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A B S T R A C T   

This study focuses on the use of oleic acid to disperse thymol as nanodroplets, stabilized by a mixture of 
alkylpolyglucoside and lecithin, in an aqueous environment. This approach aims to develop innovative platforms 
for the encapsulation and release of poorly water-soluble molecules such as thymol, useful for drug delivery and 
insecticide systems. The results highlight the critical role of controlling the content and concentration of the oil 
phase (thymol-oleic acid mixture) in achieving optimal thymol dispersion and nanodispersion stability. The 
interplay between the ability of oleic acid to inhibit thymol crystallization and the maximum dispersible oil 
amount is crucial. It affects the dispersion of thymol within the nanodroplets and influences coalescence and 
Ostwald ripening phenomena. The balance between oleic acid and thymol content is key: while oleic acid 
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stabilizes dispersions, higher thymol content increases droplet size, potentially triggering destabilization. The 
uneven distribution of thymol within the droplets, revealed by fluorescence spectroscopy, suggests that up to 
three different chemical environments exist. This investigation may pave the way for the development of efficient 
platforms to improve access to biologically relevant, poorly soluble molecules.   

1. Introduction 

The encapsulation of various active ingredients of hydrophobic na
ture in oil nanodroplets has gained significant attention due to the 
unique physicochemical properties of this type of systems. This method 
provides protection and stability to the encapsulated molecules, and 
sometimes the possibility of a controlled and targeted release of active 
molecules [1]. This makes it possible to increase the bioavailability of 
poorly soluble ingredients, improve their distribution, and protect them 
from physicochemical processes and/or agents that could lead to their 
degradation Furthermore, this increases the shelf life of highly labile 
compounds [2]. 

Essential oils and their individual components encompass a wide 
range of biological activities, e.g., antioxidant, anti-inflammatory, 
antimicrobial, antifungal, or insecticidal, that have fueled their histor
ical use as food preservatives and medicinal agents for centuries [3,4]. In 
addition, interest in this type of molecules has grown in recent years due 
to their potential applications in various industries, including cosmetics, 
food, and pharmaceuticals [2,5]. However, the development of the ap
plications of this type of molecules requires preserving their chemical 
and biological properties for a relatively long time. In fact, the appli
cation of essential oils and their individual components can be limited 
due to their chemical and biological instability, strong aroma, high 
volatility, and risk of degradation upon exposure to heat, humidity, 
light, or oxygen [6,7]. Therefore, seeking for strategies to prevent the 
degradation of the active molecules is a key challenge for exploiting 
their physico-chemical properties industrially. 

Encapsulation of essential oils and their individual component is a 
promising alternative to increase the potential uses and efficacy of 
essential oils in food preservation, pharmaceuticals, and other industries 
[8,9]. To date, there is a wide range of methods available for encapsu
lating essential oils and their individual components [10–14]. Among 
these encapsulation approaches, their encapsulation as oily nano
droplets dispersed in water to form nano- or microemulsions has gained 
importance in recent years. This approach provides a suitable environ
ment to ensure good dispersion of the hydrophobic molecules in the 
aqueous environment and protects them from degradation and oxida
tion, thus avoiding deterioration of the active molecules and improving 
their stability during storage and transport [2,15–17]. 

This work explores the potential application of nanodroplets of oleic 
acid, stabilized by a mixture of two surfactants (an alkylpolyglucoside 
and soybean lecithin), as carriers for thymol. Thymol is a natural 
monoterpenoid phenol derivative of p-cymene found in the oil of thyme, 
presenting a pleasant aromatic odor and strong antiseptic properties 
[18,19]. However, the exploitation of their biological properties is not 
always easy because of their limited solubility in water. In fact, thymol is 
a white crystalline hydrophobic solid (melting point around 50ºC) [20], 
and its dispersion within the interior of oleic acid nanodroplets can 
contribute to increase its apparent solubility in water. This may allow for 
higher concentrations of thymol to be delivered, potentially leading to 
enhanced bioactivity [21–23]. Moreover, the use of soybean lecithin and 
oleic acid in the preparation of the dispersions can contribute to facili
tate the penetration of the encapsulated active ingredients through 
biological membranes, which can be very interesting in the potential 
application of this type of colloidal dispersions in drug delivery, food 
industry, or cosmetics [24,25]. However, while lecithin offers signifi
cant advantages for the internalization of drug-loaded nanodroplets in 
human contact applications, its inherent ability to stabilize emulsions 
when used alone is somewhat limited. Consequently, the combination of 

lecithin with other surfactants may become an effective strategy to 
harness the favorable biological properties of lecithin in formulation 
[26]. To improve stability and optimize performance, an alkylpolyglu
coside was chosen to complement lecithin due to its favorable pene
tration ability and low toxicity profile. This combination not only 
addresses the stabilization challenges associated with lecithin alone, but 
also capitalizes on the desirable properties of both components for an 
improved and well-balanced formulation [27]. 

2. Materials and methods 

2.1. Chemicals 

Oleic acid of >99% purity was purchased from Sigma-Aldrich (St. 
Louis, MO, USA) and used as the carrier oil for dispersion preparation. 
Thymol (at least 98.5% purity, 2-isopropyl-5-methylphenol) was also 
purchased from Sigma-Aldrich (St. Louis, MO, USA). Nanodroplet sta
bilization in aqueous medium was achieved using mixtures of two 
different surfactants. These mixtures consisted of different weight frac
tions of alkylpolyglucoside (APG), marketed as Oramix GC-110 (a 50:50 
molar combination of caprylyl glucoside and capryl glucoside), supplied 
by Safic-Alcan (Barcelona, Spain), and soybean lecithin (SL, 2-linoleoyl- 
1-palmitoyl-sn-glycero-3-phosphocholine) of >90% purity, obtained 
from Alfa Aesar (Haverhill, KS, USA). 

For dispersion preparation, ultrapure deionized water (Milli-Q 
quality), with resistivity >18 MΩ•cm, and a total organic content of 
<6 ppm, was obtained using the AquaMAX™-Ultra 370 Series multi- 
cartridge purification system from Young Lin Instrument Co., Ltd. 
(Gyeonggi-do, South Korea). 

2.2. Nanodroplet dispersion preparation 

Three series of emulsions were prepared in which the total compo
sition of the surfactant mixture (APG:SL) used to stabilize the nano
droplets was fixed at 30% of the total mass of the dispersion and the 
APG:SL ratio was set at 8:1. The choice of this composition was made 
following the work by Fernández-Peña et al. [28] who showed that at 
this composition stable dispersions of oleic acid in water could be ob
tained with the surfactant mixture used. Furthermore, this composition 
is far from the phase separation boundaries, suggesting that the solu
bilization of a hydrophobic substance within the oleic acid nanodroplets 
would not destabilize the dispersions. The variation among the series 
studied was the percentage of the oil phase consisting of oleic acid and 
the dispersed molecule (thymol). This resulted in an oily phase weight 
fraction varying between 0.03 and 0.05 of the total mass of the disper
sion. As a result, the weight percentage of the liquid phase remained 
constant at 70% of the dispersion mass in all the cases studied, allowing 
the study of the effect of the variation of the oil/water ratio on the 
stability of the emulsions and the efficiency of the thymol distribution in 
the nanodroplets. 

The dispersions were prepared by weighing (which allows one to 
express the dispersion composition in weight fraction of the different 
components) in tubular vials, following a specific order of component 
addition. First, the appropriate amount of oleic acid was added, followed 
by the required amount of thymol since these two components form the 
oily phase and prior solubilization of the active ingredient in this phase 
is necessary. The required amount of APG was then added, followed by 
that of lecithin. To ensure perfect solubilization of the lecithin, the 
mixture was vortexed for 30 seconds before the addition of Milli-Q 
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water. To ensure proper lecithin solubilization and to obtain a homo
geneous mixture, the samples were mechanically stirred with a magnetic 
stirrer (1200 rpm) at a temperature of 50ºC. Once the homogeneity of 
the dispersions was assured, they were allowed to cool and stabilize for 
24 hours before classification and characterization. All tests were per
formed at 25.0 ± 0.1ºC. 

2.3. Experimental techniques 

The average size of the oil nanodroplets dispersed in water was 
evaluated in terms of the apparent hydrodynamic radius, Rapp

H , obtained 
by dynamic light scattering (DLS). For these experiments, a Zetasizer 
Nano ZS (Malvern Instrument Ltd., Malvern UK) equipped with a He-Ne 
laser (wavelength 632 nm) and operating in a quasi-backscattering 
configuration (scattering angle 173º) was used. Prior to the measure
ments, the samples were filtered through an inert filter with a pore size 
of 0.45 μm (Fisher Scientific (Hampton, NH, USA), and introduced into 
an optical quartz cuvette (Hellma GmbH und Co. KG, Müllheim, Ger
many). The data were analyzed using the CONTIN method. Further 
details on DLS experiments can be found in previous publications 
[28–30]. 

Conductivity measurements of the microemulsions were performed 
with a Methrom 856 conductimeter (Methrom AG, Herisau, 
Switzerland) using a 5-ring platinum conductivity cell (Methrom AG, 
Herisau, Switzerland). The accuracy and reproducibility of the obtained 
conductivities were always better than 5%. 

Studies on the solubilization of thymol in oleic acid nanodroplets 
were performed by fluorescence spectroscopy using an FP-6500 fluo
rescence spectrophotometer (Jasco Inc., Easton, USA). A fixed excitation 
wavelength of 280 nm was selected. The choice of this wavelength for 
excitation was made based on previous studies found in the literature 
where it was indicated that, according to the optical properties of 
thymol, the use of this wavelength would allow the highest excitation 
efficiency [31]. 

3. Results and discussion 

3.1. Determination of partial pseudo-ternary phase diagram 

The determination of the pseudo-ternary phase diagram (varying the 
composition of water, oleic acid and thymol while keeping the compo
sition of APG and SL constant) within the compositional region of in
terest is the first step in the study of multicomponent systems such as the 
considered here. The phase diagram makes it possible to delineate the 
compositional regions corresponding to the formation of stable disper
sions and to identify compositions in which phase separation occurs. 
Furthermore, it facilitates the determination of the type of dispersions 
formed by varying the proportions of different components, thus 
allowing the characterization of the stability region of the system. It 
should be noted that the system analyzed is composed of five compo
nents: water, oleic acid, thymol, lecithin and APG. This results in an 
extremely complex phase diagram, even if pressure and temperature 
(25ºC) are constant, as in the present case. However, as discussed above, 
the APG:lecithin ratio (8:1) and the weight fraction of the surfactant 
mixture (0.30) were kept constants for all samples, simplifying the phase 
diagram to a slice of the full phase diagram, where the only variables are 
the concentrations of oleic acid, water, and thymol. The determination 
of the type of system for each composition studied was made by visual 
inspection, classifying the obtained dispersions into three groups: (i) 
transparent dispersions of nanodroplets in water and fluidity; (ii) turbid 
dispersions, possibly emulsions or nanoemulsions; and (iii) phase- 
separated systems. Consequently, the compositional region corre
sponding to the formation of transparent dispersions, the focus of this 
study, is surrounded by other regions where turbid dispersions and 
phase-separated systems are formed (multiphase region). The pseudo- 

ternary phase diagram for the studied system (water/oleic acid/ 
thymol) is shown in Fig. 1. 

As can be seen in the phase diagram obtained, the formation of 
transparent dispersions of nanodroplets is possible for weight fractions 
of oleic acid and thymol in the whole dispersion ranging 0–0.05 and 
0–0.03, respectively. As the composition moves away from the indicated 
values, the coalescence and Ostwald ripening between the droplets in
crease their average size, which pushes the system to a region where 
turbid dispersions of nanodroplets or directly phase separated samples 
are obtained. 

The results show that for a fixed water/surfactant/oil composition, 
the variation of the composition of the oil phase present a critical impact 
on the stability of the dispersions. In particular, for the here studied case 
the increase in the thymol concentration in the oil phase at a fixed 
weight fraction of the oil phase appears as a critical parameter for the 
stability of the nanodroplet dispersions. This is clearly visible in the two 
images in Fig. 2, which show the aspect of samples with different oleic 
acid/thymol concentration ratios for two different oil weight fractions 
(0.04 and 0.05). 

The two images show that as the thymol content increases and the 
oleic acid content decreases, while the total oil phase content remains 
constant, the system moves away from the stability region towards 
phase separation. This is evident by the transition from yellowish/or
ange translucent dispersions to opaquer dispersions or phase separated 
mixtures, with the latter characterized by the appearance of a second 
phase, as the thymol content is increased. In addition, the destabilization 
of the emulsions occurs for lower fractions of thymol in the oil phase as 
the weight fraction of the amount of oil in the dispersion is increased. 

The decrease in the dispersion stability with the increase of thymol 
content on the oil phase can be understood considering the need of a 
minimal oleic acid/thymol compositional ratio to ensure the dispersion 
of solid thymol within the oil phase. Thus, considering the set of samples 
with total oil weight fraction of 0.04, the emergence of phase separation 
corresponds to an oleic acid/thymol compositional ratio in the oil phase 
of 1/3. This means that the maximum thymol amount that can be 
dispersed corresponds to a weight fraction just below of 0.03 referred to 
the whole dispersion. Similarly, when the weight fraction of oil phase is 

Fig. 1. Pseudo-ternary phase diagram representing a cut of the whole phase 
diagram obtained at 25 ◦C for the dispersion obtained (concentration of sur
factant mixture 30%w/w and 8:1 APG:SL ratio). The phase change of the 
transparent dispersions to turbid dispersion and phase separated systems is 
evidenced with an arrow in the phase diagram. The different nature of the 
dispersions obtained are evidenced with different symbols: transparent dis
persions ( ), turbid dispersions ( ) and phase separated mixtures ( ). Notice 
that axes represent the weight fraction of the components, with the composition 
of the ternary mixture, water/oleic acid/thymol, referred to unity. The arrow 
represents the transition from transparent dispersions to phase separation. 
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increased up to 0.05, the maximum dispersion of thymol corresponds to 
a compositional ratio in the oil phase of 1/2, which is equivalent to a 
weight fraction 0.025 referred to the whole dispersion. This behavior 
can be only understood considering that thymol is initially a solid that 
during the preparation of the dispersion melts and mixes with the oleic 
acid, and therefore it is plausible that oleic acid can contribute to ensure 
if dispersion, retarding its crystallization in agreement with the scenario 
proposed by Doost et al. [32]. However, this alone is not enough to 
explain the emergence of the phase separation at lower thymol con
centrations when the total oil content is increased, because the results 
show that phase separation appears at higher concentrations of oleic 
acid when the weight fraction of the oil phase is increased, which is 
contradictory with the above discussion. In fact, considering the 
retarding effect of the solvent (oleic acid) in the crystallization of 
thymol, one could expect that the emergence of instability of the dis
persions appeared at higher values of the thymol content as weight 
fraction increase, i.e., it should appear at lower values of the oleic 
acid/thymol compositional ratio. This suggests the existence of a second 
concurrent process operating in the opposite direction to contribute to 
the dispersion destabilization. This second process may be associated 
with the reduction of ratio surfactant/oil phase compositional ratio. 
Thus, the increase in the weight fraction of the oil phase whereas the 
weight fraction of the surfactant mixture is maintained as a constant 
leads to a situation in which the amount of surfactant is not high enough 

Fig. 2. Photos of the dispersions of oil-in-water with values of the weight 
fraction of the oil phase of 0.04 (a) and 0.05 (b), stabilized by a total concen
tration of the surfactant mixture of 30%w/w, with an APG:SL ratio 8:1, and 
different composition of the oil phase (different oleic acid/thymol concentra
tion ratio). The arrow indicates the direction in which the concentration of 
thymol is increasing in the oil phase, and the labels on the top of each vial 
indicate the thymol weight fraction in the oil phase. 

Fig. 3. DLS results for nanodroplet dispersions containing an oil phase with the same oleic acid/thymol compositional ratio (0.83:0.17) and different total oil weight 
fraction in the dispersion (starting from 0.03% on the left, 0.04% in the middle and 0.05% on the right). (a) intensity auto-correlation functions, (b) intensity- 
relaxation time distributions obtained from the analysis of the auto-correlation functions of intensities, and (c) percentage of population in each mode appearing 
in the distributions of intensities. 
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to form a dense shell to prevent the destabilization events. This favors 
the coalescence and Ostwald ripening of the droplet, counteracting in 
part the retarding effect of the oleic acid to hinder the recrystallization 
of the thymol. 

3.2. Evaluation of the nanodroplet size 

Using DLS measurements, it was possible to estimate the size of the 
nanodroplets dispersed in the aqueous phase in terms of their apparent 
hydrodynamic radius, Rapp

H . To this aim, it is necessary to carry out an 
analysis of the autocorrelation functions of the intensities obtained 
experimentally for each of the dispersions studied (it should be noted 
that the use of DLS is only possible for transparent samples, therefore 
cloudy samples or phase separated samples have been discarded). Fig. 3 
shows a series of intensity auto-correlation functions and the corre
sponding intensity distributions obtained from their analysis. It also 
shows the percentage of each of the populations corresponding to the 
different dynamic modes that appear in the intensity distributions for 
the different nanodroplet dispersions studied. 

The results corresponding to the intensity autocorrelation functions 
shown in Fig. 3a indicate that the nanodroplet dynamics is characterized 
by a bimodal intensity autocorrelation function, regardless of the 
composition analyzed. In all cases, the decay of the fast mode is similar, 
while the decay of the slow mode occurs at longer times as the oil phase 
content increases, which can be attributed to an increase in the average 
droplet size. The formation of larger droplets with increasing oil phase 
content is qualitatively consistent with the increase in the tendency of 
nanodispersions to undergo phase separation with increasing oil phase 
content discussed above. The above scenario is most clearly seen in 
Fig. 3b, where the intensity distributions extracted from the analysis of 
the intensity autocorrelation functions are plotted. 

The results point out the appearance of two distributions of relaxa
tion times for the dispersions, i.e., two populations. This is consistent 
with the bimodal nature of the intensity autocorrelation functions, with 
the second distribution appearing at longer times, i.e., larger charac
teristics sizes, as the oil phase content increases. This is related to the 
increase in the apparent hydrodynamic radius of the droplets as the 
percentage of total oil phase increases. This increase in apparent hy
drodynamic radius could be attributed to an increase in droplet insta
bility due to a decrease in the amount of APG:SL mixture relative to the 
amount of oil, which favors coalescence and Ostwald ripening phe
nomena and thus droplet growth. The latter can be easily understood 
from the analysis of the results in Fig. 3c, where the percentage corre
sponding to the population of each mode is given as a function of the 

total weight percentage of oil phase. The results show that for the lowest 
weight fraction of oil phase (0.03–0.04) there is hardly any significant 
change in the contribution of the mode, which decays at longer times. 
However, as the total oil phase content increases up to a weight fraction 
of 0.05, the importance of the mode with long decay time increases, 
which is related to an increase in droplet size and the proximity of the 
dispersion to the entrance of the phase separation region. 

Fig. 4 provides a detailed examination of the average droplet size 
within the investigated dispersions. This figure illustrates the relation
ship between the average apparent hydrodynamic radius and the weight 
fraction of thymol, denoted as χthymol, referred to the total composition 
of the oil phase. The average hydrodynamic radii corresponding to 
distinct droplet populations were determined using the Stokes-Einstein 
relationship, which establishes a connection between the average 
diffusion coefficient (D) and the apparent hydrodynamic radius (Rapp

H ) 
according to D = kBT/6πηRapp

H . Here, kB and T represent the Boltzmann 
constant and the absolute temperature, respectively, while η denotes the 
viscosity of the continuous medium. The average diffusion coefficient is 
inversely proportional to the characteristic relaxation time of the cor
responding process observed in the intensity auto-correlation function, 
with the square of the scattering wavevector being the proportionality 
constant [33]. It is essential to note that the reported values for hydro
dynamic radius and diffusion coefficient are considered averages. These 
calculations rely on the characteristic times of the relaxation processes 
observed in the intensity auto-correlation function. This approach con
trasts with using the entire time distribution, which results in a distri
bution of diffusion coefficients and hydrodynamic radii similar to those 
depicted for relaxation times in Fig. 3b. The size of this distribution is 
represented in Fig. 4 by its width at half-height, presented as an error 
bar. Based on the about, it is possible to obtain a comprehensive un
derstanding of the droplet sizes within the studied dispersions, taking 
into account the inherent variability in the measured parameters. 

As it can be observed, the dispersions obtained are polydisperse, as 
droplets of two different average sizes appear, in agreement with the 
appearance of two populations discussed in Fig. 3. The smaller droplet 
sizes have an Rapp

H ⁓5–10 nm, that remains relatively constant for dis
persions with different total weight fractions of the oil phase and 
different thymol contents within the oil phase. However, the trend is not 
the same for the larger droplets associated with the slow relaxation 
mode in the intensity autocorrelation functions, where there is a 
noticeable increase in size with increasing oil phase content. As 
mentioned above, this may be due to the fact that the composition of the 
surfactant mixture (APG:lecithin 8:1) and its weight fraction remain 
constant for all dispersion studied, so that at small weight fractions of oil 

Fig. 4. Average Rapp
H for the different types of droplets in the dispersion as a function of the weight fraction of thymol in the oil phase for dispersions with different 

total oil phase concentrations (oleic acid+thymol, starting on the left with 0.03, in the middle with 0.04 and on the right with 0.05). Note that the plots show the 
compositions corresponding to turbid dispersions and phase separated mixtures. The error bars represent the width at half-height of the apparent hydrodynamic 
radius distributions. 
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phase (0.03–0.04), the surfactant allows the formation of a dense shell at 
the droplet/aqueous phase interface, thus minimizing coalescence and 
Ostwald ripening and providing higher stability to the small droplets in 
the microemulsions. This limits the increase in the number of large 
droplets and inhibits, at least partially, their growth. However, as the 
amount of oil increases, the concentration of the surfactant mixture is 
not enough to form a sufficiently dense film at the droplet/aqueous 
phase interface that ensure the dispersion of the whole oil volume and 
therefore the importance of the destabilization phenomena increases, 
leading to an increase in droplet size. 

The results show that the average hydrodynamic radius of the largest 
droplets doubles when moving from dispersions with oil weight frac
tions in the range of 0.03–0.04 to dispersions with oil weight fractions of 
about 0.05. In addition to the effect associated with increasing the 
weight fraction of the oil phase on droplet stability, the DLS results also 
show that as the concentration of thymol in the dispersion increases, 
droplet destabilization occurs, slightly increasing the size of the larger 
droplets, and that phase separation occurs at lower thymol concentra
tions with increasing total oil phase content. 

3.3. Ionic conductimetry measurements: a tool for evaluating the 
organization of molecules within the nanodroplets 

Ionic conductivity measurements in dispersions provide information 
on the distribution of the different species in the system, and it is ex
pected to be a property that is particularly sensitive to both the weight 
fraction of the dispersed phase of the dispersion and its composition, 
especially if some of the species in the oil phase can be selectively 
organized into the interfacial region of the droplets. Fig. 5 shows the 
dependence of the ionic conductivity, κ, both as a function of the vari
ation of the weight fraction of thymol in the oil phase for dispersions 
with a constant content of oil phase (Fig. 5a), and as a function of the 
total weight fraction of the oil phase for dispersions where the oleic 
acid/thymol compositional ratio is kept constant. 

The ionic conductivity results shown in Fig. 5a indicate that the ionic 
conductivity values decrease as the thymol content in the oil phase in
creases. This can be understood considering that the oleic acid can be 
distributed between the droplet/aqueous phase interface and the core of 
the nanodroplet. Therefore, as the amount of thymol increases it re
places oleic acid in the oil phase, resulting in fewer oleic acid molecules 
with their dissociated carboxylate group exposed to the aqueous phase. 
This contributes to the decrease in conductivity due to the reduction in 
free ions. On the other hand, the conductivity values decrease as the 
total oil phase content increases, as shown in Fig. 5b, which is equivalent 
to say that the conductivity decreases as the water content increases. 
This can be explained by the assumption that the conductivity is due to 

the dissociation of the species into their ions in solution, and therefore as 
the concentration of the ionic species increases, in this case with 
increasing the weight fraction of the oil phase in the whole dispersion 
increases, the dissociation coefficient of the oleic acid exposed to the 
aqueous phase must decrease, causing a smaller proportion of ions to 
remain free in solution. As these free ions are responsible for the elec
trical conductivity, a decrease in the concentration of these ions leads to 
a decrease in ionic conductivity. 

Based on the results of the conductivity measurements, it is clear that 
the stabilization of the microemulsions does not only result from the 
formation of the surfactant film at the droplet/aqueous phase interface, 
but it is also necessary to take into account the adsorption of part of the 
oleic acid molecules in the oil phase to this interface. Thus, the oleic acid 
content in the dispersions appears as a critical parameter for the stabi
lization of nanodroplet dispersions. 

3.4. Fluorescence characterization of nanodroplet dispersions containing 
thymol 

Fluorescence spectroscopy is an analytical technique that is very 
sensitive to changes in the environment in which molecules are found, so 
analyzing changes in the fluorescence emission spectrum of a molecule 
as a result of an encapsulation process is very useful in evaluating 
encapsulation processes [34]. Here, the changes in the fluorescence 
properties of thymol as a result of its incorporation into oleic acid 
nanodroplets stabilized by mixtures of APG and lecithin are studied.  
Fig. 6 shows the fluorescence spectra, as the fluorescence intensity (IF) 
vs. the wavelength (λ), for thymol in solution in oleic acid and for 
thymol dispersed in oleic acid nanodroplets stabilized by APG and soya 
lecithin. Fig. 6a shows the difference in the fluorescence emission of 
thymol as a function of the environment in which it is solubilized, i.e., 
whether it is solubilized in the oleic acid nanodroplets or simply forms a 
solution in oleic acid. The changes observed in the fluorescence emission 
spectrum due to the encapsulation process can be summarized in the 
following differences. On one hand, the emission maximum appears at 
different wavelengths, and, on the other hand, the band structure is 
different, showing one more band in the case where the thymol is sol
ubilized in oleic acid nanodroplets. This last aspect becomes clearer 
when the spectrum is deconvoluted into Gaussian profile bands, which 
allows a real representation of the number of transitions involved in the 
fluorescence spectrum obtained in each case. This analysis is illustrated 
in Fig. 6b, which shows the deconvolution of the fluorescence spectrum 
for thymol encapsulated in oleic acid nanodroplets, and in Fig. 6c, which 
shows the spectrum corresponding to the thymol solution in oleic acid. 

The spectrum corresponding to the thymol encapsulated in oleic acid 
nanodroplets shows the presence of an emission band at λ around 
338 nm, together with another band at longer wavelengths (λ =
468 nm) with higher intensity, but a more detailed analysis of the 
spectrum shows a small shoulder at longer wavelengths, which in the 
deconvolution appears as a transition at λ around 538 nm. This renders 
three bands in the case of thymol dispersed in the oleic acid nano
droplets. To identify the possible origin of the bands appearing in the 
fluorescence spectrum of encapsulated thymol, the spectrum of thymol 
in solution shown in Fig. 6c can be used as a reference. In contrast to the 
spectrum of encapsulated thymol, thymol dissolved in oleic acid shows 
only two bands centered around 380 nm and 440 nm. The appearance of 
two emission bands can be explained by the formation of thymol clus
ters, which is consistent with what has been reported in the literature for 
other aromatic alcohols [35]. Therefore, one of the bands of the thymol 
spectrum could be attributed to isolated thymol molecules, while the 
second one could be associated with the formation of clusters of several 
thymol molecules. Based on the above, it would be possible to discuss 
the spectrum of encapsulated thymol in relation to thymol in solution. 

The encapsulation process causes a slight shift of the emission band 
appearing at 440 nm in thymol in oleic acid solutions to a higher 
wavelength (468 nm, bathochromic shift) as a result of the change in 

Fig. 5. Ionic conductivity measurements for oil nanodroplet dispersions. (a) 
Dependence of the ionic conductivity on the weight fraction of thymol in the oil 
phase for dispersions with a fixed weight fraction of oil phase (0.03) and (b) 
ionic conductivity dependence on the oil weight fraction on the whole disper
sion for systems with different oleic acid/thymol compositional ratio: ( ) 0.84/ 
0.16 and ( ) 0.50/0.50. 
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chemical environment. On the other hand, encapsulation leads to a 
splitting of the emission band at 380 nm into two different bands, one 
appearing at a lower wavelength (338 nm, hypsochromic shift) and the 
other shifting to higher wavelength values (538 nm, bathochromic 
shift). This splitting phenomenon can be explained by considering that 
encapsulation leads to the appearance of different chemical microenvi
ronments compared to what occurs in a solution of thymol in oleic acid. 
This is related to the phenomenon of confinement of the thymol mole
cules in the nanodroplets, where the thymol can be arranged in different 
environments. It can therefore be suggested that the three bands that 
appear in the dispersion spectrum are due to (i) the thymol solubilized 
near the interfacial region of the nanodroplets (band centered at 
338 nm); (ii) the thymol clusters solubilized in the nanodroplet (band 

centered at 538 nm); and (iii) the individual molecules of the thymol 
molecules solubilized in the nanodroplets (band centered at 468 nm).  
Fig. 7 shows the comparison of the emission spectra obtained for dis
persions containing a weight fraction of oil phase (oleic acid+thymol) of 
0.03 and different oleic acid/thymol compositional ratio. 

The results corresponding to the modification of the fluorescence 
spectrum by varying the concentration of thymol in relation to that of 
oleic acid, keeping the weight fraction of the oil phase constant at 0.03, 
allow us to observe differences between the emission bands found in the 
spectrum. The band centered at λ=338 nm is not very sensitive to the 
thymol concentration and its intensity hardly varies with the thymol 
weight fraction, whereas the rest of the spectrum is sensitive to the 
variation in the thymol content dispersed in the oil phase, with a 
decrease in fluorescence intensity as the thymol concentration increases. 
This phenomenon can be explained by a self-quenching phenomenon as 
a result of confinement. As the concentration of encapsulated thymol 
increases, the crowding of the molecules due to confinement in droplets 
of similar size is greatly increased. This causes the molecules to be in 
close proximity to each other, resulting in the formation of aggregates 
that reduce fluorescence intensity. On the other hand, the band 
appearing at lower wavelengths hardly changes the emission intensity, 
suggesting that this transition is associated with solubilized thymol in a 
region of the microemulsion that does not change significantly with the 
increase of the total oil volume (oleic acid volume + thymol volume), i. 
e., the amount of solubilized thymol in this region is very small and 
therefore its degree of aggregation is very low. This suggests that this 
band corresponds to thymol solubilized near the droplet interface, 
probably incorporated into the film formed by the mixture of stabilizing 
species. Furthermore, the position of this band is consistent with pre
vious studies in which thymol was solubilized in a chemical microen
vironment similar to that expected for the interfacial region of the 
microemulsion [36,37]. 

The effect of self-quenching by confinement is best understood by 
analyzing the results in Fig. 8, which shows the dependence of the ratio 
of the intensities of the emission bands at 468 and 526 nm with respect 
to the 328 nm band, I468

F /I328
F and I526

F /I328
F , respectively, on the weight 

fraction of thymol contained in dispersions with a total weight fraction 
of oil phase of 0.03. The results show that the ratio of band intensities 
decreases with increasing thymol content in the oil phase, confirming 
the self-quenching phenomenon discussed above. 

Fig. 6. Fluorescence emission spectra (excitation wavelength 280 nm). (a) Fluorescence spectra, as a representation of the normalized fluorescence intensity against 
wavelength, corresponding to a solution of thymol in oleic acid with an oleic acid/thymol compositional ratio of 0.5/0.5 ( ) and to thymol entrapped in oleic acid 
nanodroplets (weight fraction of oil phase 0.03, with an oleic acid/thymol compositional ratio of 0.5/0.5) ( ). (b) Analysis corresponding to the spectrum of the 
dispersion of nanodroplets with an oil phase weight fraction of 0.03 and an oleic acid/thymol composition ratio of 0.5/0.5. (c) Analysis corresponding to the 
spectrum of the solution of thymol in oleic acid with an oleic acid/thymol compositional ratio of 0.5/0.5. In panels (b) and (c), the symbols represent the exper
imental data, the red lines the obtained bands after deconvolution, and the blue line the theoretical spectrum obtained from the deconvolution. 

Fig. 7. Comparison of fluorescence spectra for dispersions with an oil phase 
weight fraction (oleic acid+thymol) of 0.03 and different thymol concentra
tions, the spectrum with the highest fluorescence intensity corresponds to the 
sample with the lowest amount of thymol in the oil phase (χthymol =0.16) and 
the spectrum with the lowest fluorescence intensity corresponds to the sample 
with the highest amount of thymol in the oil phase (χthymol=1.00). Legend 
(χthymol): ( ) 0.17; ( ) 0.50; ( ) 0.67; ( ) 0.83, and ( ) 1.00. 
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Another aspect to be investigated is the effect of the total oil phase 
content on the dispersion. Fig. 9 shows the dependence of the intensity 
ratio of the emission bands at 468 and 526 nm with respect to the 
328 nm band on the weight fraction of the oil phase for dispersions with 
a fixed weight fraction of thymol (χthymol=0.17) in the oil phase. The 
results show a reduction in the intensity ratio for both bands, which 
again could be understood as a result of the confinement. Thus, although 
the oleic acid/thymol compositional ratio in the oil phase remains 
constant as the oil phase content increases, the total concentration of 
thymol in the droplet increases, which could lead to self-quenching 
phenomena. 

4. Conclusions 

A number of methods have been developed for encapsulating thymol 
and other essential oil compounds, each offering unique advantages. 
These include polymeric nanocapsules, liposomes, nanofibers, emulsion 
droplets, or the formation of inclusion complexes with specific mole
cules. Despite this diversity, oil-in-water emulsion-like dispersions stand 
out for their remarkable efficiency in encapsulating essential oil com
pounds while maintaining a straightforward preparation process. This 
strategic choice not only ensures the protection of thymol, but also 
guarantees a high level of bioavailability in aqueous media. The 
simplicity of the emulsion-like dispersion method not only streamlines 
the encapsulation process, but also promises scalable and practical ap
plications in the formulation of bioactive compounds, highlighting its 
importance in modern encapsulation techniques. This works has been 
focused on the ability of oleic acid to favor the dispersion of thymol as 
nanodroplets, stabilized by a mixture of an alkylpolyglucoside and 
lecithin, in an aqueous environment. 

The results have shown that a careful control of the content and 
concentration of the oil phase (thymol-oleic acid mixture) plays a crucial 
role in ensuring optimal thymol dispersion. In fact, these parameters 
were found to be critical in controlling the stability of the nano
dispersions. This results from a complex interplay between the ability of 
oleic acid to retard thymol crystallization and the maximum amount of 
oil that can be dispersed as nanodroplets with a given concentration of 
surfactant. The latter parameter has a decisive influence on the thymol 
dispersion within the nanodroplets, reducing the maximum amount of 
thymol that can be included in the dispersion as a result of coalescence 
and Ostwald ripening phenomena. In fact, the oleic acid content in the 
dispersions plays a crucial role in stabilizing the dispersions, whereas 
the increase in thymol content leads to an increase in droplet size, which 
can trigger destabilization processes. Therefore, finding the most suit
able dispersion composition to facilitate thymol solubilization becomes 
a key challenge. This thymol is unevenly distributed within the droplets, 
as demonstrated by a fluorescence spectroscopy study, which revealed 

up to three different chemical environments for its distribution. This 
investigation is expected to pave the way for novel strategies in the 
development of efficient platforms to improve the accessibility of bio
logically relevant, poorly soluble molecules. 
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