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Characterization of nanoscale formulations is a continuous challenge. Size, morphology and surface
properties are the most common characterizations. However, physicochemical properties inside the
nanopatrticles, like viscosity, cannot be directly measured. Herein, we propose an original approach to
measuring dynamic viscosity using a lipidic molecular rotor solubilized in the core of nano-formulations.
These molecules undergo conformational changes in response to viscosity variations, leading to observable
changes in fluorescence intensity and lifetime, able to sense the volume properties of dispersed nano-
domains. The lipophilic molecular rotor (BOPIDY derivatives) was specifically synthesized and characterized
as oil viscosity sensing in large volumes. A second part of the study compares these results with rBDP-Toco
in nano-emulsions. The objective is to evaluate the impact of the formulation, droplet size and composition

Received 21st October 2024, on the viscosity of the droplet's core. The lipophilic rotor showed a universal behavior whatever the

Accepted 9th January 2025 oil composition, giving a master curve. Applied to nano-formulations, it reveals the viscosity inside the nano-
DOI: 10.1039/d4sm01234h emulsion droplets, enabling the detection of slight variations between reference oil samples and the

nano-formulated ones. This new tool opens the way to the fine characterization of complex colloids and
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1. Introduction

Molecular rotors represent a particular category of viscosity-
sensitive fluorescent compounds that serve as valuable probes
for microenvironment characterization, particularly those
which are inaccessible through conventional bulk rheological
techniques." The term “molecular rotor” refers to small syn-
thetic fluorophores whose fluorescence emission is sensitive to
the viscosity of the surrounding environment.> The sensing
of the microenvironment has become an interesting research
area since the local environment is the most relevant factor
governing the physical and chemical behavior of surrounding
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multi-domain nano and micro systems, potentially applied to hybrid materials and biomaterials.

molecules.’ Fluorescence sensing techniques have played a
crucial role in characterizing various properties such as viscosity,
polarity, local acidity/basicity, pH, and temperature, thereby con-
tributing to a more local understanding of properties.”> Among
various biophysical parameters, viscosity sensing plays an impor-
tant role in many fields®” including biological processes,® lipid
bilayers,”'® and living cells."""*>

On the other hand, while measuring the rheological proper-
ties of a macroscopic sample is trivial, determining the micro-
viscosity within micro/nano meter-sized objects remains
extremely challenging.'*™"?

In literature reports,'® an approach using cobalt ferrite
nanoparticles (NPs) was described to sense the viscosity inside
oil-in-water emulsions (coated with oleic acid) or in the con-
tinuous phase (coated with PEG), in order to compare with
macroscale viscosity. In this case, NPs sizing around 14 nm
were used and the micro-rheology obtained from the measure-

6

ments of their magnetic susceptibility. A second literature
example of particle tracking approach was described in a previous
report,"”” using fluorescent beads of 0.75 um. In conventional
particle-tracking microrheology, the particle’s motion is moni-
tored, and the properties of the surroundings are obtained from
the particle’s trajectory. The mean-squared displacements of the
beads were monitored as a function of the lag time, to obtain the
diffusion coefficient, and deduce the medium viscosity. This is the
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main difference between this particle-based approach and mole-
cular rotors, for which viscosity is measured thanks to conforma-
tional changes.

Particle tracking is an attractive methodology that allows
measuring physicochemical properties of dispersed systems.
It is noteworthy that the particle-tracking method not only
enables the measurement of viscosity but also allows the
characterization of viscoelastic properties when external forces
are applied to the particles, resulting in a specific response.
This phenomenon is referred to as micro-viscoelasticity.
However, a given scale of the particles is necessary to be
sensitive to such external stimuli, in contrast to molecular
rotors that cannot be sensitive to external stimuli. Conse-
quently, molecular rotors can be used in a manner similar to
the particle-tracking approach for studying dynamics in force-
free environments. However, unlike particle tracking, molecular
rotors can operate on a much smaller scale because of their
significantly smaller size. Behind the fact that the microviscos-
ity measurement by particle tracking needs specific experi-
mental setup, the main limitation indeed lies in the scale
range of the domains in which they allow to measure the
viscosity. This scale range is, in the best condition, a few orders
of magnitudes higher than the particles used, and finally limits
micro domains to micrometer size, i.e. limited by the particle
size. In contrast, molecular probes (like molecular rotors) do
not have these limitations and allow measurements in domains
with much lower scale, up to nano-domains. In that case, the
typical length scale is also related to the diffusion distance of
the probe over the measurement time, leading to an averaging
of the sensed quantity over the probed volume at a small scale.

Other methods were reported in literature, nuclear magnetic
resonance (NMR) and electron spin resonance (ESR) can be
cited for studying the dynamics of confined molecules,"®" or
also, the use of diffusing wave spectroscopy®® which can be
considered as an implemented dynamic light scattering. This
approach allows assessing micro-rheology data from dispersed
samples such as ageing, stability, and structural properties,
complementarity with macro-rheology. Although this method is
simple and efficient, it cannot be applied to study the internal
properties of dispersed systems, especially at the nanoscale.
We can finally cite another experimental setup based on colloidal-
probe atomic force microscopy (AFM).>" In that configuration, the
micro-scale sample is set up between an oscillating tip and a
support, to investigate the interfacial mechanics and dynamic
rheological properties. The data collected are, to some extent,
comparable to those obtained with macro-rheology. Here also, the
main difference with the molecular probe is the scale of measure-
ment (not transposable to nanoscale), and the additional con-
straint to confine the sample onto an AFM tip. These studies
emphasize the need and interests in the development of new
approaches to measure the fine physicochemical properties of
dispersed micro- and nano-systems.

Molecular rotors offer a convenient means of measuring
microviscosity by undergoing changes of intramolecular rotation
and non-radiative relaxation, thus leading to observable changes in
fluorescence intensity and lifetime. The rate of these conformational
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motions is directly influenced by viscosity. Therefore, variations
in local viscosity induce significant changes in both fluores-
cence lifetime and fluorescence intensity.>> Consequently,
higher local viscosity restricts conformational changes of the
molecular rotor, resulting in increased fluorescence lifetime
and intensity. The fluorescence spectrum of a chromophore
can be significantly dependent on its molecular environment,
and thus on its interactions with the molecules around it.
On the other hand, the study of fluorescence lifetime offers
numerous advantages for assessing viscosity over fluorescence
intensity; it is independent of the dye concentration. Also,
it appears to be one of the most reliable and accurate methods
for evaluating viscosity by using molecular rotors, eliminating
potential experimental errors.>*** In addition, fluorescence
lifetime detection can be integrated with imaging techniques
like fluorescence lifetime imaging (FLIM).®

In this study, we used BODIPY-based molecular rotor to
measure the microviscosity in the core of lipid nano-emulsions
(NEs). NEs are lipid-oil droplets stabilized with surfactants,
typically ranging in size from 20 to 300 nm.?”*® Due to their
stability and biocompatibility, NEs are emerging as promising
carriers in various fields, including drug delivery, diagnostics,
cosmetics, pesticides, and the food industry.”*~> Compared
to other nano-carriers, NEs have garnered attention as bio-
mimicking “green” nanocarriers with significant potential for
preparing contrast imaging agents and nanomedicines.’® NEs
have the distinct advantage of serving as liquid reservoirs for
lipophilic active pharmaceutical ingredients (APIs) and/or lipo-
philic probes, dispersed in aqueous medium.*** This charac-
teristic allows NEs to encapsulate a large number of fluorescent
dyes with reduced self-quenching, resulting in high quantum
yield and ultrabright fluorescent nanomaterials. The brightness
of these nano-droplets opens up new possibilities, such as
single droplets tracking in cells or in vivo in small laboratory
animals.**® Herein, we formulated the nano-emulsions via
spontaneous emulsification, a simple process widely described
in the literature.>**° This method involves the formation of
nanoscale droplets by mixing the oil and water phases, relying
on the thermosensitivity of nonionic surfactants. As a result, a
very homogeneous population of oil droplets, stabilized by the
surfactant and dispersed in water, is formed.

To increase the encapsulation efficiency of fluorophores in
NEs they should be highly soluble in oil to achieve high dye
loading and sufficiently bulky to prevent aggregation-caused
quenching (ACQ),** which would reduce the quantum yield of
dyes encapsulated. Additionally, these dyes should be hydro-
phobic enough to remain within the NEs and photostable
enough to enable tracking over time.*® However, various para-
meters, such as hydrophobicity, polarity, composition, solubi-
lity, temperature, and viscosity, can significantly influence not
only the physicochemical properties of the NEs but also the
photophysical properties of the encapsulated fluorophores,
leading to significant changes in the fluorescence properties
of the NEs.*®*? To date, the literature on nano-emulsions —and
more generally on emulsions- considers that the oil core of
formulated droplets conserves similar properties as the native
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oil phase. This affirmation could, indeed, be considered as a
corollary of the Bancroft’s rule.**** In general, the formulation
of emulsions is considered producing oil droplets stabilized
with a layer of stabilizers in the interfacial region. These
amphiphiles molecules are soluble in the continuous phase,
which determines the orientation of the interfacial curvature’s
concavity—directed toward the dispersed phase—and, conse-
quently, the type of emulsion. This is finally why their interac-
tions with the droplet composition are neglected.

Fluorogenic molecular rotors (FMRs) have demonstrated
their efficiency in probing viscous environments through a
correlation -power law- between fluorescence intensity, or
lifetime, and viscosity. Green-emitting, and non-charged dyes
known as 4,4-difluoro-4-bora-3a,4a-diaza-s-indacenes (BODI-
PYs) have become widely used in bioimaging. Indeed, these
rotors serve to label proteins and DNA due to their high
rotational ability and brightness.*”> This family of fluorescent
probes is also used to characterize the modification of their
solubilizing medium, as it is potentially linked to their fluores-
cence properties. However, understanding the relationship
between the physicochemical properties of the environment
in which the dyes are solubilized, the formulations, and the
resulting fluorescence efficiency remains limited. To this end,
we proposed to evaluate the relationship between the viscosity
and fluorescence of rBDP-Toco, a derivative of BOPIDY, which
is conjugated with a-tocopherol to enhance the rotor hydro-
phobicity,*® and allowing an efficient solubilization in oils (see
details on the chemical synthesis in Section 1 of ESIt). This
BODIPY rotor moiety used in this study is a golden standard
and was abundantly characterized in the literature, notably by
the group of Kuimova et al.,' and was also applied to bioimaging
in previous reports.””*® The advantage of this BODIPY rotor is
its high sensitivity toward variations of viscosity notably using
fluorescence lifetime and its low sensitivity toward other environ-
mental changes like temperature® or polarity.>® At this point, an
important remark on the use of molecular rotors should be made:
in homogeneous systems, the viscosity measured by rotors is
typically related to macroscopic measurements through a calibration
curve. However, in some cases, such as polymer solutions, this
relationship may not hold. For instance, rotors may sense only the
solvent viscosity, while macroscopic viscosity reflects the entire
system, as demonstrated in previous studies.’”> In contrast, in
homogeneous systems like those examined in the current study,
the viscosity measured by the rotor is generally well correlated with
macroscopic viscosity, as has been widely demonstrated in aqueous
media.”’

In the present study, we render the well-known molecular
rotor lipophilic by coupling it with a lipid moiety (tocopherol),
as illustrated below (Scheme 1) that presents the nano-
emulsion formulation. We have previously shown that, when
coupled to BODIPY, tocopherol drastically enhanced the BODIPY
solubility.*® This coupling does not affect the viscosity sensitivity,
nor it modifies the fluorophore structure. In addition, it is
important to note that this lipophilic BODIPY molecular rotor
is recognized to have a very weak sensitivity to solvent polarity,
as described in previous studies.>®
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rBDP-Toco Nano-emulsions
Scheme 1 (a) Structure of rBDP-Toco. The viscosity fluorescent reporter

is a BODIPY molecular rotor, the lipophilicity was enhanced by coupling
with the lipid tocopherol. (b) Principle of the nano-emulsion formulation
by spontaneous emulsification.

The first part of this study focuses on characterizing the
lipophilic molecular rotor, in order to establish the correlation
between the actual viscosity of the oily phase of pure oil
mixtures and optical properties. The second part is dedicated
to the characterization of the oil properties when in nano-
formulation by comparing the actual microviscosity with the
viscosity of the oil core. In the literature, such molecular rotors
have been used as probes in other types of applications, such as
plasma membrane viscosity> or cell viscosity.* Here, we origin-
ally focus on sensing nanoscale oil domains and investigating
the links between nano-emulsion properties and rotor response.
We highlight that there can be significant differences between
fluorescence characterization, which is commonly used in nano-
emulsion studies, and fluorescence lifetime measurements,
which primarily focus on molecular behavior without considering
concentration effects. However, the simultaneous influence of
temperature on viscosity and the photophysical behavior of fluoro-
phores is often overlooked.>® Nevertheless, temperature variations
can introduce significant offset in viscosity readouts, and vice versa.
Therefore, the final part of this study investigates the effect of
temperature on the photophysical behavior of rBDP-Toco.

To conclude, this study proposes a new approach to sense
the properties of nanoscale formulation, and potentially applic-
able to a broad range of materials, nanomaterials and multi-
scale materials in general. For this reason, it presents a high
potential in the characterization of colloids, and in the under-
standing of their behavior and composition.

2. Materials and methods
2.1. Materials

The oil phase, vitamin E acetate (VEA), was provided by Tokyo
Chemical Industry (Tokyo, Japan), castor oil from Sigma-Aldrich

This journal is © The Royal Society of Chemistry 2025
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(France), and Labrafac WL 1349 (medium chain triglycerides,
MCT) was obtained from Gattefossé (Saint-Priest, France). The
nonionic surfactant used, Kolliphor™ ELP was purchased from
BASF (Ludwigshafen, Germany). A stock solution of 4.3 mM of the
rBDP-Toco dye in dioxane was prepared beforehand (structure of
rBDP-Toco is reported in Scheme 1(a)). Milli-Q water was obtained
from a Millipore filtration system and used in all experiments.
All chemicals were of analytical grade. rBDP-Toco was synthesized,
the protocols and characterizations can be found in the ESL¥

2.2. Methods

2.2.1. Preparation of the oils mixture. In order to prepare
oils possessing increasing viscosities, highly viscous oils (VEA
and castor oil) were mixed at various ratios with lower viscosity
MCT, thus we prepared: (i) MCT/castor oil and (ii) MCT/VEA.
The oil mixture was homogenized at 80 °C in a thermomixer
(Eppendorf) for 5 minutes, and then vortexed for 5 minutes.
The different oil ratios were gradually modified, as described in
the Section 3.1 below, with a ratio of the more viscous oil
varying from 0 wt% wt to 100 wt%.

2.2.2. Rheological characterization. Rheology was per-
formed on a HAAKE MARS 40 Rheometer (Thermo Scientific)
using geometries of 35 mm diameter parallel plates with a gap
of 0.1 mm. The volume of the oil sample (0.1 mL) was added
to the plate geometry, and the temperature was set at 20 °C.
The rotational rheometer was in controlled rate mode for which
a shear rate (7) was applied and shear stress measured. The
applied range of shear rate y was from 0.1 to 1000 s~ *. All the
measurements were performed in triplicate.

2.2.3. Absorption and fluorescence spectra. Absorbance
and fluorescence spectra of oil mixtures were performed with
a Thermo Scientific™ Varioskan™ LUX multimode microplate
reader. The absorption spectra were scanned from 300 to
700 nm, while the emission spectra were recorded from 478
to 700 nm with an excitation wavelength of 460 nm. The sample
prepared for analysis was a mixture of 4.6 puL of the rBDP-Toco
dye (of stock solution at 4.3 mM in dioxane) and 1995.4 pL of
oil. Then, 150 uL of the prepared sample was analyzed. Trans-
parent microplates were used for absorbance spectra analysis
and black microplates for fluorescence analysis. Fluorescence
intensities of nano-emulsions were measured according to the
same methodology, and, in order to compare their values,
fluorescence intensity (FI) is normalized with oil amount as
reference (as oil amounts can vary between the different formu-
lations and pure oil mixtures). All the measurements were
performed in triplicate.

2.2.4. Fluorescence lifetime measurements. Time-resolved
fluorescence measurements were performed with the time-
correlated single-photon counting technique with excitation
at 500 nm (supercontinuum laser NKT Photonics SuperK
Extreme with 10 MHz repetition rate). Samples are set up in a
classic quartz 1 mL cuvette. The fluorescence signal was collected
at 515 nm using a polarizer set at magic angle and a 16 mm band-
pass monochromator (Jobin Yvon). The single-photon events
were detected with a micro-channel plate photomultiplier
R3809U Hamamatsu, coupled with a pulse preamplifier HFAC

This journal is © The Royal Society of Chemistry 2025
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(Becker-Hickl GmbH) and recorded on a time-correlated single
photon counting board SPC-130 (Becker-Hickl GmbH). Time-
resolved exponential decays were fitted by using an exponential
function convolved with a normalized Gaussian curve of stan-
dard deviation ¢ standing for the temporal instrument
response function (IRF) and a Heavyside function. The fitting
function was built in Igor Pro (Wavemetrics). All emission
decays were fitted using a weighting that corresponds to the
standard deviation of the photon number squared root.
The lifetimes were measured for the pure oil mixtures (castor
0il/MCT and VEA/MCT mixtures) with different viscosities to
establish the calibration of the molecular rotors with actual
macroscopic viscosity obtained with the oscillatory rheometer.

2.2.5. Formulation of nano-emulsions. Nano-emulsions
(NEs) were formulated by the spontaneous emulsification
method. As illustrated in Scheme 1(b), the first phase of {oil +
nonionic surfactants} is heated and homogenized, and then
suddenly mixed with aqueous phase (MilliQ water) at 80 °C.
As a result, the oil phase is broken up and generates oil-in-water
nano-emulsion droplets.>® Loading such nano-emulsion with a
dye only consists in solubilizing the probe in the oil phase and
follow the same formulation process, without impact on the
droplet’s properties. The proportions with the nonionic surfac-
tant Kolliphor ELP™ were defined as surfactant-to-oil weight
ratio (SOR), defined as SOR = 100 X Wgyrfactant/(Wsurfactant +
Woi),>” where w is the weight of the different compounds,
varied from 50% to 70%. The amount of water phase is added
to achieve 80 wt% water in the final suspension. It is worth
noting that the nano-emulsion formulation process by sponta-
neous emulsification is a robust process, unaffected by slight
modifications in the oil composition or by the solubilization of
compounds in the oil (to a certain extent).*® Thus, the formula-
tion of nano-emulsions with and without rBDP-Toco at 4.3 mM
does not affect the formulation process and droplet size.

2.2.6. Characterizing nanodroplet size distribution. The
droplet size distribution, mean apparent hydrodynamic dia-
meter, and polydispersity indexes (PDIs) were determined by
dynamic light scattering (DLS)*® using Malvern® Nano ZS
instrument (Malvern, Orsay, France). The nano-emulsion
samples were diluted 10 times in distilled water. Size distribu-
tion and PDI were recorded at a temperature of 25 °C. All the
measurements were performed in triplicate.

2.2.7. Statistical analysis. All quantitative data are expressed
as mean values plus or minus the standard deviation calculated
from three independent experiments.

3. Results and discussion

3.1. Rheological characterization

Dynamic viscosities () are represented against shear rate j, and
report in ESIT (Fig. S1) for the different oil mixtures. Viscosity 7
shows a gradual decrease and plateau stabilization, which is
actually a phenomenon known for lower values of shear rates
with lower intermolecular interactions,’ and stabilize at higher
values of shear rates to a Newtonian behavior. It is worth noting

Soft Matter, 2025, 21,1212-1224 | 1215
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Fig. 1 Dynamic viscosities of oil mixtures. VEA or castor oil concentration
(%) mixed with MCT.

that measuring the zero-shear viscosity using a plate-plate
geometry is challenging due to limitations at low shear rates.
Utilizing viscosity values from the Newtonian plateau observed
at higher shear rates provides a viable alternative. We propose
retaining the values from the Newtonian-like region, keeping in
mind that we do not measure the zero-shear viscosity with the
rheometer. Therefore, our objective is to present a correlation
between this macroscopic behavior and the zero-shear results
obtained from molecular rotor measurements in order to
characterize the rBDP-Toco properties. Accordingly, we collect
the values of stabilized viscosities in the plateau region (..),
which are reported in Fig. 1, for the two oil mixtures. The
number of measurements was adapted to the oil mixtures, with
a higher number for VEA/MCT mixture since the curve under-
went a higher variation in the 80-100% range.

For pure MCT, 7, tends to (24.0 & 0.1) mPa s, and the two
curves are superimposed up to about 60%, then show a drastic
separation that allows a significant difference in the properties
of the two oil mixtures.

3.2. Fluorescence characterization of rBDP-Toco

The molecular rotor rBDP-Toco is dissolved in the different oil
mixtures, and its fluorescence properties are subsequently
characterized (see the spectral characterization in ESL} Section 3).
Once excited at 460 nm, FI are measured as the maximum intensity
of the peak at 512 nm, and their values are reported in Fig. 2(a) in
function of the oil composition (oil ratio of VAE and castor oil in
MCT), and in Fig. 2(b) as a function of their viscosities obtained
from Fig. 1.

Fig. 2(a) shows first the correlation between FI of rBDP-
Toco, with the viscosity of its solubilizing medium. As the
viscosity of the medium increases, the fluorescence intensity
of the fluorogenic molecular rotor increases. This can be
explained by the restriction of intramolecular rotation
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Fig. 2 Fluorescence intensity (lex = 460 NM, Aem = 512 Nm) of rBDP-Toco
dissolved in different oil mixtures, represented (a) against VEA or castor oil
concentration (%) mixed with MCT, and (b) against the corresponding
viscosities of these oil mixtures (obtained from Fig. 1).

commonly observed in fluorophores with the structure of
molecular rotors, a phenomenon known as ‘“motion-induced
change in emission”.

On the other hand, Fig. 2(a) compared oil mixtures with
different viscosities and reveals very similar FI values ~-whereas
clear difference has been expected. When FI values are trans-
posed in function of 5., in Fig. 2(b), two distinct curves are
shown, described by power laws. It follows therefore that rBDP-
Toco has a clear response to a viscosity rise, but the efficiency of
this response depends on the nature of oil.

This journal is © The Royal Society of Chemistry 2025
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These first results emphasize significantly different fluores-
cent behavior of rBDP-Toco in function of its solubilization
medium, and thus the limitation of this approach to be
considered as a universal viscosity probe. This result is likely
due to the slightly different efficiency of these oils to solubilize
such a molecular rotor, which can result in slight differences in
the actual dye concentrations in oil.

Consequently, fluorescence lifetimes (t) were measured for
all these samples. The main difference from the simple fluores-
cence intensity is that lifetime measurement is not sensitive to
concentration or related solubility issues. Results are reported
in Fig. 3, and as opposed to those of FI, the fluorescence
lifetime appears independent of the oil’s composition and the
two oil mixtures show results that can be superimposed.

This result is important and shows the potential of such
molecular rotors as viscosity probe independently to the nature
of the oil. When fluorescence characterization is classically
associated with the measurements of FI, thus we can consider
7 here as the reference. However, comparing lifetime and FI
remains interesting to refine the characterization of the probe
in its solubilizing medium: in the present case, rBDP-Toco
appears more soluble in MCT/castor oil mixtures compared to
MCT/VEA ones. This behavior is generally modeled with the
Forster-Hoffmann power law,®°

T=Cx ()"

where C is a constant and x represents the sensitivity of the
molecular rotor towards viscosity. The fit gives C = 3.96 and
x = 0.20 provided that shear stress is expressed in Pa and
viscosity is expressed in Pa s. This model can be pheno-
menologically justified by considering a theory based on the
concept of free volume.**
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Fig. 3 Fluorescence lifetime (Aex = 460 NM, Zem = 512 nm) of rBDP-Toco
dissolved in different oil mixtures, represented against viscosities of oil
mixtures of VEA or castor oil concentration (%) mixed with MCT.
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A complementary set of experiments was undertaken, to
investigate the effect of temperature on the behavior of rBDP-
Toco dye, and reported in ESIt as Fig. S2. Viscosity and t were
measured for VEA/mixture over a temperature range from 20 °C
to 55 °C, (Fig. S2(a) and (b), ESIt) for representative ratio (VEA
ratio from 75% to 100%) and represented together (Fig. S2(c),
ESIt). This analysis showed that the lifetime recorded at the
same temperature did not overlap, and as well, were not
superimposing with the master curve at 20 °C. As the calibra-
tion curve fit represents a generalized behavior derived from
various calibration curves and systems with differing composi-
tions, we refer to it as the “master curve” in this discussion.

This finding suggests that the behavior of the molecular
rotor is strongly dependent on the temperature and does not
allow comparing different compositions at different tempera-
tures. Fig. S2(c) (ESIT) confirms that changing the study tem-
perature would alter the master curve, the complex interplay
between these factors, and emphasizes the importance of
considering both viscosity and temperature effects in studying
such systems. In summary, it appears that, at a given tempera-
ture, molecular rotors are accurate viscosity sensors, for differ-
ent types of lipophilic phases, and can even reveal slight
variations in their composition. Changing the temperature
affects viscosity and the dye microenvironment properties.
Since the lifetime-viscosity calibration curve varies with tem-
perature, a new calibration is required for each temperature.
This highlights that molecular rotor-based viscosity measure-
ments are reliable only at a constant temperature.

3.3. Measuring the microviscosity in nano-emulsions

3.3.1. Effect of oil type on the size distribution of nano-
emulsions. In order to understand the properties of nano-
emulsions and the impact of the nanoscale formulation on
the oil core of the droplets, we formulated the aforementioned
different oil mixtures as nano-emulsions. The properties of
nano-emulsions —i.e. size and dispersity- formulated by spon-
taneous method depend on the nature of the oil and the
amount of surfactant used. The nano-droplet size decreases
as the surfactant amount increases.’” Nano-emulsification
occurs in a specific condition when oil, surfactant and water
are mixed together, as widely described.””

The efficiency of the spontaneous emulsification process
depends on the relative affinities of the surfactants, with oil,
and water, and thus slightly differs when using different oils. In
this study, we have selected three different surfactant amounts
(SOR = 50%, 60% and 70%) and monitored the size and
polydispersity for the two oil mixtures (castor oil/MCT and
VEA/MCT). The results are reported in Fig. 4 and emphasize
the respective effects of the different oils in the droplet’s size.

Representative size distributions are reported in the ESIf}
section, Fig. S3. The most efficient process (i.e., the process that
gives the smaller droplets) arises when using VEA, giving sizes
below 50 nm. Then, MCT and castor oil gives droplets sizes
around 100 nm and 130 nm, respectively (Fig. 4(a) and (b)). The
PDI values (Fig. 4(c) and (d)) are below 0.3, and show a good
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Fig. 4 Nano-emulsion characterization. Apparent hydrodynamic diameter (a) and (b), and corresponding PDI (c) and (d), for the different oil mixtures, for

three surfactant amounts.

monodispersity of the droplet population and validate the size
results.

These variations are due to the difference between surfac-
tant affinities for these various oils, which could modify the
mobility of surfactants and water in the {oil + surfactant} phase.
This results in the spinodal decomposition of the oil phase,
which turns into nano-droplets.”” This behavior was also
reported with change in the oil composition or oil chemical
structures.®®*"% Interestingly, despite variations in the viscos-
ities of these oils, no clear correlation between viscosity and the
results depicted in Fig. 4 is apparent. Even, there is no correla-
tion between viscosity and droplet size: the more viscous oil
VEA gives smallest sizes, while the MCT showing the lowest
viscosity gives droplets sizes between VEA and castor oil.
Previous research has provided conflicting findings regarding
the influence of oil phase properties on the formation of nano-
emulsions (NEs) via spontaneous emulsification. Our observa-
tion reveals the absence of correlation between particle size
and physicochemical properties. Instead, particle size appears
to be correlated only with the chemical structure of the oils,
where the oil with the lower molecular weight (VEA) produces
smaller sizes. Thus, the physicochemical mechanisms under-
lying droplet size formation during spontaneous emulsification
remain unclear, highlighting the need for further fundamental

1218 | Soft Matter, 2025, 21, 1212-1224

research in this field.®® In addition, the size gradually changes
along the composition of the oil mixtures, as seen in Fig. 4(a)
and (b). We can note the regular monodispersity along the
different formulations, with PDI generally below 0.3. This result
demonstrates that altering the oil composition leads to varia-
tions in the efficiency of the spontaneous emulsification pro-
cess, resulting in differences in the size of the nano-emulsion
droplets. The relationship between droplet size and the nature
of the oil has been documented in the literature® and is
attributed to the varying affinities of the surfactant for different
oils. In this study, we examine the transition between these
two compositions. Notably, this transition is not necessarily
gradual (e.g., Fig. 4(a)), suggesting that one of the oils, castor
oil, dominates the other, leading to a plateau.

3.3.2. Microviscosity measurements in nano-emulsions.
Hereafter we compare the viscosities of oil mixtures in cuvettes,
with the microviscosity of the nano-emulsion droplets’ core.
Thus, nano-emulsions encapsulating rBDP-Toco were formu-
lated, with different viscosities —according to the two oil mix-
tures at different ratios. In this part, our objective was to
measure the microviscosity of oil when incorporated into
nano-emulsions and to compare it to one of the pure oils or
oil mixtures used for their formulation—determining whether
the nano-formulation modifies its value. The fluorescence

This journal is © The Royal Society of Chemistry 2025
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lifetime was chosen to avoid solubility and concentration issues
(as compared to fluorescence intensity values). To this end,
values of fluorescence lifetime were compared to the master
curve established above in Fig. 3, which is reported in Fig. 5,
where two different surfactant amounts -and size ranges- are
compared. Fig. 5(a) shows larger nano-emulsions (made with
the lower surfactant amount, SOR = 50%) and Fig. 5(b)
shows smaller nano-emulsions (made with the higher surfac-
tant amount, SOR = 70%). It is noteworthy that we assume

® Nano-emulsions Castor oil / MCT, SOR = 50%
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Fig. 5 1 of nano-emulsions made with different oil mixtures (detailed in
the legend), as a function of the viscosities (1.,) of the corresponding
oil mixtures composing their core (from Fig. 1). (a) SOR = 50% and
(b) SOR = 70%.
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rBDP-Toco is fully localized in the droplet core and not parti-
tioned between the core and the interface. Although we cannot
determine its exact location, such a configuration would likely
result in changes in optical properties, leading to multiple
fluorescence peaks and/or different values of the fluorescence
lifetime, which are not observed. Furthermore, it seems unli-
kely that rBDP-Toco exhibits significant amphiphilic properties
capable of adsorbing at the interface in competition with the
nonionic surfactant used in the formulation.

Two behaviors are revealed: (i) the exact superimposition of
the experimental point and the master curve for SOR 50%
nano-emulsions, and (ii) the slight shifting between the two
curves for SOR 70% nano-emulsions. In case (i) we can deduce
an exact correspondence between the viscosities of pure oil and
oil in the core of the nano-droplets, whereas, in the case (ii), the
slight shift is due to a difference between their viscosities
possibly linked to the modification of the composition of the
dye environment (as discussed below). It is worth noting that
droplet size does not affect the optical properties of the
molecular rotor. Fig. 4 shows that an increase in castor oil
leads to larger droplet sizes, whereas higher VAE concentra-
tions result in smaller droplet sizes. In contrast, Fig. 5 indicates
that the observed effects are independent of droplet size and
are instead solely influenced by viscosity.

3.3.3. Quantifying the impact of surfactants on the micro-
viscosity in nano-emulsions. In order to investigate in detail
this difference, Fig. 6 reports the comparison of the microvisc-
osities of nano-emulsion droplets denoted by #,p, (and calcu-
lated from the master curve with 1), with the ones of pure oils
(). This comparison appears linear, with the slope s, giving
an idea of the real microviscosity of the oil within the nano-
droplets, which appears to be decreased compared to pure oil
mixtures.

In the case of castor oil/MCT mixtures (Fig. 6(a)), nano-
emulsion droplet’s core shows a microviscosity very similar
whatever the SOR value, with a slope s = 0.88. It follows
therefrom that nano-formulation would have a microviscosity
of around 90% of the one of the oil mixture, and this difference
would be the direct consequence of its intrinsic composition,
including a part of the surfactants remaining mixed with oil in
the droplets’ core. Indicated by the arrow in the figure, nano-
emulsions formulated with pure castor oil were remarkably
deviated from the general trend, suggesting a viscosity reduced
compared to the one of pure oil expected.

As regards the VEA/MCT mixture, a clear difference between
the two types of nano-emulsions was revealed, with a slope
$=0.93 for SOR = 50% that reaches a value of s = 0.35 for SOR =
70%. This result signifies that increasing the surfactant
amount results in a significant drop in the droplets’ core
microviscosity of around 35% of the initial value of pure oil
mixture -and whatever the ratio of VEA/MCT. This decrease
occurs in specific conditions, particularly when using VEA and
large surfactant amounts. Therefore, it can be explained by
the presence of nonionic surfactants in the oil core of the
droplets, which impacts its composition, size and viscosity.
This result pertains to a specific case of SOR = 70%, involving
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(SOR = 50% and 70%), and for two different compositions of oil mixtures:
castor oil/MCT (a), and VEA/MCT (b). Linear extrapolation and related
slopes (s) are indicated in the figures (excluding nano-emulsions formu-
lated with pure castor (arrow in (a))).

nano-emulsions formulated with VEA/MCT. In this scenario,
the apparent microviscosity (#app) of the nano-emulsion is
significantly lower than that of the pure oil mixture. We
hypothesize that this difference is due to a modification of
the oil composition caused by the surfactants.

Notably, these results do not seem to be correlated with the
changes in droplet size shown in Fig. 4. For example, at SOR =
50%, nano-emulsions formulated with VEA/MCT mixtures
experienced a significant reduction in droplet size, yet. 7
remains comparable to the behavior observed in the cuvette.
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When SOR = 50%, the surfactant amount is not sufficient to
impact the core properties, which appears similar to the
corresponding oil phase —around 93% of the native viscosity
—-and when SOR = 70% it appears significant enough to impact
the oil composition. In contrast, this phenomenon is not
observed with the castor oil/MCT mixture, even at the highest
surfactant concentration. In this case, it can be assumed that
the surfactant is not solubilized within the droplets’ core.
Specifically, for SOR = 70%, nano-emulsions prepared with
castor oil/MCT exhibit an apparent microviscosity #,,, compar-
able to the viscosity of the corresponding pure oil mixture. This
suggests that the oil composition in the nano-emulsions and in
bulk remains similar.

One possible explanation is a change in the composition of
the oil droplets due to the integration of surfactants into the oil
core of the nano-emulsion droplets. Since this difference is
observed when comparing castor oil and VEA, it can be con-
cluded that it depends on the nature of the oil and, conse-
quently, on the affinity between the oil and the surfactant.

In order to investigate the role of nonionic surfactants in the
change in the viscosity, and to understand the limits of our
hypothesis, we selected the limit case of pure VEA, and we
measured fluorescence lifetime of rBDP-Toco in mixtures of
VEA with different amounts of nonionic surfactants. In this
experiment, we only focused on VEA/surfactant mixtures with-
out water. The results are reported in Fig. 7, presenting the
viscosity 1., as a function of the composition (Fig. 7(a)) and t
plotted against the viscosity 1, (Fig. 7(b)).

The first important result (in Fig. 7(a)) is a significant
decrease of 1., when adding surfactants. That would corrobo-
rate the trend observed in Fig. 6 with nano-emulsions (VEA,
SOR = 70%), and our hypothesis to attribute the decrease of
lifetime to the viscosity decrease induced by the modification of
the droplet composition. However, in Fig. 7(b), the correlation
between fluorescence lifetime and viscosity appears not to
follow the master curve established with the oil phases, but
another behavior resulting from the presence of nonionic
surfactants. Fluorescence lifetime decreases much faster com-
pared to the master curve.

In contrast with the former experiment with simple oil
mixtures, the surfactant/oil mixture is a fundamentally differ-
ent system, and this experiment was, indeed, conducted to
verify our assumption regarding the change of viscosity
induced by a potential integration of surfactants in the oil core
of emulsion. Nevertheless, in the case of nano-emulsions made
with VEA as oil, and for SOR = 70% (see Fig. 5(b) above), © =
(4.4 £ 0.2) ns. In that case, considering our hypothesis -that the
decrease of the fluorescence lifetime can be due to integration
of surfactants in oil ~the viscosity of the nano-emulsions 75
can be evaluated from fitting exponential function (Fig. 7(b)) as

N
=K + K, ~e(K3>

in which K; = 2.19 ns, K; = 0.25 ns and K; = 1.79 Pa s are
fitting constants. Finally, giving 75" = 3.89 Pa s. From the

This journal is © The Royal Society of Chemistry 2025
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extrapolation of the results given in Fig. 7(a),

([VEA])
Moo = Ko+ Ks-e\

in which K, = —0.79 Pa s, K5 = 1.21 Pa s and K¢ = 0.014% are
fitting constants. This result gives the composition of 91.8% of
VEA and 8.2% of Kolliphor ELP, in the nano-emulsion core.
Considering the SOR of 70% in the composition of the nano-
emulsion, one can note that such a proportion seems never-
theless low, with a significant impact on the viscosity. It is
possible that the presence of surfactants brings water mole-
cules. However, as discussed above, these lipophilic molecular
rotors are not sensitive to the polarity of their solubilizing
medium, and a modification of their solubility does not affect
the value of the fluorescence lifetime. Therefore, we should not
see the impact of water on the measurement of viscosity. It
is worth noting that, although rotors are not sensitive to
the polarity, it is possible that viscosity is not the sole para-
meter influencing their behavior. When used in mixtures of
different types, rotors may also exhibit a slight sensitivity to the
chemical nature of the components, in addition to the effect of
viscosity.

To summarize, molecular rotors allow measuring the micro-
viscosities in the nano-emulsion droplets cores -when calibra-
tion is done in a similar environment- and can reveal changes
due to a modification of their composition. For very high
surfactant concentrations, amphiphilic molecules can be incor-
porated in the oil core and impact on the photophysical
properties of the BODIPY rotor. Therefore, the lifetime/viscosity
calibration should be carefully adapted to this specific system.
It also shows that the nonionic surfactant used in the formula-
tion has a better and specific affinity for VEA compared to MCT

This journal is © The Royal Society of Chemistry 2025

and castor oil. Interestingly, this result highlights the strong
correlation between the oil/surfactant affinity and the efficiency
of the nano-emulsification process; as the droplet’s size in
function of the composition (Fig. 4) is much more efficient
with using VEA.

In this first series of experiments, the master curve showed a
correlation between the 7 and oil viscosities —regardless of the
composition of oil. On the other hand, fluorescence intensities
were comparable between the two different oil mixtures —castor
0il/MCT and VEA/MCT. Therefore, the results of fluorescence
lifetime and fluorescence intensities are significantly different.
In general, this difference is attributed to the difference in
solubilities of the rotor rBDP-Toco in the oil phase, which
exclude the use of FI as a criterion to assess the values of
viscosity. Nevertheless, as the composition of oil is also chan-
ged with the nano-emulsion formulations, it remains interest-
ing to study the values of FI of nano-emulsion droplets,
compared to pure oils. These results are reported in Fig. 8,
comparing the two oil mixtures.

In the same way as the results of Fig. 2(b), in which the FI of
two oil blends were compared, those of the nano-emulsion
formulations appear very similar, even though the viscosity
ranges are significantly different. The main remarkable obser-
vation lies in the fact that nano-emulsions present a higher
brightness when oil is formulated compared to pure oil.
In addition, FI increases when SOR increases, one can see the
FI increases when the viscosity increases, but also that both
(i) the nano-emulsification and (ii) the size of the droplets, have
a significant impact on the fluorescence intensity. The correla-
tion between FI and size could be due to the slight modification
of the oil composition when the presence of surfactants is
gradually increased in the nano-emulsion oil core. It confirms

Soft Matter, 2025, 21,1212-1224 | 1221


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm01234h

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 13 January 2025. Downloaded on 10/27/2025 7:44:05 PM.

(cc)

Soft Matter

(@)

_ 1000 -
; [ 3
3 IR i
; =} i %i § f °
Q { i .
15 i &
£ °
0]
(8] °
3
% o ® SOR=50%
5 ® SOR=60%
5 ® SOR=70%
E ® Castor oil/ MCT
100 a1 a1l i a a1l PR 1
0.01 0.1 1 10
(b) n(Pa.s)
o8 8
1000 | I ) §i§
— ]
5 ! : .
© ] [ ] °
~ ] ! o
> $ 2
g} i "
_9 °
£ °
[0)
o o
@
2 . ® SOR=50%
10} ® SOR=60%
° e SOR=70%
2 ® VEA/MCT
o
100 il sl e —
0.01 0.1 1 10
n(Pa.s)

Fig. 8 Fl of oil mixtures and their respective nano-emulsions formula-
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was compared to each other and compared with pure oil mixture.
FI intensity was normalized to the oil amounts in the formulations.

that fluorescent lifetime measurements are much more adapted
in our case to measure viscosity with molecular rotors.
We hypothesize that this result is directly related to the impact
of dye solubility, increased by surfactants when oil is formu-
lated as in the form of nano-emulsions. As a result, FI is
drastically increased.

4. Conclusion

In this study, we synthesized a lipophilic fluorescent viscosity
probe based on BODIPY, namely rBDP-Toco, through the
coupling of a well-established molecular rotor with tocopherol.
rBDP-Toco was then used to sense the viscosity of the oil core in
nano-formulations such as nano-emulsions.
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To date, microviscosity in colloidal systems is mostly measured
using nanoparticles tracking, and monitoring —for instance- their
magnetic properties,'® or tracking their mobility."”” These
approaches are powerful, but are limited by the size of these
nanoparticles. On the other hand, molecular rotors are known
to be efficient as sensors of microenvironments, and particu-
larly lipophilic BODIPY rotors are recognized as viscosity sensor
with a weak sensitivity to polarity."**>°

We showed this experimental approach is efficient to sense
the viscosity of lipid nano-dispersion like nano-emulsion, and
can also reveal specific modifications of the droplet composi-
tion, like evidence of integration of surfactants in the composi-
tion of the oil core. The comprehensive optical calibration in oil
mixtures with different viscosities was assessed and gave the
correlation between the fluorescence intensity, the fluorescence
lifetime, and the dynamic viscosity. It allows showing a uni-
versal behavior between viscosity and fluorescent lifetime,
at constant temperature regardless of the composition of
the oil phase. This calibration was then applied to different
types of nano-emulsions encapsulating rBDP-Toco. Thus, our
main result lies in the possibility to sense the microviscosity
of the nano-droplets’ oil core, independently of their size
and composition. In comparison with literature, mainly
devoted to the use of molecular rotors for very specific
targets and generally hydrophilic domains,”*™"®> here we
propose a calibration in lipid medium, and an original applica-
tion to sense the properties of lipid nano-domains. This
approach could also be applied to generate nano-emulsions
with specific microviscosity by measuring and adjusting it at a
macroscopic scale (through the choice of oil and SOR), and
subsequently verifying the droplets’ core viscosity after
formulation.

This approach allows disclosing slight variation of the oil
viscosities, likely due to the presence of nonionic surfactants
that remain solubilized in the oil core. A deeper characteriza-
tion of the oil/surfactant mixture revealed the potential of this
approach to understand the composition of the nano-droplets.
An extension of these findings could involve utilizing a series of
molecular rotors to map the observed variations in viscosity
within a given lipophilic medium, as monitored through
fluorescence lifetime imaging microscopy (FLIM). In this work,
we present evidence supporting the concept of viscosity sensing
inside droplets at the nanometric scale and demonstrate that
slight modifications in the observed viscosities can reveal
notable differences in the interactions between the compounds
used in the formulation.
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