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Abstract

Background and objectives: Epilepsy is a neural disorder that occurs because of a disruption in neural conduc-
tions in various parts of the brain and is mainly characterized by seizures, pensive gaze, involuntary mimics,
contractions, meaningless speeches, repetitive movements, and loss of consciousness. The serious side effects
of conventional drug delivery systems due to high applied doses, low transition rates to the brain, and limitations
of drug application during seizures result in the urgent need for novel drug delivery systems for the enhanced
treatment of epilepsy.

Methods: In this study, Lacosamide was selected because of its high therapeutic dose, which is due to its low
transition to the target site. Microneedle patches were formulated by micromolding of polymers of carboxy-
methyl cellulose (CMC) and Eudragit S 100 (ES100) for a unique route for applications to reduce the applied
dose to minimize the severe side effects. This strategy enhanced brain transition via the nasal route and over-
came the blood-brain barrier (BBB) to minimize the applied dose. Characterization studies were performed
in detail.

Results: The results revealed that the releases of Lacosamide extended to 96 h with ES100 microneedle patches.
In contrast, CMC microneedles released almost all the active ingredients within 1 h due to the hydrophilic nature
of the polymer. Stability studies indicated that the formulations were stable at 25 + 2°C (60 + 5% Relative Humid-
ity; RH), 40 + 2°C (75 £ 5% RH) and 5 + 3°C for 6 months.

Conclusions: By considering the film like structures, polymeric microneedle patches have the potential for Lacosa-
mide delivery through the unconventional nasal route for the improved treatment of epilepsy.
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anced production of stimulant and inhibitory signals in neurons
in the brain. The stimulant signal production is more than the in-
hibitory signals by dysfunctional neurons and can cause seizures
in patients.! Epilepsy affects >45 million people of different ages
worldwide.?? Epilepsy is attributed to brain defects, specific ge-
netic factors, infections, metabolic disorders, immune dysfunc-
tions, accidental injury, and idiopathic reasons.*> Lacosamide is
an active R enantiomer of 2-acetamido-N-benzyl-3-methoxypro-
pionamide (of which the S enantiomer is inactive) and has been
approved for the treatment of focal (partial-onset) seizures as a
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Fig. 1. Microneedle production with micromolding method.

monotherapy and adjunctive therapy in the European Union and
the US.%7 Lacosamide can reduce the frequency of seizures in
epilepsy patients. Treatment starts with 50 mg Lacosamide twice
a day and can be increased to <200—600 mg daily according to the
frequency of seizures and tolerance of the patients.® Lacosamide is
a functionalized amino acid, which is known as harcoseride, with
anticonvulsant and antinociceptive properties.’ Lacosamide is an
analog of D-serine that has amphiphilic properties, which allow
the molecule to be water-soluble enough to be formulated into a
parenteral product and lipophilic enough to cross the blood-brain
barrier (BBB).® However, although Lacosamide has high oral bio-
availability, it has a low transition rate into the brain via the oral
route.!®!! Nasal drug delivery is an alternative route for the en-
hanced bioavailability of most drugs.!? Although the nasal route
is thought to provide a local treatment in the first place, it gives
the potential to deliver active agents for systemic treatment and to
circumvent the BBB through the olfactory pathway.!® The nasal
route can rapidly deliver the drugs, which overcomes the first-pass
effect and results in comparable bioavailability profiles with infu-
sion. Therefore, the nasal route is an alternative application route
for systemic drug delivery with higher patient compliance, com-
pared with parenteral applications.!#15

Microneedles are commonly designed for the transdermal route
to enhance skin penetration and avoid the pain that usually occurs
with parenteral administration, and can be formulated for other
routes of application, such as ocular and nasal routes.!® Micronee-
dles can be classified as solid, coated, hollow, hydrogel-based, and
dissolving microneedles.!”2 Microneedles can be produced by
many methods, such as lithography,?! droplet air blowing,?* and
micromolding methods.?* The method for microneedle production
mainly depends on the type of material or polymer used.!7-?4-26 [n
this study, thin microneedle patches were formulated by micro-
molding,? for an unconventional route of microneedle application
to reduce the applied dose of Lacosamide, minimize the severe
side effects, and enhance brain transition.

Methods
Materials

Lacosamide was provided by Santa Farma (Istanbul, Turkey).
Carboxymethyl cellulose sodium salt (CMC) and hydroxylpro-
pyl gamma-cyclodextrin (HPGCD) were purchased from Sigma-
Aldrich (Steinheim, Germany). Eudragit S 100 (ES100) was pur-
chased from R6hm Pharma (Darmstadt, Germany). Polyethylene
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glycol (PEG) 400, acetonitrile, o-phosphoric acid, methanol, and
ethanol were purchased from Merck (Darmstadt, Germany). All
other chemicals were of analytical grade.

Production of microneedle patches

Microneedle patches were prepared by micromolding.?? The molds
were constructed using the polysiloxane Zetaplus C Silicone Kit
(Rovigo, Italy) (polysiloxane: activator, [10:1]; w/w). Dermapen®
needles (Biberach, Deutschland) were used as a master template
for the microneedles (Fig. 1). After formation of the molds briefly,
75 mg of ES100 was dissolved in 1 mL of methanol, which was
mixed with 5 uL PEG 400 as a plasticizer. For CMC-based formu-
lations, 60 mg of CMC and 20 mg of HPGCD were dissolved in 1
mL of distilled water. Different concentrations of Lacosamide were
added to the solutions. The solution samples (500 puL each) were
poured into the molds and centrifuged three times (4,000 rpm, 10
m) to maintain complete settlement of the solution in the tiny gaps.
The molds were evaporated at 40 + 1°C for 24 h. The microneedle
patches were gently peeled off the polysiloxane molds and stored
in sealed containers.?»*” Placebo formulations were prepared with-
out the addition of Lacosamide.

Morphological analyses

The morphological properties of the microneedle patches were in-
vestigated by scanning electron microscopy (SEM) analyses that
used Zeiss Ultra Plus FE-SEM (Oberkochen, Germany).

Thermal analyses

Structural and crystallinity changes in Lacosamide and other ingre-
dients and the polymeric structure of the microneedle patches were
evaluated using differential scanning calorimetry (DSC) (DSC-60,
Shimadzu Scientific Instruments, Colombia, US). Analyses were
performed under a nitrogen atmosphere (50 mL/min) at 30-300°C
with an increase rate of 10°C/min. An empty aluminum pan was
used as a reference.

Fourier-transform infrared analyses
Fourier-transform infrared spectroscopy was used to further ana-

lyze the structure of the microneedle patches (FTIR, IR Affinity-
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1S Shimadzu, Tokyo, Japan) using a high-sensitivity Deuterated
Lanthanum o Alanine doped TriGlycine Sulphate (DLaTGS) de-
tector with a Germanium-coated KBr Beam splitter from 7,800 to
350 cm™.

Nuclear magnetic resonance analyses

The interactions between the active agent and the polymers were
analyzed by nuclear magnetic resonance (‘H-NMR) with Fourier
300 NMR (Bruker Bioscience, MA, US).

Texture analyses

Insertion studies were determined with TA. XT-plus Texture Ana-
lyzer (Stable Micro Systems, Surrey, UK) using Parafilm as the
membrane simulant material.2?82° The microneedle patches were
bonded to the tip of the Texture Analyzer's mucoadhesion probe
with double-sided tape. Parafilm was folded into eight layers (1
mm thick) and fixed on a flat block of aluminum base. The com-
pression mode was chosen in the Texture Analyzer’s program then
pretest speed, test speed, and post-test speed were adjusted to 1.0,
0.05, and 10.0 mm/sec, respectively. The microneedle attached to
the probe was lowered onto the folded Parafilm and 5, 10, 15, 25,
35, and 42 N forces were applied on different samples for 15 s.
Parafilm samples were examined under a stereomicroscope Leica
M205 (Leica, Wetzlar, Germany) to determine the insertion depths
of the needles.

Determination of Lacosamide

The Lacosamide content in the microneedle patches was determined
by a modified high-performance liquid chromatography (HPLC)
method® in a Shimadzu 20 A (Tokyo, Japan) with an Agilent C18
column (column diameter: 4.6 mm, column length: 25.0 cm, par-
ticle diameter: 5 um, and particle size: 100 A; Santa Clara, US).
Acetonitrile:distilled water: o-phosphoric acid (40:59:1 v/v and pH
2.0 + 0.0) was used as the mobile phase with a flow rate of 1.0 mL/
min. Then, 20 pL volumes of the samples were injected via an au-
tosampler (SIL-20A, Shimadzu, Tokyo, Japan) and a photodiode ar-
ray detector (SPD-M20A, Shimadzu, Tokyo, Japan) was used at 210
nm. The column temperature was set to 40 + 1°C (CTO-10AS-VP,
Shimadzu, Tokyo, Japan).3? Validation studies were performed.!

Drug loading capacity

The microneedles (10 mg) were dissolved in 2 mL methanol or
water for ES100 and CMC-based microneedles, respectively. The
solutions were filtered through presaturated polyamide membrane
filters and supernatants were analyzed by HPLC after proper dilu-
tions (n=3). Drug loading capacity was calculated according to
Equation 1.3

Drug loading (%) = [(Lacosamide

weight) / (microneedle weight)] x 100 1

In vitro drug release and its kinetics

The microneedle patches were dissolved in a phosphate buffer

DOI: 10.14218/JERP.2021.00051 | Volume 7 Issue 2, June 2022

J Explor Res Pharmacol

Fig. 2. Master template (left) and microneedle mold (right) for micro-
molding method.

solution (PBS, pH 6.4) for in vitro drug release studies.>® The
microneedle patches were attached to round-shaped magnets
and fixed in the 50 mL buffer solution (under sink conditions,
37+1°C and 150 rpm stirring) with the help of an external second
magnet to maintain the release of Lacosamide from the surface
of the patches.?* The samples (1 mL each) were taken at certain
time points and 1 mL fresh buffer solution was added to maintain
sink conditions. The collected samples were analyzed by HPLC
after proper dilution when required. The in vitro release kinetic
modeling of the microneedle patches was analyzed using the DD-
Solver software program.33

Stability of microneedles

The microneedle patches were maintained under three different
conditions: 25 + 2°C (60 + 5% RH); 40 + 2°C (75 = 5% RH); and
5+ 3°C for 6 months to determine the stability of the formulations.

Results
Production of microneedles

In this study, microneedle molds were produced using the Zeta-
plus C Silicone Kit. Titanium Dermapen® needles were used as a
master template for the formation of the gaps for the microneedles.
Molds were 9 mm in diameter with a 1.5 mm needle height and
42 micro hollows for the needles (Fig. 2). In preliminary studies,
Eudragit derivatives (e.g., R 100, L 100, RL 100, RS 100, RL PO,
RS PO, RL PM, and RS PM), chitosan (high molecular weight),
sodium alginate, and polyvinylpyrrolidone (PVP) were used for
the formulation of microneedles. According to the initial evalua-
tions, the CMC and ES100-based formulations were selected for
further studies (Table 1).

Morphological analyses

The morphology of the microneedles with length, shape, and di-
ameter information was revealed with SEM analyses (Fig. 3).3¢
Microneedle heights could be adjusted at the mold formation stag-
es, which depended on the preferred route of application. The mi-
croneedles formulated with ES100 were 1,270-1,500 pm in length
and 250-300 um in diameter and the CMC-based microneedles

63


https://doi.org/10.14218/JERP.2021.00051

J Explor Res Pharmacol

Aykac K. et al: Polymeric microneedles for Lacosamide

Table 1. Compositions and Lacosamide amounts in the microneedles (Mean + SE, n = 3)

Code CMC (%) HPGCD (%) ES100 (%) PEG 400 (%) Lacosamide, Theoretical (%) Lacosamide, Practical (%)
ELO - - 7.5 0.5 - -

EL1 = = 7.5 0.5 0.5 0.61 +0.00

EL2 - - 7.5 0.5 1.0 1.07 £0.03

EL3 = = 7.5 0.5 1.5 1.53+0.00

CLO 6.0 2.0 - - - -

CL1 6.0 2.0 = = 0.5 0.56 +0.01

CL2 6.0 2.0 - - 1.0 1.10+0.01

CL3 6.0 2.0 = = 1.5 1.56 +0.01

CMC, pure carboxymethyl cellulose; HPGCD, hydroxylpropyl gamma cyclodextrin; ES100, Eudragit S 100; PEG 400, polyethylene glycol 400.

were 1,300-1,500 pm in length and 100-250 um in diameter, re-
spectively.

Thermal analyses

In DSC analyses, Lacosamide displayed an endothermic melting
peak at 149°C, which was due to the crystalline structure (marked
with arrows), and ES100 and CMC exhibited no endothermic
melting peaks in the thermograms, which showed the amorphous
structures of the polymers (Fig. 4). DSC thermograms of placebo
and Lacosamide-loaded microneedle patches were evaluated, and
the formulations displayed similar behavior with pure polymers,
which highlighted the amorphous structures of the microneedles.

Fourier-transform infrared analyses

Lacosamide has characteristic absorption peaks at 1,633 cm™! and
3,286 cm! that correspond to the stretching vibrations of C=0
and N-H, respectively.?” The characteristic absorption peaks of La-
cosamide were revealed in the spectrum of both physical mixtures
and Lacosamide was compatible without any interaction with both
of the formulation components (marked with arrows) (Fig. 5). The
FTIR spectrum of ES100 indicated that the peak at 2,926 cm™! was
due to the presence of O-H groups (carboxylic acid) at approxi-
mately 1,450 cm™!, which was due to -CH, bending, and at 1,724
cm™!, which was due to the presence of C=0 (ester)*® and -C-O-C
stretching vibrations at 1,150 cm™'.3 CMC had a strong character-
istic absorption band at 1,022 cm™! that was due to the carboxy-
methyl ether group (CHOCH,") and displayed a broad absorption
band at 3,352 cm™!, that was due to the stretching frequency of
-OH groups*® and peaks that were observed at 1,595 cm™ and
1,605 cm™! were due to the C=0 region of CMC.*!

Nuclear magnetic resonance analyses

'TH-NMR analyses were performed to determine the molecular in-
teractions (Fig. 6).#> Two different solvents [deuterated dimethyl
sulfoxide (DMSO) for ES100 and deuterium oxide (DOx)] for
CMC-based microneedles were used for analyses that considered
the different solubility properties of the polymers. The characteris-
tic peaks of ES100 were found at 12—13 ppm. Lacosamide signals
were detected in the spectra of the microneedles at approximately
2.0, 4.0-4.5, and 7.5-8.0 ppm (marked with arrows) (Fig. 6).
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Texture analyses

Insertion studies were performed with Texture Analyzer on Para-
film as the membrane simulant material with different application
forces.?82? M205 (Leica, Wetzlar, Germany) was used to deter-
mine the insertion depths of the needles under different penetration
forces (Fig. 7) and stereomicroscope images of the third layer of
Parafilm with the highest application force of 42N were shown in
Figure 8.

Determination of Lacosamide

HPLC validation was carried out following the ICH guidelines
within the range of 5-100 pg/mL.3! In linearity studies, r> was
0.9999, the accuracy values were in the range of 100.1-101.4%,
and relative standard deviation (RSD) was <2% for the precision
studies. The selectivity of the method was analyzed compared with
placebo microneedle formulations (e.g., ELO and CL0) and with
all the components of this study.

Drug loading capacity

Lacosamide concentration in the microneedles was evaluated by
validated HPLC analyses. The analyses results revealed that the
Lacosamide concentrations were very close to the theoretical La-
cosamide concentrations in the microneedles (Table 1).

In vitro drug release and release kinetics

In vitro drug release studies were performed in PBS (pH 6.4) for 96
h to determine the release profiles of Lacosamide from the poly-
meric microneedles. Because CMC is water-soluble, the majority
of the Lacosamide was released within 1 h from the CMC-based
microneedles. Considering the low aqueous solubility of ES100-
based microneedles, approximately only 20-25% of cumulative
releases were achieved at 96 h (Fig. 9).43:4

Stability of microneedles
During the stability studies, the formulations were monitored at

25 4 2°C (60 + 5% RH), 40 + 2°C (75 + 5% RH), and 5 + 3°C
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Fig. 3. SEM images of microneedle patches [Left column Eudragit S 100 (ES100) based formulations (ELO, EL1, EL2, and EL3) and right column carboxym-
ethyl cellulose (CMC) based formulations (CLO, CL1, CL2, and CL3)].
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mulations components; ELO, EL1, EL2, and EL3, ES100 based formulations; CMC, pure carboxymethyl cellulose; PM CMC, physical mixture of CMC-based
formulations components; CLO, CL1, CL2, and CL3, CMC-based formulations. Endothermic melting peaks of Lacosamide are marked with black arrows and

decomposition peaks of CMC are marked with hollow arrows.

and the Lacosamide amount, FTIR, and 'H-NMR analyses were
performed at the end of 6 months.*3 To minimize the numbers ana-
lyzed, a bracketing approach was used for the stability studies, and
therefore, only the EL1, EL3, CL1, and CL3 formulations were
monitored. Minor changes in Lacosamide concentrations were ob-
served and the changes remained under the limit of 5%, which
showed the stability of all the formulations under all storage condi-
tions (Fig. 10).45

FTIR analyses stated that there was no change in the specific
signals of Lacosamide and all of the microneedles remained stable
during storage under these storage conditions (Fig. 11). 'TH-NMR
analyses results also revealed that different storage conditions did
not influence the characteristic signals of the microneedles during
storage for 6 months in agreement with the FTIR analyses results
(Fig. 12).

Discussion

The film layer for the polymers was one of the most important
factors for the selection of the polymers for the microneedle for-
mulations.*® The strength and flexibility of the film layers were
very important when peeling them off the molds and during the
application of the microneedles. CMC is a water-soluble anionic
cellulose derivative, which is commonly used in pharmaceutical
formulations,*” and ES100 is a pH-dependent soluble polymer
(pH>7) commonly used in colon-targeted drug delivery systems.*?
To determine the influence of polymer solubility on the release of
Lacosamide, water-soluble and water-insoluble microneedles were
formulated with CMC and ES100, respectively. The composition
of the formulations was different for the different properties of
pure polymeric films. PEG 400 was added to ES100 formulations
to enhance the flexibility of the microneedles, which was required
to peel off the Eudragit based microneedle patches from the molds
and HPGCD was added to the CMC formulations to maintain the
higher strength rates, which were very important for the insertion
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performance of the microneedles through the membranes.*’

In characterization studies the SEM analyses results revealed that
CMC microneedles had thinner and smoother surfaces than ES100
microneedles. In addition, Lacosamide concentrations did not in-
fluence the microneedle morphology at the studied concentrations.
With the help of sharp ended needles, it could be easier to deliver the
Lacosamide through the nasal mucosa effectively with both patches
(Fig. 3).3 In DSC analyses amorphous structures of the polymers
were revealed while Lacosamide displayed a crystalline structure.
Physical mixtures were evaluated to determine the solubility prop-
erties and interactions between the formulation components. The
Lacosamide melting peak was revealed in the thermograms of the
physical mixtures (marked with arrows), and Lacosamide and the
components had no incompatibility problems (Fig. 4).5! In addition,
a decomposition peak was determined at approximately 260°C in
thermogram of CMC and CMC-based microneedles, which was
consistent with previous studies (marked with hollow arrows) (Fig.
4)5%53 DSC thermograms of placebo and Lacosamide-loaded mi-
croneedle patches were evaluated, and the formulations displayed
similar behavior with pure polymers, which highlighted the amor-
phous structures of the microneedles. Since the melting peak of
Lacosamide disappeared in the thermograms of the formulations,
Lacosamide was no longer in crystalline form within the polymeric
structure for the ES100 and CMC microneedle formulations (Fig.
4).513 FTIR spectroscopy was used to investigate the interactions
between Lacosamide and the formulation components in the mi-
croneedle patches.5 The characteristic signals of Lacosamide were
detected in the spectra of the formulations, and the active agent was
molecularly dispersed within the polymer, which was consistent
with DSC analyses without any chemical transformation (marked
with arrows) (Fig. 5). Lacosamide peaks became apparent based on
the increased amount of the active agent (marked with arrows) in
the CMC microneedles and no chemical transformations were re-
vealed during formulation stages (Fig. 5). 'TH-NMR analyses were
performed to determine the molecular interactions and Lacosamide
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Fig. 5. FTIR spectra of pure materials and microneedle formulations. ES100, pure Eudragit S 100; PEG 400, polyethylene glycol 400; PM ES100, physical
mixture of ES100 based formulations components; ELO, EL1, EL2, and EL3, ES100 based formulations; CMC, pure carboxymethyl cellulose; HPGCD, hydroxyl-
propyl gamma cyclodextrin; CMC, physical mixture of CMC-based formulations components; CLO, CL1, CL2, and CL3, CMC-based formulations.

signals were detected in the spectra of the microneedles at approxi-
mately 2.0, 4.0-4.5, and 7.5-8.0 ppm (marked with arrows), which
indicated the presence of Lacosamide within the polymeric network
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without any chemical interactions (Fig. 6). Texture analyses results
revealed that only the CLO formulation effectively passed through
all the layers of Parafilm with the most robust structure. The rest of
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the samples reached the third layer of Parafilm; however, CL1 and
ELO reached the fourth layer (0.5 mm) with broken needles (Fig.
7). Stereomicroscope images revealed the successful penetration of
the microneedles (Fig. 8). In vitro drug release studies were per-
formed in PBS (pH 6.4) for 96 h and due to CMC is water-soluble,
the majority of the Lacosamide was released within 1 h from the
CMC-based microneedles. Considering the low aqueous solubility
of ES100-based microneedles, approximately only 20-25% of cu-
mulative releases were achieved at 96 h (Fig. 9).43* The analyses
results revealed that the type of the polymer had a major influence
on the release rates of the incorporated drug; therefore, the poly-
meric mixtures could maintain the required sustained releases within
the preferred time frames (Fig. 9).5° In vitro release analysis results
were evaluated by the DDSolver Program to determine the release
characteristics of the microneedles. Best-fitted pharmacokinetic
models were selected that considered the smaller Akaike Informa-
tion Criterion (AIC), largest Model Selection Criterion (MSC), and
highest Determination Coefficient (R2) values, which were stated as
the most defined parameters for the evaluation of the release kinet-
ics.3® The analyses results revealed that EL1, EL2, and all the CMC-
based formulations fitted to the Korsmeyer-Peppas kinetic model,
which describes the release of a drug from a polymeric matrix.57-58
The Lacosamide and EL3 formulations fitted the first-order kinetic
model, which is dependent on the concentrations of the drug.5%%°
During the stability studies, minor changes in Lacosamide con-
centrations were observed however the changes remained under
the limit of 5% (Fig. 10).*> FTIR and 'H-NMR analyses are the
most important analyses methods for the determination of minor
structural changes in polymeric drug delivery systems.®*-%2 In our
study the specific signals of Lacosamide remained unchanged in
all microneedle patches under all storage conditions in both FTIR
and 'H-NMR (Figs. 11, 12). Stability studies stated that the mi-
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croneedle patches remained stable under all storage conditions
during storage period of 6 months.

Future directions

In this study, formulation, in vitro characterization studies, and sta-
bility studies on Lacosamide-loaded CMC and ES100 polymeric
microneedle patches were performed. For better evaluations of the
performances of the prepared formulations in vivo studies are re-
quired. The animal models for the determination of in vivo perfor-
mance are challenging. The regular animals used for in vivo stud-
ies, such as mice and rats, are easy to handle; however, their nasal
cavities are small. Therefore, large animals, such as sheep, might
be valuable for unconventional application routes for micronee-
dles. Depending on the selected animal model, needle heights
should be adjusted at the molding stage.

Conclusions

The present study described the formulation and characterization
of Lacosamide-loaded CMC and ES100-based polymeric mi-
croneedle patches with micromolding. The in vitro characteriza-
tion results revealed that the structural properties of the micronee-
dles were unique and the microneedles were stable to store for 6
months at 25 + 2°C (60 + 5% RH), 40 + 2°C (75 + 5% RH), and
5 + 3°C. The CMC-based microneedles released Lacosamide at
the highest point within 1 h and the ES100 based microneedles
released only approximately 20-25% cumulative levels at 96 h.
Therefore, Lacosamide release could be optimized for immediate

69


https://doi.org/10.14218/JERP.2021.00051

J Explor Res Pharmacol

= )

Aykag K. et al: Polymeric microneedles for Lacosamide

Fig. 8. Stereo microscope images of the third layer of Parafilm under 42 N puncture force. ELO, EL1, EL2, and EL3, Eudragit S 100 based formulations; CLO,

CL1, CL2, and CL3, carboxymethyl cellulose-based formulations.

or sustained releases upon the required targeted therapies. Future
research will determine in vivo studies on the formulations to de-
liver Lacosamide via the nasal route for an improved treatment for
epilepsy to overcome the BBB in a less invasive way.
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