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Abstract

Aggregation of the well-known xanthene dye, fluorescein has been studied in the restricted environment of a bile salt hydrogel and in the bile
salt micelles. It has been observed that the hydrogel can be used to some extent “control” the type of aggregation in fluorescein, since J-aggregate
formation is favored at the expense of H-aggregates in the gel. In contrast to the hydrogel, the effect of normal bile salt micelles is less dramatic,
i.e., bile salt micelles do not lead to significant change in the type of dye aggregation.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Bile salts are steroidal detergents, which together with
lipids/fats/cholesterol form mixed micelles in the intestine thus
enabling digestion and absorption of fat [1,2]. Apart from
micelles, bile salts also form hydrogels close to natural pH,
i.e., pH ~6 [3-9]. Gel formation in aqueous media, by poly-
mers is very well documented [10], whereas gelation in bile
salts has been studied by a few groups only [7-9]. The main
difference between polymeric gels and bile salt gels is that for
polymers, gelation occurs principally by chemical cross-linking
of polymeric chains [10]. But gelation for molecular gels such
as those formed by bile salts involves molecular self-assembly
through non-covalent physical forces [8]. Apart from bile salts,
other compounds like amino acid derivatives [11], polypeptides
[12] carbohydrate derivatives [13], bola amphiphiles and gemini
surfactants [14] can also act as gelators for aqueous fluids.

Unlike conventional surfactants, bile salts possess a rigid
steroid backbone having polar hydroxyl groups on the concave
a-face and methyl groups on the convex (3-face. This imparts a
unique facial amphiphilicity enabling aggregation of bile salts
in aqueous solution via non-covalent physical forces—mainly
hydrophobic association of the apolar B-faces of the steroid
backbone, whereas further aggregation occurs through hydro-
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gen bonding interactions [1-4]. Estroff and Hamilton [11a] have
indicated that hydrophobic forces play a key role during gela-
tion. Morphological examination [9,15] of the gel by cryo-TEM
shows a network structure composed of sub-micron fibers form-
ing an entangled mesh. Viscosity measurements [9b] indicate the
viscosity around the fibers to be ~120 cP which lends support to
the entangled network picture. By monitoring the fluorescence
of the polarity probe ANS in hydrogel environment, Maitra et
al. [9,15] have shown that the gelation process creates highly
hydrophobic pockets in an aqueous environment as fluorescence
of ANS increases considerably in the gel medium indicating
increased hydrophobicity around ANS.

Hydrogels are important because they are potential materi-
als for biomedical applications, such as drug-delivery systems
[16], tissue engineering, etc. Recently, Tiller has reviewed the
advantages of using molecular hydrogels over polymeric gels
[17]. Since these gels have potential use for applications involv-
ing gel encapsulated drugs and biomolecules, it is important
to understand the internal environment in these gels. For this,
fluorescence studies using a dye label may prove to be useful.
Other workers have performed fluorescence studies on hydro-
gels [9,15] formed by bile salts. However, there the focus was
on dynamic behavior of bound dyes in the constrained environ-
ment within the gel [3]. We have in the past studied aggregation
behavior of xanthene dyes in various media [18]. Also some
workers have observed enhanced J aggregation of a cyanine
dye in restricted media, e.g., hectorite clay [19] and in PVA
[20]. So, it was our keen interest to study the effect of gelation
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(i.e. restricted environment) on the aggregation of a well-known
xanthene dye fluorescein (FL).

Dye aggregates are generally categorized into H-aggregates
and J-aggregates. Dye aggregation is well treated by the exci-
ton theory of Kasha and El-Bayoumi [21]. According to this
theory, the N-fold degenerate singlet excited states of N-dye
molecules in the aggregate are split into N-sublevels. Transi-
tions from the ground state to any of the split-excited states
may occur, subject to geometry restrictions in the aggregate. For
H-aggregates, i.e., those in which monomers are arranged in par-
allel card-pack manner, only the transition to the topmost split
level is allowed and hence the aggregate absorption/excitation
spectrum is blue shifted with respect to the monomer. For J-
aggregates, i.e., those in which the monomers are arranged in
a head-to-tail manner, only transition to the lowest split level
is allowed and hence the spectrum is red shifted with respect
to the monomer. For aggregates having intermediate geometry,
both these transitions are partially allowed and band splitting is
observed. The J-aggregates of cyanine dyes are promising can-
didates for opto-electronic device applications [22]. They have
important applications in photographic films, in solar energy
conversion and in modeling energy transfer in photosynthetic
antenna pigments [23,24].

Itis also known from the contribution of a few workers that the
gelation of bile salts results in H* uptake from the bulk media
thus increasing the local pH of the media [7b]. We were also
interested in probing this H* uptake during the gelation process
using a pH sensitive probe. FL suits very well to this require-
ment. We focused on the hydrogel formed by the dihydroxy
bile salt, sodium deoxycholate (NaDC), as NaDC hydrogels are
commonly used for controlled drug delivery [25a].

2. Experimental

Fluorescein and NaDC were purchased from Fluka and were
used as such. Double distilled water was used to prepare the
solutions and Tris buffer was used to maintain the pH 6 and 8.3.
Hydrogels of NaDC were prepared by adding measured amount
of solid NaDC to the buffered solution of FL at pH 6 and then left
to gelate for 45 min. Micelles of NaDC were prepared by adding
measured amount of solid NaDC to the buffered FL solution at
pH 8.3.

The steady state fluorescence studies were done with a Perkin
Elmer spectrofluorimeter, LS-50B. The solutions were excited
at 4990nm for emission studies. For recording the excitation
spectra, Aem was fixed at 555nm. The UV-visible absorp-
tion spectra were measured with a Shimadzu UV 1601 PC
spectrophotometer (Kyoto, Japan) ina 1 cm quartz cuvette. Fluo-
rescence lifetimes were determined from time-resolved intensity
decays by the method of time correlated single photon count-
ing (TCSPC) using a diode (IBH, UK) nanoLED-07 as the light
source at 403 nm. The full width at half maxima (FWHM) of
this excitation source is 70 ps. The decay curves were analyzed
using IBH-6 decay analysis software. The decays were given
both single exponential and bi-exponential fits and depending on
the x? values and the residuals it was decided to be either single
or bi-exponential. The steady-state fluorescence anisotropy (r)

was calculated according to the relation r=(I;y — I.)/(I;1 + 21)
where I and I, are the vertically and horizontally polarized
emission intensities, respectively.

Dynamic light scattering studies were performed with a
Nano-ZS (Malvern) instrument, which is equipped with a 4-mW
He—Ne laser (A =632 nm). The solutions for this study were pre-
pared by filtering the Tris buffer (0.05 M) through a Whatman 42
filter paper and then weighed amount of sodium deoxycholate
was added to prepare the gels and micelles of required con-
centration. The pH of the solution was maintained at 6 for the
formation of gels and 8.3 for the formation of bile salt micelles.
A glass cuvette of pathlength 1 cm, transparent on four sides was
used. Scattered light was detected at 90° relative to the incident
beam. A photo multiplier detected time-dependent fluctuations
in the scattered light intensity. The operating procedure was
programmed using Dispersion Technology Systems (DTS) soft-
ware. There was an average of 30 runs, each run being averaged
for 15 s. A mathematical process called “correlation” was carried
out. The autocorrelation function C(¢) is actually the ensemble
average of the product of the signal with a delayed version of
itself as a function of delay time. At short delay, the correlation is
high and with time (as the particles diffuse) correlation decreases
to zero via an exponential decay. Analysis of the autocorrelation
function in terms of the particle size distribution is done by fit-
ting the data with calculations based on assumed distributions.
For scattering from particles executing translational diffusion,
C(¥) is given by C(f)=exp(—1/D), 7 being the relaxation time
and D the translational diffusion coefficient of the particles. D
in turn is used to determine the mean hydrodynamic radius (Ry,)
through the Stokes’ Einstein equation. Ultimately, the result is
presented as a distribution of Ry. The peak and half-width of
the distribution represent the mean Stokes’ radius and its vari-
ation, respectively. The resolution of the experimental setup is
0.6 nm. Qualitative assessment about the structures was made
using a Carl Zeiss Axioskop2 Plus fluorescence microscope.
Analysis was done at 40 x resolution. The lowest detection limit
was 0.5 pm. The light source used in the microscope is a 35-W
halogen lamp. The absorption spectra were resolved using the
specwin 32 program, based on the principal component analysis
(PCA) method [25b].

We have tried to arrive at the geometry-optimized structures
for the dye aggregates. For this, the structure of the neutral
dye molecule was drawn using CS Chem3D Ultra (Version
7.0.0, 2001). This was considered for geometry optimization
(in the gas phase) at the AM1 level using the GAMESS-US pro-
gram suite (Version September 7, 2006 R4) [26a]. Calculations
based on density functional theory (DFT) were carried out on
the AM1-optimized structure with valence-only SBKJC bases
(and corresponding pseudo-potentials) [26b] and B3LYP func-
tional [26c¢] using the same program. The lowest few excitation
energies were obtained on the same structure using the time
dependent density functional theory (TDDFT) method using
the same basis set and exchange correlation functional [26b].
Calculations on the dianion were performed using the same pro-
cedure as the neutral dye monomer. For dimers, several sample
structures were first generated by the CS Chem3D Ultra (Ver-
sion 7.0.0, 2001). These were subjected to molecular dynamics
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(MD) simulations using the same software. Suitable samples
representing H-type and J-type dimers were further subjected
to geometry optimization at the AM1 level and subsequently
TDDFT calculations were performed on these.

3. Results

The motivation for this work was to study the effect of
constrained environment (within the gel network), on the aggre-
gation behavior of FL. For this purpose, the studies were
performed at different dye concentrations. FL. concentrations
used were in the range 1 x 107 to 1 x 1073 M. To compare
the effect on FL aggregation by the NaDC hydrogel and normal
NaDC micelles, all experimental studies were performed under
two conditions: (1) in aqueous NaDC at pH 6—gelating condi-
tion and (2) in aqueous NaDC solutions at pH 8.3—non-gelating
condition.

3.1. Studies in NaDC hydrogel

In aqueous buffer (pH 6), the absorption spectra of 1 x 1076
to 1 x 1073 M FL shows a prominent peak at 487 nm with
a shoulder at 460 nm. On adding increasing concentration of
NaDC (1040 mM) gelation of the medium occurs with signif-
icant change of the absorption spectra of FL. The height of the
487 nm peak increases while the 460 nm shoulder becomes less
prominent. We have performed PCA of the absorption spec-
tra of 7 x 1079 M FL in gel. In our case, PCA was done using
wavelength scale. However, we have also performed PCA using
energy scale and have obtained similar results by both methods.
PCA reveals that the absorption spectra at these low-dye concen-
trations can be resolved into two components with peaks at 487
and 460 nm (Fig. 1a). Following earlier assignment [18a], the
component at 487 nm is assigned to monomer dianion absorp-
tion. The 460 nm component needs to be assigned. PCA also
reveals that in the gel, with increasing bile salt concentration, the
amplitude of the longer wavelength component increases while
the amplitude of 460 nm absorption decreases. This happens for
low-dye concentrations, i.e., in the micromolar range.

For moderately high-dye concentrations, i.e., in the range
above 1 x 107> M to less than 1 x 10~* M, the absorption spec-
tra show the characteristic peak at 487 nm with a shoulder at
460 nm. In presence of increasing gel concentration, the shoul-
der becomes less prominent while the 487 nm peak increases
(Fig. 1b). PCA analysis of the absorption spectra yields two
components at 500 and 455 nm, the components showing simi-
lar trends with increasing gel concentration, as observed earlier.
Thus, we can see that for low to moderately high-dye concen-
trations, the effect of gelation on the absorption spectra of FL
is same, only the contributing spectral components lie at shifted
wavelengths.

For dye concentrations higher than 1x10™* up to
1 x 1073 M, the absorption spectra are inherently broad and no
distinct peaks are visible. Addition of NaDC leads to increased
absorbance in the shorter wavelength region, i.e., ~400—-470 nm.
PCA analyses show that at these high-dye concentrations, the
absorption spectra can be resolved into two components at ~505
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Fig. 1. (a) PCA resolved spectra of 7 x 107®M FL at pH 6. (b) Absorption
spectra of 3 x 10~ M FL with varying NaDC at pH 6: (i) 0mM NaDC, (ii)
10 mM NaDC, (iii) 20 mM NaDC, (iv) 30 mM NaDC, and (v) 40 mM NaDC.

and 450 nm. Thus, the monomer peak is absent; instead we have
a sharp red-shifted peak and a broader blue-shifted peak. Such
a red-shifted sharp peak in absorbance is usually assigned to
J-aggregates [19,21,27]. In our earlier work we have assigned
such species in fluorescein, to Type B aggregates having J-type
geometry [18a]. The blue-shifted broad absorption band had
been assigned to Type A aggregates having H-type geometry.
The Type A aggregates absorb at 450 nm for higher dye con-
centrations, indicating formation of higher aggregates (trimers,
tetramers, etc.) compared to those existing at low-dye concen-
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Table 1

Angles (9) of FL aggregates in NaDC gel at pH 6

[FL](M)  [NaDC](mM)  fi f2 Silfa 0=2tan"" /(filf2)

7 %1070 0 0240 0460 0522 71.7°
10 0.280 0350 0.800 83.7°
20 0.288 0341 0.845 85.2°

5% 1073 0 0.238 0484 0492 70.1°
10 0305 0427 0714 80.4°
20 0316 0409 0.773  82.7°
30 0311 0434 0716  80.5°

1x1073 0 0.183  0.682 0265 54.8°
10 0.157 0.618 0.258 53.9°
20 0.133 0548 0243  52.5°
30 0.125 0506 0247 52.9°

Jfi=oscillator strength of the longer wavelength component; f> = oscillator
strength of the shorter wavelength component.

trations (Aﬁ'l’:x = 460 nm). PCA analysis also reveals that in neat

dye solution, for higher dye concentrations (>5 x 10~> M) both
Type A and Type B aggregates contribute to the total absorbance.

The angle (0) between the individual chromophores in the
aggregates can be calculated as follows [18a,21]:

6 =2 tan™! (f‘) (1)

f2

where f] =oscillator strength of the longer wavelength com-
ponent; f> =oscillator strength of the shorter wavelength
component.

Since FL is not a linear molecule, in our case 6 cannot be
referred to as twist angle in the true sense. Rather it is the
angle between the individual chromophores in the aggregate.
The geometry-optimized structures of the FL molecule, both
neutral form and the dianion are shown in Scheme 1. The high-
est occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of the dye molecule are both =
orbitals of the anthracene moiety. The LUMO + 1 and LUMO +2
are T orbitals of the benzoic acid unit, nearly orthogonal to
the plane of the anthracene. While HOMO-1 is another m-type
orbital of anthracene, HOMO-2 is mostly on the benzoic acid
unit, as a 1 orbital of the latter.

The calculated values of 6 and the corresponding oscillator
strengths f1 and f> are listed in Table 1. The procedure involved
spectral deconvolution. Although itis known that spectral decon-
volution often gives non-unique results, in our case the results
were unique. Table 1 shows that f] <f, at all fluorescein con-
centrations. This implies that at aggregating concentrations, the
H-type aggregates (absorbing at shorter wavelengths) predomi-
nate. However, for low to moderately high-dye concentrations,
in presence of gel, fi increases and f> decreases progressively
indicating that the gel medium preferentially enhances J-type
or head-to-tail aggregation (corresponding to the longer wave-
length component). For very high-dye concentrations, fi/f> is
low in concurrence with predominance of stacking or H-type
aggregation at high-dye concentrations as reported in literature
[18a,21]. We find that the 8 for the neat dye solutions decreases as

dye concentration increases. For a perfect H-aggregate 6 should
be 0° and for a perfect J-aggregate it should be 180° [19,21,27].
Lopez Arbeloa et al. obtained 6 values of 74° for J-type aggre-
gates of R3B in Hectorite clay and in neat ethanol [19]. The
aggregates formed in our case show 6 values that lie some-
where between 0° and 180°, thus perfect H- or J-aggregates
are not formed. This deviation from perfect stacking in card-
pack manner or head-to-tail arrangement may be a result of the
structure of FL dye itself. As seen from Scheme 1, the benzoic
acid part will remain out of the plane of the anthracene moiety
and will thus prevent perfect stacking, i.e., H-aggregation. That
perfect J-aggregates (with 6 =180°) are not formed can be seen

(a)

Scheme 1. Geometry optimized structure of (a) neutral FL molecule and (b) FL
dianion.
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Scheme 2. Geometry optimized structure of (a) J-aggregates of neutral FL and
(b) FL dianion.

from Scheme 2, which gives geometry-optimized structures of
possible J-aggregates.

The results of the electronic structure calculations are shown
in Table 2. The usual caveat regarding applicability of such cal-
culations hold in the present case, i.e., (i) the calculations were
all carried out in the gas phase, (ii) geometry optimization was at
AM1 level, while DFT (and TDDFT) calculations were essen-
tially single point, (iii) geometries of dimers were obtained as
samples of more hybrid calculations (MD and AM1). Given such

Table 2
Results of theoretical calculations on fluorescein dianion

Dye species Transition energy (eV) Corresponding A (nm) Observed Amax (nm)

Monomer 2.529 490.2 490
2.870 432.0 460
2.969 417.6 420

Dimer

J-type  2.309 537 505-540

H-type 2.932 422.8 460-400

constraints, let us apply the data from Table 2 in our analysis of
the spectra. The theoretical calculation on the dianion predicts
peaks at 490, 432 and 417 nm. These correspond approximately
to the peaks obtained in the experimental absorption spectrum
of the dianion (except for the 432 nm peak which appears red-
shifted in the experimental spectrum). The theoretical spectrum
consists of m—m* transitions of the anthracene moiety of the flu-
orophore. Twenty-eight nanometer red shift of the A from the
theory to the experimental case for the 432-nm peak may be due
to solvent effects.

For the dimers, it was difficult to calculate transition energies
by TDDFT with the available computational facility. However
we could arrive at possible structures for the dimers based on
AM1 calculations. One of the many possible stable structures
for the J-type dimers formed by neutral FL. and FL dianion are
shown in Scheme 2. Table 2 shows the results of TDDFT cal-
culations on some dimers formed by FL dianion. For the J-type
dimer, theory predicts Aﬁ‘,’;‘:x to be ~537 nm. Experimentally, we
have obtained the J-type aggregate spectrum within the range
505-540nm (in the experimental case, it is difficult to spec-
ify the actual 225 for the dimer). However, we note that on a
broader level, there is a good correspondence between the theo-
retically predicted value of 2255, and the experimentally obtained
value for the J-type dimer. For the H-type dimer, Table 2 predicts
2358 to be ~423 nm while our experiments indicate the H-type

aggregate kf‘,?;x range to be 460—400 nm. Thus we find that there
is reasonable correspondence between the theoretically calcu-
lated values of the transition energies and the experimentally
obtained values (from absorption spectra) for the species under
study, i.e., the monomer dianion.

For fluorescence studies, the samples were excited at the main
absorption peak of fluorescein, i.e., 490 nm corresponding to
the dianion absorption. In a set corresponding to a fixed dye
concentration, the emission spectra were studied in the pres-
ence of increasing NaDC concentrations. A¢p of FL in buffer at
pH 6 is at 511 nm. For low-dye concentrations, i.e., 1 X 100
to 7 x 107°M FL, addition of increasing amounts of NaDC
leads to slight increase in fluorescence intensity by about 10%
at 40mM NaDC, along with a red shift of about 2-5nm in
Xem- Fluorescence excitation spectra resemble the ground state
absorption spectra with the 460 nm shoulder disappearing with
increasing NaDC concentrations. It is worth mentioning here,
that on exciting the dye/gel at 450 and 505 nm, i.e., wave-
lengths corresponding to where the dye aggregates absorb (as
discussed earlier) fluorescence intensity was lower than that for
490 nm excitation indicating that at these dye concentrations the
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Table 3a
Lifetime studies of FL with varying NaDC at pH 6
System aj 71 (ns) a 72 (ns) X2
1 x 10"°M FL
FL 1 3.79 1.16
FL + 10 mM NaDC 0.13 4.08 0.87 0.12 1.27
3x 103 MFL
FL 1 3.68 1.2
FL + 10 mM NaDC 0.56 4.08 0.44 0.23 1.1
1 x 107*M FL
FL 0.9 4.69 0.1 0.91 1.16
FL + 10 mM NaDC 0.55 4.86 0.45 0.30 1.2
FL +40 mM NaDC 0.61 5.29 0.39 0.27 1.18
1 x 1073 M FL
FL 0.62 5.92 0.38 0.42 1.09
FL + 10 mM NaDC 0.57 6.3 0.43 0.31 1.02
FL +40 mM NaDC 0.56 6.89 0.44 0.22 1.19

predominant species is the monomer dianion. The lifetime val-
ues of FL at various NaDC gel concentrations are given in
Table 3a. At low-dye concentrations, i.e., 1 X 107 M, the flu-
orescence decay of FL in neat buffer is single exponential with
a decay constant of 3.8 ns, consistent with the reported values
[27]. At this dye concentration, in the gel, fluorescence decay is
biexponential with major contribution from a fast component,
i.e., 120 ps and a minor component of 4 ns. The latter value is
the time constant for decay of dye monomer fluorescence. The
origin of the fast component will be discussed later.

At moderately high-dye concentrations (1x 107> to
1x1074 M), there is larger fluorescence enhancement in the
gel, i.e., 30% at 40 mM NaDC. The red shift in A¢py, is also much
more. What is remarkable is the distinct splitting of the fluores-
cence excitation spectra (Aem = 555 nm) of the neat dye solution
into two bands—one sharp red-shifted band with a peak at ~
510 nm and one broad blue-shifted band of lower intensity cen-
tered at ~430 nm. As discussed in the earlier section, the splitting
of the excitation spectra implies the existence of two types of
aggregates having geometry intermediate between perfect J and
perfect H-aggregates [18a,21]. We had earlier named them as
Type A (stacked aggregates) and Type B (head-to-tail aggre-
gates). The PCA analysis of the absorption spectra discussed
earlier yields components that tally with the split bands observed
in the fluorescence excitation spectra. In the gel medium, fluo-
rescence intensity at both these bands increases as was seen from
the excitation spectra (not shown). Also the longer wavelength
band gets red shifted in presence of NaDC gel. At these dye
concentrations, the decay of dye in neat buffer is also single
exponential like for low-dye concentrations (Table 3a). How-
ever, in presence of the gel, a shorter component of ~230 ps
(t2) contributes equally.

At very high-dye concentrations, i.e., 1 x 1073 M (Fig. 2a),
overall fluorescence intensity is low for the neat dye. However, in
presence of the gel, there is a dramatic fourfold enhancement in
Iem at 40 mM NaDC. The Aepy, is slightly red shifted to ~550 nm.
The fluorescence excitation spectra show greater splitting (AA),
i.e., of ~130 nm—split peaks lying at 530 and 400 nm (Fig. 2b).

These are assigned to higher Type B aggregates and Type A
aggregates respectively. In the gel, emission intensity at both the
peaks increases. At these dye concentrations, the fluorescence
decay in neat buffer is bi-exponential with a component of 4—6 ns
and a fast component of several hundred picoseconds (Table 3a).
With increasing gel concentration, the picosecond component
becomes shorter and its contribution increases.

We have also carried out fluorescence anisotropy studies on
the NaDC gels. Steady state fluorescence anisotropy (r) was
calculated in the usual way from the fluorescence intensity at
parallel (/;1) and perpendicular (/1) polarization. Table 4 shows
the anisotropy values for different fluorescein concentrations at
different concentrations of gel. Fluorescence anisotropy from a
fluorophore in a rigid environment reveals information about
its local environment. It is seen that r-values are very low
(0.01-0.04) for the neat dye solutions at pH 6 and increase in
the gel, indicating increased rigidity in the gel.
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Fig. 2. (a) Fluorescence emission spectra of 1 x 10~3 M FL with varying NaDC
at pH 6: (i) O0mM, (ii) 10mM, and (iii) 40 mM. (b) Fluorescence excitation

spectra of 1 x 1073 M FL with varying NaDC at pH 6: (i) 0 mM, (ii) 10 mM,
and (iii) 40 mM.
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As dynamic light scattering studies (DLS) have often served
as an important tool to study and characterize gels as well as
reverse micellar systems [29,30], DLS studies were undertaken
to ascertain the hydrodynamic radii (Ry)/sizes of the parti-
cles formed by NaDC at pH 6 (Table 5). Interesting trends
are observed in the DLS results. As NaDC concentration in
the gel increases, the polydispersity index (PI) increases. In
the gel, three types of scatterers are observed in DLS-i) one
major population with Ry ~70-120nm and two other types
with R, ~5-20 nm and Ry ~ 5300 nm. The particles with radii
5-20 nm may correspond to primary aggregates of NaDC while
the bulk population of radius 110-120 nm corresponds, in all
probability to secondary bile salt aggregates. That bile salts form
primary and secondary aggregates in aqueous solution, is a well-
established fact [5,6]. The largest aggregate with Ry, ~ 5300 nm
may correspond to the gel fibers, which are elongated in cross-
section as reported in literature [9]. As NaDC concentration in
the gel increases, this population of scatterers becomes domi-
nant as can be seen from the amplitude of the peak at 40 mM
NaDC (Table 5). The primary aggregates (5—20 nm in diameter)
are almost non-existent in the gel while a substantial population
of larger aggregates (R ~ 67 nm) is also present.

The Z-average diameter is the mean diameter based on the
intensity of scattered light and is sensitive to the presence of
aggregates/large particles. Since we observe a gradual increase
in Z-average diameter from 512 to 1898 nm as NaDC concen-
tration in the gel increases, we ascribe this to the formation of
larger aggregates, i.e., gel fibers. Regarding the polydispersity
of the sample, we find an increase of the PI with increasing
NaDC concentration in the gel. The PI even at 10 mM NaDC is
relatively high, i.e., 0.56 and it increases to 1 at 40 mM NaDC.
Thus, the NaDC gel medium is quite polydisperse. The polydis-
persity is related to the heterogeneity in aggregate structure in
terms of the aggregation number. For such a polydisperse sam-
ple (PI>0.5), it is wiser to make comparative analysis based on
the actual distribution rather than rely totally on the Z-average
size. In our case, however, both the intensity distribution and the
Z-average size indicate the same trend, i.e., increase in particle
size with increasing gel concentration.

To further substantiate the findings from DLS studies, we
carried out the studies of NaDC aggregates at pH 6 with an
optical microscope. The resolution of the microscope is 0.5 pm,
thus all structures present that have diameter >500 nm can be
observed with fairly good precision. Indeed, we find that in the
gel, long fibrous structures as reported in literature are seen
(Fig. 3). The fibers become thicker and longer with increasing
gel concentration.

3.2. Studies in NaDC micelles

In the neat aqueous buffer at pH 8.3, the absorption spectrum
of FL indicates the presence of the FL dianion with a peak at
490 nm and a slight shoulder at 475 nm. At all dye concentra-
tions, there is not much change in the short wavelength shoulder
in the absorption spectrum of the dye, in presence of NaDC.
This is in contrast to the interesting changes brought about in
the absorption spectrum of FL. by NaDC gel, as discussed earlier.

Sl

Fig. 3. Microscopic image of NaDC gel (40 mM), pH 6.

Like in absorption, NaDC at pH 8.3 has very little effect
on the fluorescence emission and excitation spectra of FL.
Increasing NaDC concentration gradually up to 40 mM leads
to slight decrease in I, with a small red shift in Aep. Even
when the fluorescence excitation spectra show distinct splitting
(at [FL] >3 x 10~> M) indicating the presence of Type A and
Type B aggregates, there is practically no change in emission
intensity. Thus, NaDC at pH 8.3 has not as marked an effect on
the spectral properties of FL as NaDC gel at pH 6 does.

The fluorescence decay of FL at low and moderately
low-dye concentrations is exponential in neat buffer at pH
8.3, T=4ns (Table 3b). At higher dye concentrations, i.e.,
[FL] > 1 x 10~* M, the decay of neat dye is biexponential with
a major component of ~5 ns and a minor component that is fast,
i.e., 540 ps (Table 3b). In presence of NaDC micellar aggregates,
the traces are again biexponential with decay time of 4-5ns
along with a growth component of 150-200 ps. The growth com-
ponent is indicated by negative amplitude. Such similar growth
in fluorescence decay was also observed earlier for FL in NaDC
and NaC micelles [18b].

Table 3b
Lifetime studies of FL with varying NaDC at pH 8.3
System ay 71 (ns) a 75 (ns) X2
1x10"°M FL
FL 1 3.99 1.35
FL + 10 mM NaDC —-0.07 0.19 1.07 4.13 1.12
FL +40 mM NaDC —0.08 0.12 1.08 4.22 1.10
3x 107> MFL
FL 1 4.17
FL + 10 mM NaDC —0.58 0.16 1.58 4.40 1.20
FL +40 mM NaDC —-0.57 0.18 1.57 4.40 1.29
1x10™*MFL
FL 0.3 0.54 0.70 5.64 1.16
FL+ 10 mM NaDC —0.53 0.23 1.53 5.69 1.30
FL +40 mM NaDC —0.52 0.24 1.52 5.84 1.18
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Table 4
Steady-state anisotropy studies of FL with varying NaDC
pH [FL] (M) [NaDC] (mM) Anisotropy
6 1x 1070 0 0.04
10 0.07
20 0.06
40 0.08
1x1074 0 0.02
10 0.06
20 0.11
40 0.11
1x1073 0 0.01
10 0.10
20 0.14
40 0.12
8.3 1x10°° 0 0.02
10 0.03
20 0.04
40 0.05
1x 1074 0 0.01
10 0.02
20 0.03
40 0.01
1x1073 0 0.01
10 0.01
20 0.04
40 0.02

Also, the increase in anisotropy (r-value) with NaDC concen-
tration is greater in the gel than at pH 8.3 as seen from Table 4.
This is expected as NaDC forms normal micelles at pH 8.3 and
these micelles are less rigid than the gel (as indicated by the very
low r values).

DLS studies were performed with the NaDC micelles. Table 5
shows that at pH 8.3, particle diameters are in the range
140-270 nm. Some smaller structures of ~1-2 nm diameter are
also seen. The structures with R, 1-2 nm seen in DLS are proba-
bly NaDC micelles formed at this pH, (with 0.6 nm instrumental
resolution 1-2 nm structures may be detected quite accurately).
Generally micelles formed from conventional surfactants have
diameters ranging between ~30 and 50 A, i.e., 3-5nm [30Db].
Also DLS experiments performed by Mukhopadhyay et al.
reveals that the mean hydrodynamic radius of sodium cholate
micellesis 1.2 nm [15b]. However, we see from Table 1 that these
structures give a minor contribution to scattering. The major
contribution comes from the structure having R, ~ 140-270 nm.
These are the secondary aggregates formed from the primary bile
salt micelles.

4. Discussions
4.1. NaDC gel

At pH 6 in NaDC gel, we have observed a shoulder at 460 nm
and the main peak at 487 nm in the absorption spectra of FL at
micromolar concentrations. The 487 nm peak is well charac-
terized for FL and arises due to monomer dianion absorption.
The 460 nm shoulder needs to be assigned. Following a sepa-
rate pH dependent study of the absorption spectra, we note that

increasing the pH above 6 gradually leads to suppression of the
460 nm shoulder. Sjoback et al. [28b] has performed a detailed
study of the protolytic equilibria of FL. They have shown that
at pH~ 6.14, both the anion and dianion are present. They
have mentioned that the dianion has its main absorption peak
at 490 nm with a shoulder around 475 nm while the anion has
somewhat weaker absorption in the visible region with peaks at
472 nm and 453 nm of roughly the same molar absorptivity. We
have calculated the pH-dependent difference absorption spectra
(DAS) [19] of FL by subtracting the spectra of FL at pH 8.3 from
the spectra at pH 6 (Fig. 4). This is expected to show the existence
of any additional species that maybe present at pH 6 but absent
at pH 8.3. Such a difference absorption spectrum resembles the
absorption spectrum of FL anion (Fig. 4) as reported by Sjoback
et al. [28b] with peaks of similar optical density at 470 and
450 nm. Thus, we assign the 460 nm shoulder, observed in the
absorption spectrum of 1 x 10~® M FL at pH 6, to the monomer
anion absorption. In the NaDC gel, the 460 nm shoulder at pH
6 decreases with a concomitant rise in absorbance at 490 nm
and a narrowing of the absorption spectrum (Fig. 1b). Now, it is
known that the gelation process uptakes H* from the surrounding
medium [7b]. It has been reported that during gelation, the gel
fibers uptake H and replace Na* ions in the network by these
H* ions. As a result the local pH in the surrounding medium
may increase. This will shift the FL anion = dianion equilib-
rium to the RHS. In our case, thus the anion absorption around
450-470 nm decreases with a concomitant increase in dianion
absorbance at 490 nm. Other workers too, have reported that the
micellization of bile salts induces H3O* binding [31a]. Sugihara
et al. have also reported that an uptake of H" has been observed to
occur during gel formation [31b]. However there is one impor-
tant point that should not be overlooked. We can exclude the
contribution of FL aggregates to the shoulder at 460 nm from
the simple reasoning given as follows. At very low-FL concen-
trations, i.e., 1 x 1077 M, chances of aggregate formation are
nil. We have observed that the absorption spectra of 1 x 10~7
and 1 x 107 M FL at pH 6 are overlapping. Thus, in all prob-

Absorbance
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T T T T T T ¥ T 1
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Fig. 4. Normalized absorption spectra of 1 x 10-® M FL at two different pHs:

(i) pH 6, (ii) pH 8.3, and (iii) the difference (i)—(ii) absorption spectra showing

spectra of FL anion.
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Table 5
Results of dynamic light scattering for NaDC gel and NaDC micelles

Sample Temperature, Z-average PI Peak 1 Peak 2 (nm) Peak 3 (nm) Contribution Contribution Contribution
T(°C) (nm) (nm) of peak 1 of peak 2 of peak 3

pH 8.3

10 mM NaDC 25 296.1 0.33 1.18 16.82 147.6 0.03 0.18 0.79

40 mM NaDC 25 613.6 0.53 1.21 271.5 0.22 0 0.78
pH6

10 mM NaDC 25 512.5 0.56 13.6 112.2 5390 0.12 0.73 0.15

20 mM NaDC 25 611.2 0.65 21.8 119.2 5493 0.20 0.68 0.12

40 mM NaDC 25 1898 1.00 5.2 67.14 5249 0.06 0.39 0.55

ability, the shoulder at 460 nm does not derive any contribution
from FL aggregates for low-dye concentrations. Summarizing,
at low-dye concentrations, the gel medium promotes the con-
version of existing dye monomer anions to monomer dianions
due to H* uptake.

The steady-state fluorescence results also lend support to our
existing idea that at pH 6, the neat dye solution consists of both
anions and dianions. In presence of the gel, anions get con-
verted to the dianions. Also, there are no H-type aggregates at
these low-dye concentrations. The fluorescence excitation spec-
tra resemble the absorption spectra. However, the time-resolved
fluorescence studies indicate the emergence of a major com-
ponent of ~120ps in the fluorescence lifetime of FL in the
gel environment (Table 3a). This indicates the existence of J-
type aggregates in the gel environment. Type B or aggregates
with J-type geometry are generally fluorescent and have very
short decay times [28a]. Thus, in addition to the effect of con-
version of monomer anions to monomer dianions within the
restricted gel environment, we must also include the possibility
of gel-induced J-type aggregation in the FL. monomers at these
low-dye concentrations. These J-type aggregates are fluorescent,
thus accounting for the 10% increase in emission intensity. The
increase in the angle 6 in the gel from 72° to 85° also hints at gel
induced J-type aggregation in FL. The red shift in the emission
spectra along with the narrowing of the absorption spectra lends
support to this idea [28a]. The fluorescence anisotropy of FL
increases from 0.04 to 0.08 in the gel indicating an increase in
rigidity of the environment surrounding the dye.

At moderately high-dye concentrations, i.e., in the range
1 x 1075 to 1 x 10~ M, we have observed similar gel-induced
decrease in the 460nm shoulder accompanied by rise of
absorbance at 490 nm and a distinct narrowing of the absorp-
tion spectrum. From earlier work on FL, it is known that FL
forms aggregates (mainly dimers) in this concentration regime.
The PCA analysis of the absorption spectra at these dye con-
centrations indicates two components at 455 and 500 nm. With
increasing gel concentrations, the amplitude of the 500 nm
component increases. Here too, we have calculated the differ-
ence absorption spectrum by subtracting the spectrum of the
neat dye solution in buffer from the spectra in gel [25]. The
difference absorption spectra Fig. 5 shows both positive and
negative absorption bands identifying only such dye species,
which are either formed or decomposed within the gel medium.
We find that there are two bands in the DAS, one in the negative

absorbance region with peak at 450 nm and one positive band
with peak at 500 nm. The blue-shifted band at 450 nm is assigned
to H-type or Type A aggregates while the red-shifted band at
500 nm is assigned to J-type or Type B aggregates. We see from
Fig. 5, that with increasing gel concentration, there is deple-
tion in the population of Type A aggregates accompanied by a
subsequent enrichment in population of Type B aggregates as
indicated by the difference absorption spectra. The 6 value in this
concentration range increases from ~70° to 80° as gel concen-
tration increases indicating a transition from stacked geometry
to head-to-tail geometry of the dye aggregates in presence of
the gel. Thus, at moderately high-dye concentrations, NaDC
gel promotes the formation of J-type or Type B aggregates and
also causes conversion of the existing H-type aggregates to J-
type aggregates. Berlepsch et al. [20] have also noted significant
reduction of the blue-shifted band for the cyanine dye CgO3 in
presence of PVA. These dyes are also known to form aggregates
in solution. They have assigned the isosbestic point arising in
presence of PVA to two types of aggregates co-existing in pres-
ence of PVA. Very early studies on NaDC gels have reported that
in gel fibers, bile salt molecules assumed an elongated helical
configuration, 36 A in diameter [7]. In our case from an approxi-
mate calculation, the cross section of the fibers seen in Fig. 3 has

Type B aggregates
(iv)

0.6 1
05 ]
0_4-_
0.3
0_2-

0.1

Absorbance

0.0 Type A aggregates 4
(M)

-0.14

-0.2 - r
400 450 500 550
Wavelength (nm)

Fig. 5. Difference absorption spectra of 3 x 107> M FL with varying NaDC at
pH 6: (i) 10 mM NaDC, (ii) 20 mM NaDC, (iii) 30 mM NaDC, and (iv) 40 mM
NaDC.
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Scheme 3. Proposed schematic for J-aggregation in NaDC gel.

a wide variation from the limited 0.6—11 pm. It must be noted
that due to the limited resolution of our instrument, we will not
be able to detect smaller structures. Our idea is that within such
a confined space, stacking of dye monomers over one another
will be prevented across the fiber cross-section, rather head-
to-tail arrangement across the cross-section of the fibers will
be preferred (Scheme 3). Even for the fiber with the smallest
cross-section, i.e., 0.6 nm, the distance is much larger than the
size of a FL. monomer or dimer. Thus there is enough space for
head-to-tail aggregation. Thus, at moderately high-dye concen-
trations Type B aggregates will be formed in preference to Type
A aggregates. The fluorescence emission in these conditions
arises due to fluorescent Type B aggregates. Increase in Iy, in
the gel occurs due to increase in percentage of fluorescent Type
B aggregates in the gel, due to gel-induced conversion of exist-
ing Type A aggregates to Type B aggregates. The lifetime values
(Table 3a) show the emergence of a picosecond component in
the gel further hinting at gel induced J-aggregation.

For high-dye concentrations, i.e., 1 x 1074 t0 1 x 1073 M,
the absorption spectra are broad and PCA analysis yields two
components at 450 and 505 nm. With increasing gel concentra-
tion, the amplitude of the 450 nm component decreases while
that of the 505 nm component increases. The difference absorp-
tion spectra for 1 x 1073 M FL (Fig. 6) however, indicate two
well separated components at 420 and 520 nm. With increasing
gel concentration, the 420 nm component gets depleted while the
520 nm component gets enriched. The much blue-shifted band
at 420 nm indicates the formation of higher H-type aggregates.

Similarly, the red-shifted sharp band at 520 nm indicates the
formation of higher head-to-tail type aggregates. Table 1 indi-
cates that the average angle at such high-dye concentrations in
neat solution is generally low ~55°. This is a general observa-
tion for the aggregation of most dyes, i.e., as dye concentration
increases, stacking is preferred over head-to-tail arrangement
[18a,19]. The obvious indication for the preferential stacking
is a decrease in 6. Thus at very high-dye concentrations, Type
A aggregates predominate in neat dye solution although Type
B aggregates are also present. The contribution of the Type B
aggregates increases with increasing NaDC concentration. At
very high-dye concentrations, i.e., 1 x 107> M (Fig. 2a), overall
fluorescence intensity is low for the neat dye due to the dominant
population being non-fluorescent Type A aggregates. However,
in the gel, fluorescence increases. For these high-FL concen-
trations, fluorescence decay of FL in neat buffer itself is not
single exponential but bi-exponential with components of ~5 ns
and 200400 ps. These components can arise due to the fluo-
rescence decay of higher dye aggregates formed at these dye
concentrations.

The low r values at pH 6, indicate a significant depolariza-
tion of the excited FL dipoles in solution. Such low r values
maybe caused by rotational diffusion of the fluorophore and
resonance energy transfer (RET) among the FL. molecules. FL
is highly susceptible to energy transfer due to the small Stokes’
shift between its absorption and emission maxima. Probably
this is also the reason why r-values decrease as FL concentra-
tion increases (Table 4). In presence of the gel at pH 6, r values
for FL increase substantially. This increase in » may arise due to
prevention of rotational diffusion of the fluorophore in the rigid
gel medium. We also note that the gel-induced increase in r is
higher for higher dye concentrations. This could be because at
high-FL concentrations, the predominant species are higher H
and J-aggregates with well-separated absorption and emission
maxima. Thus due to reduced overlap, RET is prevented leading
to a higher r value. Thus anisotropy studies too, lend support to
the idea of enhanced aggregation in gel.
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Fig. 6. Difference absorption spectra of 1 x 1073 M FL with varying NaDC at
pH 6: (i) 10 mM NaDC, (ii) 20 mM NaDC, (iii) 30 mM NaDC, and (iv) 40 mM
NaDC.
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The effect of NaDC gel on the dye aggregates could be
explained by alteration of H-bonding within the aggregates, by
the gel network. For aggregation of fluorescein monomers, H-
bonding of dye molecules to the solvent is found to play an
important role [18a,27]. Now, it is known that during gel for-
mation by bile salts, there is a rearrangement of H-bonds within
the gel network [7]. Blow and Rich have shown that there is an
uptake of H* during the gel formation by NaDC, by using an
automatic titrator. They believe that at low pH, a specific sys-
tem of hydrogen bonding becomes possible within the micelle,
leading to formation of a network with a regular internal order.
At the molecular level, it appears that on lowering pH some of
the deoxycholate ions can add protons, which neutralize their
charge but without being precipitated as the insoluble deoxy-
cholic acid. Instead they are arranged into the helical structure.
Probably such uncharged -COOH groups are located in the inner
hydrophobic part of the structure. It is most likely that the extra
proton is used to form an H bond thus allowing the particle to
grow. Although gel formation is some kind of aggregation, it is
different from micelle formation in the sense that there is a spe-
cific requirement for molecular structure. Presence of 3-a-OH
group favors gel formation, as this position is favorable for H-
bonding in steroids. X-ray studies show that gels have a definite
internal structure unlike micelles. The common picture of the
NaDC gel is a helical fiber in which van der Waals stacking of
steroid molecules and the O-H- - -O H-bonds play an important
part. The COO™ groups lie on the cylindrical surface of the gel
fibers but some of these may uptake H* and form -COOH which
can participate in H-bonding both with other NaDC molecules
and with the dye, FL. Thus the NaDC gel-induced changes of
the molecular packing within the dye aggregates, as reflected
by spectral changes, could be due to a rearrangement of these
H-bonds.

Thus summarizing, we can say that at low-dye concentra-
tions, the neat dye solution has both monomers (dianion and
anion). In presence of gel, the anions get converted into dian-
ions due to uptake of H" by the gel. Some J-type aggregates
are also formed from the monomers. Thus fluorescence inten-
sity increases a little (10%) and a short component arises in the
fluorescence decay. Also 6 values increases from 73° to 80°.
At high-dye concentrations, the effect of the gel environment
is more pronounced. Here, the neat dye solution is dominated
by higher Type A aggregates, also some higher Type B aggre-
gates are present. Thus at very high-dye concentrations, overall
fluorescence of the dye is lower than at the intermediate dye
concentrations due to non-fluorescent higher Type A aggregates
being present. Here, the gel fibers promote the deaggregation of
higher Type A aggregates at the same time promoting the for-
mation of more Type B aggregates. Thus, there is a pronounced
increase in fluorescence due to some of the non-fluorescent Type
A aggregates being converted to Type B aggregates. This indi-
cates that the gel medium can induce J-type aggregation in FL. In
the time-resolved fluorescence studies, the faster component is
due to a new species being created in the gel, i.e., Type B aggre-
gate. Earlier workers have also reported fast non-exponential
decays for J-aggregates of THIA-carbocyanine dyes in poly-
electrolytes [28a,32]. They have more specifically assigned the

fast component to energy transfer to trap or defect sites in the
J-aggregate.

In the DLS studies, the large particles (d ~ 5000 nm) seen
only in the gel at pH 6, may correspond to fibrous aggregates
existing in NaDC gel network. Also the polydispersity for the
gel is very high, i.e., ~1 at high-gel concentrations indicating a
wide variety in the population of scatterers. Rich and Blow [7]
and others [3] have indicated that in the gel, NaDC aggregates
are represented by helices. The gel is characterized by a bimodal
Ry, distribution, corresponding to very small and very big aggre-
gates. Our DLS studies have also indicated such a distribution of
very big and very small aggregates. The Cryo-TEM images also
show that the gel network is made up of thin, flat ribbons [9].
That they are truly flat ribbons can be inferred from the uniform
contrast for each one of them [9b]. This fact strongly supports
our idea that the flat gel fibers facilitate the formation of dye
aggregates in the head-to-tail geometry in a ribbon-like manner
rather than dye stacking across the fibers.

4.2. pH8.3

In the NaDC micelles at pH 8.3, at high-dye concentra-
tions both Type A and Type B aggregates exist but NaDC does
not lead to deaggregation of Type A aggregates, thus main-
taining status quo. Also at low-dye concentrations, there is no
marked change in the absorption spectra or fluorescence spec-
tra in NaDC micelles. The time-resolved fluorescence studies
indicate a growth component of several hundred picoseconds in
NaDC micelles. In an earlier work we had explained how the
growth could be rationalized in terms of dynamic aggregation
of bile salt micelles to form larger aggregates [18b]. FL fluo-
rescence reports faithfully on this aggregation process. We may
note here that no such growth is observed in case of NaDC gel.
Comparison of the results for gel and micelles shows that in the
latter, i.e., at pH 8.3, no fast ps decay component is observed
as in gel. Since this fast decay is characteristic of Type B or J-
type aggregates under these conditions, we conclude that NaDC
micelles do not promote the growth of Type B aggregates to the
same extent as the gel. So, whatever happened in NaDC gel was
an effect of gel network only and not the effect of the bile salt.

Due to the non-fluorescent Type A aggregates predominat-
ing at pH 8.3, fluorescence does not increase with NaDC. The
small fluorescence decrease is due to transfer of monomer to the
micellar interior. In such a situation, with increasing dye concen-
tration, H-type aggregates are the natural choice. These being
non-fluorescent, NaDC at pH 8.3 does not cause much fluores-
cence enhancement. It is known that bile salts being amphiphilic
molecules form micelles in aqueous solutions. The micellization
behavior of bile salts is known to be more complex than that
of common surfactants as bile salts exhibit stepwise aggrega-
tion [5,18b,31]. Small angle X-ray scattering (SAXS) and small
angle neutron scattering (SANS) studies of NaDC secondary
aggregates show the existence of elongated rods with a central
hydrophilic core filled with water [33-35]. Thus structurally,
micellar aggregates of NaDC are quite different from NaDC
gel fibers. This could explain the difference in their behavior.
FL-aggregates, both Type A and Type B can be well stabilized
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within the central water-filled hydrophilic core of NaDC sec-
ondary aggregates. Thus there is no need for disruption of Type
A aggregation in presence of NaDC micelles. We believe that
FL binds to secondary sites in the bile salt aggregates, which
resembles conventional guest-micelle binding [36].

Comparison of the DLS results at the two different pHs shows
that at pH 8.3, particle diameters are in the range 140—-800 nm
whereas, at pH 6, particle diameters can also reach very high
values, i.e., 5000 nm.

5. Conclusions

Due to the importance of NaDC hydrogels in biomedical
applications, there have been quite a few studies on these hydro-
gels over the last few decades. We were interested to examine
the effect of these hydrogels on the aggregation behavior of
the well-known xanthene dye, FL. Our results lead us to con-
clude that aggregation of Fluorescein does indeed occur in the
gel environment. However, our most important finding is that
within the gel medium, J-type aggregation is promoted, often at
the expense of H-type aggregation. At low-dye concentrations,
monomers are converted to Type B or J-type aggregates. Athigh-
dye concentrations, Type A (H-type) aggregates are converted to
Type B (J-type) aggregates. We have demonstrated a method for
the preferential formation of J-aggregates of the xanthene dye
FL. This result could have very important applications as thus
far, only cyanine dyes have shown a strong tendency to form
J-aggregates. We have shown that other dyes can also prefer-
entially form J-aggregates in suitable media. We have, for the
first time shown that the J-aggregate/H-aggregate ratio in the FL
system can be “controlled” by regulating the properties of the
bulk medium.

Our results are also important from the viewpoint of the
material itself, i.e., NaDC hydrogel. By showing that the trans-
formation H-aggregate — J-aggregate is promoted in gel media,
we have lent support to the existing idea of gel formation by self-
assembled fibrillar network (SAFIN) formation. It can also be
realized that the hydrogel formed by NaDC has a microstruc-
ture very different from normal NaDC micelles, in accord with
existing ideas about these systems.
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