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Abstract

Methotrexate (MTX) is one of the mainstays of treatment for rheumatoid arthritis (RA) and
juvenile idiopathic arthritis (JIA) and it is mainly administered either orally or by subcutaneous
(SC) injection, which are not so satisfactory. While orally administered MTX is associated with
variable bioavailability and causes gastrointestinal side effects, including nausea and vomiting,
SC injection is painful and produces high peak blood levels of MTX. Transdermal delivery
presents an attractive alternative administration route. However, MTX passive permeation
through the skin is hindered by the skin barrier and MTX physicochemical properties. To
address these issues, hydrogel-forming microneedle arrays (HFMN) and a patch-like reservoir
loaded with MTX (MTX-RV) were developed and combined to form a minimally invasive
patch to deliver MTX transdermally in a sustained manner. HFMN were prepared from an
aqueous blend of poly (vinyl alcohol) (PVA) and poly (vinyl pyrrolidone) (PVP) which was
crosslinked chemically with citric acid (CA) at 130°C. MTX-RV was prepared from
hydroxypropyl methylcellulose (HPMC) and glycerol. Both the HFMN and MTX-RV were
fully characterised and then combined to form an integrated patch, which was evaluated ex vivo
and in preclinical studies. The HFMN demonstrated a satisfactory mechanical strength and
insertion capability into excised neonatal porcine skin, as well as moderate swelling properties.
The MTX-RYV incorporated a high dose of MTX (150.3 + 5.3 pg/mg) without precipitation.
The integrated patch delivered MTX at a steady-state flux of 506.8 + 136.9 pg.cm?/h in an ex
vivo setup. Furthermore, in preclinical studies performed in Sprague Dawley rats, MTX
appeared in blood after 1 h from patch application at a concentration of 7.6 + 2.0 nM. MTX
blood level increased gradually to reach its peak, Cy.x = 35.1 £ 5.1 nM, at 24 h. Importantly,
the HFMN were removed intact from the skin with only mild erythema, despite the cytotoxic
nature of MTX. Accordingly, the integrated patch produced in this work represents a promising
minimally invasive transdermal drug delivery system that can overcome the skin barrier and
deliver MTX in a sustained manner. This may help in minimising or even avoiding the nausea

and vomiting, associated with the conventional administration routes.

Keywords: Methotrexate; juvenile idiopathic arthritis; transdermal delivery; hydrogel-forming

microneedles; crosslinking; sustained release.



1. Introduction

Methotrexate (MTX) is a folate antagonist with anti-inflammatory properties [1]. It is
one of the mainstays of treatment for several immune-mediated inflammatory diseases,
including rheumatoid arthritis (RA) and juvenile idiopathic arthritis (JIA) [2,3]. Indeed, MTX
is still the only disease-modifying drug used for the treatment of both RA and JIA before the
use of expensive biologics, such as adalimumab, infliximab and certolizumab [1,2,4]. MTX is
used to achieve fast disease control to prevent long-term damaging effects with a dose range

of 7.5- 25 mg once weekly [4,5].

The most common and convenient administration route for MTX is the oral route [6].
However, orally administered MTX has a variable intestinal absorption and nonlinear
pharmacokinetics, especially at doses higher than 15 mg, with significant consequences on
drug bioavailability and clinical efficacy [7-10]. Additionally, MTX administered by this route
is associated with gastrointestinal (GIT) side effects, such as nausea, vomiting, diarrhoea,
abdominal pain, anorexia and stomatitis, that frequently lead to treatment cessation or
switching to expensive biologics in more than 50% of patients [3,6,11,12]. To overcome these
limitations, several strategies have been investigated, including using folic acid and folinic acid
supplements [6,13], dose titration [4] splitting the weekly oral dose into two or more doses
given at 12-hour intervals [14], with limited success [4,15]. The most effective approach has
been bypassing the GIT by switching the administration route to subcutaneous (SC) injection
[9]. Despite its proven advantages in combating the variable intestinal absorption and nonlinear
pharmacokinetics and mitigating many of the drug side effects associated with oral
administration, SC injection is still associated with nausea and vomiting [4,5], which is likely
due to the high peak blood levels of MTX produced by this administration route [6,15].
Additionally, SC injection is painful and stressful for patients, especially children, which may
affect patient compliance [5,7,16,17]. To overcome these limitations, alternative administration
route and drug delivery system that avoid the GIT and the high peak blood levels of MTX are
highly desirable.

Transdermal delivery route is an attractive alternative administration route as it has
several advantages, including (i) avoiding the gastrointestinal tract and the non-linear
pharmacokinetics, thus minimising the GIT side effects (ii) evading the inconvenient and
painful SC injection, thus improving patient compliance [18]. However, MTX transdermal
delivery is hindered by the skin's strong barrier and MTX physicochemical properties,
including being a hydrophilic drug with log P of -1.85 and has an ionised structure at the
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physiological pH [19,20]. Many strategies have been investigated to overcome the skin barrier
for MTX transdermal permeation, including use of niosomes, liposomes, nanogels,
electroporation, sonophoresis, iontophoresis and dissolving microneedles (MN) [18,21].
Despite increased drug permeation, it is still challenging to administer a therapeutically
effective dose of MTX using any of these methods [18,21]. Recently, another type of MN,
namely solid MN made of silicon and PLGA have been investigated to enhance MTX
transdermal delivery [22,23]. However, these solid MN have only been investigated in an in
vitro. Thus, the therapeutic effects are yet to be tested in vivo. Additionally, in this approach, a
two-step “poke and patch” technique was used, by which MN merely are employed to generate
microchannels in the skin before the application of a topical MTX formulation. This approach
has shown to be burdensome and error-prone [24]. Moreover, the micropores generated by MN
are quickly closed, resulting in reduced drug permeation [24]. Therefore, an alternative drug

delivery system which can overcome these limitations is needed.

Hydrogel-forming microneedle arrays (HFMN) are an attractive alternative MN type
first described by our Group [25]. In addition to many advantages, such as being minimally
invasive, can be self-applied with minimal instructions, self-disabling through in -situ
softening, thus no sharp wastes and requiring only one-step application. The HFMN are made
from crosslinked polymers and the drug is contained in an attached patch-like drug reservoir.
Thus 10s of milligrams of the drug, which is contained in the reservoir, can be delivered can
delivered [25,26]. Upon insertion, the HFMN rapidly absorb skin interstitial fluid and swell to
form continuous and unblockable conduits between the attached drug reservoir and the dermal
microcirculation. Thus, considerable amounts of the drug from the attached reservoir can be
delivered [25]. Moreover, HFMN can be removed macroscopically intact from the skin; thus,
only minimal unmeasurable amounts of polymers are deposited in the skin [26]. This approach
has already demonstrated superiority in delivering high doses of many small drug molecules

as well as macromolecules, such as metformin and bevacizumab [25,27-29].

Although HFMN have existed for nearly a decade, the number of fabrication materials
is still limited, and most HFMN are prepared from Gantrez® AN-139 or Gantrez® S-97
crosslinked with polyethylene glycol (PEG) [24,26]. Despite their usefulness in delivering
many drugs, Gantrez® -based HFMN's ability to deliver MTX is reduced due to chemical
incompatibility. This is because Gantrez® AN-139 and Gantrez® S-97 are copolymers of
methyl vinyl ether and maleic anhydride and methyl vinyl ether and maleic acid, respectively,

containing a considerable number of carboxylic acid groups. Upon crosslinking with PEG to
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form the abovementioned HFMN, a high proportion of the negatively charged carboxylic
groups remain unreacted [30]. MTX (Figure 1) is a weak bicarboxylic acid with several amino
groups in its structure and possess two pKa values; 4.71 and 3.36 [20]. At low pH, MTX
aqueous solubility is reduced dramatically and its amino groups become ionised [20]. Thus,
upon contact with the hydrated Gantrez®-based HFMN, MTX may precipitate and its positively
charged amino groups can interact with the negatively charged acid groups from Gantrez®,
forming a complex, thus reducing its diffusion through the HFMN and delivery to the dermal
microcirculation. To overcome this limitation, new HFMN prepared from MTX-compatible

polymeric materials is required.
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Figurel. The chemical structure of methotrexate.

The present work describes, for the first time, the development of HFMN arrays
prepared from biocompatible and chemically MTX-compatible polymeric materials, and
MTX-loaded patch-like polymeric reservoir (MTX-RV) that combined to deliver MTX

transdermally in a sustained manner.

2. Materials and Methods
2.1. Materials

Poly (vinyl alcohol) (PVA, Mw = 85 - 124 kDa, 87 - 89% hydrolysed), poly (ethylene
glycol) (PEG 4000, Mw = 400 and (PEG 10,000, Mw 10,000 Da), poly (vinyl pyrrolidone)
K90 (PVP K90, Mw = 360 kDa) and hydroxypropyl methylcellulose (HPMC) with a viscosity
of 40 - 60 centipoise, 2% in H,O (20 °C) were purchased from Sigma-Aldrich (Dorset, UK).
Citric acid (CA) was supplied by BDH Laboratory Supplies (Poole, UK). PVP K29-32 (Mw =
58 kDa) was kindly donated by Ashland (Surrey, UK). Methotrexate disodium (MTX)
(99.35% purity) was purchased from Haihang Industry Co., Ltd (Shandong, China).
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Methotrexate polyglutamates (MTX-PG;-s) standards were purchased from Schircks
Laboratories (Jona, Switzerland). Guthrie cards (Schleicher & Schuell 903) were purchased
from Aston Ltd. (Oldham, England). Oasis solid-phase extraction (SPE) cartridges were
obtained from Waters (Dublin, Ireland). Glycerine (99.5% purity) was purchased from VWR
International (Lutterworth, England). HPLC grade water was produced using a Millipore
Direct-Q™ 5 water purification system from Millipore (Watford, England). All other
chemicals and materials were of analytical reagent grade supplied by Sigma-Aldrich (Dorset,

UK) and Fisher Scientific (Loughborough, UK).

2.2. Preparation and characterisation of hydrogel-forming films (HFF's)

HFMN arrays were fabricated from aqueous polymeric blends containing mainly a
biocompatible polymer, PVA and CA (as a crosslinking agent), dried and crosslinked by
heating at 130°C. Prior to preparation of HFMN, the blend compositions and crosslinking time
were finalised by fabrication and characterisation of hydrogel-forming films (HFFs), which is
a widely used approach [25,26,31]. The blend compositions optimisation was achieved by
investigating the effect of PVA concentration (F1, F2 and F3), CA concentrations (F4), adding
other materials such as glycerol (F5) and PEG 400 and 10,000 (F6 and F7, respectively), and
varying concentrations of PVP (F8, F9 and F10) on mechanical and swelling properties, the
percentage of gel fraction of the HFFs and their permeability to MTX. The compositions of the

aqueous PV A-based polymeric blends are outlined in Table 1.

Table 1. Composition of the aqueous PV A-based polymeric blends used to prepare HFFs.

Formulae (100 g)
Formulae FI F2 F3 F4 F5 F6 F7 F8 F9  F10
code
Ingredients % wiw
PVA 5 10 15 15 15 15 15 15 15 15
CA 0.5 1 1.5 3 1.5 1.5 1.5 1.5 1.5 1.5
Glycerol - - - - 5 - - - - -
PEG 400 - - - - - 5 - -
PEG 10,000 - - - - - - 5 - - -
PVP - - - - - - 5 7.5 10
DI water 94.5 89 83.5 82 78.5 78.5 78.5 78.5 76 73.5

To prepare the above described polymeric blends, aqueous solutions with varying PVA
concentrations were first made using the required weight of PVA. This was achieved by adding
PVA to an ice-cold deionised (DI) water and stirring vigorously to ensure complete wetting
and prevention of aggregation. The mixture was then heated and maintained at 95 = 1°C until
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a clear solution was obtained. Upon cooling, pre-determined amounts of the crosslinking agent-
CA, alone or with either glycerol, PEG 400, PEG 10,000 or varying concentrations of PVP
were added. Finally, these polymeric blends were adjusted to their final weight with DI water,

homogenised and centrifuged at 3500 RPM for 15 minutes to remove any air bubbles.

To prepare the HFFs, an aliquot (10 g) from each polymeric blend was slowly poured
into an in-house made mould consisting of a release liner, with the siliconized side up, secured
to a Perspex baseplate with a stainless-steel clamp. Once assembled, the internal dimensions
available for casting were 55 x 55 mm? and the side wall's height was 4 mm. The mould was
placed on a levelled surface, allowing the blend to spread evenly across the area of the mould.
The cast blends were dried for 48 h at room temperature to form films. After drying, the films
were cured at 130 + 1°C for 40 min to induce ester-based crosslinking between PVA and CA
to form the insoluble HFFs [32]. The resultant HFFs were then slowly cooled at room
temperature and stored in sealed aluminium bags with added silica gel pouches until further
use. The optimal crosslinking temperature was identified to be 130°C [32]. However, the
crosslinking time needed further optimisation. To this end, HFFs, which were prepared from
selected polymeric blends (those shown promising properties) were crosslinked at the same
temperature for either 120 or 180 min. For non-crosslinked films, after being dried, these were

removed and stored in resealable polyethene bags until further use.

2.2.1. Assessment of the mechanical properties of the HFFs

The mechanical properties of the HFFs were assessed by measuring their break/bend
strength and determining the maximum axial force (Fy,,y) to break/bend a (10 x10 mm) segment
from the HFFs using a TA-XT2 Texture Analyser (Stable Micro Systems, Surrey, UK)
operated in compression mode as previously described [33,34]. F..x was calculated from the
resultant force-distance curve. Since the mechanical properties of the HFFs will be affected by
their thickness. This was measured using a digital micro-calliper at six different points. All the

tests were carried out at room temperature.

2.2.2. Assessment of the swelling kinetics and percentage of gel fraction of the HFF's

The swelling properties of the HFFs were investigated by direct immersion of the

studied HFFs in DI water at room temperature. Segments (10 x10 mm) of the HFFs were first



weighed in the dry state (M) and then placed into DI water (20 ml) at room temperature for
24 h. The segments were removed from the water at pre-determined time intervals (t), dried
gently with filter paper to eliminate the excess surface water and then weighed again at each
time point (M;). The percentage of swelling (% Swelling) was calculated using Equation 1 [26].
To calculate the percentage of swelling at equilibrium (%SE), Equation 1 was again employed.
In this case, M; was the weight of the HFFs at the time interval (t=24 h) in which HFFs were

in a fully swollen state (i.e. swelling at equilibrium).

M:;— M,

% Swelling = M—xlOO Equation 1
0

To evaluate the efficiency of crosslinking reaction to form an insoluble HFMN that can
be removed macroscopically intact from the skin, the percentage of gel fraction (%GF) was
determined. %GF refers to the percentage of the insoluble polymer network formed upon
crosslinking [35,36]. The %GF was determined by collecting the fully hydrated segments of
the HFFs from the swelling studies and the excess surface water was gently eliminated with
filter paper and then dried in a pre-heated oven at 80 + 1°C until constant weight values were
obtained. This process allows the removal of all the water and the unreacted leachable
materials/polymers from the films leaving only the insoluble polymer network behind. %GF
was calculated using Equation 2 [35].

Mgy

%GF =—x100 Equation 2
My

Where M, is the weight of dehydrated HFFs that dried in an oven at 80 = 1°C, and M,
is the initial weight of the dry HFFs.

2.2.3. In vitro permeation studies

To assess the ability of MTX to diffuse through the hydrated HFFs, the permeability
of selected HFFs (chosen based on the results from the previous tests) to MTX was evaluated
using Franz-type diffusion cells as previously described [37]. Briefly, HFFs were hydrated in
20 ml of 10 mM Phosphate buffer saline (PBS, pH=7.4) for 24h at room temperature. The
hydrated HFFs were cut into circular portions and then mounted onto the modified Franz-type

diffusion cells (Permegear Inc., Hellertown, PA, USA), with an orifice diameter of 15 mm



(effective diffusional area 1.77 cm?) and receptor volume of approximately 12 ml. The
diffusion cells were placed on a diffusion drive console to provide synchronous stirring at 600
RPM and thermostated at 37 + 1°C. After equilibration for 2 h, aliquots of 0.5 ml of the MTX
aqueous solution (14.8 mg/ml, calculated as MTX base) were applied into the donor
compartment of each diffusion cell which corresponds to a dose of 4.2 mg/cm?. The donor
compartments were covered with laboratory Parafilm M® to avoid evaporation of PBS or the
applied MTX solution throughout experimentation. At pre-determined time intervals up to 24
h, a 300 uL sample was collected via the side-arm of the Franz cell and then immediately
replenished with an equivalent volume of release medium. MTX was quantified using the
validated HPLC-UV method described in the analytical section. MTX permeation profiles were
constructed and used to calculate MTX steady-state flux (reported as pg.h/cm?), and MTX

permeated amounts (ug/cm?), after 6 h and 24 h, respectively.

2.2.4. Fourier transform infrared spectroscopy

Attenuated total reflectance (ATR) Fourier transform infrared (FTIR) spectroscopy was
used to investigate the esterification reaction between PVA and CA and the intermolecular
interactions among the HFFs components. The IR spectra of the original materials, the none-
crosslinked films and the HFFs were recorded using a Spectrum Two™ instrument (Perkin
Elmer, Waltham, MA, USA). The IR spectra were recorded between 400 and 4000 cm™! with

a resolution of 4 cm™!. The obtained spectra were the result of averaging 64 scans.

2.2.5. Scanning electron microscopy

The morphology of the HFFs was evaluated by using scanning electron microscopy
(SEM). Samples from selected HFFs were first swollen to equilibrium in DI water at room
temperature, quickly frozen in liquid nitrogen and then further freeze-dried in a VirTis freeze
drier (Advantage XL-70, SP industries, NY, USA) under vacuum at 42°C for at least 48h until
all the solvent was sublimed. Freeze-dried HFFs samples were then fractured carefully, and
their surface morphology was studied using Quanta FEG 250 benchtop scanning electron
microscope (SEM) (FEI, Hillsboro, OR, USA) at an acceleration voltage of 10—20 kV under
high chamber pressure (8 x 10-> mbar) with standard SEM carbon tape as background. Before

SEM observation, specimens of the HFFs were fixed onto aluminium stubs and coated at 2.5



kV, 18 mA with gold for 45 s (POLARON E5150, Gold Sputter Coater, Quorum Technologies,
East Sussex, UK).

2.3. Preparation of the hydrogel-forming microneedle arrays (HFMN)

HFMN arrays were prepared from the finalised aqueous polymeric blends (chosen
based on the results from studies performed on the HFFs) using the micromoulding technique
previously described [25,26,28]. Laser-engineered poly(dimethylsiloxane) (PDMS)
micromoulds (0.5 cm? surface area, 11 x 11 array, 800 um height, 300 um width, and 300 um
interspacing at MN base) were employed to manufacture the HFMN arrays. Briefly, 0.4 g of
the selected aqueous polymeric blends were carefully poured into the PDMS micromoulds,
centrifuged for 15 min at 3500 RPM and then dried at room temperature for 48 h (Figure 2A).
After drying, HFMN arrays were cured in a pre-heated oven at 130 + 1°C for a pre-determined
time (optimal crosslinking time) to induce an ester-based crosslinking between PVA and CA.
Upon cooling, the HFMN arrays were gently removed from the PDMS micromoulds. The
sidewalls formed by the moulding process were then removed using a pre-heated scalpel. The
resultant HFMN were then stored in sealed aluminium bags with added silica gel pouches until

further use.
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Figure 2. Schematic representation of preparation procedures for HFMN (A); experimental setup for measuring
mechanical strength of HFMN (B); schematic diagram for the experimental setup for the ex vivo permeation
studies (C); The experimental setup for the in vivo study, where two integrated patches were applied to the back
of the rat and MTX aqueous solution administered orally (D).

2.4. Assessment of the mechanical and insertion properties of the HFMN

HFMN were subjected to a standard mechanical strength test using an axial
compression load (32 N/ array) using the Texture Analyser as previously reported [26,28].
Briefly, the HFMN were attached to a cylindrical probe (cross-sectional area 1.5 cm?) and the
Texture Analyser arm moved vertically downwards at a speed of 0.5 mm/s and the HFMN was
compressed against a flat aluminium block. A force of 32 N was applied for 30 s before the
probe was moved upwards again. The lengths of individual needles in the HFMN arrays were
measured before and after compression using a Leica EZ4W stereo microscope with an
integrated camera (Leica Microsystems, Milton Keynes, UK). The percentage reduction of MN

heights was calculated and reported.

Moreover, to study the insertion capabilities of the HFMN, full-thickness excised
neonatal porcine skin (obtained from stillborn piglets) was used as previously reported [27,28].
The HFMN were compressed against the skin manually by applying an average insertion force
of 20 N/array, for 30 s to mimic the application process in the clinical situation. The inserted
MN were immediately visualised using an EX1301 optical coherence tomography (OCT)
microscope (Michelson Diagnostics Ltd., Kent, UK). The obtained 2D images were analysed
using the imaging software ImageJ® (National Institutes of Health, Bethesda, USA). The scale
of the image files obtained was 1.0 pixel=4.2 um. Finally, pores in the skin were visualised by
using light microscope after being stained with methylene blue staining solution (1 mg/ml) in

PBS (pH 7.4).

2.5. Preparation and characterisation of methotrexate-containing reservoir (MTX-RV)

After a preliminary study, a range of aqueous polymeric blends containing either PVP,
PVP 360K or HMPC in addition to glycerol (used as plasticiser) were selected to prepare
various MTX-containing reservoirs (MTX-RV). The composition of the MTX-loaded aqueous
polymeric blends of the respected MTX-RV is outlined in Table 2.

Table 2. Composition of the aqueous polymeric blends used to prepare MTX-RV.

Formulae (100 g)
Formulae code MTX-RV1 MTX-RV2 MTX-RV3
Ingredients % w/w
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MTX 33 3.3 33

Glycerol 10 5 5
PVP 30 -
PVP K90 - 15 -
HPMC - - 7.5
DI water 56.7 76.7 83.2

To prepare drug-free PVP and PVP 360K-based aqueous blends, the required amounts
of the selected polymers was suspended in DI water and left for hydration overnight at room
temperature while being shaken at 40 RPM until clear homogenous aqueous blends were
formed. To prepare a drug-free HMPC-based aqueous blend, 7.5 g of HPMC was suspended
in 40 g of pre-heated DI water to 90 = 1°C, which was then vortexed for 10 min and
subsequently another 40 g of cold DI water was added. The resultant suspension was left for
hydration at room temperature, whilst being shaken at 40 RPM overnight until a clear
homogenous aqueous blend was produced. The required amount of glycerol was then added to
each aqueous polymeric blend. MTX was then added at 3.3% w/w (equivalent to 3% w/w MTX
base), and the final weight of each aqueous blend was adjusted to 100 g by DI water. The
components were hand-mixed and homogenised using a stainless-steel spatula and then
centrifuged at 3500 RPM for 15 min to remove any air bubbles. An aliquot (10 g) from each
aqueous polymeric blend was slowly cast into the in-house made mould that was previously
used in section 2.2. Since MTX is a photosensitive drug, the cast blends were dried away from
light in a closed pre-heated oven at 37 + 1°C for 48 h to form large MTX-RV, which were then
cut into smaller segments (10 x 10 mm) and stored in a sealed aluminium bag until further use.
MTX-RV were characterised for their density (which was calculated as the drug reservoir mass
(g) per drug reservoir volume (cm?)), drug content (using the validated HPLC-UV method
described in the analytical section), moisture content (using TGA, Q500, TA Instruments™
New Castle, Delaware, USA) and dissolution time. Dissolution time was determined by
suspending 10 x 10 mm segments of each MTX-RV in 20 ml of 10 mM PBS solution (pH 7.4),
maintained at 37+ 1°C and stirred with a magnetic bar at 200 RPM. The time for complete

dissolution was recorded.

2.6. Ex vivo permeation studies
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The diffusion of MTX from a selected MTX-RV (the finalised formula) through a selected
HFMN (the finalised formula) and across a dermatomed neonatal porcine skin was investigated
ex vivo using the modified Franz diffusion cells, as previously described [26,28]. Briefly, the
neonatal porcine skin was excised and trimmed to a thickness of 350 um using an electric
dermatome. To preserve the skin's mechanical and barrier properties without inducing

biological decomposition and structural changes, the skin samples were stored in aluminium

foil at -20°C until further use [39—41].

Before use and to avoid hair interference with HFMN insertion, the skin was bathed in
PBS (pH 7.4) to thaw and then, once defrosted, the hair was carefully shaved. Sections of skin
were cut by a scalpel to match the diameter of the Franz cell donor compartments and carefully
affixed to the donor compartment on the stratum corneum side using cyanoacrylate adhesive
(Loctite, Dublin, Ireland), rendering the stratum corneum available for HFMN application.
This was then placed on top of dental wax, to give the skin support, and the HFMN were then
inserted into the centre of the skin section, using a plunger of 5 ml disposable syringe at a force
of approximately 20 N/array. The finalised MTX-RV (which was trimmed to 0.5 cm? size using
a paper puncher) was then placed on the top of the HFMN with 20 uL of water to initiate
adhesion. A tubular stainless-steel weight was then placed on the top of the integrated patch
(Figure 2C). At predetermined time intervals, 300 pL samples were collected via the side-arm
of the Franz cell and the receiver compartment immediately replenished with an equivalent
volume of release medium. As a control, MTX permeation from its finalised MTX-RV through
the skin without using HFMN (by passive diffusion) was also evaluated in the same conditions.
MTX was quantified using the validated HPLC-UV method described in the analytical section.
MTX permeation profiles were constructed and used to calculate MTX steady-state flux and

the permeated amounts at 24 h.

2.7. In vivo studies

This study was conducted according to the policy of the Federation of European
Laboratory Animal Science Associations and the European Convention for the protection of
vertebrate animals used for experimental and other scientific purposes, with the
implementation of the principles of the 3Rs (Replacement, Reduction and Refinement). The

study was performed under Project Licence no. 2794 and Personal Licence no. 1747 at the
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Biological Services Unit, Queens University Belfast, after obtaining ethical permission from

the Queen’s University Belfast Animal Welfare and Ethics Review Board.

Based on the outcomes of the in vitro and ex vivo studies, both finalised MTX-RV and
HFMN were combined to form an “integrated patch” to be tested in vivo using healthy female
Sprague Dawley rats. The rats (n = 14), aged 12 - 14 weeks and weighed 221.25 £26.94 g were
purchased from (Envigo Holdings, Inc., UK) and were allowed to acclimatise to laboratory
conditions for at least 7 days before the beginning of the experiments. The rats were split into
two cohorts. In the first cohort (n = 6), which used as a control, each rat received 0.5 ml an oral
aqueous solution of MTX (1.2 mg/ml, calculated as MTX base). This corresponds to a dose of
2.66 = 0.25 mg/kg. This dose was selected because it gives a comparable area-under-the-curve
(AUC) to the AUC in humans after giving the same dose (2.5 mg) orally, thus a comparable

systemic exposure would be expected [42].

The second cohort (n=8) was used to apply the integrated patch. To minimize the
interference between the rats’ hair and HFMN, electric hair clippers were used to remove the
bulk hair, and then a depilatory cream was applied to remove any residual hair. Skin barrier
was then allowed to recover for 24 h before patch application. To facilitate the patch
application, the rats were sedated using gas anaesthesia (2—4% v/ v, isoflurane) in oxygen.
Subsequently, each rat received two of the integrated patches. Each patch contains
approximately (0.6 + 0.13 mg) MTX (calculated as MTX base). This equates to MTX dose of
5.23 + 0.54 mg/kg. The patches were applied manually to the rats® back (Figure 2D) by first
inserting the HFMN into the skin and then applying an aliquot of DI water (20 pL) to its centre
to facilitate the MTX-RV adhesion, which was immediately applied on top of the HFMN to
form an integrated patch. To secure the integrated patch in place, a pressure-sensitive adhesive
tape (Microfoam™ Surgical Tape, 3M, Bracknell, UK) was applied as well as an adhesive thin
film (Tegaderm™, 3M, St Paul, Minnesota, USA). Additionally, to further secure HFMN,
Kinesiology™ tape (ProWorks Corporation, Corvallis, USA) was then gently wrapped around
the back and abdomen of each rat. The integrated patches were removed after 24 h. It is
important to note that rats often try to remove the applied patches, thus some of the patches
may be displaced or removed leading to a smaller number of replicates in the second cohort.
To avoid such scenarios, two patches were applied on the back of each rat and two extra rats
were used, thus, the total number of rats in this cohort become (n=8). Additionally, in the
second cohort, the total loaded MN dose was twice that of the oral dose because the HFMN
may not deliver more than 50% of the loaded dose [26,28].

14



Blood samples (~ 200 uL) were collected via tail vein bleeds at pre-defined time
intervals of 1, 2, 3, 6, 24, 27 and 48 h. Under the Project Licence, a staggering study design
was employed: rats were bled at a maximum of twice daily and at least 3 blood samples were
collected for each time point. These samples were processed using a dried blood spot (DBS)
technique, as previously described [43] and analysed using the validated HPLC-MS-MS

method described in the analytical section.

To evaluate the safety of our novel drug delivery system, the HFMN arrays from the
integrated patches were carefully inspected before and after application to the skin to assess
their integrity, as well as monitoring rats’ skin at the application site over 24 h following patch

removal for any reactions.

2.8. Pharmaceutical analysis
2.8.1. HPLC-UV method

For quantification of MTX from the in vitro samples, a reversed-phase high-
performance liquid chromatography (HPLC-UV) method was used. This method was adopted
from Begas et al. [44], with minor modification and then validated as per the International
Conference on Harmonization (ICH) guidelines. The analysis was performed on an Agilent
1220 Infinity LC system (Agilent Technologies UK Ltd., Stockport, UK) with a Kinetex® 5
um C18 100 A column (150 x 4.6 mm; Phenomenex, Cheshire, UK) and a UV detector
operated at 303 nm. The column temperature was kept at 30 + 1°C. The separation was
performed using a mobile phase which consisted of 20 mM sodium acetate buffer (pH 3.6):
acetonitrile (90: 10 v/v), that was pre-filtered through a 0.2 um pore size filter (Alltech,
Deerfield, IL), and then degassed by an online degassing system and delivered at a flow rate
of 1 ml/min. The run time was 7 min. The injection volume was 20 pL. Specificity was shown
by comparing the chromatograms of blank and spiked samples. Inter- and intraday accuracy
and precision were investigated and limit of detection (LOD) and limit of quantification (LOQ)
were calculated based on the residual standard deviation of the regression line of the mean

calibration curve plot.

2.8.2. HPLC-MS-MS method
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MTX and its polyglutamates (MTX-PGj_s) were quantified in blood samples collected
from the in vivo study by employing an HPLC-MS-MS method adapted from Hawwa et al.
[43]. The HPLC system used consisted of a Waters Alliance 2795 Separation Module coupled
with a Waters Quattro Premier XE tandem quadrupole mass spectrometer (MS-MS)
(Micromass, Manchester, UK), equipped with an electrospray ionisation (ESI) source. The
instrument was operated in positive ion mode. An Atlantis T3-C18 column [150 x 2.1 mm
(I.D.); particle size, 3um; Waters (Waters Corp. UK, Herts, UK)] protected with a guard
cartridge [20 mm x 2.1 mm; particle size, 3 pm; Waters] was used as a stationary phase. The
HPLC system and the MS-MS were both controlled by MassLynx 4.0 Software with the
QuanLynx Application Manager. The mobile phase consisted of 10 mM NH4HCOj; buffer
adjusted to pH 7.5 using formic acid (A) and acetonitrile (B). separation of the individual MTX-
PG, s was achieved using linear gradient elution from 0% v/v to 20%v/v mobile phase B over
20 min (at a flow rate of 0.15 ml/min). After 20 min, the mobile phase was returned to 100%
mobile phase A and re-equilibrated for 10 min. The column temperature was maintained at 30
+ 1°C and the autosampler at 4°C. The method was validated for specificity, inter- and intra-
day accuracy and precision as per ICH guidelines. The limit of detection (LOD) and limit of
quantification (LOQ) were again calculated based on the residual standard deviation of the

regression line of the mean calibration curve plot.
2.9. Calculation of MTX pharmacokinetic parameters in rats

Data collected from analysing blood samples from the in vivo study was used to
construct MTX-PGy.s pharmacokinetic profiles using the population pharmacokinetic
approach. Non-compartmental pharmacokinetic analysis was carried out using Microsoft®
Excel® 2016 (Microsoft Corporation, Redmond, USA) with PKsolver add-in [45]. The curve
of drug concentration vs time profiles were created in each case. The maximum drug
concentration (Cy,qy), the time of maximum concentration (Tp.y), the AUC from time zero (t =
0) to the last experimental time point (t =48 h) (AUC (.45) and the AUC from time zero (t = 0)
to infinity (AUC (_1,¢) were all calculated. The relative bioavailability (FR) of MTX from the

integrated patch was calculated using Equation 3.

R AUC(IP) x Dose(PO)
"~ AUC(PO) x Dose(IP)

Equation 3

Where AUC (IP) is the area -under the curve (AUC gp,¢) obtained following MTX
application using the integrated patch; AUC (PO) is the area -under the curve (AUC (.jxf)
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obtained following MTX administration by the oral route; Dose (PO) is the MTX dose
administered bythe oral route, and Dose (IP) is MTX dose applied using is the integrated patch.

2.10. Statistical analysis

All data were expressed as means + standard deviation (SD), (n > 3). Statistical analysis
was performed using GraphPad Prism® version 6 (GraphPad Software, San Diego, California,
USA). Where appropriate, an unpaired t-test was carried out for comparison of two groups.
Kruskal Wallis test with post-hoc Dun's test was performed for comparison of multiple groups.
In all cases, p < 0.05 was the minimum value considered acceptable for rejection of the null

hypothesis.

3. Results and Discussion
3.1. Preparation and characterisation of the HFFs

HFFs were prepared from various aqueous polymeric blends consisting of carefully
selected polymers and a crosslinking agent. The criteria were set to use polymers and
crosslinking agent that are (i) biocompatible, (i1) have functional groups that can be crosslinked
using a simple and cost-effective method without using toxic chemical mediators or organic
solvents, (ii1) the degree of crosslinking can be controlled, and (iv) importantly, upon
crosslinking, they form chemically MTX-compatible crosslinked materials that allow MTX

diffusion without causing precipitation.

PVA is a water-soluble polymer with an excellent profile in terms of its low toxicity
and biocompatibility [46—48]. This polymer is widely used in fabricating advanced biomedical
systems and devices, including wound dressing [49,50], contact lenses [51] and MNs [52—-56].
Importantly, PVA is an inert polymer with repeating hydroxyl groups, which makes it an ideal
candidate for physical and chemical crosslinking [55,56] [32]. Therefore, it was selected to

form the polymeric base.

Previously, a physical crosslinking, by multiple freeze-thaw cycles, has been used to
prepare HFMN from PVA [54,55,57]. Unfortunately, this method is tedious and time-
consuming. For example, preparing a PVA-based HFMN requires three repetitions of 24 h of
freeze-thaw cycles [55]. Additionally, the produced HFMN by these methods have a weak
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structure and the degree of crosslinking is difficult to control [54,55]. In contrast, chemical
crosslinking is simple, fast and cost-effective and the degree of crosslinking can be controlled
readily [32]. Nevertheless, it has always been avoided to prepare PVA-based HFMN due to
concerns over the remaining traces of toxic crosslinker [55,57]. CA is a non-toxic, weak,
organic tricarboxylic acid that is widely used as a food additive (E330) and as an excipient in
the pharmaceutical formulation [58]. It can react with the hydroxyl groups in the PVA by
heating at 130°C for 40 min without using any toxic chemical mediators or organic solvents
via a so-called “green route” to form insoluble polymeric materials. If it is used at an
appropriate ratio with PV A, it does not produce surplus carboxylic groups, thus, the crosslinked
materials will have neutral or near neutral pH [32]. Therefore, in this study, the HFMN were

prepared by chemical crosslinking method using CA as crosslinking.

HFFs were prepared from various polymeric blends containing CA and PVA alone or
with other polymers/solvents to select the best blend composition to fabricate useful HFMN to
deliver MTX transdermally in a sustained manner. The HFFs were assessed for (i) their
mechanical properties by measuring F ..., and thickness, (ii) swelling properties by measuring
the percentage of swelling (%S) over time and %SE, and (iii) the percentage of insoluble
polymers recovered after swelling by measuring %GF. The favoured polymeric blends were
set to be, those which can demonstrate the following characteristics: good mechanical
properties, thus they are neither flexible nor brittle and F,, > 23.55 N/cm? [26], reasonable
swelling in water (%SE >200), and maximal insoluble polymers recovery from the skin, i.e.
high %GF. The effect of crosslinking time of the HFFs properties was also investigated. Results
are reported in Table 3 and 4, respectively and Figure 3. Following on from these studies, HFFs
prepared from the finalised blend composition and crosslinking time were tested for their
permeability to MTX (in vitro) to evaluate the chemical compatibility with MTX and their

ability to allow the drug to diffuse through without precipitation or complex formation.

3.1.1. Mechanical properties of the HF Fs

The mechanical properties of the hydrogel-forming materials in the dry state is a key
factor in preparing useful HFMN capable of piercing the outermost layer of the skin [25].
Therefore, it was first evaluated by measuring the maximum break/bend force (F,.x), which

give an insight for the mechanical properties (strength) of the HFFs, thus the HFMN, the higher
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Fiax> the stronger the HFFs [34]. HFFs thickness can also influence the HFFs mechanical

properties. Therefore, it was measured.

The study was initiated by evaluating the effect of the composition of the polymeric
blend on the mechanical properties of the HFFs. As can be seen from Table 3, while HFFs
prepared from F1 and F2 (containing CA and PVA at 5 and 10% w/w, respectively) were thin
and too flexible to be tested. HFFs prepared from F5 (containing CA and PVA 15% w/w with
added glycerol at 5%w/w) were flexible and soluble. HFFs could not be prepared from F6 or
F7 (containing CA and PVA 15%, w/w with added PEG 400 and PEG 10,000, respectively)
due to incompatibility, where the polymeric blend was inhomogeneous and separated into two

layers on rest. Therefore, polymeric blends F1, F2, F5, F6, and F7 were discarded.

HFFs were then prepared from the other polymeric blends, namely F3, F4, F§, F9 and
F10 showed promising mechanical properties. The thickness of these HFFs ranged between
0.67 and 0.99 mm. The HFFs thickness was dependent upon the polymer content in the
polymeric blend. F,,, of the HFFs varied from 6.1 to 29.0 N/cm?. HFFs prepared from F3
(contains CA and PV A added at 1.5 and 15% w/w, respectively) and F4 (contains CA and PVA
added at 3 and 15% w/w, respectively) showed a degree of hardness (Fy,.x was 6.1 and 7.2
N/cm?, respectively), but those were not hard enough to produce useful HFMN. Additionally,
it was observed, that upon crosslinking, the HFFs prepared from those polymeric blends (F3
and F4) folded and deformed. To keep them flat, we had to entrap the HFFs in-between two

layers of metal mesh.

Table 3. The characteristics of HFFs prepared from various aqueous PVA-based polymeric blends. Data is
reported as means = SD, n > 3.

Formulae code Thickness (um) Fonax (N/cmz) % SE %GF
F1 0.25+0.11 Flexible ND ND
F2 0.42 +£0.22 Flexible ND ND
F3 0.67 £0.08 6.1+£29 1093.0+95.2 71.1+0.7
F4 0.74 + 0.06 72+22 721.3 £40.7 773+1.4
F5 ND Flexible Dissolved ND
F6 ND ND ND ND
F7 ND ND ND ND
F8 0.87+£0.11 16.5+2.7 625.6 £ 66.6 73.8+0.3
F9 0.92 +0.10 185+2.5 593 +24.7 749+1.2
F10 0.99 +0.04 29.0+3.6 492.1+334 79.7+1.0

ND means not determined.
Interestingly, HFFs prepared from polymeric blends F8, F9 and F10 were flat and
exhibited significantly higher F,,,x in comparison with F3 and F4 (p < 0.001). F.x of the
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respected HFFs was dependent on PVP concentration in the polymeric blend. The higher the
PVP concentration, the higher F,,,. For instance, F,,.x for HFFs prepared from F8 was 16.5
N/cm?. This is around 2.5-fold higher than F3. However, HFFs prepared from F10 had F.x
equal to 29.0 N/cm?, which is approximately 5-fold higher than F3. This can be ascribed partly
to the increased polymeric content in the polymeric blend [31] and to the plasticising effect of
PVP and the potential of forming hydrogen bonds between -OH groups of PVA and C=0
groups of PVP, thereby increasing the cross-linking degree [36,59]. It is worth mentioning that
none of the HFFs was broken during the mechanical strength testing but rather bent, indicating
good mechanical properties and potential suitability for fabricating strong HFMN arrays.
Leading on from the results of this study, only F3, F4, F8, F9 and F10 were selected to move

forward and subjected to further testing.

3.1.2. Swelling kinetics and the percentage of gel fraction of the HFFs

Swelling properties and robustness of the crosslinked materials are two essential
parameters that could affect the performance of the HFMN and, therefore, its usefulness as a
drug delivery system. Ideally, the crosslinked materials should swell markedly (high %SE), so
that, upon insertion, HFMN can rapidly absorb skin interstitial fluid to form continuous and
unblockable conduits between the dermal microcirculation and an attached patch-like drug
reservoir, allowing drug diffusion through the swollen hydrogel-forming materials [25,34].
Also, the crosslinking reaction needs to be efficient so that %GF is maximal, thus the amount
of polymer that may leach into the skin is minimal [25,35]. In terms of swelling, the selected
HFFs (F3, F4, F8, F9 and F10) swelled markedly and rapidly. Half of the total swelling took
place within the first 2 h from immersing the HFFs in DI water, except F3 which took a long

time as can be seen from Figure 3A.
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Figure 3. Swelling kinetics of selected HFFs crosslinked for 40 min (A), 120 min (B) or 180 min (C). Data is
reported as means + SD, n= 3.

The %SE ranged between 1093.0% (F3) and 492.1% (F10) (Table 3). HFFs prepared
from F8, F9 and F10 (containing PVP added at 5, 7.5, and 10%, respectively) exhibited reduced
%SE in comparison with F3 and F4 (without PVP). The %SE of the HFFs was again affected
by PVP concentration in the polymeric blend. The higher the PVP concentration, the lower the
%SE. For instance, %SE for HFFs prepared from F8 (containing PVP added at 5% w/w) was
625.6%, while %SE for HFFs prepared from F10 (containing PVP added at 10% w/w) was
492.1%. It was observed there was no significant difference (p > 0.95) in %SE between F8 and
Fo.

In terms of %GF, it varied from 71.1 % (F3) to 79.7% (F10). Again, the polymeric
blends F8, F9 and F10 (containing PVP) exhibited a significantly higher %GF in comparison