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ARTICLE INFO ABSTRACT

Keywords: Polyoxylglycerides-based solid mixtures, commercially known as Gelucire®, are excipients commonly used for
Poorly water-soluble drug bioavailability improvement of poorly water-soluble drugs. However, their effect on solutions containing hy-
Supersaturation

drophobic drugs above crystalline solubility has not yet been explored. The goal of this study was to investigate
the impact of a mix of two commercial Gelucire® with high HLB values (Gelucire®50/13 and Gelucire®48,/16)
on the amorphous solubility and crystallization from supersaturated solutions of ketoprofen, used as model drug.
The results evidenced a strong interaction between Gelucire® components and the drug-rich nanodroplets
generated upon liquid-liquid phase separation. This led to two important consequences: on one hand, the drug
amorphous solubility was decreased, together with the amorphous-to-crystalline solubility ratio; on the other
hand, the enlargement and coalescence of the drug-rich droplets were prevented. This stabilizing effect towards
the drug-rich phase was comparable to, or even stronger than, that obtained with traditional amorphous poly-
mers (PVP or HPMC) and contributed to inhibiting drug crystallization. Notably, the impact of Gelucire® on drug
crystallization from the supersaturated state depended on its micellar behaviour: the monomeric form (below 50
pg/mL) accelerated the formation of crystals, whereas pre-micellar aggregates (50-500 pg/mL) and solubilizing
micelles (above 500 pg/mL) inhibited drug crystallization. These findings will contribute to a better under-
standing of the behaviour of supersaturated drug solutions in the presence of Gelucire® and will facilitate the
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rational design of supersaturating drug delivery systems containing these excipients.

1. Introduction

Supersaturating drug delivery systems (SDDS) is an effective
approach to improve the solubility and dissolution rate of poorly water-
soluble compounds. These formulations are able to generate drug su-
persaturation after dispersion or dissolution in gastrointestinal fluids
and maintain it for a physiologically relevant time, thus representing a
boost for drug absorption. In SDDS, the drug can be either in solution (e.
g., cosolvent systems, lipid-based formulations) or in a high-energy solid
form (e.g., amorphous forms, crystalline salt forms, co-crystals and
amorphous solid dispersions (ASD) like) (Brouwers et al., 2009). In both
cases, supersaturation is achieved when drug molecules are dissolved at
a concentration above the equilibrium crystalline solubility (Dahan
et al., 2016).

It has been shown that highly supersaturated solutions undergo
phase separation when the amorphous solubility of the drug is exceeded,
with formation of drug rich-droplets dispersed within the aqueous
phase. This phenomenon is known as liquid-liquid phase separation
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(LLPS) and it has been extensively studied by the research group of
Taylor and co-workers (Ilevbare and Taylor, 2013; Raina et al., 2015).
When a supersaturated solution undergoes LLPS, a metastable equilib-
rium takes place between free drug in the bulk aqueous solution and the
non-crystalline, water-saturated, drug-rich phase (Miao et al., 2019).
The interest in studying this phenomenon arises from the recognition of
its role as “drug reservoir” maintaining the maximum drug concentra-
tion in the bulk solution while the permeation through the intestinal
membrane occurs. However, the dispersed drug-rich phase is thermo-
dynamically unstable, and thus there is a constant driving force toward
crystallization to lower the system’s free energy by reducing the con-
centration of free drug (Indulkar et al., 2020). When crystallization
occurs, nucleation followed by crystal growth rapidly depletes drug
supersaturation up to a drug concentration that approaches the crys-
talline equilibrium solubility.

Various studies have shown that excipients might affect both the
maximum supersaturation (amorphous solubility) and the crystalliza-
tion tendency from supersaturated solution. The role of polymers as
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crystallization inhibitors is well studied. Some polymers are able to
delay or inhibit drug crystallization either from solution or in a solid
matrix. They can impact either nucleation by interacting with the drug
aggregates that form crystal nuclei, or growth by being adsorbed onto
the developing crystal surfaces (Indulkar et al., 2020). In addition to
polymers, surface active materials might also impact the crystallization
processes by influencing nucleation and crystal growth (Dai et al., 2008;
Chen et al., 2015) or accelerating solution-mediated polymorph trans-
formation (Semjonova and Berzins, 2022). However, the mechanisms
underlying these effects are still poorly understood. Furthermore, the
amount of amphiphilic excipients (whether above or below the critical
micelle concentration, CMC) is a determining factor, as the monomeric
and micellar forms can interact differently with the drug-rich droplets
and the crystal nuclei in supersaturated drug solutions (Indulkar et al.,
2020).

Polyoxylglycerides-based solid mixtures, commercially known as
Gelucire® with high Hydrophylic Lipophylic Balance (HLB), are a
widespread class of excipients for developing self-emulsifying and/or
supersaturating drug delivery systems aimed at improving the
bioavailability of poorly water soluble drugs (Bertoni et al., 2020; Ber-
toni et al., 2019; Qi et al., 2010). These semicrystalline carriers, classi-
fied as GRAS, are composed of polyethylene glycol (PEG) esters of long
chain fatty acids, mono-, di- and triglycerides (Panigrahi et al., 2018).
They have low melting temperatures and are thus suitable to be pro-
cessed by solvent-free manufacturing technologies such as hot melt
extrusion (Uttreja et al., 2024), melt granulation (Sarabu et al., 2021),
spray congealing (Bertoni et al., 2019; Qi et al., 2010) and 3D printing
(Daravath, 2021; Vithani et al., 2019). They have been used either alone
(Aldosari et al., 2021) or in combination with polymers, oils and sur-
factants to produce different types of dosage forms (Shin et al., 2019;
Goo et al., 2021). Due to their amphiphilic character, Gelucire® excip-
ients with high HLB have excellent solubilizing properties and have
proved to be efficient bioavailability enhancers for drugs. A number of
studies have demonstrated their effectiveness in the development of
formulations with improved performance in terms of in vitro solubility
and dissolution rate (Bertoni et al., 2020; Sarabu et al., 2021; Albertini
et al., 2015), as well as in vivo oral bioavailability (Bertoni et al., 2019;
Aldosari et al., 2021; Shin et al., 2019).

Despite the interest in using these excipients, their effect on solutions
containing hydrophobic drugs above crystalline solubility has not yet
been explored. The goal of this study was to investigate the influence of
high-HLB Gelucire® on supersaturated solutions of poorly water-soluble
drugs. Specifically, two commercial Gelucire® excipients with high HLB
values (Gelucire®50/13 and Gelucire®48/16) mixed at 1:1 wt ratio
(hereinafter referred to as Gel-mix) were used and evaluated regarding
their influence on:

(i) the drug crystalline solubility (i.e., solubilization in the aqueous
bulk phase);
(ii) the drug amorphous solubility (i.e., LLPS onset);
(iii) the properties of the colloidal drug-rich phase formed when
amorphous solubility is exceeded;
(iv) drug crystallization from supersaturated solutions.

Ketoprofen (KET), which belongs to class II of the BCS, was selected
as model drug. First, KET crystalline and amorphous solubility were
determined in the presence of several Gel-mix concentrations. The
impact of Gelucire® excipients on the properties of the KET-rich
colloidal phase formed at concentrations above the amorphous solubi-
lity was investigated. In parallel, the influence of Gelucire® on KET
crystallization from supersaturated solutions was evaluated.

2. Materials

Ketoprofen (KET) was purchased from Merck (Darmstadt, Germany).
Gelucire®50/13 and Gelucire®48/16 were kindly supplied from
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Gattefosse (Milan, Italy). Methocel E5 (HPMC) was a gift of Colorcon
and PVP K-30 (Kollidon®30) was kindly supplied by BASF S.p.A.
(Ludwigshafen, Germany). In order to have the drug molecule in non-
ionised form, the aqueous medium used for all experiments was NaCl/
HCl buffer (0.2 M, pH 1.2). All other chemicals and solvents used were of
analytical grade.

3. Methods
3.1. Determination of critical micelle concentration (CMC) of Gelucire

The CMC of Gel-mix was evaluated in NaCl/HCI buffer (0.2 M, pH
1.2) at concentrations ranging from 1 to 2000 ug/ml. The solutions were
prepared by dilution of a stock solution containing 2.0 mg/ml of Gel-mix
with the same buffer, and analysed using different techniques:

Surface tension measurement: Surface tension analysis was performed
by a tensiometer (Kruss tensiometer K8600, Hamburg, Germany) with
the Du Noiiy ring method. First, the accuracy of the platinum-iridium
ring was validated by determining the surface tension of water (72 +
0.3 mN/m). Then, 4 ml of Gelucire solutions were transferred in a glass
vessel which was thermostated at 37 °C by a water bath and the surface
tension was measured. Measurements were repeated six times for each
sample and the mean + SD was calculated. The CMC was determined
from a plot of the surface tension values versus Gel-mix concentration.

Turbidity measurement by UV spectroscopy: Absorption spectra of
samples were taken using Cary 60 UV-Visible spectrometer (Agilent
Technologies GmbH, Waldbronn, Germany) at 350 nm. The absorption
spectra of samples were acquired using Quartz sample cells with optical
paths of 10 mm after correction with solvent spectra. A plot of the
turbidity of the solution at increasing surfactant concentration is
generally characterized by a low slope for dilute solutions and a steeper
one for solutions above the CMC. Thus, the CMC was determined from a
plot of the absorbance as a function of Gel-mix concentration.

Light scattering: Light scattering technique is well suited for the
determination of the CMC. Below the CMC, the intensity of scattered
light detected is similar to that obtained in simple buffer. However, once
the CMC is reached, the intensity of scattered light increases due to the
presence of micelles. A Brookhaven 90-PLUS instrument (Brookhaven
Instruments Corp., Holtsville, NY, USA) with an He-Ne laser beam at a
wavelength of 532 nm (scattering angle of 90°) was used for measure-
ments of Gelucire solutions. Both a plot of the intensity of scattered light
(in million counts per second) and micelle size (in nanometers) as a
function of Gel-mix concentration were obtained.

Ketoprofen crystalline solubility. The equilibrium (crystalline)
solubility of KET (Seq) was determined by shake-flask method, adding an
excess amount of crystalline KET to 5 ml of NaCl/HCI buffer (0.2 M, pH
1.2) and in solutions of Gel-mix at concentrations ranging from 1 to
2000 pg/ml pre-dissolved in the same buffer. The solutions were
agitated for 48 h at 37 °C. The samples were centrifuged at 14000 rpm,
the supernatant was diluted and analysed by high performance liquid
chromatography (HPLC). The HPLC system consisted of two mobile
phase delivery pumps (LC-10ADvp, Shimadzu, Japan), a UV-Visible
detector (SPD-10Avp, Shimadzu, Japan), and an autosampler (SIL-20 A,
Shimadzu, Japan). A Luna C18 column (150 mm x 4.60 mm, 5 um) was
used with a mobile phase consisting of 50 % of water acidified with 0.1
% trifluoroacetic acid and 50 % of acetonitrile. The injection volume
was 20 pl, the flow rate was 1 mL/min, and the detection wavelength
were set at 259 nm. Standards (1-50 pg/ml) were prepared by diluting
with mobile phase a KET stock solution prepared in acetonitrile,
exhibited good linearity (r> = 0.9962) over the concentration range.
Moreover, to compare the effect of Gelucire with commonly used hy-
drophilic polymers, the solubility in solutions containing polymers (PVP
and HPMC, 100 ug/ml and 1000 pg/ml) was also determined.

Ketoprofen amorphous solubility. The amorphous solubility (Sam)
of KET was determined by the UV-extinction method. A concentrated
solution of KET (50 mg/ml) was prepared by solubilizing the drug in
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DMSO. This solution was gradually added (50 pL/min) to 250 ml of
aqueous buffer kept at 37 °C with a magnetic stir bar at 300 rpm, in
order to generate a supersaturated solution. The final DMSO content was
less than 1.2 % (v/v). Supersaturated solutions were monitored for
changes in scattering using a UV/vis spectrophotometer at non-
absorbing wavelength (350 nm) using a Cary 60 UV-Vis spectrometer
(Agilent Technologies GmbH, Waldbronn, Germany). The formation of a
second phase, i.e., LLPS, caused an increase in scattering that can be
detected by an increase in the extinction between 280-450 nm. The
concentration at which a sharp increase in scattering was observed
corresponded to the LLPS onset and to the amorphous solubility of the
drug. The amorphous solubility of KET was determined in NaCl/HCl
buffer (0.2 M, pH 1.2), in solutions of Gel-mix at concentrations ranging
from 1 to 2000 pug/ml pre-dissolved in the same buffer, and in solutions
of polymers (PVP and HPMC, 100 ug/ml) in the same buffer.

Analysis of the size and polydispersity of the colloidal drug-rich
phase. Aliquots of a concentrated stock solution of KET (50 mg/ml,
DMSO) was added to the buffer, Gel-mix and polymer solutions under
stirring at 250 rpm. The resulted solutions were prepared to have a final
KET concentration either below (Sa — 100) or above (Sa + 50, Sa + 100,
Sa + 150) to the amorphous solubility value. The final DMSO concen-
tration in these solutions was equal or less than 1.2 % (v/v). The tem-
perature was maintained at 37 °C during sample preparation. The
particle size and polydispersity index (PDI) of the KET-rich droplets
generated upon LLPS were evaluated by photon correlation spectros-
copy (PCS) using a Brookhaven 90-PLUS instrument (Brookhaven In-
struments Corp., Holtsville, NY, USA) with an He-Ne laser beam at a
wavelength of 532 nm (scattering angle of 90°).

Crystallization experiments KET concentrated stock solution (50
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mg/ml DMSO) was added to 10 ml Gel-mix solutions ranging from 1 to
2000 pg/ml to achieve a concentration equal to the amorphous solubi-
lity. Solutions were kept at 37 °C and 300 rpm agitation. The time at
which solutions turned cloudy with presence of solid particles was taken
as crystallization time. The size of KET crystals was determined by op-
tical microscopy using a Nikon Eclipse E400 optical microscope con-
nected to a Nikon Digital Net Camera DN100 for the image acquisition.
Then, dried KET crystals were obtained by filtration of supersaturated
KET solutions in buffer pH 1.2, washed with the same solvent and drying
overnight. Samples of 4-6 mg were analyzed by differential scanning
calorimetry (DSC) using a Perkin Elmer DSC 6. DSC experiments were
performed in a dry nitrogen atmosphere (20 ml/min), heating the
samples at a rate of 10 °C/min from ambient temperature to 150 °C.

4. Results
4.1. Gelucire micellar behaviour in solution

Aggregation of surface-active agents occurs at a critical concentra-
tion, which is referred to as critical micelle concentration (CMC). This
point can be measured experimentally as it corresponds to a variation of
one physical properties of the system (e.g. surface tension, conductivity
or turbidity) (Miller et al., 2001; Perinelli et al., 2020). Due to their
amphiphilic nature, the behaviour of high HLB Gelucire® excipients
following dilution in aqueous medium should exhibit similar self-
aggregation properties in order to lower the free energy of the system.
The micellar behaviour of Gel-mix was investigated by three different
methods.

The measured surface tension vs concentration plot is shown in
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Fig. 1. (@) Surface tension measurement of Gel-mix solutions; (b) turbidity (scattering) of Gel-mix solutions; (c) intensity of scattered light (in million counts per

second) and (d) particle diameter and PDI of Gel-mix solutions.
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Fig. 1a. The surface tension of pure acidic buffer solution at 37 °C was
64.3 + 1.2 mN/m. The surface tension decreased with increasing Gel-
mix amount, reaching a minimum at 500 pg/ml and above this con-
centration value the surface tension showed a slight increment. Another
physical parameter affected by the micellization of surfactants is the
turbidity of the solution. Fig. 1b showed that the turbidity intensified
with increasing Gel-mix concentrations, as showed by the increase in the
light scattered at 350 nm. A change in the slope of the scattering values
was observed at Gel-mix concentration of 500 ug/ml, above which the
turbidity increases at a lower rate. Finally, the formation of micelles was
confirmed by the detection of colloidal species by DLS (Fig. 1c¢ and
Fig. 1d). Starting from a concentration of 10 ug/ml, aggregates with size
of about 500 nm were observed. The intensity of the scattered light,
expressed as count rate per seconds (Fig. 1c), which is proportional to
the number of micelles formed in solution, increased slowly from 10 to
500 pg/ml, while a steeper increase was noted above 500 pg/ml. The
maximum increase in the number of colloidal particles detected, in fact,
was at a concentration range between 500 and 1000 pg/ml (Fig. 1c)
although the first colloidal aggregates were detected starting from 10
pg/ml. Gelucire® micelles had size between 400 and 500 nm and PDI
between 0.300 and 0.350. Specifically, the diameters slightly decreased
with increasing Gel-mix concentration and at 500 pug/ml, the colloidal
system presented size of 440 nm and PDI of 0.327 (Fig. 1d).

4.2. Determination of KET crystalline and amorphous solubility

The solubility of crystalline KET (Seq) in pH 1.2 buffer was found to
be 161 + 5 pg/ml, in accordance to a previously reported value of 0.13
mg/ml measured at 37 °C in a similar acidic medium (Yazdanian et al.,
2004). The values of KET Seq in presence of increasing Gel-mix amounts
are reported in Fig. 2. In presence of low concentrations of pre-dissolved
Gel-mix (1-750 pg/ml), KET solubility showed small variations, as
shown by the mild slope (Fig. 2). However, a substantial increase in the
drug equilibrium solubility was observed starting from Gel-mix con-
centration of 750 pg/ml. With 2000 pg/ml of Gel-mix, the KET equi-
librium solubility was enhanced up to 410 pg/ml, i.e., more than 2.5
times compared to simple buffer.

As regards amorphous solubility, dissolution of amorphous solid was
initially performed by dissolving a film of amorphous KET obtained by
rapid cooling of molten KET. Unfortunately, crystallization during
experiment on the surface of the amorphous solid was observed prior to
attainment of LLPS, impeding the determination of the amorphous sol-
ubility. Therefore, another approach was adopted. The amorphous
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phase was generated by creating a supersaturated solution adding a
concentrated drug solution in an organic solvent to the buffer of interest
and the UV extinction method was used to monitor the real-time scat-
tering intensity changes at a non-absorbing wavelength. The specific
experimental setup adopted is shown in Fig. 3a. A similar approach has
been used to determine the amorphous solubility and LLPS of numerous
hydrophobic compounds (Ilevbare and Taylor, 2013; Nguyen et al.,
2023; Wang et al., 2023). The extinction plot obtained is shown in
Fig. 3b: the continuous addition of KET concentrated solution to acidic
buffer led to supersaturated solutions. In the region between the crys-
talline and amorphous solubility, the solution is a one phase supersat-
urated solution. At a certain point, the solutions turned cloudy with a
slight bluish color and an increase in scattering was detected, indicating
the formation of a second liquid phase i.e., LLPS. This value was taken as
KET amorphous solubility (Syy). In simple buffer, LLPS occurred at a
KET concentration of 453.0 ug/ml. Following LLPS, however, the
turbidity of the solutions only lasted few minutes, gradually dis-
appearing with rapid formation of small solid particles of crystallized
KET. However, it was possible to detect LLPS prior to drug crystalliza-
tion in all experiments (repeated at least in triplicate). The Sy, of KET
was determined in simple buffer and in presence of increasing Gel-mix
concentration. As observed in Fig. 3¢, the presence of Gel-mix had a
profound influence on KET LLPS onset. Moreover, drug crystallization
was detected during UV-extinction experiments only with certain Gel-
mix concentrations. Table 1 shows the effect of Gel-mix on the time at
which KET crystallized after LLPS, taking as zero the LLPS onset and
with continuous KET additions (see Methods, determination of KET
amorphous solubility). The data show a significant crystallization inhi-
bition effect starting from 50 ug/ml of Gel-mix.

Fig. 4a shows the calculated values of KET Sy, at increasing Gel-mix
concentration, compared with the corresponding Seq values. Then, the
ratio of the amorphous solubility and the crystalline solubility (LLPS/
equilibrium solubility), corresponding to the maximum supersaturation
achieved when phase separation occurred, was calculated (Fig. 4b).
Observing the evolution of Seq and Su, in Fig. 4a, three regions can be
identified:

(i) with low Gel-mix amount (0-50 ug/ml), the crystalline solubility
was not significantly enhanced. In contrast, the amorphous sol-
ubility decreased from 453 pg/ml in simple buffer to values
around 300 pg/ml;
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Fig. 2. Crystalline equilibrium solubility (S.q) of KET in solutions of Gel-mix at increasing concentration in buffer pH 1.2.
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(i) with Gel-mix amounts between 50 and 250 pg/ml, both the
crystalline and the amorphous solubility remained constant with
average values of 170 and 300 ug/ml, respectively;

(iii) with Gel-mix concentrations above 500 ug/ml, both crystalline
and amorphous solubility gradually increased with higher Gelu-

Table 1

Evaluation of KET crystallization in solutions exhibiting LLPS at increasing Gel-
mix concentration. In case of observed crystallization, the time needed for KET
crystallization after LLPs onset (min) is reported.

Gel-mix ) Cry.stal.lization d.uring UV- Crystallization time cire amounts.
concentration (ug/ extinction experiment after LLPS onset
ml)

The amorphous-to-crystalline solubility ratio (Fig. 4b) of KET
0 yes 85+1.8 .
1 ves 80401 decreased from 2.8 in simple buffer, up to a constant value of about 1.5
10 ves 77 4 0.2 in presence of Gel-mix at concentration of 50 pg/ml. Above this value,
50 yes 109+ 1.8 the amorphous-to-crystalline solubility ratio of KET remains unchanged.
100 yes 26.1+1.4 Then, the effect of Gel-mix of KET Seq and Sy, was compared with
238 y: ;gg i 13 those of two polymeric excipients commonly used in SDDS, poly-
750 i]m S>30 vinylpyrrolidone (PVP) and hydroxypropylmethylcellulose (HPMC), all
1000 no > 30 pre-dissolved in the buffer at two concentrations, one below (100 pg/ml)
1500 no > 30 and one above (1000 pg/ml) Gel-mix CMC value. (Fig. 4c). The results
2000 no > 30

evidenced a similar trend for the three excipients used at 100 pg/ml.
While the Seq of KET was slightly enhanced from 161 pg/ml to 170-200
pg/ml, all excipients had a negative impact on S,p,, causing a decrease of
the maximum drug concentration achievable in supersaturated solution.
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A different behaviour was observed with excipients concentrations of
1000 pg/ml: both the Seq and the Sy, of KET were higher in Gel-mix
solution compared to solutions of PVP or HPMC at equal concentrations.

4.3. Effect of Gelucire on the KET-rich nanodroplets

Fig. 5 shows the size and PDI of freshly prepared KET-rich droplets in
solutions at three supersaturation levels (50, 100 and 150 ug/ml above
Sam) in simple buffer and with Gel-mix, PVP or HPMC. In simple buffer,
the droplets had an initial size of about 650 nm. With increasing KET
concentration, the droplets became bigger (around 900 nm) approach-
ing the micron size. Differently, the presence of Gel-mix at 100 pug/ml led
to the formation of drug-rich droplets with size below 200 nm and PDI
between 0.20 and 0.24. Further KET amounts did not cause an increase
in droplet size, which remained in the range 170-190 nm. In HPMC
solution, KET droplets showed diameters of approximately 216 nm,

increasing to 260 nm at the highest KET concentration (Sam + 150).
Differently, the presence of PVP could not inhibit the droplets enlarge-
ment and KET nanodroplets exhibit a gradual increase in diameter
passing from 370 nm to 455 nm and further exceeding 530 nm.

4.4. Effect of Gelucire on KET crystallization from supersaturated
solutions

The influence of Gelucire on KET crystallization from supersaturated
solutions at equal supersaturation levels (concentration approaching its
Sam) was assessed and the crystallization time and morphology of KET
crystals are shown in Fig. 6a and Fig. 6b, respectively. In the absence of
any additive, KET crystallizes after 64 min in large plate-like crystals
with dimensions up to 50 ym. Low amounts of Gel-mix promoted crys-
tallization of KET, as the crystallization times was reduced to 20 and 13
min with 1 and 10 pg/ml of Gel-mix, respectively. Higher additive
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Fig. 5. Particle Size and polydispersity index (PDI) of KET-Rich Droplets at 37 °C in presence of Gel-mix, PVP and HPMC at 100 pg/ml. Diameter size are indicated by
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Fig. 6. (a) Crystallization time from KET supersaturated solutions in buffer pH 1.2 and with increasing Gel-mix concentrations at KET concentrations equal to Sy
and (b) optical microscopy images of KET crystals obtained after crystallization from supersaturated solutions.

concentrations determined an inverse trend on drug crystallization time.
Starting from Gel-mix concentrations of 10 pg/ml, the highest the Gel-
mix amount, the longest the time of inhibition of drug crystallization.
Above 500 pg/ml, the crystallization was delayed for more than 360
min. This crystallization inhibition effect of Gelucire micelles reflected
also in the morphology of the resulting crystals, which were character-
ized by needle-like crystals with size smaller than 5 pm.

KET crystals were analysed by DSC and results are shown in Fig. 7.
DSC curves shows that all samples crystallized in Gelucire solutions
present lower melting temperature (Tp,) compared to crystals obtained
in buffer, having a T of 96 °C. Specifically, a distinction can be
observed between samples crystallized in Gelucire solutions in the pre-
micellar region (up to 500 pg/ml) and those crystallized in Gelucire
solutions above CMC. The former crystals exhibit an important melting
point depression (T, of about 90 °C), while the Ty, of the latter crystals
was depressed to a lower extent (T, of about 93 °C) and a second
endothermic event at 58 °C related to Gel-mix was detected.

5. Discussion

5.1. Oral bioavailability of supersaturating dosage forms: Impact of
supersaturation and solubilization

For many enabling SDDS formulations, a combination of supersatu-
ration and solubilization occurs. A supersaturated solution is generated
when the activity of the dissolved drug in solution exceeds the activity of
the drug in the saturated solution of the thermodynamically stable form
(Mullin and Sohnel, 1977). Clearly, both the extent and the duration of
the supersaturation state in the gastrointestinal lumen are crucial to
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Fig. 7. Thermograms of the KET crystals obtained upon crystallization from
supersaturated solutions (KET concentration equal to S,m,) with increasing Gel-
mix concentrations; the inset plot shows an enlargement of the curves between
30 and 80 °C.
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determine the improved solubility and absorption by SDDS (Alhayali
et al., 2018). The excipients of the formulation, such as polymers and
surfactants, can solubilize during dissolution and once in solutions can
interfere with the drug phase behaviour. Specifically, they can positively
or negatively influence the maximum achievable drug supersaturation
and the drug crystallization from the supersaturated state. Thus, the
impact of excipients commonly found in SDDS on these aspects must be
considered in order to achieve a successful formulation in terms of
extent and duration of supersaturation.

In the development of SDDS, beside supersaturation, also the process
of solubilization should be considered. Drug solubilization may depend
on the presence of surface active or solubilizing additives added to the
formulation, as well as on the effect of endogenous amphiphiles
involved in the digestion process in the GI tract (e.g., phospholipids and
bile salts). The solubilization process of the drug by amphiphilic com-
pounds leads to an increase in the total amount of drug in solution i.e.,
apparent solubility, as a result of the extra amount of drug that can be
solubilized into micelles. However, this process does not modify the
solute activity, which depends on the amount of “free” drug in solution.
The difference between supersaturation and solubilization acquires a
clear relevance when considering that only the amount of “free” drug in
solution determines the solute flux through membrane (Raina et al.,
2015) and, therefore, have an impact on the solubility advantage ach-
ieved by SDDS.

5.2. Solubilizing effect of Gelucire

Gelucire® excipients with high HLB are reported to be able to self-
emulsify in contact with aqueous media forming a fine dispersion
(Zoubari et al., 2017). Changes in the surface tension, turbidity and
scattered light of Gel-mix solutions confirmed that these materials are
able to form a micellar dispersion in aqueous media. The micellization
process was observed to happen at a concentration range rather than a
single value corresponding to the CMC. This can be explained by the
heterogeneous composition of Gelucire®, which consist in highly hy-
drophobic components (di- and tri-glycerides), small-sized amphiphilic
moieties with hydrophobic character (monoglycerides), amphiphilic
components with large hydrophilic head group (PEG esters of fatty
acids) and finally some free PEG which is likely to assemble in the outer
micellar layer. A simplified scheme of the micellar aggregation of
Gelucire® moieties is represented in Fig. 8. Unlike single-molecule
surfactants (e.g., sodium dodecyl sulfate), surfactant mixtures exhibit
a much more complex micellar behavior (Reporting Experimental Data
Dealing with Critical Micellization Concentrations c¢.m.cR8S2Q1M?7s of
Aqueous Surfactant, 1979). In these cases, the ’transition range’ can
broaden, as the composition of the micelles varies with the total con-
centration (Reporting Experimental Data Dealing with Critical Micelli-
zation Concentrations c.m.cR852Q1M7s of Aqueous Surfactant, 1979).
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This behaviour is consistent with the gradual changes in the physical
properties of solutions with increasing Gel-mix concentrations, where
the middle points (corresponding to the sharpest changes) observed
were approximately at 500 pg/mL. The reported CMC values of the in-
dividual excipients (which are themselves composed of a mixture of
components) Gelucire®50/13 and Gelucire®48/16 are 100 mg/L and
153 mg/L (25 °C), respectively (Gattefosse website. https://www.
gattefosse.com/pharmaceuticals/product-finder/gelucire-4816
(accessed 18 July, 2024; Gattefosse website. https://www.gattefosse.
com/pharmaceuticals/product-finder/gelucire-5013 (accessed 18 July,
2024). Despite the different experimental conditions compared to the
present study, it appears therefore that the mixture of the two types of
Gelucire® result in an overall higher CMC compared to the individual
excipients. The presence of micelles able to solubilize lipophilic drug
was further confirmed by the increased in KET crystalline solubility
starting from a bit higher concentration value (750 ug/ml, Fig. 2). This
small difference could be an indicator of the number of micelles needed
to solubilize a detectable quantity of drug.

5.3. Gelucire impact on KET amorphous solubility

The solubility results suggested that Gel-mix impacts both KET
equilibrium solubility in the water bulk phase as well as the LLPS onset,
i.e., KET amorphous solubility. Fig. 9 provides a schematic overview of
the three scenarios of KET supersaturated systems occurring with
increasing Gelucire amounts.

Region I: At concentration ranging 1-50 pg/mL, Gel-mix is not able
to improve drug solubilization, but affects the maximum achievable
drug supersaturation, i.e., the drug amorphous solubility. In fact, KET
amorphous solubility reduces further as more Gel-mix is added and
reaches a minimum at 50 pg/mL. As a consequence, the amorphous-to-
crystalline solubility ratio of KET decreased from a starting value of 2.8
in simple buffer to approximately 1.5 (Fig. 4b). It has been previously
reported that the decreased amorphous solubility in presence of an ad-
ditive depends on its interaction with the drug-rich droplets, resulting in
a reduction in the thermodynamic activity of the drug in this phase as
well as in the bulk aqueous phase (Ueda and Taylor, 2020). For example,
HPMCAS decreased the LLPS onset from 40 pg/mL approximately 23
pg/mL as the polymer distributed to the drug-rich phase during LLPS
due to strong intermolecular hydrogen bonding and hydrophobic in-
teractions to the drug (Miao et al., 2019). Similar behavior was observed
for ibuprofen, which amorphous solubility decreased when hypro-
mellose (HPMC) or polyvinylpyrrolidone/vinyl acetate (PVP-VA) were
present in solution (Ueda and Taylor, 2020).

Therefore, the observed decreased amorphous solubility of KET in
presence of Gel-mix can be attributed to the interaction/mixing of
Gelucire® components with the drug-rich droplets formed after LLPS.
An interesting question would be which components of Gelucire® and
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whether the monomeric or micellar form can actually interact with the
KET nanodroplets. Since the effect of diminished LLPS onset was noted
at Gel-mix concentration as low as 1 pg/mL (and no trace of micellar
formation was observed at such concentration), it can be reasonably
assumed that Gel-mix components as single molecules can interact with
the drug-rich phase. As a general consideration, lipophilic molecules are
more likely to mix with the hydrophobic drug-rich droplets in virtue of
their similarity, whereas hydrophilic and ionized compounds tend to
remain in the external aqueous phase. For example, the amorphous
solubility of ritonavir was decreased when lopinavir, a lipophilic drug,
was added to the supersaturated solution. Differently, in case of addition
of an ionized drug (e.g. diclofenac), the drug amorphous solubility did
not change (Bhesaniya et al., 2014). Among the various Gelucire®
components, the lipophilicity of di- and triglyceride fraction might favor
the mixing with the hydrophobic drug-rich phase. Moreover, an inter-
action between KET-rich droplets and the hydrophobic part of mono-
glycerides and PEG esters (presenting either hydrophobic and
hydrophilic moieties) is possible. KET-rich droplets, in fact, have been
observed to interact also with fairly hydrophilic polymers such as PVP or
HPMC, resulting in a decrease of Sy, comparable to that caused by Gel-
mix at a concentration below CMC (100 pg/ml) (Fig. 4c).

Region II: Starting from Gel-mix concentration of 50 pg/mL, further
increase in excipient amount did not further change drug amorphous
solubility. Clearly, the partitioning of Gel-mix with the drug-phase is not
proportional to the total amount of excipient added. In other words, the
extent of mixing between Gelucire® and the drug-rich phase is favored
up to a threshold, corresponding to 50 pg/mL, where the mixing is
maximum. Gelucire® structures formed between 50 and 500 pug/ml are
not able to accommodate KET molecules, or the solubilization is only
transitory, since the Seq was not significantly increased (p > 0.001,
Fig. 2). The aggregates formed by self-association in the pre-micellar
region might consist on transitory species formed by some Gel-mix
components. In general, surfactant molecules below CMC may exist in
the so-called premicellar state as dimers, tetramers and larger aggre-
gates. These structures have been defined “pre-micellar aggregates”
(Lombardo et al., 2019) and formed at the critical aggregation concen-
tration (CAC). It has been previously observed that the CAC can be much
smaller compared to the concentration at which stable micelles capable
of solubilizing hydrophobic compounds are formed (Szutkowski et al.,
2018).

However, Gelucire® pre-micellar structures can interact with the
water-saturated drug-rich phase formed at LLPS causing the decrease of
KET S, As a result, the amorphous-to-crystalline solubility ratio of KET
remained constant at approximately 1.5 (Fig. 4b). The low amorphous-
to-crystalline solubility ratio (as a result of the interaction of one
excipient with the drug-rich phase at LLPS) is considered a negative

aspect from the bioavailability perspective, since the maximum extent of
supersaturation is decreased and consequently also the maximum rate of
drug flux through the biological membranes. On the other hand, it is also
possible that interface interactions between excipients and droplets
surface may influence the drug-rich phase colloidal stability. This
interaction regards hydrophilic additives that remains in the aqueous
bulk phase but are adsorbed on the droplets surface either by ionic or
nonionic interactions. This has been observed for the positively charged
Eudragit E, which was adsorbed at the interface between ibuprofen-rich
phase and the external aqueous phase (Ueda and Taylor, 2020). If this
type of interaction takes place, the colloidal properties of the drug-rich
droplets, including droplet size, Z-potential, polydispersity and stability,
can be influenced. Thus, this phenomenon may comport advantages
from the bioavailability perspective such as improved stability of the
drug-rich droplets in terms of particle size resulting in lower tendency to
coalesce and crystallize.

In case of Gel-mix, its hydrophilic components including free PEG
chains, PEG portions of the esters and hydroxyl groups of the partial
glycerides either as single entities or as hemimicelles may associate with
the surface of the drug-rich phase, resulting a reduction of size and
stabilization of the KET droplets (Fig. 5). Hemimicelles can be consid-
ered as clusters of surfactant molecules that behave as a surface-active
layer able to interact with other molecules in the solution and may be
formed at concentrations below the CMC (Erding et al., 2010). Being
neutral molecules, the formation of ionic interaction is excluded but
strong hydrogen bonds between the carboxylic group of KET and the
hydroxyl groups of Gelucire have been reported (Bertoni et al., 2023).

Region III: In this region, Gelucire® micelles are able to improve
drug solubilization by complexing/including drug molecules in their
structures. KET exists in three different states: molecularly dissolved in
the aqueous compartment, in the drug-rich phase and solubilized in the
micelles. Accordingly, Seq started to increase due to solubilization and
Sam followed the same trend. For example, passing from Gel-mix amount
of 500 to 1500 pg/mL (i.e., above its CMC), Seq of KET increased from
175.8 £+ 3.9 pg/mL to 305.1 + 8.5 pg/mL, which is a factor of ~1.6
higher. In parallel, the LLPS onset was also found to increase to 496.9 +
26.4 pg/mlL, and this value is also a ~1.6 times higher than the Sy, in
500 pg/mL Gel-mix (322.0 + 9.4 pg/mL). These data showed that,
above Gelucire CMC, KET S increased and this led to a corresponding
increase in the LLPS onset and therefore on S,p,,. This can be explained by
considering that above CMC, further KET additions increased drug
fraction solubilized in the micelles but not the molecular dissolved
fraction. Since only the free drug in solution (and not the total con-
centration) corresponds to the solute thermodynamic activity, the
fraction of drug solubilized in the micelles is irrelevant to the extent of
supersaturation. Therefore, passing from region II to region III, where a
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significant KET amount was solubilized by micellization (Fig. 2), con-
centration and activity of the drug were no longer equivalent. This led to
a corresponding increase in the LLPS onset and therefore on the drug
Sam, in accordance with previous observations indicating that the LLPS
concentration is much higher when solubilizing additives are present
(Raina et al., 2015). It should be kept in mind that, although the total
drug concentration (and the LLPS onset) is higher in region III due to
solubilization, the actual supersaturation extent observed in region III is
identical to that in region II, and this explains why the amorphous-to
crystalline solubility ratio is unchanged (Fig. 4b). This is further sup-
ported by the behaviour of PVP and HPMC, which, unable to form mi-
celles, did not cause a similar increase in Seq and San, (Fig. 4c).

5.4. Gelucire impact on KET crystallization from supersaturated solutions

Results reported in Fig. 6a evidenced that Gel-mix concentration in
the premicellar region (below 50 pg/ml) induces KET crystallization
from supersaturates solution, when its concentration approaches the
Sam. Similar observations were made for other surfactants such as SDS
(Indulkar et al., 2020) and sodium dodecyl-(tertrapropy1)-benzenesul-
fonate (SDBS) (Michaels and Tausch, 1961) which accelerated the
crystallization of small molecules compounds at concentrations lower
that the CMC, where the surfactant could exist in monomers or hemi-
micelle structures. This effect can be explained by considering the
interaction of surfactant monomers with the nuclei or crystal surfaces,
leading to significant impact on crystal nucleation and growth
(Canselier, 1993). Due to their amphiphilic properties, surfactants can
adsorb at solid-liquid interfaces by interactions between their hydro-
phobic moieties and the growing crystals (Qazi et al., 2017). The
interaction of Gelucire with the KET crystal surface also impact the size
of the crystals formed, as shown in Fig. 6b.

Starting from Gel-mix concentration of 50 pg/ml, a switch in the
crystallization kinetic of KET was observed. When Gel-mix components
formed stable aggregates, the hydrocarbon chains of di- and triglyceride
fraction are closed into micelles cores and therefore are no longer
available to be absorbed on crystal nuclei, resulting in increased KET
crystallization times. This holds true as long as the self-association of
Gel-mix in micelles is preferred over the absorption of Gel-mix as
monomers on KET crystal. The fact that KET crystallization time was
significantly enhanced in solutions with Gel-mix amount above CMC
(500 pg/ml) demonstrated that Gel-mix micelles, conversely to its in-
dividual monomers and to pure buffer, can act as effective crystalliza-
tion inhibitors. This effect might depend on different mechanisms. It has
been suggested that above CMC, surfactant can inhibit crystallization by
a “passivation” of nucleation sites, meaning that the nucleation at the
liquid/air interface is prevented by the presence of surfactants, thus
leaving the bulk as only possible nucleation site. Since crystallization in
bulk requires higher free energy, crystallization is inhibited (Qazi et al.,
2017). The presence of micelles can slow down the mass transfer be-
tween bulk and crystal nuclei by a kinetic effect, thus reducing crystal
growth (Canselier, 1993). Another possible explanation is the nucleation
inside the lipophilic core of micelles (Canselier, 1993; Dvolaitzky et al.,
1983). To further investigate this aspect, KET crystals were analysed by
DSC (Fig. 7). The data suggest that in case of Gelucire below CMC, KET
crystallized faster in the aqueous compartment, as a result of Gelucire
individual components that can interact with crystal nuclei, resulting in
imperfect crystals with decreased Tp,. By contrast, Gelucire above CMC
decrease crystallization kinetic by either slowing down crystal growth
(as suggested by the nanosized crystals formed, Fig. 6b) or even the
allowing the nucleation inside the lipophilic core of micelles (as sug-
gested by the incorporation of Gel-mix components in the KET crystals,
Fig. 9).

Finally, a consideration should be given to the effect of Gel-mix on
drug crystallization from supersaturated solutions above the amorphous
solubility, i.e., after LLPS. In pure buffer, KET-rich droplets tended to
growth with increasing KET amounts (Fig. 5). This is consistent with
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previous reports, showing that an increase of oil concentration promotes
destabilization of the oil droplets (Ueda and Taylor, 2020; Gupta et al.,
2016). Accordingly, after LLPS, if more drug is added to the system, the
free drug concentration does not increase, instead more disperse phase is
formed (Raina et al., 2015). It should be kept in mind that the growth
and coarsening of the drug-rich phase often precede the development of
crystalline phases: LLPS can be considered a precursor to crystallization
since in the drug-rich droplets the drug molecules are in close proximity
to each other and might be easily subjected to nuclei formation (Jackson
etal., 2016; Sun et al., 2016). Thus, the ability of an excipient to stabilize
drug-rich droplets is considered a positive effect possibly delaying
crystallization and prolonging the supersaturation duration.

Based on the droplet size analysis (Fig. 5), it appears that among the
tested excipients, PVP proved to be ineffective at preventing the coars-
ening of drug-rich droplets at increasing KET amounts. HPMC showed a
moderate inhibition effect on the coarsening of the KET-rich phase after
formation while Gel-mix led to the highest colloidal stability of KET-
nanodroplets after LLPS. The mechanisms at the basis of the improved
colloidal stability may include reduced interfacial tension at the nano-
droplets surface and reduction rate of Ostwald ripening, which is the
main cause of physical destabilization of an emulsion when the droplets
are sufficiently small (Tadros et al., 2004). These effects can be related to
the earlier discussed interaction of Gel-mix components to the KET-rich
droplets. The crystallization times of KET from supersaturated solution
above Sy, (Table 1) further support this result. The crystallization in-
hibition effect, starting from 50 ug/ml Gel-mix concentration, confirms
the effectiveness of high HLB Gelucire excipients in preventing crystal
nuclei formation as a result of the improved colloidal stability of the
drug-rich phase.

6. Conclusion

This study showed that Gelucire® excipients with high HLB values
might have a profound influence on LLPS and crystallization of a poorly
water-soluble drug from supersaturated solutions. When present as
monomers (below 50 pg/mL), components of Gel-mix interact with the
drug-rich phase formed at LLPS decreasing the amorphous solubility and
the amorphous-to-crystalline solubility ratio. Further, they accelerate
KET crystallization from supersaturates solution. On the opposite, at
concentration levels of 50-500 pg/mL, Gelucire® components starts to
self-aggregate into micelles and concentrations exceeding 500 pg/mL
improved drug solubilization by inclusion into micelles, resulting in a
gradual increase of both crystalline and amorphous solubility (but with
constant amorphous-to-crystalline solubility ratio). At the same time,
Gelucire® micelles inhibit KET crystallization from the supersaturated
state for over 6 h and impact the crystal morphology. Notably, drug
crystallization from supersaturated solutions is inhibited also above
LLPS, as Gel-mix is able to improve the colloidal stability of the drug-rich
phase limiting the enlargement of the droplets and thus preventing
crystal nuclei formation. Gelucire® excipients showed a strong crystal-
lization inhibition effect, comparable to traditional amorphous poly-
mers (HPMC and PVP), but with the distinctive trait of being dependent
on the micellar behaviour. Concluding, the results reported in this paper
bring new insights on the role of high HLB Gelucire® excipients in the
phase behaviour of supersaturated solutions of poorly water-soluble
drug, allowing a better understanding of the properties of these sys-
tems and supporting a more appropriate excipients choice for SDDS
formulation.
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