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The adsorption of a rhodamine X labeled oligonucleotide composed of 25-mers of thymine (dT25-ROX)
onto the thermosensitive shell of PMMA/PNIPAM core-shell latex particles was studied at 22 and 40 °C,
below and above the TVPT (volume phase transition temperature) of the PNIPAM shell, respectively. The
experimental binding isotherms were well fitted with the cooperative Hill model. The Hill coefficient is
lower than 1 at both temperatures showing that the adsorption is anticooperative. The polarity of the shell
was probed by both the lifetimes and solvatochromic shifts of the zwitterionic form of rhodamine X. For
temperatures below the shell TVPT has a polarity similar to that of water, while for temperatures above
the transition the polarity is equivalent to that of a water/dioxane mixture with 30% (v/v) water.

1. Introduction

The design and production of reactive submicrospheres
are currently in great expansion and development due to
their practical importance as supports in the biomedical
field.1-3 These reactive nanoparticles have been developed
to be used in diagnostics, as carriers of various biological
molecules and drugs, selective bioseparators, delivery
vehicles, and biosensors.4-6 Polymer colloidal nanopar-
ticles are particularly interesting because their size, shape,
and surface properties which are easily tailored for specific
applications. For instance they can be designed to respond
differently to environmental changes, such as pH, ionic
strength, pressure, and temperature.7-11

A well-known thermosensitive polymer is poly(N-
isopropylacrylamide) (PNIPAM). PNIPAM has a lower
critical solution temperature (LCST) of ∼32 °C (values
between 31 and 35 °C have been reported).12-15 At this
temperature, PNIPAM chains in aqueous environment

undergo a quasi-reversible phase transition from a well-
solvated coil to a globular state.16 With an increase in
temperature, the PNIPAM chains dehydrate, promoting
attractive segmental interactions from the hydrophobic
isopropyl groups of the polymer chain, which induces
conformation changes from a coil to a globular state. The
understanding of this process has been improved by the
conjugation of results from several techniques such as
turbidimetry,12 calorimetry,14-17 NMR,18 light scatter-
ing,13,19,20 fluorescence,21 and IR spectroscopy.22 The coil-
globule transition is a cooperative and quasi-reversible
process,20 during which some of the hydrogen bonds that
the >CdO group make with water are replaced by
hydrogen bonds with the N-H from the PNIPAM amide
group. The percentage of CdO‚‚‚HN hydrogen bonds
changes from ∼0% in the coil (low temperatures) to ∼13%
in the collapsed state (high temperatures).22 The water
content associated with the PNIPAM chains drops along
the transition, but in the collapsed state is still around
66%.20

In recent years, thermosensitive core-shell latex par-
ticles have been developed for applications in diagnostic
assays.2,5 For this purpose target-specific oligonucleotides
(ODNs) are immobilized on the surface, either by adsorp-
tion or by covalent linkage.23,24 The effective application
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of these materials depends on the sensitivity and repro-
ducibility of the hybridization process on the test, which
reckon on the availability of the specific target sequence
and on the rate of the hybridization process.2 To develop
more efficient materials, it is necessary to understand
the interactions and the environment of the ODN strand
adsorbed or linked to the polymeric chains of the latex
particles.

In this work core-shell particles with a core of poly-
(methyl metacrylate) (PMMA) and a positively charged
PNIPAM shell25 were used as supports for adsorption
of a rhodamine X labeled oligonucleotide composed of
25-mers of thymine (dT25-ROX). The adsorption binding
isotherms below (22 °C) and above (40 °C) the volume
phase transition temperature (TVPT) of the PNIPAM shell
were well fitted with the cooperative Hill model. The
polarity of the shell with temperature was probed by both
the lifetimes and the solvatochromic shifts of the zwit-
terionic form of rhodamine X and was compared to that
of dioxane/water mixtures. Rhodamine X was chosen
because its high fluorescence quantum yield (Φ ∼ 1.0)
and lifetimes are almost independent of temperature and
so its variation reflects essentially polarity effects.

2. Experimental Section
Materials. The oligonucleotide composed of 25-mers (poly-

thymine-dT25) labeled at 5′-terminus with rhodamine X
(dT25-ROX) was purchased from Thermo Hybaid on the lyoph-
ilized form (HPLC grade). The structure is shown in Figure 1.

The core-shell latex particles were synthesized in a two-stage
emulsion polymerization in water, as reported elsewhere.25 The
PMMA core was prepared in a first stage, which is followed by
a second one, were the cross-linked PNIPAM shell bearing the
comonomer was created. The monomers, methyl methacrylate
(MMA, from Aldrich, 99%), N-isopropylacrylamide (NIPAM, from
Acros, 99%), and aminoethyl methacrylate hydrochloride (AEMH,
from Acros, 99%) comonomer were distilled before being used.
The initiator2,2′-azobis(2-amidinopropane)dihydrochloride (V50,
from Wako chemicals), the surfactant dodecylethyldimethylam-
monium bromide (DEDAB, from Fluka AG, >98%), and the cross-
linker methylene bisacrylamide (MBA, from Kodak, eletro-

phoretic grade) were used as received. The PNIPAM chains of
low molecular weight due to the chain transfer activity of the
comonomer were slightly cross-linked. The latex particles were
cleaned by repeated centrifugation and redispersion cycles using
MQ water, to remove free electrolytes, surfactant molecules,
monomers, and water-soluble polymers. The solid content of the
final latex particle dispersions is around 9.5 wt %.

The dT25-ROX was dissolved in MQ water to prepare a solution
of 53 nmol/mL. A 10 mM phosphate buffer solution (pH 5.5)
was also prepared using sodium dihydrogen phosphate 1-hy-
drate (NaH2PO4‚H2O, Panreac), disodium hydrogen phosphate
(Na2HPO4, Riedel-de Haën), 10 mM sodium chloride (NaCl,
Merck), and MQ water. These stock solutions were used to prepare
the final solution for the adsorption and fluorescence measure-
ments. Additional solutions of dT25-ROX in mixtures of dioxane/
water (10-8 M) were prepared to estimate by fluorescence the
polarity of the particle shell. The 1,4-dioxane (Riedel-de Haën,
spectroscopic grade) was used as received.

The fluorescence measurements of latex dispersions require
special attention to minimize the light scattering from the latex
particles and the fluorescence from the ODNs in solution. The
light scattering was prevented by working with very low
concentrations of particles (∼8.5 × 10-11 M). The fluorescence
from the adsorbed ODNs is maximized by working in a
concentrated region of the adsorption isotherm for which more
than 95% of ODNs is adsorbed. Nevertheless, the concentration
of ODNs in solution is always inferior to 5 × 10-10 M, at which
the fluorescence from the ODNs in solution does not interfere
with the emission from the adsorbed ODNs.

Dynamic Light Scattering (DLS). The hydrodynamic
diameters (D) of the latex particles were obtained by dynamic
light scattering using a Brookhaven Instruments (BI-200SM
goniometer and BI-2030 AT autocorrelator) using a He-Ne laser
(632.8 nm, 35 mW) from Spectra Physics (model 127). The zeta
potential was measured with a Zetasizer from Malvern Instru-
ments (3000-HS model). The measurements were performed with
diluted latex dispersions (10-3 HCl, 10-3 M NaCl ionic strength)
at 90° scattering angle and controlled temperature ((0.5 °C).
The autocorrelation functions were analyzed with both Laplace
inversion (CONTIN) and Expsam V3.0 programs included in the
BI-ZP software package from Brookhaven.

Adsorption Isotherms. The adsorption isotherms of the
dT25-ROX on the shell of the latex particles were obtained at 22
and 40 °C. The amount of dT25-ROX adsorbed was obtained by
fluorescence using the same amount of latex particles (0.04 wt
%) and several concentrations of dT25-ROX in the buffer solu-
tion. The solutions were incubated for 3 h at room temperature
and brought to the desired temperature (22 and 40 °C) for an
additional hour. It was verified that the incubation time is enough
to attain the adsorption equilibrium as was expected for the
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Figure 1. Structure of the oligonucleotide of 25-mers (polythymine-dT25) labeled at 5′-terminus with rhodamine X (dT25-ROX).
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kinetics of adsorption reported elsewere.23 Afterward, the
particles were separated from the supernatant by centrifugation
for 30 min at 14000 rpm. For each sample, the oligonucleotide
concentration in the supernatant was determined by fluorescence.
The concentration was obtained from a calibration curve
constructed by plotting the integrated fluorescence intensity (λem
) 595-645 nm) versus the concentration of dT25-ROX solutions.

FluorescenceSpectraandDecayCurves. The fluorescence
spectra were acquired with a SLM-AMINCO 8100 series 2
spectrofluorometer using a bandwidth of 8 nm for the emission
and 4 or 8 nm for the excitation in 5 × 5 mm quartz cuvettes.
The spectra were corrected for the response of the detection
system using the appropriate correction curve. 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. Time-resolved
fluorescence 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
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
fluorescence was observed with a polarizer at the magic angle,
the scattered light being effectively eliminated by a cutoff filter.
The fluorescence was selected by a Jobin-Yvon HR320 mono-
chromator with a grating of 100 lines/mm and detected by a
Hamamatsu 2809U-01 microchannel plate photomultiplier. The
decay curves of dilute solutions (∼10-8 M) were fitted by
homemade software that uses a nonlinear least-squares recon-
volution method based on the Marquard algorithm.26

3. Results and Discussion

Dynamic Light Scattering. The core-shell latex
particles have a core of PMMA and a positively charged
shell of PNIPAM. The zeta potential (ú) of the latex
dispersions (cf.Figure2) is positive for all the temperatures
according to a positively charged shell. The charges are
protonated amidine and amine groups coming from the
initiator (V50) and the functional monomer (AEMH),
respectively.

The hydrodynamic diameter (cf. Figure 2) and size
distribution of the latex particles were obtained by
dynamic light scattering (DLS). The particles are almost
monodisperse, although the polydispersity increases
slightly at higher temperatures. The PMMA core of the
particles is glassy at these temperatures, and so the
decrease in particle diameter with temperature results

from the thermosensitivity of the PNIPAM shell as
illustrated in Scheme 1.

A transition in size was observed around 31 °C which
corresponds to the TVPT (i.e., close to LCST of the PNIPAM
chains15).7 Farbelowthe TVPT theparticleshave thehighest
diameter (∼210 nm) since the PNIPAM chains anchored
to the particle core adopt extended conformations due to
the hydrogen bonds with the water molecules. Above the
TVPT, the diameter of the particles is reduced to ∼158 nm
due to the collapse of the PNIPAM chains into globules
induced by the dehydration of the shell. The zeta potential
also shows a transition at ∼31 °C (cf. Figure 2) owing to
the increase in the density charge with the shrink of the
shell volume. The diameters obtained from high to low
temperatures and vice versa are identical, suggesting a
reversible cycle in the expansion-contraction of the
PNIPAM shell. For high molecular weight PNIPAM chains
in water, a very small hysteresis was observed.20 The
absence of hysteresis can be explained by (i) slow heating-
cooling speed and (ii) the mobility of the low molecular
weight cross-linked PNIPAM chains of the shell.

Adsorption Isotherms. The cationic core-shell latex
particles offer a suitable environment for the immobiliza-
tion of biomolecules and are very useful in biomedical
field for diagnostic tests and biological carrier sys-
tems.1,4,5,27 When applied for diagnostic tests, the oligo-
nucleotides must be adsorbed on the latex particles or
covalently bound to the chains in the shell.

Figure 3 shows the binding adsorption isotherms of
dT25-ROX oligonucleotide onto the latex particles at 22
and 40 °C.
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C., Mandrand, B.; Mabilat, C. J. Biomater. Sci., Polym. Ed. 1999, 10,
403.

Figure 2. Temperature dependence of the average hydrody-
namic diameters of the core-shell latex particles of PMMA/
PNIPAM in diluted latex dispersions (10 mM NaCl), when
increasing temperature (0) and vice versa (9). Temperature
dependence of the zeta potential (b), in diluted latex dispersions
(10 mM NaCl, 10 mM HCl, pH ∼3).

Figure 3. Adsorption isotherms of dT25-ROX oligonucleotide
on the core-shell latex particles of poly(MMA/NIPAM) at (0)
22 °C and (9) 40 °C, in 10 mM phosphate buffer (pH 5.5) and
ionic strength of 10 mM NaCl. The amount of latex particles
was kept constant at 0.04 wt %.

Scheme 1
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The oligonucleotide is adsorbed on the PNIPAM shell,
being the amount of ODNs adsorbed per gram of latex
(N), given by

where Ci and Cf are the initial and final concentrations
of oligonucleotide in solution (nmol mL-1), respectively
and [latex] is the latex concentration (g mL-1). The
oligonucleotides adsorb on different conformations on both
positively and negatively charged latex particles.28 The
driving forces for adsorption are electrostatic, hydrophobic,
and hydrogen bonding interactions. In our case the main
driving force should come from the electrostatic interac-
tions since the shell is positively charged and slightly
hydrophobic. The adsorption of negatively charged ODNs
neutralizes the positive charges in the particle shell and
inhibits consequently adsorption events in neighboring
sites due to electrostatic repulsions. Then, the adsorption
should be cooperative and follow the Hill binding iso-
therm,29,30 which can be written in the form

where Ceq ) (Ci - Cf)/C0 is the equilibrium concentration
of ODNs in solution referred to the standard state, C0 )
1 M, Nmax is the maximum amount of ODNs adsorbed, K
is the Hill constant, and c is the Hill coefficient which
measures the degree of cooperativity. The cooperativity
can be either positive (c > 1) when the binding at one site
increases the affinity of other binding sites or negative (c
< 1) when the affinity of other binding sites decreases.
For c ) 1, the cooperativity does not exist and the Langmuir
isotherm is recovered. The isotherms at temperatures
below (22 °C) and above (40 °C) the TVPT of the PNIPAM
shell were well fitted with the Hill isotherm. The fitting
parameters are summarized in Table 1.

The values of the Hill coefficient c are much smaller
than 1, showing a negative cooperativity. The lower the
value of c, the higher is the level of anticooperativity. The
anticooperativity is larger at 40 °C (c ) 0.29) when the
PNIPAM chains are collapsed than at 22 °C (c ) 0.62)
when the chains are extended. This results from a larger
charge density in the shell due to volume shrink upon
temperature increase from 22 to 40 °C. Indeed, as the
volume for adsorption decreases, the preliminary adsorp-
tion processes inhibit more effectively the subsequent
adsorption events because the adsorbed ODNs at smaller
distances repel each other more strongly. Nevertheless,
the coefficient c should also reflect the heterogeneity of
the binding sites in the shell. The constant K at 40 °C
(4.83 × 108) is lower than that at 22 °C (8.45 × 108) which,
despite the changes in conformation of the PNIPAM chains
in the shell, reflects the exothermic nature of the adsorp-
tion process. The total amount of ODN per gram of latex

particles is higher at 40 °C (504 nmol g-1) than at 22 °C
(125 nmol g-1), which is opposite to what should be
predicted from the K values. This is mainly attributed to
the increase of the number of available binding sites
(positive charged groups) due to the contraction of the
shell and the preferential location of the charges on the
surface. However, this can also have a contribution from
the increase in hydrophobicity of the shell above the
volume phase transition temperature.

Fluorescence Measurements. Figure 4 shows the
excitation and fluorescence spectra of the dT25-ROX (10-8

M) in a 10 mM phosphate buffer solution (pH 5.5) and 10
mM NaCl ionic strength at 22 °C.

Rhodamine X is a derivative of rhodamine 101 which
is known to have irrespective of temperature a fluorescence
quantum yield close to 1.0.31 The rhodamine X, like other
rhodamines (rhodamine B, rhodamine 101, etc.), has a
carboxylphenyl group in their structure and may par-
ticipate in an equilibrium between the lactone, cationic,
and zwitterionic molecular forms. Both the zwitterion and
the cation strongly absorb in the visible region due to the
π-electronic system of the xanthene moiety. The lactone
has the π-electronic system interrupted, and its absorption
occurs in the UV spectral region.32 The zwitterion in a
given protic solvent is stabilized by hydrogen bonding and
the polarity of the solvent, being the main species in these
solvents at neutral pH. The cation is only present in acidic
solutions (pH <4 for rhodamine 6G and rhodamine B in
aqueous solutions33). Then, the fluorescence of dT25-ROX
in the phosphate buffer solution (pH 5.5) is simply due to
the zwitterion that is the unique species that absorb in
the visible region. Aggregation of the dye was not detected
as expected due to its low concentration and the presence
of electrostatic repulsive forces between the phosphate
groups of the oligonucleotide. The spectra in the phosphate
buffer solution are practically invariant with temperature
in the range between 15 and 45 °C.

The fluorescence quantum yield of dT25-ROX was
determined by comparing the area under the corrected
fluorescence spectrum with that of rhodamine 101 in
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Table 1. Adsorption Parameters Retrieved by the Fitting
of the Adsorption Isotherms by the Hill Equation

T, °C Nmax, nmol‚g-1 K c

22 125 8.45 × 108 0.62
40 504 4.83 × 108 0.29

Figure 4. Normalized excitation (‚ ‚ ‚) and emission (s)
fluorescence spectra of the dT25-ROX (10-8 M) in 10 mM
phosphate buffer solution (pH 5.5) and ionic strength of 10 mM
NaCl at 22 °C. The fluorescence spectrum was recorded by
excitation at λexc ) 535 nm, and the excitation spectrum was
performed at the fluorescence wavelength of λem ) 635 nm.

N )
Ci - Cf

[latex]
(1)

N ) Nmax

KcCeq
c

1 + KcCeq
c

(2)
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ethanol (Φ ) 1.0 ( 0.0231).34 The quantum yields in water
and in the buffer solution are within the experimental
error equal to 0.90 ( 0.05, irrespective of temperature in
the interval of 15-45 °C. This value is typical of
rhodamines in which the rotation of the amino groups is
hindered and the structural flexibility is suppressed.35-38

The quantum yield is slightly lower than 1.0 probably
due to water quenching involving the dissipation of
electronic energy through a hydrogen bond. The fluores-
cence quantum yield is given by

where kf is the radiative rate constant and knr is the sum
of the nonradiative (internal conversion plus intersystem
crossing) rate constants. For dyes with fluorescence
quantum yield around 1.0, the main deactivation of the
singlet electronic excited state is the emission of light
and, as a consequence, the lifetime is given by the
reciprocal of the radiative rate constant

The radiative rate constant can be estimated from the
Strickler-Berg equation39

where n is the refraction index of the solvent, ε(νj) is the
molar extinction coefficient at the wavenumber νj, 〈νj-3〉 is
the average value of νj-3over the emission spectrum, and
the integral denotes the area under the first absorption
band. The Strickler-Berg equation is based on mirror
symmetry between the absorption and the fluorescence
spectra with respect to the frequency of the 0 T 0 transition
and yields radiative rate constants that are often in
agreement with the experimental values. However, this
symmetry breaks down when strong solute-solvent
interactions are expected in the excited state or when
there is a change in the excited-state geometry, since in
these circumstances the Franck-Condon factors for
absorption and fluorescence vibronic peaks can differ
considerably. For rhodamine X, the fluorescence spectrum
is a good mirror image of the excitation (absorption)
spectrum (cf. Figure 4) and eq 5 should be obeyed. In
addition, both the absorption and fluorescence spectra do
not change significantly with solvent and temperature,
and as the integral over the first adsorption band is almost
independent of temperature and solvent, eq 5 can be
written in the form

where kf0 is a constant. This relationship was obeyed for
9,10-diphenylanthracene in several solvents and in a
single solvent at several temperatures.40,41 However, other
types of dependences of kf in the refractive index were

reported in the literature using the same or different
fluorophores.42,43 Figure 5 shows the fluorescence decays
of dT25-ROX in water and in dioxane/water mixture with
20% (v/v) water. The decays are single exponentials with
lifetimes shown in Table 2.

The lifetimes vary almost linearly with the dioxane/
water mixture composition. As the fluorescence quantum
yield is around 1.0, the lifetime is simply equal to the
reciprocal of the radiative rate constant (cf. eq 4). Then,
the lifetime should, according to eq 6, reflect the variation
of refractive index of the mixture (cf. eq 6), as it is the case
since kf0 ) 1/τn2 ) 0.112 ( 0.002, irrespective of composi-
tion (cf. Table 2).

The decays of dT25-ROX in the buffer solution and after
adsorption on the latex particles are also single expo-
nentials at all temperatures. Figure 6 shows the lifetimes
of dT25-ROX in solution and when adsorbed in the latex
particles at pH 5.5, as a function of temperature.

In solution, the lifetime decreases slightly and continu-
ously with temperature increase, while for the dT25-ROX
adsorbed onto the latex particles, a clear break was
observedaroundthe TVPT ofPNIPAMshell.Asimilarbreak
was shown for the variation of the size and the zeta
potential of the latex particles with temperature (cf.
Figure 2).

In solution, the slight decrease of lifetime of dT25-ROX
with temperature cannot be explained by the refractive

(34) Demas, J. N.; Crosby, G. A. J. Phys. Chem. 1971, 75, 991.
(35) Kubin, R. F.; Fletcher, A. N. J. Lumin. 1982, 27, 455.
(36) Arden, J.; Deltau, G.; Huth, V.; Kringel, U.; Peros, D.; Drexhage,

K. H. J. Lumin. 1991, 48 & 49, 352.
(37) López Arbeloa, T.; López Arbeloa, F., Bartolomé, P. H.; López

Arbeloa, I. Chem. Phys. 1992, 160, 123.
(38) Vogel, M.; Rettig, W.; Sens, R.; Drexhage, H. Chem. Phys. Lett.

1988, 147, 452.
(39) Strickler, S. J., Berg, R. A., J. Chem. Phys. 1962, 37, 814.
(40) Hirayama, S.; Phillips, D. J. Photochem. 1980, 12, 139.

(41) Lampert, R. A.; Meech, S. R.; Metcalfe, J.; Phillips, D.; Scaap,
A. P. Chem. Phys. Lett. 1983, 94, 137.

(42) Morris, J. V.; Mahaney, M. A.; Huber, J. R. J. Phys. Chem. 1976,
80, 969.

(43) Shibuya, T. Chem. Phys. Lett. 1983, 103, 46.

Figure 5. Time-resolved fluorescence decay curves (λexc ) 575
nm, λem ) 615 nm) obtained for dT25-ROX at 22 °C in water
(upper decay) and dioxane/water mixture with 20% (v/v) water
(lower decay) and the respective instrumental response (solid
line). The residuals are also shown, in water (upper box) and
in dioxane/water mixture with 20% (v/v) of water (lower box).

Table 2. Parameters of the dT25-ROX in Dioxane/Water
Mixtures

% H2O
(v/v) τ, ns-1 kf0 ) 1/(τn2)

ET(30),a
kcal mol-1 ∆vj, cm-1

20 4.41 0.113 48.8 280
40 4.52 0.111 52.3 189
80 4.85 0.109 59.1 54

100 4.98 0.113 63.1 0
a Values reported by Kosower et al.46 for the dioxane/water

mixtures and by Reichardt47 for water.
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index which decreases with temperature and, instead, is
attributed to a very small quenching by water.44 This is
consistent with a quantum yield in water slightly lower
than 1.0 when compared to ethanol. The abrupt changes
in the lifetime of the adsorbed dT25-ROX by increase in
temperature (cf. Figure 6) are mainly due to the vari-
ation of the refractive index of the PNIPAM shell of the
particles due to its dehydration. Indeed, neither the
quenching by water that should decrease with the
dehydration of the shell nor the small temperature
variation can explain the abrupt variation of dT25-ROX
lifetimes during the transition.

The fluorescence spectra of dT25-ROX when adsorbed
on the shell of the latex particles shifts to higher energies
(hypsochromic shift) by temperature increase, while in
solution the thermochromic shifts are negligible. Figure
7 shows the shifts measured for the dT25-ROX in the
aqueous buffer solution and when adsorbed on the shell
of the latex particles.

The solvatochromic shifts of the adsorbed dT25-ROX
relative to water (∆νj ) νj - νjH2O) are almost zero at
temperatures below room temperature (22 °C) to increase
continuously along the PNIPAM volume phase transition,
reaching ∆νj ∼ 240 cm-1 at 40 °C and remaining almost
constant for higher temperatures. The solvatochromic

shifts are sensitive to the macroscopic polarity of the
medium and hydrogen bonding that varies with the degree
of hydration of the PNIPAM shell.45 To have a better feeling
about the effect of temperature on the shell polarity, the
solvatochromic shifts were compared with those found
for the dT25-ROX in dioxane/water mixtures. For this
purpose the empirical parameter of polarity, ET(30), which
considers the ability of the solvent to make both nonspecific
(van der Waals) and specific (hydrogen bonds) interactions
with the fluorofore, was used. Figure 8 shows that the
solvatochromic shifts in dioxane/water mixtures are linear
with ET(30). The values are those published by Kosower
et al.46 for the dioxane/water mixtures and Reichardt47

for water (cf. Table 2).
A main contribution for the solvatochromism comes from

the orientation of the water dipole moments, since a good
correlation of the spectral shifts was obtained with the
orientation polarization function

where ε is the relative permittivity of the solvent. Knowing
the solvatochromic shifts of the adsorbed dT25-ROX at
several temperatures, the corresponding values of ET(30)
were calculated from the best fit line shown in Figure 8.
Figure 9 shows the ET(30) values probed by the dT25-ROX
adsorbed on the shell of the particles versus temperature.
For comparison are also included in the figure the values
of ET(30) for water/dioxane mixtures (cf. Table 2).

From the plot we can see that the dT25-ROX adsorbed
in the shell senses the polarity of bulk water for tem-
peratures below 20 °C (ET(30) ≈ 62 kcal‚mol-1), while for
temperatures higher than 40 °C, the polarity is equivalent
to that of a dioxane/water mixture with 30% (v/v) of water
(ET(30) ≈ 50.3 kcal‚mol-1). Between these temperatures
the equivalent polarity of the shell continuously decreases
due to the dehydration of the PNIPAM chains. The
variations in polarity are relatively small since the amount
of water in the collapsed shell should still be very
significant.20

(44) Magde, D.; Rojas, G. E.; Seybold, P. G. Photochem. Photobiol.
1999, 70, 737.

(45) Suppan, P.; Ghoneim, N. In Solvatochromism; The Royal Society
of Chemistry: Cambridge, 1997.

(46) Kosower, E. M.; Dodiuk, H.; Tanizawa, K.; Ottolenghi, M.;
Orbach, N. J. Am. Chem. Soc. 1975, 97, 2167.

(47) Reichardt, C. Chem. Rev. 1994, 94, 2319.

Figure 6. Temperature dependence of dT25-ROX lifetimes in
(b) buffer solution (10-8 M, pH 5.5) and (0) adsorbed on the
core-shell latex particles (10-8 M, pH 5.5, 0.0125 wt % of latex
particles).

Figure 7. Temperature dependence of the wavenumber of the
fluorescence emission maximum of dT25-ROX in (O) buffer
solution (10-8 M, pH 5.5) and (9) adsorbed onto the core-shell
latex particles (10-8 M, pH 5.5, 0.0125 wt % of latex particles).

Figure 8. Plot of the shifts of the wavenumber of the
fluorescence emission maximum relative to water (∆νj ) νj -
νjH2O) in dioxane/water mixtures as a function of the empirical
parameter of polarity ET(30).

∆f ) ε - 1
2ε + 1

- n2 - 1
2n2 + 1
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The transition probed by the solvatochromism is broader
than the one probed by the lifetimes, suggesting that
during the transition the macroscopic polarity of the shell
measured by the ET(30) responds in a smoother way than
the refractive index of the medium. This is probably related
to the fact that ET(30) measures both the van der Waals
and hydrogen bonding interactions, while the refractive

index only takes into account the instantaneous response
of the medium to the presence of an electric field and so
it is associated with the polarizability of the molecules.

4. Conclusions

The adsorption of a rhodamine X labeled oligonucleotide
(dT25-ROX) on the shell of PMMA/PNIPAM core-shell
particles is cooperative and follows the Hill binding
isotherm. A negative cooperativity was observed at 22
and 40 °C below and above the volume phase transition
temperature of the PNIPAM shell. The Hill coefficient is
lower at 40 °C (0.29) than at 22 °C (0.62), denoting an
increase in anticooperativity with temperature. The
fluorescence of the dT25-ROX adsorbed on the PNIPAM
shell of the particles was used to probe its polarity during
the volume phase transition. The polarity of the shell is
practically identical to water at temperatures below the
transition and it is comparable to the polarity of a mixture
of dioxane/water (30% (v/v)), above the transition. This is
consistent with the fact that during the transition the
shell dehydrates but in the collapsed state still contains
a large amount of water.
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Figure 9. Plot of the empirical parameter of polarity ET(30)
as a function of temperature for the PNIPAM shell probed by
the adsorbed dT25-ROX: (0) experimental points; (- - -) trend
line. The solid line shows the plot of the empirical parameter
of polarity ET(30) as a function of water content of dioxane/
water mixtures.
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