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Tailoring alginate nanoparticles: influence of
reverse micelle templates on structure, size, and

encapsulation propertiesy

Fanny Melina Duque,® R. Dario Falcone ©22° and N. Mariano Correa (& *a®

In this work, alginate nanoparticles (ALG-NPs) were synthesized using reverse micelles (RMs) as nanoreactors

to investigate how interfacial charge influences their structure, size, and encapsulation properties. Three types

of RMs were employed: (i) anionic RMs formed by sodium bis(2-ethylhexyl)sulfosuccinate (AOT) in isopropyl
myristate, (i) cationic RMs formed by benzyl-hexadecyl-dimethylammonium chloride (BHDC) in toluene,

and (i) nonionic RMs

formed by 2-[4-(2,4,4-trimethylpentan-2-yl)phenoxylethanol

(TX-100) in

cyclohexane. ALG-NPs were synthesized at varying water contents (W, = [H,Ol/[surfactant]) and

resuspended in water at pH 6.5 for characterization. Dynamic light scattering revealed that nanoparticle size
is highly dependent on the RM template. ALG-NPs synthesized in AOT RMs were the smallest, with their
size increasing as W, increased, a trend also observed for TX-100 RMs. In contrast, the opposite behavior
was observed in BHDC RMs, where nanoparticle size decreased with increasing Wy. This difference reflects
the degree of crosslinking with Ca®* ions as influenced by interfacial charge. Using N,N-dimethyl-6-

propionyl-2-naphthylamine (PRODAN) and curcumin, we found that AOT-based ALG-NPs were the most

compact and rigid, offering prolonged protection for curcumin against degradation under ambient
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conditions. This study underscores the potential of tailoring ALG-NPs through precise control of interfacial

environments, offering new opportunities for applications in food technology, nutraceuticals, and
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1. Introduction

Organized systems are increasingly utilized as nanoreactors for
synthesizing a diverse range of nanomaterials, offering a flex-
ible and efficient alternative to conventional methods. Among
these systems, reverse micelles (RMs) stand out as a prominent
example. RMs form when specific surfactants dissolve in a non-
polar organic solvent, driven by the amphiphilic nature of the
surfactants. These molecules possess distinct polar and non-
polar regions: the non-polar segment, typically a long hydro-
carbon chain, aligns with the organic solvent, while the polar
region, often composed of charged salts or polar functional
groups, faces away from the non-polar medium."'*

The properties of RMs depend critically on the choice of
surfactant and non-polar solvent, enabling the study of various
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biotechnology. By stabilizing bioactive compounds and enhancing bioavailability, these findings pave the
way for innovative functional formulations.

interfacial environments. For instance, the anionic surfactant
sodium bis(2-ethylhexyl)sulfosuccinate (AOT) (Scheme 1) forms
RMs in solvents such as the biocompatible isopropyl myristate
(IPM), while the cationic surfactant benzyl-hexadecyl-
dimethylammonium chloride (BHDC) (Scheme 1) forms RMs
exclusively in aromatic solvents like toluene. Conversely, the
non-ionic surfactant Triton X-100 (TX-100 in Scheme 1) creates
RMs in cyclohexane.®® These variations significantly influence
the micelle interface and the organization of encapsulated
water, quantified by the parameter W, = [water]/[surfactant]."’

On the other hand, polymeric nanoparticles (NPs) have
garnered significant attention across diverse scientific and
technological fields."** These systems are designed to enhance
therapeutic efficacy and bioavailability in applications such as
drug and gene delivery, enabling controlled release and opti-
mized distribution of active compounds.*®* In the food sector,
polymeric NPs are employed to encapsulate nutrients and
improve sensory properties like flavor and texture.'” The
production of these NPs can be achieved using a variety of
materials, including polysaccharides, proteins, and synthetic
polymers. Several synthesis methods are available, including
desolvation, dialysis, ionic gelation, nanoprecipitation, solvent
evaporation, salting out, spray drying, and supercritical fluid
techniques. Choosing the right synthesis method is crucial to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Chemical structures of AOT, BHDC, TX-100, and sodium
alginate.

tailor the properties of the NPs for specific applications,
particularly in biomedical and industrial contexts.'>*¢>°>

Sodium alginate (ALG in Scheme 1) has emerged as a prom-
ising biopolymer for nanoparticle synthesis, particularly
through ionic gelation, which leverages electrostatic interac-
tions to crosslink polymer chains, leading to the spontaneous
formation of ALG-NPs.”*** It has been well-documented that
metal ions and their complexes are effective in crosslinking
linear polymers. In the case of ALG-NPs, divalent ions such as
calcium (Ca**) are commonly used as crosslinkers. However,
this approach often results in nanoparticles with inconsistent
sizes and morphologies, presenting challenges in achieving
precise control over these parameters. This lack of reproduc-
ibility limits the broader applicability of the technique in
various fields.>*>>*’

Interestingly, RMs serve as excellent templates for polymeric
NP synthesis, offering precise control over the size, shape, and
morphology of the resulting NPs.>® For example, chitosan
nanoparticles have been successfully synthesized within n-
heptane/AOT/water RMs by crosslinking chitosan with glutar-
aldehyde. The AOT RMs provided a more efficient and
straightforward crosslinking environment compared to bulk
water.”

Building on this approach, we recently developed a method
to produce monodisperse and stable ALG-NPs by crosslinking
sodium alginate with Ca®>" within AOT RMs. By systematically
studying the effects of water content, the choice of non-polar
solvent, and pH, we identified critical parameters that govern
ALG-NP formation. Our results indicate that AOT RMs in n-
heptane and the biocompatible solvent IPM yield ALG-NPs with
sizes strongly influenced by water content. Lower water levels

© 2025 The Author(s). Published by the Royal Society of Chemistry
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favor tighter interactions between alginate and calcium ions,
resulting in smaller NPs, whereas higher water content dimin-
ishes crosslinking efficiency.”® The non-polar solvent choice
also plays a pivotal role in nanoparticle size and structure.
Compared to n-heptane, IPM produces smaller, more tightly
crosslinked ALG-NPs at identical water content, likely due to
enhanced interfacial interactions that promote cross-linking.
Furthermore, increasing the pH of the aqueous phase during
resuspension reduces particle size, possibly because higher pH
increases the availability of alginate chains for reaction.*

This study aims to synthesize ALG-NPs using various RMs as
nanotemplates and to explore how the interfaces influence the
size and structure of the NPs. To achieve this, we used two probe
molecules: N,N-dimethyl-6-propionyl-2-naphthylamine (PRO-
DAN) and (1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-dione (curcumin).

PRODAN (Scheme 2) is a widely studied fluorescent probe
due to its sensitivity to environmental changes, making it useful
in vesicles and RM media. It exhibits significant shifts in
absorption and emission spectra as the polarity-polarizability
(r*) and hydrogen donor ability (a) of the medium
increase.**?* Additionally, PRODAN can be used as a polarity
indicator, with the transition energy of its absorption and
emission bands correlating well with the polarity parameter
ET(30)‘35741

Curcumin (Scheme 2), a non-toxic natural compound from
Curcuma longa, has been traditionally used in cooking and
medicine. It consists of two methoxylated phenols linked to a B-
diketone group (Scheme 2). Curcumin exists in three forms,
including two isomers in keto-enol equilibrium and a B-dike-
tone tautomer.*>** Numerous studies have highlighted its bio-
logical properties, such as antibacterial, antioxidant,
anticancer, and anti-inflammatory activities. However, its
application is limited by instability, poor bioavailability, and
low water solubility due to rapid elimination and poor gastro-
intestinal absorption.**¢ Photophysical, photochemical, NMR,
and computational studies have explored curcumin's behavior,
showing that it adopts the keto-enol form in organic solvents
due to intramolecular hydrogen bonds. Early research also
revealed that curcumin degrades under light, heat, and pH
changes, particularly in neutral or basic conditions, producing
degradation products like feruloyl methane, ferulic acid, and
vanillin.*»*~* To overcome these challenges, recent studies
have focused on encapsulation strategies using micelles,
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Scheme 2 Molecular structure for PRODAN and curcumin.
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vesicles, emulsions, cyclodextrins, and NPs to improve curcu-
min's solubility, stability, and delivery.***¢49-*

Our work demonstrates that ALG-NPs synthesized using
different RMs as nanoreactors exhibit distinct differences in
structure and size depending on the type of RM template
employed. Specifically, ALG-NPs synthesized within AOT RMs
(ALG-NPs@AOT) are the most compact and smallest, with
a significantly lower water content within their structure. These
findings underscore the critical influence of RM properties on
nanoparticle formation and may provide valuable insights into
tailoring ALG-NPs for specific applications such as biomedical
and industrial fields.

2. Experimental
2.1 Materials

Anhydrous CaCl, (93% purity) was obtained from Cicarelli®.
Sodium alginate with high molecular weight (339.2 kDa), iso-
propyl myristate (IPM, >98% purity), curcumin, sodium 1,4-
bis(2-ethylhexyl) sulfosuccinate, AOT (>99% purity), benzyl-n-
hexadecyl dimethyl ammonium chloride, BHDC (>99% purity),
and poly(oxyethylene) (tetramethylbutyl) phenyl ether, TX-100
were purchased from Sigma-Aldrich®. Surfactants were dried
under reduced pressure to constant weight, with no additional
purification. The probe molecule 6-propionyl-2-(N,N-dimethyl)
aminonaphthalene (PRODAN) was acquired from molecular
probes with 99% purity. All other solvents (cyclohexane,
toluene, acetone, and water) were of HPLC grade and obtained
from Sintorgan.

2.2 Methods

The ESIf provides detailed procedures for preparing ALG-NPs,
AOT, BHDC, and TX-100 RM solutions, and the methodolo-
gies for DLS, emission and transmission electron microscopy
(TEM) experiments.

3. Results and discussion

The present work aimed to employ RMs as nano templates for
achieving uniform and stable ALG-NPs by comparing RMs
made by different surfactants. This allows the investigation of
the effect of the interface on NP formation.

In prior research,* we examined the stability of RMs formed
with the anionic surfactant AOT, focusing on interactions
involving alginate's negative charge, the presence of Ca>" ions,
and the influence of several factors, such as the nonpolar
environment and pH. By forming AOT RMs in both n-heptane
and IPM, we observed that NPs size increased with water
content in each solvent. This trend was attributed to variations
in crosslinking efficiency, likely influenced by the relative
positioning of alginate and calcium ions at lower water
concentrations. IPM led to smaller and more crosslinked ALG-
NPs compared to n-heptane, possibly due to its effect on inter-
facial interactions. Additionally, increasing the pH of the
resuspension medium resulted in smaller NPs, suggesting
enhanced alginate availability for cross-linking.
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3.1 Effects of different RMs interface on the ALG-NPs
production

3.1.1 BHDC RMs. It is well established that BHDC RMs
typically form in aromatic rather than hydrocarbon solvents;’
therefore, toluene was chosen as the nonpolar medium for this
investigation.

Table 1 presents the apparent diameter (D,pp) of the ALG-
NPs synthesized using BHDC RMs as nano-templates at
various W, values, and subsequently resuspended in water at
pH 6.5. This highlights the potential of BHDC RMs as effective
nanotemplates for ALG-NPs synthesis. The size distribution and
stability of the synthesized NPs were analyzed using dynamic
light scattering (DLS).

Notably, the results show that ALG-NPs are successfully
synthesized using BHDC RMs as nano-templates. Interestingly,
when RMs with low water content are employed, the resulting
NPs exhibit larger sizes. However, as the W, value increases, the
NP size decreases, a trend contrary to what is typically expected
with larger RMs and different from the findings reported for
AOT RMs.*

The behavior of Ca** and ALG within the BHDC RMs
depends significantly on the water content (W,). At low W,
values, Ca>" ions are located deeper within the polar core, while
negatively charged ALG remains close to the cationic interface.
This proximity reduces the efficiency of crosslinking, leading to
the formation of larger NPs (less crosslinked). Conversely, as the
W, value increases, ALG migrates to the aqueous core, where it
interacts directly with Ca®" ions. This interaction facilitates
effective crosslinking, resulting in smaller ALG-NPs.

Importantly, this nanoreactor system enables precise control
over the size of the NPs, as increasing the W, value consistently
reduces the final size of the ALG-NPs. This behavior contrasts
sharply with that observed in anionic AOT RMs, where cross-
linking is more efficient at low W, values, producing smaller
NPs under those conditions.”® Using BHDC/toluene RMs,
calcium ions likely migrate to the polar core, accompanied by
chloride ions that are displaced from the interface when the
polymer (ALG) is incorporated into the micelle.

3.1.2 TX-100 RMs. Two RM systems formed by ionic
surfactants have been studied so far, demonstrating the effect
of these surfactants on ALG-NP synthesis by varying the water
content. Next, the focus shifted to evaluating the role of RMs
formed by a non-ionic surfactant in the preparation of ALG-NPs.

As previously mentioned, TX-100 does not form RMs in
benzene or n-heptane without the presence of a co-surfactant,

Table 1 D,,, of ALG-NPs obtained by varying the water content (W)
of the BHDC/toluene RMs and resuspended in water at pH = 6.5.
[BHDC] = 0.1 M, [ALG] =9 x 10 ® M, and [CaCl] =9 x 10 * M. T =
25 °C. In all cases, a single population was observed (100%). PDI =
polydispersity index values

Wo D,pp(nm) PDI

5 220 £ 6 0.19 + 0.01
7 176 + 4 0.30 £ 0.02
12 112 + 3 0.35 + 0.02
15 107 £3 0.40 £ 0.02

© 2025 The Author(s). Published by the Royal Society of Chemistry
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although exceptions exist when certain solvents, such as cyclo-
hexane, are used.® In such case, the water content can reach up
to W, = 8. For the synthesis of ALG-NPs under the methodology
applied, the concentrations of the reactants were kept constant
([ALG] =9 x 10~% M, [CaCl,] = 9 x 10~* M, and [TX-100] = 0.7
M), while the W, value was systematically varied, and subse-
quently resuspended in water at pH 6.5.

Table 2 presents the Dy, values of the ALG-NPs obtained
using TX-100 RMs with varying water content.

Firstly, it is evident that ALG-NPs can be synthesized using
this micellar system with the designed methodology. The data
show that the final diameter of the NPs increases as the W,
value of the nanoreactor increases, as in the AOT RMs case.
Unlike typical ionic surfactants, nonionic surfactants of the
poly(oxyethylene) class, such as TX-100, often feature hydro-
philic chains that are longer than their hydrophobic counter-
parts. Consequently, the polar interior of these micelles
structurally resembles that of normal micelles in aqueous
solution rather than RMs formed by ionic surfactants.’*
Additionally, the structure of TX-100 favors the formation of
non-spherical RMs.”*** Studies on TX-100/cyclohexane RMs
have found that the non-polar solvent penetrates the polar core
and, upon adding water, it does not form a distinct pool within
the polar region but instead disperses among the poly(oxy-
ethylene) chains. As water is added, it gradually displaces the
solvent molecules. Given the low solubility of cyclohexane, it is
assumed that all the water associates with the surfactant. This
displacement of the external solvent by water as W, increases
leads to an enlargement of the micelle diameter.®

Additionally, the addition of reactants to TX-100 RMs also
influences its properties. Malik Abdul Rub® and collaborators
studied the interaction between alginate and TX-100 in aqueous
media, proposing that the binding forces include hydrogen
bonding, ion-dipole interactions, and van der Waals forces.
Alginates reduce the solubility of TX-100 in aqueous systems due
to their anionic biopolymer nature, which attracts water through
ion-dipole forces. This attraction may decrease the accessibility of
water molecules to TX-100, reducing hydrogen bonding and
dipole-dipole interactions between the surfactant's -OH groups
and the -COOH and -OH groups of alginates.” Regarding the
addition of CaCl,, studies by D.-M. Zhu and collaborators® on TX-
100 RM systems showed that adding the salt increases the water
solubilization capacity of the micelles while reducing their size.
This size reduction is attributed to the formation of complexes or
ion-dipole interactions between Ca®" ions and the poly(oxy-
ethylene) chains of the surfactant.

Table 2 D, of ALG-NPs obtained by varying the water content (W)
of the TX-100/cyclohexane RMs and resuspended in water at pH = 6.5.
[TX-100] = 0.7 M, [ALG] = 9 x 1078 M, and [CaCl,] =9 x 1074 M. T =
25 °C. In all cases, a single population was observed (100%). PDI =
polydispersity index values

Wo Dipp (nm) PDI

3 149 £ 4 0.35 £ 0.05
5 180 £ 5 0.25 + 0.04
8 194 £5 0.44 £ 0.07
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As it was mentioned above several factors can impact the
availability of the reactants and size of the nanotemplate in TX-
100 RMs. In our case, when the reactants are added to TX-100
RMs, the cross-linking reaction occurs at the interface, and
the size of the ALG-NPs depends on the degree of crosslinking
between Ca®" and ALG. This cross-linking is more efficient at
lower W, values as Table 2 shows.

Collectively, these findings highlight the potential of
different RMs to effectively control the size of nanomaterials.

It is interesting to present the following discussion on the
ALG-NPs sizes compared with the real RMs sizes used as
nanotemplates. Table S1T presents the D, of the RMs used as
nanoreactors, the sizes of the RMs containing the reactants and,
the final size of the ALG-NPs synthesized. As shown, while the
ALG-NPs exhibit sizes in the range of 100-200 nm, the different
RMs templates have significantly smaller dimensions, around
5-10 nm. Additionally, the presence of nanoparticles inside the
RMs does not affect their size. The fact that ALG-NPs exhibit
different sizes after extraction from the RMs—despite all
samples ultimately being dispersed in bulk water—can be
explained by two key factors:

(i) Cross-linking of the ALG NPs: ALG-NPs have strong
hydrogen-bonding interactions with water, allowing water
incorporation within the nanoparticle matrix, which results in
the formation of hydrogel-like structures in bulk water. This
swelling phenomenon explains the larger observed sizes of ALG-
NPs in aqueous media.>**”

(ii) Water properties in RMs: it is well known that the prop-
erties of water within RMs differ significantly from those in bulk
solution, primarily due to nanoscale confinement and strong
interactions with the surfactant interface. These effects have
been extensively studied and documented in the literature.”®*°

These aspects have a profound impact when RMs are used as
nanoreactors. As shown in Table S1,} the smaller size of the
different RMs used as templates, in which ALG-NPs are initially
formed in a non-swollen state, limits their ability to interact
with water. After the removal of the RMs, the ALG-NPs transi-
tion into their swollen state in bulk water, with their final sizes
depending on the efficiency of the crosslinking reaction.

3.1.3 Comparison among the different RM interfaces. The
comparison of results from different micellar systems formed
by AOT,”* BHDC, and TX-100 was performed at the same value
of W, =5 as shown in Table S1,T revealing that the diameters of
ALG-NPs vary by a few nanometers across these systems.
Notably, the polydispersity indices (PDI) for ALG-NPs prepared
in BHDC and TX-100 RMs are slightly higher than those ob-
tained in AOT RMs. However, even in these cases, the size
distribution remains narrower compared to ALG-NPs produced
through other methods. Moreover, Table S1T shows the zeta
potential values for the synthesized ALG-NPs. These results
confirm that the ALG-NPs possess a neat negative charge, which
is consistent with the charge of alginate in aqueous solution.
Furthermore, the zeta potential values indicate that the ALG-
NPs are stable. Notably, the ALG-NPs@AOT exhibit a higher
zeta potential, suggesting enhanced stability, which prevents
their aggregation. These findings are crucial for predicting and
controlling the stability and performance of the dispersions,

RSC Adv, 2025, 15, 7926-7937 | 7929
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enabling their application in various fields.®* ALG-NPs synthe-
sized in cationic and nonionic RMs systems exhibit higher PDIs,
indicating less monodisperse when compared to those formed
in AOT RMs. This difference is closely linked to the distinct
interfaces of the micellar systems, which create unique envi-
ronments for the reaction. The results demonstrate that cross-
linking between ALG and Ca®" is effective in all RMs systems
studied, but the degree of polydispersity varies. This variation is
likely due to differences in the morphology of the RMs, as not all
are spherical as the TEM images show in Fig. S2.f The most
monodisperse ALG-NPs were prepared in AOT RMs, where the
nonpolar solvent plays a crucial role. Its polarity and viscosity
allow it to penetrate the micellar interface, shifting calcium ions
away from it. The confinement of the anionic polymer,
combined with electrostatic repulsions, facilitates the cross-
linking reaction between ALG and Ca®', resulting in more
crosslinked and monodisperse particles.

In contrast, in BHDC RMs, the polymer is strongly attracted
to the surfactant at low water content, destabilizing the system
and leading to larger ALG-NPs. However, as W, increases, the
polymer becomes more available for crosslinking with calcium,
producing smaller NPs.

For nonionic RMs like TX-100, crosslinking is favored at
lower water content due to the penetration of the nonpolar
solvent into the polar core, along with the addition of CaCl,. In
these systems, hydrogen bonding and ion-dipole interactions
are significant, enhancing the efficiency of the crosslinking
reaction even with less water present.

Overall, these findings underscore the critical role of the RM
interface in controlling NP synthesis. Variations in the micellar
environment led to differences in particle size, primarily due to
the polymer's crosslinking efficiency, which depends on the
availability of calcium ions. This highlights the importance of
understanding the micellar environment when tailoring the
synthesis and properties of nanomaterials.

3.2 The use of ALG-NPs to incorporate different solutes

As discussed above, the final characteristics of the ALG-NPs are
strongly dependent on both the amount of water and the nature
of the RM interface. Since ALG-NPs are fully biocompatible, we
aim to investigate whether the nano-templates used in their
synthesis influence their encapsulation capacity, which is ex-
pected to depend on the morphology of the NPs.

This section presents results obtained using two different
molecules, PRODAN and curcumin (Scheme 2), with a focus on
the characterization of ALG-NPs prepared using three different
nanoreactor systems: AOT/IPM (denoted as ALG-NPs@AOT),**
BHDC/toluene (ALG-NPs@BHDC), and TX-100/cyclohexane
(ALG-NPs@TX-100). PRODAN was used as a fluorescence
probe to investigate the microenvironment and was excited at
Aexe = 351 nm. It is important to note that all studies were
performed with ALG-NPs synthesized at W, = 5 in each of the
RM systems.

As previously mentioned, curcumin is highly prone to
degradation under certain storage conditions. Therefore, PRO-
DAN, a more stable fluorescent molecule, was chosen for the
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characterization of the ALG-NPs. PRODAN has been widely used
as a probe for micropolarity, and its photophysical properties
are particularly useful for characterizing the ALG-NPs synthe-
sized in this study using various micellar interfaces as
nanoreactors.**3%6%%3

It is important to note that due to the absorption of ALG-NPs
in the UV-visible region, the absorption maxima for curcumin
and PRODAN were not clearly distinguishable in the spectra. As
a result, their encapsulation could not be determined by this
technique.

3.2.1 Incorporation of PRODAN and the characterization of
the different ALG-NPs. Characterizing ALG-NPs is crucial to
understanding the distinct hydrophilic and hydrophobic
regions that arise during their formation, a feature that can
significantly influence their potential as carriers for bioactive
compounds. To better interpret the microenvironment of ALG-
NPs in water, the fluorescent probe PRODAN was utilized. In
homogeneous media, based on Kamlet and Taft correlations,
PRODAN has been shown to effectively sense the micropolarity
of its surroundings, exhibiting hypsochromic shifts as micro-
polarity decreases.**** In the literature, PRODAN has primarily
been employed to study membrane structures, lipid-protein
interactions, protein—protein interactions, and membrane
mimetics such as micelles and vesicles.?'**%3%%" However,
there are few reports on PRODAN encapsulation in NPs, and
none involving ALG-NPs.*®** Due to its high sensitivity to envi-
ronmental changes, the contributions of different regions
within the NPs can be resolved through fluorescence spectrum
analysis.*®

It is important to highlight that none of the emission spectra
presented are affected by the emission of the NPs without the
probe molecule or by the micelles used as nanotemplates, i.e.,
in the absence of reactants and probe molecules. Fig. S3 of the
ESIt displays these emission spectra. As shown, the small size
of both the reverse micelles and the nanoparticles ensures that
scattering does not interfere with our spectrophotometric
measurements, at least within the wavelength range used in this
study.

Fig. 1 shows the emission spectra of PRODAN in the pres-
ence of ALG-NPs@AOT resuspended in water. Notable changes
are observed by varying the amount of ALG-NPs: in pure water,
the emission band is symmetric with a maximum at 525 nm.
Upon the initial addition of ALG-NPs@AOT, the intensity of this
band decreases while a new band emerges at 420 nm, which
increases in intensity as a function of the ALG-NPs. Photo-
physical studies of PRODAN have reported that this molecule
undergoes intramolecular charge transfer (CT) in the excited
state following excitation from the ground state.” The CT state
forms from an initially excited state known as the locally excited
(LE) state. In nonpolar environments, emission occurs from the
LE state, while in polar environments, it occurs from the CT
state.

The emission spectra of PRODAN in the presence of ALG-NPs
demonstrate a complex behavior, likely due to the possible
heterogeneous structure of the nanoparticles. When interacting
with ALG-NPs, PRODAN emits from the CT state in water but
transitions to emission from the LE state upon incorporation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 The emission spectra of PRODAN with varying concentrations
of ALG-NPs prepared in AOT RMs at Wy = 5. [PRODAN] = 3 x 107° M.
Aexc = 351 nm.

into the nanoparticles, likely reflecting the low polarity of the
encapsulation region. The spectra exhibit a distinct isoemissive
point, suggesting that as the concentration of NPs increases,
PRODAN partitions into a less polar microenvironment, indic-
ative of its encapsulation within ALG-NPs@AOT. However, at
ALG-NPs concentration of 2.8 mg mL ™', complete encapsula-
tion is not achieved, implying that the available NPs are insuf-
ficient to incorporate all the PRODAN, leaving a portion of the
molecule in the aqueous phase (emitting still at 525 nm).

On the other hand, different results were obtained with the
ALG-NPs@BHDC. Fig. 2 presents the fluorescence emission
spectra of PRODAN in the presence of ALG-NPs@BHDC in
water. Notable changes are observed in the emission band of
PRODAN as the concentration of ALG-NPs@BHDC increases.
With the initial addition of ALG-NPs@BHDC, the emission
band characteristic in pure water begins to decrease in inten-
sity, while a new band emerges at 428 nm.

At lower concentrations of ALG-NPs@BHDC (below 0.28 mg
mL™"), an isoemissive point is observed, indicating that PRO-
DAN is partitioning into a less polar microenvironment, signi-
fying its encapsulation. However, when the concentration of
ALG-NPs@BHDC reaches 0.38 mg mL ™', the emission band
corresponding to pure water begins to deform, undergoing
a hypsochromic shift to 477 nm. This shift becomes more
pronounced as the concentration of ALG-NPs@BHDC
increases, suggesting that PRODAN senses two distinct envi-
ronments, one less polar than the other.

This behavior suggests that PRODAN is not only encapsu-
lated within the ALG-NPs@BHDC but is also potentially inter-
acting with their surface. In other words, PRODAN appears to
sense two distinct microenvironments inside the NPs-
ALG@BHDC.

Fig. 3 shows the emission spectra of PRODAN in ALG-NPs
prepared with TX-100, ALG-NPs@TX-100. Upon adding
a concentration similar to that used for the ALG-NPs prepared
with AOT and BHDC, the emission band corresponding to water

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The emission spectra of PRODAN with varying concentrations
of ALG-NPs prepared in BHDC RMs at Wy = 5. [PRODAN] = 3 x
107® M, Aexe = 351 nm.

exhibits a slight blue shift of 6 nm while decreasing in intensity.
Additionally, two new bands appear at 415 nm and 439 nm.
These results suggest that PRODAN is sensing multiple distinct
environments in the NPs. However, no significant increase in
the intensity of these bands is observed, suggesting either
incomplete encapsulation of PRODAN within these ALG-NPs or
a reduction in its quantum yield due to interactions with the
nanoparticles. As previously discussed, the polar moiety of TX-
100 is highly prone to interacting with encapsulated water
molecules. If PRODAN is located in this region, as appears to be
the case, hydrogen bonding with interfacial water could be
responsible for the observed quenching of its emission.?*3¢
Another possibility is that PRODAN undergoes dual emis-
sion within these NPs, emitting simultaneously from both the
LE and CT states due to the constrained environment. A similar

3240

[ALG-NPs@TX-100]
(mg/mL)
—0
2430 —25
>
< 1620
_5
810
0 T T T T T
400 450 500 550 600 650

A(nm)

Fig. 3 The emission spectra of PRODAN in pure water and, in ALG-
NPs prepared in TX-100 RMs at Wy = 5. [ALG-NPs] = 2.5 mg mL™%,
[PRODAN] = 3 x 1076 M, Aeye = 351 nm.
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phenomenon has been reported for PRODAN dissolved in AOT
RMs.** To investigate this, we measured the emission lifetime
decay of PRODAN at concentrations of NPs around 0.7 mg mL ™"
and monitored at different emission wavelengths as shown in
Table 3. All fitted curves exhibited no negative pre-exponential
factors, which are a prerequisite for dual emission.*

Table 3 shows the PRODAN emission lifetime values at NPs
concentrations of 0.7 mg mL™" and at different emission
wavelengths for the BHDC RMs system.

The emission decay of PRODAN in pure water (Table 3) is
consistent with previous findings.**?**%%% As previously re-
ported, PRODAN exhibits a biexponential decay profile,
although the underlying mechanism is not immediately clear.
Rowe et al.”* investigated PRODAN in isotropic solvents with
varying polarity and hydrogen-bonding properties, proposing
that the shorter lifetime corresponds to a solvent-bound locally
excited state that undergoes rapid quenching before charge
transfer can occur. Our previous work* explored the photo-
physical behavior of PRODAN in water and vesicular environ-
ments, suggesting that the shorter lifetime arises from the
superposition of two 7t — 7* transitions primarily localized on
the naphthalene ring, with limited charge transfer from the
dimethylamine to the carbonyl group in aqueous media. For the
ALG-NPs synthesized in different RM templates, the observed
emission lifetimes (Table 3) indicate that PRODAN is distrib-
uted across distinct microenvironments, a conclusion consis-
tent with prior studies.***! The shortest lifetime is attributed to
PRODAN species undergoing quenching due to water
exposure®»”>7* while the longest lifetime corresponds to PRO-
DAN molecules localized in a less polar, water-depleted envi-
ronment.** Notably, the proportion of these distinct PRODAN
populations varies depending on the RM system used as
a nanotemplate for ALG-NP synthesis. In AOT and BHDC RMs,
the percentage of PRODAN species in water is lower than that of
PRODAN species located in nonpolar environments. The
opposite trend is observed for the TX-100 nanotemplate, where
a higher fraction of PRODAN is found in the water-associated
environment (Table 3). In the case of BHDC RMs, the emis-
sion spectra (Fig. 2) suggest the presence of three distinct
PRODAN species residing in different microenvironments, as
discussed earlier. Lifetime analysis further supports this inter-
pretation, revealing that at an emission wavelength of 520 nm,

Table 3 PRODAN fluorescence lifetime (z, ns) values in water and in
ALG-NPs synthesized using different RMs as nanotemplate. [AOT] =
0.1 M[BHDC] = 0.1 M and [TX-100] = 0.70 M [PRODAN] = 3 x 10 ° M;
Aexc: 370 nm

A(:mi

(nm) 1ty % T, % T3 % X’
PRODAN-water 440 0.65 50.6 2.25 40.4 1.13
ALG-NPs@BHDC 441 0.20 19.5 2.10 80.5 1.06

520 0.42 19.2 2.3 39.2 4.20 41.6 1.05
ALG-NPs@AOT 440 0.22 174 2.8 82.6 1.04
ALG-NPs@TX100 440 0.62 49.2 2.3 50.8 1.03
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the decay follows a triple-exponential model, with the two
longer lifetimes corresponding to environments of lower
polarity than water.

These findings highlight the structural differences between
ALG-NPs synthesized in RMs using different surfactants. The
unique micellar interface influences the crosslinking process,
resulting in variations in the structure of the resulting ALG-NPs.
For example, in the case of ALG-NPs@AOT, PRODAN senses
both the polar aqueous environment and a less polar region,
but it is located in a single zone within the NPs core. In contrast,
in ALG-NPs@BHDC and ALG-NPs@TX-100, PRODAN is
distributed across multiple regions, all of which are less polar
than water. Additionally, the hydrogen bonding ability of the
water in the nonionic system (TX-100) seems to be stronger than
in the others.

It appears that the morphology of the NPs plays a key role in
PRODAN incorporation. ALG-NPs@AOT exhibit the highest
monodispersity. In this system, at low water content, the poly-
mer is confined in a highly restricted environment at the AOT
interface, which significantly promotes the crosslinking reac-
tion between ALG and Ca®'. As a result, more crosslinked,
monodispersed, and smaller particles are obtained, which are
likely to limit PRODAN penetration into different regions of the
NPs' core.

On the other hand, in BHDC RMs with low water content, the
polymer is strongly attracted to the surfactant. At the same time,
the Ca®>" ions are repelled due to the interaction with the
cationic interface. The crosslinking reaction is less favored,
resulting in larger, less compact NPs than ALG-NPs@AOT.

In the case of nonionic TX-100 RMs, crosslinking is less
efficient when the aqueous content is low, as water molecules
interact with the polar moiety of the surfactant, competing with
ALG. This makes it difficult for the Ca*>* ions to effectively
promote the crosslinking reaction, leading to larger and less
compact NPs, similar to those obtained with ALG-NPs@BHDC.
The key difference seems to be that the interfacial water in the
nonionic RM system is a stronger hydrogen bond donor than
the water at the BHDC interface.

Since PRODAN correlates with the Ergo) parameter, it is
possible to determine the micropolarity of the environments
where it may be located using Ex30) (kcal mol ) = 147-1.62 x
Epropan-*® For ALG-NPs@AOT it was found that at Anaxemm =
420 nm, the Er(30) value is 36.7 kecal mol~?, corresponding to the
polarity of 1,3-dichlorobenzene and/or thiolate. This indicates
that PRODAN is sensing a non-polar microenvironment as
suggested.

In ALG-NPs@BHDC, where PRODAN is located in two
distinct environments, it was determined that at Amaxemi =
428 nm, the Er0) value is 38.8 keal mol ', which corresponds to
dimethyl carbonate and/or ethyl chloroacetate. Meanwhile, the
band at Amaxemi = 477 nm has an Er3q) value of 49.9 keal mol?,
which corresponds to 2-butoxyethanol. Also, in ALG-NPs@TX-
100, where PRODAN senses two distinct environments within
the NPs, the less polar environment exhibits a Amaxemi =
439 nm, corresponding to an Er0) value of 41.5 keal mol™?,
which matches the polarity of benzonitrile and/or nitrobenzene.
While, the band at Ayaxemi = 519 nm has an Eq() value of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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57.8 keal mol ' which corresponds to glycerol and/or formic
acid.**°

Thus, it appears that the core of ALG-NPs synthesized in
BHDC or TX-100 (which corresponds to the more polar envi-
ronment observed in BHDC RMs) contains more water and/or
more COOH or COO™ free groups because they are less cross-
linked. Thus, is likely that these NPs are less rigid compared to
those synthesized in AOT.

Additionally, the encapsulation of curcumin within ALG-
NPs, excited at Aey. = 423 nm, is examined.

3.2.2 Incorporation of curcumin in different ALG-NPs. Due
to the extent of limitations in using and preserving this very
water-insoluble molecule, it is of great interest to investigate the
ability of ALG-NPs to protect the molecule and potentially
consider them as biocarriers for various applications.

It is known that, depending on the microenvironment of
curcumin, it can exhibit excited-state intramolecular hydrogen/
proton transfer (ESIHT). Therefore, when curcumin is in water,
the molecule exists in the keto-enol form and the intra-
molecular hydrogen bond typically provides a pathway for rapid
non-radiative deactivation in the excited state, resulting in
decreased fluorescence intensity.”

The emission spectra of curcumin in the different ALG-NPs
are shown in Fig. 4. We select a low curcumin concentration
(3.5 x 107> M) in aqueous solution to assure that it is
completely soluble to evaluate the effect of encapsulating in
different ALG-NPs. In neat water, the emission maximum of
curcumin appears at 555 nm, but these maximum changes
depending on the type of ALG-NPs used to encapsulate them.
The figure reveals that curcumin encapsulated in ALG-
NPs@AOT exhibited a hypsochromic shift with a maximum at
487 nm, along with a significant increase in fluorescence
intensity. This suggests the absence of intramolecular hydrogen
bonds found in water. Consequently, the quantum yield of
curcumin improves as it diffuses from the aqueous medium
into a less polar environment, enhancing its solubility and
availability.””®

50000
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—— ALG-NPs@BHDC-CUR
= ALG-NPs@AOT-CUR
ALG-NPs@TX-100-CUR

40000

30000 —
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20000 —

i
T T T T T T T T
450 500 550 600 650

A(nm)

Fig. 4 The emission spectra of curcumin using ALG-NPs synthesized
in AOT, BHDC, and TX-100 RMs at Wy = 5. [ALG-NPs] = 1.6 mg mL™,
[curcumin] = 3.5 x 107> M, Jexe = 423 nm.
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Then, the observed hypsochromic shift may be attributed to
the effect of the decrease in polarity and the lack of water to
interact through hydrogen bond interaction.” This indicates
that curcumin is sensing a less polar microenvironment
compared to water. Additionally, the emission spectrum shows
the presence of shoulders on either side of the emission
maximum, one at 464 nm and another at 521 nm. These
features could result from curcumin residing in different loca-
tions within the ALG-NPs@AOT.

On the other hand, Fig. 4 shows that the emission spectra of
curcumin in ALG-NPs@BHDC and ALG-NPs@TX-100 exhibit
a broad band with maxima at 554 nm and 549 nm, respectively,
showing fluorescence intensities that are not significantly
different from curcumin's band in water. This suggests that the
encapsulation method may not effectively trap curcumin within
these NPs providing little protection and allowing rapid non-
radiative deactivation of the compound.

These results are likely due to the different cross-linking
experienced by ALG when different surfactants are used in
NPs preparation, as well as the variations in NPs size and
structural differences of the three ALG-NPs.

Thus, it can be observed that curcumin resides in a low-
polarity environment without water molecules when encapsu-
lated in ALG-NPs@AOT, which are more rigid and compact
compared to the other NPs. Evidently, those synthesized using
BHDC and TX-100 are not suitable for curcumin encapsulation,
as their lower cross-linking and greater flexibility allow water
molecules to penetrate their interior, which is not ideal for
curcumin. This is particularly true for ALG-NPs@TX-100, as
demonstrated by PRODAN.

As discussed before, under certain conditions, curcumin
becomes unstable and degrades, forming other compounds.*®
To evaluate its stability, fluorescence emission spectra of cur-
cumin in ALG-NPs were recorded after 3 days and shown in
Fig. 5. The results showed a decrease in emission intensity for
all samples, likely due to the release of the molecule into the

11000
—— ALG-NPs@BHDC-CUR
——ALG-NPs@AOT-CUR
ALG-NPs@TX-100-CUR
8800

\‘\~\\\\\‘\\\\\_~__

2200
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A(nm)

Fig. 5 The emission spectra of curcumin in ALG-NPs synthesized in
AOT, BHDC, and TX-100 RMs, after 3 days of visible light exposition.
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surrounding medium (water). It is important to note that the
samples were stored at T'= 25 °C and were not protected from
visible light. Thus, under these storage conditions, curcumin
underwent degradation in different degrees depending on the
NPs used.

Notably, curcumin encapsulated in ALG-NPs@AOT did not
completely degrade during this time, unlike the curcumin in
NPs synthesized in BHDC and TX-100 RMs. These findings
suggest that ALG-NPs synthesized in AOT RMs are more effec-
tive at protecting curcumin, likely due to the absence of water
molecules in their core and/or their ability to degrade first, thus
shielding curcumin from degradation.

4. Conclusions

This study demonstrates the significant influence of reverse
micelle templates on the structural properties, size, and
encapsulation efficiency of ALG-NPs. By systematically varying
the interfacial charge and water content within different RMs,
we were able to modulate the rigidity, compactness, and water
permeability of the resulting ALG-NPs. The nanoparticles
synthesized using anionic AOT-based RMs stood out as the
most compact and effective carriers for encapsulating curcu-
min, providing enhanced stability and protection against
degradation under ambient conditions.

The versatility of ALG-NPs, combined with their biocom-
patibility and tunable characteristics, makes them highly
promising for a range of applications. Specifically, their
potential in food technology to stabilize and deliver sensitive
bioactive compounds, such as curcumin, opens new avenues for
improving the formulation of functional foods and nutraceut-
icals. Furthermore, the insights gained in this work about the
role of interfacial environments in nanoparticle synthesis may
contribute to the development of more efficient encapsulation
strategies in biotechnology, pharmaceuticals, and beyond.

The key takeaway from this work is that understanding and
controlling interfacial interactions during nanoparticle forma-
tion is crucial for developing more advanced, application-
specific nanocarriers. Future research could investigate the
encapsulation of other sensitive or hydrophobic compounds,
further broadening the potential applications of ALG-NPs
across diverse scientific and industrial fields.
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