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1. Introduction

Babassu oil-based microemulsion promotes
uniform in vitro release of diclofenac sodium
and donepezil hydrochloridet

&P Gabriela Spingolon®© and
*a,b

Felipe Schlichta de Gouveia,
Tanira Alessandra Silveira Aguirre

Microemulsions are nanostructured and thermodynamically stable systems with a reduced droplet size.
They can improve drug absorption and distribution. Babassu oil has been investigated for various thera-
peutic properties reported by popular use. This work aimed to develop, optimize, and characterize
babassu oil-based water-in-oil microemulsions to promote a controlled and uniform release of drugs
with different physicochemical properties. The optimal microemulsion composition was investigated
through pseudoternary diagrams, with water, surfactant mixture, and oil mixture as vertices. The formu-
lations were characterized based on pH, conductivity, size, polydispersity index, and drug content. In vitro
drug release was carried out using multidimensional and unidimensional techniques. An optimum micro-
emulsion contains (w/w): 10% water, 17.8% babassu oil, 26.2% medium-chain triglycerides, 29.7% Span™
83, 7.1% Tween® 80, and 9.2% Transcutol® HP. Diclofenac sodium (DS), donepezil hydrochloride (DH),
and insulin were associated with the dispersed phase of the microemulsion. These formulations presented
a droplet size of 26.9 + 1.9, 22.6 + 0.4, and 35.5 + 0.7 nm, respectively. The polydispersity index was <0.1
for all formulations. Microemulsions controlled the outflow of drugs, showing a uniform release com-
pared to the respective controls. It was evidenced that these profiles depend on the features of the mole-
cule associated. According to the selection criteria, most experimental DS and DH release kinetics in
water or pH 7.2 fit well with the Gompertz model. In conclusion, a babassu oil-based water-in-oil micro-
emulsion was developed for the first time, optimized, and characterized, supporting further investigation
of the formulation as a drug delivery system.

drug efficacy. Nanotechnology applied to drug delivery aims to
develop solutions for delivering drugs using nanocapsules,’

Potency and efficacy are important characteristics of drugs.
However, due to intrinsic properties, many substances have
low bioavailability when administered by non-parenteral
routes. These drugs present particular difficulties in crossing
some of the body’s barriers; for example, for transdermal deliv-
ery, the skin is a major biological obstacle for the drug
intended to reach the circulatory system. Incorporating drugs
into different carriers can optimize the delivery and improve
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nanoparticles,” nanoemulsions,® microemulsions,* and other
carriers. These nanosystems can increase efficacy, stability,
and bioactivity and decrease the side effects and toxicity of the
drugs.

Microemulsions are nanostructured systems consisting of
two immiscible liquids (oil and water) and are stabilized by a
layer of surfactants and, generally, a co-surfactant or electro-
lyte.” They are thermodynamically stable, self-organizing nano-
structures and isotropic systems.®” These systems are optically
translucent due to their reduced droplet size, less than
100 nm,® so the light can cross through without diffraction.’
The reduced droplet size of the microemulsion promotes
better absorption and distribution of a drug compared to tra-
ditional formulations, which improves efficiency. There are
several microemulsion formulations that require low-energy
methods to prepare them, and industrial production can be
easily scaled-up. Microemulsions can be applied through
many administration routes, such as ocular,'® nasal,"* oral,'?
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topical,"® transdermal,'* parenteral,'® vaginal,'® and rectal."”
Neoral® (Novartis, UK) is an example of a commercially avail-
able microemulsion, an oral formulation of cyclosporin A
encapsulated into a microemulsion system.'® Another example
is Topicaine® (ESBA Labs, USA), a microemulsion loaded with
4% lidocaine for transdermal applications."®

Babassu oil (BBS, Attalea speciosa Mart ex. Spreng) is a vege-
table extract from almonds belonging to the Arecaceae family
and the Orbignya and Attalea genera.”’®*' It is a product of
Brazilian origin, obtained from a renewable source and gener-
ating a sustainable economy for a significant portion of
families in the state of Maranh#o.?”> BBS has been investigated
as having anti-inflammatory, antitumor, antimicrobial, and
healing pharmacological effects.”>** Some applications are
scientifically proven, while others are known by traditional
knowledge of people and communities. The anti-inflammatory
activity of BBS was previously reported by Reis et al., and they
demonstrated that it was improved by a microemulsion formu-
lation.”® The use and study of this oil as a component in
pharmaceutical formulations are justified by its composition
based on different small fatty acids: lauric (dodecanoic) and
myristic (tetradecanoic) acids are present in higher pro-
portions.*® The fatty acids confer characteristics, such as resis-
tance to non-enzymatic oxidation, low melting point, low
molecular weight, and amphiphilic properties, to babassu
0il.>”*® Lauric acid, for example, has proven to have absorp-
tion-promoting effects in the permeation of opioids and, con-
sequently, the ability to increase drug permeability topically.””
More than 50% of BBS is lauric and myristic acids;***° there-
fore, this oil presents the required elevated hydrophilic-lipo-
philic balance, which helps in its interaction with polar
regions of drugs.”® Furthermore, the use of BBS oil in formu-
lations means to incorporate a natural product obtained from
renewable sources to afford sustainable technologies. This is
in accordance with the 2030 Agenda for Sustainable
Development agreed upon by the member states of the United
Nations, and it meets several of its proposed goals (3, 8, 9, and
15).%"

There are three main different types of microemulsions: the
oil-in-water (O/W), in which droplets of oil are dispersed in an
aqueous phase; water-in-oil (W/O), in which droplets of water
are dispersed in a lipophilic continuous phase; and the bicon-
tinuous also called middle-phase microemulsions.**> Pessoa
et al. and Reis et al., respectively, presented biological activity
in vitro and in vivo of oil-in-water microemulsions containing
<12% of BBS as a dispersed phase. They demonstrated
increased release of superoxides from human blood phago-
cytes by babassu oil ME, and increased anti-inflammatory
activity in mouse ear edema by microemulsified babassu oil.
Microemulsions can be formed using components that play
more than one role within the system (multifunctional com-
ponent). Typically, the primary function of a multifunctional
component in a microemulsion is to contribute to the system’s
structure, while its secondary role is to impart an additional
activity to the formulation.**? Olive oil can be used as a multi-
functional component in a W/O microemulsion, for example.
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These formulations have many applications: skin hydration,
active ingredient release, encapsulation matrix, and drug
stability.>* > Besides its use as a therapeutic agent of BBS, this
substance has been demonstrated to have action as a per-
meation enhancer.?® Therefore, the presence of babassu oil as
the external phase may be an interesting feature of a drug
delivery system in which small drugs and biomolecules can be
encapsulated within the aqueous internal phase of the system,
and the oil is available to exert its therapeutic effect. To our
knowledge, this is the first report of a water-in-oil micro-
emulsion containing babassu oil.

Despite the widespread clinical use of diclofenac sodium
(DS), donepezil hydrochloride (DH), and insulin, their delivery
methods still present limitations that impact patient adher-
ence. DS is a non-steroidal anti-inflammatory drug (NSAID)
commonly used to treat inflammatory conditions. It has a
short half-life and typically requires frequent administration.
This regimen can lead to gastrointestinal irritation in some
patients.”” Although transdermal delivery is a potential
alternative for DS, the plasma concentration after topical appli-
cation remains typically under 10% of oral dosing.*®*™*° DH is
prescribed for the treatment of Alzheimer’s disease, and is
most commonly administered orally. However, due to the long
duration of therapy, gastrointestinal side effects are frequently
reported.”’ Additionally, its rapid absorption after oral admin-
istration may exacerbate these adverse effects.*> While trans-
dermal formulations of donepezil are available on the market,
their pharmacokinetic profiles differ from oral forms and
exhibit high interindividual variability.*® Insulin is a macro-
molecular drug, requiring subcutaneous injections due to
enzymatic degradation in the gastrointestinal tract and poor
membrane permeability, complicating adherence and patient
compliance.**

Water-in-oil (W/O) microemulsions represent a promising
strategy for developing delivery systems with sustained and
uniform drug release. Their nanometric size, thermodynamic
stability, and biphasic structure enable efficient encapsulation,
protection, and controlled release of both hydrophilic*® and
lipophilic*® drugs. These characteristics can enhance thera-
peutic efficacy, minimize side effects, and ultimately improve
patient adherence across a range of pharmacological
treatments.

Therefore, this work aims to develop and characterize
babassu oil-based water-in-oil microemulsions to promote a
controlled and uniform release of drugs. Additionaly, to
demonstrate the versatility of the formulation in incorporating
drugs with different hydrophilicity and sizes.

2. Materials and methods

2.1. Materials

The materials that compose the formulations are Babassu oil
(Attalea speciosa Mart ex. Spreng, Mundo dos Oleos, Brazil),
ultra-pure water (MilliQ®), medium-chain triglycerides (MCT)
(caprylic and capric acids, Delaware, Brazil), sorbitan ses-
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quioleate (Span™ 83, Sigma-Aldrich, Brazil), sorbitan mono-
oleate (Span™ 80 - Sigma-Aldrich/MKCK7756), polysorbate 80
(Tween® 80, Sigma-Aldrich, Brazil), 2-(2-ethoxyethoxy) ethanol
(Transcutol® HP, Gatefossé, France), diclofenac sodium
(Infinity pharma, China), donepezil hydrochloride (Ambeed,
USA), and insulin (Sigma-Aldrich, Switzerland). Babassu oil
study was registered at SisGen (identification ABCECDB).

2.2. Experimental methods

2.2.1. Determination of the required hydrophilic-lipophilic
balance for babassu oil. To define the behavior of the BBS and
support the production of stable microemulsions, the determi-
nation of the required hydrophilic-lipophilic balance (rHLB)
of the oil available was carried out. Formulations were pro-
duced using a mixture of surfactants (Tween® 80 + Span™ 80,
ranging from 1.86:1 to 2.95:1 ratio or Tween® 80 + Span™
83, ranging from 0.41:1 to 3.17: 1 ratio), water, and BBS. The
final volume of the emulsions was set at 10 mL, with 85%
(w/w) consisting of water, 5% (w/w) babassu oil, and 10%
(w/w) a blend of two surfactants. The blend’s individual por-
tions of the surfactants determine the oil affinity by exploring
their proportions. For this purpose, quantities of Tween® 80
were dissolved in the aqueous portion of the formulations,
while Span™ 80 or Span™ 83 was solubilized in the oil. Both
phases were dissolved and maintained at 60 °C under mag-
netic stirring at 750 rpm. After solubilization, the aqueous
phase was injected into the oily phase, and the obtained for-
mulation was homogenized using an Ultra Turrax® disperser
(8000 rpm) for 5 min.>® The stability of the formulations was
evaluated by observing the absence of phase separation for 7
days.

Once the first formulation was deemed stable, the remain-
ing ones were designed considering their surfactant pro-
portions in the blend. Thus, the hydrophilic or lipophilic ten-
dency of the oil is determined by the relationship between the
sum of the products of the mass of surfactants by their corres-
ponding calculated rHLB values over the total mass of the sur-
factant mixture, according to eqn (1).

rHLBpabassu =

(maSSSpan"'M 80 ° HLBSpanTM 80) + (mass’l‘ween® 80 - HLBrweene 80) (1)
maSSSpanTM g0 T MAaSSTween® 80

2.2.2. Development of microemulsions. The composition
optimization of the microemulsion was investigated through
the production of pseudoternary diagrams, using a mixture of
surfactants, a mixture of oil, and water as the three vertices of
these diagrams. Initially it was prepared as a mixture of surfac-
tants (Span™ 83 : Transcutol® : Tween® 80-6.5:2:1.5) and an
oil mixture (MCT : BBS - 6: 4), both having an HLB close to 6.
The sample composition with longer visual stability (ME-
blank) was used for the incorporation of the drugs: diclofenac
sodium (ME-DS), donepezil hydrochloride (ME-DH), and
insulin (ME-IN).

Aqueous solutions of the drugs diclofenac sodium, and
donepezil hydrochloride, were prepared at a concentration of
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5 mg mL~". Insulin was solubilized in HCI 0.001 mol L™" at a
concentration of 1 mg mL™". These solutions were used to
prepare drug-loaded microemulsions (Fig. 2) at diclofenac
sodium, donepezil hydrochloride, and insulin concentrations
of 0.5, 0.5, and 0.1 mg mL™", respectively.

Each microemulsion sample (1 g) was produced using the
simple combination of elements method, which consists of
quantitatively adding and mixing different concentrations of
each component.

2.2.3. Physicochemical characterization of microemulsions

2.2.3.1. Conductivity and apparent pH. The apparent pH of
blank and drug-loaded formulations was measured directly in
the samples (n = 3, for each formulation). The instrument
(pHmeter model 86505, AZ Instrument Corp.) was calibrated
using standard solutions of pH 4.0, 7.0, and 10.0.

The conductivity of the formulations was measured directly
in the samples (n = 3, for each formulation) using the same
equipment calibrated for conductivity. The range used for the
reading was from 0 to 199.9 uS cm™".

2.2.3.2. Droplet size and polydispersity index. The droplet
size diameter and polydispersity index were determined by
dynamic light scattering (DLS) (ZetaSizer® ZS, Malvern
Instruments, UK) with a laser of 633 nm, and the detectors
were placed at 173° angle to detect backscattering. The sample
was stabilized at 32 °C for 5 min, using a refractive index of
1.445 (external phase) and 1.330 (internal phase). The analyses
were carried out in triplicate for each formulation.

2.2.3.3. Diclofenac sodium and donepezil hydrochloride
quantification. A high-performance liquid chromatography
(HPLC) methodology based on the Brazilian Pharmacopeia
was employed for diclofenac sodium analysis.”” The mobile
phase was composed of methanol and phosphate buffer pH 3
(70:30), C-18 column (150 x 3.9 mm x 4 pm, Waters NovaPak)
as the stationary phase, a flow rate of 1 mL min™", 40 °C oven
temperature, injection volume of 20 pL, retention time of
3.1 min, run time of 6 min and the analysis wavelength of
276 nm. For the drug content assay, the formulation samples
(40 pL) were previously treated with ultrapure water (4960 mL),
vortexed for 3 min, filtered with a syringe filter (PVDF,
0.45 um), transferred to a vial, and injected.

For donepezil hydrochloride analysis, an isocratic HPLC
methodology was developed using a mobile phase composed
of phosphate buffer (pH 2) and acetonitrile (71:29), a C-18
column (150 x 4.6 mm x 5 um) as the stationary phase, a flow
rate of 1 mL min~', 30 °C oven temperature, an injection
volume of 20 pL, a retention time of 4.57 min, a run time of
8 min and an analysis wavelength of 268 nm. For the drug
content assay, 40 pL of formulation samples were previously
treated with 4960 mL of ultrapure water : methanol (1:1) and
vortexed for 2 min. Then, the samples were filtered with a
syringe filter (PVDF, 0.45 pm), transferred to a vial, and
injected.

Both methods were validated in terms of specificity, linear-
ity, precision, and accuracy.

2.2.3.4. Attenuated total reflectance Fourier-transform infra-
red (ATR-FTIR) spectroscopy. Fourier transform infrared (FT-IR)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was used to assess the existence of any incompatibility
between drugs and excipients. This technique was carried out
using IR Prestige-21 (Shimadzu, Japan), and the sample absor-
bance was determined in the region of 4000 to 600 cm™" at
room temperature. The KBr pellet was prepared at a ratio of
99 :1 of KBr: sample, using a force of 80 kN for the pure drugs
diclofenac sodium, donepezil hydrochloride, and insulin. The
ATR-8200HA (Shimadzu, Japan) accessory was used to measure
the infrared spectrum of the liquid samples (ME-blank,
ME-DS, ME-DH, and ME-IN) using 1-2 mL for each assay,
through the attenuated total reflectance (ATR) technique.

2.2.4. Superficial tension of aqueous drug solutions. The
pendant drop method measured the superficial tension of
drugs in aqueous solutions. First, the droplet average weights
of ultrapure water, diclofenac sodium 5 mg mL™", and donepe-
zil hydrochloride 5 mg mL™" were obtained from a medium of
thirty droplets. The droplet weight of the drug solutions was
compared with a standard liquid (water), and the superficial
tension was calculated using the following equation:

1= Ts 2)
my; is the droplet average weight of the drug solutions, my is the
droplet average weight of the water, y; is the superficial tension
of ultrapure water, and y; is the superficial tension of the
samples.

2.2.5. Invitro drug release. The drug release rate was evalu-
ated in vitro, for ME-DS and ME-DH, using multidimensional
dialysis (MD) and unidimensional dialysis (UD). Mathematical
modeling of drug release data from both dialysis method-
ologies was carried out to evaluate in vitro drug release behav-
ior using the DDSolver add-in program for Microsoft Excel.*®
The following models were evaluated (numbers in brackets are
to allow the proper identification of equations in the original
reference of DDSolver): Baker-Lonsdale (#318), First-order
(#304), Gompertz (#338), Higuchi (#308), Hixson-Crowell
(#314), Korsmeyer-Peppas (#311), Logistic (#332), Peppas-
Sahlin (#322), Quadratic (#326), and Zero-order (#301).

2.2.5.1. Multidimensional dialysis (MD) assay. This assay
used a modified cellulose membrane (cut-off 14 kDa, Sigma-
Aldrich). The dialysis bag with the formulation (2 mL) was
immersed in a medium (55 mL) under constant magnetic stir-
ring at 37 °C. Successive samples of the medium (1 mL) were
collected until a maximum time of 72 h, and the same amount
withdrawn from the medium was replenished after each
sampling. Ultrapure water and phosphate buffer pH 7.2 were
used as a medium for the ME-DS and ME-DH formulations,
respectively.

An aqueous solution of respective drugs was prepared in
the same microemulsion concentration (control group) for
both formulations. Successive samples of the medium (1 mL)
were collected until a maximum time of 48 h for DS solution,
and 24 h DH solution, and the same amount withdrawn was
replenished after each sampling.

2.2.5.2.Unidimensional dialysis (UD) assay. The UD assay was
carried out using Franz cells mounted with a modified cell-
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ulose membrane (cut-off 14 kDa, Sigma-Aldrich). An aliquot of
formulations (0.2 mL) was added to the superior part of the
cell. The basolateral side of the cell was filled with 14 mL of
media under constant magnetic stirring at 32 °C. Successive
samples (1 mL) were collected until a maximum time of 72 h,
and the same amount was replenished after each sampling.
Ultrapure water and phosphate buffer of pH 7.2 were used as a
medium for ME-DS and ME-DH formulations, respectively.

For both formulations, an aqueous solution of respective
drugs was prepared in the same concentration of the micro-
emulsion (control group). Successive samples of the medium
were collected (1 mL) until a maximum time of 24 h for DS
solution and 4 h DH solution, the same amount withdrawn
was replenished after each sampling.

2.2.6. Statistical analysis. All data obtained for the physico-
chemical characterization, dialysis, and permeation assays of
the microemulsions were analyzed by Microsoft Excel (2019)
and using Jamovi 2.3.28 software. The groups’ average was
compared by ANOVA and unpaired two-tailed Student ¢-test.

3. Results and discussion

3.1. Characterization of babassu oil

In the determination of the rHLB of babassu oil, the employed
methodology proposes that the proportions of different surfac-
tants with known HLB values, when adjusted correctly, lead to
the stabilization of the emulsion and indicate the hydrophilic
or lipophilic tendency of the oil. When the HLB value of the sur-
factants closely matches the rHLB value of the oil, the surfac-
tant molecules will be packed more tightly at the oil-water inter-
face, leading to a minimum free-energy in the system.
Considering that babassu oil comprises small fatty acids acting
as amphiphilic molecules, it is worth noting that it can interact
with both types of surfactants utilized in this study. The results
for rHLB determination of BBS using Tween® 80 + Span™
80 mixtures are shown in Table 1. With the restriction of the
rHLB range of the oil between 11 and 12, three formulations
showed stability, with calculated rHLB values of 11.56 (formu-
lation 4), 11.70 (formulation 5), and 11.87 (formulation 6).

Table 1 Experimental percentages of surfactants (Tween® 80 and
Span™ 80) and rHLB values for babassu oil calculated from the respect-
ive formulations

Tween® Span™ Ratio Tween® Calculated
Formulation 80 (%) 80 (%) 80 : Span™ 80 HLB
1 64.99 35.01 1.86:1 11.25
2 65.98 34.02 1.94:1 11.36
3 67.05 32.95 2.03:1 11.47
44 67.85 32.15 211:1 11.56
54 69.12 30.88 2.24:1 11.70
6" 70.74 29.26 2.42:1 11.87
7 71.99 28.01 2.57:1 12.00
8 73.10 26.90 2.72:1 12.12
9 73.69 26.31 2.80:1 12.18
10 74.67 25.33 2.95:1 12.29

% Refer to stable formulations.

RSC Pharm., 2025, 2, 824-837 | 827
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The region for stable formulations (over 7 days) found in
this study is consistent with the data reported in the literature
for the same methodology using the same pair of surfactants,’
which determines the rHLB of BBS between 11 and 12.

Tween® 80 and Span™ 80 are nonionic surfactants both
containing the same fatty acid tail formed of oleic acid. This
leads to well packed interfacial film formation, reducing
surface tension and improving emulsion stability. While
Span™ 80 stabilizes the oil phase of the emulsion, Tween® 80
stabilizes the aqueous phase. Therefore, this pair is often used
for rHLB determination of oils. However, in order to form a
water-in-oil microemulsion, Span™ 83 was used in this work,
because it has a lower HLB (3.7 vs. 4.3 for Span™ 80).

The rHLB of babassu oil was experimentally determined
using mixtures of Tween® 80 and Span™ 83 (Table 2).
Formulations with HLB values ranging from 6.98 to 12.28 were
prepared; the samples with rHLB > 9 destabilize just after
preparation. The most stable formulations were 1, 2, and 3
(with rHLB values between 6.98 and 7.54), which suggests that
the rHLB of BBS in the microemulsion system is 7-7.5.

The results showed that the rHLB of BBS oil varies depend-
ing on the surfactant pair used: 11-12 for Span™ 80 and 7-7.5
for Span™ 83. Both surfactants are sorbitan esters derived
from sorbitol (sugar) and fatty acids, but they differ in the type
of fatty acid and consequently in their properties. Span™ 80
(span monooleate) contains oleic acid, while Span™ 83 (span
sesquioleate) contains a mixture of sorbitan esters, with a com-
bination of mono and di-oleate structures, the sesquioleate
indicates that the sorbitan molecule is esterified with 1.5 oleic
acid molecules. For systems formed of surfactant-water-oil as
the emulsions prepared for rHLB determination, the oil and
water domains are separated by an interfacial surfactant
monolayer. This film divides the space into volume fractions
required by the three constituents while optimizing the

Table 2 Experimental percentages of surfactants (Tween® 80 and
Span™ 83) and rHLB values for Babassu oil calculated from the respect-
ive formulations

Tween® Span™ Ratio Tween® Calculated
Formulation 80 (%) 83 (%) 80: Span™ 83 HLB
14 29.0 71.0 0.41:1 6.98
24 33.0 67.0 0.49:1 7.43
34 44.0 56.0 0.79:1 7.54
4 36.5 63.5 0.57:1 7.82
5 38.0 62.0 0.61:1 7.99
6 40.0 60.0 0.67:1 8.22
7 42.0 58.0 0.72:1 8.45
8 47.0 53.0 0.89:1 9.01
9 52.0 48.0 1.08:1 9.58
10 56.0 44.0 1.27:1 10.03
11 60.0 40.0 1.50:1 10.48
12 67.0 33.0 2.03:1 11.27
13 69.5 30.5 2.28:1 11.55
14 71.0 29.0 2.45:1 11.72
15 72.5 27.5 2.64:1 11.89
16 76.0 24.0 3.17:1 12.28

% Refer to stable formulations.
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packing of the amphiphilic molecules within the film. The
packing parameter of the interfacial film mainly depends on
the chemical structure of the surfactant and the ability of oil
molecules to penetrate more or less deeply into the surfactant
layer.”® Therefore, the rHLB value for BBS depends on the sur-
factants used, and an experimental approach for the determi-
nation of its rHLB value would be recommended for each
formulation.

With a defined rHLB range using Tween® 80 and Span™
83, it was possible to support the development of stable micro-
emulsions. Our group previously characterized the same oil
used here regarding fatty acid composition.>® Lauric and myr-
istic acids are the major unsaturated components of this oil,
accounting for 61.4% (w/w), and this composition probably
leads to an elevated rHLB value due to short apolar chains of
these molecules.

3.2. Development of microemulsions

3.2.1. Mixture of surfactants and oils. The HLB is a prop-
erty that shows the balance of size and strength among a mole-
cule’s hydrophilic and lipophilic moieties.”® According to the
literature, the formation of a W/O microemulsion is favored
when the HLB value is close to 6;® the oil and surfactant mix-
tures were prepared following this information. For the surfac-
tant mixture, a surfactant with more polar affinity (Tween®
80), one with apolar affinity (Span™ 83), and a co-surfactant
(Transcutol® HP), which is essential for the formation of most
microemulsions, were used. Babassu oil was combined with
medium chain triglycerides (MCT) for the oil mixture to
obtain a mixture with an rHLB value of 5.8-6.0. Antoni et al.,
obtained accuracy above 95% on an artificial neural network to
predict oil-in-water microemulsion containing BBS using HLB
as a physical property.> HLB is not the only parameter that
will influence the formation of microemulsions, but it is a
good guide for achieving satisfactory experimental results.

3.2.2. Pseudoternary diagrams. To investigate the optimal
system composition for the formation of a W/O micro-
emulsion, we constructed two pseudoternary diagrams using
water, oil mixture, and surfactant mixture as vertices. These
microemulsion systems have the characteristic of being opti-
cally translucent, so their formation can be verified by visual
inspection of the samples.

The first diagram was used to make a general scan of all
the proportions, so 36 samples were prepared, varying the con-
centration of the vertices from 10 to 10% (Fig. 1A and
Table S17}). They were classified by visual appearance into six
emulsified systems: phase separation, clear emulsion, liquid
emulsion, solid emulsion, and microemulsion. Through these
samples, a microregion located around the 5A sample was
identified (region demarcated in Diagram A of Fig. 1), that
seemed promising to form microemulsions. Then the second
diagram (Fig. 1B and Table S2t) aimed at amplifying the inves-
tigation of this delimited region, whereby more 40 samples
were prepared between 8 to 14% water, 30 to 50% oil mixture,
and 40 to 60% surfactant mixture. Among these samples, two
stood out as promising microemulsions, 3B (8% water 46% oil

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Pseudoternary diagrams with surfactant mixture, oil mixture and water as the vertices. Diagram A represents a variation of 10 to 10% of the
vertices, with a demarcated region that is promising to form microemulsions. Diagram B represents a variation of 2 to 2% of the vertices, in the

range of the demarcated region of diagram A.

mixture, and 46% surfactant mixture) and 14B (10% water,
44% oil mixture, and 46% surfactant mixture), so they were
subjected to a visual stability test over 10 days. As a result, the
14B formulation (Fig. 2) proved to present longer stability,
therefore, it was selected for further studies. The micro-
emulsions were prepared by a low energy method, in which
the components were mixed together in a specific order, and

Fig. 2 Developed ME-blank formulation at the final optimized micro-
emulsion composition (% w/w): 10% water, 44% oil mixture (17.8%
babassu oil + 26.2% MCT), and 46% surfactant mixture (29.7% Span™ 83
+ 7.1% Tween® 80 + 9.2% Transcutol® HP) (n = 2) (magnetic bars are
inside flasks).

© 2025 The Author(s). Published by the Royal Society of Chemistry

the system was spontaneously organized. This is an advantage
over other methods, such as high pressure homogenization,
which requires more energy and are expensive in terms of
scale up production.

3.3. Physicochemical characterization of microemulsions

The aim of this study was to develop water-in-oil (W/O) micro-
emulsions using babassu oil as the external phase, with the
goal of demonstrating the formulation’s versatility in incorpor-
ating drugs with varying hydrophilicity and molecular sizes.
Diclofenac sodium, donepezil hydrochloride, and insulin were
selected as model compounds due to their distinct physico-
chemical properties, representing a spectrum of drug types
that challenge conventional delivery systems.

Diclofenac sodium, which exhibits moderate to high
aqueous solubility, particularly at neutral to basic pH, was
chosen as a representative small hydrophilic molecule.
Therefore, it was incorporated into the internal aqueous phase
of the microemulsion (ME-DS) to assess its influence, mainly,
on droplet size and release profile. To further explore the
system’s versatility, donepezil hydrochloride was selected as
the second small molecule with differing characteristics.
Although not classically categorized as a model lipophilic drug
(it is a BCS Class I drug), it has a comparable molecular weight
(~379.5 g mol ™" vs. 318.1 g mol ™" for diclofenac sodium) and a
higher predicted logD value (2.48 vs. 1.10 for diclofenac
sodium),?* indicating significant affinity for nonpolar environ-
ments. However, it presents moderate water solubility at the
tested concentration. Therefore, donepezil hydrochloride was
also incorporated into the internal phase of the micro-
emulsion (ME-DH) to enable direct comparison without alter-
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ing the phase of drug incorporation. Insulin, a hydrophilic
macromolecule with high aqueous solubility, was used to
evaluate the system’s capacity to encapsulate large bio-
molecules (5778 g mol™"). Like the other two compounds,
insulin was included in the internal phase (ME-IN), facilitating
a comparative analysis of the physicochemical characteristics
of the microemulsion across a range of drug types.

The formulations ME-blank (sample 14B), ME-DS, and
ME-DH were subjected to physicochemical characterization
studies regarding conductivity, pH, droplet size, polydisper-
sity index (PDI), and drug content. ME-IN was characterized
for conductivity, pH, droplet size and PDI. All results are
summarized in Table 3 and triplicates are shown in
Table S3.71

As the microemulsions are water-in-oil systems, the pH
cannot be measured accurately, therefore, an apparent pH will
be reported for comparison. The formulation ME-blank
showed a neutral apparent pH (7.49 + 0.01), ME-DS showed no
statistical difference compared to ME-blank. Donepezil hydro-
chloride contains a tertiary amine in its structure, therefore for
ME-DH the drug incorporation increased the apparent pH
compared to the blank formulation (p < 0.05). Insulin was
solubilized under acidic conditions, leading to a decrease in
the apparent pH in ME-IN formulation (p < 0.001).
Conductivity values for formulations ME-blank, ME-DS,
ME-DH, and ME-IN were 1.8 + 0.1, 1.2 + 0.2 1.0 + 0.1, and 0.2 +
0.1 pS cm™" respectively. The ME-blank was statistically
different (p < 0.001) from ME-DS, ME-DH, and ME-IN. But
there was no statistical difference (p > 0.05) for comparing
ME-DS and ME-DH. ME-IN is also statistically different (p <
0.001) from ME-DS, and ME-DH. This property is important
for microemulsion to indicate how the system is organized.
Low conductivity values, in the range of pS cm™, suggest a
W/O microemulsion.® So, the conductivity values for ME-
blank, ME-DS, ME-DH, and ME-IN, indicate that these formu-
lations are indeed W/O microemulsions.

Microemulsions have the feature of possessing droplet size
in the range of 10 to 100 nm,® lower than nanoemulsions
(>100 nm), which is misleading in the literature because of the
prefix name of these systems. The droplet size was measured
by a dynamic light scattering methodology using Mie scatter-
ing theory and the cumulant method for data fitting. Average
droplet sizes were 27.9 + 0.7 nm, 26.9 + 1.9 nm, 22.6 + 0.4 nm,
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and 35.5 + 0.7 nm, respectively, for the formulations ME-
blank, ME-DS, ME-DH, and ME-IN. Diclofenac sodium does
not cause changes in droplet size compared to blank micro-
emulsions (p > 0.05), but it is statistically different in size for
donepezil hydrochloride and insulin. For ME-DH, a decrease
in droplet size was observed. The ME employed in this study
comprises 10% water, 44% oil mixture, and 46% surfactant
mixture. This composition suggests the formation of a water-
in-oil (W/O) or bicontinuous microemulsion. Although com-
bined techniques are necessary to affirm that the droplets in
the analyzed microemulsions are spherical, the size results
were consistent among different batches, and the data fitting
was good quality. In theory, DLS assumes spherical particles/
droplet. The translational diffusion coefficient is calculated
through the autocorrelation functions obtained by data fitting.
After that, the hydrodynamic radius of solid spherical particles
can be derived using Stokes-Einstein equation.®® Therefore,
even though a combined system organization can exist, all
developed formulations are in the adequate size range and
structure for W/O microemulsion, but it was evident from the
results that the droplet size is influenced by the drug loaded
into the system.

To investigate why the change in droplet size happened in
different formulations, the superficial tension of the
aqueous solution of DS and DH was measured by the
pendant drop method. We assumed 72 mN m ™" as the super-
ficial tension of the water, as documented in the literature,
for eqn (2). As a result, it was observed that the drugs
reduced the superficial tension of water, but DS (46 mN m™*)
reduced more than DH (59 mN m™"), so the superficial
tension of drug aqueous solutions was not the primary factor
that influenced the size of the microemulsion droplet, as the
size of ME-DS > ME-DH.

DH is a drug with apolar affinity, having a log D value of
2.48, so in the microemulsion, this drug may be moving from
the droplet toward the oil phase of the formulation. The lipo-
philic affinity of DH and the fact that DH aqueous solution in
an ionic solution has free ions in solution (H" and CI~), which
can interact with the polar heads of the surfactants by attrac-
tive forces, may be the features responsible for the decrease in
the droplet size in the ME-DH formulation. Also, For the
ME-IN formulation, an increase of almost 8 nm was observed
in the droplet size compared to the ME-blank; this can be

Table 3 Physicochemical characterization of the prepared microemulsions. ME-blank, ME-DS (diclofenac sodium), ME-DH (donepezil hydro-

chloride) and ME-IN (insulin), n = 3-5

Apparent pH Conductivity (uS em™) Drug content (mg mL ™) Droplet size (nm) Polydispersity index
ME-blank 7.49 + 0.01 1.8+0.1 — 27.9+0.7 0.06 = 0.04°
ME-DS 7.72 +0.07 1.2 +0.2° 0.46 + 0.04° 26.9+1.9 0.09 + 0.05¢
ME-DH 7.80 + 0.19° 1.0 +0.1° 0.53 + 0.04° 22.6 +0.4>¢ 0.09 + 0.04°
ME-IN 5.10 + 0.10%4¢ 0.2 + 0.154¢ — 35.5+0.7%%¢ 0.04 + 0.02f

Differences between means were analyzed by ANOVA one way and test t-Student. * - different from ME-blank at p < 0.05 in the same table
column; P - different from ME-blank at p < 0.001 in the same table column; ¢ - different from ME-DS at p < 0.01 in the same table column; d_
different from ME-DS at p < 0.001 in the same table column; © - different form ME-DH at p < 0.001 in the same table column; © - statistically

equal at p > 0.05 in the same table column.
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Fig. 3 The FT-IR spectrum for diclofenac sodium, donepezil hydrochloride, and insulin, and for the developed microemulsions, ME-Blank, ME-DS,

ME-DH, and ME-IN.

explained by the size of insulin, which is a large biomolecule,
and its often agglomerated into dimers, tetramers, and hexam-
ers, with larger sizes of 3.94, 4.56 and 5.39 nm, respectively.**
The PDI was <0.1 showing that all developed formulations
have good homogeneity, with no statistical difference between
them (p > 0.05). Furthermore, this low PDI corroborates the
hypothesis that spherical water droplets are dispersed into oil
phase in these microemulsions.

The FTIR spectra of all drugs were consistent with the pre-
viously reported literature (Fig. 3). For diclofenac sodium (DS),
the characteristic absorption bands include C=O stretching
observed from 1550-1600 cm™, C=C stretching bands at
1500 cm ™", and a large band from 3200 to 3500 cm™", which is
associated with a NH, stretching of secondary amine.>® In the
case of donepezil hydrochloride (DH), the principal bands
include a strong and well-defined C=O0 of ketone strong and
defined at 1700 cm™; stretching bands of N-C and C-O-C
from 1000 to 1300 cm '.’® Insulin exhibits characteristic
peptide bands, specifically strong amide I and amide II bands
at 1650 and 1550 cm™ %, respectively, due to the C=O stretch-
ing of the structure.”” The FTIR spectra of the developed
microemulsions, recorded using the ATR technique, are also
presented in Fig. 3. All three drug-loaded microemulsions
exhibited spectra that closely resembled that of the ME-blank,
with no additional or unexpected peaks observed. This indi-
cates compatibility between the drugs and the formulation,
and these results suggest that the drugs are encapsulated
within the formulation.

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.4. Invitro drug release

Both dialysis methodologies employed in the study of drug
release kinetic maintained the microemulsion intact at the
end of the experiment as inspected visually. The formulation
is separated from the medium by a modified cellulose mem-
brane, and there is no apparent water transport into the micro-
emulsion compartments. ME-DS showed 34.8 + 1.9% drug
release after 24 h and 39.9 + 3.4% at 72 h in the multidimen-
sional dialysis (MD) assay (Fig. 4A and Table S4f). For the
control group, 70.2 + 2.8% of the drug was released from for-
mulation after 6 h, reaching 87.5 + 1.1% at the 24 h time
point. Therefore, a significant difference is observed between
the release of DS from the control and ME (p < 0.05). For
ME-DS, the release kinetic is faster in the first hours of the
experiment, and as time progresses, the release speed reduces.

ME-DH displayed a controlled release (Fig. 4B) of the drug
provided by the formulation differently from the control (p <
0.001). After 1 h, the control group released 92.0 + 15.4%. The
microemulsion released 19.6 + 2.7% of the encapsulated drug
after 72 h, showing a slow, but constant increase over time.
This result suggests that a complete release of DH may happen
at a prolonged time, which is an attractive feature for drug
delivery, extending the interval between doses.

The results of the unidimensional dialysis (UD) assay are
shown in Fig. 5, Tables S5 and S6.1 ME-DS showed a distinct
drug release profile from the respective control group, eviden-
cing that microemulsion controls the outflow of the drug.
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Fig. 4 Multidimensional dialysis (MD) assay performed in a dialysis bag of modified cellulose membrane (cut-off 14 kDa). (A) ME-DS and aqueous
solution of DS (control) in ultrapure water as medium receptor (n = 3). (B) ME-DH and aqueous solution of DH (control) in buffer pH 7.2 as medium

receptor (n = 3). Note that the scale on the graphs is different.

A
100 e ME-DS
= Control-DS
-

80+
2
3
& 60 }
8 :
[
s }
=
©
T 40+ |3
@
o
o .

20+

Lot
0 T ] T 1
0 20 40 60 80

Time (h)

B
80 * ME-DH
= Control-DH

60
S
T 40
"]
©
@
®
& 20
8
c
8 .
5 124 l +
o )

i l 1
8-
44
e e E i
0 T T T Y ~ T T T 3 T
0 2 4 6 820 30 40 50 60 70

Time (h)

Fig. 5 Unidimensional dialysis (UD) assay performed in the Franz cells mounted with the modified cellulose membrane (cut-off 14 kDa). (A) ME-DS
(n = 4) and aqueous solution of DS (n = 11) (control) in ultrapure water as the medium receptor. (B) ME-DH and aqueous solution of DH (control) in
buffer of pH 7.2 as medium receptor (n = 4). Note that the scale on the graphs is different.

After 24 h of experimentation, 48.6 + 6.5% of diclofenac
sodium was released from ME-DS, while after 2 h the control
group reached 39.8 + 28.8% drug released. ME-DH showed a
similar profile to ME-DS, in which the amount of drug
released from the microemulsion (8.2 + 1.6% at 24 h) is
inferior to the control group (43.5 + 25.1% at 4 h). For both for-
mulations (ME-DS and ME-DH), it was observed that the
microemulsion system reduces standard deviation compared
to respective controls. A similar feature was observed in clini-
cal trials®® of a commercial microemulsion Neoral®, where an
improvement in the linearity of dosing and pharmacokinetic
profile of cyclosporine A across patients was observed. When
the drug was encapsulated in microemulsion (Neoral®), com-
pared to the original Sandimmune® formulation, the intra-

832 | RSC Pharm., 2025, 2, 824-837

patient variability was reduced by 35% and inter-patient varia-
bility by more than 12%.>°

Another feature observed with in vitro tests was that the
release profile depends on the drug that is encapsulated by the
microemulsion. As is shown in Fig. 4 (MD assay) and Fig. 5
(UD assay), diclofenac sodium flows out of the microemulsion
exhibiting an accelerated kinetic profile compared to donepezil
hydrochloride which was also encapsulated. Some intrinsic
physicochemical characteristics of these drugs may be respon-
sible for this behavior. DH has a higher pK, (8.8) than DS
(4.0), so in a neutral pH like the medium assays DH is more
ionized than DS. This ionization directly impacts the release
profile of the drugs in MD and UD assays, which can be
observed by the data of the control groups for both drugs. In

© 2025 The Author(s). Published by the Royal Society of Chemistry
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this case, control-DH presents a maximum release between 2
and 4 h, while for control-DS the maximum occurs at 24 h.
Nevertheless, for drug-loaded microemulsions, the drug
release kinetics is primarily governed by the partitioning of the
active compound between the different ME domains (aqueous
phase, interfacial layer, and oil phase), and the diffusional re-
sistance posed by the microemulsion interface and dialysis
membrane. DH (log D 2.48) is more lipophilic than DS (log D
1.10), therefore it may be moving from the internal aqueous
phase to the lipophilic phase (babassu oil and MCT) or the
surfactant-rich interfacial region. Moreover, the inclusion of
Span™ 83 (a non-ionic surfactant with low HLB) further stabil-
izes the lipophilic domains and enhances DH retention within
the ME structure. Thus, the release of DH may be lower than
that of DS because the mass transport through the lipophilic
matrix of the formulation is hampered due to the high affinity
of the drug and the external microemulsion phase.
Additionally, Transcutol® HP may act to increase solubil-
ization of both drugs within the interfacial region, but its
effect would be more pronounced for more hydrophilic DS. It
could interact with the water phase and improve the mobility
of DS through the lipophilic external phase of ME, thereby
facilitating the release.®® Different tendency was observed by
Yew and Misran to W/O ME prepared using olive oil. They
showed faster release for lidocaine (logP 2.40) compared to
ascorbic acid (log P —1.85) in the UD assay at pH 7.4;>> empha-
sizing the influence of both ME composition and drug
physicochemical profiles on modulating release kinetics.
Mathematical modeling of in vitro release data was carried
out, testing several different models, including models that are
the most physically relevant. For ME-DS the three-parameter
Gompertz model presented the highest model selection cri-
teria evaluated (R gjseq and Model Selection Criterion — MSC)
for UD and MD (Table 4). This model is used mainly for com-
paring the release profiles of good solubility drugs and inter-
mediate release rates.®® The solubility of diclofenac sodium in
purified water is 14 mg mL™".®> The Gompertz equation para-
meters can be interpreted in terms of release kinetics.®
Therefore, according to the Gompertz model, the maximum
diclofenac sodium release was 43.5 + 5.0% and 58.1 + 6.1% for
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MD and UD dialysis, respectively. The flux toward the media
for ME-DS was favored for UD (k = 0.084 + 0.003 h™") compared
to MD (k = 0.072 + 0.005 h™") probably because the layer thick-
ness of microemulsion was smaller in UD compared to MD,
which impacted the mass transport of DS. According to the
model, the microemulsion containing diclofenac sodium deli-
vered 50% of the total possible release amount after 4.9 + 3.2 h
for MD and 5.6 + 2.4 h for UD. This longer time observed for
UD may be related to the higher maximum drug release
observed despite the release rate. For microemulsion contain-
ing donepezil hydrochloride and assayed by UD, the same
Gompertz model was the most adequate to describe the drug
release according to the selection criteria, even though DH is
less soluble in aqueous-based media than DS. The maximum
DH release was 12.5 + 1.8%, the release rate was 0.070 =+
0.020 h™!, and the time to release 50% of the maximum
amount of drug was 11.5 + 2.7 h. However, although the
Gompertz function presented elevated model selection criteria
values for DH-MD, the Higuchi and Baker-Lonsdale equations
displayed the best results. The Higuchi model applies to low-
soluble drugs incorporated into a uniform matrix, and
assumes that there are no changes in the matrix due to
water.®! The Baker-Lonsdale equation is based on the Higuchi
model for a homogeneous spherical matrix.

Nevertheless, for DH both model criteria selections used
were elevated (Rﬁdjusted > 0.95 and MSC > 3.0), however, for DS
it did not happen (Rjjj,seq < 0-95 and MSC < 3.0). Gompertz
and Higuchi models assume Fickian diffusion, which occurs
due to a gradient in chemical potential caused by the differ-
ence in the amount of drug loaded into the microemulsion
and the amount present in the release media. Perhaps more
than one release mechanism may be involved in the drug
release of diclofenac sodium from microemulsions. To investi-
gate this hypothesis, the data from DS-MD and DS-UD were
fitted to the Peppas-Sahlin equation. For DS-MD the Peppas-
Sahlin parameters were 0.9533 and 2.7801 for Ry, eq and
MSC, respectively; while for DS-UD these parameters were
0.9502 and 2.7255, in the same order. This model combines
diffusional and relaxation mechanisms of drug release from
polymeric devices.®® The diffusion also follows Fick’s law,

Table 4 Selection of a suitable model for fitting release of ME-DS (diclofenac sodium) and ME-DH (donepezil hydrochloride) from unidimensional
dialysis (UD) and multidimensional dialysis (MD) assay based on the adjusted coefficient of determination (RZy,q) and the model selection criterion

(MSC)
DS-MD DS-UD DH-MD DH-UD

Model Rl gjusted MSC Rigjusted MSC Rigjusted MSC Rigjusted MSC
Baker-Lonsdale 0.8466 1.8559 0.9247 2.4270 0.9815 3.8364 0.9300 2.5817
Fisrt order 0.1543 0.0572 0.5505 0.6429 0.8013 1.4228 0.7017 1.0681
Gompertz 0.8779 1.8816 0.9401 2.5201 0.9720 3.2973 0.9664 3.0521
Higuchi 0.8102 1.6459 0.8737 1.9631 0.9820 3.8676 0.9359 2.6503
Hixson-Crowell 0.0874 0.0233 0.4191 0.3841 0.7884 1.3596 0.6924 1.0352
Korsmeyer-Peppas 0.8616 1.8587 0.7965 1.3533 0.9743 3.4699 0.9270 2.4202
Logistic 0.8158 1.4164 0.8608 1.6565 0.9208 2.2111 0.9189 2.2079
Quadratic 0.5928 0.7611 0.7974 1.4271 0.9546 2.8130 0.9246 2.3878
Zero order 0.0772 0.1976 0.1562 0.0250 0.7597 1.2315 0.6724 0.9684

© 2025 The Author(s). Published by the Royal Society of Chemistry
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while the relaxation process happens because of stresses and
state transition in a hydrophilic polymer matrix that can swell
when in contact with aqueous media. Considering that the
microemulsions are not a polymeric matrix and did not have
contact with the external media or displayed any visual change
during the analysis, the Peppas-Shalin model lacks physical
meaning for these formulations. However, the higher values
obtained for model criteria selection compared to the
Gompertz model indicate that a combined drug release
mechanism may be involved for DS release from the
microemulsion.

Therefore, all these features are responsible for the
results of the in vitro assays, where DS has a major percen-
tual release compared to DH. Microemulsions containing
both drugs remarkably improved the uniformity of release
compared to the respective controls. The UD may relate
better than the MD to a possible in vivo administration by
different routes since the drug flux occurs in one direc-
tion.®® For example, Franz cells are routinely used as an
in vitro model to assess formulations for topical and trans-
dermal delivery.®”-%8

Although further studies are necessary to evaluate the
in vitro permeation and retention profiles of the incorporated
drugs, this work reports, for the first time, the development of
a versatile babassu oil-based water-in-oil microemulsion
capable of uniformly delivering drugs with diverse physico-
chemical properties. Notably, the formulation can be prepared
using a low-energy process and contains a moderate surfactant
concentration (46% wj/w) alongside a high oil content (44%
w/w) compared to oil-in-water microemulsions. Babassu oil
serves as a multifunctional component, contributing not only
to the structural integrity of the lipophilic phase but also
potentially offering therapeutic benefits. The high concen-
tration of babassu oil, particularly in the external phase of the
microemulsion, may enhance the formulation’s efficacy when
delivered by specific routes; however, dedicated studies are
required to substantiate these hypotheses and fully elucidate
its role.

4. Conclusion

In this work, a novel water-in-oil babassu oil-based micro-
emulsion was produced by a low-energy method, optimized,
and characterized. The required hydrophilic-lipophilic
balance value for babassu oil was determined to support
microemulsion production. Three different drugs (diclofenac
sodium, donepezil hydrochloride, and insulin) were associated
with the developed formulation, and it was observed that each
drug altered the physicochemical properties of the micro-
emulsion. Through the in vitro assays, it was found that the
formulations present a slow, homogeneous, sustained, and
controlled release, which may be suitable for the delivery of
different drugs by varied routes of administration. Additional
research is needed to confirm whether the formulation can be
effectively scaled up.
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