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a b s t r a c t

The interactions between the xanthene dye Eosin-Y (Eos) and amino-terminated PAMAM dendrimers of
low generations (G0–G3) were studied in alkaline water solution. The effect of concentration and gen-
eration of the dendrimer on the photophysics of Eos was evaluated by means of absorption and fluor-
escence spectroscopies. The observed spectral changes were ascribed to the association dye/dendrimer.
From these data, the Eos/PAMAM binding constants (Kbind) were determined, which strongly increased
with the size of the dendrimer. Stationary fluorescence anisotropy and time-resolved single photon
counting were also used to characterize the association process. The restriction in the rotational diffusion
of the Eos increased as a function of the concentration and generation of PAMAM, as determined by
anisotropy measurements. Biexponential fluorescence decays were obtained in the presence of G3, and
the respective lifetimes were ascribed to free and bound Eos species. These results correlate with Kbind

values and suggest the formation of host/guest system with larger dendrimers. Therefore, this
environmentally-friendly dye/dendrimer systemwould be appropriate for potential applications in fields
such as drugs delivery and photopolymerization.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Supramolecular chemistry has expanded dramatically in recent
years both in terms of potential applications and in its relevance to
analogous biological systems. The formation and function of
supramolecular complexes occur through a multiplicity of often
difficult to differentiate noncovalent forces [1]. The structural
characterization of these highly complex structures and their
interaction mechanisms are ongoing challenges.

The development of molecular nanostructures with well-
defined particle size and shape is of eminent interest in biome-
dical applications such as delivery of active pharmaceuticals,
imaging, or gene transfection. For example, constructs utilized as
carriers in drug delivery generally should be in the nanometer
range and uniform in size to enhance their ability to cross cell
membranes and to reduce the risk of undesired clearance from the
body through liver or spleen [2].

Dendritic polymers or dendrimers provide an alternative route
to create very well-defined nanostructures suitable for drug
solubilization applications [3]. Dendrimers are core-shell nanos-
tructures with precise architecture and low polydispersity, which
are synthesized in a layer-by-layer fashion (expressed in
e Río Cuarto, Río Cuarto, 5800

Arbeloa),
‘generations’) around a core unit, resulting in high level of control
over size, branching points and surface functionality [2]. Den-
drimers are highly branched and symmetrical macromolecules
whose structures are well defined at nanoscale level [4]. The
unique properties given by its particular architecture found
applications in a wide variety of fields such as coatings, chemical
sensors, catalytic nanoreactors and drug carriers among others
[5–9]. Commercially available poly(amido amine) (PAMAM) and
poly(propylene imine) (PPI or DAB) dendrimers have primary
(peripheral) and tertiary (internal) amino groups, making them
attractive for use in dye/amine photoinitiating systems of radical
polymerizations. On this matter, a promising alternative to volatile
and toxic amines are the amino-dendrimers. Some dye/amino-
dendrimer systems have been characterized and applied in the
initiation of radical polymerization [10–12]. However, this issue
has not yet been fully explored and the reports are scarce.

On the other hand, combination of dendritic host with fluor-
escent guests gives rise to quenching/sensitization processes that
can be exploited for a variety of purposes which include chemo-
sensors, photon energy transfer, imaging, catalysis and elucidation
of the intimate dendritic structure among other [13–16]. In this
sense, Meijer and co-workers were pioneers in using dyes/den-
drimers systems as host/guest models for drug delivery applica-
tions, from their so called “dendrimer box” [17,18].

Balzani et al. have found that the formation of host-guest
species between xanthene dyes and peripherally functionalized
poly(propylene imine) dendrimers, is related to the size of the
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macromolecule and to the electronic properties, rather than to the
size of the dye molecule [19]. These authors founded that 12
Eosin-Y molecules can be hosted in the generation 5 and 25
molecules of Rose Bengal in the generation 4. On the other hand,
Kline et al. were able to encapsulate and quantify multiple dyes in
unmodified PAMAM dendrimers [20]. Selective uptake of dyes into
dendrimers has also been observed by other researchers [21]. In
this way, the dendrimers can be use potentiality for analytical
applications, for example as extracting agents of dyes in water
[22,23].

There are several reports that deal with the changes in pho-
tophysical properties of dyes due to its binding or encapsulating
with dendrimers. For example, it has been reported that host/
guest interactions modify the photophysical properties of Eosin
and turn its monoexponential decay (typical of the aqueous
solution) into a biexponential one in CH2Cl2 [24]. The existence of
two lifetimes may be taken as an indication that there are two
types or two families of sites in the dendrimer, or alternatively as a
signal that there are two types of average interactions. Other
authors used subnanosecond time-resolved techniques to assess
the photophysics of Eosin-Y hosted into dansyl-modified PPI
dendrimers [13,25,26]. They obtained several time-components in
the order of the picoseconds that enabled elucidate the different
energy transfer and relaxation processes. The ability to tune and
modify the electronic properties of one or more guest molecules
can be exploited practically, for instance in the field of light har-
vesting and chemical sensors.

Our group has been studying for over a decade the photo-
physics and photochemistry of dyes with electron donor or
acceptor in both aqueous and microheterogeneous media [27–32].
In a previous work, we characterized the excited states of safra-
nine dye in the presence of PAMAM and PPI dendrimers, in
methanolic solution [33]. From absorption and emission spectra
we concluded that this dye was not associated with the dendrimer
and was preferably in the bulk of the solution. Quenching
experiments demonstrated that amino dendrimers simply acts as
a quencher by electron donation.

In this paper we characterized for the first time the photo-
physics of the xanthene dye Eosin-Y in the presence of amino-
terminated PAMAM dendrimers in alkaline aqueous solution, an
environment of low ecological impact. We decided to use com-
mercially available dendrimers of low generations (G0–G3) with-
out prior modifications. The effect of the dendrimer structure on
the ground and excited singlet states was investigated by sta-
tionary and time-resolved spectroscopies. We have found that the
dye was strongly associated with the dendrimers and the asso-
ciation constant correlated with the size of the host molecule. The
results presented here about this dye/dendrimer system are rele-
vant in order to assess its potential applications in any of the fields
mentioned above.
2. Materials and methods

Eosin-Y and amino-terminated polyamido-amine (PAMAM)
dendrimers of generations 0–3 (20% in methanol) were from
Aldrich and used without further purification. Dendrimers solu-
tions were properly diluted with HPLC grade methanol (Sintorgan)
as necessary. Water solutions were prepared with bi-distilled
water. The pH of the solutions was adjusted by analytical
grade NaOH.

Absorption spectra were recorded on a Hewlett Packard 6453E
diode array spectrophotometer. Emission spectra and fluorescence
anisotropy were measured with a Horiba Jobin Yvon FluoroMax-4
spectrofluorometer. Time-correlated single photon counting
experiments were performed on a FL 900 Edinburgh Instruments
equipped with a H2 lamp. Excitation wavelength was fixed at
517 nm and emission was monitored at 536 nm. A 1-cm-
pathlength quartz cuvette was used in all spectroscopic assays.

The concentrations of the alkaline aqueous solutions of Eos
were 3–6 μM (Abs�0.3–0.6 at 517 nm) in absorption measure-
ments and the absorbance of the solutions was adjusted to �0.05
at excitation wavelength for emission experiments. Throughout all
experiments the addition of the dendrimers was performed by
microsyringes under constant stirring, such that the methanol
content in the Eos solutions was o5%. There were no changes in
the spectra by this additional methanol, as verified through blank
tests. All data were properly corrected by dilution effects. The
measurements were performed at least by duplicate.
3. Results and discussion

The ground and singlet excited states of Eos in the absence and
presence of amino-terminated PAMAM dendrimers of generations
0–3 (G0–G3) were characterized in alkaline aqueous solution (pH
9.5), by means of spectroscopic measurements. Solutions of the
dye alone registered an absorption maximum at 517 nm and the
emission spectra showed a broad band centered at 536 nm, in
good agreement with reported values [34,35]. However, changes
in the position and intensity of the spectral bands were observed
in the presence of the dendrimers. In Fig. 1 are shown the
absorption spectra of Eos with different PAMAM concentrations. A
progressive bathochromic shift is observed with the increase in
the content of each dendrimer. Moreover, the intensity of the
absorption maximum decreased with the addition of PAMAM.
These changes were most noticeable as the dendrimer generation
was higher.

As it has been reported, Eos shows a red shift in the absorption
and emission bands as solvent polarity decreases [27,34,35]. Also,
some studies with fluorescent probes have demonstrated that the
internal cavities of PPI and PAMAM dendrimers are significantly
less polar than water [36–38]. A red shift in the absorption and
emission spectra of Eos hosted into a peripherally modified PPI
dendrimer in non-aqueous solvents has been reported by others
[13,19,24,25]. They observed an absorption maximum at ca.
530 nm when the dye was associated into PPI from generations
3 to 5 [19,25]. Fig. 1 shows that the absorption maximum of Eos is
shifted from 517 in pure alkaline water to 526 nm in the presence
of G3. These results are similar to those reported for the dye in the
presence of the cationic surfactant CTAB in aqueous solution [35].
It has been reported that polarity of the CTAB/water interface is
similar to n-alcohols [39], and we registered a maximum wave-
length of 527 nm for Eos in 1-propanol (data not shown). There-
fore, the spectroscopic changes observed in the presence of
PAMAM dendrimers may be due to Eos is sensing a less polar
environment than in aqueous solution. All data suggest that Eos is
binding with the dendrimers in a size-dependent way. Moreover,
the occurrence of an isosbestic point in the Fig. 1 evidences the
presence of two species in equilibrium, which could be ascribed to
the free and dendrimer-associated Eos.

Fig. 2 shows the fluorescence spectra of the dye in the presence
of PAMAM dendrimers. It can be seen a progressive emission
quenching when the dendrimer concentration is increased for all
generations assessed. The quenching and red shifts increase on
going from G0 to G3; however, minor bathochromic shifts are
observed.

From data of fluorescence intensity at 536 nm (Fig. 2), the
Stern–Volmer plots were constructed and showed a downward
curvature for all generations of PAMAM used (Fig. 3). Estimative
values of the Stern–Volmer constant (KSV) may be obtained, by
fitting the initial points to straight lines (Table 1). From KSV values
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Fig. 1. Absorption spectra of Eos in alkaline aqueous solution in the absence (—), and in the presence of PAMAM dendrimers: a) 1.6–15.7 mM of G0; b) 0.14–3.0 mM of G1; c)
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and the observed singlet-state lifetime of Eos in water (1.15 ns),
the apparent quenching rate constants (1kq) were much larger
than diffusion-controlled limit in water (kdiff¼7.4�109 M�1 s�1,
at 25 °C, [40]) for all dendrimers assayed. This implies that the
observed decrease in fluorescence intensity is not occurring by a
collisional quenching process. A plausible explanation is that close
proximity between Eos molecules and more than one amino
groups on the dendrimer promoted by the strong association,
might account for the so high 1kq registered. Such interpretation
has been proposed by others to explain 1kq values longer than kdiff
reported for dye/protein associations [41,42].

The downward deviation from linearity observed in Fig. 3
might be ascribed to two main causes: i) the residual fluorescence
from Eos associated to the dendrimer or ii) the occurrence of more
than one type of binding sites in the macromolecule [43]. How-
ever, the last cause can be discarded because the downward cur-
vature was also registered in the presence of G0. This small den-
drimer has a completely open structure free from internal cavities,
and therefore it cannot have more than one type of binding site.
Extrapolating this argument to other generations used, we may
ascribe the deviation from linearity to the residual emission. Bal-
zani et al. [19,24] also reported a residual emission for Eos hosted
into a series peripherally modified PPI dendrimers. A more
noticeable confinement effect on fluorescence properties was also
registered for the structurally-related xanthene dye Rose Bengal,
hosted into PPI-G5 dendrimer [18]. In the presence of the den-
drimer this dye showed an intense fluorescence band, which is
completely absent in water solution.

In order to characterize the extent of the Eos/dendrimer asso-
ciation, the corresponding binding constants (Kbind) were
determined. Absorption and fluorescence data were used inde-
pendently to verify the reliability of the results.

From a simple equilibrium model between Eos and dendrimer,
a 1:1 stoichiometry for Eos/dendrimer complex (EosD) may be
considered (Eqs. (1) and (2)). This assumption is reasonable
because the dendrimer concentration was at least 200-fold greater
than that of Eos for all generations used, which gives a very low
probability of obtaining a binding ratio Eos/D41. Also, equivalent
and independent sites were assumed. The same assumptions have
been made by other authors to determine Kbind values of PAMAM
with several drugs [44,45].

Eosf þDf2EosD ð1Þ

Kbind ¼
EosD½ �

Eosf½ � Df½ � ð2Þ

where Eosf and Df stand for free Eos and dendrimer molecules,
respectively.

The observed absorbance in the 450–600 nm range only
depends on Eos concentration (both, in its free and associated
forms), since PAMAM dendrimers do not absorb in the visible
region:

A¼ AfreeþAbind ¼ ϵf Eosf½ �þϵbind EosD½ � ð3Þ
where εf and εbind stands for molar extinction coefficients of free
and associated Eos, respectively. Considering Eqs. (2) and (3) and
the respective masses balances, next expression for the absor-
bance may be deduced:

A�Ao¼ Eos½ �KbindΔϵ D½ �
1þKbind D½ � ð4Þ
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Here Ao is the absorbance in the absence of dendrimer; andΔε
is the difference between εbind and εf. Note that in this
equation [Df] has been replaced by [D], the total dendrimer con-
centration. This approximation is reasonable because of the excess
of dendrimer used. Eq. (4) may be rearranged at a linearized
expression as follows:

1
ΔA

¼ 1
Eos½ �KbindΔϵ D½ �þ

1
Eos½ �Δϵ ð5Þ

According to Eq. (5), at fixed Eos concentration a double reci-
procal plot of 1/ΔA vs. 1/[D] should fit to straight line and Kbind can
be estimated from the intercept/slope ratio. Also, from the
respective intercepts the values of εbind at a given wavelength may
be determined.

Alternatively, Kbind can be expressed in terms of the fraction (α)
of Eos molecules that are bound to the dendrimer (Eq. (6)). In an
equivalent and independent sites model, α can be expressed in
terms of the fluorescence intensity as follows [43]:

Kbind ¼
α

1�αð Þ DT½ � ð6Þ
Table 1
Stern–Volmer constant (KSV) for Eos in the presence
of PAMAM dendrimers.
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G0 45
G1 515
G2 3140
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Fig. 4. Plots of 1/ΔA vs. 1/[D] according to Eq. (5) for Eos in the pr
α¼ Fo�F
Fo�F�

ð7Þ

where Fo and F stand for fluorescence intensity at fixed wave-
length in the absence and presence of dendrimer, respectively. As
mentioned these dendrimers do not absorb at excitation wave-
length, whereby the emission recorded correspond to Eos mole-
cules. F* is the residual emission extrapolated at infinite saturation,
i.e. when hypothetically all Eos would be bonded to dendrimer.
Therefore, F*a0 would indicate an emission from EosD complex
formed.

From Eqs. (6) and (7), a similar expression as Eq. (4) may be
derived for emission measurements:

Fo�F ¼ Kbind D½ � Fo�F�ð Þ
1þKbind D½ � ð8Þ

It can be demonstrated that in absence of residual emission
(F*¼0), Eq. (8) reduces to Stern–Volmer equation with Kbind� KSV

[46]. Again, Eq. (8) can be linearized to obtain another expression
analogous to Eq. (5):

1
ΔF

¼ 1
Kbind½D�ðFo�F�Þþ

1
Fo�F�ð Þ ð9Þ

From Eq. (9), a plot of 1/ΔF vs. 1/[D] should fit a straight line,
which enables calculate Kbind from its intercept/slope ratio.

As an example, in the Fig. 4 are shown the plots according to
Eq. (5) for all generations of PAMAM analyzed. Each plot fits very
well to a straight line (regression coefficient R40.9900), which
validates the assumptions in the model proposed. Similar plots
were obtained from fluorescence data (not shown for simplicity).
The corresponding Kbind, εbind and residual fluorescence values are
summarized on Table 2.
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Table 2
Binding constants (Kbind), absorptivity-molar coefficients at 517 nm (ε517bind) and
residual fluorescence (F*/Fo) for the Eos/PAMAM complexes in alkaline aqueous
solution.

Eos species Kbind (M�1)a ε517bind (M�1 cm�1)a F*/Fo

Absorption Fluorescence

Eos – – 90700b –

Eos/G0 50 95 77900 0.53
Eos/G1 780 1160 78200 0.41
Eos/G2 5800 5600 71500 0.33
Eos/G3 12900 14700 68400 0.19

a Estimated error 710%.
b Value in alkaline water (εf) obtained by means of Lambert-Beer treatment.
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As expected from spectra in Fig. 1, the εbind values at 517 nm
obtained from Eq. (5) decreased as compared to that of εf. Within
the experimental error, it can distinguish two values for εbind: for
smaller generations (i.e. G0 and G1) the εbind were around
80000 M�1 cm�1, whereas for larger ones (i.e. G2 and G3) were
around 70000 M�1 cm�1. A comparable decrease in the value of ε
was observed for Eos hosted into PPI dendrimers [19]. The authors
reported a maximum value of 60000 M�1 cm�1 for totally
encapsulated Eos. The similitude between this value and those
reported on Table 2 for Eos/G2 and Eos/G3 complexes suggests
that Eos might be hosted into the larger PAMAM dendrimers, at
least partially.

According to Eq. (9) the residual emission gradually decreased
with the size of the dendrimer (denoted as the F*/Fo ratio on
Table 2). Moreover, the higher KSV, the lower F*/Fo ratio (compare
to data on Table 1). This indicates that a more effective quenching
process is occurring, probably because Eos is being surrounded by
an increasing local concentration of tertiary amino groups. Similar
tendency on residual emission was reported for Eos hosted into
PPI dendrimers [19].

The hypothesis about the host-guest complex formation
between Eos and PAMAM in the present experimental conditions
is also supported by the values of Kbind obtained. Table 2 shows
that there is a strong dependence on the values of Kbind with the
size of the dendrimer, which increments up three orders of mag-
nitude from G0 to G3. Importantly, values of Kbind were mutually
consistent for both spectroscopic techniques used, thus validating
the reliability of the results. Because of the small size of the G0 and
G1, the association dye/PAMAM only can be superficial. However,
the simple association of Eos to the outer surface of the larger
PAMAM (G2 and G3) would not explain such notorious increment
in the Kbind values.

The singlet-state decay kinetics of Eos in alkaline aqueous
solutions in the absence and the presence of PAMAM dendrimers
were obtained by time-resolved single photon counting (TR-SPC)
experiments. In the absence of PAMAM Eos showed mono-
exponential emission decay with a lifetime of 1.270.1 ns in
agreement with reported values [34,47]. The dendrimer con-
centration ranges used for these measurements (ca. 5–14 mM for
G0 and ca. 0.1–0.5 mM for G3) correspond to those of the down-
ward curvature in the Stern–Volmer plots (Fig. 3). In the presence
of G0, monoexponential decays were also registered and the life-
times obtained were similar to that of Eos in aqueous solution.
Therefore, the ratio τo/τE1 indicates that a static quenching
process is occurring.

On the other hand, the singlet-state decay kinetics of Eos in the
presence of G3 were biexponential. A time distribution analysis
showed a major component of ca. 1 ns and a minor component
(less than 5% of the total emission) of ca. 2-3 ns for the whole
concentration range of dendrimer used. According to emission
spectra (Fig. 2), the shorter time may be ascribed to the free
unquenched Eos in the bulk aqueous solution. The longer time
might be ascribed to Eos hosted into dendrimer, which would be
sensing a microenvironment less polar than water (τE3 ns in
ethanol, [34,48]). Similar lifetime values were reported for Eos
hosted in G2–G4 peripherally modified PPI dendrimers [19,24,48].
Although our experimental conditions (type and generation of the
dendrimer, dye/dendrimer ratios) and the characteristics of our
TR-SPC equipment (time-scale and sensitivity) were different than
used in those reports, our results agree with those of the authors.

In order to gain more insights about nature of dye/dendrimer
association, the steady-state emission anisotropy of Eos in the
presence of PAMAM was analyzed. Anisotropy describes the extent
of emission polarization caused by, mostly, restrictions in rota-
tional diffusion of a particular fluorophore. Increases in steady-
state anisotropy values are generally observed with increasing
rigidity in the microenvironment of such fluorophore, since a more
rigid confinement hinders rotational diffusion. In order to gain
more insights about the surroundings that Eos senses in the pre-
sence of PAMAM dendrimers, emission anisotropy experiments
were conducted. A progressive increment in anisotropy signal was
recorded, as the concentration of dendrimer was increased (Fig. 5).
Further, Fig. 5 shows a more drastic raise in anisotropy as a
function of dendrimer generation, from G0 to G3. The concentra-
tion effect observed seems to indicate that the environment
restrictions increased as more Eos/D complex was generated. In
turn, in the presence of larger dendrimers the Eos may be sur-
rounded more closely by the macromolecule or even be entrapped
therein. It is known that from generations 2-3 PAMAM structures
begin to become more globular in solution [4]. Other authors have
reported similar trends on steady-state anisotropy of dyes as a
function of the dendrimer generation [20,37,49]. Although their
results were indicative of the dye–dendrimer association, the main
contribution to anisotropy was ascribed to molecular volume
increase with dendrimer generation. However, they worked at
fixed dendrimer concentration of 10�4 M, which is very high
compared to that we used for larger generations (Fig. 5). It would
not be surprising that the drastic change here observed in the
anisotropy of the largest generations is due to the formation of a
host/guest complex. Indeed, the differences in Kbind values
according to Table 1 support this hypothesis.
4. Conclusions

The effect of PAMAM dendrimers G0–G3 on the photophysical
parameters of Eos provides strong evidence that the dye associates
whit the dendrimers, even with those of the lower generation. The
extent of this association increased significantly with the size of
the macromolecule, as it may be seen from the Kbind values
obtained. These findings suggest that there is only a surface
association between Eos and the lowest generations of PAMAM,
whereas for more structurally-globular dendrimers assessed here
a host/guest system formation is probable. The data from TR-SPC
and fluorescence anisotropy strongly support this hypothesis.

The results obtained in the present work encourage us to fur-
ther study of the Eos/PAMAM systems in order to apply it in both,
the initiation of vinyl polymerizations and the drugs delivery. In
particular, we are undertaking a more complete characterization of
the Eos triplet state in the presence of PAMAM dendrimers. We
expect a high efficiency in the formation of reactive radicals
because the strong association Eos/PAMAM allows the close
proximity between the dye and several electron-donor amino
groups. Furthermore, the aqueous complex evaluated here present
a very low ecological impact versus the photoinitiating systems
based on organic solvents and volatile amines.
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