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Abstract To measure the polarization dependence of fluores-
cent probes, a confocal-microscope-based polarized fluores-
cence correlation spectroscopy system was developed, and the
polarization dependence on the rotational diffusion of well-
defined quantum rods (Qrods) was investigated and charac-
terized. The rotational diffusion region of the Qrods was
observed over a time range of less than 107> s in a water
solution, and the rotational diffusion parameters were extract-
ed using a rotational diffusion model in which the viscosity of
the solution media was varied. Our work demonstrated that
polarized fluorescence correlation spectroscopy (FCS) is use-
ful for investigating both the rotational and translational dif-
fusion of fluorescent probes.
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Introduction

Fluorescence correlation spectroscopy (FCS) was developed
to study molecular diffusion dynamics and the photochemical
properties of various fluorescent probes. FCS is based on the
analysis of time-dependent fluorescence fluctuations from
diffusing fluorescent probes. Since the late 1990s, FCS has
progressed due to advances in confocal systems and corre-
lators as well as the development of detectors with high
quantum efficiencies [1-5]. The recent developments in FCS
systems are opening up several new research areas, especially
in the biological sciences, including the analysis of bio-
molecular diffusion, interactions, and gene expression in both
in vitro and in vivo cells [6, 7].

The dynamic properties of the molecules and particles in
aqueous media include both translational and rotational diffu-
sion. In principle, rotational diffusion is directly proportional
to the molecular weight (Mw), but translational diffusion is
proportional to Mw'” [1]. Therefore, a change in rotational
diffusion will be much more sensitive to molecular interaction
processes than to translational diffusion, even though both
diffusion parameters are applicable during analysis. In previ-
ous studies using FCS, translational diffusion of fluorescent
probes has often been investigated, but few studies on rota-
tional diffusion have been published [8—12]. The timescale of
the rotational diffusion of small probes introduces technical
challenges because the detectable time ranges of the correlat-
or, photon antibunching, and triplet formation occur on a
timescale similar to that of diffusion. However, larger fluores-
cent probes, such as nanometer or sub-micrometer-sized fluo-
rescent particles like quantum dots (Qdots) and rods (Qrods),
have different time scales for antibunching and lifetime, and
they have no triplet state, which makes the diffusion analysis
less complicated. Moreover, fluorescent particles such as
Qdots and Qrods are useful as probes due to their broad
absorption bands, narrow emission bands, and high quantum
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yields [13, 14]. In particular, Qrods with a well-defined size
and shape are useful as they can be used as a standard to
experimentally verify the diffusion properties of various rod-
like molecules and particles. The blinking property observed
in Qrods interferes with the observation of the rotational
diffusion of the rods [15—18]. Nevertheless, the rotational
diffusion of Qrods can be measured by fluorescence methods
that take advantage of the dependence of a fluorescent parti-
cle’s absorption and emission of light on its dipole direction.

In this study, we developed a simple confocal-microscope-
based polarized FCS system using CW-laser excitation to
investigate the rotational and translational diffusion of a
well-defined Qrod with a diameter of 5 nm and a longitudinal
length of 50 nm. By cross-correlation analyses of various
combinations of polarization and media viscosities, the de-
pendence of the rotational and translational diffusion of Qrods
on polarization was characterized using the amplitude and
characteristic time of the correlation function.

Theory

Observation Region The beam from a light source forms a
focal volume of a few femtoliters in a solution containing
fluorescent particles, as shown in Fig. 1(a). If the observation
region is the same as the focal volume of a microscope, its
effective volume (V) in Gaussian form can be calculated as
approximately V, ;= 7?w?z, where z and w are the half-axial
length and the waist radius, respectively [see Fig. 1(b)][1]. As
shown in Fig. 1(a), when the particles enter the focal volume,
they become excited and fluoresce. The fluorescence intensity
of the particles depends on the number, speed, and size of
those diffusing into and out of the volume. This diffusion of
particles in the focal volume causes time-dependent fluctua-
tions in fluorescence intensity. The fluctuations reflect

Fig. 1 a Observation of particles
in a small region, and b the size
and shape of the focal volume
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information about the size, shape, number, and diffusion
speed of the particles in the solution.

Dynamic properties, including the translational and ro-
tational diffusion, can be analyzed by measuring the diffu-
sion coefficients, which are represented using Eqs. (1.1)
and (1.2) [8]:

2
w
Dtmn - 4<T[> (11)
1
Dy = o (1.2)

where 7., is the average diffusion time, and 7,,, is the
rotational relaxation time.

Fluorescence Correlation Function The fluctuations caused
by the random diffusion of the fluorescent particles can be
analyzed by the correlation function given in Eq. (2) [16]:

(0F ()0F(t+ 7))
(F1(6)(F2(1))

G(r) = (2)

where 0F(¢) is the fluctuation deviation in fluorescence in-
tensity on one detector at time ¢, dF,(¢ + 7) is the fluctuation
deviation in fluorescence intensity on the other detector at
time (¢ + 7), and <F'|(¢)> and <F,(f)> are the average fluores-
cence intensities of the time series signals at each detector. The
various properties of the fluorescent particles, such as triplet
state, translation and rotation diffusions, and blinking, can be
analyzed by the correlation function given in Eq. (2).
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A translational diffusion model for the normal diffusion of
the particles in the focal volume is given by:

oit-an(i- () (+0(2) "

(3)

where the characteristic time (7;.4,s) 1S the average time
passing through the focal volume, and G(0) is the recip-
rocal of the particle number existing in the volume [1].
The normal diffusion model is applied in the case of very
small particles for which size and shape are negligible
compared with the focal volume and can therefore be
ignored. However, if the size and concentration of the
particles in solution increases and the shape changes from
the globular form, the translational diffusion of the parti-
cles shows anomalous diffusion with sub-diffusions.
Then, the normal diffusion model should be modified as
follows [19]:

owin=o0(1+(2)) (+ (D))

(4)

where « is the degree of anomalous sub-diffusion. If a=1,
the anomalous diffusion becomes normal diffusion. In the
case of a<1, the slope of the translational diffusion in the
correlation function is more gradual than that of normal
diffusion.

In the focal volume, the intensity fluctuations emitted from
the particles can be analyzed by models of rotational diffusion
or a triplet state. The models are expressed as Egs. (5 and 6) [1,
18]:

Gos(r) = G| 1+ Rexp (~T )| )

(6)

Goi(7) = G (7) [1 + M} |

1-F

These models include the amplitude fractions R and F,
and the characteristic times 7,,, and 7., as intensity
fluctuations occurring in the focal volume. The fractions
R and F depend on the geometry and degree of polarization
of the particles. Using these models, we can analyze the
polarization dependence of the rotational diffusion of non-
spherical particles.

Experiments

Optical Setup The FCS setup is shown in Fig. 2. A DPSS
laser (Cobolt, Samba; 25 mW) with a wavelength of 532 nm
and an single-photon counting module (SPCM; Id Quantique,
1id100-50) were used as an excitation source and a detector,
respectively. Alignment of the optical components was ac-
complished using a commercial optical microscope (Olympus
IX71). The optical components used in the FCS setup were as
follows: polarization beam splitter (PBS), quarter wave plate
(QWP), excitation filter (ExF), dichroic mirror (DM), objec-
tive lens (OB), cover glass (CG), emission filter (EmF), lens
(L), and mirror (M).

The laser beam from the light source passed through the
PBS and entered the optical microscope. The beam in the
microscope passed the ExF (Semrock, FF01-531/40-25) and
was then reflected from the DM (Semrock, FF545/650-Di02).
Then, the reflected beam passed through the OB (Olympus,
60x%, 1.2 NA), immersion water, and CG in series, and then
formed a focal point with a very small volume inside the
solution. The fluorescent particles in the focal volume were
excited by the laser beam, and then emitted fluorescent light.
The light emitted from the particles entered the OB. After the
light passed through the DM, EMF, and L, it escaped the
microscope by the inner mirror. The light emerging from the
microscope reached the PBS and was split into two beams,
and the beams were detected by two SPCMs.

The beam splitters in our FCS system were a non-polarized
beam splitter (NPBS) and a PBS. These were used to select the
polarization state of the fluorescent light. The fluorescent light
detected at the SPCMs was converted into TTL signals, and
the signals were then converted into a correlation function
using the TCSPC system (PicoQuant, Picoharp300). The cor-
relation function was monitored by the FluoFit program
(PicoQuant), and the correlation time was limited to a range
between 1.5 pus and 0.1 s.

Preparation of Probe Sample To investigate the rotational
diffusion of rod-like particles, we used quantum rods (Qrods;
GSH-Qrod612) with a length of 50 nm and a width of 5 nm
(aspect ratio of 10) as the fluorescent particles [20]. The Qrods
consisted of the core and shell; the core material was CdSe and
the shell material was CdS. Growth of the Qrod is described in
detail in Ref. [21]. The Qrods have a maximum emission peak
centered at 612 nm and strongly absorb light below 600 nm.
Therefore, these Qrods could be sufficiently excited by our
laser, which had a wavelength of 532 nm. To characterize the
rotational diffusion of Qrod612 particles, they were diluted
with distilled water to a concentration of 1 nM. In addition,
Qrod solutions with viscosities of 1 mPa-s, 2 mPa-s, 4 mPa-s,
and 8 mPa-s were prepared in order to study the dependence
of rotational diffusion on viscosity and then compare it with
that of translational diffusion on viscosity. Glycerin was used
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Sample solution

Fig. 2 The polarization FCS
setup based on an optical
microscope

cG

Laser Intensity in Focal Point : 40 W

to change the viscosity of the solutions. Rhodamine 6G (R6G)
and Qrods in 1 nM solutions at the final viscosity were
prepared at room temperature.

Combination of Polarization States To examine the depen-
dence of excitation and fluorescence on polarization states,
independent polarization states of the excitation light, i.e.,
linear (X) and circular (C), were generated using the QWP
in front of the laser. The fluorescent light was split into two
beams for cross correlation. The fluorescent light split by the
NPBS or PBS was polarized into three states: N, X, and Y,
where N is a non-polarization state, and X and Y denote the
polarization state parallel to the excitation light and the polar-
ization state perpendicular to the light, respectively. Table 1
shows the combinations of the polarization states of the exci-
tation and fluorescent light entering the two SPDMs [18, 22].
In Table 1, the combination XXX denotes linearly polarized
excitation and fluorescent light. The combination XYY indi-
cates that the polarization states of the linearly polarized
excitation light and the fluorescent light crossed. In the same
manner, the third, fourth, and fifth combinations were

Table 1 Classification of the polarization states of excitation and fluo-
rescent lights

Mark Polarization state of excitation Polarization state of fluorescent

light (First letter) light

Detector 1 Detector 2
(Second letter) (Third letter)

XXX Lineary Linear, Linear,

XYY Lineary Linear, Linear,,

XXY Linear, Linear, Linear,

CXY Circular Linear, Linear,

XNN Linear, Depolarization Depolarization
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generated by relative combinations of the polarization states
of the excitation and fluorescent light. In a polarization com-
bination, the first letter indicates the laser source polarization
and the second and third letters are associated with the fluo-
rescent light. These last 2 letters were used to obtain the cross
correlation function.

Results and Discussion

Diffusion Dependence on Viscosity The diffusion coefficient
of particles in solution depends on the viscosity of the solu-
tion, and is lower in a solution with high viscosity. This is the
well-known Stokes-Einstein relation [23]. To analyze the
translational and rotational diffusions of Qrods, a standard
solution is needed for comparison. In our study, we used
R6G prepared under the same conditions as the Qrod solution.

Figure 3 (a) shows the correlation functions of R6G in
aqueous glycerin solutions with different viscosities (scattered
symbol and line). The measured correlation functions were
fitted by Eq. (6) (bold line). When the viscosity of the solution
was 0.9 mPa-s or 1 mPa-s, the translational diffusion of R6G
corresponded to the normal diffusion of Eq. (3). However, as
the viscosity of the solution increased, the correlation func-
tions of R6G could not be fitted by Eq. (3). Therefore, the
experimental data were fitted by Eq. (6) with the triplet
term, and Eq. (4) was used to describe the translational
diffusion reflected as anomalous diffusion, even though
R6G blinking could be the reason for the inconsistency in
the fit. As shown in Fig. 3(a), the correlation coefficients of
the triplet state region below 107> s, and the translational
diffusion region above 107> s increased slightly with in-
creasing viscosity. Our triplet state result is in good agree-
ment with References [24, 25].
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Fig. 3 a Fluorescence correlation functions of R6G in glycerin aqueous
solutions with different viscosities; the points and the solid line indicate
the experimental data and fitting results, respectively. b-1 Triplet state and
b-2 translational diffusion time of R6G as a function of viscosity. The
triplet state and translational diffusion showed a linear dependence on the
viscosity of the glycerin solution. b-3 Triplet state time vs. translational
diffusion revealed a proportional relationship

To confirm the viscosity dependence of the triplet state and
the translational diffusion of R6G, the triplet state and trans-
lational diffusion times of the R6G were analyzed as a func-
tion of viscosity (Fig. 3(b-1) and (b-2)). The translational
diffusion times were 0.13+0.02 ms, 0.20+£0.02 ms, 0.26+
0.02 ms, 0.60+0.03 ms, and 0.92+0.17 ms, and the times
for the triplet state were 0.40+0.40 us, 0.76+0.25 us, 1.44+
0.32 s, 3.53+1.89 us, and 4.41+3.30 us at viscosities of
0.9 mPa-s, 1 mPa-s, 2 mPa-s, 4 mPa-s, and 8 mPa-s, respec-
tively. The triplet state and translational diffusion showed a
linear dependence on the viscosity of the glycerin solution.
The relationship between the triplet state and translational
diffusion time was also confirmed (Fig. 3(b-3)), suggesting a
non-linear relationship.

Figure 4(a) shows the correlation function for the diffusion
of Qrods in solutions with different viscosities. The transla-
tional diffusion times of nanoparticles such as quantum rods
and quantum dots were longer than those of R6G because the
particle sizes were bigger. As shown in Fig. 4(a), the
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Fig. 4 a The fluorescence correlation functions of Qrods in aqueous
glycerin solutions with different viscosities. The experimental data were
fit by Eq. (6). b-1 Rotational and b-2 translational diffusion time of Qrods
as a function of viscosity; rotational and translational diffusion showed a
linear dependence on the viscosity of the glycerin solution. b-3 Rotational
diffusion time vs. translational diffusion time revealed a proportional
relationship

correlation functions of Qrods did not include the triplet state
that was demonstrated with R6G. The lifetime of the Qrod is
3.0 ns at a temperature of 10 K [21], and the lifetimes of the
CdSe core material do not exceed 100 ns at RT, which is the
minimum delay time in our system [26]. Although the time
between the rotation of a particle and the fluorescence lifetime
can result in irregular emission of light in quantum dot mate-
rials, these properties also can produce negligible results be-
cause the correlation curve does not decay exponentially in a
narrow delay time band (below a few microseconds) [15]. So,
the correlation functions address rotational diffusion. The
experimental data for the Qrods were thus fit by the rotation
model of Eq. (5).

The diffusion time parameters were 5.27+0.44 ms, 8.31+
1.00 ms, 10.85+0.70 ms, 49.73+7.10 ms, and 70.54+8.20 ms
for translational diffusion, and 2.08+0.62 ps, 2.90+£0.50 ps,
3.86+0.50 us, 18.56+5.00 ps, and 25.40+2.10 us for rota-
tional diffusion at the same viscosities as the R6G solutions,
respectively. The translational and rotational diffusion times
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ofthe Qrods in solution are shown as a function of viscosity in
Fig. 4(b-1) and (b-2), and both diffusion times were linearly
proportional to the viscosity of the solution. The results are in
agreement with the Stokes-Einstein relationship, which states
that the rotational and translational diffusion coefficients are
reciprocally proportional to the viscosity of the solution. The
relationship between both diffusion times was also found to be
linear, as shown in Fig. 4(b-3). This result indicates that the
dynamic properties of Qrods, such as translational and rota-
tional diffusions, depend on the viscosity of the solution. From
this result, we conclude that the rotational diffusion of Qrods
can be analyzed using our FCS system.

Rotational Diffusion Dependence on Polarization We per-
formed polarized FCS measurements on the Qrods to study
the dependence of rotational diffusion on polarization. For
comparison, we also used R6G as the standard sample in the
polarized FCS measurements.

Figure 5(a) shows the correlation functions of R6G with
various combinations of excitation and emission (or fluorescent)
polarization states. The various combinations of polarization
states of both lights are listed in Table 1. Amplitudes of the
correlation functions were normalized to the translational diffu-
sion amplitude (G(0)), which is 1, for comparison with the triplet
state amplitude (the fraction of the triplet state). The combina-
tions XXX and XYY provided the same emission light polari-
zation state for both detectors in this sample, so the combination
XYY was neglected in this measurement. As shown in the inset
graph, the triplet state did not depend on the polarization state.

Figure 5(b) represents the correlation functions of the
Qrods for various combinations of excitation and emission
polarization states. The sample viscosity was 0.9 mPa-s at
25 °C. In the rotational diffusion region, the rotational fraction
was related to the amplitude of the intensity fluctuation as in
the translational diffusion results. The rotational diffusion
region can be generated by a difference in the polarization
directions of the excitation light and the emission light, which
can be regarded as a collection of dipoles. If a Qrod is excited
by linearly polarized light in the dipole direction, it will emit
light in nearly the same direction as the absorption dipoles. If
the dipole direction changes due to rotation of the Qrods, the
emitted light will then have a different polarization compared
with that of the excitation light [17, 23]. This polarization
difference due to rotation of the Qrods causes the intensity
fluctuation in the focal volume. As the polarization difference
approaches 90°, the absorption and emission of the dipoles
gradually decreases. In our study, data obtained from all
combinations of polarization states were fitted by Eq. (5).
Equation (5) approximately expresses the correlation function
for the rotational diffusion of Qrods as a collection of dipoles.
As shown in Fig. 5(b), all data were in good agreement with
Eq. (5), confirming the correlation was due to the rotational
diffusion of Qrods. At times below 107> s, the amplitude of
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Fig. 5 a Fluorescence correlation functions of R6G with various com-
binations of excitation and emission polarization states. The inset shows
the triplet fraction with various combinations of polarization states. b
Fluorescence correlation functions of GSH-Qrod612 with various com-
binations of excitation and emission polarization states. The inset shows
the rotational fraction with various combinations of polarization states

correlation functions with various combinations of polariza-
tion states began to diverge. This result indicates that the
rotational diffusion of Qrods depends on the polarization
states of the excitation and emission light.

As shown in the inset in Fig. 5(b), an autocorrelation with a
combination of XXX had the largest rotational diffusion

Table 2 Rotational diffusion parameters obtained from the correlation
functions of the rotational diffusion of Qrods

Polarization Rotation Error Rotation Error
states time (pLs) (ps) fraction

XXX 1.65 0.43 0.42 0.11
XYY 1.36 0.70 0.27 0.04
XNN 1.31 0.80 0.26 0.07
XXY 1.15 1.50 0.13 0.01
CXY 521 11.00 0.05 0.03

Solvent: water, Temperature: 25 °C
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fraction of 0.42. The fractions of autocorrelations with com-
binations of XYY and XNN were 0.27 and 0.26, respectively.
Cross-correlations with combinations of XXY and CXY were
found to be 0.13 and 0.05, respectively. This indicates that the
rotational diffusion of Qrods in solution depends on the exci-
tation and emission polarization states. Data obtained from the
various combinations of polarization states were used to esti-
mate the rotational diffusion parameters [9]. The parameters
are listed in Table 2. As listed in Table 2, the rotation time of
Qrods in solution showed a dependence on polarization, ex-
cept when the combination CXY was the rotation fraction.
This result demonstrates that the rotational diffusion of Qrods
is dependent on polarization.

Conclusions

A confocal-microscope-based polarized FCS system was de-
veloped to investigate the rotational diffusion of GSH-
Qrod612 composed of CdSe/CdS core/shell in water and in
aqueous glycerin solutions. For comparison, Qrods and R6G
were used as large, rod-like particles and as standard, small,
spherical molecules, respectively. The dependence of rotation-
al diffusion on polarization was characterized and compared
with that of R6G, which shows no polarization dependence, by
analyzing cross-correlation functions for various combinations
of polarization states. Moreover, the dependences of rotational
and translational diffusion on aqueous viscosity were consis-
tent. The rotational diffusion region of the Qrods was observed
to be in the time range of 1.9 us to 27.1 us and in the viscosity
range between 0.9 mPa-s and 8 mPa-s; the rotational diffusion
parameters were extracted using a rotational diffusion model.
The parameters revealed that the rotational diffusion of Qrods
in solution is dependent both on polarization and viscosity. Our
work demonstrates that polarized FCS analysis based on a
conventional CW-laser excitation setup is applicable to the
investigation of rotational and translational diffusion of fluo-
rescent molecules and particles in vitro media with various
viscosities and in compartments inside of live cells [25, 27].
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