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In this study, aqueous nanodroplets with different concentrations of the dye
Trypan Blue are synthesized and investigated within W/O microemulsions. The
AOT surfactant is used to stabilize the resulting nanodroplets in n-hexane solvent.
The molar ratio of water to surfactant is kept constant to evaluate the role of
Trypan Blue concentration on the photophysical and structural properties of the
microemulsions using various characterization techniques. Additionally, these
systems are studied at different mass fractions of droplets (MFD). DLS data
indicate that the hydrodynamic diameters of the nanodroplets range between 109
and 169 nm, while also showing that the droplet size decreases with increasing
Trypan Blue content. Furthermore, PDI values range from 0.138 to 0.201,
indicating moderate polydispersity of the synthesized particles. The UV-Vis
spectra show a hypsochromic shift in Amax from 562 to 594 nm, corresponding to
a decrease in polarity within the confined droplet medium. Moreover, the
absorption intensity is found to increase for higher MFD values. The fluorescence
spectroscopic results reveal that increasing MFD is accompanied by an
enhancement in emission intensity, whereas no significant change occurs in the
emission wavelength. The calculations show that E+(30) values range from 48.1
to 50.9 kcal/mol, indicating a lower polarity of the droplet core compared to bulk
water. Overall, the findings suggest that the photophysical properties of these
microemulsions can be optimized and controlled, with desirable stability
observed at moderate dye concentrations and MFD levels.

@ @ 1 Copyright: © 2025 by the authors. Submitted for possible open access publication under the terms and

conditions of the Creative Commons Attribution (CC BY) license

https://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.48308/piadm.2026.245775.1030
mailto:m.moradi@kashanu.ac.ir
https://orcid.org/0000-0003-3971-840X

Modulating Dye—Surfactant Interplay

1. Introduction

Emulsions are considered a class of heterogeneous
colloidal systems. In these systems, immiscible
liquid phases are combined, and the dispersed
phase is distributed within the continuous phase as
droplets with micrometer-scale dimensions [1-3].
Although these systems appear kinetically stable,
the absence of stabilizing agents such as
emulsifiers leads to phase separation over time.
Phase separation may occur through mechanisms
such as droplet coalescence, creaming, or Ostwald
ripening, all of which are influenced by Gibbs free
energy and van der Waals interactions [4, 5]. In
comparison with conventional emulsions,
microemulsions are considered a special class of
these systems and are thermodynamically stable.
They typically exhibit characteristics such as
isotropy, optical transparency due to minimal
Rayleigh light scattering, and relatively low
viscosity [6, 7]. In contrast to macroemulsions,
which require high mechanical energy for
formation and possess limited stability,
microemulsions form spontaneously and remain
stable over time. This characteristic arises from
the flexible interfacial film model. According to
this model, the energy required to bend the
surfactant layer (characterized by the bending
modulus k = kT) is considered a key factor [8, 9].
In general, microemulsions are classified into
three main types: oil-in-water (O/W), water-in-oil
(W/0), and bicontinuous systems [10, 11]. In W/O
microemulsions, also known as reverse micelles,
nanodroplets of the aqueous phase are enclosed
within a continuous oil phase. Such systems have
wide-ranging applications; for example, they are
used as templates in the synthesis of metallic
nanoparticles, in drug delivery systems, and in the
simulation of biological processes such as the
modeling of cellular membranes [12—15].
Surfactants, which possess an amphiphilic nature,
play a key role in the formation and stability of
microemulsion systems. These substances play an

important role in enhancing system stability by
reducing the interfacial tension according to the
Gibbs adsorption equation and by regulating the
curvature of the interfacial film [16-18].
Depending on the charge of the hydrophilic group,
surfactants are classified into four main
categories: anionic, cationic, nonionic, and
amphoteric [19, 20].Sodium 1,4-bis(2-ethylhexyl)
sulfosuccinate (AOT) is an anionic surfactant
containing two hydrocarbon chains that is widely
used in W/O systems. This compound can form
reverse micelles and reduce interfacial tension
significantly, eliminating the need for a
cosurfactant. In such systems, the hydrophilic
sulfonate head group is oriented towards the
aqueous core, while the hydrophobic alkyl chains
extend into the oil phase. As a result of this
arrangement, a core—shell structure is formed. In
this structure, the balance between electrostatic
and  hydrophobic interactions leads to
thermodynamic stability [21-23]. In AOT-based
W/O microemulsions, water nanodroplets are
formed that are covered by a surfactant
monolayer. This surfactant layer stabilizes the
nanodroplets through both electrostatic charges
and steric barriers, thereby preventing their
coalescence. As a result, the solubilization
capacity of hydrophilic compounds in nonpolar
media increases, and properties such as viscosity
and polarity are modified [24-26]. Adding dyes to
W/O microemulsions converts them into sensitive
probes for studying molecular interactions and
photophysical phenomena [27, 28]. Encapsulating
inorganic pigments such as Prussian blue and
cadmium sulfide within these systems increases
their stability against light and oxidation. For this
reason, these materials are used in applications
such as inks, coatings, and sensors [29-31]. In
previous studies, researchers have investigated
various dyes, including methylene blue and
carotenoids.

These dyes improve the dyeing quality of wool by
increasing solubility in hydrophobic media and
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allow for a more precise understanding of
oxidation reactions [32-38]. Trypan blue is a
hydrophilic, acidic azo dye widely utilized as a
vital stain to accurately assess cell viability. Due
to its inability to penetrate intact cell membranes,
only damaged or necrotic cells are stained by this
dye.

This property has enabled the application of trypan
blue in cytotoxicity assays, histological studies,
and ophthalmic surgeries. In addition, Trypan blue
exhibits a maximum absorption around 600 nm,
and its high sensitivity to changes in the media is
one of its important characteristics. These features
make Trypan blue an ideal probe for investigating
confined systems such as microemulsions [39—
42].

In this study, aqueous nanoemulsions containing
different concentrations of trypan blue dye are
prepared and investigated in AOT-based W/O
systems. In this regard, the relevant conditions and
parameters are optimized to obtain stable
nanodroplets with sizes below 50 nm.
Furthermore, the dye’s encapsulation capacity and
stability, along with the system’s characteristics,
are carefully examined to precisely determine
their impact on various factors.

2. Experimental section
2.1. Chemicals and apparatus

All chemicals and solvents were purchased from
Sigma-Aldrich and used in analytical-grade
purity. The particle size distribution in water-in-
o0il (W/O) microemulsions was measured using the
Dynamic Light Scattering (DLS) technique with a
VASCO 2 instrument manufactured by Cordouan
Technologies.

The ultraviolet—visible (UV-Vis) absorption
spectra were obtained using a Cary 100
spectrophotometer (Agilent Technologies). This
double-beam instrument measures absorbance
with high precision over the wavelength range of

190 to 900 nm. Photoluminescence (PL) emission
spectra were measured using a Cary Eclipse
Spectrophotometer (Agilent Technologies).

2.2. Preparation of water nanodroplets
containing Trypan Blue using AOT

To prepare aqueous nanodroplets using the AOT
surfactant with various concentrations of Trypan
Blue dye, the following procedure was followed.
First, a precise amount of Trypan Blue powder
was dissolved in deionized water to obtain
aqueous solutions  with  the desired
concentrations.

The dye content in the microemulsion was
determined based on the mass ratio of Trypan Blue
to water. Subsequently, accurately measured
amounts of AOT surfactant, n-hexane oil, and the
dye-containing aqueous solution were mixed to
form AOT reverse microemulsions, while
maintaining a constant water-to-surfactant molar
ratio (W = 20).

All steps were performed under strictly controlled
conditions to ensure the formation of uniform and
stable nanodroplets.

In the final step, the microemulsion was diluted
with n-hexane oil so as to achieve a specific mass
fraction of nanodroplets.

This process led to the formation of nanoparticles
exhibiting the desired properties at ambient
temperature.

3. Results and discussion

In this section, the analyses and experimental data
related to the synthesized microemulsions are
presented and discussed.

These systems were prepared with a constant
molar ratio of water to surfactant (W = 20) and
different dye-to-water mass ratios (Mdye/Mwater =
0.0000625, 0.00025, 0.001, and 0.01).

In addition, the mass fraction of droplets (MFD)
was considered at 0.01, 0.03, and 0.07.
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3.1. Particle size distribution by dynamic light
scattering (DLS)

The DLS analysis results of the synthesized
systems indicate that their hydrodynamic
diameters lie within the range of 109 to 169 nm.
Moreover, the findings indicate that as the dye
concentration in the solution increases, the droplet
size gradually decreases.

This is likely due to the enhanced electrostatic
repulsive force caused by the sulfonate groups
present in the dye molecules. Furthermore, as the
mass fraction of droplets (MFD) increases from
0.01 to 0.03, a gradual decrease in the average
droplet size is observed. This phenomenon may be
associated with an increased droplet number
density in the system, resulting in more efficient
packing, or with a slight reduction in droplet
coalescence in relatively dilute media. The
polydispersity index (PDI) values range from
0.138 to 0.201.

This range indicates a droplet size distribution
with moderate polydispersity. This type of
dispersion is a common characteristic of
microemulsion systems. Additionally, PDI values
below 0.2 indicate a relatively uniform and
acceptable droplet size distribution. The presence
of bimodal or trimodal distributions in some of the
graphs indicates the coexistence of different
particle populations within the system, which may
arise from the presence of smaller free micelles or
larger droplet aggregates. This behavior is likely
due to interactions between dye molecules and
surfactant molecules.

Table 1. Z-average and PDI values obtained from the DLS
analysis

MFD =0.01 MFD = 0.03
3 _ -

Z-avg PDI Z-avg PDI

(nm) (nm)

0.0000625 168.65 0.19555 134.85 0.18472
0.00025 152.47 0.14575 14241 0.13831
0.001 1193  0.17124 109.23  0.20072

Additionally, Table 1 presents the Z-average
values and PDI indices obtained from the
cumulants analysis.

Figures 1 to 3 present the particle size distribution
obtained using three analytical methods (SBL,
cumulants, and Padé—Laplace) under three modes:
intensity-weighted, = number-weighted, = and
volume-weighted.

Figure 1, which shows the results of the SBL
analysis, the intensity-weighted plots (Figure 1a,
d, g) generally exhibit bimodal distributions,
indicating the presence of particles with different
sizes within the system.

By comparing between the results of different
MFD values, one can find that the variations in
this parameter is capable of affecting the overall
particle size distribution.

Meanwhile, at lower MFD values, a more
balanced distribution of particle size is achieved
when the contributions of the two particle
populations are more comparable. Moreover, the
particle size distribution is found to significantly
depend on the dye concentration.

In other words, at lower dye concentrations, the
particle sizes become non-uniform, so that several
distinct populations of particles (having different
sizes) are observed, suggesting that the
interactions occurring between the system
components can be changed under more dilute
conditions.

Accordingly, the formation of structures with
various size distributions is expected to be
increased. In the number-weighted plots for the
SBL mode (Figure 1b, e, h), smaller particles
exhibit a dominant contribution, and the
distributions are generally simpler and closer to
unimodal. These results indicate the presence of a
large number of small particles in the system. In
contrast, in the volume-weighted plots (Figure 1c,
f, 1), the contribution of larger particles becomes
slightly more significant. Nevertheless, smaller
particles still constitute the majority of the overall
size distribution.
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Figure 1. Particle size distribution based on SBL analysis for different concentrations of trypan blue (mdye/mMwater = 0.001 (a—c), 0.00025

(d—f), and 0.0000625 (g-i))

In Figure 2, which presents the results of the
analysis, the intensity-weighted
distributions (Figure 2b, e, i) predominantly
exhibit broad unimodal profiles and, in some
cases, weak bimodal behavior. Increasing dye
concentration and droplet mass fraction lead to a
shift of the distribution peaks toward smaller

cumulants

particle sizes. Furthermore, PDI values exceeding
0.18 indicate particle size heterogeneity, which is
likely attributed to droplet swelling induced by the
dye. In addition, in the number-weighted (Figure
2a, d, g) and volume-weighted (Figure 2c, f, h)
representations, the  distributions  become

narrower as the MFD increases. Based on these
findings, the cumulants method is less sensitive to
the true multimodal nature of the distribution of
the particle sizes, although it can effectively
capture the overall trend observed in size
variations. In Figure 3, corresponding to the Padé—
Laplace the  intensity-weighted
distributions (Figure 3a, d, g) are predominantly
bimodal, with one peak located at larger sizes
(approximately 200—250 nm) and a second peak at
smaller sizes (approximately 60—110 nm). In the

analysis,

number-weighted distributions (Figure 3b, e, h), a
single dominant peak is generally observed in the
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range of 65-108 nm. Similarly, in the volume-
weighted distributions (Figure 3¢, f, 1), the
contribution of smaller particles is greater than
that of larger ones.

Overall, the DLS analysis revealed that the formed
nanodroplets possess sizes below 200 nm and
exhibit good stability. On the basis of these
findings, one can infer that the increase in the dye
concentration can alter the interfacial region,
giving rise to a considerable decrease in the
particle size.

Additionally, the particle size distribution profile
as well as the number of peaks observed in the

(ki q

distributions can be significantly influenced by the
MFD value.

3.2. UV-Vis absorption spectroscopy

The electronic transitions and solvatochromic
behavior of Trypan Blue within aqueous
nanodroplets in the synthesized microemulsion
systems were investigated in the present study
using UV—Vis spectroscopy, thus allowing for the
evaluation of the confinement of Trypan Blue
inside water nanodroplets that can influence its

absorption characteristics.
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In fact, Trypan Blue is an azo dye with well-
defined electronic transitions of the following
types: n—n* and n—n*. These transitions are
typically capable of producing a broad absorption
band in the visible region, which can be efficiently
utilized as a suitable probe for examining polarity
and microenvironmental conditions in various
systems. By monitoring changes occurring in
absorbance intensity and Ama, valuable
information about the extent of dye solubilization

is obtained. Moreover, the possibility of

intermolecular interactions and aggregation
among dye molecules, along with the solvent
medium effect on the spectral characteristics can
be investigated, thereby complementing the
results extracted from the DLS analysis. In this
way, it is possible to make a correlation between
the droplet size and optical behavior of the system,
providing a more comprehensive understanding of
the characteristics of the microemulsions. The
average Amax and absorbance intensity values

obtained for different dye concentrations and
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MFD values are presented in Table 2. The results
indicate that the Amax values of the synthesized
systems are in the range of 562-594 nm.
Compared with free Trypan Blue in water (Amax =
607 nm), these systems exhibit a shift toward
shorter wavelengths, commonly referred to as a
hypsochromic (blue) shift.

This observation suggests that Trypan Blue is
located within the nanodroplet core in an medium
of lower polarity.

Furthermore, the ability of the dye to form
hydrogen bonds significantly decreases, arising
from its incorporation into the microemulsion
structure and its interactions with surfactant
molecules. Moreover, by increasing the dye
concentration and MFD value, the absorbance
intensity increases, thus generally following the
Beer—Lambert law. Nevertheless, the absorbance
behavior is found to deviate from linearity at
higher concentrations, which can be attributed to
phenomena such as dye aggregation or
self-quenching.

Table 2. Mean values of the maximum absorption
wavelength (Amax) and absorbance intensity obtained from
UV-Vis spectra

Absorbance

MFD mdye/ Mwater Amax (nm) Intensity

0.0000625 587 0.7

0.00025 587 0.38
0.01

0.001 588 0.13

0.01 585 0.35

0.0000625 589 0.027

0.00025 585 0.18
0.03

0.001 584 0.33

0.01 580.6 0.93

0.0000625 594 0.076

0.00025 562 0.36
0.07

0.001 584.6 0.83

0.01 581.6 1.79

The UV—Vis absorption spectra and the
corresponding intensity distribution curves for
different dye concentrations at three MFD values
are presented in Figure 4.

As observed, all spectra exhibit a broad peak
within the range of 550-650 nm, which is
attributed to the m—n* transition of the azo group.
In addition, weak shoulders are also detected,
which are likely associated with vibronic coupling
or the formation of dye dimers.

At the highest concentration investigated,
increasing the MFD value is accompanied by
noticeable changes in the absorption spectra; the
spectra gradually broaden and the absorbance
intensity increases. This behavior is likely due to
the increased number density of nanodroplets. By
increasing the nanodroplet density, the effective
concentration of dye molecules within the
microemulsion medium becomes higher, thereby
affecting the behavior of the overall system.
Furthermore, by increasing MFD, a slight shift
occurs toward shorter wavelengths (i.e.,
hypsochromic or blue shift), thereby decreasing
Amax from 585 to approximately 582 nm at a mass
fraction of 0.01 (Figure 4a,b). This shift can be
attributed to enhanced electrostatic interactions
between the dye molecules and the surfactant
molecules within the system. As a result of these
interactions, the polarity of the droplet’s internal
medium is slightly decreased. This reduction in
polarity leads to enhanced stabilization of the dye
molecule’s ground state relative to its excited
state. At concentration of 0.001 (Figure 4¢,d), Amax
remains essentially constant, while the absorbance
intensity increases with increasing of MFD,
indicating that the dye molecules show a low
propensity for aggregation under these conditions,
and that the encapsulation process proceeds
efficiently. Moreover, based on the intensity
distribution plot depicted in Figure 4d, narrower
peaks are observed at lower MFD values,
suggesting a more homogeneous
microenvironment.
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When the concentration is 0.00025 (Figure 4e,f),
an unexpected shift occurs toward shorter
wavelengths, giving rise to Amax of 562 nm at a
mass fraction of 0.07. This phenomenon may
result from specific solvent-medium effects or
from changes in the dispersion state of the dye at
very low concentrations.

In this case, the absorbance intensity falls within
a moderate range of approximately 0.18-0.36 a.u.
At the lowest concentration, 0.0000625 (Figure
4g, h), Amax shifts toward longer wavelengths,
reaching approximately 594 nm at a mass fraction
of 0.07.

This shift may be associated with an increase in
the effective polarity of the medium within more
dispersed droplets. In addition, due to the
extremely low dye loading, the absorbance
intensity remains relatively low, within the range
of about 0.027-0.7 a.u. Overall, these
observations are fully consistent with the
principles of solvatochromism in microemulsion
systems.

In such systems, the electronic medium of the dye
is altered by the interfacial region created by the
surfactant molecules, leading to spectral shifts in
the absorption band similar to those observed for
dyes dissolved in mixed solvent media. On the
other hand, DLS data indicate that the droplet size
decreases with increasing dye concentration,
which is accompanied with the hypsochromic
shifts in the absorption spectra. In other words, the
mobility of water molecules is restricted by
smaller droplets within the aqueous core, giving
rise to a change in the effective polarity of the
microenvironment and the absorption behavior of
the dye.

Accordingly, the photophysical properties of the
system can be efficiently controlled and tuned by
changing the formulation parameters, taking into
account the agreement observed between the DLS
and UV—Vis results.

3.3. Fluorescence spectroscopy

The fluorescence spectroscopy was used to
investigate photophysical behavior of Trypan
Blue in the synthesized microemulsion systems,
allowing for a more detailed examination of
processes such as molecular behavior in the
excited state, solvent relaxation, and energy
transfer mechanisms. Under the assumed
conditions, the emission spectra are indicative of
detectably weak fluorescence for the dye Trypan
Blue.

It should be noted that, Trypan Blue is basically
non-fluorescent or shows incredibly weak
emission in pure aqueous media, which can be
assigned to the presence of efficient non-radiative
relaxation pathways in water. In this case, the
energy absorbed is dissipated as heat instead of
emitting as light. By encapsulating the dye in the
aqueous microemulsion’s nanodroplets, the
molecular motions and relaxation pathways are
restricted, thereby leading to an increase in the
fluorescence intensity. Essentially, while the
maximum emission wavelength is found to remain
unchanged under these conditions, the
fluorescence intensity varies as a function of the
dye concentration and droplet mass fraction. In
this regard, the emission wavelength (Aem) and
photoluminescence intensity obtained for different
Trypan Blue concentrations at various MFD
values are presented in Table 3, demonstrating the
roles of MFD and dye concentration in the
approximate quantum yield and
polarity-dependent variations of the
microenvironment. The absorption and emission
spectra of Trypan Blue with various
concentrations at three different MFD wvalues,
along with the calculated Stokes shifts are shown
in Figure 5. As can be seen, the emission bands in
the 600 nm to 650 nm ranges are broad and
somewhat asymmetric, being in agreement with
charge transfer states typically taking place in azo
dyes. At low concentrations (e.g., 0.0000625), the
fluorescence intensity increases with increasing
MEFD values, according to Figure 5(j-1).
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Table 3. The results obtained from fluorescence spectra of
Trypan Blue with different concentrations at various MFD

values
Concentration PL
MFD (Maye/ M) Aem (nm) Intensity
dye water (a‘u.)
0.0000625 607 155
0.00025 608 132
0.01
0.001 611.5 100.79
0.01 606 109
0.0000625 606 223
0.00025 606.5 160
0.03
0.001 606 178
0.01 606 126
0.0000625 607 1000
0.00025 607 110.56
0.07
0.001 607.5 106.7
0.01 606 130

This variation behavior is indicative of an increase
in the number of droplets, and a decrease in the
fluorescence quenching between them, resulting
in stronger emission. Meanwhile, the Stokes shift
observed approximately between 20 and 21 nm
implicates limited freedom of movement and
rearrangement of the solvent molecules
surrounding the excited state, arising from the
presence of a hydrophobic and constrained
microenvironment.

At a concentration of 0.0001, the spectra in Figure
5 (d—f) show a similar trend compared to that seen
at lower concentrations, essentially indicating
unchanged photophysical properties of the system
within this concentration range. In the case of
intermediate concentrations (e.g., 0.00025 (Figure
S5g—i) and 0.001 (Figure 5a—c)), one can see an
inverse  relationship  between the  dye
concentration and fluorescence intensity. By
increasing the dye concentration and keeping the
MFD constant, a decrease occurs in the

fluorescence intensity, suggesting that the dye
molecules within the aqueous core approach each
other more closely at higher concentrations. This,
in turn, promotes self-absorption or excimer
formation processes, which can ultimately lead to
the fluorescence quenching. In addition, by
increasing the MFD wvalues, the fluorescence
intensity slightly increases, likely due to a higher
number of droplets in the system and enhanced
amount of emitted light.

Alternatively, the emission maximum (Acm) shows
a slight shift toward longer wavelengths (i.e., a red
shift) when increasing the dye concentration,
which can be attributed to changes in the local
environment around the dye molecules with
stabilized excited states at higher concentrations.
These findings well accord with the UV—Vis
analysis and confirm the reliability of the results.
For higher dye concentrations and MFD values,
the absorption band is observed to shift towards
shorter wavelengths, indicating a reduction in
environmental polarity and aligning well with the
relatively small Stokes shifts found here. This
behavior reflects limited energy loss in lower-
polarity cores. On the other hand, the increase in
fluorescence intensity at higher MFD values is in
good agreement with DLS data as well. In this
respect, non-radiative decay pathways are reduced
by smaller or more uniform droplets, which can in
turn enhance the fluorescence quantum yield.

3.4. Solvatochromic effects, polarity parameter
(E1(30)), and photophysical dynamics

The solvatochromic effects of Trypan Blue on the
synthesized systems were precisely investigated
by utilizing a set of commonly used
physicochemical relationships, each of which
gives valuable information with respect to the
solvent reorganization, polarity of the medium,
and variations in the dipole moment between
electronic  states. Table 4 presents the
aforementioned relationships.
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Figure 5. Absorption and emission spectra obtained from Trypan Blue with different concentrations (maye/mwater) of: 0.001 (a-c),
0.0001 (d-f), 0.00025 (g-i), and 0.0000625 (j-1) at various MFD values
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Table 4. The equations and formulas used for determining photophysical properties and solvatochromic effects of Trypan Blue on W/O

microemulsions

Entry Equation Formula
_ 28591
Eq. 1 Polarity Parameter (E1(30)) Et(30) =
max
. 1 1
Eq.2 Stokes shift (AA or Av) Av =107 X ( — )
Amax Aem
) 2
Eq.3 Lippert—-Mataga equation Av = (#e —Hg ) f + constant
hca?

Orientation polarizability

Eq. 4 )
function

_e—1 n®—1
f_25—1 2n2 —1

Based on the equations provided in Table 4,
Reichardt polarity parameter E1(30), Stokes shift
(AN and Av), and the dipole moment ratio (ug/pe)
were calculated for different concentrations of
Trypan Blue at various MFD values, and the
results obtained are summarized in Table 5.

As can be inferred, the Er(30) parameter is ranged
from 48.1 to 50.9 kcal/mol, indicating that the
polarity of the medium in these systems is lower
than that of bulk water due to the confinement of
water nanodroplets by the AOT surfactant. In fact,
the aqueous nanodroplets are encapsulated by the
surfactant molecules, thus allowing for the phase
separation between the aqueous and organic
domains. At low concentrations of Trypan Blue
(e.g., 0.0000625) and high mass fractions, the
calculated E1(30) value is found to be reduced to
about 48.1 kcal/mol, indicating a decrease in the
polarity of the medium. This behavior is likely due
to the increased droplet density and enhanced
inter-droplet interactions, which may ultimately
lead to an enhancement in the hydrophobic
character of the microemulsion system. Despite
the aforementioned decrease in Er(30) value, it
remarkably increases to approximately 50.9
kcal/mol at a concentration of 0.00025 and the
same mass fraction, most likely due to the
preferential aggregation of dye molecules within
specific regions of the system. This, in turn,

changes the local polarity of the medium. With
regard to the calculated Stokes shifts, one can
observe moderate values, being consistent with
the typical behavior of azo dyes in structured
media. For intermediate concentrations (e.g.,
0.00025) and higher mass fractions, the Stokes
shift increases, likely arising from the aggregation
of dye molecules and the subsequent enhanced
solvent relaxation processes. This observation
agrees with the above-mentioned reduction in
fluorescence  intensity.  Furthermore,  the
calculated dipole moment ratios are found to be
close to unity, suggesting the presence of a relative
balance in polarity between the ground and excited
states. Additionally, the dipole moment ratios
slightly increase with increasing MFD, revealing
a limited intramolecular charge transfer within the
synthesized microemulsion systems.

The variations of Er(30) and Stokes shift as a
function of MFD are presented in Figure 6. As can
be seen, the microemulsion system shows
nonlinear behavior at higher concentrations. In the
case of high MFD values and low dye
concentrations, Er(30) decreases noticeably.
However, at the same MFD and intermediate
concentrations, the Stokes shift is observed to
increase significantly. These results are indicative
of the possible dye molecule aggregation within
the system, being consistent with the DLS and



Modulating Dye—Surfactant Interplay

UV-Vis measurements. In other words, according
to the DLS results, the droplet size decreases with
increasing the concentration, which can be related
to the increases in Er(30) and Av values.
Importantly, the reduced mobility of water
molecules and stronger hydrogen-bonding
interactions between the dye and the surfactant
cause the polarity of the core to be increased.
Similarly, based on the UV—Vis spectra, the
hypsochromic shifts accompanied with Amax
reduction when increasing MFD are consistent

with lower E1(30) values.

Moreover, fluorescence intensity is enhanced for
higher MFD values, indicating that the
contribution of non-radiative decay pathways is
reduced in less polar media.

Overall, under intermediate mass fractions and
concentrations, an appropriate equilibrium can be
achieved between stability and photophysical
behavior, thereby effectively tuning the
microemulsion polarity.

In this way, the resulting microemulsion systems
may represent themselves as promising candidates
for therapeutic or imaging applications.

Table 5. Solvatochromic parameters calculated for Trypan Blue in W/O microemulsions

MFD Dye Concentration (mgye/Mwaer)  ET(30) (kcal/mol) A\ (nm) Av (cm™) e/ e
0.0000625 48.71 20.0 561.3 0.9
0.01 0.00025 48.71 21.0 588.4 0.9
. 0.001 48.62 23.5 653.6 1.0
0.01 48.87 21.0 592.4 0.9
0.0000625 48.54 17.0 476.3 0.8
0.03 0.00025 48.87 21.5 606.0 0.9
' 0.001 48.95 22.0 621.6 1.0
0.01 49.24 254 721.9 1.1
0.0000625 48.13 19.0 360.6 0.8
0.07 0.00025 50.87 45.0 1319.1 1.2
' 0.001 48.90 229 644.8 1.0
0.01 49.16 244 692.3 1.1
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Figure 6. Photophysical properties of Trypan Blue with respect to MFD for W/O microemulsions: (a) ET(30), (b) dipole moment ratio
(1g/Le) and (c) Stokes shift (Av)
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4. Conclusion

In conclusion, W/O microemulsions containing
the dye Trypan Blue have been stabilized by AOT
and thoroughly characterized. The formation of
aqueous nanodroplets with sizes below 200 nm
and acceptable stability was confirmed by DLS
analysis.

Furthermore, the hydrodynamic diameter of the
droplets decreased with increasing the dye
concentration, arising from enhanced electrostatic
repulsion and alterations in the structure and
arrangement of the surfactant molecules. While
the PDI values indicated a relatively uniform size
distribution within the system, more precise
control over the synthesis conditions was required
to minimize droplet aggregation and improve
uniformity based on the observation of bimodal
distributions in some measurements. The UV—Vis
and fluorescence analyses revealed that the
incorporation of Trypan Blue into the
microemulsions can modify their optical
properties.

The hypsochromic shift in the absorption region
(Amax = 562-594 nm), along with the increased
emission intensity at higher MFD values indicated
the residence of Trypan Blue in a less polar
microenvironment. The small Stokes shifts further
supported the dye's restricted media within the
system.

Additionally, solvatochromic parameters were
calculated, yielding Er(30) values of 48.1-50.9
kcal/mol and pg/pe ratios close to unity, and
demonstrating that the polarity of the aqueous core
was influenced by droplet density.

Nevertheless, this trend was not observed
consistently under all conditions, and the
anomalies in the Er(30) values may be attributed
to the partial aggregation of Trypan Blue. Thus,
the characterization results and solvatochromic
analyses indicate that these microemulsions
possess considerable tunability in terms of
structural and optical features, making them a
promising platform for further investigation.
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