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A B S T R A C T

In the quest for enhanced drug delivery systems, the combination of supramolecular receptors and surfactants
represents a promising step toward developing innovative and highly efficient nanocarriers. This research
highlights the paramount advantages of synergizing these elements, focusing on the manipulation of the self-
assembly, charge, and polarity of the hybrid nanostructures resulting from merging these building blocks. In
this vein, this work reveals that the integration of hexamethylated p-sulfonatocalix[6]arene (SC6A) and dode-
cyltrimethylammonium bromide (DTAB) offers significant advantages over those colloidal nanostructures
stemming from the use of surfactant alone. These include the ability to stimulate early self-assembly, thereby
facilitating the formation of stable nanocarriers, even in high-dilution scenarios. Additionally, the electrostatic
balance established within the macrocycle-surfactant host–guest complexes can be harnessed to finely adjust the
charge of the hydrophilic micellar corona. This holds great promise for modulating the bio-interaction capa-
bilities of nanocarriers. Furthermore, the inclusion of the macrocycle in the colloidal structure induces significant
alterations in the arrangement of low-molecular-weight surfactants. This leads to a significant transformation in
the hydrophobic properties of the micellar core, which can be exploited to tailor this microenvironment to match
the lipophilicity of specific drugs. In this regard, our findings reveal that while conventional DTAB micelles
generally replicate the polarity of a solvent with a dielectric constant of 37.7, engineered SC6A-DTAB aggregates
demonstrate a capability to reach a polarity akin to a solvent with dielectric constant of 17.5. This spectrum of
hydrophobicities within the micellar core represents a significant advancement and opens up new possibilities
for drug delivery applications.

1. Introduction

Over the years, micelles have garnered significant attention in the
biomedical field due to their unique properties and versatility [1–5].
These nanoscale carriers hold the potential to transform drug delivery as
they can address crucial challenges in modern medicine such as
enhancing the efficacy and precision of treatments, minimizing adverse
side effects, and optimizing therapeutic outcomes [6–10]. At this point,
it is important to note that the distinctive characteristic of micelles lies
in their spontaneous self-assembly in aqueous solution, driven by the

amphiphilic nature of their constituent molecules [11]. On one hand,
their hydrophobic cores allow for the efficient encapsulation of hydro-
phobic drugs, enhancing the solubility, stability, and bioavailability of
the active ingredient [12,13]. On the other hand, their hydrophilic
corona enables micelles to circulate effectively in the bloodstream,
interact with biological molecules, and target specific cells or tissues,
thereby minimizing off-target effects and optimizing drug delivery ef-
ficiency [14,15]. In this regard, it is worth highlighting that micelles can
be endowed with diverse functionalities, enabling responsiveness to a
wide array of stimuli (either of endogenous or exogenous origin)
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[16,17]. This versatility significantly enhances their targeting precision.
Along these lines, when designing these colloidal structures in
biomedical research, polymers have usually been the surfactants of
choice, somewhat overshadowing traditional low-molecular-weight
(LMW) surfactants (typically below 500 g/mol) [18–21]. This is
largely due to the rich nature of polymer chemistry, which allows for
precise control over micelle size, drug loading, and release kinetics [22].
Another advantage of polymeric micelles over those derived from LMW
surfactants is their lower critical micelle concentration (CMC), and as a
result, their higher stability and prolonged transit times in biological
environments [23]. This enhanced consistency ensures a longer-lasting
presence in the vascular system, facilitating sustained drug delivery
and increasing the likelihood of therapeutic success [24]. However,
despite all these strengths, polymer synthesis can be complex, and issues
related to regulatory approval, batch-to-batch variability and scalability
may easily arise [25–27].

Unlike their polymeric counterparts, synthetic and natural LMW
surfactants stand out for their ease of synthesis and characterization,
making them appealing candidates for drug delivery applications as they
can address some of the previously described problems [28–31]. How-
ever, these surface-active agents still face a series of significant limita-
tions. As indicated above, one of these drawbacks is their inherently

high CMC compared to amphiphilic polymers, which results in prema-
ture disassembly in physiological settings. This issue reduces their cir-
culation time in vivo and raises concerns about their stability [32].
Furthermore, low-molecular-weight surfactant-based carriers may not
entrap hydrophobic drugs as effectively as the typically used amphi-
philic block polymers (generally in the range of kDa), such as PEO-b-
poly(aminoacid)s, PEO-b-poly(ester)s, and Pluronic® [33]. This limita-
tion could potentially restrict the therapeutic efficacy of the surfactant-
based carriers [34]. Additionally, it is important to consider aspects
related to their electrostatics, as this parameter may have amajor impact
on potential interactions within biological systems, thereby playing a
crucial role in the performance of micelles as effective therapeutic car-
riers [35]. With all of this in mind, it becomes evident that modulating
the self-aggregation behavior of LMW surfactants, as well as the hy-
drophobicity and charge of the resulting colloidal structures, is essential
for optimizing their stability, encapsulation efficiency, as well as tar-
geting abilities and thus, their overall efficacy in drug delivery appli-
cations within the complex biological milieu.

To address these challenges, the present study builds upon the ad-
vancements in supramolecular amphiphiles,[36] harnessing the syner-
gistic capabilities of macrocyclic receptors and low-molecular-weight
(LMW) surfactants arranged in host–guest configurations [37]. This

Scheme 1. Illustration portraying the fundamental building blocks utilized in the formation of the supramolecular surfactants for generating the hybrid micelles
elucidated in this study, along with a schematic representation of the host–guest complexes that self-assemble to give rise to the supramolecular nanocarriers reported
herein. In this case, the initial formation of a 1:1 inclusion complex between SC6A and DTAB is suggested, followed by the progressive incorporation of additional
DTAB molecules through the formation of an external complex. This model is based on the significant steric hindrance that additional DTAB molecules would
encounter if attempting to enter the internal cavity of a calixarene where one DTAB molecule is already accommodated.

B. Gómez-González et al. Journal of Molecular Liquids 410 (2024) 125675 

2 



strategy is rooted in the demonstrated proficiency of such architectures
to regulate the formation of micelles and fine-tune the physicochemical
attributes of these aggregates [38]. Along these lines, this approach not
only tackles the limitations of traditional surfactant systems but also
opens new avenues for the precise design of micellar nanocarriers. In
this vein, this supramolecular strategy is projected to significantly in-
fluence key structural parameters of these assemblies, such as CMC,
polarity, and charge, thereby enhancing their efficacy as drug trans-
porters. With this aim, a combination of multianionic receptor sodium
hexamethylated p-sulfonatocalix[6]arene (SC6A) as a host and cationic
surfactant dodecyltrimethylammonium bromide (DTAB) as a guest is
employed as a model system (Scheme 1). The rationale behind selecting
anionic calixarenes for this study lies in their significant potential for
biomedical applications [39]. Specifically, amphiphilic calixarenes,
which have the ability to self-assemble and solubilize various active
pharmaceutical ingredients, are of particular interest [40]. By exploiting
the unique binding properties of SC6A, it is anticipated that precise
control over the resulting DTAB-based micelles can be attained. In this
context, it is expected that this level of control can be used to tune CMC,
thereby offering the potential to reinforce the stability of micellar
structures under high-dilution regimes, such as those commonly found
in biological environments. Moreover, the incorporation of the macro-
cycle into the colloidal structure is predicted to induce significant
modifications in the packing of the LMW surfactants, leading to a sub-
stantial alteration in the hydrophobic nature of the micellar core and
thus, improving the encapsulation efficiency of lipophilic drugs.
Furthermore, it is foreseeable that the electrostatic equilibrium estab-
lished within the calixarene-surfactant host–guest complexes may be
employed to adjust the charge of the hydrophilic micellar crown, thus
holding substantial promise for enhancing the potential bio-interactions
of the nanocarrier. Ultimately, this supramolecular strategy has the
potential to pave the way for the development of LMW surfactant-based
micelles whose structural parameters may be easily tailored to fulfill
different needs in terms of biomedical applications.

2. Results and discussion

As a preliminary step, the assessment of the self-aggregation
behavior exhibited by DTAB is conducted. To achieve this, Prodan (N,
N-dimethyl-6-propionyl-2-naphthylamine) is employed as a sol-
vatochromic fluorescent probe due to its exceptional optical response to
changes in local polarity as well as hydrogen bonding interactions
within the surrounding microenvironment [41,42]. As known, as sur-
factant molecules self-aggregate, they create microdomains with vary-
ing polarities. Prodan, owing to its high sensitivity to such changes,
undergoes modifications in its emission properties as a result. Thus, by
monitoring changes in its emission wavelength and intensity, valuable
insights into the dynamics of the surfactant self-aggregation can be
gained. Notably, one of the key advantages of Prodan over other sol-
vatochromic probes lies in its lack of permanent charge within its mo-
lecular structure. This specific attribute mitigates the potential for
interference between this dye and the constituent components of the
micelle. This renders this probe an ideal candidate for conducting these
studies as its presence within the aggregate neither introduces addi-
tional electrostatic effects nor disrupts the micellar assembly.

Fig. 1a depicts the fluorescence spectra of Prodan at increasing
concentrations of DTAB. As observed, there is a dual alteration in the
emission spectrum of this probe as the surfactant concentration rises.
This concomitant variation involves a blueshift in the Prodan’s wave-
length of maximum emission (λmax) and a significant increase in fluo-
rescence intensity. This behavior is associated with the incorporation of
the solvatochromic probe into a microdomain with lower polarity than
that provided by the solvent. These trends are more clearly illustrated in
Fig. 1b. At low surfactant concentrations, λmax closely matches that of
pure water, located around 522 nm. Then, upon reaching a DTAB con-
centration of ~10− 2 M, there is a sharp decrease in λmax due to the

incorporation of the hydrophobic probe into the formed micellar ag-
gregates. This concentration corresponds to the CMC of DTAB and
closely aligns with values reported in the literature using alternative
techniques [43]. Following this decline, Prodan’s emission maximum
stabilizes at 498 nm, indicating an equilibrium where the fluorescent
probe is clearly shifted toward the micellar environment. Notably, the
λmax value reached at high DTAB concentrations offers insights into the
attained level of polarity. In this regard, this wavelength serves as a key
metric for estimating the Reichardt’s ET(30) parameter, which quan-
tifies the polarity of a microenvironment based on the position of the
absorption or emission band of a given solvatochromic probe [44]. Thus,
a higher ET(30) value indicates a more polar microenvironment,
whereas a lower value signifies a less polar one. In this case, 498 nm
suggests that the nature of the micellar core resembles that of a glycol
solution [45]. This lower polarity, in comparison to water, indicates the
potential efficacy of these assemblies as carriers for certain lipophilic
drugs. As depicted in Fig. 1b, the conclusions drawn from the evolution
of the fluorescence emission maximum with DTAB concentration are
further supported by the simultaneous change observed in the fluores-
cence intensity of the probe, which markedly increases upon reaching
the CMC. This phenomenon is attributed to the progressive accumula-
tion of Prodan within the formed assemblies, resulting in a substantial
reduction in the nonradiative deexcitation pathways for its excited state
[46].

Having reached this point, it is imperative to highlight the good
agreement between the results obtained using Prodan and other alter-
native techniques. This solid alignment serves to validate the use of
Prodan as a solvatochromic fluorophore for investigating self-assembly
phenomena in ionic surfactants, thereby endorsing its application in
the study of DTAB in the presence of supramolecular receptors. In this
context, Fig. 2a illustrates the changes in Prodan’s emission spectrum as
a function of DTAB concentration in the presence of a fixed amount of

Fig. 1. (a) Fluorescence spectra of Prodan (1.0×10− 6 M) in the presence of
increasing concentrations of DTAB (ranging from 5.0×10− 7 M to 0.8 M) in
aqueous solution. λexc = 343 nm. T=25.0 ◦C; and (b) Influence of DTAB con-
centration on the wavelength of maximum emission (green) and the fluores-
cence intensity at 498 nm (purple) (data extracted from a).
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calixarene SC6A. In an initial analysis, and mirroring the results shown
in Fig. 1, a blueshift in the peak of Prodan’s fluorescence emission
spectrum is observed. This spectral shift is concomitant with a sub-
stantial increase in the intensity of its spectral bands. These observations
are consistent with the incorporation of this fluorescent probe into the
micellar aggregates formed upon reaching the necessary critical con-
centration of DTAB. In this scenario, the formation of an inclusion
complex between Prodan and SC6A has been ruled out (Sections 2 and 3
in the SI), indicating that the probe is located within the hydrophobic
micellar core. Nevertheless, a more detailed examination of these results
is necessary.

Fig. 2b provides a clearer representation of the variation in Prodan’s
wavelength of emission maximum as a function of DTAB concentration
in the presence of SC6A. Herein, it becomes evident that at low surfac-
tant concentrations, λmax (522 nm) precisely matches the value recorded
for the probe in aqueous medium in the absence of DTAB. This corre-
spondence suggests that within this concentration range, self-assembly
phenomena are absent, thus indicating that the medium exhibits a ho-
mogeneous nature at a microscopic level. Upon reaching a DTAB con-
centration of ~10− 4 M, λmax initiates a noticeable blueshift, indicating
the formation of micellar aggregates and the incorporation of the sol-
vatochromic probe into these colloidal structures. It is worth noting that
the CMC of the hybrid system is substantially lower than that observed
in pure DTAB solutions (~10− 2 M), which is consistent with previous
findings [47]. This enhanced propensity for micellization arises from the
increased tendency of SC6A:DTAB complexes to self-aggregate, signi-
fying greater stability of the supramolecular micelles compared to those
derived from surfactant alone, especially at high dilution regimes. In this
context, the self-aggregation of these host:guest structures has been
previously demonstrated through dynamic light scattering

measurements, which show that SC6A:DTAB micelles are larger
compared to micelles solely based on DTAB [48]. This greater inclina-
tion toward micellization can be attributed to the interaction of DTAB
with SC6A, which effectively mitigates the electrostatic repulsion be-
tween the surfactant headgroups. As a result, the formation of the hybrid
architecture becomes enthalpically more favorable compared to its
single-component counterpart [49,50]. Consequently, in terms of
applicability, it is evident that these hybrid colloidal structures hold
significant potential as nanocarriers in comparison to conventional mi-
celles. Furthermore, it is crucial to highlight that within this concen-
tration range, where SC6A is in excess relative to the surfactant, the
resulting micelles carry a net negative surface charge. This is ascribed to
the charge imbalance within the host–guest complexes that comprise the
colloidal aggregate, with the calixarene contributing six negative
charges in contrast to the single positive charge provided by the sur-
factant [51]. This imbalance is a pivotal factor to consider, given the
paramount role of the charge of the hydrophilic corona in the perfor-
mance of nanocarriers in terms of circulation times and bio-interactions
[52].

The steep decline initiated after surpassing the CMC continues until
reaching a DTAB concentration of approximately 3.0×10− 3 M at which a
minimum for λmax is observed. It is worth underlining that such a min-
imum is achieved when the surfactant-to-calixarene concentration ratio
stands at 6:1. As depicted in Scheme 2, it is precisely in this concen-
tration ratio that an efficient and orderly packing of the hydrophobic
DTAB chains induced by the presence of calixarene occurs. This results
in the formation of micellar cores with a high degree of compactness and
hence highly hydrophobic character [53]. This efficient arrangement of
the alkyl chains ultimately leads to a blueshift of Prodan to 475 nm. At
this point, it should be noted that the solvatochromic shift in micelles
derived from DTAB alone only extends to 498 nm, underscoring that
supramolecular micelles provide a less polar environment than purely
surfactant-based carriers, and hence pinpointing that these hybrid sys-
tems may potentially serve as more efficient carriers for highly lipophilic
active ingredients. Thus, if the polarity of the micellar core derived from
the use of DTAB resembles that of a glycol solution, the interior of the
supramolecular micelles can be likened to a solution where 1-amino-2-
propanol is employed as the solvent [45]. In this context, it is also
interesting to note that the difference in polarity between conventional
and supramolecular micelles is of a magnitude akin to that observed
between water and regular micelles. This provides a clear indication of
the significant influence exerted by macrocyclic receptors on the
structural parameters of these self-assembled nanostructures. It is
important to highlight that the established DTAB:SC6A ratio of 6:1 at the
minimum of the curve in Fig. 2b is intrinsically tied to the equilibrium of
charges within the supramolecular surfactants, and consequently, to the
overall charge of the resulting micellar system. Thus, reaching the
highest level of DTAB monomer supramolecular packing coincides with
the point where the charges of DTAB and SC6A offset each other,
resulting in a micellar structure with a net zero charge (Scheme 2 and
Section 6 in the SI). This indicates a transition of the micelles to a state of
neutrality, carrying significant implications for their potential function
as nanocarriers.

Further dissecting Fig. 2b, once the minimum of the curve is sur-
passed, there is an evident increase indicating a redshift in the wave-
length of the Prodan’s emission peak. This rise persists until a λmax
coincident with that obtained with conventional micelles (Fig. 1b) is
reached. The observed trend herein can be explained by the progressive
increase in DTAB concentration (Section 5 in the SI). Once the point of
electrostatic charge neutralization is achieved, adding further surfactant
induces the formation of positively charged micelles due to the incor-
poration of extra DTAB molecules into the aggregates (Scheme 2, and
Sections 3–5 in the SI), as demonstrated by the evolution of the surface
charge of the micelles (Section 6 in the SI). This compaction is followed
by a gradual increase in the concentration of free DTAB monomers
(Section 5 in the SI). Once their CMC is reached, pure surfactant-based

Fig. 2. (a) Fluorescence spectra of Prodan (1.0×10− 6 M) in the presence of
increasing concentrations of DTAB (ranging from 5.0×10− 7 M to 0.8 M) in
aqueous solution in the presence of SC6A (5.0×10− 4 M). λexc = 343 nm.
T=25.0 ◦C; and (b) Influence of DTAB concentration on the wavelength of
maximum emission (green) and the fluorescence intensity at 475 nm (purple)
(data extracted from a).
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micelles are once again obtained [47]. Evidently, since conventional and
supramolecular micelles cannot coexist in solution, an instantaneous
redistribution of SC6A occurs between both types of aggregates to
maintain thermodynamic equilibrium (Scheme 2). This behavior leads
to the formation of mixed structures with a lower content of macrocycle
per aggregate, or in other words, with a surfactant-to-calixarene ratio
exceeding the 6:1 value. In this context, this phenomenon has a dual
impact on the properties of the resulting micelles. Firstly, it results in a
decreased compactness of the hydrophobic core. This increases the po-
larity of the microenvironment to which the solvatochromic probe is
exposed, consequently leading to a redshift in its fluorescence emission
spectrum. As a result, the optical behavior of Prodan in the presence of
SC6A at high DTAB concentrations corresponds to what has been pre-
viously illustrated in Fig. 1 for pure micelles. Secondly, surpassing the
6:1 ratio induces a change in the carrier surface charge, shifting from a
neutral to a positive charge, which bears significant implications in
terms of potential bio-interactions.

The conclusions drawn from the analysis of the solvatochromic shift
of Prodan are again further supported by the examination of the fluo-
rescence intensity of this probe. As depicted in Fig. 2b, the emission
intensity of this dye at 475 nm initially corresponds to the value ob-
tained in pure water. Once the CMC is surpassed, fluorescence pro-
gressively increases due to the gradual accumulation of the probe inside
the emergent supramolecular micelles. This intensity increase continues
until it reaches a maximum, which corresponds to the point of charge
neutralization between DTAB and SC6A, at which the hybrid micelles
with the lowest polarity are formed. Beyond this value, a further in-
crease in DTAB concentration leads to a decrease in fluorescence in-
tensity as the environment probed by Prodan transitions to the micellar
structures featuring a progressively less densely packed core and,
consequently, higher polarity. This decrease continues until a DTAB
concentration of ~10− 2 M is reached. At this stage, the intensity value
aligns with that observed in the case of micelles derived from DTAB

alone. This is an expected outcome, considering that the supramolecular
micelles in this concentration range exhibit a low calixarene content,
making them resemble those micelles based exclusively on DTAB
(Scheme 2). Indeed, at exceptionally high surfactant-to-calixarene ra-
tios, micelle formation inevitably occurs without the accommodation of
calixarene molecules on their surface, given the substantial excess
concentration of surfactant compared to that of macrocycle.

At this stage, it is crucial to highlight the inherent potential of the
system at hand. In this regard, this type of hybrid colloidal structures
enables fine-tuning the charge of the hydrophilic corona of the carrier
through a straightforward manipulation of the surfactant-to-macrocycle
ratio. This is of paramount importance due to the role of the micellar
surface charge in circulation and interactions with serum components,
cell membranes, and intracellular organelles. Along these lines, it has
been reported that neutral or negatively charged micelles exhibit longer
circulation times compared to positively charged micelles [54]. This is
because the latter are more susceptible to sequestration by macrophages
constituting the mononuclear phagocyte system. Conversely, positively
charged micelles demonstrate an increased likelihood of nonspecific
uptake by most cells. Furthermore, nanocarriers exhibiting a positive
charge are known to promote endosomal release, thereby avoiding the
degradative effects of the endosomal compartment on the cargo [55].
Considering these trends, it becomes clear that a neutral or negative
micelle surface charge is preferable upon administration, with a tran-
sition to a positive charge upon reaching the target site proving highly
advantageous. This is where supramolecular micelles can serve as an
interesting alternative to other charge-reversing approaches described
in the literature, given their potential to alter their charge based on the
surfactant-to-macrocycle concentration ratio [56,57]. It is also worth
noting that this change in surface charge is actually inherent to the
change in the density of the micellar core. This aspect could be har-
nessed to induce the release of highly lipophilic cargoes contained
within this nanocarrier. In this regard, it is essential to remember that

Scheme 2. Illustration providing a visual representation of the diverse events of host–guest complexation and amphiphilic aggregation occurring in response to
increasing surfactant concentration in aqueous solution. Herein, the dynamic evolution of these phenomena is depicted, offering insights into the changing properties
of the resulting nanocarriers in terms of assembly, hydrophobicity, and surface charge.
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the transition to a positively charged hydrophilic corona is brought
about by the formation of hybrid micelles with a lower macrocycle
content, resulting in reduced compactness of the arrangement of the
DTAB hydrocarbon chains. This decompaction leads to increased core
polarity and, consequently, may be potentially exploited to induce the
release of highly lipophilic drugs encapsulated within.

At this point, it is essential to examine how alterations in macrocycle
concentration impact the self-aggregation phenomena within supra-
molecular micelles. Fig. 3a provides insight into the effect of calixarene
concentration on the formation of these colloidal aggregates. While, in
broad terms, the observed trends align with those in Fig. 2, there are
several aspects deserving of highlight. First, it is noticeable that in all
cases the blueshift of Prodan begins upon reaching a DTAB concentra-
tion of ~10− 4 M. This observation implies that the CMC remains con-
stant regardless of the SC6A concentration, confirming the significant
capacity of these supramolecular receptors to foster early micellization
phenomena in LMW surfactants and consequently, promoting the crea-
tion of stable nanocarriers even in highly diluted regimes. However, the
observed blueshift reveals distinct patterns. At low concentrations of
calixarene (0–4×10− 5 M), a gradual hypsochromic shift of the fluo-
rophore is evident. Initially, at a DTAB concentration of ~10− 4 M, the
formation of supramolecular micelles triggers the initial blueshift. This
phase is followed by a plateau (in the millimolar concentration range)
where no new aggregates form, thus resulting in no alteration in the
fluorescence emission maximum. Upon reaching a DTAB concentration
of ~10− 2 M, an increasing number of new micelles form, facilitating the
partitioning of Prodan into these hydrophobic cores, leading to a second
hypsochromic shift, reaching 498 nm. On the other hand, at high con-
centrations of calixarene (4×10− 5 to 1×10− 3 M), the results obtained
are analogous to those previously shown in Fig. 2. At this stage, it is
crucial to note the evolution of the point of electrostatic charge
neutralization. This threshold, easily identifiable due to its alignment
with the minima in the various curves depicted in Fig. 3a, is reached, as

previously explained, when the surfactant-to-calixarene concentration
ratio stands at 6:1. Naturally, this accounts for why this minimum shifts
to higher DTAB concentrations as SC6A concentration increases. What is
particularly interesting is to observe that as the macrocycle concentra-
tion rises, the blueshift of Prodan at this charge neutralization point
becomes increasingly pronounced, eventually reaching 473 nm. In this
context, the Prodan’s emission maximum in the supramolecular micelles
may shift up to 50 nm. Certainly, this trend suggests that the macrocycle
content plays a pivotal role in the micellar core density, and conse-
quently, in its hydrophobicity and its ability to host highly lipophilic
active compounds. This underscores the major impact of these receptors
on the structural features of micelles, and as previously mentioned, the
significantly lower degree of polarity of supramolecular self-assembled
nanostructures compared to conventional colloids. Lastly, under high
DTAB concentrations, Prodan’s fluorescence spectrum consistently
mirrors that of pure micelles, irrespective of the SC6A concentration. It
is worth highlighting that within this concentration range, micelles
solely derived from DTAB coexist with supramolecular micelles which is
thermodynamically unfeasible. This leads to a swift redistribution of the
macrocycle between both aggregate types to restore equilibrium. This
ultimately brings about the creation of micelles with a low calixarene
content, and as a result, structural characteristics that resemble those of
conventional micelles. At significantly elevated surfactant-to-calixarene
ratios, micelles even lack calixarene molecules on their surface, owing to
the substantial surplus concentration of surfactant compared to that of
macrocycle.

Once the various fluorescence emission maxima of Prodan are
determined as a function of different concentrations of surfactant and
macrocycle, it becomes possible to assess the polarity of the different
scenarios within the Reichardt’s solvent polarity scale. This can be easily
achieved by determining the empirical solvent polarity parameter
ET(30) (Section 7 in the SI). The results obtained are shown in Fig. 3b. As
observed, at low concentrations of DTAB, the polarity perceived by the
chemical probe corresponds to that of water (ET(30)= 63.1) [45]. As the
surfactant concentration increases, there is a clear decrease in polarity
due to the formation of supramolecular micelles. This decrease is only
delayed in the absence of calixarene, which logically prevents early
micellization of DTAB. It is also noteworthy that, as expected, regions
characterized by a lower ET(30) are those where the DTAB:SC6A con-
centration ratio is close to 6:1. Thus, it can be observed how, as the
concentration of calixarene increases, the regions of lower polarity
progressively shift towards higher surfactant concentrations, reaching
polarity values equivalent to those shown by Prodan in the presence of
n-butanol (ET(30) = 49.7; εr = 17.5) [45]. In all cases, a progressive
increase in surfactant concentration leads to the formation of pure mi-
celles, consequently resulting in the rapid redistribution of calixarene
between both types of aggregates (Scheme 2). This leads to the forma-
tion of micelles with a decreasing calixarene content, whose polarity
features ultimately barely differ from the polarity of micelles constituted
by DTAB alone. Consequently, when DTAB concentrations surpass
~10− 2 M, Prodan detects a polarity akin to that observed when
immersed in glycol (ET(30) = 56.3; εr = 37.7) [45]. Based on these
findings, it becomes apparent that, with a view to utilizing these hybrid
systems as nanocarriers for highly lipophilic active ingredients, special
attention must be paid to the stoichiometry of the host–guest complexes.
Thus, it is vital to maximize the loading capacity of these macrocycles to
induce the formation of highly hydrophobic cores. It is also important to
note that surpassing the inherent CMC of the surfactant alone results in
the formation of micellar aggregates that induce macrocycle redistri-
bution, thereby disturbing the properties of the supramolecular colloids.
Furthermore, the results indicate that an increase in macrocycle con-
centration leads to a higher degree of hydrophobicity in the micellar
cores. In this regard, the interior of these micelles appears more effec-
tively shielded from the solvent in the presence of guest-containing
multicharged calixarenes than in the presence of solely DTAB mole-
cules. This shielding effect can be attributed to the remarkable charge

Fig. 3. (a) Influence of DTAB concentration on the Prodan’s wavelength of
maximum emission (1.0×10− 6 M) in the presence of increasing concentrations
of SC6A (ranging from 0 M to 1.0×10− 3 M). λexc = 343 nm. T=25.0 ◦C; and (b)
Contour plot of the influence of DTAB and SC6A on the Reichardt’s empirical
ET(30) polarity parameter.
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delocalization of the functional groups at the portals of the calixarene,
coupled with the decreasing polarity of those portals as more guest
molecules are accommodated within the macrocycle’s cavity.

3. Conclusions

The results of this study underscore the enormous potential inherent
in harnessing supramolecular receptors and low-molecular-weight sur-
factants for the development of advanced nanocarriers. The strategic
fusion of these building blocks unveils a range of compelling advantages.
Notably, this combination empowers the initiation of early self-assembly
phenomena, ensuring the creation of stable nanocarriers, a capability
typically associated with polymeric micelles. Furthermore, the incor-
poration of macrocycles into colloidal structures induces modifications
in the arrangement of low-molecular-weight surfactants, resulting in a
significant change in micellar core density and, consequently, its hy-
drophobic nature. This transformative effect may be employed in order
to enhance encapsulation efficiency, thereby facilitating more effective
nanosized drug vehicles. Moreover, by leveraging the electrostatic
charge equilibrium established within macrocycle-surfactant host–guest
complexes, precise control over the charge of the hydrophilic micellar
corona is achieved. This ability to modulate surface charge holds
immense promise for fine-tuning the nanocarrier’s bio-interactions
through adjustment of the surfactant-to-macrocycle concentration
ratio. In conclusion, the exploration of supramolecular micelles high-
lights their significant potential for advancing the design of novel
nanocarriers, paving the way for promising developments in biomedical
research.
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