. The rotational diffu-
sion coefficient corresponds to the inverse third power
of diameter according to the Debye-Stokes-Einstein
equation for nanoparticles as hard spheres. We de-
velop a novel method to measure the rotational diffu-
sion coefficient using a fluorescent probe with a DNA
spacer connected to a gold nanoparticle. We studied
the physical characteristics of this probe to verify the
feasibility of the proposed method. The rotational dif-
fusion coefficients of gold nanoparticles with diame-
ters ranging between 5–20 nm were measured using
this developed system. In this manuscript we describe
a novel fluorescent polarization method for nanoparti-
cle sizing using a fluorescent DNA probe.

Keywords: nanoparticle sizing, fluorescent DNA probe,
gold nanoparticle, fluorescent polarization, rotational dif-
fusion coefficient

1. Introduction

Controlling the size of metal nanoparticles and mon-
itoring their aggregational state are important consid-
erations for manufacturing functional nanostructure de-
vices [1–5]. We suggest a particle sizing method based on
the analysis of rotational Brownian motion. The average
size of particles can be estimated from the rotational dif-
fusion coefficient, which represents the rotational speed
of Brownian motion. The rotational diffusion coefficient
of a particle can be measured by analyzing the polariza-
tion direction of fluorescence emitted from a fluorescent
probe labeled on the particle.

When measuring the rotational diffusion coefficient of
a rigid, spherical, and fluorescent particle, the rotational

diffusion coefficient Dr can be described by the Debye-
Stokes-Einstein equation [6–8]:

Dr =
kBT

πd3η
. . . . . . . . . . . . . . (1)

where kB is the Boltzmann constant, T is the temperature,
η is the viscosity of the solvent, and d is the particle diam-
eter. Eq. (1) shows that the rotational diffusion coefficient
is proportional to the inverse third power of the particle
diameter.

In this study, we developed a system to measure the ro-
tational diffusion coefficients of fluorescent particles and
a fluorescent DNA (fl-DNA) probe that can be used to
label particles. When excited, fluorescent probes emit a
polarized fluorescence signal that can be analyzed to de-
termine the size of the particles labeled with the probes.

Using this fluorescent polarization method, we inves-
tigated the physical characteristics of the fl-DNA probe
connected to a metal nanoparticle and determined its ro-
tational diffusion coefficient. The rotational diffusion co-
efficient of the unlabeled metal nanoparticle was also an-
alyzed to verify the feasibility of particle sizing using flu-
orescent polarization [9–11].

2. Rotational Diffusion Coefficient Measure-
ment Using DNA Probe

A standard coordinate system for evaluating fluores-
cence anisotropy is shown in Fig. 1. I‖ and I⊥ are com-
ponents of fluorescence intensity that are parallel and per-
pendicular, respectively, to the direction of polarization of
the excitation light. Fig. 2 shows the variation over time
in the rotational motion of the fluorophore and the po-
larization direction of the fluorescence emitted from the
fluorescent probe in the x-y plane. The fluorophore has
absorption and emission moments and is excited by light
with polarization parallel to the absorption moment. The
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Fig. 1. Standard coordinate system.
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Fig. 2. Relationship between rotational Brownian motion
and the polarization direction of fluorescence.

fluorescence anisotropy [9] can be described by

r(t) =
I‖(t)− I⊥(t)

I‖(t)+2I⊥(t)
. . . . . . . . . . (2)

Assuming that the sample is a spherical rigid rotor, r(t)
is described by

r(t) = r0 exp
(
− t

6Dr

)
. . . . . . . . . (3)

3. Experimental Setup

3.1. Structure of the Fluorescent Probe
The experimental setup is shown in Fig. 3. A linearly

polarized laser with 488 nm wavelength is the excitation
light. The symbols L, M, and DM indicate the lens, mir-
ror, and dichroic mirror, respectively. The amplitude of
the excitation light is modulated into a sinusoidal wave-

Fig. 3. Experimental setup.

form when passed through an acousto-optic modulator
(AOM). After the polarization direction of the excitation
light is adjusted to be along the y-axis by a half-wave plate
(1/2 WP) and polarizer (P), the excitation light is focused
onto the sample through the objective lens.

The excitation beam, which is defined in Fig. 1, cor-
responds to the light traveling from the objective lens to
the sample as shown in Fig. 3. We define the propagation
direction of the excitation light as the z-axis in the coordi-
nate system as shown in Fig. 1. The x- and y-axes could
be rotated in Fig. 3 and defined based on the polarization
direction of the excitation light. The x-axis is perpendicu-
lar to the polarization direction of the excitation light, and
the y-axis is parallel to the polarization direction of the
excitation light.

The fluorescence emitted from the sample passes along
the z-axis through the dichroic mirror and emission fil-
ter, while the reflected excitation light from the sample is
blocked by these two components. The beam displacer
divides the fluorescence into two orthogonal oriented po-
larization signals, I‖ and I⊥.

Both I‖ and I⊥ are evaluated by analyzing the bright-
ness of the fluorescent spot in the image captured by the
CCD camera. A sinusoidally modulated fluorescence sig-
nal is obtained by shifting the phase of the trigger signal
of the image intensifier. The period of the trigger signal is
synchronized with the period of the modulation signal of
the AOM. When the phase of the enhanced fluorescence
signal is shifted, we scan the phase shift for as much as
two cycles from 0◦ to 720◦.

Figure 4 shows the relationship between the intensity
of the excitation light and that of the emitted fluorescent
light. The solid line shows the excitation light intensity
and the short dashed line shows the emitted fluorescent
light intensity. The fluorescent signal can be resolved into
two components based on the direction of polarization.
The signal with polarization parallel to the excitation light
is shown as a double-dotted chain line. The average inten-
sity is I0‖, and the amplitude of the intensity modulation
is A‖. The phase of the modulation is φ‖. The signal with
polarization perpendicular to the excitation light is shown
as a chain line. The average intensity is I0⊥, the amplitude
of the intensity modulation A⊥, and the phase of the mod-
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Fig. 4. Schematic of modulated fluorescent light.

ulation φ⊥. Based on the analysis of fluorescent signals,
we can obtain the rotational correlation time parameters
YDC and YAC from the amplitude and intensity of polarized
fluorescence emission as shown in Eqs. (4) and (5). We
can calculate the rotational diffusion coefficient Dr based
on YDC and YAC as previously described for fluorescence
anisotropy imaging by microscopy [10].

YDC =
I0‖
I0⊥

. . . . . . . . . . . . . . (4)

YAC =
A‖
A⊥

. . . . . . . . . . . . . . (5)

3.2. Conjugation of fl-DNA Probe with Nanoparti-
cles

We arranged the fl-DNA probe on nanoparticles by
forming thiol self-assembled monolayers (SAMS). Thiol
SAMs are important in the synthesis of gold nanoparticles
to stabilize the nanostructures against aggregation and to
control the cluster size by tuning the hydrocarbon chain
length. We consider that the fl-DNA construct works both
as a probe to detect the rotational diffusion coefficient and
as a coating to keep the size of gold nanoparticles static
during the particle sizing procedure [12].

The fl-DNA probe is comprised of three parts: (1) a sul-
fur headgroup, which forms a strong, covalent bond with
the particle surface, (2) a double-stranded DNA spacer,
which stabilizes the SAM through van der Waals interac-
tions, and (3) a fluorophore, which emits a fluorescence
signal upon excitation. The 3’-thiol modified DNA can
be adsorbed onto gold surfaces (Au[111]), in which in-
termolecular forces play a key role. It can also attach to
other metallic surfaces including those composed of Ag,
Cu, Pd, Pt, Ni, and Fe, and semiconductor surfaces such

Fig. 5. Schematic of the fluorescent DNA probe.

as GaAs and InP [12].
In general, adsorption is performed in 10–1000 μM so-

lutions of thiols. Initially a physisorption step occurs, fol-
lowed by chemisorption of the molecules.

After physisorption, thiol molecules chemisorb onto
the Au(111) substrate through the S headgroup, forming a
strong covalent bond in a process that takes at least a few
minutes. During this process, the thiol molecule loses the
mercaptan H atom and is transformed into a thiolate. We
can write the adsorption process as follows

RnSH+Au → (RnSH)physAu . . . . . . . (6)

RnSHphysAu → RnS−Au+
1
2

H2 . . . . . (7)

where R is the 3’ end of the DNA spacer and the reactions
in Eqs. (6) and (7) correspond to thiol physisorption and
chemisorption, respectively.

4. Fundamental Properties of the DNA Probe

4.1. Structure of the Fluorescent Probe

In order to measure the rotational diffusion coefficient
of the nanoparticles, we need the fl-DNA probe to la-
bel the particles. However, fluorophores directly attached
to a metal nanoparticle are quenched because of surface
energy transfer (SET) from the fluorophore to the metal
nanoparticle. The energy transfer efficiency is described
by Eq. (8) [13].

ΦEnT =
1

1+
(

l
l0

)4 . . . . . . . . . . . (8)

where l is the distance between the fluorophore and
nanoparticle and l0 is called the Forster distance, which
is the distance at which the energy transfer efficiency is
50%.

We can control the length of the DNA spacer com-
ponent of the fl-DNA probe by varying the number of
base pairs in the DNA molecule. Through reaction of the
metal nanoparticle with 3’-thiol and 5’-fluorophore mod-
ified DNA [14], the probe attaches to the surface of the
metal particle, as shown in Fig. 5. We used DNA con-
taining 23 base pairs as a spacer. Given the lengths of
the particle-thiol and DNA-fluorophore linkers (∼1.8 nm)
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Fig. 6. Quenching of fl-DNA due to SET.

the distance between the fluorophore and metal particle is
about 9.6 nm, which is longer than the Forster distance,
9 nm, calculated in the case of energy transfer from an
organic fluorophore to a gold nanoparticle [13].

Figure 6 shows the SET efficiency against the dis-
tance l0 between the fluorophore and nanoparticle based
on Eq. (9) [15].

l0 =

(
0.225c3Φdye

ω2
dyeωF kF

) 1
4

. . . . . . . . . (9)

where c is the speed of light, Φdye is the quantum ef-
ficiency of the fluorophore and ωdye is its frequency of
electron transition, ωF is the Fermi frequency, and kF is
the wave number vector of the metal nanoparticle. There-
fore, the energy transfer efficiency is below 50%, and suf-
ficient fluorescence intensity can be obtained to perform
measurements.

Based on the energy transfer calculation, DNA contain-
ing 23 base pairs should block at least 50% of SET to the
gold nanoparticle. We consider the fl-DNA probe with 23
DNA base pairs to be bright enough as a fluorescent probe
to evaluate the rotational diffusion coefficient. In addition,
we consider that the short spacer has the advantage that
gold nanoparticles with bound fl-DNA probes approxi-
mate the simple rotational motion of a smooth sphere.

4.2. Number of fl-DNA Probes on Nanoparticles
The number of fl-DNA probes attached to the surfaces

of nanoparticles can be determined experimentally. Hurst
et al. investigated the coverage of DNA molecules on gold
nanoparticles [16]. They measured the number of DNA
molecules attached to gold nanoparticles with diameters
varying from 15–250 nm. The results show that the max-
imum density of DNA molecules on gold nanoparticles is
constant among nanoparticles of different diameters. The
maximum density of DNA molecules containing 10 base
pairs is described as 4.24× 1010 /cm2 for the surfaces of
gold nanoparticles.

Based on these results, we estimated the number of
DNA molecules on gold nanoparticles with diameters of
0–25 nm with the assumption that the surface DNA load-
ing density is fixed as 4.24 × 1010 /cm2. Fig. 7 shows
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Fig. 7. Number of fl-DNA molecules on the gold nanoparticles.
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Fig. 8. Absorbance spectra of gold nanoparticles.

DNA loading as a function of nanoparticle size. As shown
in Fig. 7, the maximum number of DNA molecules on
particles of 8.2 nm in diameter is about 10. In the case of
20 nm particles, we estimate that the number of attached
fl-DNA molecules is smaller than 60. We consider that
the number of attached fl-DNA molecules is less enough
to precisely evaluate the rotational diffusion coefficients
of the nanoparticles.

5. Absorbance Peak Shift of Labeled Nanopar-
ticles

The absorbance peak of gold nanoparticles is known
to be shifted to a longer wavelength range when they
are coated with dielectrics such as DNA [17]. We used
this phenomenon to check the attachment of fl-DNA
probes onto the gold nanoparticles. We prepared bare
gold nanoparticles (8.2 nm in mean diameter) and gold
nanoparticles with fl-DNA probe. The absorbance peak
of bare gold nanoparticles was near 520 nm.

Figure 8 shows a comparison of the absorbance spec-
tra of the bare and DNA functionalized gold nanopar-
ticles. The absorbance spectrum of gold nanoparticles
with fl-DNA was shifted to a longer wavelength com-
pared with that of bare gold nanoparticles. The peak shift
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Fig. 9. TEM image of gold nanoparticles with a nominal
mean diameter of 8.2 nm.
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Fig. 10. Histogram of particle diameter distribution for par-
ticles with a nominal mean diameter of 8.2 nm, measured by
TEM. The distribution can be approximated as Gaussian.

corresponded with the shift expected when dielectrics are
coated onto the gold nanoparticle. From the above re-
sults, we can confirm the labeling of fl-DNA probe onto
the nanoparticle surface.

6. Comparison of Rotational Diffusion Coeffi-
cients

We measured the rotational diffusion coefficients of
gold nanoparticles with a nominal mean diameter of
8.2 nm. Fig. 9 shows a transmission electron microscopy
(TEM) image, which revealed that the particles are spher-
ical in shape. Fig. 10 shows the typical distribution of the
diameters of gold nanoparticles.

Figure 11 shows the particle diameter distribution as
determined by a dynamic light scattering method. As
shown in Figs. 10 and 11, the distribution of particle di-
ameters is narrow (5–15 nm), and the measured mean di-
ameter is near 8 nm.

We prepared two samples. One is the fl-DNA probe
containing a DNA spacer of 23 base pairs. The other is
the bare gold nanoparticle labeled with fl-DNA. The rota-
tional diffusion coefficients were evaluated by varying the
temperature of the solvent using the measurement system
shown in Fig. 3.
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Fig. 11. Particle diameter distribution for particles with
a nominal mean diameter of 8.2 nm measured by dynamic
light scattering.

Table 1. Relationship between temperature and viscosity.

Temperature Viscosity T/η
T [K] η [mPa s] [K/mPa s]
293 1.002 292.4
298 0.890 334.8
303 0.797 380.2
308 0.719 428.4
313 0.653 479.3
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Fig. 12. Rotational diffusion coefficient by varying T/η .

The temperature of the solvents was maintained at
293 K, 298 K, 303 K, 308 K, 313 K, the modulation fre-
quency was set to 60 MHz, and the values were averaged
from 10 experimental trials. When we alter the temper-
ature, the viscosity is also changed. Table 1 shows the
relationships among T , η , and T/η . The rotational diffu-
sion coefficients of the fluorescent DNA probes connected
to gold nanoparticles are shown in Fig. 12. The horizontal
axis shows T/η , which indicates particle mobility in the
solvent. The vertical axis shows the rotational diffusion
coefficient and error bars show the standard deviation of
measurements. The plot is sequentially aligned from left
at 293 K, 298 K, 303 K, 308 K, and 313 K, respectively.

The rotational diffusion coefficient is sensitive to the

538 Int. J. of Automation Technology Vol.9 No.5, 2015



Study on Nanoparticle Sizing Using Fluorescent Polarization Method
with DNA Fluorescent Probe

mobility of nanoparticles in this condition as shown in
Fig. 12. It is considered that the gap in the values of the
rotational diffusion coefficient between fl-DNA alone and
fl-DNA attached to the gold nanoparticle can provide in-
formation about the sizes of the gold nanoparticles.

Dr linearly increased with T/η for both the fl-DNA
probe and the fl-DNA probe connected to gold nanopar-
ticles. These findings matched the predictions of Eq. (1)
well.

However, nonlinearity appeared in the range over
313 K. We have to investigate the reasons for the non-
linear change in the range over 313 K. We have two hy-
potheses; one is simply a decrease in the viscosity of the
solvent, and the other is the disaggregation of DNA in the
higher temperature range.

From the above results, we confirm the feasibility of
evaluating the rotational diffusion coefficient of nanopar-
ticles whose size is smaller than 10 nm in the range 293–
313 K based on the linear relationship between Dr and
T/η .

The rotational diffusion coefficient measured using the
proposed method is not that of the gold nanoparticle it-
self, but rather is that of the fl-DNA probe connected with
the gold nanoparticles. Thus, we need to confirm the re-
lationship between the rotational diffusion coefficient of
gold nanoparticles and that of fl-DNA probes connected
to the particles.

7. Conclusion

In order to verify the feasibility of the proposed
nanoparticle sizing method, fundamental experiments
were performed. The rotational diffusion coefficient of
the fluorescent DNA probe (fl-DNA) was measured pre-
cisely using the developed system.

We measured the rotational diffusion coefficients of
gold nanoparticles with a nominal mean diameter of
8.2 nm. The rotational diffusion coefficients decrease
with the mobility of fl-DNA. The results indicate that
nanoparticles with diameters smaller than 15 nm can be
sized using the proposed method.
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