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Antiandrogens are a family of drugs that block the biological effects of androgens, which are commonly used to
treat a plethora of androgen-dependent conditions. However, their effectiveness highly depends on treatment
compliance and their use is not exempt from side effects. Bicalutamide (BIC) is a testosterone blocker that, due to
its peripheral tissue selectivity, offers the advantage of fewer side effects compared to other antiandrogens such
as finasteride or dutasteride. In this study, BIC-loaded lipid vesicles (LVs) were developed and incorporated into a
PVP/PVA-based Dissolving Microarray Patches (BIC-LVs@DMAPs) for BIC skin local delivery. First, the me-
chanical and insertion properties of the BIC-LVsS@DMAPs were assessed. Then, the in vitro biocompatibility of the
formulation was determined in keratinocytes. Finally, the effectiveness of the formulation to deliver BIC through
skin was explored ex vivo using murine skin. BIC-LVS@DMAPs exhibited optimal mechanical and insertion
properties to effectively perforate the stratum corneum and facilitate the passage of BIC-LVs. Ex vivo studies
demonstrated the efficacy of BIC-LVs@DMAPs to improve the skin retention of BIC, while in vitro cytotoxicity
results ensured their safety profile. Overall, these results pave the way for further in vivo studies and clinical
application to improve the current early stages androgenetic alopecia topical treatments.

1. Introduction

Antiandrogens, also known as androgen antagonists, are a group of
drugs that block the biological effects of androgens like testosterone and
dihydrotestosterone. Particularly, their action mechanisms rely on the
androgen receptor blockade and the inhibition or suppression of
androgen production. Therefore, antiandrogens are used to treat several
androgen-dependent conditions. In men, they are widely used for the
treatment of scalp hair loss, prostate cancer, benign prostatic hyper-
plasia, and precocious puberty [1-3]. Acne, seborrhea, scalp hair loss
and polycystic ovary syndrome (PCOS) are the main conditions treated
in women with this type of drugs [4-7]. Their side effects depend on the
type of antiandrogen and the received drug dose. Particularly, long-term
antiandrogen therapies are associated with sexual dysfunction, bone
fractures, elevated risk of cardiac disorders, and depression in the male
population, among other effects [8,9]. Although antiandrogens are
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generally better tolerated in women, they can cause menstrual irregu-
larities, osteoporosis, and hot flashes due to the suppression of androgen
production, as androgens can be converted into estrogens [10].

The development of new and better drugs and formulations to treat
these conditions with fewer adverse effects is an urgent need because of
their high incidence and patients’ demands. For example, a total of
1,414,259 new cases and 375,304 deaths related to prostatic cancer
were reported worldwide in 2020 [11]. PCOS affects between 4-20 % of
women at reproductive age, depending on the diagnostic criteria [12].
Although androgenetic alopecia is the most common type of progressive
hair loss disorder in men, affecting 50 % by the age of 50 years[13], a
non-negligible proportion of women are also affected. This condition
can have a considerable negative impact on emotional regulation, self-
confidence, and feelings of stigmatization [14]. Several FDA-approved
antiandrogen medications are currently available, i.e., apalutamide
(Erleada®), darolutamide (Nubeqa®), enzalutamide (Xtandi®),
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flutamide (Eulexin®), nilutamide (Nilandron®), and bicalutamide
(Casodex®) [15].

In this study, Bicalutamide (BIC) which belongs to the testosterone
blocker drug group and has been regularly used to stop the growth and
spread of cancerous cells in prostatic cancer cases [16], was selected for
developing a novel healthcare device. Similar to finasteride (Propecia®)
or dutasteride (Avodart®), which were repurposed for the treatment of
androgenetic alopecia following serendipitous findings [17], BIC also
holds potential for the treatment of androgenetic alopecia. Currently,
the BIC dose orally administered to treat hair loss conditions is 25 mg
per day [18]. On this matter, unlike 5-a reductase inhibitors, BIC does
not inhibit this enzyme and solely blocks the binding of testosterone and
dihydrotestosterone to their receptors [19]. The mechanism of BIC offers
the advantage of producing fewer side effects compared to other anti-
androgens due to its peripheral tissue selectivity [20]. Local adminis-
tration of these drugs can also reduce the appearance of systemic side
effects when treating skin conditions. However, it has been considered
that only molecules with low molecular weight (<500 Da) [23], inter-
mediate partition coefficient and low degree of ionization can be
effectively absorbed after topical application [24]. To overcome these
limitations, advanced drug delivery systems have been developed over
the past decades. Among them, Microarray Patches (MAPs) are devices
with microscopic needle-like projections that perforate the outer
epidermal skin layer, also known as the stratum corneum, which performs
the barrier function against the entrance of exogenous substances to the
body. The created microchannels enhance the passage of large mole-
cules and supramolecular entities that present unfavorable physico-
chemical properties to diffuse passively through the skin structure [21].
Due to the length of microneedles (100-500 pm), MAPs can penetrate
the stratum corneum layer (40-50 pm) reaching the epidermal and su-
perficial dermal structures, where the skin microvascularized environ-
ment is located, without touching the skin nerve endings situated in the
deeper dermis layers [22]. Thus, they stand out for being a pain-free
strategy. Other advantages attributed to MAPs as a dermal or trans-
dermal approach over oral dosage forms include improved patient
adherence and treatment compliance [23], and avoidance of certain
obstacles that lead to impaired bioavailability, such as the first-passage
effect [24], drug hydrolysis by gastric pH [25], drug complexation with
bile acids or food components, and malabsorption features after diges-
tive surgeries or because of intestinal diseases [26,27]. In contrast to
parenteral routes, MAPs offer a comfortable alternative for patients.
First, several MAPs prototypes are self-administrable devices that do not
require to be administered by medical personnel [28]. Second, because
of their small size, inconspicuous profile, and ability to be incorporated
into band-aid-like patches, MAPs can be aesthetically pleasing for pa-
tients and further reduce the perception of pain and anxiety [29],
particularly for individuals with needle phobia, who comprise approx-
imately 20 % of the population [30].

Since their conception, different MAPs prototypes have been devel-
oped, i.e., solid, hollow, coated, dissolving, swelling, hydrogel-forming,
etc. Specifically, Dissolving Microarray Patches (DMAPs) are made with
different biodegradable materials in which the drugs are loaded. Water-
soluble polymers like polyvinyl alcohol (PVA) [31], polyvinyl pyrroli-
done (PVP) [32], poly (methyl vinyl ether-alt-maleic acid) (PMVE-MA)
[33], or hyaluronic acid (HA) [34], are often used for DMAP preparation
in order to avoid organic solvent use, thus, reducing the potential
toxicity of the final formulation and making its production more eco-
friendly [35]. Approaches based on the use of DMAPs and swelling
microneedles are more compatible with small and hydrophilic mole-
cules due to their easy incorporation in these devices [36]. However, it is
also possible to formulate them with hydrophobic drugs through the use
of solubilizing agents or intermediate nanocarriers [37]. The strategy
used with DMAPs is defined as “poke and release” approach. Particularly,
it involves the polymer dissolution after DMAPs insertion and contact
with the interstitial skin fluids, which subsequently triggers cargo
release [38]. In addition, the use of different polymers, proportions and

European Journal of Pharmaceutics and Biopharmaceutics 212 (2025) 114728

concentrations consequently allows for modulation of the release pro-
cess and drug absorption [39]. Because of the limited cargo that DMAPs
can host in the needle-like projections, they are commonly used for local
skin delivery of active substances without achieving a systemic
absorption.

The aim of this study is to develop a DMAPs-based strategy to deliver
BIC locally within the skin structure to offer a new healthcare device for
the early-stage treatment of either male or female androgenetic alope-
cia, where the areas with miniaturized hair can be covered by BIC-
LVs@DMAPs devices. As mentioned above, the lipophilicity of BIC
limits its incorporation into the hydrophilic PVA/PVP matrix. To over-
come this issue, different systems have been suggested to incorporate
hydrophobic drugs in DMAPs as an intermediate water-dispersible
formulation, i.e., nanosuspensions, nanocrystals and nanoparticles
[37]. In this case, we suggest ultra-flexible lipid vesicles (LVs) to allow
the incorporation of BIC inside the hydrophilic polymeric network (BIC-
LVs@DMAPs) [40]. BIC-LVs were characterized in terms of size, poly-
dispersity index (PDI), surface charge, and biocompatibility in a kera-
tinocyte cell line. Moreover, after incorporating them in DMAPs, the
mechanical strength, insertion properties, drug release, and cellular
biocompatibility of PVA-PVP-based DMAPs loaded with BIC-LVs were
also studied. Finally, ex vivo BIC absorption and skin drug retention
obtained from BIC-LVs@DMAPs were determined in a surrogate model
to investigate the efficiency and performance of the developed system.

2. Materials and Methods
2.1. Materials

Phospholipon 90G® —soybean phosphatidylcholine- (P90G) was
purchased from Lipoid (Steinhausen, Switzerland). Polysorbate 80
(Tween 80®) was acquired from Scharlab (Sentmenat, Spain). Sodium
dodecyl sulphate was obtained from Sigma-Aldrich (St. Louis, USA).
Lactose and sorbitol were purchased from Guinama (Valencia, Spain).
PVA (MW 9-10 kDa) and PVP (MW 40 kDa) were purchased from
Sigma-Aldrich (St. Louis, USA). Polydimethyl siloxane microneedle
molds (PDMS) (15x15 microneedles, height 600 um, base 200 um) were
acquired from Micropoint Technologies (Singapore). Dimethyl sulfoxide
(DMSO) and 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenil-tetrazolium
bromide (MTT) were purchased from Sigma-Aldrich (St. Louis, USA).
Dulbecco’s modified eagle medium (DMEM) was obtained from Thermo
Fisher Scientific (Waltham, USA). Phosphate salts (KHyPO4 and
NayHPO,4), NaCl and KCl were purchased from Scharlab (Sentmenat,
Spain). Cosmetic ethanol and propylene glycol were purchased from
Guinama (Valencia, Spain). HPLC-grade water was obtained by Milli-Q
purification (Millipore Corporation; USA) with resistance >18 MQ cm,
and total organic carbon (TOC) < 10 ppb. HPLC-grade methanol and
acetonitrile were purchased from VWR International (Radnor, USA).

2.2. Preparation of BIC-LVs

BIC-LVs were prepared by the Bangham’s method as described
elsewhere [41,42]. Briefly, P90G (60 mM), Tween 80® (5 mM) and BIC
(4.5 mM) were dissolved in methanol, which was removed after using a
rotary evaporator (BUCHI R-210; Biichi) under stirring at 50 °C (100
mBar pressure) and left under vacuum overnight to remove any organic
solvent traces. The obtained lipid thin-film was hydrated by addition of
PBS pH 7.4 (10 mL) and stirred at 55 °C for 1 h. To reduce the BIC-LVs
size, the obtained multi-lamellar BIC-LVs dispersion was sonicated for 2
h at 37 kHz (Elma S30 H; Elmasonics) and cooled down to 4 °C. Then, it
was extruded (20 times) through a 200 um pore-size polycarbonate
membrane (LiposFast-Basic Extruder; Avestin). Finally, free-BIC was
removed from the BIC-entrapped fraction by dialysis purification in
Phosphate buffer pH 7.4 (2 L) at 4 °C (Spectra/Por® molecular porous
membrane tubing, 14 MWCO; Repligen). Unloaded LVs (Blank-LVs)
were synthesized using the same methodology.
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2.3. BIC-LVs morphology study

The morphology of the BIC-LVs was observed by TEM imaging
(HT7800; Hitachi). For this, BIC-LVs were stained using an adaptation of
Théry et al. method. Briefly, BIC-LVs (1:100 dilution) were fixed in
paraformaldehyde 2 % (w/v) for 30 min. Afterwards, they were
deposited on a carbon grid for 15 min. Finally, samples were washed
twice, fixed in glutaraldehyde 1 % (w/v), and contrasted with uranyl
acetate 1 % (w/v) and methylcellulose 0.5 % (w/v) [43].

2.4. Determination of entrapment efficiency of BIC-LVs

Entrapment efficiency (EE) was determined directly by calculating
the amount of BIC encapsulated in lipid vesicle dispersions using Eq. (1)
[44].

e

EE(%) = a~100 @

where Qe is the amount of BIC encapsulated, and Qt is the amount of BIC
used for each batch preparation. For this, 0.5 mL of LVs dispersion was
incubated for 1 h with a lysis medium containing sodium dodecyl sul-
phate 1 % (w/v) (1:9 proportion) to dissolve all the vesicle components
[45-47]. The final mixture was centrifuged and filtered prior to BIC
content analysis using the analytical method described in Section 2.14.
The reported results were obtained as an average of three different
batches (n = 3).

2.5. Determination of lipid vesicle size, polydispersity index and surface
charge

Dynamic Laser Scattering (DLS) was used to measure the particle size
and polydispersity index (PDI) [48,49], whereas zeta potential was
determined by Laser Doppler Electrophoresis (LDE) (Malvern nano-
zetasizer; Malvern Panalytical) [50]. All measurements were conducted
at room temperature and a measurement angle of 173°. Each sample was
diluted KCl 1 mM (1:1000) and analyzed in triplicate. The reported re-
sults were obtained as an average of three different batches (n = 3).

2.6. Determination of phospholipid content of BIC-LVs

Phosphatidylcholine incorporated into the LVs was determined by
Rouser’s method [51]. Briefly, 100 pl of the liposomal dispersion was
heated at 270 °C until complete liquid evaporation. Then, 450 pL of
perchloric acid 70 % (v/v) was added, and the mixture was heated to
250 °C for 30 min. After cooling down, 3.5 mL of water, 500 pL of
ammonium molybdate 2.5 % (w/v), and 500 pL of ascorbic acid 10 %
(w/v) were added. The resulting mixture was vortexed and incubated at
100 °C for 7 min. After cooling down, the absorbance was measured at
820 nm (spectrophotometer U-2900; Hitachi-Hightech). Phospholipid
recovery was quantified using a calibration curve within the range of
0.4-450 mg of PC (Eq. (2), demonstrating optimal linearity (r% = 0.941).
The reported results were obtained as an average of three different
batches (n = 3).

y = 0.4735x 4 0.0272 @
2.7. Freeze-drying of BIC-LVs

For preservation purposes after their preparation, LVs were freeze-
dried using lactose and sorbitol as cryoprotective agents. Lactose solu-
tion was prepared at a molar ratio P90G/sugar 1:10, while sorbitol was
used at a 2.5 % (v/v) concentration [52,53]. For this, 100 pL of sample
were placed together with 400 L of cryoprotective agent in glass vials.
Samples were frozen at —80 °C for 24 h and freeze-dried for 48 h using a
freeze-dryer at —50 °C and 0.08 mbar (LyoQuest HT-40; Telstar). To
guarantee the quality of the freeze-dried product, residual water content
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was determined by thermogravimetric analysis (TGA) (SDTA 85le;
Mettler Toledo). Temperature scans were performed from 25 to 200 °C
at a scan rate of 10 °C/min [54]. Changes in size, PDI, zeta potential, and
EE after freeze-drying of BIC-LVs and subsequent reconstitution were
evaluated (n = 3).

2.8. Preparation of BIC-LVs@DMAPs

DMAPs containing BIC-LVs were prepared as described elsewhere
[55,56]. First, PVA and PVP polymers were dissolved in water to create
stock blends, which were then used to prepare gels at the desired
polymer concentrations. These gels were mixed with reconstituted
freeze-dried BIC-LVs (5 % w/v) until homogeneous. The final polymer
concentrations were 15 % (w/v) for PVA and 5 % (w/v) for PVP. The
resulting gel was then poured into PDMS microneedle molds (0.25 g),
and then a pressure of 3-4 bar was applied (Protima® pressure tank,
TUV Rheinland, Germany) for 45 min to ensure proper mold cavity
filling. Finally, DMAPs were dried at room temperature for 24-48 h and
peeled off from the molds. To guarantee complete water drying, the
residual water content was determined by TGA (SDTA 85le; Mettler
Toledo) after preparation and 2-months of storage in a dry-seal desic-
cator. Temperature scans were performed from 25 to 200 °C at a scan
rate of 10 °C/min [57].

2.9. BIC-LVs@DMAPs morphology

The morphology of the BIC-LVs@DMAPs was observed by SEM im-
aging (SCIOS 2 FIB; Thermo Scientific). For this, BIC-LVs@DMAPs were
coated with a conductive gold:paladium layer. Images were taken using
a voltage and current of 3 kV and 0.2nA, respectively [58].

2.10. BIC-LVs@DMAPs mechanical strength and insertion properties

Mechanical strength of DMAPs containing BIC-LVs was evaluated
using a TA-TX plus Texture Analyzer (Stable Microsystem; UK). DMAPs
were visualized before testing using a light microscope (Leica ICC50 HD;
Leica Microsystems) and then carefully placed on the flat plate with the
needles facing downwards. The compression mode was applied with a
force of 32 N/m for 30 s to compress the DMAPs against a stainless-steel
surface. Finally, DMAPs were observed under the light microscope to
compare the decrease in needles length [59]. The insertion depth of
DMAPs was determined using an artificial skin model. The setup and
conditions were similar to those used in mechanical strength studies but
pressing the DMAPs against eight sequential Parafilm M® layers instead
of the stainless flat surface. The holes created in each layer were counted
using a light microscope to evaluate the insertion performance [60]. The
reported results were obtained as an average of three different replicates
(n = 3).

2.11. Invitro release study of BIC-LVs@DMAPs and kinetic modelling
fitting

In vitro release studies were carried out by dissolving the BIC-
LVs@DMAPs in an aqueous medium (PBS pH 7.4) [61]. For this, they
were placed into a 12-well plate filled with 5 mL of medium at a tem-
perature of 37 °C. Samples of 200 uL were collected at prefixed time
points (5, 10, 15, 20, 30, 40, 50, 60, and 90 min), replacing the volume
sample with an equal volume of pre-warmed medium [62]. These
samples were incubated with 0.1 mL of methanol to induce BIC-LVs
disruption and drug solubilization. The released amount of drug was
quantified by the analytical method described in section 2.14. Then, the
released cumulative amounts of BIC versus time were calculated. The
total drug amount released was calculated according to the previous
determination of the drug content and was plotted versus time. The
release profiles were fitted to the Korsmeyer-Peppas model since it
considers the passive diffusion and polymer relaxation as possible
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release mechanisms. In this model, low values of the exponent param-
eter (n < 0.5) denote that the release process occurs by polymer diffu-
sion/dissolution; high values (n > 0.85) denote that the process is
mainly governed by relaxation/swelling, whereas intermediate values
(0.5 < n < 0.85) indicate the coexistence of both phenomena [63]. The
possible burst effect was evaluated using the modification proposed by
Kim [64]. Both kinetic models are described in Egs. (3) and (4),
respectively.

Mt
Moo ket ©
Mt
Mo kt'+b @

where Mt is the amount released at time t, M, is the maximum amount
of drug released, Mt/M,, is the drug fraction released at time ¢, k is the
constant that stands for the release speed, n is the release exponent that
explains the mechanism that governs the process, and b is the parameter
associated to an initial burst effect. Finally, Higuchi model was also used
as representative of pure diffusion mechanism model Eq. (5) [65].

Mt
a— k-t %)

where Mt is the amount released at time t, M, is the maximum amount
of drug released, Mt/ M, is the drug fraction released at time t, k is the
constant that governs the process. Akaike information criterion (AIC)
was calculated to determine the optimal model to explain the experi-
mental data, and the correlation coefficient (%) was reported as an in-
dicator of the proportion of variation of the results that can be explained
by the model [66]. The reported results were obtained as an average of
four replicates (n = 4).

2.12. In vitro biocompatibility test

In vitro biocompatibility of BIC-LVs@DMAPs was investigated to
determine their biocompatibility in HaCaT keratinocytes [67]. For cell
culture, cells were maintained in DMEM medium supplemented with 10
% fetal bovine serum (FBS), penicillin (100 IU/mL), and streptomycin
(100 pg/mL) under a humidified atmosphere of 5 % CO, at a tempera-
ture of 37 °C. The cell viability was investigated by the MTT assay. For
that, a suspension of cells at a density of 3-10° cells/mL was seeded onto
a 96-well plate (200 pL/well) in DMEM medium supplemented with 10
% FBS, penicillin (100 IU/mL), and streptomycin (100 pg/mL). After
incubation for 24 h, the medium was replaced with the same volume of
DMEM medium supplemented with 0.5 % FBS and exposed for 24 h to
each formulation under study at different concentrations. Then, the
medium was discarded and 100 pL of MTT solution (0.5 mg/mL) was
added. The supernatant was discarded after 1 h and blue deposits of
colored metabolites were dissolved in 200 uL. of DMSO. Absorbance at
510 nm was measured using a (VICTOR3 Multilabel Plate Reader; Per-
kinElmer). Results are shown as percentage of cell viability in compar-
ison to untreated control cells Eq. (6). Percentages above 70 % were
considered non-toxic, whereas those below 70 % were considered
cytotoxic.

. Absorbance sample
Cell viability (%) = Absorbance controlvloo ©)
where absorbance sample is the absorbance of cells treated with the
formulations, and absorbance control is the absorbance of non-treated
cells at 510 nm.

2.13. Ex vivo skin drug retention and permeability studies

BIC skin retention and permeability achieved by BIC-LVs@DMAPs
were evaluated in a well-established Franz-diffusion cell (FDC) setup
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using full-thickness mice skin [68,69]. In order to follow the three Rs
principles and reduce the number of animals in in vivo experimentation,
the mice skin was obtained from animals used in other experiments
without any impact on the skin state (ethical procedure code 2021-VSC-
PEA-0182). The skin was carefully shaved, excised, separated from the
hypodermic tissue using a scalpel, and placed onto a foam surface
covered with aluminum foil. The FDC-donor chamber was strongly
attached to the skin using a small amount of cyanoacrylate glue (Loc-
tite®). One BIC-LVs@DMAPs device was inserted into the skin using a
syringe plunger to apply firm thumb-force pressure for 30 s. To secure
the insertion of the BIC-LVs@DMAPs, the patches were affixed with
adhesive bands (Steri-Strip®). The receptor chamber was filled with
ethanol:PBS pH 7.4 (12 mL, 45:55) as described previously (n = 5) [70].
Temperature was maintained at 32 £ 1 °C throughout the whole
experiment. The donor compartment and the sampling port were
covered with Parafilm M® to avoid leakage and solvent evaporation.
Samples of 200 pL were collected at prefixed times within 1.5-32.5 h. At
each sampling time, the volume taken was replaced with pre-warmed
ethanol:PBS pH 7.4 (45:55) to guarantee sink conditions. To deter-
mine the drug retention in the skin structure, BIC-LV@DMAPs were
removed from the skin at 3, 16, 24 and 48 h. Then the skin was rinsed
with PBS pH 7.4, cut in small pieces, and immersed in 5 mL of methanol
overnight to extract the drug. The extracted and permeated BIC was
quantified by the analytical method described in section 2.14, and the
cumulative amounts of BIC were plotted versus time. Permeability pa-
rameters were calculated by linear regression of the steady state —Jmax
(pg/cmzh), Kp (cm/h) and tL (h)- as a simplification of the Scheuplein
diffusion model. For comparative purposes, a 0.1 % (w/v) ethanolic
solution (ethanol:water:propylene glycol; 60:15:25) was used as a
reference, as it represents a typical topical formulation for other anti-
androgenic drugs. Permeability parameters were calculated by linear
regression of the steady state —Jmax (pg/cmzh), Kp (cm/h) and tL (h)- as
a simplification of the Scheuplein diffusion model.

2.14. BIC analytical detection and quantification by HPLC

BIC was quantified by High-Performance Liquid Chromatography
(HPLC) using an Agilent 1260 Infinity Il equipment, equipped with a UV
detector settled at 272 nm, and a Kromasil® C18 column (5 um particle
size, pore size 100 A, L x LD. 150 mm x 4.6 mm) as stationary phase.
The volume injection was 80 L, and the mobile phase was delivered at a
flow rate of 1 mL/min as an elution gradient: 1) water (0-3 min), 2)
acetonitrile:phosphate buffer pH 3.0 (5:95; 3-4.5 min), 3) methanol:
acetonitrile:phosphate buffer pH 3.0 (85:5:10; 4.5-8 min); followed by a
washing and stabilisation phase: 4) methanol:acetonitrile (95:5; 8-11
min), 5) methanol:water (50:50; 11-14 min). BIC retention time was 6.3
min, and the total run time was 14 min. For the validation of the method,
nine standard solutions in the range from 10 to 0.039 pg/mL were
prepared. According to the ICH guidelines, the HPLC method was vali-
dated within the above-mentioned concentration range for inter- and
intra-assay linearity, precision, sensitivity, specificity, accuracy, detec-
tion, and quantification limits [71]. Variation coefficients and relative
errors remained below 5 % in all cases. Analyses were performed in
triplicate (n = 3).

2.15. Statistical analysis

All data processing was performed using Microsoft Excel 2016®
(Microsoft; USA) and SPSS version 22.0® (IBM Corp.; USA). Data was
expressed as the mean + standard deviation (SD) unless otherwise
stated. Statistical analysis was carried out using the T-test for simple
comparisons and one-way ANOVA for multiple comparisons. ANOVA
tests were followed by the proper Tukey post-hoc test. Statistical dif-
ferences were considered significant if p-values were below 5 % (p <
0.05).
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3. Results and discussion
3.1. BIC-LVs production and characterization

BIC-LVs were successfully produced using Bangham’s method and a
milky homogeneous dispersion of nanoparticles was obtained (Fig. 1A).
The opacity and pigmentation of bulk dispersions highly depend on the
presence and size of the colloidal components. In this case, the white
color and opacity ensured the presence of LVs. The particle size deter-
mined by Dynamic Light Scattering (DLS) showed that BIC-LVs were in
the nanosized range, around 147 + 7 nm, with an optimal PDI of 0.17 £+
0.10 (Fig. 1B). It has been previously reported that PDI values <0.3 are
indicative of homogeneous particle populations for dermal and trans-
dermal purposes [72]. Besides, 300 nm is also considered the cut-off
value predictive of enhanced transdermal delivery using this type of
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nanoparticle [40]. Although in this study the drug delivery was mainly
assisted by DMAPs, these LVs also improve the dermal penetration of
BIC. Moreover, these results are in accordance with other studies that
used for dermal purposes LVs with a size and PDI below 150 nm and 0.3,
respectively [73,74]. Regarding the surface charge zeta potential results
of BIC-LVs, a value of —24.8 4+ 6.1 mV was obtained. This result is
satisfactory, as it has been observed that negatively charged particles are
generally less toxic to cells [75]. Additionally, the more negative (or
positive) the charge, the greater the stability. Specifically, values around
—30 mV are indicative of long-term colloidal stability [76]. In addition,
no differences were observed between BIC-loaded particles (BIC-LVs)
and Blank-LVs in terms of size, PDI and zeta potential (p > 0.05)
(Fig. 1B). The visualization of BIC-LVs by Transmission Electron Mi-
croscopy (TEM) confirmed the size and homogeneity observations, as
the estimated size was consistent, with no signs of heterogeneity
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(Fig. 1C). The phospholipid determination in the assayed samples
confirmed the success of the production and purification processes, as
evidenced by a phospholipid recovery of 90 + 9.2 % and minimal ma-
terial loss due to manufacturing [70].

Entrapment efficiency (EE) is a critical factor for nanosized particles
intended for transdermal or dermal applications, as their diffusion
through the skin depends significantly on nanoparticle-driven transport
and concentration gradients. Therefore, the amount of drug entrapped
or encapsulated within the nanosystem plays a crucial role in drug
permeation through the skin. In this sense, the EE percentage of BIC
obtained from BIC-LVs was 68.9 + 8 %, which meets EE rates obtained
in other studies where lipophilic drugs were encapsulated in liposome-
related vesicles [77,78]. The hydrophobic nature of this molecule fa-
cilitates the encapsulation process [79], as minimal drug loss occurs
upon contact with the aqueous medium during lipid thin-film hydration.
This is because the drug remains insoluble in water, with the lipid
bilayer of LVs serving as its only favorable environment [40,79,80]. This
high EE allowed for sufficient drug loading in the final formulation
resulting in effective drug retention within the skin structure, as further
reported. Freeze-drying was done as an intermediate step for preserva-
tion purposes of BIC-LVs prior to their incorporation in DMAPs. This
water-removal process also avoids drug leakage and lipid oxidation
during storage [81,82]. When the optimal cryoprotectant in a specific
molar ratio was included, it enabled the preservation of the vesicle’s
structure and content. Macroscopic inspection of obtained powders
denoted that the use of sorbitol led to a collapsed cake (Fig. 1D). This
collapse process could imply only minor or aesthetic irregularities.
However, when it occurs, the freeze-dried products are considered non-
optimal [52,83]. Conversely, a uniform product with no evidence of
damage was obtained when lactose was used as a cryoprotectant
(Fig. 1D). Re-analysis of the samples by DLS confirmed that lactose
allowed the maintenance of the size and PDI without significant
changes, with results of 149 + 6.8 nm and 0.18 + 0.1, respectively (p >
0.05) (Fig. 1B). EE of BIC was also evaluated both before and after the
freeze-drying process, with no significant differences observed (p >
0.05). Regarding surface charge, a significant decrease was observed
with a measured zeta potential value of —9.5 + 0.4 mV, probably
because of the presence of cryoprotectants in the sample. However, after
sorbitol use, an increase in these parameters was observed (size > 350
nm and PDI > 0.7), showing again that it was not an optimal cryopro-
tectant for this purpose [84]. The reason could be related to their glass
transition temperatures (Tg’) of maximally freeze-concentrated solu-
tion. As reported in literature, lactose and sorbitol Tg” are —28 °C and
—43 °C, respectively [85]. Collapse can occur when the product tem-
perature exceeds Tg’ during sublimation, due to pressure reduction, or
when it surpasses the collapse temperature (Tc) during early secondary
drying [83]. However, since Tc values of both are similar, collapse most
likely occurred during primary drying. These data suggest that the issue
with sorbitol-containing samples likely resulted from the freeze-drying
equipment failing to maintain a sufficiently low temperature during
primary drying. The default setting of —50 °C, just below the Tg’ of
sorbitol, did not provide a sufficient safety margin throughout the pro-
cess. Before evaluating the characterization properties after BIC-LV
reconstitution, the residual water content of the freeze-dried powder
was assessed using thermogravimetric analysis (TGA) to verify proper
drying, since a maximum water content of 3-5 % is generally acceptable
for freeze-dried products [86]. Thermograms showed that after heating
the freeze-dried powders at 200 °C, the weight loss at 100 °C was around
3 %, meaning that the total water in the product did not represent a
higher percentage than expected (Fig. 1E). Non-use of cryoprotective
agents led to a typically significant increase in size and PDI (size > 800
nm and PDI > 0.5) [87]. Therefore, the mechanical stress from the
freezing process was effectively mitigated by lactose, which acted as a
stabilizer for the vesicle membranes and maintained lateral spacing
between the phospholipids, ensuring a homogeneous size distribution
[871.
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3.2. BIC-LVs@DMAPs production and characterization

Aqueous dispersions of different biocompatible polymers were used
in combination to prepare the DMAPs prototypes. PVA (9-10 kDa) and
PVP (40 kDa) were the selected polymers, as their use is widely extended
for biomedical applications based on their high biocompatibility [88]. It
has been previously reported that the PVP-PVA combination increases
the mechanical properties of the formulation, attributed to the
hydrogen-bond interactions between hydroxyl groups (—OH) of PVA
and carbonyl groups (C=0) of PVP [57]. Freeze-dried LVs were included
in a 5 % (w/v) proportion to the formulation after their reconstitution.
Under the selected conditions, proportion and polymers, the solvent
casting method produced functional DMAPs (BIC-LVs@DMAPs)
(Fig. 2A). Microneedles’ tip length was observed by optical microscopy
(Fig. 2B1), showing a length of 451 + 15 um, which was not affected by
the presence of LVs or lactose (Fig. 2C). Thumb-force compression led to
a decrease of 8.6 + 4.4 % in BIC-LVs@DMAPs length, which was ex-
pected based on previous studies (Fig. 2B2 and Fig. 2D) [57]. No dif-
ferences were reported in comparison to Blank-DMAPs and lactose-
loaded DMAPs (p > 0.05), confirming again that the presence of BIC-
LVs or lactose does not affect the physical properties of DMAPs. As
observed in a representative scanning electron microscope (SEM) image
of BIC-LVs@DMAPs (Fig. 2E), DMAPs exhibit sharp needle tips that can
drill the outer skin layers.

Before testing the insertion and mechanical strength, a TGA analysis
was performed to ensure that the drying step in the solvent casting
procedure was completely concluded and final interactions between
polymer—polymer and polymer-BIC-LVs were achieved. On one side, it
can be considered that water removal is fully achieved after 1-week
storage since 1.3 % residual water content (Fig. 2F) did not experience
significant changes when compared to 2-month-old BIC-LVs@DMAPs
(Fig. 2G). On the other side, it should be noted that the formulation
showed high thermal stability since less than 10 % of weight mass loss
was reported at 200 °C due to the polymer melting, as previously re-
ported for PVA-based DMAPs [89]. The insertion properties of the
developed BIC-LVs@DMAPs were assessed by a well-established artifi-
cial skin model to characterize microneedle devices. As observed in
Fig. 2H, BIC-LVS@DMAPs were able to reach a 381 um depth [90],
although only 50 % of needle tips in the arrays reached this depth.
However, nearly all needle tips penetrated to a depth of 254 um, which is
substantially greater than the approximate 50 um thickness of the stra-
tum corneum [91]. It is noteworthy that the insertion performance was
not significantly affected by the presence of lactose or freeze-dried LVs.
Although the insertion performance was lower, no significant differ-
ences were observed compared to blank PVA-PVP-based DMAPs (p >
0.05). Similar trends were observed regarding the mechanical
properties.

In vitro release studies are regularly used in the development of
pharmaceutical forms for a better understanding of the further ex vivo
and in vivo performance of the formulations. These tests are enormously
useful in the optimization process to make the ideal pharmaceutical
product and unraveling the mechanistic behind the release process. As
showed in Fig. 21, BIC-LVs@DMAPs deliver BIC in a controlled manner.
Complete drug release was achieved after 1.5 h. Nonetheless, this
release process will probably be longer under in vivo conditions where
the volume of the interstitial fluids in contact with BIC-LV@DMAPs is
considerably lower. This result represents a huge advantage compared
to other topically applied formulations, such as ethanolic solutions that
represent the diffusion of a drug without a release or solubilization step.
The kinetic modeling showed that the Korsmeyer-Peppas model fitted
the data most adequately, based on the low Akaike Information Crite-
rion (AIC) value obtained (Table 1). Besides, the correlation coefficient
associated (r> > 0.9) evidenced that the model accounts for more than
90 % of the experimental variation, confirming the optimal fitting of the
data to the model [66]. The Korsmeyer-Peppas model accounts for both
diffusion and the relaxation or erosion of the formulation as potential
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Table 1
BIC-LVs@DMAPs release parameters obtained from the different kinetic models.
All results are expressed as mean + SD (n = 4).

k b n AIC
Korsmeyer-Peppas 19.0 £ 9.2 - 0.42 + 0.12 74.1 £ 4.9
Kim 19.0 £9.2 0 0.42 £ 0.12 76.1 + 4.9
Higuchi 131 +£1.7 - 75.3 £ 6.5

release or dissolution mechanisms. It implies evident advantages over
the other models, which only consider diffusion as a possible mecha-
nism, such as the Higuchi model. The release exponent (1) shows that
the release process from BIC-LVs@DMAPs is carried out by polymer
diffusion since its value was 0.42 + 0.12. However, relaxation cannot be
completely discarded, since that value is close to 0.5, which is indicative
of a double or mixed release mechanism (Table 1) [63,92].

3.3. In vitro biocompatibility test

As a consequence of their excellent biocompatibility and fusion
ability with skin and cell lipids, lipid-based nanocarriers are excellent
formulations to enhance transdermal drug delivery [93]. In fact, they
have shown better biocompatibility than the equivalent drug solutions
in certain cases [94]. For its part, the in vivo compatibility of PVP and
PVA polymers used to fabricate DMAPs has been extensively proved.
The biocompatibility of the different components of BIC-LVs@DMAPs
was tested in HaCaT keratinocytes, as they are the primary cell type
found in the epidermis where DMAPs are inserted (Fig. 3A).
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As observed in Fig. 3B, BIC-LVsS@DMAPs components were
biocompatible with keratinocytes, since cell viability percentage
remained above 70 % in almost all cases. Only BIC, BIC-LVs and Blank-
LVs at initial concentrations after preparation were found toxic. How-
ever, the delivered doses in BIC-LV@DMAPs are considerably lower,
ensuring the safety profiles at a 0.4 mg/mL concentration for both
loaded and unloaded nanocarriers.

3.4. Ex vivo performance of BIC-LVs@DMAPs

In vitro and ex vivo diffusive models are an important tool to screen,
study and predict the penetration ability of active ingredients in various
formulations. In fact, regulatory agencies such as the FDA, approve their
use to perform bioequivalence studies within the framework of topical
pharmaceutical formulations and generic drugs development. Specif-
ically, Franz-diffusion cell (FDC) is widely considered as the reference
setup of these diffusive models [95]. However, systemic drug levels from
a topically applied drug cannot be totally estimated using skin pene-
tration parameters obtained ex vivo due to the absence of key physio-
logical mechanisms present in vivo such as skin metabolism,
microcirculation, and immune cell interactions. The case study in this
study is consistently compatible with the FDC surrogate method since
the BIC-LV@DMAPs device is intended to treat local skin conditions,
such as androgenetic alopecia. This is particularly relevant in its early
stages, where areas with miniaturized hair can be covered by BIC-
LV@DMAPs devices. The therapeutic success of BIC and other anti-
androgen drugs mainly depends on the drug concentration levels that
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Fig. 3. A) Illustration of in vitro biocompatibility test. Percentages above 70 % were considered non-toxic, whereas those below 70 % were considered cytotoxic. B)

HaCaT cell viability after 24 h of treatment with BIC-LVs@DMAPs components.
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penetrate along the skin structure where they exert their pharmaco-
logical action, and the time that these levels are maintained. In this
sense, FDC allow for the monitoring of both features. Specifically, the
analytical determination of drug cumulative amounts in the receptor
media over time informs about the capacity of the formulation to deliver
the drug in the deeper skin strata. In addition, the BIC extraction from
skin explants at different timepoints shows the drug retention within the
full skin structure and not only the amounts that reached the deep skin
structure.

Cumulative amounts of BIC per diffusional area of mice skin versus
time and the permeability parameters calculated for BIC-LVs@DMAPs
and BIC ethanolic solution 0.1 % (w/v) are presented in Fig. 4A and
Table 2. The physicochemical properties of BIC predict a limited passive
skin absorption, mainly because of its medium-high molecular weight
and notably hydrophobic behavior. In this sense, the use of a perme-
ability enhancer seems highly recommendable. Ethanol was selected as
the solvent to solubilize BIC, a poorly water-soluble drug. However, it is
well known that applying >30 % ethanol to the skin reduces skin
permeability, primarily due to skin dehydration. It was observed that
both systems provide effective BIC skin absorption. As observed in
Fig. 4B, the BIC flux through the skin provided by the ethanolic solution
was slightly higher in comparison to BIC-LVs@DMAPs. However, no
significant differences can be established based on the calculated fluxes
(Jmax) (p > 0.05) (Table 2). A similar trend was observed for lag time
results. Although DMAPs needed more time to deliver the drug and
reach the steady state due to a controlled BIC absorption, no significant
differences were obtained in comparison to the free-BIC solution (p >
0.05). The reasons that can explain these findings are, on one hand, that
free-BIC ethanolic solution does not present any release process that
implies a delay in BIC penetration and, on the other hand, although BIC
is deeply delivered into the skin structure when using DMAPs, they do
not release their cargo instantly. Besides, the presence of BIC-LVs also
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Table 2
Ex vivo permeability parameters of BIC from 0.1 % (w/v) ethanolic solution and
BIC-LVs@DMAPs. All results are expressed as mean + SD (n = 5).

Jmax (pg/(:m2 h) Kp -10° (cm/s) Lag time (h)

3.0+£1.1
1.9+0.2

1.66 £+ 0.61
5.26 + 0.63

432+ 1.3
518 +2.4

BIC 0.1 % (w/V)
BIC-LVs@DMAPs

allows a more controlled release compared to the freely available BIC in
the solution. In addition, this ex vivo release process probably takes
longer when compared to the in vitro drug release studies, as expected.
The advantage of DMAPs over the reference solution becomes more
evident when BIC doses in the formulation are considered, and perme-
ability constants (Kp) are determined. A significant improvement was
found for BIC-LVs@DMAPs since a 3-fold Kp was obtained in compari-
son to the ethanolic solution (p < 0.05). In addition, it should be noticed
that these differences can be higher when translated to human skin since
it has been previously reported that mice skin is strongly affected by
stratum corneum overhydration after long or excessive exposure to liquid
drug solutions [68].

BIC skin retention results (Fig. 4C) revealed that BIC-LVs@DMAPs
provide a controlled release delivery, as the observed BIC amounts
retained in the skin increase progressively over time. Also, it should be
highlighted that 40 % of the applied BIC dose from BIC-LVs@DMAPs
remains in the skin structure after 48 h, which is highly interesting for
the treatment of local skin conditions. On the contrary, although free-
BIC ethanolic solution provided the highest flux in the permeability
study, BIC skin retention was poor and erratic in comparison with BIC-
LVs@DMAPs. The differences between replicates, and thus the associ-
ated variability, were considerably higher for the free-BIC ethanolic
solution, where BIC concentrations in the skin remained stable only after
24 h, reaching a maximum value of 16 % of the BIC dose.
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Fig. 4. A) Illustration of ex vivo penetration studies. Briefly, BIC-LVs@DMAPs were inserted into the skin and samples were taken from the receptor chamber of the
Franz-diffusion cell setup. BIC retained in the skin structure was also determined after 24 and 48 h. Samples were analyzed by an HPLC analytical method. B) Ex vivo
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4. Conclusion

Based on the results here presented, the BIC-LVs@DMAPs strategy is
areliable approach to deliver antiandrogenic drugs for dermal purposes.
Although BIC-LVs were mainly intended for allowing BIC incorporation
in DMAPs, they also exhibited optimal characterization properties pre-
dictive of enhanced dermal drug delivery. PVA/PVP-based BIC-
LVs@DMAPs exhibited optimal mechanical properties to effectively
pierce the skin layers and assist BIC-LVs penetration to the deeper skin
layers. In vitro biocompatibility of the formulation guaranteed its safe
use. Finally, ex vivo studies demonstrated that BIC can be successfully
delivered to the deep dermal layers, making BIC-LVs@DMAPs a prom-
ising strategy for improving the treatment of androgen-dependent skin
conditions, such as androgenetic alopecia, particularly in its early stages
when BIC-LVs@DMAPs devices can target areas with miniaturized hair.
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