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A B S T R A C T

In this study, microemulsions capable of transforming into nanostructured hexagonal phase gels in vivo upon
uptake of biological fluids for naltrexone prolonged release were investigated as a strategy for management of
alcohol use disorder (AUD). Microemulsions were prepared using monoolein, tricaprylin, water and propylene
glycol; after preliminary characterization, one formulation was selected, which contained 55% of monoolein-
tricaprylin (M−55). This microemulsion displayed size below 200 nm and Newtonian rheological behavior.
Liquid crystalline gels formed in vitro upon 8 h of contact with water following a second order kinetics. After
120 h,< 50% of naltrexone was released in vitro independently on drug loading (5 or 10%). In vivo, gels formed
within 24 h of M−55 subcutaneous administration, and persisted locally for over 30 days providing slow release
of the fluorescent marker Alexa fluor compared to a solution. Using the conditioned place preference paradigm, a
test used to measure drug’s rewarding effects, a single dose of M−55 containing 5% naltrexone reduced the time
spent in the ethanol-paired compartment by 1.8-fold compared to saline; this effect was similar to that obtained
with daily naltrexone injections, demonstrating the formulation efficacy and its ability to reduce dosing fre-
quency. A more robust effect was observed following administration of M−55 containing 10% of naltrexone,
which was compatible with aversion. These results support M−55 as a platform for sustained release of drugs
that can be further explored for management of AUD to reduce dosing frequency and aid treatment adherence.

1. Introduction

Substance use disorders is a worldwide problem associated with
serious health, social, and economic burden, often resulting in lower
life expectancy compared to the general population (Carvalho et al.,
2019a; Manthey et al., 2019; Patel et al., 2016). Among the many forms
of substance use disorders, those related to alcohol use are among the
most common, and present relatively few treatment options (Manthey
et al., 2019). Oral administration of naltrexone, an opioid antagonist, is
used in detoxified patients to prevent relapses. In addition, naltrexone
has been employed and/or studied for treatment and prevention of
relapse in opioid, methamphetamine, gambling and cocaine (the later
in association with other compounds) addiction (Boudreau et al., 2020;
Guo et al., 2019; Sushchyk et al., 2016; Victorri-Vigneau et al., 2018).

Oral dosing regimens ranging from 50 to 100 mg of naltrexone daily
to three times/week have been used for treatment of alcohol use dis-
order (Lobmaier et al., 2010; Schmitz et al., 2009), but efficacy is
limited by the extensive first-pass hepatic metabolism of the drug,
which results in low bioavailability (5–40%) (Lobmaier et al., 2010; Yin

et al., 2002). Efficacy is further complicated by the high frequency of
administration required, which together with the lack of pleasurable
feelings following naltrexone intake, reduces patient compliance. To
overcome these problems, incorporation of naltrexone in delivery sys-
tems that can be administered through alternative routes and provide
prolonged release (keeping effective and relatively constant plasma
levels) have attracted interest.

A wide variety of innovative systems capable of providing sustained
or controlled release of drugs has been studied, such as hydrogel-
forming microneedles, electrospun nanofiber materials, tablets with
bespoken geometry, buccal polymeric bioadhesive wafers and tablets,
and thermoresponsive poly (N-isopropylacrylamide) particles (Chen
et al., 2020; Courtenay et al., 2020; Giannola et al., 2007; Giordani
et al., 2020; Kyobula et al., 2017; McMasters et al., 2017; Yang et al.,
2019). Delivery systems investigated to prolong naltrexone release in-
clude intramuscular polymeric microparticles, transdermal devices,
buccal tablets and subcutaneous gels and implants (Giannola et al.,
2007; Johnson, 2007; Milewski and Stinchcomb, 2011; Ngo et al., 2008;
Yin et al., 2002). Among them, microparticles for intramuscular
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injection and subcutaneous polymeric implants have been approved or
are under clinical trials for alcohol and/or opioid addiction. In spite of
their benefits, both dosage forms have drawbacks: production of mi-
croparticles and implants is a multi-step and expensive process, their
administration requires trained personnel and health care settings, and
implants require surgical procedures to insert, and very often, remove
them (Hulse et al., 2005; Johnson, 2007). Additionally, implants have a
higher risk of local reactions (due to their longer residence time), and
unsafe overdosage in case of manufacture-related problems, leading to
drug release over too short a time interval (Collet and Moreton, 2007;
Hulse et al., 2005; Kurnatowska et al.; Roozen et al., 2007). Therefore,
simple formulations that can be easily obtained and administered,
causing minimal local reactions are still needed. To fill this gap, this
study aimed at developing and assessing the in vivo efficacy of bior-
esponsive microemulsions for subcutaneous injection and spontaneous
transformation into reverse hexagonal phase gels upon absorption of
interstitial water.

The hexagonal phase has been described as cylinders of micelles
arranged as a hexagon, and demonstrated to prolong the release of
hydrophilic and lipophilic compounds (Drummond and Fong, 2000;
Muller-Goymann, 2004). Two types have been described: the reverse
type, in which water and hydrophilic drugs are enclosed within the
cylinders, and the normal type, in which water is found outside of the
cylinders (Borne et al., 2003; Rizwan et al., 2009; Wang et al., 2006).
We have previously studied BRIJ (polyoxyethylene 10 oleoyl ether)-
based normal type hexagonal phases as naltrexone delivery system, but
because this system dissolved in contact with aqueous fluids within
96 h, we anticipated that frequent administration would be required. To
overcome this problem, microemulsions composed of the polar lipid
monoolein, capable of in situ transformation into reverse hexagonal
phases and of resisting dilution for longer periods (Boyd et al., 2006;
Depieri et al., 2016; Fong et al., 2009) were investigated in the present
study.

Compared to other naltrexone prolonged release systems, the for-
mulation proposed here offers several advantages, including: (i) the
precursor microemulsion is easy to prepare and thermodynamically
stable, enabling reduction of costs and long shelf-life; (ii) the sub-
cutaneous route is considered to be superior to other routes in terms of
naltrexone potency, and administration through this route does not
require extensive personnel training, enabling family members to per-
form it (similarly to insulin); and (iii) the administration site of sub-
cutaneous injections can be alternated to reduce local reactions (Al-
Tahami et al., 2011; Fong et al., 2009; Hosmer et al., 2011; Ruel-
Gariepy and Leroux, 2004; Williams and Broadbridge, 2009).

In this study, microemulsions composed of mono and triglycerides,
propylene glycol and water were developed, characterized, and their
transformation into gels as well as their ability to prolong the release of
incorporated compounds was studied in vitro and in vivo. After for-
mulation optimization, efficacy was demonstrated in a conditioned
place preference model in comparison with daily administration of
naltrexone solution.

2. Material and methods

2.1. Material

Propylene glycol (PG), naltrexone hydrochloride and phosphate-
buffered saline (PBS) were obtained from Sigma-Aldrich (St. Louis,
MO). Monoolein was kindly donated by Kerry (Norwich, NY, USA), and
tricaprylin, by Abitec Corporation (Janesville, WI, USA). Acetonitrile,
ethanol and methanol were purchased from Mallinckrodt Baker
(Phillipsburg, NJ, USA). Alexa fluor 647 was obtained from
Thermofisher scientific (Waltham, MA USA).

3. Methods

3.1. Formulation development and phase diagrams

Phase behavior of samples was investigated by mixing various ratios
of the structure-forming monoglyceride (monoolein, MO) with propy-
lene glycol (PG), water and tricaprylin; the later was included as oil
phase of the microemulsion to enable hexagonal phase obtainment at
room and biologically relevant temperatures (Amar-Yuli and Garti,
2005). A MO:tricaprylin ratio of 9:1 (which, for the sake of simplicity,
will be referred to as MT) was selected because it has been demon-
strated to form the hexagonal mesophase upon a wide range of aqueous
content (Amar-Yuli and Garti, 2005), and the influence of propylene
glycol (PG) on the phase behavior was assessed. PG was included to aid
drug solubilization and reduce the viscosity of the precursor micro-
emulsion, facilitating subcutaneous administration (Phelps et al.,
2011). MT and PG were mixed at 9:1 to 2:8 ratios (w/w), followed by
addition of water (10–80%). The resulting formulations were visually
inspected for transparency, phase separation and fluidity, and visua-
lized under a polarized light microscope (Carl Zeiss, Oberkochen,
Germany) for assessment of phase behavior.

3.2. Formulation selection and characterization

Two precursor microemulsions were selected for further character-
ization: MT:PG:H2O at 55:25:20 and 65:15:20, which will be referred to
as M−55 and M−65, respectively. The influence of temperature on the
structure of formulations containing water at 20 (microemulsion), 40
and 80% (which formed gels) was evaluated by sample incubation at
37 °C in closed vials maintained in water bath for 30 min, followed by
polarized light microscopy. Internal phase diameter of the microemul-
sions was determined using Zetasizer nanoZS90 equipment (Malvern,
Westborough, MA) at room temperature without dilution (due to phase
transformation).

The rheological behavior of the microemulsions and hexagonal
phase gels (formed after addition of water to obtain a final content of
40%) was investigated using a R/S Plus controlled stress rheometer
with the RC75-1 geometry (Brookfield Engineering laboratories,
Middleboro, MA) and a water bath circulator for temperature control
(25 °C). The experiments were performed with shear rates varying up to
500 s−1. The relationship between shear stress and rate for each for-
mulation was evaluated using the Power law equation (1) τ = K γn,
where τ is the shear stress, γ is the rate of shear, K is the consistency
index and n is the flow index (Hosmer et al., 2013; Mahdi et al., 2011).

To evaluate the influence of drug incorporation, naltrexone was
added to the selected microemulsions (it was dissolved in PG prior to its
mixing with MT) at 1, 5 and 10% (w/w). Additional water was included
in the microemulsion to obtain gels with a final aqueous content of 40,
60 or 80% (w/w); subsequently, samples were left to equilibrate for
3 days at room temperature in closed vials before characterization by
visual inspection and polarized light microscopy.

3.3. Swelling studies

Swelling studies were performed to compare the rate and kinetics of
water absorption and formation of hexagonal phase gels by M−55 and
M−65. The microemulsions were placed (100 mg) in microcentrifuge
tubes, excess water (1 mL) was carefully placed on top of the for-
mulations (dropwise addition to the wall of the top part of the tubes),
and the samples were incubated at 37 °C in water bath for 1–48 h. At
pre-determined time intervals, water was removed from the vials (its
excess was wiped from the tube walls using cotton tips) and they were
weighed to determine the amount of water absorbed, which was plotted
as function of time and fitted using the first-order kinetic equation (2)
ln W∞/(W∞ - W) = kt, or second-order order equation (3) t/W = 1/k
W∞2 + t/ W∞, where W∞ is the maximum water uptake, W is the
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water uptake at time t, and W∞ - W is the unrealized water uptake and
k is the rate constant (Chang and Bodmeier, 1997; Lara et al., 2005).
The rate of swelling was determined by plotting the difference of
swelling at two consecutive time points as function of time. To assess
the amount of time necessary for hexagonal phase formation, for-
mulations from an additional set of tubes subjected to the same swelling
procedure were visualized under a polarized light microscope at
0–24 h.

3.4. In vitro drug release studies

The in vitro release of naltrexone from the formulations was eval-
uated using Franz diffusion cells (diffusion area of 1.77 cm2; Hanson,
Chatsworth, USA) and phosphate-buffered saline (100 mM, pH = 7.2,
7 mL) as receptor phase under constant stirring (350 rpm) at
37.0 ± 0.5◦C. The high solubility of naltrexone hydrochloride in water
(50 mg/mL according to the manufacturer) ensures that the entire drug
dose added to the donor compartment can dissolve in the receptor
phase, and thus, drug release should not be influenced by solubility
issues as often observed for non-polar drugs (Carvalho et al., 2017b). A
cellulose membrane (cutoff 1000 Da, Sigma, St Louis, MO) was placed
between the receptor and donor compartments, and the microemul-
sions or the control solution (in propylenglycol) were added to the
donor compartment of each diffusion cell by transferring the volume
equivalent to 100 mg of formulation. To establish the volume equiva-
lent to 100 mg of each formulation, the relationship between mass and
volume was determined by weighing (10 times) specific volumes of the
formulations as previously described (Carvalho et al., 2017b; Mojeiko
et al., 2019); it varied from 104 to 120 μL depending on the formula-
tion.

Contrary to the BRIJ-based formulation previously studied by our
group for naltrexone release (which dissolved in contact with the re-
ceptor phase within 96 h) (Phelps et al., 2011), the hexagonal phase
studied here equilibrated with excess of water, enabling the in vitro
release to be studied for 120 h. Longer periods could not be studied
because of water evaporation and formation of air bubbles in the re-
ceptor phase, precluding its contact with the formulation. Aliquots of
200 μL of the receptor phase were collected at 4, 8, 12, 24, 36, 48, 60,
72, 96 and 120 h post-application for drug quantification. Transfor-
mation of the precursor microemulsions into hexagonal phase gels oc-
curred during the release study; gels could be observed in the donor
compartment within 8 h.

Naltrexone release was quantified by UV-spectrophotometry at
220 nm using standard solutions in the range of 2–100 µg/mL. To es-
timate cumulative drug release, the amount of drug collected at earlier
time points were added to the observed (or measured) drug amount in
the receptor phase at a given time point as follows (equation 4):

Ctn = Cn + Cw,

where Ctn is the corrected drug amount at a given time n, Cn is the
observed drug amount in the receptor phase at a given time n, and Cw is
the sum of all drug amounts withdrawn (i.e., collected at earlier time
points) (Carvalho et al., 2019b). The release kinetics was determined by
plotting cumulative drug release against time (zero order), square root
of time (Higuchi), and the log of remaining drug against time (first
order), and coefficients of determination were obtained (Migotto et al.,
2018; Ng et al., 2017). Based on drug release, M−55 was selected for
further studies.

3.5. Stability screening

Two short-term methods were conducted to estimate the stability of
the selected microemulsion (M−55): centrifugation-based screening
and formulation storage at 25 °C for 6 weeks. The unloaded and nal-
trexone-loaded M−55 (with 5 and 10% of drug) was subjected to

centrifugation at 2000xG at room temperature (Universal 320, Hettich,
Tullingen Germany) for 30 min as previously described (Carvalho et al.,
2017b). A second set of these samples was stored at 25 °C (temperature
maintained by air conditioning) in closed vials, protected from light for
6 weeks. The formulations were assessed macroscopically for creaming,
sedimentation and phase separation, as well as microscopically for
isotropy and phase transformation (Leica, Wetzlar, Germany). Droplet
diameter was assessed using Zetasizer NanoZS90 equipment (Malvern,
UK) as described in the item “Formulation selection and characterization”.
To evaluate whether M−55 would still be able to give rise to hexagonal
phase gels after centrifugation or storage for 6 weeks, water was added
at a final content of 40%, and the formed gel was inspected by polarized
light microscopy.

3.6. Irritation potential

To gather information regarding the irritation potential of the
components of the selected microemulsion (M−55) to the injection site
prior to its in vivo administration, we assessed production of inter-
leukin-1α (IL-α) and viability of engineered skin equivalents (MatTek
Corporation) as endpoints of irritation. Instead of treating the stratum
corneum of the tissue as generally performed for topical formulations,
the viable layers of the tissue were exposed to M−55 by treating the
culture medium with 50 μL of the microemulsion. By placing M−55 in
contact with the culture medium, we enabled swelling but avoided
blocking the contact of the medium with the tissue, which could pre-
vent tissue feeding and decrease viability. We acknowledge the differ-
ences between these equivalents and the subcutaneous tissues, but this
model better simulates the complex structure of the subcutaneous tissue
and the cellular cross talk compared to cells in monolayer, and allows a
reduction in animal use. The tissues were incubated at 37 °C and 5%
CO2 for 2, 5 and 18 h; phosphate buffered saline (PBS, negative control)
and Triton-X100 (considered a moderate irritant, final concentration of
1% in the culture medium) were used as negative and positive controls,
respectively (Bagley et al., 1999; Hosmer et al., 2013; Verhulst et al.,
1998). The time intervals were selected based on the “MTT effective
time-50 (ET-50) protocol”, provided by MatTek, which has been used in
other studies from our group (Hosmer et al., 2013).

The culture media were collected at 2–18 h for quantification of
extracellular IL-1α using ELISA (Invitrogen, Camarillo, CA, USA). MTT
assay was used to account for tissue viability at the last time period:
tissues were rinsed with PBS and incubated with 300 µL of MTT solu-
tion (1 mg/mL) for 3 h at 37 °C and 5% CO2, followed by its extraction
by immersing the tissues in 2 mL of extraction solution overnight
(Hosmer et al., 2013). The optical density of the extracted samples was
determined at 570 nm (background reading at 650 nm was subtracted
from the readings).

3.7. Animals

Male C57-BL mice from the facility for mice production at the
Department of Pharmacology, Institute of Biomedical Sciences were
housed in the Animal Facility of the Department of Pharmacology with
free access to food and water until they reached 60 days and 25–28 g.
The animal room was kept under a 12:12 h light–dark cycle (lights on at
7:00 am), and temperature was maintained between 22 and 23 °C. The
protocol was conducted in accordance with guidelines issued by the
Brazilian Council for Control of Animal Experimentation (CONCEA),
and approved by the Animal Care and Use Committee of the Institute of
Biomedical Sciences at University of São Paulo. Experiments were
conducted between 7:00 am and 3:00 pm.

Animals were anaesthetized with isoflurane (5% for induction and
2.5% for maintenance, Cristalia, Itapira, Brazil), and the back hair was
removed using a depilatory cream applied for 50 s. The cream was
rinsed with warm water (32 °C) and the animals were placed at an
environmental chamber at 29 °C for recovery from anesthesia. Twenty-
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four hours after hair removal, animals were divided in groups based on
the treatment they were going to receive as described in the subsequent
sessions.

3.8. In vivo subcutaneous administration, hexagonal phase formation and
release of a fluorescent marker

This experiment aimed at assessing whether (i) the selected micro-
emulsion (M−55) transformed into the hexagonal phase gel in vivo, (ii)
how long after microemulsion administration the gel was formed, and
(iii) its ability to prolong the release of a fluorescent marker (Alexa
fluor 647) compared to a simple solution. The Alexa fluor-loaded
M−55 (0.05%, w/w) was obtained by dilution of the marker in the
polar phase of the formulation; at the concentration employed, the
marker did not preclude hexagonal phase formation. A solution of the
marker in propylene glycol (0.05%) was prepared for comparison. To
ensure that fluorescence was related to the presence of Alexa fluor in
the tissue, the unloaded ME-55 was preliminarily administered as
control, and did not result in any staining.

Animals were divided in 2 groups that received Alexa fluor solution
or Alexa fluor-loaded M−55. The formulations (100 mg) were ad-
ministered subcutaneously to the back of the animals, and whole body
animal imaging was used to track fluorescence distribution after 1 h, 2,
5, 10, 15, 20 and 34 days using a whole body bioimaging system (IVIS
Spectrum System, Perkin-Elmer Life Sciences, Waltham, MA, USA). The
following instrument settings were fixed for comparison among groups:
exposure time = 5 s, binning factor = 8, excitation/emission = 465/
540 nm.

At the end of the experiment, animals were euthanized (thiopental
i.p., 200 mg/Kg), and the formulation depot formed in the sub-
cutaneous tissue was removed and visualized under a polarized light
microscope to assess whether the hexagonal phase was formed. A se-
parate group (n = 3) of animals was also euthanized 24 h after ad-
ministration to assess gel formation at a shorter period of time.

3.9. Evaluation of formulation efficacy in the conditioned place preference
paradigm

The conditioned place preference (CPP) paradigm is a standard
preclinical behavioral model to assess rewarding and aversive drug
effects (Cunningham et al., 2006). It was employed to assess whether
one dose of M−55 had comparable effects to daily injections of nal-
trexone solution in modulating animal response to the rewarding effects
of ethanol.

3.9.1. Conditioned place preference paradigm
The assay was conducted using a three-compartment chamber

(EP156 C, Insight, Brazil, with dimensions of 4,6 x12,7 × 12,7 cm). The
experimental protocol consisted of one habituation session, eight con-
ditioning sessions, and a test session:

- Habituation: in the first day, animals were given an injection of
saline. After being returned to the home cage for 1 min, they were
positioned at the center of the apparatus for 30 min with free access
to all compartments to allow habituation to the apparatus, elim-
inating novelty as a confounding variable. Baseline data was de-
termined as the average amount of time spent in each chamber. No
preference for one compartment over the other was observed, and
the apparatus was considered unbiased.

- Conditioning (days 2–9): four ethanol pairings (i.p., 2 g/kg) were
alternated with four saline pairings. Within each experimental
group, animals were dosed in different compartments: half of the
animals received ethanol or saline in the black/rod floor compart-
ment and half in the white/mesh floor compartment. Also, animals
received saline or ethanol in alternate days. Upon placement into
the CPP apparatus, mice had access to only one of the conditioning

compartments, and after entering this compartment, the guillotine
door was closed and they were confined for 5 min.

- Test (day 10): no drug or vehicle was administered on the test day;
animals were placed into the central compartment and given free
access to all compartments for 30 min. The test sessions were re-
corded and the amount of time that the animals spent in each
compartment was measured by an experimenter blind to the group
allocation.

CPP was evaluated by comparing the amount of time spent in the
ethanol-paired compartment during habituation (H) and on day of the
test (T) according to the equation (5): Δt = tT-tH, where tT and tH
represent the amount of time spent in the compartment paired with
ethanol on the test (post-conditioning after ethanol treatment) and
habituation day (pre-conditioning before ethanol treatment), respec-
tively.

3.9.2. Treatment and assessment of formulation efficacy
Animals were divided in 5 groups according to the treatments they

were going to receive:

- Group 1 (CT-S): saline (s.c., 1 mg/Kg daily)
- -Group 2 (CT-NTX): naltrexone solution (s.c.,1 mg/Kg daily)
- Group 3 (M−55%): unloaded formulation (s.c., 100 mg/animal, one
dose)

- Group 4 (M−55 5%): M−55 containing naltrexone at 5% (s.c.,
100 mg/animal, one dose)

- Group 5 (M−55 10%): M−55 containing naltrexone at 10% (s.c.,
100 mg/animal, one dose)

During the conditioning phase, groups 1 and 2 received daily in-
jections of saline and naltrexone, respectively, 30 min before ethanol
administration, whereas groups 3–5 received one dose of M−55 (un-
loaded or containing naltrexone at 5 or 10%), on the first day of con-
ditioning.

To establish relationships between differences in animal behavior
after the various treatments and naltrexone plasma levels, the drug was
quantified in the plasma at the end of the efficacy test. Animals were
anesthetized with ketamine-xylazine (100 mg/Kg e 10 mg/Kg, i.p.), and
blood was withdrawn by inferior vena cava puncture prior to eu-
thanasia. Plasma was prepared by centrifugation of blood samples at
4000xg for 10 min and stored at − 80 °C. For naltrexone extraction,
120 μL of plasma was mixed with 10 μL of NaOH and 500 μL of ethyl
acetate, vortexed for 1 min, centrifuged (4000xg) for 5 min, and the
supernatant was collected and dried. The residue was suspended in the
mobile phase, and analyzed by HPLC. Using this method, naltrexone
recovery from plasma samples varied within 79–88%.

Chromatographic analyses were performed using a Shimadzu HPLC
system equipped with a pump (model LC-20AB), an autosampler
(model SIL-20A), an UV detector (model SPD-M20A) set at 215 nm, and
the Class-VP software. Naltrexone separation was performed in a
Phenomenex C18 (150 × 4.6 mm) column maintained at 25 °C, using a
mobile phase composed of 7:3 (v/v) acetonitrile:water (acidified with
0.005% phosphoric acid) at a flow rate of 1.0 mL/min. Calibration
solutions of naltrexone were prepared in acetonitrile and plasma (drug
was extracted as described earlier in this topic), and demonstrated
linearity within the range 0.05–50 μg/mL (for acetonitrile solutions)
and 0.06–10 μg/mL (for curves extracted from plasma). The limit of
detection of the method was 0.035 μg/mL. The amount injected into the
column was 20 μL for samples and calibration solutions. For each ex-
periment, new calibration curves were obtained.

3.10. Statistical analysis

The results were reported as means ± standard deviation or
means ± standard error (as denoted in each figure caption). Data from
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swelling studies were statistically analyzed using one-way ANOVA
(followed by Tukey post-hoc test, GraphPad Prism software), whereas
analysis of data from the in vitro release studies was performed using
repeated-measures ANOVA (followed by Fisher post-hoc test, Statistica
Advanced 8.2 software). Values were considered significantly different
when p < 0.05.

4. Results

4.1. Phase diagrams and formulation selection

Formation of isotropic, single phase and fluid systems (compatible
with microemulsions) were observed with water up to 20%; higher
concentrations led to fluid two-phase systems or gels, latter classified as
hexagonal phases (Fig. 1). The hexagonal phase co-existed with excess
water (hexagonal phase + water) with aqueous content at 40% or
above, and PG content at 25% or lower. This phase existed at narrower
aqueous contents as PG concentration increased, and could uptake less
water. At MT:PG ratios lower than 4:6, hexagonal phase formation was
precluded, and only microemulsions or two-phase systems were ob-
served. This is not unexpected, since PG replaces the content of the
structure-forming lipid (monoolein), hindering the formation of liquid
crystals as reported for other surfactant-based systems (Phelps et al.,
2011).

Microemulsions formed with MT:PG:H2O at 55:25:20 and 65:15:20,
w/w were selected for further studies (M−55 and M−65, respectively)
because they (i) transitioned into hexagonal phases upon uptake of
small additional water amounts, and (ii) contain different PG contents;
due to PG influence on viscosity and drug release, this comparison of-
fers the opportunity to select the formulation with the most desirable
release rate. Their composition is represented in Fig. 1A as white and
grey squares. A polarized light photomicrograph of M−55 is depicted
in Fig. 1B, demonstrating that the formulation is isotropic, and no
specific texture could be observed under the microscope; a similar
texture was observed for M−65 (not shown). Addition of water (to a
final content of 40%) to M−55 and M−65 gave rise to hexagonal phase
gels with little excess water (Fig. 1C-D). No alterations in the structures

Fig. 1. Relationship between composition and phase behavior of samples
composed monoolein, tricaprylin, propylene glycol (PG) and water. A: pseudo-
ternary phase diagrams; monoolein and tricaprylin at 9:1 (w/w) were mixed
with PG at ratios varying from 9:1 to 2:8 (w/w), and water was added at
10–80%. M−65 and M−55 are depicted as gray and white squares, respec-
tively, in the diagram. White circles: isotropic, single-phase fluids, character-
ized as microemulsions; inverted triangles: hexagonal phase; black squares:
hexagonal phase + excess water; triangles: two-phase systems; grey circle:
transition. B: polarized light microscopy image of M−55; C: polarized light
microscopy image of M−55 containing water; D: polarized light microscopy
image of M−65 containing water.
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of these formulations were observed after their incubation at 37 °C,
suggesting that the hexagonal phase would be formed at biologically
relevant temperatures.

4.2. Microemulsion characterization and swelling

As can be observed in Table 1, light scattering analysis evidenced
the existence of two populations, with the higher frequency population
depicting diameter of ~ 165 and 190 nm (see Supplementary Fig. 1 for
a representative size distribution diagram); as a result, the poly-
dispersity index (PDI) was 0.32 and 0.34, which denotes medium
polydispersity (Carvalho et al., 2019b; Loureiro et al., 2015). The ex-
istence of more than one droplet population has been previously re-
ported in microemulsions (Holmberg et al., 2004; Laia et al., 1998).

The flow properties of these microemulsions and their respective
hexagonal phase gels (obtained with water at 40%) are displayed in
Fig. 2. Both microemulsions displayed Newtonian behavior, char-
acterized by linear relationships between shear rate and stress, and flow
index close to 1. Their viscosity, calculated as the average of viscosity at
individual rates of shear, were 0.105 and 0.083 Pa.s for M−65 and
M−55, respectively, demonstrating that M−65 is ~ 1.3-fold more
viscous, and the microemulsions were 2–2.3-fold more viscous than
propylene glycol. The behavior of the hexagonal phase gels was con-
sistent with pseudoplastic systems, characterized by a non-linear re-
lationship between shear rate and stress and a decrease in viscosity
(shear-thinning behavior) as the rate of shear increased. This classifi-
cation was further supported by values of the flow index below 0.7. The
gel formed by M−65 was more viscous, as demonstrated by the in-
creased shear stress necessary to generate the same rate of shear com-
pared to M−55.

The rate and kinetics of water uptake by the microemulsions were
determined through two parallel studies: one was conducted by gravi-
metric determination of water absorbed and the other, by assessment of
hexagonal phase formation by polarized light microscopy. The water
uptake percentage and rate are demonstrated in Fig. 3A and B. Both
microemulsions quickly absorbed water, and at approximately 8 h, they
reached their respective equilibrium concentration. At the end of the
time window studied, M−65 and M−55 were capable of absorbing
19.0 ± 2.0% and 15.1 ± 2.2% of water, respectively. The maximum
rate of water uptake was achieved after 1 h for both microemulsions
(Fig. 3B), denoting similarities in the uptake process.

Fig. 3C depicts polarized light microscopy images of the micro-
emulsions after 0, 4, 8 and 24 h of contact with water. At 0 h, both
formulations were liquid, clear isotropic phases, consistent with their
classification as microemulsions. After 4 h of contact with water, it was
possible to note signs of anisotropy (and thus, phase transformation)
especially in M−65. This difference might result from the higher
amount of water absorbed by M−65 (as demonstrated in Fig. 3A),

bringing its aqueous content closer to that necessary for transformation
into the hexagonal phase in less time. At 8 h, both microemulsions had
transformed into hexagonal phase gels, which continued to exist for at
least 2 weeks (last time point assessed).

Data fitting to equations (2) and (3) revealed that swelling can be
better described by second order kinetics (with coefficients of de-
termination higher than 0.99, Table 2). This was expected, and similar
swelling results were described for monoolein and phytantriol-based
systems, and even for other surfactant-based formulations, such as BRIJ
(Boyd et al., 2006; Fong et al., 2009; Phelps et al., 2011).

4.3. Effect of naltrexone incorporation

Microemulsions M−55 and M−65 containing up to 5% of nal-
trexone were clear and fluid, whereas those containing 10% were turbid
even after bath sonication for 20 min, indicating that part of the drug
could not dissolve in the formulation. Addition of water to samples
containing 5 and 10% of naltrexone to reach final concentrations of 40
and 80% yielded clear hexagonal phase gels after sample incubation at
room temperature or at 37 °C (Supplementary Fig. 2). These results
suggest that naltrexone did not preclude hexagonal phase formation at
the concentrations studied, and that water uptake aided drug dissolu-
tion in the system.

4.4. Naltrexone in vitro release

The in vitro release study was performed to compare the two mi-
croemulsions and assess how composition affected drug release. When a
PBS solution of naltrexone (5%, control) was applied to the donor
compartment, larger drug amounts were transported across the mem-
brane compared to both microemulsions during the studied time period
(Fig. 4), demonstrating that (i) the membrane did not limit naltrexone
diffusion, and (ii) the hexagonal phases resulting from water uptake by
both microemulsions can prolong naltrexone release. Comparing the
two microemulsions, significantly higher amounts (p < 0.05) of nal-
trexone were released from M−55 from 48 to 120 h, and at 120 h (the
latest time point studied), 36.3 ± 5.9 and 22.7 ± 4.1% of drug was
released from M−55 and M−65, respectively. Whether this release
rate would translate into effective plasma concentration in humans
remains to be determined, as crucial in vivo aspects related to drug
absorption and disposition (that influence drug plasma concentrations)
are absent in vitro. To establish this type of in vitro-in vivo mathematical
correlation, a pharmacokinetic study to associate in vitro amounts of
drug released and in vivo plasma levels would be necessary (Andhariya
et al., 2017; Davanco et al., 2020).

Increasing the amount of drug from 5 to 10% did not affect the
kinetics of drug release (Fig. 4), demonstrating no influence of drug
loading on the release process. Regardless of composition differences

Fig. 2. Rheological behavior and viscosity of microemulsions and their gel counterparts containing water. A: microemulsions, B: M−65 with water (40%), C: M−55
with water (40%).
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between M−55 and M−65, release was proportional to the square root
of time, as demonstrated by the higher values of the coefficient of de-
termination obtained by fitting the data to the various kinetics models
(Table 1). M−65 and M−55 containing either 5 or 10% of naltrexone
formed a clear gel in the donor compartment within 8 h; thus, it is
reasonable to assume that M−55 containing 5 or 10% of drug displayed
similar characteristics along the majority of the in vitro release study,
and that the results express the release properties of M−55 containing
the dissolved drug. This is further supported by the release kinetics
observed, which suggests that drug release is controlled by diffusion
and not by the rate of drug dissolution (Chandrasekaran and Paul,
1982; Helledi and Schubert, 2001).

Because M−55 released approximately 1.5-fold more drug than
M−65 during the studied period, and drug loading did not affect re-
lease kinetics, this microemulsion was selected for further studies.

4.5. Stability screening

No phase separation, transformation or creaming was observed by
visual inspection and polarized light microscopy after centrifugation or
storage for 6 weeks of the unloaded and naltrexone-loaded M−55
(Supplementary Fig. 3). No pronounced changes on size were observed
on the unloaded or naltrexone-loaded M−55 (at 5%, Supplementary
Table 1) compared to initial values (depicted in Table 1), suggesting
stability. Diameter of M−55 containing naltrexone at 10% was not
determined due to the presence of drug particles, which could lead to
an erroneous estimation of droplet size. The microemulsions were still
capable of forming hexagonal phase gels (upon addition of water to
40%) after being subjected to centrifugation or storage for 6 weeks,
indicating that their ability to originate the gels was not altered
(Supplementary Fig. 3).

4.6. Estimation of the irritation potential

The irritation potential of M−55 (the selected microemulsion) was
compared to that of Triton-X100 and PBS using bioengineered skin as
model. Compared to PBS, Triton increased IL-1α release by the tissue at

Fig. 3. Water uptake by microemulsions.
(A) water uptake by M−55 and M−65 as
function of time; (B) rates of water uptake
by M−55 and M−65; (C) polarized light
microscopy pictures of microemulsions be-
fore and after contact with water for 2–24 h,
25 °C. Data shown as means ± standard
deviation of 4–6 replicates; scale
bar = 200 μm. At 0 h, both microemulsions
were isotropic; at 4 h, M−65 depicted signs
of transformation into hexagonal phase, and
after 8 h, both formulations were trans-
formed into hexagonal phase.

Fig. 4. Cumulative in vitro release of naltrexone. (A) release of naltrexone in-
corporated at 5% (w/w) in microemulsions M−65 and M−55 compared to a
drug solution; (B) influence of naltrexone loading on its in vitro release from
M−55. Each point represents means ± standard deviation of 4–6 replicates.
*p < 0.05 compared to M−65.
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all time-points studied (Fig. 5), and at the latest time point, the amount
of cytokine was approximately 30-fold higher (p < 0.001) than after
PBS exposure. Considering that IL-1α release was most likely impacted
by the low tissue viability (21.1 ± 7.1%), if we normalize cytokine
production by the viability of tissues exposed to Triton or PBS, Triton-
induced cytokine release would be approximately 150-fold higher.
Applying the same rationale for M−55−exposed tissues (whose via-
bility was 72.4 ± 14.8%), cytokine release would be ~ 3.5-fold higher
compared to PBS treatment, but approximately 40-fold lower than
Triton. These results suggest that M−55 can be considered safer than
the moderate irritant Triton, and can be employed in the pre-clinical
assay.

4.7. In vivo subcutaneous administration, hexagonal phase formation and
release of a fluorescent marker

Fig. 6A depicts representative images of animals subjected to sub-
cutaneous administration of M−55 or a solution of the fluorescent
marker Alexa fluor 647. Administration of the microemulsion resulted
in the formation of a strong fluorescent area at the injection site, and
despite the reduction of intensity and dimension of this area over time,
local fluorescent staining could still be detected at 20 days post-appli-
cation. Administration of the control solution also resulted in strong

fluorescent staining at the administration site, but fluorescence signals
decreased faster and in a more pronounced manner after 5 days com-
pared to the microemulsion. This comparison can be better visualized in
Fig. 6B, which shows that fluorescence signals decreased slower and in
a less pronounced manner within the studied time period in animals
treated with M−55.

The area of fluorescence staining in M−55−treated animals cor-
related with formation of a gel; at 24 h, it was blue in appearance (due
to the presence of Alexa fluor) and displayed a fan-like texture com-
patible with hexagonal phase, demonstrating that in vivo formation of
the liquid crystalline gel occurred within one day (Fig. 7A and B). At

Fig. 5. Time-dependent effects of treatments (PBS, Triton-X100 and unloaded
M−55) on the release of IL-1α by bioengineered skin tissues. * p < 0.05
compared to PBS, *** p < 0.001 compared to PBS. Each point represents
means ± standard deviation of 3 replicates.

Fig. 6. In vivo retention of the fluorescent marker Alexa fluor administered loaded in M−55 or as a solution in propylene glycol. A: whole animal images showing
fluorescence staining after subcutaneous administration of M−55 or the solution; B: local fluorescence intensity decay as a function of time, n = 4–6 animals/group.
** p < 0.01 and * p < 0.05 compared to Alexa fluor solution.

Fig. 7. Formulation administration and in vivo hexagonal phase formation. A:
animal at 24 h post-administration of M−55, depicting formation of a depot
with light blue color due to Alexa fluor incorporation; B: depot observed under
polarized light microscopy 24 h after M−55 subcutaneous administration de-
monstrating hexagonal phase formation; C: depot at 34 days after in vivo ad-
ministration of M−55 demonstrating that the hexagonal structure was main-
tained; D: subcutaneous tissue 5 days after administration of Alexa fluor
solution to show tissue staining.
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day 34, the remaining gel displayed a similar texture (Fig. 7C), de-
monstrating its ability to retain its structure in vivo. Even though
fluorescence was measurable in animals treated with Alexa fluor dis-
solved in propylene glycol at day 5, no solution remained locally after
24 h. However, a blue staining was observed at the tissue (Fig. 7D),
suggesting Alexa fluor adsorption. Thus, the fluorescent signal in ani-
mals injected with Alexa fluor solution can be attributed to the presence
of the compound adsorbed to the tissue and not of a formulation cap-
able of prolonging release. Tissue staining was not observed in the
microemulsion-treated animals, most likely because of the formulation
ability to slow down Alexa fluor release, avoiding its interaction and
adsorption at the tissue.

4.8. Evaluation of formulation efficacy in the conditioned place preference
paradigm

The CPP score of animals treated with a single dose of M−55
containing 5% naltrexone was significantly lower (p < 0.01) than
control animals (Fig. 8), demonstrating the efficacy of the formulation
in reducing place preference. This effect depended on the presence of
naltrexone, since injection of the unloaded formulation resulted in a
score similar to the control. There was no significant difference com-
paring Δt in the group treated with a single dose of the microemulsion
and daily injections of naltrexone solution, demonstrating the ad-
vantage of the microemulsion containing 5% of naltrexone in terms of
reducing the frequency of administration. On the other hand, animals
treated with M−55 containing 10% of naltrexone showed a significant
decrease (p < 0.0001) in CPP score compared to saline, naltrexone
solution i.p. and M−55 5% groups, suggesting that the high dose of
naltrexone induced aversion to the ethanol-associated compartment.

To try to correlate animal behavior and naltrexone plasma con-
centrations, drug quantification was performed at the end of the test. It
is worth noting that our goal was not to determine pharmacokinetic
parameters or perform a comprehensive PK/PD study, but to investigate
whether the difference in CPP behavior induced by M−55 containing
10% naltrexone was associated with higher plasma concentrations.
Naltrexone concentration was below the limit of quantification of the
method (0.06 μg/mL) in animals treated with one dose of M−55 con-
taining 5% of naltrexone, although a small peak close to the limit of
detection could be observed, and increased to 0.072 ± 0.035 μg/mL in

animals treated with M−55 with 10% naltrexone, demonstrating that
plasma concentration increased with drug content in the formulation.
Naltrexone plasma concentrations > 2 ng/mL are necessary for the
effect (Verebey et al., 1976). Because treatment with M−55 with 10%
of naltrexone resulted in higher drug levels at the end of the CPP study,
we can assume that the amount of drug released was sufficient to
generate effective concentrations and the pharmacological effect ob-
served in the pre-clinical model. Whether the release rate provided by
M−55 would be sufficient for efficacy in humans remains to be de-
termined.

5. Discussion

Formation of liquid crystalline phases can be brought about by
thermal processes (forming thermotropic phases) or by the addition of
solvents (forming lyotropic phases) (Stevenson et al., 2005); our goal
was to obtain gels in response to the uptake of fluids from biological
tissues. When exposed to water, both M−55 and M−65 gave rise to
hexagonal phases in vitro within 8 h, reaching equilibrium upon ab-
sorption of 15–19% of water. This is consistent with the phase behavior
depicted in the diagram of Fig. 1, which shows transition to hexagonal
phase + excess water (after which additional water uptake is not ex-
pected) at 40% of water. This result suggests that replacing 10% of MT
with propylene glycol in M−65 to obtain M−55 did not substantially
hamper its water uptake capacity.

In addition to the aqueous content, other factors are known to in-
fluence the phase behavior of monoolein-based samples, including ad-
dition of other compounds and temperature. The influence of other
compounds can be exemplified by tricaprylin, employed here to enable
formation of the hexagonal phase at biologically relevant temperatures
(Amar-Yuli and Garti, 2005; Norling et al., 1992). Medium chain tri-
glycerides are capable of solvating the tails of monoolein, affecting its
critical packing parameter, and transforming the lamellar or cubic
phases into hexagonal mesophases (Amar-Yuli and Garti, 2005). Simi-
larly, interactions between naltrexone and the polar headgroup of
monoolein may be possible, affecting the interfacial curvature, water
uptake and phase formation, as demonstrated previously when cyclos-
porine was included in monoolein-based systems (Caboi et al., 2001;
Lopes et al., 2006). Our results suggest that naltrexone neither pre-
cluded hexagonal phase formation nor induced formation of other
systems independently on drug concentration and state (dissolved or
dispersed) up to 10%. Similar observations were reported for BRIJ-
based liquid crystalline phases with naltrexone up to 5% (Phelps et al.,
2011).

Consistent with other microemulsions, both M−55 and M−65
displayed Newtonian behavior, which can be considered an advantage
since the force necessary for injection will be affected by the injecting
speed and formulation viscosity; since viscosity remains constant
during shearing, its influence is more easily controlled (Allahham et al.,
2004; Carvalho et al., 2017a; Carvalho et al., 2019b). On the other
hand, the hexagonal phase gels displayed pseudoplastic behavior,
which may be related to the formation of multilamellar vesicles at high
rates of shear (Carvalho et al., 2010; de Silva et al., 2011; Junqueira
Garcia et al., 2018). Because M−65 was more viscous at lower shear
rates, it is reasonable to suggest that drug diffusivity was reduced,
justifying naltrexone slower in vitro release (Hosmer et al., 2013; Makai
et al., 2003; Pepe et al., 2013). These results support the influence of
MT and PG content, with an increased release being observed as the
initial content of the structure-forming compound decreased and PG
content increased (Junqueira Garcia et al., 2018; Lara et al., 2005;
Makai et al., 2003). A similar effect was reported due to a decrease in
surfactant content in BRIJ-based gels and in microemulsions (Hosmer
et al., 2009; Phelps et al., 2011).

Drug solubility has been recognized as an important factor influ-
encing the rate and extent of release from swellable matrices, and de-
veloping prolonged release devices for water-soluble drugs like

Fig. 8. Influence of naltrexone i.p, (solution) and M−55 (unloaded or con-
taining 5 or 10% naltrexone) on ethanol-induced conditioned place preference
(CPP). Data are shown as CPP score (difference in the time spent in ethanol-
paired compartment during pre and post-conditioning); average ± standard
error of 4–8 animals/group. Treatments: saline, naltrexone solution (5%), un-
loaded M−55 (M−55), M−55 containing 5% of naltrexone (M−55 5%) and
M−55 containing 10% of naltrexone (M−55 10%). ** p < 0.001 and ***
p < 0.0001 compared to saline treatment, ++++p < 0.0001 compared to
saline and naltrexone solution.
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naltrexone hydrochloride is generally considered a challenge (Li et al.,
2008). Hydrophilic polymer matrix systems, which have been widely
employed to modulate drug release (specially oral), often enable rapid
diffusion of water-soluble drugs through the gel network, increasing the
risk of toxic concentrations (Yadav et al., 2012). To prolong the release
of hydrophilic drug, hydrophobic excipients have been included in
hydrophilic matrices and gels. Malonne et al. (Malonne et al., 2000)
demonstrated that monoolein-based systems containing fatty acids
provided a slower in vitro release of tramadol hydrochloride, and pro-
longed its analgesic activity in the rat tail flick test, showing analgesia
for over 10 h compared with the 3–4 h obtained with the drug solution.
Thus, addition of the triglyceride tricaprylin in the monoolein-based
hexagonal phase might have been important to prolong naltrexone re-
lease.

The components of M−55 were considered safer than a moderate
irritant (Triton), as demonstrated by a lower release of IL-1α and higher
tissue viability, which indicated the feasibility of employing the for-
mulation in the pre-clinical assay. One limitation of the assay as it was
employed here was that it only enabled a comparison of the formulation
with controls. Although the use of bioengineered skin models is well
accepted to estimate the irritation potential of topical formulations
(Faller et al., 2002; Semlin et al., 2011), it has not been validated (and
specific endpoints have not been set) for parenteral formulations, and
thus, a combination of in vitro and in vivo assays is most likely necessary
to ensure the safety of M−55 prior to clinical use. Another limitation of
this assay is that it did not address the effect of water uptake and gel
formation within the tissue, since the gel was formed upon contact with
the free culture medium and did not depend on the extraction of in-
terstitial fluid. This is an important factor for local reactions, as de-
monstrated by Borgheti-Cardoso et al. (Borgheti-Cardoso et al., 2015).
The authors observed that monoolein-based systems did not alter tissue
architecture, but influenced recruitment of inflammatory cells; after
7 days, a granulation tissue was observed at the site of injection, and
after 14 days, tissue repair took place (Borgheti-Cardoso et al., 2015).
Since monoolein is considered nontoxic (Ganem-Quintanar et al.,
2000), these effects were attributed to the pressure exerted on the
surrounding tissue due to the in situ gel formation rather than chemical
tissue damage (Borgheti-Cardoso et al., 2015). Nevertheless, it is worth
mentioning that weight loss or difficulty in locomotion was not ob-
served in M−55−treated animals, suggesting that its injection did not
affect the overall animal well-being.

Subcutaneous injection of M−55 led to formation of a gel with
hexagonal structure and slower release of the fluorescent marker Alexa
fluor compared to a solution, and after 20 days, fluorescence could still
be detected at the site of injection. This was consistent with the per-
sistence of the gel, whose remains was observed until day 34, and
confirms previous reports concerning the time necessary for gel re-
moval from the tissue (Borgheti-Cardoso et al., 2015). Additionally,
unlike the solution, M−55 ability to slow down Alexa fluor release
prevented its adsorption in the subcutaneous tissue and in the skin. This
is an interesting result, since undesirable drug accumulation in tissues
might lead to toxic reactions and other pharmacological effects
(Sakaeda et al., 2018).

Compared to the BRIJ-based system that we have previously studied
(Phelps et al., 2011), M−55 can be considered more advantageous
since it (i) resisted dilution in vitro and in vivo, as observed by the
persistence of the gel in vitro for 2 weeks and for 34 days after sub-
cutaneous administration, (ii) enabled incorporation of 10% of nal-
trexone, twice the amount suspended in BRIJ-based systems, and (iii)
promoted a slower drug release. In theory, these characteristics point to
the possibility to administer larger amounts of naltrexone that would be
subjected to prolonged release for longer periods of time, which could
potentially reduce the frequency of administration.

The efficacy of M−55 containing 5% naltrexone was demonstrated
by a reduction in the CPP score during the test. Its efficacy was similar
to daily drug injections, which demonstrates that M−55 enables a

reduction on dosing frequency, and thus, may contribute to improve
patient compliance to treatment. Increasing naltrexone concentration in
M−55 to 10% resulted in a more robust effect, compatible with place
aversion. It has been previously observed that aversion may occur as
function of naltrexone dose, the addictive drug dose, and the interval
between them (Parker and Rennie, 1992; White et al., 2005). Verebey
et al. demonstrated that plasma levels > 2 ng/mL are necessary to
antagonize the effect of 25 mg intravenously administered heroin
(Verebey et al., 1976), and doses used for treatment of patients with
alcohol addiction generally produce steady-state plasma concentrations
of naltrexone ranging between 3 and 40 ng/ml (Brunen et al., 2019).
M−55 with 10% of drug produced plasma concentrations above this
range (which was reasonable to expect since drug loading did not im-
pact the release kinetics) and might justify the aversive behavior. Al-
though aversion is often considered a limiting factor for treatment ad-
herence (Friedmann et al., 2013), the level of naltrexone-induced
aversion has been demonstrated to predict subsequent reduction in
ethanol consumption, especially in patients that actively consume high
levels of alcohol (Mitchell et al., 2009).

6. Conclusion

In conclusion, microemulsions capable of transitioning into gels
with hexagonal structure in vivo were characterized and optimized.
M−55 (the selected microemulsion) was easy to prepare, resisted for
over 30 days in the subcutaneous tissue, and allowed incorporation of
naltrexone at a wide range in a dissolved or suspended form without
precluding hexagonal phase formation. This could enable drug loading
to be tailored to match patient/treatment needs, providing in-
dividualized treatment options while expanding the potential uses of
the delivery system to treat other forms of addiction and/or diseases
requiring varied doses of naltrexone. For example, low doses of nal-
trexone have been proposed and studied for long-term treatment of
autoimmune disorders, cancer, obesity, prevention of cocaine relapse in
association with levo-tetrahydropalmatine and in dermatological dis-
orders (Liu et al., 2016; Sikora et al., 2019; Sushchyk et al., 2016),
while, as mentioned earlier, aversive doses may be important for pa-
tients that consume high levels of alcohol. Although we presented
promising results in terms of formulation pre-clinical efficacy, several
questions remain and should be elucidated in future studies. Our results
demonstrated that M−55 enabled a reduction on dosing frequency
compared to the solution, which may contribute to improve patient
adherence to treatment. However, considering that the formulation
remains in vivo for over 30 days, further studies regarding how long
naltrexone effects could be maintained after a single administration are
necessary to estimate the frequency of dosing and whether M−55 offers
advantages compared to other prolonged release formulations. Ad-
ditionally, future studies should investigate local in vivo reactions and
compare the systemic adverse effects resulting from naltrexone con-
ventional formulations and M−55. Although naltrexone-related ad-
verse effects are not usually life threatening (except in patients cur-
rently using opioids) (Bolton et al., 2019), reduction of their incidence
might aid treatment adherence.
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