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The dynamics of a rhodamine X-labeled oligonucleotide composed of 25 mers of thymine (dT25-ROX) in
solution or adsorbed on the thermosensitive shell of poly(methyl methacrylate/N-isopropylacrylamide), poly-
(MMA/NIPAM), core-shell nanoparticles, with a characteristic volume phase transition temperature (TVPT)
at∼32 °C, were studied as a function of temperature by fluorescence anisotropy. The time-resolved anisotropy
decay of the dT25-ROX oligonucleotides in buffered solution (pH 5.5) is biexponential. The results are
interpreted in terms of the “two-step” model, where the fast correlation time (θw) is attributed to the restricted
“wobbling” motion of the bound ROX to the oligonucleotide (ODN) strand in a cone, while the slow correlation
time (θoligo) is related to the rotation of the oligonucleotide as a whole. Both correlation times decrease with
temperature due to the variation of the viscosity of the medium. The anisotropy decays of dT25-ROX adsorbed
on the PNIPAM thermosensitive shell were interpreted in terms of two models: the “wobbling-in-two-cones”
and theheterogeneous populationmodel. In both models, the fast correlation time is due to the “wobbling”
motion of ROX (θw). The half-angle of the cone of the ROX “wobbling” motion (φ) decreases from∼34°
below the VPT to∼11° above it, due to the increasing constraints imposed by the PNIPAM chains. The slow
correlation time describes the overall rotational motion of the ODNs (θoligo) without restrictions (heterogeneous
population model) or restricted to the “wobbling” in a cone (“wobbling-in-two-cones” model). Theθoligo

values of the adsorbed ODNs are higher than in solution and increase with temperature from∼2.6 ns at 15
°C to reach a constant value of∼6.6 ns after the transition due to the increasing friction by the PNIPAM
chains. The anisotropy decay shows a residual component at long times (r∞) that increases with temperature
along the VPT, which is essentially due to the increasing percentage of immobilized ODNs from∼14% at
15°C to∼70% above the transition (heterogeneous population model) or to the increase of the order parameter,
Soligo, with temperature from 0.38 (φoligo ∼ 60°) at 15°C to 0.85 (φoligo ∼ 27°) at 45°C (“wobbling-in-two-
cones” model). Both models show that the whole motion of the ODNs and the randomization of their
orientations are strongly restricted along the volume phase transition of the PNIPAM shell.

1. Introduction

Fluorescence polarization is a powerful tool to probe the
dynamics of fluorophores in both homogeneous and heteroge-
neous media.1-3 When a population of fluorophores is irradiated
by linearly polarized light, those whose transition dipole
moments are oriented in a direction close to the electric vector
of the incident beam are preferentially excited (photoselec-
tion).1,2 The emission of light from this population is anisotropic,
and any molecular motion that changes the direction of the
transition dipole moment leads to a decrease in the absolute
value of the anisotropy and consequently to the depolarization
of the fluorescence. One of the main mechanisms of fluorescence
depolarization is the rotation of the probe during its lifetime.
For free rotational Brownian motion the anisotropy decays to
zero, but when the rotation is hindered a constant nonzero value
is obtained at long times. This is caused by the fact that during
the fluorescence decay, a random distribution of orientations is
achieved for the free rotation but not when the rotational motion
is hindered.1-3 The fluorescence anisotropy provides the
hydrodynamic volume of the isolated fluorophore4 or that of
the entity (protein,5,6 polymer,7 reversed micelle,8 etc.) at which
it is bound. It can also provide information about the internal

segmental mobility of proteins,9 polymers,10 and other macro-
molecules.11 Fluorescence anisotropy is widely applied to study
the mobility of guest molecules in restricted environments such
as micelles,12-15 reversed micelles,8,16-18 micellar aggregates,19,20

lipid bilayers,21 sol-gel silicates,22 modified silica nanopar-
ticles,23 and double-stranded DNA.24

In the recent years, different polymeric nanoparticles
have been developed for applications as supports.25-28 They
are particularly relevant in bioseparation, drug delivery, and
diagnostics.29,30 An interesting class of these materials are
monodisperse core-shell latex particles of poly(methyl meth-
acrylate/N-isopropylacrylamide), poly(MMA/NIPAM), which
are structurally formed by a core of PMMA and a thermosen-
sitive shell of PNIPAM. These thermosensitive materials can
expand or contract on demand by changing the temperature
around the volume phase transition temperature (TVPT) of the
PNIPAM shell. For aqueous dispersions, theTVPT of the shell
is approximately 32°C,31,32 which is identical to the lower
critical solution temperature (LCST) of PNIPAM chains in
water.33 These core-shell particles can be used as supports in
bioseparations and diagnostics, employing a recognition process
between a probe in the shell (adsorbed or covalently linked)
and the target biomolecule in solution.

The dynamics of terminal-labeled single-stranded ODNs
(polythymine with 25 mers, dT25) with rhodamine X, dT25-
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ROX, were studied by fluorescence anisotropy (time-resolved
and steady-state) in solution or when adsorbed on the shell of
the thermosensitive core-shell latex particles of poly(MMA/
NIPAM). These results can be important when dealing with
recognition processes, because the availability of the probe to
the target should depend on the dynamics of the thermosensitive
PNIPAM chains which influence the encounter between the
“immobilized” probe in the particle and the target molecule in
solution.

The results were interpreted with the help of the “wobbling-
in-cone” model,34-36 first introduced by Kinosita et al.37 to
describe the restricted diffusional motion of fluorescent dyes
in lipid bilayers. The anisotropy of the labeled ODNs with
rhodamine X (dT25-ROX) in solution decays to zero at long
times and shows both a slow and a fast correlation time due to
the whole rotation of the ODN and to the restricted motion of
the ROX bound to the ODN (“wobbling” motion), respectively.
When adsorbed on the PNIPAM shell, the anisotropy decays
at long times to a nonzero value due to orientational constraints
imposed by the PNIPAM chains, which do not allow the
randomization of orientations of the ODNs. These effects are
enhanced by temperature increase along the volume phase
transition. The fast relaxation time decreases continuously with
temperature as in solution, while the slow relaxation time
increases steeply near theTVPT, due to the increasing friction
from the PNIPAM chains. These results show that fluorescence
anisotropy is an appropriate tool to probe the degree of
restriction to the orientation and mobility of the adsorbed ODNs
during the volume phase transition of the PNIPAM shell.

2. Experimental Section

Materials. The dT25-ROX oligonucleotide, composed of 25
mers of thymine (dT25) labeled at the 5′-terminus with rhodamine
X (ROX), was purchased from ThermoHybaid in the lyophilized
form (HPLC grade). Rhodamine 101 (Rh101, Radiant Dyes
Chemie) was used without further purification. Their structures
are shown in Figure 1.

The core-shell latex particles were synthesized and cleaned
as reported elsewhere.32 The solid content of the final latex
dispersions is around 9.5 wt %. The diameter of the particles is
∼210 nm at room temperature and, due to the dehydration of
the shell that induces the collapse of the PNIPAM chains,
decreases to 160 nm above 35°C.32

The shell volume phase transition occurs at∼32 °C, which
is close to the LCST of PNIPAM in water.

The dT25-ROX oligonucleotides were dissolved in a
buffer solution (pH 5.5 and ionic strength of 10 mM sodium
chloride) to prepare a stock solution of 53 nmol/mL. The buffer
solution (10 mM phosphate) was prepared using sodium
dihydrogen phosphate 1-hydrate (NaH2PO4‚H2O, Panreac),
disodium hydrogen phosphate (Na2HPO4, Riedel-de Hae¨n),
10 mM sodium chloride (NaCl, Merck), and Milli-Q grade
water. For fluorescence measurements 0.01 nmol/mL dT25-
ROX buffered solutions were prepared from the ODN stock
solution. The samples containing latexes were very dilute
(0.0125 wt % of latex) to avoid contamination of the fluores-
cence by Raleigh-scattered light. The concentration of oligo-
nucleotide was adjusted, knowing the adsorption isotherms at
22 °C, to satisfy the condition that more than 95% of the ODNs
are adsorbed.32 The concentration of dT25-ROX in solution is
always less than 5.0× 10-10 M. Before the measurements, the
samples were incubated at room temperature (23°C) for at least
3 h in order to guarantee the adsorption equilibrium.27

Fluorescence Spectra and Anisotropy.Steady-state fluo-
rescence measurements were acquired in a SLM-AMINCO 8100
Series 2 spectrofluorimeter using 5 mm× 5 mm quartz cuvettes.
The spectra were corrected for the response of the detection
system, using the appropriate correction curve. For the steady-
state anisotropy measurements, the sample is excited with
vertically polarized light and the fluorescence-polarized com-
ponents parallel (I|) and perpendicular (I⊥) to the direction of
the excitation light were acquired. The steady-state anisotropy
(rss) is then calculated by1,2

whereG is an instrumental correction factor, which takes into
account the sensitivity of the monochromator to the polarization
of the light. The intensitiesI| and I⊥ were recorded using
Glan-Thompson polarizers and corrected for the background.
The excitation wavelength was 575 nm (8 nm bandwidth)
while the emission wavelength was 615 nm (16 nm bandwidth).
The temperature was controlled with a water circulating bath
((0.2 °C) from Julabo (model F25). The samples were kept at
the desired temperature for 30 min under stirring before
measurements.

Fluorescence and Anisotropy Decays.Time-resolved fluo-
rescence intensity decays with picosecond resolution were
obtained by the single-photon timing (SPT) technique using laser
excitation at 575 nm. The system consists of a mode-locked

Figure 1. Molecular structures of the oligonucleotide with 25 mers of thymine labeled at the 5′-terminus with rhodamine X (dT25-ROX), rhodamine
101 (Rh101), and rhodamine X (ROX). The bold arrow shows the direction of the S1 r S0 electronic transition dipole moment,µ.

rss)
I| - GI⊥
I| + 2GI⊥

(1)
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Coherent Inova 440-10 argon ion laser synchronously pumping
a cavity-dumped Coherent 701-2 dye laser using rhodamine 6G,
which delivers 5-6 ps pulses at a repetition rate of 1.9 MHz.
The isotropic fluorescence decays were observed with a polarizer
at the magic angle (54.7° to the direction of polarization of the
excitation light), the Rayleigh-scattered light being effectively
eliminated by a cutoff filter. The fluorescence was selected by
a Jobin-Yvon HR320 monochromator with a grating of 100
lines/mm and detected by a Hamamatsu 2809U-01 microchannel
plate photomultiplier.

The polarized fluorescence components parallel (I|) and
perpendicular (I⊥) to the direction of polarization of the
excitation light were also recorded. For our setup the correcting
factorG is equal to 1, because the polarized fluorescence light
components were depolarized before the entrance slit of the
monochromator. The anisotropy by excitation with aδ-pulse
of light is given by1,2

and the individual time-resolved fluorescence anisotropy com-
ponents by1,2

whereI(t) andr(t) are the fluorescence and the anisotropy decay
curves for aδ-pulse excitation. The experimental decay curves
were compared with the theoretical expressions obtained by
δ-pulse excitation after being convoluted with the instrumental
response functiong(t)38

whereX denotes the convolution integral.
The polarized fluorescence decay curves were globally fitted

with eqs 3a and b, the lifetime of dT25-ROX being fixed for
each particular sample to its lifetime, andr(t) approached by a
sum of two exponentials, or a sum of two exponentials plus a
constant, for the dT25-ROX in solution or when adsorbed,
respectively.

The fluorescence decay curves were fitted with homemade
software that uses a nonlinear least-squares reconvolution
method based on the Marquardt algorithm.39 The goodness of
the fit was judged from the distribution of residuals, the
autocorrelation function, and the globalø2 (lower than 1.2). To
further confirm the fit procedure the steady-state anisotropy (rss)
was calculated using the parameters obtained from the time-
resolved analysis1

and compared with the experimental steady-state anisotropy.13

3. Results

Rhodamine X was chosen as the fluorescence dye because
of its excellent photophysical properties which are similar to
those of the analogous rhodamine 101 (cf. Figure 1). The

structural flexibility of the amino groups in these rhodamines
is suppressed and their rotation hindered. This seems to be the
main cause for their high quantum yields (∼1) and monoex-
ponential decays,40-42 which are, in addition, almost temperature
independent.43-46 The fluorescence quantum yield of dT25-
ROX in water is 0.90( 0.05, slightly lower than 1.0, due to
water quenching which seems to involve energy dissipation
through the hydrogen bonds with the rhodamine.32 In phosphate
buffer solution (pH 5.5), the fluorescence decays of dilute
solutions (∼10-8 M) are monoexponential with lifetimes slightly
changing from 4.9 ns at room temperature (22°C) to 4.8 ns at
45 °C.32 When adsorbed on the latex particles, the lifetime has
an abrupt variation around theTVPT of the PNIPAM shell, which
was attributed to a sharp change of the refractive index, owing
to the dehydration of the thermosensitive shell.32 For temper-
atures far away from theTVPT the dT25-ROX lifetimes decrease
with temperature in a similar way as that observed in solution.

Figure 2 shows the steady-state anisotropy (rss) of dT25-ROX
in phosphate buffer solution and when adsorbed on the shell of
the latex particles at several temperatures. In solution,rss

decreases from 0.10( 0.02 at 15°C to 0.04( 0.02 at 50°C.
The decrease of anisotropy with temperature is mostly due to
the increase of the rotational diffusion coefficient of dT25-ROX
oligonucleotide with temperature. The anisotropy of dT25-ROX
was measured in very dilute latex dispersions (0.0125 wt % of
latex), to avoid the contamination of the fluorescence by the
scattered light. The experimental conditions were adjusted in
order to ensure that more than 95% of the oligonucleotides are
adsorbed. Thus, the anisotropy reports solely the dynamics of
the oligonucleotides adsorbed on the thermosensitive shell. The
average number of dT25-ROX per particle was estimated to
be around 120. This value was obtained from the ratio of
concentrations of dT25-ROX (∼10-8 M) to particles (∼8.5 ×
10-11 M) in the dispersions. The molar concentration of particles
was estimated from their mass concentration (∼0.125 g/L), their
volume at 45°C (∼2 × 10-21 m3), and assuming that the density
of the particles at this temperature (when the PNIPAM shell is
collapsed) is identical to that of bulk PMMA (1.19 g/cm3).47

Despite the very low amount of dT25-ROX per particle and
the low concentration of particles, it was possible to obtain
reasonable fluorescence intensities without the interference of
scattered light.

Figure 2 shows that the steady-state anisotropy,rss, of the
adsorbed dT25-ROX as a function of temperature is distinct
from that in solution. Therssvalues are always higher than those

r(t) )
I|(t) - I⊥(t)

I|(t) + 2I⊥(t)
)

I|(t) - I⊥(t)

I(t)
(2)

I|(t) )
I(t)
3

[1 + 2r(t)] (3a)

I⊥(t) )
I(t)
3

[1 - r(t)] (3b)

Iexp(t) ) g(t) X I(t) ) ∫0

t
g(ϑ)I(t - ϑ) dϑ (4)

rss)
∫0

∞
I(t)r(t) dt

∫0

∞
I(t) dt

(5)

Figure 2. Plot of the steady-state anisotropy (rss) as a function of
temperature in (b, O) 10 mM phosphate buffer solution and ionic
strength of 10 mM NaCl (10-8 M, pH 5.5) and (9, 0) adsorbed on the
core-shell latex particles (10-8 M, pH 5.5, 0.0125 wt % of latex
particles). The filled symbols refer to experimentalrss, while the open
symbols refer to calculatedrss values by eqs 10 and 13.
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in solution and increase with temperature, reaching a plateau
(0.28 ( 0.02) for temperatures higher than 35°C. At lower
temperatures, the PNIPAM shell is well solvated by the water
molecules; consequently the shell is very mobile and the water
content is very high. The adsorbed dT25-ROX oligonucleotides
have enough freedom to move, behaving similarly to the
oligonucleotide in solution (therss values for dT25-ROX in
solution and adsorbed are very close at 15°C). As the
temperature increases, the shell begins to dehydrate, promoting
attractive segmental interactions among the hydrophobic iso-
propyl groups of the polymer chain, which changes the chain
conformation, resulting in the collapse of the PNIPAM chains
at temperatures higher than 35°C.31,32,48 The volume phase
transition (VPT) occurs around the LCST of PNIPAM in water
(∼32 °C).33 During the thermal transition, the shell dehydrates,
its volume decreases, and the dynamics of the PNIPAM chains
slow until reaching a globular conformation. Thus, the oligo-
nucleotides become entrapped in this collapsed polymeric
network, resulting in a drastic decrease in mobility with the
consequent increase of the steady-state anisotropy. Above the
transition, the conformation of the PNIPAM chains remains
invariant and therss values reach a plateau.

In order to obtain a quantitative insight about the dynamics
of the labeled oligonucleotides (dT25-ROX) in solution and
when adsorbed, time-resolved fluorescence anisotropy measure-
ments were performed.

The time-resolved anisotropy components of rhodamine 101
(Rh101), which is a reasonable model for ROX (cf. Figure 1),
were initially recorded in the buffer solution at 23 and 45°C to
compare the differences in behavior between the labeled
oligonucleotide and the free chromophore in solution. The
Rh101 was excited at 575 nm which corresponds to the S1 r
S0 transition with the transition dipole moment aligned along
the rhodamine’s long axis (cf. Figure 1).49 The fluorescence
decay is monoexponential with lifetimeτ ) 4.1 ns, irrespective
of temperature. The anisotropy decay is also monoexponential,
with rotational correlation time,θ, decreasing from 179 ps at
23 °C to 99 ps at 45°C. These values agree with those reported
for rhodamine B and rhodamine 6G in water.8,50The parameters
obtained from the fittings are summarized in Table 1.

The hydrodynamic volume of Rh101 can be determined using
the modified Debye-Stokes-Einstein (DSE) equation

wherekB is the Boltzmann constant,T the absolute temperature,
η the viscosity of the solution,A the shape factor, andf the
frictional coefficient. Recently, it has been reported by Dela
Cruz and Blanchard that rhodamines closely obey the “stick”
hydrodynamic boundary limit (f ) 1) in polar solvents, and they
have determined a shape factor ofA ) 0.9 for Rh101.49 The
apparent hydrodynamic volume of Rh101 ofVH ) 680 Å3 in
phosphate buffer was calculated by the DSE model, knowing
its rotational correlation time. This value is higher than the value
calculated with the van der Waals increments,51 which is VH

calc

≈ 440 Å3. This behavior is commonly observed for protic

solvents in which specific interactions such as hydrogen bonds
are established between the solute and the surrounding solvent
molecules, increasing the apparent hydrodynamic volume of the
rotating unit.52,53

Figure 3 shows the parallel and perpendicularly polarized
fluorescence decays (A) and the corresponding anisotropy (B)
of dT25-ROX in the phosphate buffer solution at 23°C.

The anisotropy is well fitted with a sum of two exponen-
tials6,12,13,16

with correlation times describing slow (θslow) and fast (θfast)
dynamics and the sum of the preexponential factors being equal
to the fundamental anisotropy,r0 ) â1 + â2. A similar behavior
for labeled oligonucleotides with carboxytetramethylrhodamine
(TAMRA) has been observed elsewhere.54 Introducing eq 7 into
eqs 3a and b and knowing that the fluorophore has a single-
exponential decayI(t) ) a exp(-t/τ), we obtain

Table 2 summarizes the parameters obtained by the global fit
of the polarized parallel and perpendicular fluorescence decays
with eqs 8a and b after convolution with the instrumental
response function, the intrinsic lifetime being fixed to the value
obtained from the isotropic fluorescence decay. Figure 3B shows

TABLE 1: Fluorescence Decay and Rotational Dynamics
Parameters for Rhodamine 101

T (°C) τ, ns θ, ps η*, Pa‚s
1000‚θT/η,

K‚Pa-1

23 4.12 179 9.33× 10-4 0.057
45 4.10 99 5.96× 10-4 0.053

*Viscosity of water.

VH ) A
f

kBT

η
θ (6)

Figure 3. (A) Parallel (|) and perpendicular (⊥) fluorescence decay
components (λexc ) 575 nm,λem ) 615 nm) obtained for dT25-ROX
(10-8 M) in 10 mM phosphate buffer solution (pH 5.5) and ionic
strength of 10 mM NaCl at 23°C. The residuals for the parallel and
perpendicular components globally fitted with eqs 8 (ø2 ) 1.03) are
also shown. (B) Fluorescence anisotropy decay. The solid line is the
fitting curve using eq 9.

r(t) ) â1e
-t/θslow + â2e

-t/θfast (7)

I|(t) ) a
3
[e-t/τ + 2â1e

-t(1/θslow+1/τ) + 2â2e
-t(1/θfast+1/τ)] (8a)

I⊥(t) ) a
3
[e-t/τ - â1e

-t(1/θslow+1/τ) - â2e
-t(1/θfast+1/τ)] (8b)
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the experimental anisotropy fitted with the calculated anisotropy
by eq 9,55 fixing the values of the correlation times to those
obtained before.

The preexponential factors (â1, â2) obtained from this fit are
more accurate than those calculated from the global analysis of
the polarized fluorescence decays, due to the correlation of
parameters. Theâ1 andâ2 values determined by this procedure
are also reported in Table 2 for several temperatures.

The limiting anisotropy,r0, is slightly lower than the predicted
value of 0.4 for S1 r S0 absorption and collinear transition
dipole moments for absorption and emission. An experimental
value ofr0 ) 0.37( 0.01 is obtained for dT25-ROX in solution
which is in agreement with the reported value of 0.373( 0.002
for xanthene derivatives.56

The steady-state anisotropy is also calculated by

using the parameters recovered from the decay curve analysis.
The calculated and the experimental steady-state anisotropy
values are consistent at several temperatures (cf. Figure 2),
confirming the adequacy of the fitting procedure.

For the samples with the dT25-ROX adsorbed on the
thermosensitive shell of the latex particles, a similar procedure
was performed. Figure 4 shows the fluorescence depolarization
decays (A) and the anisotropy (B) for a sample at 30°C.

The anisotropy of the adsorbed dT25-ROX does not decay
to zero and can only be fitted with a sum of two exponentials
plus a constant, according to22b,c,23

where r∞ is the anisotropy at long times (t f ∞) and r0 )
â1 + â2 + r∞. The substitution of eq 11 into eqs 3a and b
results in the following equations for the parallel and perpen-
dicularly polarized decays, respectively.

The results of the fit are summarized in Table 3.

The limiting anisotropy of the adsorbed ODNs isr0 )
0.34( 0.02, which is slight lower than the value obtained for
dT25-ROX in the buffer solution (r0 ) 0.37( 0.01), probably
due to some residual scattering of the fluorescence by the latex
particles.

TABLE 2: Fluorescence Decay and Rotational Dynamics Parameters for dT25-ROX in Phosphate Buffer Solution

T (°C) τ, ns θslow, nsa θfast, ns â1 â2 r0 θw, ns η, Pa‚sb
103‚θoligoT/η,

K Pa-1
103‚θwT/η,

K Pa-1 S φ, deg

23 4.90 2.00 0.58 0.17 0.21 0.38 0.82 9.33× 10-4 0.64 0.26 0.67 41
28 4.89 1.98 0.60 0.17 0.19 0.36 0.86 8.33× 10-4 0.71 0.31 0.69 39
30 4.88 1.96 0.54 0.15 0.22 0.37 0.75 7.98× 10-4 0.75 0.28 0.64 43
35 4.85 1.65 0.46 0.15 0.22 0.37 0.64 7.19× 10-4 0.71 0.27 0.63 43
40 4.83 1.72 0.45 0.10 0.27 0.37 0.61 6.53× 10-4 0.82 0.29 0.52 50
45 4.81 1.29 0.34 0.14 0.25 0.38 0.46 5.96× 10-4 0.69 0.24 0.60 45
50 4.72 1.07 0.29 0.15 0.23 0.38 0.39 5.47× 10-4 0.63 0.23 0.62 44

a θslow ≈ θoligo. b Viscosity of water.

rexp(t) )
g(t) X I(t)r(t)

g(t) X I(t)
(9)

rss)
â1θslow

θslow + τ
+

â2θfast

θfast + τ
(10)

r(t) ) â1e
-t/θslow + â2e

-t/θfast + r∞ (11)

I|(t) ) a
3
[(1 + 2r∞)e-t/τ + 2â1e

-t(1/θslow+1/τ) +

2â2e
-t(1/θfast+1/τ)] (12a)

I⊥(t) ) a
3
[(1 - r∞)e-t/τ - â1e

-t(1/θslow+1/τ) -

â2e
-t(1/θfast+1/τ)] (12b)

Figure 4. (A) Parallel (|) and perpendicular (⊥) fluorescence decay
components (λexc ) 575 nm,λem ) 615 nm) obtained for dT25-ROX
(10-8 M) adsorbed on the core-shell latex particles (10-8 M, pH 5.5,
0.0125 wt % of latex particles) at 30°C. The residuals for the parallel
and perpendicular components globally fitted with eqs 12 (ø2 )1.05)
are also shown. (B) Fluorescence anisotropy decay. The solid line is
the fitting curve using eq 9.

TABLE 3: Fluorescence Decay and Rotational Dynamics
Parameters for dT25-ROX Adsorbed on the Shell of the
Thermosensitive Latex Particles

T (°C) τ, ns θslow, nsa θfast, nsb â1 â2 r∞ r0

15 4.88 2.77 0.64 0.195 0.150 0.033 0.378
23 4.86 2.54 0.60 0.154 0.165 0.032 0.350
25 4.83 3.88 0.70 0.108 0.140 0.079 0.327
28 4.82 3.99 0.61 0.108 0.132 0.109 0.350
30 4.80 4.30 0.57 0.100 0.088 0.142 0.331
35 4.61 5.55 0.41 0.099 0.034 0.194 0.327
40 4.60 6.32 0.36 0.094 0.024 0.209 0.327
45 4.57 6.61 0.41 0.087 0.016 0.220 0.323

a θslow ≈ θoligo. b θfast ≈ θw.
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As temperature increases, the anisotropy at long times
(r∞) increases, showing that the motion of ROX is hindered
during its lifetime, preventing a complete fluorescence depo-
larization in that specific environment. The motion restriction
increases with the temperature around theTVPT of the PNIPAM
shell.

To check the consistency of the results the steady-state
anisotropy was calculated by

Figure 2 shows a good agreement between the experimental
and calculated steady-state anisotropy values.

4. Discussion

Oligonucleotides (dT25-ROX) in Solution. The fluores-
cence anisotropyr(t), of the labeled oligonucleotide dT25-ROX
in solution can only be fitted with a sum of two exponentials.
The results are explained by the “two-step” model57 describing
a slow and a fast motion. If those motions are uncorrelated, the
global anisotropy is the product of the anisotropy of the slow
(rslow) and the fast (rfast) motions12,57,58

This model has been applied to describe the depolarization of
dyes covalently attached to macromolecules6,57 or within
restricted media such as micelles,12-14 reversed micelles,8,16,17

and polymer-surfactant aggregates.19

It is not trivial to define the shape of the dT25-ROX molecule
due to the interplay of electrostatic interactions and stacking of
the thymine bases by hydrophobic interactions and hydrogen
bonding. Nevertheless, it seems that single-stranded ODNs adopt
in aqueous solution a loose helical conformation59 which can
be described by the wormlike chain model.60 However, if we
assume that the oligonucleotide strand behaves as a spherical
body (f ) 1, A ) 1), one can estimate the rotational correlation
time for the whole oligonucleotide. Knowing the molecular
volume of dT25-ROX calculated with the van der Waals
increments,51 VH

calc ≈ 6316 Å3, the rotational correlation time
of the whole ODN was estimated by eq 6 asθoligo ) 1.5 ns.
This value is lower thanθslow ) 2.0 ns obtained experimentally
for dT25-ROX in solution at 23°C (cf. Table 2), since we
neglect the bound water, and the ODN molecule should be
considered elongated despite its flexibility compared to a duplex
strand. However, the closeness of these values justifies the
attribution of the slow motion to the whole rotation of the ODN,
although segmental motions of the ODN can also be present,
despite its small contribution to the ROX depolarization due to
the inherent rigidity of the dT25 strand.60 The fast component
of the anisotropy is due to the local motion of the ROX
covalently bound by the hexyl tether to the ODN. This can be
described by the “wobbling-in-cone” model as12,14a,37,57

whereS is the order parameter which gives an indication of the
orientational distribution of the dye in equilibrium andθw is
the orientational relaxation time of the “wobbling” motion. The
“wobbling” motion of ROX is restricted, and consequently the
randomization of orientations is not achieved, leading to a
nonzero anisotropy at long times,r∞ ) r0S2.12,36a,57The rotational
motion of the ODN as a whole is responsible for the decay of

the anisotropy to zero. Indeed, the anisotropy of the slow rotation
is given by

and then the global anisotropy (eq 14) is given by12,13,14a,57

The slow correlation timeθslow ≈ θoligo, and thenθfast is
given by

Figure 5 shows the plot ofθoligo and θw as a function of
temperature. Both decrease with temperature due to the increase
of the diffusion rotational coefficient. Indeed, when the cor-
relation times are multiplied byT/η, which takes into account
the variation of the rotational diffusion coefficient with tem-
perature and viscosity, a nearly constant value was obtained
(see the inset of Figure 5).61

The preexponential factors in eq 7 are given byâ1 ) r0S2

and â2 ) r0(1 - S2). Then, the order parameterS can be
calculated byS2) â1/(â1 + â2).13,14a For a “rod-shaped”
molecule,62,63 defined as a molecule in which the transition
dipole moment is parallel to the long axis of the rotating unit
(ODN molecule), the order parameter is given by12,57

whereφ is the half-angle of the cone of the “wobbling” motion.
From eq 19, the possible values ofSare in the range 0e |S| e
1. In the case of a “disk-shaped” molecule,62,63 in which the
excited dipole moment is perpendicular to the long axis of the
rotating unit, the order parameter is given by12,57

In this case, the probe has an equatorial “wobbling” motion.
From eq 20, the possible values ofSare in the range 0e |S| e
0.5.

The order parameters of dT25-ROX in aqueous solution at
different temperatures are shown in Table 2 and plotted in Figure

rss)
â1θslow

θslow + τ
+

â2θfast

θfast + τ
+ r∞ (13)

r(t) ) rslow(t) r fast(t) (14)

r fast(t) ) r0[S
2 + (1 - S2)e-t/θw] (15)

Figure 5. Temperature dependence of the rotational correlation times
for the “wobbling” motion of ROX attached to the ODN strand (θw)
and for the rotational diffusion of the whole oligonucleotide (θoligo) for
oligonucleotides (dT25-ROX) in 10 mM phosphate buffer solution (pH
5.5) and ionic strength of 10 mM NaCl. Inset: Corrected rotational
correlation times for temperature and viscosity. Correlation times for
the “wobbling” motion (b) and for the whole rotational diffusion (0).

rslow(t) ) e-t/θslow (16)

r(t) ) r0[S
2e-t/θslow + (1 - S2)e-t/θfast] (17)

1
θfast

) 1
θw

+ 1
θslow

) 1
θw

+ 1
θoligo

(18)

S2 ) [12(cosφ)(1 + cosφ)]2
(19)

S2 ) [12(1 - cos2 φ)]2
(20)
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6. TheSvalues are constant with temperature; the average value
is 0.61( 0.05. Furthermore, the values ofS are higher than
0.5, and consequently the motion of the ROX attached to the
oligonucleotide behaves more like a “rod-shaped” molecule,12

with the transition dipole moment closely parallel to the long
axis of the ODN. The half-angle of the coneφ was calculated
by eq 19. Figure 6 shows that, irrespective of temperature, the
values ofφ are constant with an average value of 44° ( 3°.

Oligonucleotides (dT25-ROX) Adsorbed on the Shell of
the Latex Particles. The time-resolved anisotropy of the
oligonucleotides adsorbed on the shell of the latex particles is
more complicated than in solution. A residual anisotropy,r∞,
at long times is observed for the adsorbed oligonucleotides (cf.
Figure 4 and Table 3), while in solution it is zero. This is a
consequence of the hindered rotational diffusion of the ODNs
when adsorbed that does not allow a complete randomization
of the orientations. The anisotropy decays are well described
by eq 11, with

θlatex being the correlation rotational time of the latex particles.
The rotational time of a sphere (A ) 1, f ) 1) in solution can
be estimated by eq 6; knowing that the radius of the latex particle
is 201 nm at 23°C,32 one obtainsθlatex ≈ 0.97 ms, and
consequently 1/θlatex ≈ 0.

To explain the dynamics of the oligonucleotides adsorbed
on the latex particles, we propose two models. One is a
heterogeneous populationmodel that considers two populations
of adsorbed ODNs: themobileODNs which present a rotational
diffusion similar to those in water and theimmobile ODNs
which do not have an overall rotation, and then their depolar-
ization is simply due to the local “wobbling-in-cone” motion
of ROX. Another possible model is the “wobbling-in-two-
cones”, in which the motions of the ROX and the whole ODNs
are described by restricted “wobbling” motions in two distinct
cones. Considering the heterogeneous population model, the
anisotropy of the mobile ODNs is analogous to that of those in
solution (eq 17), with 1/θslow ≈ 1/θoligo and 1/θfast ≈ 1/θoligo +
1/θw, and then

The slow motion of the immobile ODNs in the PNIPAM shell
is solely due to the rotation of the latex particle, and thenθoligo

≈ θlatex ≈ ∞. However, as the ROX continues to have its local
motion of “wobbling-in-cone”, its anisotropy is given by

ConsideringR as the fraction of immobile ODNs, the total
anisotropy is given byr(t) ) (1 - R)rm(t) + Rr imm(t) and when
θoligo . θw

In the “wobbling-in-two-cones” model, the motion of the whole
ODN is restricted to a cone with an order parameterSoligo, and
then the total anisotropy of dT25-ROX is given by

If θoligo . θw, this equation simplifies to

The comparison between eqs 25 and 27 with eq 11 shows that

Figure 7 shows the plot ofθoligo and θw as a function of
temperature. Theθw values for the adsorbed oligonucleotide
decrease with temperature as observed for the oligonucleotides
in solution. This decrease is mostly due to the variation of local
viscosity around the ROX probe with temperature. The values
of θw for the adsorbed dT25-ROX are slightly higher than in
solution probably due to differences of the local viscosity of
the hydrated shell compared to that in solution, or even to some
constraints imposed by the PNIPAM chains. The values ofθoligo

Figure 6. Plot of the order parameter (S) and the half-angle of the
cone (φ) of the “wobbling” motion of ROX attached to the dT25 strand
as a function of temperature in 10 mM phosphate buffer solution (pH
5.5) and ionic strength of 10 mM NaCl. (0) Order parameter; (9) half-
angle of the cone.

Figure 7. Temperature dependence of the rotational correlation times
for the “wobbling” motion of ROX attached to the ODN strand (θw)
and for the rotational diffusion of the whole oligonucleotide (θoligo) for
oligonucleotides (dT25-ROX) adsorbed on the core-shell latex
particles (10-8 M, pH 5.5, 0.0125 wt % of latex particles). Correlation
times for the “wobbling” motion (b) and for the whole rotational
diffusion (0).

r imm(t) ) r0[S
2 + (1 - S2)e-t/θw] e-t(1/∞) )

r0[S
2 + (1 - S2)e-t/θw] (24)
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2 (25)

r(t) ) r0[S
2 + (1 - S2)e-t/θw][Soligo
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θw ≈ θfast, θoligo ≈ θslow (28a)
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for the whole oligonucleotide increase with temperature from
around 2.6 ns at 15°C until ∼6.6 ns at 45°C. Theθoligo describe
the overall rotational motion of the ODNs without restrictions
(mobile ODNs in the heterogeneous population model) or
restricted to the “wobbling” in a cone (“wobbling-in-two-cones”
model). The unexpected increase ofθoligo with temperature
results from the friction imposed to the ODNs’ motion by the
continuous shrinking of PNIPAM chains that prevail over the
decrease of aqueous medium viscosity, slowing down their
motion.

The order parameter (S) for the local ROX motion within
the cone was obtained at each temperature from eqs 28b,c. The
order parameter and the corresponding half-angle of the cone
(φ) values are summarized in Table 4 and shown in Figure 8.
The order parameter increases from 0.75 (φ ∼ 34°) for
temperatures below 25°C to 0.97 (φ ∼ 11°) for temperatures
above 35°C. This indicates that the “wobbling” of ROX is
strongly restricted by temperature increase along the VPT of
the shell.

The time-resolved anisotropy does not decay to zero at long
times but to a constant valuer∞ which increases with temper-
ature (cf. Figure 4 and Table 3). In the heterogeneous population
model this results from the fraction of immobile ODNs and the
order parameterS of ROX “wobbling” (cf. eq 28b), while for
the “wobbling-in-two-cones” model this is related to both
restricted “wobbling” motions of the ROX and the ODN (cf.
Equations 28c) which are characterized by the corresponding
order parameters,S and Soligo, respectively. For the heteroge-
neous population model the fraction of immobile ODNs (R)
and the order parameter of the ROX restricted motion (S) were
obtained from eq 28b, while for the “wobbling-in-two-cones”
model the order parameters (S andSoligo) were obtained from
eq 28c. These values are summarized in Table 4.

The fraction of immobile ODNs (R) increase with temperature
(cf. Figure 9). Indeed, at 15°C, only ∼14% of the adsorbed
oligonucleotides are immobile, increasing this fraction to∼72%

at 45 °C. This means that the changes in the PNIPAM shell
drastically restrict the motion of the oligonucleotides at tem-
peratures above theTVPT.

The values ofSoligo and the respective half-angles of the cone,
φoligo, from the “wobbling-in-two-cones” model are plotted in
Figure 10. The order parameter gives an indication of the
amplitude of the diffusional motion of the whole oligonucleotide
and then reflects the orientational constraints imposed by the
PNIPAM chains of the shell particle. During the VPT, the
PNIPAM shell collapses which limits the randomization of the
adsorbed ODNs and results in the increase ofSoligo with
temperature from 0.38 (φoligo ∼ 60°) at 15°C to 0.85 (φoligo ∼
27°) at 45°C.

The two models predict a similar expression for the anisotropy
decay, although based on distinct interpretation of the rotational
behavior for the whole motion of the ODNs. The “wobbling-
in-two-cones” model considers all the ODNs with a similar
rotational diffusion within a cone without discriminating
between mobile and immobile ODNs as does the heterogeneous
population model. However, both models allow the character-
ization of the mobility of the adsorbed ODNs in the thermosen-
sitive shell as a function of temperature, showing that the
collapse of the PNIPAM chains slows down the rotational
diffusion of the whole ODN and restricts the randomization of
its orientations.

The dynamics of dT25-ROX adsorbed on the shell of the
thermosensitive nanoparticles are well correlated with the
conformation changes of the PNIPAM chains. On the transition,
the dynamics of the adsorbed oligonucleotides are strongly
slowed and the randomization of their orientations restricted,
reflecting the loss of mobility of the PNIPAM chains during
the collapse of the shell. The increase of the steady-state

Figure 8. Plot of the (0) order parameter (S) and the (9) half-angle
of the cone (φ) of the “wobbling” motion of ROX attached to the dT25

strand as a function of temperature, when dT25-ROX is adsorbed on
the core-shell latex particles (10-8 M, pH 5.5, 0.0125 wt % of latex
particles).

TABLE 4: Rotational Parameters for dT 25-ROX Adsorbed
on the Shell of the Thermosensitive Latex Particles

T (°C) φ, deg S R Soligo φoligo, deg

15 33 0.78 0.14 0.38 60
23 36 0.73 0.17 0.42 57
25 34 0.76 0.42 0.65 42
28 32 0.79 0.50 0.71 38
30 26 0.86 0.59 0.77 33
35 16 0.95 0.66 0.81 29
40 13 0.96 0.69 0.83 28
45 10 0.98 0.72 0.85 27

Figure 9. Temperature dependence of the immobile oligonucleotides
fraction, for adsorbed dT25-ROX oligonucleotides on the shell of the
latex particles (10-8 M, pH 5.5, 0.0125 wt % of latex particles).

Figure 10. Plot of the (0) order parameter (Soligo) and the (9) half-
angle of the cone (φoligo) of the “wobbling” motion of the whole dT25-
ROX adsorbed on the core-shell latex particles as a function of
temperature (10-8 M, pH 5.5, 0.0125 wt % of latex particles).
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anisotropy,rss, with temperature (cf. Figure 2) is caused by the
variation of several factors as can be seen from eq 13. However,
the most important factor is the residual anisotropy,r∞, that
increases substantially with temperature along the volume phase
transition, while the other terms in eq 13 vary slightly with
temperature, or their contribution torss is very small. This
reflects the restrictions imposed by the PNIPAM chains to the
whole motion of the oligonucleotide.

5. Conclusions

The results describe the dynamics of labeled single-stranded
ODNs in solution and when adsorbed on the shell of poly-
(MMA/NIPAM) core-shell latex particles. The time-resolved
fluorescence anisotropy of dT25-ROX in phosphate buffer
solution shows a fast and a slow correlation time. These were
attributed to the “wobbling-in-cone” motion of ROX (θw) and
to the whole rotation of the oligonucleotide (θoligo), respectively.
The anisotropy decay of the oligonucleotides adsorbed on the
positively charged PNIPAM shell of the latex particles shows
both a fast and slow decay components and a residual anisotropy
at long times (r∞). The results were interpreted in terms of the
“wobbling-in-two-cones” and the heterogeneous population
model. In both models, the fast correlation time is due to the
“wobbling” motion of ROX (θw). The half-angle of the cone
of the ROX “wobbling” motion (φ) around the tether link to
the ODN strand decreases from∼34° (S ) 0.75) below the
VPT to ∼11° (S ) 0.97) above it, due to the rise of the
restrictions by the PNIPAM chains. The slow correlation time
describes the overall rotational motion of the ODNs (θoligo)
without restrictions (heterogeneous population model) or re-
stricted to the “wobbling” in a cone (“wobbling-in-two-cones”
model). Theθoligo values increase from∼2.6 ns at 15°C below
the VPT to attain a constant value of∼6.5 ns above the VPT,
due to the collapse of the PNIPAM shell which slows down
the motion of the ODN. The residual anisotropy increases with
temperature around theTVPT, essentially due to the increase of
the number of immobilized ODNs from∼14% at 15°C to
∼70% above theTVPT in the heterogeneous population model
or due to the increase ofSoligo with temperature from 0.38 (φoligo

∼ 60°) at 15°C to 0.85 (φoligo ∼ 27°) at 45°C in the “wobbling-
in-two-cones” model. Both models lead to the conclusion that
the whole motion of the ODNs and the randomization of their
orientations are severely limited by the collapse of the PNIPAM
chains.

Fluorescence anisotropy has been found to be an adequate
tool to follow the dynamics of adsorbed oligonucleotides on
the PNIPAM shell along the volume phase transition.
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