European Journal of Pharmaceutical Sciences 168 (2022) 106048

Contents lists available at ScienceDirect

European Journal of Pharmaceutical Sciences

journal homepage: www.elsevier.com/locate/ejps

ELSEVIER

Check for

Combination of lipid nanoparticles and iontophoresis for enhanced ol
lopinavir skin permeation: Impact of electric current on lipid dynamics

Rayssa Barbary Pedroza Moura, Ms. °, Ligia Marquez Andrade, Ph.D. °, Lais Alonso, Ph.D. b
Antonio Alonso, Ph.D. ", Ricardo Neves Marreto, Ph.D. % Stephania Fleury Taveira, Ph.D. ™
& Laboratory of Nanosystems and Drug Delivery Devices (NanoSYS), School of Pharmacy, Universidade Federal de Goids (UFG), Rua 240, Setor Leste Universitdrio,

Goiania, GO 74605-170, Brazil
b Instituto de Fisica, Universidade Federal de Goias (UFG). Av. Esperanga, s/n, Campus Samambaia, Goiania, GO 74690-900, Brazil

ARTICLE INFO ABSTRACT

Keywords: Nanostructured lipid carriers (NLC)-loaded with lopinavir (LPV) were developed for its iontophoretic trans-
NaT{OStf'fCtured lipid carrier dermal delivery. Electronic paramagnetic resonance (EPR) spectroscopy of fatty acid spin labels and differential
Lopinavir scanning calorimetry (DSC) were applied to investigate the lipid dynamic behavior of NLC before and after the
Transdermal administration . . . . . . . s .

Tontophoresis electrical current. In vitro release and permeation studies, with and without anodic and cathodic iontophoresis

were also performed. NLC-LPV had nanometric size (179.0 + 2.5 nm), high drug load (~x223C 4.14%) and
entrapment efficiency (EE) (~x223C 80%). NLC-LPV was chemically and physically stable after applying an
electric current. The electrical current reduced EE after 3 h (67.21 + 2.64%), resulting in faster LPV in vitro
release. EPR demonstrated that iontophoresis decreased NLC lipid dynamics, which is a long-lasting effect. DSC
studies demonstrated that electrical current could trigger the polymorphic transition of NLC and drug solubili-
zation in the lipid matrix. NLC-LPV, combined with iontophoresis, allowed drug quantification in the receptor
medium, unlike unloaded drugs. Cathodic iontophoresis enabled the quantification of about 7.9 pg/cm2 of LPV in
the receptor medium. Passive NLC-LPV studies had to be done for an additional 42 h to achieve similar con-
centrations. Besides, anodic iontophoresis increased by 1.8-fold the amount of LPV in the receptor medium,

Antiviral therapy
Electronic paramagnetic resonance

demonstrating a promising antiviral therapy strategy.

1. Introduction

Lopinavir (LPV) (Fig. 1) is an antiretroviral drug of great importance
to control infection by the Human Immunodeficiency Virus (HIV), as it is
a potent inhibitor of viral protease and has a high genetic barrier to
mutations (Diaz, 2016). Recently, LPV has been used for patients with
SARS-CoV-2 infection (COVID-19) (Liu et al., 2020). The use of LPV
appears effective against COVID-19, but digestive adverse effects and
hypokalemia prevented some patients from continuing with this treat-
ment (Liu et al., 2020). The same adverse effects were also observed in
HIV patients, such as diarrhea, nausea, vomiting, colitis (AbbVie, 2020).
Probable adverse effects are related to its exclusive oral administration,
which has low bioavailability.

LPV has low aqueous solubility (Fig. 1), making absorption difficult
and variable (Kim et al., 2017; Maniyar and Kokare, 2019, Ravi et al.
2015). Besides, LPV is extensively compromised by the hepatic and in-
testinal first-pass metabolism, through the CYP4503A4 enzyme complex
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and by the P-glycoprotein, which, as well as the low aqueous solubility,
contribute to reducing its oral bioavailability dramatically. To overcome
this problem, LPV is co-administered with ritonavir, another protease
inhibitor that acts by inhibiting CYP4503A4 and P-glycoprotein,
increasing LPV bioavailability. However, high doses and a complex
therapeutic regimen are necessary to make oral therapy effective (Pham
et al., 2016; Patel et al., 2015).

Within this context, LPV transdermal administration could be a new
strategy for both, administration to patients with HIV or for possible
treatments of COVID-19, considering that transdermal delivery could
reduce or eliminate different undesirable adverse effects. Transdermal
delivery could also reduce the administered dose, simplify therapy,
reduce toxicity, and positively impact patient adherence to the treat-
ment (Ghosn et al., 2018; Puri et al., 2017; lannazzo et al., 2015). Due to
skin barrier function, LPV transdermal delivery has been limited due to
its high molecular weight and lipophilicity (Maniyar and Kokare, 2019).

Several strategies have been studied to enhance LPV transdermal
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Fig. 1. Chemical structure of Lopinavir (LPV), molar mass of 628.8 Da, pKa of
13.39 and —1.5, Log P 4.69, and water solubility < 0.002 mg/mL.

delivery (Kim et al., 2017; Montenegro et al., 2016; Patel et al., 2015;
Wang et al., 2018). For instance, Patel et al. (2015) combined physical
(microneedles) and chemical methods to enhance LPV transdermal de-
livery. The combined therapy resulted in higher permeation of the drug,
and bioavailability greater than oral suspension (Patel et al., 2015). Kim
et al. (2017) solely used physical method (reverse electrodialysis) and
obtained LPV permeation at low doses (ng/cm?). Nanosystems have also
been proposed, such as niosomes, ethosomes (Patel et al., 2012), and
solid lipid nanoparticles (SLN) (Ansari et al., 2018). In general, nano-
systems improved drug permeation in more than 24 h of study.

The combination of passive and active strategies has become more
frequent to enable transdermal delivery in a shorter period, which is
quite advantageous for antiviral therapy. Among various delivery sys-
tems, iontophoresis has demonstrated exceptional interest as a helpful
tool for enhancing skin permeation of large-sized molecules (Kalia et al.,
2003; Krishnan et al., 2014). Although iontophoresis has proven sig-
nificant benefits, LPV iontophoretic delivery has not been investigated
yet. Besides, the combination of lipid nanoparticles and iontophoresis
has been unexplored in the literature (Taveira et al., 2014; Char-
oenputtakun et al., 2015; Huber et al., 2015). Therefore, a detailed
investigation of the effects of electrical current in LPV-loaded nano-
structured lipid carriers (NLC) can bring relevant information about the
feasibility of LPV transdermal delivery.

It is worth noticing that NLC are lipid nanocarriers comprised of a
mixture of solid and liquid lipids, with a lipid matrix solid at room and
body temperature (Shah et al., 2011; Fang et al., 2013). Surfactants are
used to stabilize the lipid matrix, and NLC were developed to enhance
drug loading and stability (Fang et al., 2013; Charoenputtakun et al.,
2015). Moreover, iontophoresis is a non-invasive technique that applies
a low-density electrical current (0.5 mA/cm?) to deliver charged and
uncharged molecules to deeper skin layers (Taveira et al., 2014; Petrilli
and Lopez, 2018). Thus, we hypothesized that cathodic iontophoresis
could push negatively charged lipids from NLC into stratum corneum
(SQC), favoring LPV close contact with the skin and its partition to deeper
layers. Alternatively, anodic iontophoresis could favor LPV electroos-
motic delivery after drug release from NLC. In both cases, NLC could
contribute to drug permeation due to its interaction with SC, causing
lipid rearrangements and, consequently, enhancing drug diffusion
(Garces et al., 2018; Fang et al., 2013). Still, little is known about the
influence of electrical current on lipid nanoparticles’ matrices. Our
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research group has already demonstrated that the drug release can be
accelerated by iontophoresis (Taveira et al., 2014). However, it is still
necessary to investigate the effect of the electrical current on the lipid
dynamics of NLC.

To test these hypotheses, LPV-loaded NLC was produced based on
drug solubility in different surfactants. NLC-LPV was fully characterized,
and stability was studied. Electronic paramagnetic resonance (EPR)
spectroscopy of a spin-labeled stearic acid was used as a complementary
technique to investigate the lipid dynamic behavior of NLC before and
after the electrical current. Also, it was evaluated whether the effect of
electrical current was long-lasting to NLC lipidic matrices. In vitro
release and permeation studies, with and without anodic and cathodic
iontophoresis, were also performed.

2. Materials and methods
2.1. Reagents

LPV (> 99%) (MW 628.8 Da) was kindly donated by Cristélia
Indtstria Farmaceéutica (Itapira, Brazil) and IQUEGO (Indtstria Quimica
do Estado de Goiés, Goiania, Brazil). HPLC grade acetonitrile was pur-
chased from J. T. Baker (Phillipsburg, NJ, USA). Tween® 80, Span® 80,
Span® 85, Pluronic® F-127, Pluronic® F-68, sodium taurodeoxycholate,
oleic acid and spin label (5-doxyl stearic acid, 5-DSA) were purchased
from Sigma Aldrich (St. Louis, MO, USA). Plurol® Oleic CC, Gelucire®
48/16 and Labrasol® were kindly donated by Gattefossé (France).
Stearic acid (mp 58.77 °C) was from Vetec (Sao Paulo, Brazil). Ultra-
purified water was used. All other chemicals were of analytical grade.

2.2. Analytical procedure

LPV was assayed using a UV high-performance liquid chromatog-
raphy method (HPLC) validated following ICH (2005) guidelines. The
HPLC system consisted of a quaternary pump (G7111B), autosampler
(G7129A), and UV detector (G7114A) (Agilent 1260 Infinity II, Agilent
Technologies®, USA). The separation was achieved using an Agilent
ZORBAX® Eclipse Plus C18 column (250 x 4.6 mm, 5 um). The mobile
phase was a 70:30 (v/v) mixture of acetonitrile and water. The flow rate
was 1.0 mL/min, the injection volume was 20 uL and UV detection was
210 nm. Data acquisition was performed using Openlab® software
(Agilent technologies®, USA).

LPV retention time was 4.6 min. A linear calibration curve was ob-
tained (y = 970584x — 35,161; r = 0.9999) and the test-F (F = 1.04) was
calculated based on the analysis of different concentrations (0.5-10 pg/
mL). The limit of quantitation (LOQ) of the method was 0.5 pg/mL.
Selectivity was investigated (formulation components and skin homog-
enate), and no interference was observed in drug retention time.

2.3. Solubility study

LPV solubility was evaluated in different surfactants (lipophilic and
hydrophilic) for NLC production. For lipophilic surfactants (Plurol®
Oleic CC - HLB 3.0, Span® 80 - HLB 4.3 e Span® 85 - HLB 1.8), an excess
of the drug (approximately 65 mg/mL) was added in 1 mL of each
surfactant. 1% (w/v) of hydrophilic surfactants (Tween® 20 - HLB 16.7,
Gelucire® 48/16 - HLB 12, sodium taurodeoxycholate - HLB 23,
Tween® 80 - HLB 15, Pluronic® F-68 - HLB 29, Pluronic® F-127 - HLB
18 to 23, Labrasol® - HLB 12) were dispersed in purified water (n = 3).
LPV was added in excess (approximately 10 mg/mL). All samples were
kept under magnetic stirring at 300 rpm for 24 h, at 25 + 2 °C. At the
end, they were filtered, diluted in acetonitrile, and injected into HPLC
system to determine the LPV content.
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2.4. Production of nanostructured lipid carriers (NLC) containing
lopinavir (LPV) (NLC-LPV)

Lopinavir-loaded NLC (NLC-LPV) was prepared using the micro-
emulsion technique (Andrade et al., 2017). A mixture of Tween® 80,
Span® 85, stearic acid, and oleic acid was heated, and LPV was added to
the melted material. After that, 250 pL of distilled water was added to
the mixture under magnetic stirring, and a microemulsion was obtained.
The microemulsion was dispersed into cold distilled water (2-4 °C) at
13,400 rpm for 10 min with T18 basic ULTRA-TURRAX® (IKA, Staufen,
Germany). A microemulsion:water ratio of 1:20 was applied to obtain
NLC dispersion. NaCl (201 mM) was added in all NLC formulations to
ensure the electrical current passage during iontophoresis experiments.

The dispersion had a total lipid content of 2% (w/v) (stearic acid at
15 mg/mL and oleic acid at 5 mg/mL) and, stabilized by 1.25% (w/v) of
surfactant (Tween® 80 at 2 mg/mL and Span®85 at 10,5 mg/mL). The
final volume of the dispersion was 20 mL (Andrade et al., 2017).
Different concentrations of LPV were added (0.5 to 1.5 mg/mlL).
Nanoparticles without LPV were also obtained (NLC) and used as
controls.

2.5. Characterization of lipid nanoparticles (NLC and NLC-LPV)

Mean diameter, Pdl, and zeta potential of NLC and NLC-LPV (1.5
mg/mL) were determined in triplicate using a Zetasizer ZS (Malvern
Instruments, UK). The entrapment efficiency (EE) of LPV was deter-
mined by centrifugation Silva et al., 2016). Briefly, 1 mL of freshly
prepared nanoparticle dispersion was subjected to centrifugation
(EXCELSA® 205/208 centrifuge, FANEM®, Sao Paulo, Brazil) for 20
min at 4200 rpm and 25 °C, to separate unloaded drug (precipitate) and
loaded drug (supernatant). An aliquot of the supernatant was solubilized
with acetonitrile and withdrawn for HPLC analysis. LPV content in NLC
was determined by lipid disruption with acetonitrile, followed by HPLC
quantification. All analyses were performed in triplicate. Entrapment
efficiency (EE), drug loading (DL), and drug recovery (DR.....) were
calculated according to Egs. (1) to ((3), respectively.

amount of encapsulated LPV

EE (%, = 100 1
(%, w/w) amount of LPV in the formulation * M

amount of encapsulated LPV
DL (% = . 100 2
(%, w/w) weight of the lipids * 2

__amount of LPV in the formulation

DR (%,
(%, w/w) theoretical amount of LPV

x 100 3

2.6. Morphological characterization

The average diameter and nanoparticle morphology were also
studied by transmission electron microscopy (TEM) (JEOL, JEM-2100,
Tokyo, Japan) equipped with an energy dispersive spectrometry (EDS)
(Thermo Scientific®, Tokyo, Japan). The images were captured with a
GATAN BioScan camera, Model ORIUS SC 200 CCD (Gatan, CA, USA)
using the Digital Micrograph 3.6.5 software (Gatan, CA, USA). One drop
of the diluted sample (20-fold) was deposited on the copper grid (300
mesh; Electron Microscopy Sciences, PA). After drying, the excess
sample was removed, and a drop of uranyl acetate (2%) was placed on
the grid, air-dried, and analyzed under a tension of 200 kV.

2.7. Short-term stability studies

Stability studies were performed with the NLC-LPV (1.5 mg/mL).
The nanoparticles dispersion was analyzed immediately after prepara-
tion and then stored at 25 + 2 °C for 25 days. Stability was evaluated by
comparing the initial mean diameter, PdI, EE, and DR with those ob-
tained from samples after 8, 14, and 25 days of storage.
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2.8. Stability in the presence of electrical current

2.8.1. LPV dispersion

LPV electrical stability was performed by applying an electric current
of 0.5 mA/cm? for 6 h using Ag/AgCl electrodes. An external power
supply — ActivaDose II (Activa Tek, Salt Lake City, USA) was used.
Formulation consisted of a drug dispersion in the water at 1.0 mg/mL
and 201 mM NaCl. Samples were collected at 6 h of the current appli-
cation, and the LPV content determined according to Section 2.2. Ana-
lyzes were performed in triplicate.

2.8.2. NLC-LPV

NLC-LPV (1.5 mg/mL) were produced with 201 mM NaCl and sub-
jected to electric current (0.5 mA/cmZ) for 6 h. Samples were collected
at 0.5, 3, and 6 h and evaluated for EE and DR. Mean diameter, PdI, and
zeta potential were also evaluated at the end of the experiment (6 h).
The analysis was performed in triplicate.

2.8.3. EPR spectroscopy measurements with and without electrical current

NLC-LPV (1.5 mg/mL) were spin-labeled, according to Andrade
et al. (2017). Briefly, NLC dispersions were incubated, at room tem-
perature, with an aliquot (0.5 pL) of a stock solution of 5-DSA (5
mg/mL). The samples were gently agitated and placed in a capillary
tube, which was flame sealed for the EPR measurements.

Samples were analyzed before and immediately after the application
0f 0.5, 1, 2, and 3 h of electric current at 0.5 mA/cm?. Samples subjected
to electric current (1, 2, and 3 h) were kept at rest for 1 h, and 24 h and
EPR measurements were also performed.

The measurements were conducted at 25 + 1 °C using an EMX-Plus
spectrometer (Bruker®, Rheinstetten, Germany). The instrument pa-
rameters were as follows: microwave power, 20 mW; modulation fre-
quency, 100 kHz; modulation amplitude, 1.0 G; magnetic field scan,
100 G; sweep time, 168 s; and detector time constant, 41 ms. As in
previous studies (Andrade et al., 2017; Tosta et al., 2014), the dynamics
of the medium was evaluated by the spectral parameter 2A,, for the
marker 5-DSA. The lower the value of 2A//, the higher the mobility of
the medium.

2.9. Differential scanning calorimetry (DSC) studies

DSC analysis was performed using a Netzsch® DSC 204 F1 Nevio
(Selb, Germany). First, NLC and NLC-LPV dispersions were submitted to
electrical current (0.5 mA/cm?) for 3 h. Then, to obtain powder samples,
NLC dispersions were first concentrated using an ultrafiltration system
(Vivaspin 2® Sartorius, Bohemia, USA), centrifugated at 4000 rpm. The
samples were then frozen at —80 °C for 12 h and lyophilized using a
freeze-drying system at a pressure of 2.0 Pa (Thermo Fischer Scientific,
Waltham, USA). The dried samples were put into standard aluminum
crucibles (about 4 mg), and DSC curves were obtained under a dynamic
nitrogen atmosphere (50 mL/min) at a heating rate of 10 °C/min over a
temperature range from 30 to 100 °C. NLC without the application of
electrical current was also lyophilized and analyzed. Pure LPV and
stearic acid were evaluated and were used for comparison.

2.10. Drug release

In vitro drug release was assessed using a Franz-type diffusion cell
(Unividros®, Sao Paulo, Brazil). A cellulose acetate membrane (MWCO
12,000-14,000, Fisher Scientific®, UK) was used between the donor and
the receiver chamber. The receptor compartment was filled with 15 mL
of HEPES buffer (25 mM) with 5% Tween® 80 and 201 mM NacCl (pH =
5.3), maintained at 37 °C and 300 rpm of stirring rate. Donor
compartment was filled with 1.7 mL of NLC-LPV dispersion in water
(1.5 mg/mL) (pH ~x223C 5.0) and LPV dispersion in HEPES buffer
(unloaded drug at 1.5 mg/mL) (pH ~x223C 5.0) as a control. Cathodic
and anodic iontophoretic drug release was performed by placing a
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negative and positive electrode in the donor compartment, respectively.
An 0.5 mA/cm? electrical current was provided by an external power
supply (ActivaDose II, Activa Tek, Salt Lake City, USA). These studies
were compared to passive studies (without electrical current) at the
same conditions. After 6 h, 1 mL of the receiver solution was withdrawn
(n > 6). The released amount of LPV was determined by HPLC, ac-
cording to Section 2.2.

2.11. In vitro permeation studies

Passive and iontophoretic permeation (cathodic and anodic) were
performed with the same vertical flow-through diffusion and experi-
mental conditions as release studies (Section 2.10). Epidermis (EP) from
porcine ear skin was separated from the remaining skin by hot tech-
nique, according to Silva et al. (2016) and placed between donor and
receptor chamber. The formulations were applied to the skin surface, as
described for the synthetic membrane, and the LPV was 1.5 mg/mL. The
available diffusion area was 1.87 cm?. After 6 h studies, the EP was
removed from diffusion cells, cut into small pieces, and immersed in 5
mL of acetonitrile. Then, samples were submitted to bath sonication (20
min) (USC 1400, Unique, Indaiatuba, Brasil) and vortex homogeniza-
tion. Subsequently, samples were filtered and analyzed on HPLC (ac-
cording to Section 2.2). The LPV recovery from EP was 101.11 + 9.64%.

2.12. Statistical analysis

Data collected were processed using GraphPad Prism v.5.01 software
(GraphPad Software, CA, USA). Each experiment’s statistical signifi-
cance was analyzed by one-way ANOVA, followed by Tukey’s multiple
comparisons. Tests yielding p values of < 0.05 were considered
significant.

3. Results and discussion
3.1. LPV solubility

Drug solubility in melted lipids and surfactants may influence EE and
DL (Souza et al., 2011; Teixeira et al., 2018). Thus, to reach the best
efficiency of NLC, LPV solubility in different excipients was considered.
For instance, LPV has high solubility in stearic acid (563 mg/mL) and
oleic acid (400 mg/mL) (Garg et al., 2019; Patel et al., 2016), which
were chosen to be NLC lipid matrix. LPV showed great solubilization in
Span® 85 (lipophilic surfactant) and Gelucire® 48/16 (hydrophilic
surfactant) (Table S1 - supplementary material). However, Gelucire®
48/16 prevented microemulsion formation, a prerequisite for NLC
production by the selected technique, therefore, it was excluded from
further studies. Tween® 80 provided a higher drug solubilization when
compared to other hydrophilic surfactants (p < 0.05) (Table S1 — Sup-
plementary Material) and was chosen together with Span® 85 for NLC
production.

3.2. Production and characterization of NLC-LPV

Unloaded and NLC-LPV were produced by microemulsion technique
with stearic acid, oleic acid, Tween® 80, and Span® 85 (Table 1).

Table 1
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Monodisperse NLC formulations, with negative zeta potential, were
successfully obtained. The increase of LPV content in lipid nanocarriers
significantly enhanced DL (p < 0.05).

An increase in particle size with the increase of drug concentration
was observed (p < 0.05) (Table 1), as already reported in the literature
(Patel et al., 2019; Stella et al., 2018). Possibly, the excess of drug not
associated with the lipid matrix may have been solubilized at the
interface, causing an approximately 20 nm increase in the particle size.
For nanoparticles in which the drug preferably associates at the surface,
increases of 300-400 nm range have already been reported (Stella et al.,
2018).

EE and DL obtained here were in good agreement with previous
findings where high EE (~x223C 83%) and drug loading were obtained
for compritol, oleic acid, and Tween 80® based-NLC loaded with LPV
(Garg et al., 2019).

Zeta potential values indicate NLC high stability, considering that a
zeta potential equal to or greater than |30| mV indicates less aggregation
probability due to electrostatic repulsion (Andrade et al., 2017; Zhong
and Zhang, 2019). The negative zeta potential values are probably the
result of negative residual charges of stearic acid and oleic acid (Souza
et al., 2011; Taveira et al., 2012). Zeta potential increased (in modulus)
with the addition of 1.5 mg/mL of LPV even though LPV is a neutral
molecule. At this concentration, LPV had probably reached the
maximum drug loading, requiring surfactants molecules to solubilize the
drug in the aqueous medium of the formulation. Thus, the increase in
zeta potential magnitude is related to the surfactant migration from the
NLC surface, which resulted in a lower surface coverage, exposing the
negative charges of stearic acid.

DR. Raged from 69.17 + 6.80 to 71.96 + 9.54%, in agreement with
other reports (Souza et al., 2011; Taveira et al., 2012; Tosta et al., 2014).
Drug loss is associated with formulation loss in homogenizing equip-
ment (Silva et al., 2012).

Formulations with 1.5 mg/mL of LPV seemed to be the most prom-
ising since most of the characteristics have been maintained, and greater
DL may contribute to drug skin flow (Table 1). It is well described in the
literature that drug diffusion into the skin is related to the drug con-
centration applied to the skin surface (Tosta et al., 2014).

3.2.1. Morphologic characterization of NLC-LPV

The morphological analysis (Fig. 2) by transmission electron mi-
croscopy (TEM) showed structures with a spherical shape and size of
about 200 nm, corroborating with mean diameter obtained by dynamic
light scattering technique. Besides, it is possible to observe lines or
lamellae structures in NLC lipid matrix (Fig. 2C and D), which may
indicate fatty acid chain union, possibly achieved with the crystalliza-
tion process (Gordillo-Galeano and Mora-Huertas, 2018). In contrast,
Fig. 2D demonstrates some regions in NLC matrix with the absence of
these structures, suggesting the presence of liquid lipids, which may
difficult the fatty acid organization. These findings reinforce the theory
that liquid lipids increase lipid matrix disorganization, contributing to
enhance drug load and to avoid or minimize drug expulsion during
storage time. (Czajkowska-Kosnik et al., 2019). Therefore, it is believed
that the liquid lipid is randomly distributed in the NLC matrices,
including on the surface. These findings have also been suggested in the
literature (Tosta et al., 2014; Andrade et al., 2017; Gordillo-Galeano and

Mean diameter (nm), polydispersity index (PdI), zeta potential (mV), drug loading (DL), and entrapment efficiency (EE) of unloaded NLC and NLC-LPV with different
concentrations of LPV. Values represented as mean + standard deviation (n > 3). *p < 0.05.

LPV(mg/mL) Mean diameter (nm) Pdl Zeta potential (mV) DL (%, w/w) EE (%, w/w)
NLC - 139.40 + 3.08 0.155 + 0.008 —27.3+0.7 - -
NLC-LPV 0.5 145.83 +£5.23 0.195 + 0.002 —-30.4 + 0.7 2.48 £ 0.08 101.70 + 4.88
0.7 139.70 £ 7.21 0.178 + 0.014 —28.8 + 0.6 3.13 +£0.11 83.80 + 2.89*
1.0 151.50 + 7.24 0.196 + 0.032 —30.8+0.9 4.12 £ 0.40 82.38 + 7.93*
1.5 179.00 + 2.55* 0.182 + 0.035 —37.5 + 0.8% 5.63 + 0.12* 78.84 + 4.87*
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Fig. 2. Transmission Electron Microscopy (TEM) of NLC-LPV (1.5 mg/mL). The images were taken with magnifications of 15,000x (A), 50,000x (B), and 120,000x

(C) and the scale bar measured in nm.

Mora-Huertas, 2018)

3.3. Stability studies

Stability studies were performed with NLC-LPV (1.5 mg/mL).
Nanoparticles were stored at 25 + 2 °C for 25 days, and the mean
diameter, PdI, zeta potential, EE and DR were determined from both
freshly prepared and aged samples (Table 2). NLC-LPV had high sta-
bility, as the mean diameter, PdI, EE and DL did not show any significant
change (p > 0.05). In contrast, the zeta potential showed a significant
change in the first 8 days of storage (p < 0.05), with no further variation
until the end of the study. The reduction in the pH from 5.4 to 4.8 in-
dicates the dissociation of stearic acid, an increase in the ionic strength
of the medium, resulting in a zeta potential decrease (Shah et al., 2014;
Gordillo-Galeano et al., 2021). Fortunately, these changes did not cause
any aggregation of NLC-LPV formulations, probably due to additional
steric stabilization promoted by surfactants (Mitri et al., 2011). EE was
maintained during storage (Table 2), possibly due to drug affinity to NLC
lipid matrix (Tosta et al., 2014).

3.4. Stability in the presence of electrical current

The analysis of the effect of the electric current in both unloaded and

Table 2

Mean diameter (nm), polydispersity index (PdI), zeta potential (mV), entrap-
ment efficiency (EE), and drug loading (DL) of freshly prepared NLC-LPV (1.5
mg/mL) and aged NLC-LPV after storage at 25 + 2 °C for 25 days. Values rep-
resented as mean + standard deviation (n > 3). Symbols indicate p < 0.05.

Time Mean PdI Zeta potential EE (%, DL (%,

(day) diameter (nm) (mV) w/wW) w/wW)

0 188.27 £4.39  0.211 + —42.1 +1.3* 75.10 + 5.63 +
0.019 1.66 0.12

8 185.60 +£5.11  0.212 + —46.2 + 6.2% 75.27 + 5.65 +
0.012 1.42 0.11

14 187.83 + 2.94 0.162 + -32.3+0.5 77.08 + 5.78 +
0.008 0.95 0.07

25 179.16 £ 6.10  0.204 + -328+1.1 74.96 + 5.62 +
0.037 3.31 0.25

encapsulated drug (NLC-LPV) aimed to evaluate the chemical stability of
the drug, as well as the influence of electric current on the NLC physical
stability.

At the end of 6 h of study, the recovery of unloaded LPV was 92.40 +
1.02%, and for NLC-LPV was 102.75 + 7.27%. Drug recovery in NLC-
LPV indicates no LPV chemical degradation due to electrical current
application

Fig. 3 demonstrates NLC-LPV characterization without and with the
application of electrical current for 6 h.

Mean diameter and PdI were remarkably similar after the current
application, demonstrating excellent physical stability of NLC-LPV
(Fig. 3a), even with the significant reduction of zeta potential
(Fig. 3b). Probably the steric stabilization achieved with surfactants
maintained the physical stability during electrical current application
(Zimmermann and Miiller, 2001).

It is interesting to note that, EE significantly decreased even with a
shorter time of application of the electric current (3 h) (Fig. 3c), indi-
cating that the electrical stimulus can act as a trigger for drug release
from the lipid matrix. This finding is quite interesting for obtaining more
sophisticated drug delivery systems, which can be triggered by an
external physical stimulus. In this context, lipid particles are great sys-
tems for lipophilic drugs such as LPV, as they guarantee excellent sta-
bility, EE, and DL. However, drug release is hampered (see Section 3.6),
due to high drug affinity to the lipid matrix and surfactants. Thus, the
increase in drug expulsion with the electric current is fundamental to
increase drug release and, consequently, the permeation of the drug to
deeper skin layers. To better study the effects of electrical current in an
NLC-LPV lipid matrix, EPR spectroscopy and DSC studies were
performed.

3.5. EPR spectroscopy

The EPR study was carried out to evaluate the influence of the
electric current (0.5 mA/cm2) on the lipid dynamics of the NLC-LPV
matrix. Therefore, EPR was measured before and after the application
of the electrical potential (Fig. 4).

The EPR spectrum of spin label 5-DSA incorporated into the NLC is
commonly characterized by a broad line-shape with the resolution of the
outer hyperfine splitting, denoted as 2A,,, which is a parameter directly
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Fig. 3. Characterization of NLC-LPV (1.5 mg/mL) with or without application of electrical current (0.5 mA/cm2) for a maximum of 6 h (n > 3): (a) Mean diameter
(nm) and polydispersity index (PdI), (b) zeta potential (mV) and (c) entrapment efficiency (%, w/w). *p < 0.05.
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Fig. 4. EPR spectra and 2A// values for NLC-LPV (1.5 mg/mL), spin labeled with 5-DSA, without application of electric current and with application of electrical
current (0.5 mA/cm?2) for 0.5, 1, 2 and 3 h: (a) the EPR spectra and measurements of parameter 2A// and (b) 2A// plotted in relation to the time of application of the
electric current. *p < 0.05.

measured in the EPR spectrum as shown in Fig. 4a (Andrade et al., 2017; spin-labeled lipid chain segments even though it is, in principle, a static
Da Rocha et al., 2019; Tosta et al., 2014). 2A,, is an EPR parameter, parameter associated with the orientational distribution of the nitroxide
which has been widely used to characterize the rotational rates of the radical moiety in the lipid bilayer (De Queiros et al., 2005).
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Fig. 4 shows a significant increase in 2A,, values after the application
of electric current (p < 0.05). The increase of approximately 2.0 G in-
dicates the decrease of lipid dynamics when an electrical current is
applied to NLC-LPV. Also, the increase in duration of the electrical
current application did not linearly increase lipid rigidity, i.e., 30 min
was enough to achieve greater values of 2A,.

Previous studies carried out by our research group have shown that
solid lipid nanoparticles (SLN) are more rigid than NLC (ndrade et al.,
2014; Tosta et al., 2014), due to higher lipid packing density of SLN.
Thus, more organized lipid matrices have shown to be more rigid (Tosta
et al., 2014). It is well described in the literature that lipid nanoparticles
suffer lipid crystallization, going from a higher energy state to a more
stable one. i.e., more disorganized to more organized lipid matrices,
even for NLC (Gordillo-Galeano and Mora-Huertas, 2018). One of the
hypotheses is that electrical current triggered the polymorphic modifi-
cations by increasing lipid packing density and increasing NLC rigidity
after electrical current (Fig. 4). It has not been described in the literature
that the electric current could accelerate the polymorphic transitions in
colloidal systems. However, it is already known that some external
factors can accelerate or minimize these transitions, such as tempera-
ture, drying processes (Gordillo-Galeano and Mora-Huertas, 2018;
Santos et al., 2018), and others. For instance, Shah et al. (2011) reported
lipid matrix modification when nanoparticle dispersions had contact
with new surfaces, such as a syringe needle, increasing formulation
viscosity. Although this hypothesis is feasible, it is not possible to prove
through the EPR studies that electrical current trigged the polymorphic
transition. What is known is that electric current changed the matrix
fluidity, resulting in a rigid matrix with a reduction in EE (Section 3.4). It
is known that drug expulsion from lipid matrices has been related to
polymorphic lipid transitions (Jores et al., 2003) and, therefore, DSC
studies were performed with formulations before and after applying an
electric current (Section 3.5).

Another essential fact to be emphasized is that the change in lipid
dynamics, was a long-lasting effect, i.e., the electric current increased
the values of 2A,, and they remained similar after 1 and 24 h after
electrical current application (p > 0.05) (Fig. S1 - Supplementary Ma-
terial). These findings also corroborate the hypothesis of polymorphic
change in lipid matrices (Gordillo-Galeano and Mora-Huertas, 2018).
However, others phenomenon could also be related to the change in
lipid fluidity. Fang et al. (1999) proposed that electrical fields stabilize
lipid bilayers’ pores, contributing to liposomes’ physical stability. It was
also reported that the electrical field could cause motion of electrolytes
and lipids, having a similar effect as sonication, i.e., giant liposomes
under sonication could reduce vesicle size and produce smaller lipo-
somes. Although some papers mention the effects of iontophoresis in
liposomes (Fang et al., 1999) and micellar systems (Chopra et al., 2012,
2013; Sarvaiya et al., 2013), little is known about these effects in lipid
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—NLC (iontophoresis)

—Stearic acid

Tonset=51.7 °C

Tpears = 67.4°C

Tpeay2=63.9 °C

30 40 50 60 70 80
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Tpeart = 62.75 °C\,

L 1 | L
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nanoparticles. It is possible that electrical current acts as the sonication
technique, as Behbahani et al. (2017) described. They demonstrated that
the increase in sonication time resulted in more interaction between
aqueous e lipid phases, which decreased EE of lipid nanoparticles.

In summary, the electric current application led to a more rigid lipid
matrixes, resulting in a faster drug release with the electrical stimulus
(see Section 3.6). This fact reinforces the idea that this strategy can be
exciting when it is desired to trigger the release of the drug, which may
eventually favor its permeation into the skin.

3.6. DSC studies

DSC curves of NLC (unloaded) with and without the application of
iontophoresis are presented in Fig. 5a. Also, pure stearic acid was
analyzed. The DSC curve of pure stearic acid showed its melting peak at
59.6 °C (onset temperature at 51.7 °C and ends at 63.2 °C), probably due
to the presence of polymorph B (Maretti et al., 2021). The broad shape
suggests other polymorphs, as at least four polymorphic forms have been
already identified (Teixeira et al., 2010). NLC (blue curve - Fig. 5a) did
not present the characteristic melting peak of stearic acid. The produc-
tion method and the addition of oleic acid resulted in the amorphization
of the solid lipid, suppressing the stearic acid melting peak in NLC for-
mulations (Maretti et al., 2021). However, three different melting peaks
appear in the DSC curve of NLC after applying electrical current (Tpeqx of
62.7, 63.9, and 67.4 °C). These peaks may be related to the stearic acid
crystallization in different polymorphic forms (Teixeira et al., 2010).
Comparing and identifying these polymorphous is not always feasible
due to the differences in the heating rate and mixtures with oleic acid
(Sato 1987Sato, 1987). Thus, as hypnotized in EPR studies, the elec-
trical current could trig the polymorphic transition in lipid matrices,
resulting in significant changes in lipid dynamic fluidity.

Fig. 5b demonstrates NLC-LPV DSC curves before and after ionto-
phoresis application. Also, pure LPV was analyzed for comparison. LPV
curve shows its melting peak at 94.3 °C, which is following the literature
(Negi et al.,, 2013). NLC-LPV (without applying electrical current)
showed a similar broader peak at 93.4 °C, denoting LPV loading in
molecular and crystalline states. Surprisingly, applying an electrical
current suppressed the LPV peak in DSC curves of NLC-LPV (iontopho-
resis) (Fig. 5b). Also, stearic acid melting peaks observed in unloaded
NLC after iontophoresis (Fig. 5a) were not observed in these samples
(NLC-LPV iontophoresis) (Fig. 5b). It was demonstrated that the appli-
cation of electrical current reduced the EE (Fig. 3), yet most of the drug
was still present in the lipid matrix. Thus, the electrical current also
favored LPV solubilization in the lipid matrix, resulting in the suppres-
sion of LPV peak in DSC curves of NLC-LPV (iontophoresis). Probably
the LPV solubilization hampered the recrystallization of stearic acid
observed in unloaded NLC submitted to iontophoresis. In summary, the

b)

—NLC-LPV
—NLC-LPV (iontophoresis)
—LPV

Tonser=91.1 °C j .
" Thea=93.3°C

- Tpoa=94.3°C
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Temperature (°C)

Fig. 5. DSC curves of (a) unloaded NLC (with and without application of iontophoresis) and pure stearic acid, (b) NLC-LPV (with and without application of

iontophoresis) and pure LPV.
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electrical current modified the lipid dynamic behavior, trigging stearic
acid crystallization in unloaded NLC and increasing drug solubilization
in the lipid matrix of NLC-LPV formulation.

3.7. Drug release

Passive in vitro studies (without electric current) demonstrated that it
was not possible to quantify LPV in the receiving compartment of
diffusion cells. The high lipophilicity of LPV (log P ~x223C 4.69) pre-
vented drug release in less than 6 h of study.

However, when cathodic or anodic iontophoresis was applied (0.5
mA/cm?), a significantly higher release occurred, i.e. 1.33 + 0.46% of
LPV (0.71 + 0.25 ug/cm?) and 0.99 + 0.11% of LPV (0.53 + 0.06 g/
cm?) were quantified in the receiving compartment of diffusion cells for
cathodic and anodic experiments, respectively. Our research group has
already observed the increased drug release by the combination of lipid-
carriers and iontophoresis. We demonstrated that the combination of
iontophoresis and SLN led to a significantly higher release of the drug
(7.36 + 0.74%) compared to the passive release (2.85 + 0.74%)
(Taveira et al., 2014). We discussed that the repulsion of surface charges
of lipid carriers and electrodes leads to an increase in the concentration
of these particles on the membrane’s surface (donor compartment). The
increase of drug gradient between the donor and receptor compartment,
favored drug flux to the receptor compartment, increasing drug release
(Taveira et al., 2014). This hypothesis could also be applied by LPV
cathodic release, which was benefited by electromigration of lipids from
NLC. Besides, according to our findings (electrical stability studies and
EPR), it is likely that the electrical current will alter the lipid dynamics of
the NLG, facilitating the partition of the drug into the aqueous medium.
In this case, LPV will benefit from drug fast release and electroosmosis in
anodic iontophoresis.

As demonstrated with DSC studies, the electric current contributes to
the drug’s solubilization in the lipid matrix. The soluble drug is ready to
diffuse, unlike crystals that must solubilize and diffuse through the lipid
matrix. Thus, skin permeation studies are essential to elucidate these
effects on LPV skin permeation.

3.8. Drug skin permeation

Passive and iontophoretic permeation of unloaded LPV (aqueous
dispersion) was performed (6 h). However, no drug was quantified in the
acceptor medium, and LPV skin retention was significantly lower than
observed for NLC-LPV, about 0.89 ug/cm? for all conditions (with and
without electrical current). The lack of drug solubility in the aqueous
medium may hamper its skin delivery, even if the electrical current is
applied. Therefore, the molecular dispersion of the drug in the formu-
lation is essential for iontophoretic administration (Gratieri et al., 2008,
Kalia et al., 2004).

The encapsulation of the LPV in NLC, on the other hand, favored the
drug skin retention and permeation to the acceptor medium of diffusion
cells (Fig. 6). It is of great interest in this study that the LPV permeates
the EP and reaches the diffusion cell’s receptor compartment. Therefore,
the combination of NLC with iontophoresis was performed to enhance
drug permeation. For instance, 48 h of passive permeation of NLC-LPV
resulted in a drug permeation to the receptor medium of 6.47 + 1.82
pg/cm? (Fig. 6), similar to the LPV content achieved with 6 h cathodic
iontophoresis (p > 0.05). Thus, for an effective and rapid transdermal
administration, the combination of NLC and iontophoresis is the best
strategy. Regarding cathodic and anodic iontophoresis, it seems that
anodic iontophoresis significantly increased drug permeation (p < 0.05).
For cathodic iontophoresis, negatively charged lipids could benefit from
the electromigration. The electrical current could push the lipids, pro-
moting close contact of NLC to the skin. Also, these nanoparticles could
be directed to hair follicles, as reported in some studies, facilitating LPV
permeation (Gelfuso et al., 2013; Kajimoto et al., 2011; Knorr et al.,
2009; Petrilli and Lopez, 2018). These factors possibly contributed to
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Fig. 6. Amount of LPV retained in the epidermis (EP) (ug/cm2) and quantified
in the receptor medium of diffusion cells (ug/cm2), after topical administration
of NLC-LPV, with and without application of cathodic and anodic iontophoresis,
using a current density of 0.5 mA/cm2. Symbols indicate p < 0.05.

potentiate LPV permeation. Likewise, anodic iontophoresis was advan-
tageous in increasing the permeation of the drug, significantly higher
than passive and cathodic iontophoresis (p < 0.05). In this case, the
contribution of the electroosmotic flow enhanced drug permeation to
the receptor medium. Also, as already mentioned in the EPR, and release
studies, the electric current probably affects the lipid matrix, which can
significantly increase LPV release. In the case of anodic iontophoresis,
the drug being released more quickly is ready to be transported by the
electroosmotic flow, resulting in a 1.5-fold higher amount of drug in the
receptor medium.

Probably, the application of iontophoresis in NLC-LPV can enable the
transdermal administration of LPV in vivo. The amount of drug perme-
ated in vitro to the receptor medium would correlate with the amount
permeated in vivo to the dermis, where systemic absorption occurs
typically. If all the drug permeated was in a blood volume of 5.5 L
(approximate blood volume of an adult person), LPV concentration
would be very close to the ECsq of LPV for different HIV (0.04 - 0.18 pg/
mlL, in the presence of 50% human serum) (Abbvie, 2020; Yiengst and
Shock, 1962). It is important to note that the permeation results are
related to a diffusion area of approximately 1.87 cm?, suggesting that a
larger diffusion area could favor obtaining concentrations of LPV
effective in the control of HIV infection (Kalia et al., 2004; Saroha et al.,
2011). For SARS-CoV-2 infection, the ECsy found was 26.63 uM
(equivalent to 16.74 pg/mL). In this case, to achieve these concentra-
tions, a larger area of application must be considered. Even so, the data
suggest that the transdermal administration of LPV with a combination
of NLC and iontophoresis can be a promising antiviral therapy strategy.

4. Conclusions

NLC presented nanometric size and excellent chemical and physical
stability, including electrical stability. Iontophoresis favored LPV release
from NLC, evidenced by the reduction of EE and faster in vitro release.
Besides, EPR demonstrated that the faster release might be related to the
decrease of lipid dynamics with the application of an electrical current.
The increase of NLC rigidity occurs in the first 30 min of the experiment,
and it is a long-lasting effect. DSC studies demonstrated that the elec-
trical current trigged stearic acid crystallization in unloaded NLC and
increased LPV solubilization in the lipid matrix of NLC-LPV. The
permeation study showed that the combination of NLC and iontopho-
resis was advantageous in promoting the permeation of LPV, signifi-
cantly increasing its permeation compared to the passive strategy. Also,
anodic iontophoresis significantly increases drug permeation, indicating
that it may be a promising strategy for this drug’s transdermal
administration.
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