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@STRACT: Cystic echinococcosis (CE) is a zoonosis caused by o pot

Echinococcus spp., affecting both humans and animals’ lives. Current — T
treatment of CE by oral administration of albendazole (ABZ) is hampered XTI
by several limitatiunsmm poor aqueous solubility and the rapid metabolism
of ABZ in liver are the main issues, leading to lack of efhicacy of the
treatment. In the present study, we developed a nanocrystalline (NC)
formulation of ABZ to be delivered intradermally using dissolving

microneedles (DMNs). The NC formulation was developed using milling {_‘ :
in an ultrasmall-scale device. Following several screenings, Pluronic F127 was I! i - !_ .. .
selected as a suitable stabilizer, producing NCs with around 400 nm in size | | }I .

with narrow particle distribution. The crystallinity of ABZ was maintained as U e e SRR RN ER LT
observed by DSC and XRD analysis. The NC approach was able to improve et reme e e

the dissolution percentage of ABZ by approximately three-fold. Furthermore,

the i oration of NCs into DMNs using the combination of poly(vinylpyrrolidone) and poly(vinyl alcohol) formed sharp nE¥lles
with sutficient mechanical strength and insertion properties. Dermatokinetic studies revealed that >25% of ABZ was l%zed in the
dermis of excised neonatal porcine skin up to 48 h after DMN administration. In in vivo phammacokinetic studies, AUC and
relative bioavailability values of ABZ delivered by NC-loaded DMNs were found to be significantly higher than those obtained after
oral administration of coarse suspension of ABZ or ABZ-NCs, as well as DMNs delivering coarse ABZ as indicated by the relative
bioavailability values of >100%. Therefore, the combination appr developed in this study could maintain the systemic
circulation of ABZ, which could be possibly caused by avoiding the first-pass metabolism in the liver. This could be beneficial to
improve the efficacy of ABZ in CE treatment.

KEYWORDS: Albendazole, nanocrystals, microneedles, cystic echinococcosis, pharmacokinetics

1. MODU CTION §3 billion have been spent yearly because of direct and indirect
effects of this disease on both humans and livestock.”

Cystic echi ccosis (CE) is a devastating zoonosis which
4 (CE) 5 Presently, there are several choices for the treatment of CE.

affects both humans and animals. CE is caused by Echinococcus

spp., commonly Echinococcus grﬁl’tufDSuS.]; After infecting a ) ‘ 3
human, Echinococcus granulosus enters the systemic circulation tion, and percutancous drainage therapy. The selection of

and is accumulated in the liver and other organs, forming tre:}tme,?ts is dept?nf:lent‘cln the n."iture ‘D‘f the CYSFS in each
3 patient.” The administration of antiparasitic agents is the first

hydatid cysts.” This infectious disease causes a significant ) " -
public health issue worldwide, including areas of central South treatment option where doctars are not available. Additionally,

America, Asia, and even in Mediterranean countries.” More-
over, although the infected body produces humoral immune
and specific cellular responses, a persistent cohabitation of

These include antiparasitic administration, surgical interven-

this is the only alternative in numerous inoperable circum-
stances, including cysts in the brain and cysts in patients who

Echinococcus granulosus and has been found to be the main Received: June 15, 2021
challenge iEthis disease.”™ Additionally, CE has been Accepted:  July 26, 2021
considered as a neglected tropical dise NTD) by The Published: August §, 2021

World Health Organization (WH nd it has been estimated
that around 1—3 million disability cases have been reported as
a result of this disease per annum.” Furthermore, around US
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Figure 1. Schematic representation of NC preparation.
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are immune-suppr%d.m Currently, the benzimidazole
carbamate derivate, albendazole (ABZ), is the most effective
drug commonly used for the treatment of CE. However, ABZ
has poor aqueous solubility, resulting in low bioavailability
when administered orally. This leads to lack efficacy with only
one-third of patients suffering from hydatid cysts showing
complete remission and 20—409% of patients not responding to
ABZ thempy.” Consequently, the drug should be taken in
high doses (10—15 mg/kg of body weight) and for long
periods (3—6 months), leading to liver toxicity, gastrointestinal
toxicity, and other side effects.'>™'” In addition, due to its low
solubility in aqueous environments, the route of administration
options are limited to the oral route.'”"'® Therefore, it is crucial
to develop a formulation which can overcome the poor
solubility. 7
Multiple approaches have been explored in order to improve
the biopharmaceutical performance of ABZ, including the
formulation of solid dispersions,]? oilin-water emulsions,'®
inclusion complexes with cyclodextrins, '’ cogrinding with
hydrophilic excipients,zu lipusumes,” rmru:lcajps;ules;,11 chitosan
microspheres,”” and nanocrystals (NCs).**" ™ Although these
s have been partially successful in increasing the
solution rate and in vive absorp of the drug, they were
developed for oral administration. en administered orally,
ABZ encounters rapid first-pass metabolism in the liver, being
transformed into ABZ-sulfoxide (ABZ-SX).*” Although ABZ
and ABZ-SX show antiparasitic activities, ABZ has been
reported to possess stronger affinity to parasite tubulins when
compared to ABZ-SX, meaning that ABZ has higher activity
than ABZ-SX.™ It has also been reported that the viability of
cysts in NMRI mice infected by Echinococcus granulosus was
lower after the administration of ABZ compared to those with
the administration of ABZ-SX.” Accordingly, a new delivery

approach @§ich can avoid the rapid metabolism of ABZ in the
liver may e the efficacy of ABZ in the treatment of CE.
Transdermal delivery systems are one of the most favorable

methods to improve the delivery of numerous drugs and are
able to avoid hepatic first-pass metabolism,””*" Among various
delivery approaches, dissolving microneedles (DMNs) have
shown numerous advantages compared to other strategies,;]
since they bypass the skin’s stratum corneum.” DMNs are
composed of needles <1 mm in height. Importantly, the
application in human volunteers did not result in any pain,

providing compliant administration.”® Furthermore, postappli-
cation, DMNs administration does not produce any biohaz-
ar| waste.”?*

Among the strategies used to enhance the dissolution rate of
the poorly soluble drugs mentioned above, the formulation of
nanocrystals ’s) is one the most attractive and has been
widely used due to its flexibility, scalability, and high drug
loading efficiency.” This approach has resulted in more than
20 approved products in the market gluba]ly.% NCs are
described as nanometer-sized drug particles without matrix
substances in crystalline form, consisting of up to 90%
hydrophobic drugs which are generally stabilized by
surfactants.”” NCs enhance the saturation solubility and the
rate of dissolution of hydrophobic drugs by reducingm
particle size and thus enlarging their surface area.” This
approach has been successfully applied in the formulation of
several hydrophobic drugs, including curcumin,’” budeso-
nide," and a number of highly hydrophobic antifungal
drugs;,‘”_‘H displaying that the dissolution rates of the
aforementioned drugs were significantly improved. Impor-
tantly, the combination of NCs and DMNs technologies has
shown mmising results in the systemic delivery of poorly
soluble drugs for both local and systemic effects.** Considering
the significant advantages of DMNs and NCs, the delivery
approach combining these systems could be a favorable choice
to maintain the systemic availability of ABZ for improved
effective therapy of CE. p

In the present study, we develop, for the first time, the
combinatorial approach of NCs and DMNs for the intradermal
administration of ABZ using to improve its bioavailability.
Initially, the NCs were developed using the top-down method
and using an ultrasmall-scale media mill. Se character-
izations were further performed, including particle size,
polydispersity index, physical characteristics, and drug release
kinetics and were further characterized. Subsequently, the NCs
were loaded into DMNs and characte
properties were carried out. Moreover, ex vivo dermatokinetic
studies were also performed to examine the intradermal
delivery of this approach. Finally, in vivo pharmacokinetic
studies of ABZ in NCs after DMN administration in rats were
compared to the conventional administration of ABZ in CE

therapy.

ions of mechanical
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Figure 2. Schematic representation of two-layered DMN preparation.
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2. EXPERIMENTAL SECTION

2.1. Materials. Albendazole and albendazole sulfone &.ﬂty,
>98%) of analytical grade were purchased from Alfa Aesar
(Lancashire, UK.). Albendazole sulfoxide (purity, >98% lyoxy-
ethylene (20) sorbitan monooleate (Tween80), and poly(vinyl
pohol) (PVA) (9—10 kDa) and PVA (31-50 kDa) were obtained

om Sigma-Aldrich (Dorset, UK.). Poly(vinylpyrrolidone) PVP (58
kDa) was obtained from Ashland (Kidderminster, U.K.). Pluronic
F127 (P127) was gifted by BASF SE (Ludwigshafen, Germany).
Yttria-stabilized zirconia beads of 0.5 mm diameter were obtained
Chemco Advance Material (Suzhou, China). Importantly, other
reagents were all obtained from standard commercial suppliers and
were analytical grade.

2.2, Fabrication of ABZ-NCs. A media milling technique utilizing
an ultrasmall-system assembly was applied to prepare ABZ-NCs,*
with minor changes. The system consisted of small glass vial with
volume of 12 mL, two magnetic bars of (12 X 8 mm) and magnetic
stirrer, as shown in Figure 1. Initially, 0.25 g of ABZ, 8 g of zirconia
beads, and 10 mL of stabilizer were put in the glass vial. Afterward,
two magnetic bars were added into the system. Then, the system was
locked with an airtight cap. The formulation was stirred for 24 h at
1000 rpm on magnetic stirrer (IKA, Staufen, Germany). In order to
obtain the optimum time process, samples were taken at
predelerminecpnlerva] times for particle size determinations.
Subsequently, to separate the zirconia beads and the magnetic bars,
the dispersion obtained was strained usif@feRl mesh 200 sieve. In this
study, Tween 80, P127, or PVA with the concentrations of 0.5% w/v,
1% w/v, and 2% w/v in water were screenfisll as a stabilizer.

2.3. Characterization of ABZ-NCs. Dynamic light scattering
(DLS) utilizing a particle size analyzer (NanoBrook Omni,

khaven, New York, US.A) was applied in order to determine
particle size and polydisp index of ABZ-NCs. The measurements

done in triplicate. To observe the morphology of ABZ-NCs,
scanning electron microscopy (SEM) (TM3030 microscope, Hitachi,
Krefeld, Germany) was used. The coarse dispersion of ABZ in water
was also observed as comparison.

In order to investigate the chemical interactions of each component
in the formulation, a Fourier transform infrared (FTIR) spectrometer
(Accutrac FT/IR-4100 Series, PerkinElmer, U.S.A.) was used.
Additionally, the crystallinity of ABZ-NCs was observed using two
different methods, namely differential scanning calorimetry evaluation
(DSC 2920, TA Instruments, Surrey, UK.) and an X-ray diffraction
analysis (Rigaku Corporation, Kent, England). Coarse ABZ powder,
ABZ-NCs and physical mixture (PM) of the optimized formulation
were used for these studies.

.4. Investigation of In Vitro Release. A dialysis method was
used to assess the in vifro release of ABZ-NCs in cna:arison with
coarse ABZ."" The release study was carried out in PBS (pH 7.4)
containing 1ffv/v of Tween 80. Briefly, ABZ (10 mg) and ABZ-NCs
(containing T0 mg of ABZ) were placed into dialysis rane.
Membrane used in this study possessed 12000-14 000 molecular
weight cutoff (MWCO) (Spectra-Por, Spectrum Medical Industries,
Los Angeles, CA, U.SA.). Initially, the membrane was then placed
into 100 mL of lution media. The study was performed for 24 h
and at 37°C at rpm. At predetermined times, 1 mL of release
medium was taken and replaced with 1 mL of fresh medium. Finally,

the amount of ABZ released was analyzed using HPLC. The drug
release percentages were then calculated using eq 1

ABZ detected in the release study
% 100

(1)

The drug release profile of ABZ from ABZ-NCs was htted to
various mathematic models, namely zero order, rder, Higuchi,
Korsmeyer-Peppas, and Hixson-Crowell."**" DDsolver (China
Pharmaceutical University, Nanjing, China) was used to determine
the parameters of each model

2.5. Fabrication of Two-Layered DMNs. In ordefEfh
incorporate the NCs into DMNs, initially the NCs obtained were
centrifuged for 30 min at 14 000 rpm using a centrifugation system
(Sigma 1-14 microcentrifuge, SciQuip Ltd, Shropshire, UK.). This
step was repeated three times in order to wash the NCs using distilled
water, generating washed NCs pellets ffhe DMNs matrix used was an
aqueous blend of the mixture of 25% w/w of PVP (58 kDa) and 15%
w/w of PVA (31-50 kDa). As template, silicone molds were
employed to fabrical@ two-layered DMNs. The molds were
prepared utilizing the transparent LSR9-9508-30 silicone elastomer
mix (part A/part B 1:1 w/w). The molds possessed 16 x 16 needles
with pyramidal shapes. The height of each needle was 850 ym with
250 pm base colum and 600 pm pyramidal tip. The base and
interspacing between each needle were 300 ym."” To develop the
DMN formulation, the first layer of DMNs containing ABZ-NCs and
DMNs matrix was prepared in five different NC concentrations,
namely 10% ABZ-NCs (Formulation A), 20% ABZ-NCs (For-
mulation B), 30% ABZ-NCs (Formulation C), and 40% ABZ-NCs
(Formulation D). The second layer of the formulation was the
polymeric solution containing PVP (90 kDa) 30% w/w. To enhance
the elasticity, the second layer solution was mixed with glycerol 1.5%
w/w. Figure 2 shows the schematic representation of two-layered
DMN preparation. Following the mixing process, casting process of
the first layer was conducleda' pouring the formulation onto the
DMN molds. Afterwarfithe molds were put in a positive pressure
chamber for 2 min and sure of § bar was applied. Then, the excess
formulation was removed from the top of the molds. To facilitate the
attachment of the second layer, a silicone ring was fixed to the MN
molds."**” Then, the second layer formulation (850 L) was poured
@op of the first layer, secured by the holder ring, The molds were

en centrifuged for 15 min at 3500 rpm. The drying process was

ed into two steps. For the first 24 h, the formulations were dried
at room temperature. Finally, the formulations were dried at 37°C for
12 h.

2.6. Morphology Observation of Two-Layered DMNs. The
morphologies of DMNs containing ABZ-NCs were vifiilized. Two
different methods were used, namely, light microscopy using A Leica
EZ4D light microscope (Leica Microscope, Milton Keynes, UK. ) and
scanning electron microscopy using SEM TM3030 (Hitachi, Krefeld,
Germ

2.7. Assessment of Mechanical and Insertion Properties of
Two-Layered DMNs. T echanical strength of DMNs laden with
ABZ-NCs was examined using a TAXT2 Texture Analyzer (Stable
Micro Syste aslemere, UK.), as reported previously. The force
applied was 32 N/array for 30 5% The mechanical strength was
presented by the height percentage reduction of DMNs after the
compression compared to the height before the compression.

The drug release percentage =
& P . initial amount of ABZ

ﬁs:ffdoinlgﬂﬂ.lOZUatsami.' 11179
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The insertion ability of DMNs in full-thickness neonatal
porcine skin and an established ski ulant artificial membrane,
ParafilmM was examined utilizing an optical coherence tomography
(oCT) microscope (Michelson Diagnostics Ltd., Kent, UK), as
published earier.”™*"*" The study was carried inserting the
DMNs using a texture analyzer with force of Jarray for 30 s
into eight layers of ParafilmM. The number of holes created in each
layer of ParafilmM following the insertion of DMNs was counted.
Furthdisflore, the visualizations of DMNs insertion and penetration
depth into full- ess neonatal porcine skin and ParafilmM were
carried out using Image] (National Institute of Health, Bethesda, MD,
US.A).
2.8. Quantification of Drug Content Localized in the Needle
Tips of DMN. To determine the quantity of ABZ in the needle tips of
DMN, initially a scalpel was used to carefully detache the first layer of
DMNs. The collected part was further solubilized ifEf0 mL of
methanol. In order to completely olve ABZ, the mixture was
placed for 1 h in a bath sonicator and centrifuged at 14 000 rpm for 15
min. The amount of ABZ in the supernatant was analyzed using
HPLC.
m. Determination of Particle Size of ABZ-NCs in DMN

ormulations. To evaluate the effect of DMN formulations on the
size of ABZ-NCs, initially, the DMNs laden with ABZ-NCs @
completely dispersed in distilled water. Following this step, the
particle size and PDI of NCs and were determined using the similar
technique and those values were equated to the initial particle size and
PDIL

2.10. Microneedles Dissolution Study. The in situ skin
dissolution time of DMNs was studi per a method reported
previously. ™ Briefly, the DMNs were inserted into the center of the
skin section using manual pressure. A cylindrical stainless-steel weight
(5.0 g) was positioned on top of the DMNs during the dissolution
study. At defined time points, DMNs were detached from the skin,
and the shape of DMNs was viewed utilizing the light microscope.

2.11. Ex Vivo Dermatokinetic Assessments. Evaluation of ex
vivo dermatokinetic of ABZ from DMNs-NCs formulation were
conducted in excised full-thickness porcine skin in Franz cell diffusion
cells using %ﬂique described in our previous publications.*”"
Initially, the s were inserted manually into the skin and skin
was fixed into Franz cell diffusions using cyanoacrylate glue. In this
study, PBS ( 4) and 1% w/v of Tween 80 were used as receptor
medium, The cy ical stainless-steel weight ($ g) was put on top of
the DMNs. The experiment was carried out at 600 rpm at 37 £ 1 °C.
The skin samples were taken at defined interval times, separated from
DMNs, and washed with PBS. Een, the skin was pierced wsing a
biopsy punch with diameter of 5 mm (Stiefel, Middl UK). To
separate the epidermis from the dermis layers, the ski ples were
heated in a water bath for 2—3 min at 60 °C. The epidermis was
carefully separated from the dermis using fo . Following this step,
ABZ was extracted from the skin by adding T mL of methanolf§8l the
skin sections and the mixture was then homogenized using Tissue
Lyser LT (Qiagen, Ltd., Manchester, UK.} at 50 Hz for 10 min. The
determination of ABZ was carried out using HPLC. A curve
comprising the drug ¢ ntration versus time of application was
made and PKSolver na Pharmaceutical University, Pajing,
China)** was applied to calculate the Bmalokinelic profiles using a
one-compartment open model. The maximum drug concentration
(C,..p), the time of maximum concentration (), the area under the
curve from time zero (f=0) to the last experimental time point (=
24h) (AUC), the mean half-life (f,,,) and the mean residence time
(MRT) were all calculated. The dermatokinetic assessments of
needle-free patches loaded with ABZ NCs (ABZ-NCs) were also
carried out as a control

The distribution and deposition study of ABZ in different skin
depths were further evaluated. BBy, skin samples after the
administration of DMNs in different time points, namely 1 h, dermis
f.. from the dermatokinetic study and 24 h were detached from
Franz cell diffusion cells. Following this step, a silicone mold was filled
with the skin samples, mixed with optimal cutting temperature
(OCT) media media (Tissue TEK) and frozen using liquid nitrogen.

38748

Afterwardne sectioned skin samples with thickness of 50 pm were
obtained using a Leica CMI900 Cryostat (Leica Microsystems,
Nussloch, Germany). Afterward, this step was carried out until all of
samples were completely cut. Five consecutive skin samples (total
thickness of approximately 2.5 mm) were collected into the same
microtube. Subsequentl Z was extracted from skin samples in 1
mL methanol, vortexed for 15 min, and centrifuged at 14 000xg for
15 min. Finally, the supernatant was taken and analyzed using HPLC.

2.12. In Vive Study. 2.12.1. Assessment of the Pharmacoki-
netics of ABZ, ABZ-5X, and ABZ-SN in Wistar Rat’s Plasma. The in
vivo pharmacokinetic assessment was carried out to evaluate the
delivery of ABZ from DMNs-NCs in healthy male Wistar rats
weighing 208,17 31 g. This study was conducted in compliance
with the Health cal Committee at the Faculty of Medicine,
Hasanuddin University, Indonesia. One week before the in vivo
experiment, the rats were adapted to the labora conditions.
During the adaptation and the experiment periods, food and water
were given ad libifum. The animals were divided into four cohorts {(n
= § per cohort) and treated as follows: Group A received 2x DMNs
contai ABZ-NCs; Group B received 2X DMNs co ing coarse
ABZ; Group C received 1 mL of ABZ-NCs orally and Group D
received 1 mL of ABZ coarse suspension. All cohorts received a dose
which was equal to 15 mg/kg of ABZ. E

For the groups receiving DMNs, the rats’ hair on the back region
was shaved using an electric clipper, followed by the use of hair
removal cream (Veet). DM ere initially attached to Microfoam
tape and administered using hnger pressure for 30 s onto the shaved
area of the rats. Following this step, the DMNs were secured using
Tegaderm (3 M, St Paul, Minnesota, U.S.A.). Then, Micropore tape
(3 M UK. Plc, Bracknell, Berkshire, U.K.) was applied on top of
Tegaderm. Blood samples of the rats from all cohorts were taken at
0.5,1,2, 4,6, 12, 24, 48, and 72 h. The blood collected was placed
into an Eppendorf tube containing 3.8% w/v of m citrate. To
obtain the plasma samples, tube@ centrifuged for 10 min at 4 °C
at 3000xg. Prior to analysis, the plasma samples were kept at =20 “C.

2.12.2. Sample Preparation and Analyte Extraction. To extract
ABZ from plasma samples after the in vivo pharmacokinetic studies, a
simple one-step protein precipitation lechniq@i]izing methanol
was applied. First, in an Eppenaf tube, 500 uL of methanol was
added to 100 uL of plasma. The mixture was vortexed for 10 min and
centrifuged at 14 000xg at 4 °C for 15 min. The supernatant was
collected and dried in a fume hood for 3 h in a glass vial. Afterward,
100 pL of the mobile phase added into the residue. The mixture
then was vortexed for 10 min. The supernatant was obtained by
centrifugation at 14 000%g for 15 min. The samples were analyzed
using HPLC. In addition to ABZ, ABZ-SX and ABZ-SN as the
metabolites of ABZ, were also analyzed.

2.12.3. Calculation of Pharmacokinetic Parameters. The of drug
concentration in plasma versus sampling time was constructed. The
pharmacokjne profiles were analyzed using a noncompartmental
model. The maximum drug concentration (C,,,), the time of
maximum concentration (f,,,), the area under curve from time zero
(t=0) to the last experimental time point (f=24h) (AUC), the
mean halflife (f,,,), and the mean residence time (MRT) were
ca d using PK Solver.””

e relative plasma bioavailability (F) of ABZ following intra-
dermal administration of NCs delivered from DMNs in comparison
with oral administration was estimated using eq 2

AUC,,,, X dose_,
po MNP P o100
AUC,,, X doseyyy (2)

where AUC,yy is the AUC of plasma from DMNs administration and
AUC,,, is the AUC of plasma oral administration of ABZ.

2.13. The Chromatographic Coneon for ABZ Analysis.
Quantification of ABZ in in vifro studies was performed using HPLC
(Agilent Technologies 1220 Infinity UK. Ltd., Stockport, UK.). The
stationary phase used in this study was Pheanenex Luna C4
(ODS1) column with internal diameter of 150 mm X 4.6 mm and
particle size of 5 ym. The mobile phase used was the mixture of 25

https:/fdoi.org 10,1021 /acsami.1c1 1179
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Figure 3. Particle size (1) and PDI (2) values of ABZ-NCs formulated using Tween 80 (A), PVA (B), and P127 (C) at 0.5, 1, and 2% % (mean

+ 8D, n =3 *p <005)

sodium dihydrogen phosphate buffer cfg@aining 0.1% v/v
triethylamine (TEA) (pH 3) and metha ith a ratio of 75:25 v/v.
The chromatographic conditions were flow rate of 1 mL/min and
injection volume o uL. The analyses were carried out at room
temperature and all samples were detected at 290 nm. The analytical
method was validated according t International Conference on
Harmonization (ICH) 2005. The of detection (LoD) and the
limit of quantification (LoQ) wvalues of ABZ were 0.002 pg/mL and
0.03 » respectively.

In §Z¢ivo experiments, the analyses of ABZ, ABZ-SX, and ABZ-SN
were carried out using HPLC (Shimadzu Promind¥@e, Shimadzu,
Kyoto, Japan). The ana]ysese conducted utilizing an Xselect CSH
C18 column with 3.0 X 150 mm internal diameter ar@s jim particle
size. The mobile phase used was the mixture of 0.1% v/v of
trifl etic acid in water and methanol with a ratio of 75:25 ]
The chromatographic conditions were flow rate of 1 mL/min,
detection at 290 nm, and injection volume of 25 uL. The analyses
were @ carried out at room temperature, The bioanalytical assay
was validated according to the International Conference on
Harmonization (ICH) 2005. The LoD v were 0.003, 0.002,
and 0.003 pg/mL, and theLoQ values were 0.02, 0.01, and 0.02 pg/
mL for , ABZ-SX, and ABZ-SN, respectively.

2.14. tistical Analysis. Statistical analysis was carried out
using GraphPad Prism version 6 (GraphPad Software, San Diego,
California, US.A.). All results were presented as mean + standard
deviation (SD). An unpaired f test was applie analyze the results
from two cohorts. To compare more than two cohorts, one-way

ANOWJwas applied. Data was considered significantly different
when p values < 0.05.

3. RESULTS AND DISCUSSION

3.1. Fabrication and Characterizations of ABZ-NCs. In
the present work, NCs-based formulations were developed to
overcome the poor aqueous solubility of ABZ. Specifically, the
top down technique using modified media milling was selected.
This method forms NCs according to mechanical abrasion to
transform large crystalline particles into nanosized parﬁcles.‘“
Compared to the bottom up technique, this method has been
reported to be more likely to maintain the crystalline form of
the particles.““ Several stabilizers were screened, induding
Tween 80, PVA, and P127, with different concentrations. The
graphs presenting the particle size and PDI values in the
screening proses are depicted in Figure 3.

Tween 80 produce icles possessing sizes in nanometer
scales at the stabilizer concentrations of 0.5% w/v and 1% w/v
after 12 h. Meanwhile, after 10 h the NCs were formed when
2% w/'v of stabilizer was used. The particle sizes of NCs were
found to be 732 + 87 nm for 0.5% w/v, 683 + 76 nm for 1%
w/v, and 489 + 38 nm for 2% w/v after 24 h. The PDI values
obtained were more than 0.3, showing the wide distribution of
the NCs. This could potentially result in physical instability of
NCs due to the Ostwald ripening phenomenon.™ Never-

e /fdoiong10.1021/acsami.1<1 1179
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Figure 4. SEM images of coarse ABZ (A) and ABZ-NCs (B) at a magnification power of 30 000X (the black scale bar shows a length of 1 um).
FTIR spectra of ABZ, physical mixture and ABZ-NCs (C). X-ray diffractogram of ABZ, physical mixture, and ABZ-NCs (D).

theless, this phenomenon could only occur in the liquid
environment. This can be circumvented by the removal of the
solvent and changing the NCs dispersion into a solid state.”®
Accordingly, because DMNs are solid in their forms, the
combination of NCs and DMNs could be potentially beneficial
to avoid this instability. Moreover, thefgjllization of PVA as
stabilizer could generate NCs after 1 milling time for the
concentration of w/v and 8 milling time for the
concentrations of w/v and 2% w/v. The PDI values were
found to be more than 0.3. Specifically, the particle sizes
obtained after 24 h were observed to be 626 + 65 nm for 0.5%
w/v the stabilizer concentrations, 372 + 32 nm 1% w/v the
stabilizer concentrations, and 368 + 29 nm 2% w/v the
stabilizer concentrations. The smallest particle sizes were
obtained in the use of P127 as stabilizer. The were
formed after shorter milling time, 4 h for the ilizer
concentra of 0.5% w/v; 3 h for the stabilizer concen-
trations of 1% w/v and 2% w/v. After 24 h, the particle sizes of
NCs were erved to be 621 + 74, 369 + 45, and 356 + 39
nm for the concentrations of 0.5% w/v, 1% w/v, and 2% w/v,
respectively. Importantly, the PDI values obtained were below
0.3, indicating narrow particle distributions.” The NCs
stabilization prepared fro@ P127 can be explained by the
presence of hydrophobic poly(propylene oxide) (PPO) and

hydrophilic poly(ethylene oxide) (PEQ) chains.’* The PPO
chains of poloxamer facilitate the stabilizer to adsorb onto the
hydrophobic surface of the drug crystals.”’ Furthermore,
aggregation is inhibited by the extension of PEO chains into
the aqueous phase, offering steric stabilization.”® In this study,
we found that, in comparison with the particle sizes with
milling times of 4 h, the particle sizes after longer milling times,
including 24 h did not considerably change (p > 0.05).
Additionally, the particle sizes obtained by the use of 1% w/v
P127 were not statistically different in comparison with those
obtained from 2% w/v P127. Accordingly, with the aim to
minimize the production e and the use of stabilizer, the
NCs prepared from P127 with a concentration of 1% w/v and
4 h milling processing time, possessing 418 + 52 nm particle
size and 0.29 + 0.03 PDI, were chosen for further steps.

In the NCs characterizations, several methods were applied.
First, the morphology of ABZ-NCs was observed using SEM.
The SEM microgra of ABZ-NCs and coarse ABZ are
exhibited in Figure 4. It was observed that the size of ABZ-NCs
in SEM analysis was found to be similar to the size obtained in
DLS measurement, which was around 300 nm.

Furthermore, the interacti between ABZ and excipients
were also evaluated. The R spectra of ABZ, physical
mixture of NC formulation, and ABZ-NCs are presented in

gp:ﬂd.oi.olgﬂO.IOZUmmin 1179
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Figure 4. T jpectrum of FTIR of ABZ exhibited several
absorptions, due to the presence of several functional groups.
signal identified at 1193 cm™" could be due to the
presence of the C—0O—C bond. The s s observed at 1635
and 1572 em™ were attributed to the N—H out of the plane
bending of ABZ structure. The presence of carbonyl groups
was identified at 1709 -1, In addition, the sharp peaks
found at 2935 and 2878 cm ™" were due to the C—H stretching,
Finally, the peaks at 3331 and 2705 cm ' were detected, which
might be due to the presence of N—H stretching and the
hydrogen bond between imidazole-NH and carbamate carbon-
yl, respectively. Importantly, these peaks were also observed in
the physical mixture and ABZ-NCs formulation. Therefore, it
could be concluded that there was no formation of a new
chemical bond between ABZ and excipient used in the NCs
formulation. However, it is important to note that hydrophobic
and van der Waals interactions cannot be observed by FTIR.
To further investigate the crystallinity of ABZ after NCs
aration, DSC and XRD analyses were then performed. The

C thermogram of ABZ, physical mixture of NC formulation
and ABZ-NCs are depicted in Figure 5. It was found that ABZ
had a sharp endothermic peak representing the melting point
of ABZ at 193 °C. Additionally, the melting point peak was
followed by a recrystallization of the melt at 207 °C. These
peaks were also observed in the physical mixture and ABZ-
NCs formulation. The presence of the melting point peak
indicated the crystal form of ABZ. The crystallinity was also
observed in XRD examination, displaying sharp signals at 26
values of 6.63, 11.73, 16.72, 19.82, and 27.92 in ABZ, physical
mixture, and ABZ-NCs, respectively (Figure 4). Accordingly,
the formulation of NCs using media milling allowed
maintenance the crystallinity of ABZ.

3.2. Investigation of In@¥firo Release. Following its
formulation into NCs, the m vitro release of ABZ was
compared to the release of pure ABZ, as shown in Figure 5.
After 24 h, only 28.11 + 4.32% cumulative release was
achieved from pure ABZ. On the other hand, the ABZ NCs
improved the in vitro release of ABZ, showing percentage
release of 89.92 + 11.02% (approximately three times higher
than pure ABZ) after 24 h. After statistical analysis, it was
found that the release percentage of ABZ from NCs after 24 h
was significantly greater (p = 0.017) in comparison to ABZ

38751

88
without NC formulations. The increase in the percentage of

cumulative release of ABZ following the NCs formulation is

d to the expanded specific surface of ABZ after the
particle size reduction, resulting in an enhancement in the
dissolution rate.”

In an attempt to determine the release mechanism of ABZ
from NCs formulation, the release profile was fitted to various
kinetic models. The results reve that the values of
correlation coefhcient were 0.43 for zero-order, 0.92 for first-
order, 0.56 for Higuchi, 0.81 for Korsmeyer-Peppas, andff76
for Hixson-Crowell, respectively. As the selection of the most
suitable release model was performed according to the highest
correlation coefficient value, the first-order kinetic model was
found to be the most appropriate release model. Accordingly,
concentration dependent was considered as the release
mechanism of ABZ from the NCs formulation.””® Several
studies have shown the suitability of this model in describing
several NC formulations.>*"**

3.3. Fabrication and Morphology Ob: tion of
Two-Layered DMNSs. As previously discussed, the main aim
of this study was to incorporate ABZ-NCs into DMNs. Here,
an aqueous blend containing a specific combination of PVA
and PVP was selected. These polymers have been ext@vely
utilized as polymer matrixes for DMN formulations. On the
basis of our previous investigation, the combination of PVA
and PVA could produce DMNs with better characteristics
when compared to DMNs prepared from PVA alone or
alone. This may be explained by the interaction of —
groups of PVA and C=0 groups of PVP, forming hydrogen
bonds.”” A two-layered DMNSs approach was selected in this
study. This system offers several advantages. It has been
reported that the permeation of hydrophobic dmgs from
DMNs only occurred in the needle parts of DMNs. Therefore,
to prevent drug waste in the baseEv!ate of DMNs, the drug was
only localized in the needles.”" Moreover, our initial
investigation showed that the DMNs containing ABZ-NCs in
the whole DMNs exhibited poor mechanical properties.
Therefore, it was crucial to formulate the baseplates
using a different formulation. In this case, an aqueous blend
containing 1.5% w/w glycerol and 30% w/w PVP (360 kDa)
was used as a second layer baseplate. In the first layer, several
formulations were screened in order to achieve a formulation

%s:ﬂdui.mg.flﬂ. 1021/acsami.1cl 1179
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with high drug loading and adequate mechanical properties.
After preparation, all DMNs were observed by a light
microscope and a SEM, as shown in Figure 6. All DMNs

Figure 6. Light microscope pictures (A) of the DMN formulations
prepared from 10% ABZ-NCs (Formulation A) (1), 20% ABZ-NCs
(Formulation B) (2), 30% ABZ-NCs (Formulation C) (3), 40% ABZ-
NCs (Formulation D) (4), and 50% ABZ-NCs (Formulation E) (5).
SEM images (B) of the MN formulations containing 10% ABZ-NCs
(Formulation A) (1), 20% ABZ-NCs (Formulation B) (2), 30% ABZ-
NCs (Formulation C) (3), 40% ABZ-NCs (Formulation D)) (4), and
50% ABZ-NCs (Formulation E) (5).

prepared in this study exhibited homogeneous polymer
ures with sharp needle tips formed. Thus, all formulations
%va]uated for their mechanical and insertion properties.
. Assessment of Mechanical and Insertion Proper-
ties of Two-Layered DMNSs. After the fabrication process,
the DMNs containing ABZ-NCs were further characterized for
i mechanical strength. This property is crucial because
DMNs should have an adequate strength to penetrate the skin
to deliver their drugs’ cargo. The strength was evaluated based
on needle height reduction percentage following compression
with 32 MN array.“2 The mechanical properties presented
by the percentage of the height reduction of all DMN
formulations are exhibited in Figure 7. The percentages of the
height reduction were calculated to be 10.63 + 2.81%, 11.65 £
%, 11.97 + 3.02%, 12.87 + 3.219%, and 19.76 + 2.65% for
ormulation A, Formulation B, Formulation C, Formulation D
and Formulation E, ectively. The percentage needle height
reductions between Formulation A, Formulation B, Formula-
tion C, Formulation D, and Formulation E was not
considerably different (p > 0.05). Nevertheless, the percentage
needle height that decreased for @7 DMNs containing 50% w/
w ABZ-NCs (Formulation E) was significantly (p < 0.05)
higher compared to other formulations, indicating the decrease

of mechanical strength of Formulation E. Accordingly, the
mechanical properties of DMNs in this study were affected by

the qlcargn concentration.

In addition to the mechanical strength, the insertion ability
of DMNs was further evaluated. In this study, ParafilmM was
employed as an established skin-simulant membrane. This
artificial membrane has been established to replicate human
skin in MN insertion assessment.”> The results of this
evaluation were depicted in Figure 7. Similar t outcomes
from the mechanical characteristics assessment, Fo ion A,
Formulation B, Formulation C, and Formulation D were able
to penetrate four layers of ParafilmM. Considering that the
thickness of each layer was approximately 126 ym, around 54%
(504 pm insertion) of the needle tips of DMN of those
formulations were inserted into the skin-stimulant membrane.
In contrast, only two layers of ParafilmM were able to be
penetrated by Formulation E, a percentage insertion of less
than 50%. Accordingly, Formulation E developed in this study
possesses the lowest mechanical and insertion abilities.
Formulation D with the highest drug loading ability (40%
w/w) was thus selected for further studies. The selected
formulation was then characterized by visualizing visualization
using OCT. This technique has been employed to study the
insertion profiles of DMN in various studies.”™ ™" The
inserg visualizations were observed in the ParafilmM and

the thickness neonatal porcine skin. Figure 7C,D
represents the OCT micrographs illustrating th ertion of
Formulation D into the ParaflmM and the -thickness

neonatal porcine skin. It was fo at Formulation D was
able to penetrate the ParafilmM and the full-thickness porcine
skin until the depth of 501.59 + 23.47 and 505.29 &+ 19.82 ym,
respectively. The results obtained in the OCT evaluation were
found to be similar to the insertion investigation results
observed in the percentages of holes produced in ParaflmM.

3.5. Quantification of Drug Content Localized to the
Needle Tips of DMN. The quantity of drug localized in the
needle tips of DMN was also the critical point in order to
estimate the dose. Accordingly, after the drying process the
amount of ABZ in the needle tips of DMN was further
determined. It was found that the amount of ABZ localized in
the needle tips of DMN was 3.79 + 0.51 mg. Therefore, this
amount was considered as the dose of ABZ in one DMN array
in the further studies.

3.6. Determination of Particle Size of ABZ-NCs in
DMN Formulations. The properties of NCs, particularly the
particle size and PDI, after the incorporation into DMNs were
evaluated. It is important to note that these properties should
not be influenced by DMN preparations. The results showed
that in DMN preparations, the properties of -NCs were
observed to be 423 + 43 nm and 0.26 + 0.03 e particle
size and PDI, respectively. After statistical analysis, it was found
that there were no significant differences (p > 0.05) in these
properties in comparison with the initial properties.

3.7. Dissolution Study. The ex wivo skin dissolution
evaluation was carried out to estimate the time needed by
DMN:s to dissolve completely following application to skin.
DMNs containing ABZ-NCs were partially liquefied and
showed a decrease in needle height after 10 min of application,
as observed in Figure 8. The DMNs reached complete
dissolution within 30 min of application to the skin.

3.8. Ex Vivo Dermatokinetic Studies. This study was
designed to deliver the NCs into the dermis layer, where the
drugs would be released for subsequent absorption into the

ps/fdoi.org M0.1021/acsami. 1c1 1179
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Figure 8. Ex vivo dissolution profiles of Formulation I} at P;ru.n (A),
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microscope after insertion into and removal from excised neonatal
porcine skin.

systemic circulation by dermal capillaries. Thus, the release
kinetics of ABZ from NCs after being delivered by DMNSs into
the skin were investigated using ex vivo dermatokinetic
analysis. This method has been useful to evaluate the ex vivo
skin kinetic profiles of numerous drugs delivered by
DMNs. 22308 Needle-free patches were used as a control
and were also evaluated for their dermatokinetic profiles. It was
discovered that the ABZ concentrations localized in the dermis
and epidermis layer after the application of needle-free patches
of ABZ were considerably lower (p < 0.05) in comparison with
the ABZ concentration in the skin layers after the
administration of DMNs. Therefore, this result revealed that
DMNs could@f@rease the intradermal delivery of ABZ.
Following the penetration of DMNs into the skin, the
DMNs absorbs skin interstitial fluid. The polymers are then
hydrated and fully dissolved. Afterward, the drug P_;lrticles are
released and diffuse into the deeper skin layers.”™" Figure 9

38753

presents the comparison of ABZ concentration delivered in the
epidermis and dermis after the administration of DMNs
compared to the administration of a needle-free patch.
Moreover, Table 1 presents the dermatokinetic parameters of
ABZ following intradermal delivery using DMNs-NCs, namely
Ciaw Timaw T1j2y AUC, and MRT. As shown, the C,, values of
ABZ following DMNs application were observed to be 415.69
+ 64.31 ngcma at 2.07 + 0.29 h and 1891.53 + 273.83 g/
em® at 2.79 + 041 h in the epidermis and dermis, respectively.
Furthermore, in the epidermis and the dermis, the AUC values
were 1052340 + 2732.88 and 56615.29 + 8919.79 h‘yg/cma,
respectively. Following statistical analysis, the C,, and AUC
value of ABZ in the dermis were significantly greater (p < 0.05
each) than the value in the epidermis. Importantly, the values
of all parameters of dermatokinetic profiles of ABZ after the
administration of needle-free patches were drastically lower (p
< 0.05) in comparison with the obtained results after DMNs-
NCs application.

In a n to the dermatokinetic profiles, the distributions
of ABZ 1n various layers of full-thickness porcine skin were
investigated. In this study, three time points, thatis 1 h, ¢ of
dermatokinetic parameters, and 48 h after the administration
of DMNs-NCs were chosen. It was found ABZ was well-
localized in various depths of the skin until a depth of 2.5
following the application of DMNs-NCs (Figure 10). s
study showed that the longer application time was able to
result in the increase of ABZ concentration in the lower areas
on the skin, indicating the movement of ABZ-NCs in the skin.

Particularly, the maximum concentrations of ABZ were
found to be 211.06 + 47.19, 554.52 + 121.13, and 10791 +
19.92 pg/cm3 at depths of 0.9, 1.3, and 1.5 mm, respectively.
On the other hand, with respect to needle-free patch
distribution ABZ was only detectable until a depth of 1.1
mm. Additionally, the skin distribution of ABZ after the
administration of a needle-free patch was found to be
statistically lower (p < 0.05) compared to DMNs-NCs,

ps/fdoi.org M0.1021/acsami. 1c1 1179
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Figure 9. ABZ concentration and time profile in epidermis (A) and dermis (B)

5 of excised full-thickness neonatal porcine skin, following the

application of DMNs compared to needle-free patches laden with ABZ-NCs (mean + S.D, n = 3).

40
Table 1. Parameter Dermatokinetic Profiles of ABZ E
Epidermis and Dermis Layers of Excised Full-Thickness
Neonatal Porcine Skin, Following the Application of DMNs
Compared to Needle-Free Patches Laden with ABZ-NCs*

parameters epidermis dermis
Croae (pg/em®) 415.69 + 64.31 1891.53 + 27383
T, (b} 207 + 029 279 + 0.41
AUC (hougfem®) 10523.40 + 2732.88 56615.29 + 8919.79
Ty (h) 2044 + 419 28.13 £ 5.63
MRT (h) 2999 + 631 41.26 + 8.17

“Mean + SD, n = 3.

demonstrating the poor skin distribution after their admin-
istrations. The findings obtained in this study exhibited the
benefit of the combination of DMNs and NCs in enhancing
the delivery of ABZ in the dermis layer, where the drugs are
absorbed by blood.””

3.9. In Vivo Studies. As previously discussed, intradermal
delivery was considered as the most suitable option to d r
AB7Z because this route could potentially circumvent the hrst-
pass metabolism in the liver, avoiding the metabolism of ABZ.
In this experiment, the pharmacokinetic parameters of ABZ
and its metabolites, ABZ-SX and ABZ-SN in plasma, were
assessed following being delivered using DMNs-NCs approach.
Importantly, we compared the pharmacokinetic profiles of all
compounds with the oral administration of ABZ-NC as the
conventional administration route of ABZ for CE. Additionally,
the pharmacokinetic studies were also performed for DMNs
and oral administration for coarse ABZ.

In the in vivo experiment, following 24 h, we removed the
DMNs from the rats and it was observed that all DMNs were
completely dissolved in the rats’ skin. We did not observe any
signs of irritation on the skin of all the rats. Table 2 and Table
3 present the plasma pharmacokinetic parameters of all
analytes in Wistar rats following the intradermal administration
of DMNs-ABZ NCs and DMNs-coarse ABZ, as well as the oral
administration of ABZ-NCs and coarse ABZ. Concentrations
of ABZ, ABZ-5X, and ABZ-5N in plasma after th Ns and
oral administration of ABZ-NCs and coarse ABZ are shown in
Figure 11. Furthermore, the values of the phamacokinetic
parameters are depicted in Table 2 and Table 3.

With respect to the C,,, values following oral dosing of
coarse suspension, the analytes reached the maximum

concentrations at the concentrations of 1.52 + 0.43 pg/mL
for ABZ, 1.38 &+ 0.29 ug/mL for ABZ-5X, and 0.09 + 0.01 ug/
mL for ABZ-SN. The AUC,,_., values were 0.74 + 0.12 for
ABZ, 13.01 + 2.23 for ABZ-SX, and 102 + 0.23 + h-ug/mL
for ABZ-SN. Being formula into NCs, following oral
administration the maximum plasma concentrations of ABZ,
ABZ-SX, and ABZ-SN were found to be 2.43 + 041, 298 +
0.51, and 0.12 + 0.02 pg/mL, respectively. The AUC,
values were observed to be 10.84 + 2.31 for ABZ, 31.72 + 6.52
for ABZ-SX, and 2.07 + 041 + h-ug/mL for ABZ-SN. After
DMNs administration of coarse ABZ, the maximum
concentrations .29 + 0.06 pg/mL (AUC,_ -, value of
12.09 + 1.33 hgmL), 008 + 0.01 pg/mL (AUC,_,, value
of 2.70 + 0.43 hg/mL), and 0.06 + 0.01 ug/mL (AUC, -,
value of 2.82 + 0.66 h‘pg/mL) were found for ABZ, ABZ-SX,
and ABZ-SN, respectively. r ABZ-NCs administration
delivered by DMNs, the C,, values were calculated to be 0.96
+ 0.32 pg/mL for ABZ, 0.32 + 0.07 ug/mL for ABZ-SX, and
0.06 + 0.01 pg/mL for ABZ-SN with AUC,_, values of 57.59
+ 12,49, 16.51 2, and 2.88 + 0.61 h-ug/mL, respectively.
As the main purpose of this study was to improve the
bicavailability of ABZ, we focused on the pharmacokinetic
les of ABZ in detail. Analyzed statistically, it was found

at the C,,,, of ABZ following oral administration of ABZ-NC
and coarse ABZ were statistically greater (p < 0.05) in
comparison with the C,,. values after DMN administration.
Conex 1 the maximum (or pe_ak) concentration of drug achieved
in a specified compartment."'” Furthermore, the AUC value is a
pharmacokinetic parameter utilized in diverse ways according
to the background of ea(perimental.'” In this study, this
parameter was used as an index of the total drug exposure
integra ver time in the body. Accordingly, AUC values can
also be used to determine the amount of drug absorbed or the
effectiveness of phlugical processes to eliminate the
drugs”®”" The t,,, represents the time required for half of
the initial dose of drug administered to be ehnated from the
l:n:ldy.ﬂ"71 The MRT refers to the whole persistence of the
drugs in the body and is, hence, the mean time that the drugs
reside in the body. In this study, it was found that the t,,,
valu ABZ following the oral administration of coarse ABZ,
the oral administration of ABZ-NCs, the DMIN administration
of coarse ABZ, and the DMN administration of ABZ-NCs
were determined to be 0.88 + 0.17, 3.54 + 0.67, 43.52 + 8.09,
and 136.18 + 21.28 h, respectively. Moreover, MRT values

ps/fdoi.org M0.1021/acsami. 1c1 1179
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Figure 10. ABZ concentrations localized in the ﬂrent layers of neonatal porcine skin, following the administration of

s containing ABZ-

NCs at 1 h (A), f,,, of dermatokinetic profiles (B), and 48 h (C) in comparison with needle-free patches at 48 h (3) (mean + S.D., n = 3).

Table 2. In Vivo Plasma Pharmacokinetic Parameters of ABZ
ABZ and ABZ-NCs to Wistar Rats”

, ABZ-SX, and ABZ-SN Post-Oral Dosing of Coarse Suspension of

oral-coarse suspension oral-NCs
parameters ABZ ABZ-5X ABZ-SN ABZ ABZ-SX ABZ-SN
Con (pig/mL) 152 + 042 1.38 + 0.29 0.09 +£0.01 243 £ 041 298 + 051 012 %+ 0.02
T,.. (h) 05 1 4 0.5 1 2
AUC,_,, (hug/mL) 0.74 + 0.12 13.01 = 2.23 1.02 + 023 10.84 + 2.31 3172 + 652 207 + 0.41
AUC, (hug/mL) 074 +0.12 14.01 + 2.21 165 + 0.28 10.95 + 2.43 5422 + 843 308 + 0.54
Ty (h) 0.88 + 0.17 13.89 + 2.24 14.60 + 2.73 3.54 + 0.67 4875 + 804 3341 + 6.82
MRT (h) 0.68 +0.14 108 + 0.31 9.09 £ 1.02 6.06 + 1.32 5803 £ 1191 435 £ 749
“Mean + SD, n = 3 for each group.
Table 3. In Vive Plasma %macokineﬁc Parameters of ABZ, ABZ-SX, and ABZ-SN Following DMNs Administration of
Coarse Suspension of ABZ and ABZ-NCs to Wistar Rats”
DMNs-coarse suspension DMNs-NCs
parame ters ABZ ABZ-SX ABZ-SN ABZ ABZ-SX ABZ-SN
Cunax (ug/mL) 0.29 + 0.06 0.08 + 0.01 0.06 + 0.01 0.96 + 0.32 032 + 0.07 0.06 + 0.01
Ty (h) had 24 24 48 6 24 48
AUC, s, (h- pg/mL) 12.09 + 1.33 270 + 0.43 282 + 0.66 57.59 + 12.49 1651 + 3.62 2.88 + 0.61
AUCq ¢ (h- pg/mL) 20.56 + 4.01 427 + 0.61 N/A 18923 + 3351 36.03 + 6.09 N/A
T2 (h) 4352 + 8.09 3631 £7.19 N/A 13618 + 2128 69.38 + 10.81 N/A
MRT (h) 76.35 + 18.81 7031 + 13.19 N/A 19744 + 3423 110.87 + 24.00 N/A

“Mean + SD, n = 3 for each group.

were found to be 0.68 + 0.14, 6.06 + 1.32, 76.35 + 18.81, and
197.44 £ 3423 h after the oral dosing of coarse ABZ, the oral
dosing of ABZ-NCs, the DMN application of coarse ABZ, and
the DMN application of ABZ-NCs. After statistical analyses,

the values of AUC_-3, thepss, and MRT of ABZ after DMN
application of ABZ-NCs were determined to be statistically
greater (p < 0.05) in comparison with postoral application.
Considering these parameters, despite the lower C_, the
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Figure 11. Mean plasma concentrations and time proli]es of ABZ, ABZ-5X, a

nd ABZ-SN after oral administration of coarse suspension of ABZ (A)

and ABZ-NCs (B), as well as after intradermal administration of coarse ABZ (C) and ABZ-NCs (D) using DMNs. The relative bicavailability
values of ABZ delivered by DMN-NC compared to oral administration of coarse ABZ, oral administration of ABZ-NCs, and DMN administration

of ABZ-NCs (E) (mean + SD, n = 3).

intradermal administration of ABZ-NCs by DMNs was able to
prolong the systemic exposure of ABZ in the circulation. This
may be because the release of the active substance may be
sustained following the intradergzal administration, leading to
the longer systemic circulation.”” The same trend has been
reported earlier, showing that compared to drug administration
via oral route the intradermal administration using DMNs
resulted in greater AUC value.™ It has been reported that
cytochrome P450 is also found in the skin; " after absorption
in the skin, the molecules travel in the body, including to the
liver where the ABZ metabolism occurs. Additionally, the
microsomes in the skin are able to metabolize known
substrates of P450. In the skin, the activity of this enzyme
varied between 2.5% and 13.4% of the activities in the liver.
Therefore, small metabolism of ABZ through intradermal route
could occur.”™™ It was also important to note that the
pharmacokinetic profiles of ABZ-SX following the oral dosing
were considerably greater (p < 0.05) compared to the DMN
administration, showing that we were able to maintain plasma

concentrations of ABZ without being rapidly metabolized into
ABZ-8X. Therefore, the intradermal route chosen in our study
was able to avoid extensive rapid first-pass metabolism of ABZ
in the liver. Without being formulated into NCs, the in vivo
delivery of ABZ using DMNs was found to be relatively poor.
The pharmacokinetic parameter values were observed to be
drastically smaller (p < 0.05) in comparison with all cohorts in
this study. This might be caused by the high deposition of ABZ
in the skin. Because of its hydrophobicity, the release of ABZ in
the skin was expected to be slow. This was supported by our in
vitro release discussed previously, showing the slow release
profile of ABZ compared to ABZ-NCs. Therefore, the
formulation of ABZ into NCs successfully improved the in
vive delivery of ABZ into the systemic circulation.

In addition, by comparing the AUC values we calculated the
relative bioavailability of ABZ following intradermal delivery
via DMNs com d to the administration of both NCs and
coarse forms via oral route. The results showed that the relative
biocavailability values of ABZ delivered by DMN-NC were
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found to be 7780.33 + 1562.30%, 531.16 + 136.11%, and
476.35 + 87.11% when compared to oral administration of
coarse ABZ, oral administration of ABZ-NCs, and DMN
administration of ABZ-NCs, respectively. The relative
biovailabilities of ABZ in DMNs-NCs cohort compared to all
cohorts were more than 100%, implying the higher
bioavailability of ABZ after NCs formulation delivered by
DMNs. These in vivo studies showed that the formulation of
ABZ into NCs incorporated into DMNs provide two benefits.
First, the combination of NCs and DMNs could potentially
enhance the bioavailability of ABZ. Second, this combination
approach was able to avoid the metabolism of ABZ, which
could potentially increase the effectiveness of ABZ in the
treatment of CE.

According to the results discussed here, the incorporation of
the NCs into DMNs was able to improve the bioavailability of
ABZ, while avoiding the liver metabolism, as comp to the
oral administration. Being delivered by DMNGs, this technology
is a safe handling, self-administered, painless, and the most
suitable option for CE treatment, especially the situation where
it is extremely challenging to find a healthcare professional to
treat specific disease. Therefore, it is hypothesized that this
novel approach could be ficial as an alternative treatment
of CE. The preclinical ethcacy of ABZ-NCs in the animal
model of CE and NCs was evaluated previously using an oral
treatment, attaining an enhanced but limited therapeutic
response against the parasite in chemoprophylaxis (which
represents the rupture of the cysts during an extraction
surgery) and postinfection (once the infection develops and
the treatment is given) experiments.”’ Solid dispersions of
ABZ were also analyzed in the same model™® and lipid
nanl:i]:mrticlt:s;.12 However, all the formulations showed limited
efficacy in the CE model. In our study, as discussed previously,
we were able to maintain the parent molecule in the circulation
for the first time to the best of our knowledge. Therefore, we
hypothesize that our findings represent a promising altemative
to the current therapy of CE. However, further experiments
should be considered, including toxicity studi iocompati-
bility studies, and an in vivo pharmacodynamic study to assess
the effectiveness of this novel approach in the treatment of CE.

4. CONCLUSION

This extensive work has shown the effectiveness of the
combination of NCs and DMNs to overcome the issues of
ABZ to potentially improve the treatment of CE. The
formulation of ABZ into NCs, stabilized with Pluronic F127,
enhanced the dissolution rate of ABZ, while maintaining the
crystallinity of the drug. Moreover, the formulation of ABZ-
NCs into DMNs with adequate mechanical properties and skin
insertion abilities resulted in the enhancement of the
concentration of ABZ retained in the dermis layer of the
skin. Finally, plasma pharmacokinetic assessment demonstra-
ted that the intradermal delivery of ABZ-NCs delivered by
DMNs could increase the relative bioavailability of the parent
drug ABZ and decrease the concentration of its metabolites,
namely ABZ-SX and ABZ-SN, in comparison with the
administration of coarse ABZ and ABZ-NCs via oral route,
MN dosing of coarse ABZ. Therefore, this
innovative approach could potentially lead to improvement of
CE treatment. To prove its efficacy in the CE treatment, in vivo

as well a

pharmacodynamic study will now be our next step.
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