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Current therapy of tuberculosis (TB) has several limitations, such as risk of liver injury and intestinal dysbiosis
due to frequent oral administration of antibiotics. Transdermal administration could be used to improve anti-
biotic delivery for treatment of Mycobacterium tuberculosis infection. Therefore, we developed a novel approach,
using hydrogel-forming microneedle (MN) arrays to transdermally deliver TB drugs, namely rifampicin, isoni-
azid, pyrazinamide and ethambutol, which have different physicochemical properties. These drugs were indi-
vidually prepared into three types of drug reservoirs, including lyophilised tablets, directly compressed tablets
and poly(ethylene glycol) tablets. Formulations of each drug reservoir type were optimised to achieve a rapidly
dissolving tablet, and further integrated with hydrogel-forming MN arrays for in vitro permeation studies. Three
types of hydrogel formulation were manufactured using different type of polymers and crosslinking processes.
These MN arrays were then evaluated in terms of swelling ability, morphology and physical properties. Results of
solute diffusion studies showed that drug permeation across the swollen hydrogel membrane was affected mostly
by physiochemical properties and functional groups of each drug. In the in vitro studies, the amount of permeated
drug through the hydrogel-forming MN arrays across the dermatomed neonatal porcine skin was affected by the
drug solubility and reservoir design. The highest permeation of rifampicin (3.64 mg) and ethambutol (46.99 mg)
were achieved using MN arrays combined with the poly(ethylene glycol) tablets and directly compressed tablet,
respectively. For isoniazid and pyrazinamide, the highest drug permeation was attained using lyophilised
reservoir with the amount of drug delivered approximately 58.45 mg and 20.08 mg, respectively. These equate to
transdermal delivery of approximately 75% (rifampicin), 79% (isoniazid), 20% (pyrazinamide) and 47%
(ethambutol) of the drugs loaded into the reservoirs on average. Importantly, the results of this work have
demonstrated the versatility of hydrogel formulations to deliver a TB drug regime using MN arrays. Accordingly,
this is a promising approach to deliver high dose of TB drugs.

1. Introduction

Tuberculosis (TB) is an airborne infectious disease caused by Myco-
bacterium tuberculosis [1]. The World Health Organization (WHO) re-
ported that in 2019, about one-quarter people in the world have been
infected by this TB microorganism [2]. These figures include both
asymptomatic and active TB cases, as the progression of the latent TB

infection. Respiratory problems are one of the most common symptoms
that appear in active TB cases as the microorganism lives dormantly in
the lungs before the symptomatic disease starts [3]. Currently, the first-
line treatment option for TB consists of a multi-drug regimen, particu-
larly rifampicin (RIF), isoniazid (INH), pyrazinamide (PYR) and
ethambutol (ETH) [2,4-6]. Oral administration is popular in TB treat-
ment due to its convenience affordability and low cost in terms of patient
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experience. However, using this route, patients need to take high doses
for prolonged periods of time [7,8]. Moreover, the oral route has limi-
tations and can result in chronic side effects as a result of frequent
administration [9,10]. On the other hand, the parenteral route and
direct pulmonary delivery can reach the target site by escaping hepatic
first-pass metabolism. As a result, these routes can reach the highest
bioavailability compared to the other routes [7]. Regardless, drug de-
livery by parenteral routes requires healthcare skill and often results in
poor patient compliance [11]. In addition, drug delivered via the pul-
monary route can be quickly removed from the lungs and the duration of
drug action can be shortened due to a range of mechanisms of lung
clearance [12].

Transdermal drug delivery (TDD) may circumvent many of the
above-mentioned issues, while offering a more convenient treatment
approach for patients. Nowadays, TDD is focused on stratum corneum
modification, as the main barrier of this administration route, rather
than altering the molecular properties of active substances [13]. Ac-
cording to the list of transdermal products that have been marketed, the
limitation of transdermal patches is that they tend to be used for delivery
of high potent and small-dose drugs [14]. Therefore, transdermal de-
livery of high-dose drugs, as required for TB treatment, is quite chal-
lenging. Conventional patches are not able to load and deliver the
required dose to treat TB bacteria infection. Accordingly, an alternative
and innovative approach to TDD is urgently required to address these
challenges. To date, there have been no published studies investigating
transdermal delivery of TB drugs. Thus, this study aimed to develop, for
the first time, a TDD platform for delivery of RIF, INH, PYR and ETH to
improve TB treatment.

In order to deliver high-dose drugs required in TB regime across the
stratum corneum to reach the dermal microcirculation, microneedle
(MN) array technology could be an option to improve drug permeation.
MN delivery systems have the ability to penetrate into the deeper layers
of skin and can easily pass through the stratum corneum barrier [15-17].
MN arrays are minimally invasive devices that consist of a series of
microscopic needles (height ranging from 50 to 900 pm) attached to a
base support [18]. They can penetrate to the dermis, but are still short
and narrow enough to avoid reaching the dermal nerves and blood
vessels [19]. Moreover, the MN array offers possible uniformity of
transdermal dosing, as it completely bypasses the skin barrier, poten-
tially overcoming individual skin thickness and variability problems
[20].

Hydrogel-forming MN arrays are one type of MN which are prepared
through a crosslinking process from an aqueous mixture of polymers
[21]. Composed of micron-scale needles arranged on a baseplate, they
are devoid of any drug. Instead, the drug is contained within a reservoir
attached to the upper side of the base plate. Following the insertion into
the skin, they imbibe interstitial fluid from the skin tissue below. This
allows diffusion of the drug from the attached reservoir layer to the
dermal microcirculation, ultimately reaching the systemic circulation
[22]. Several studies reported the capability of hydrogel-forming MN
arrays to deliver a variety of molecules effectively, such as hydrophilic,
hydrophobic, high molecular and high dose substances [18,22-25].
Hydrogel-forming MN arrays offer advantages over other MN types,
such as dissolving MN arrays, in that they can be removed from the skin
intact and, thus, do not result in polymer deposition in the skin. They are
also not limited to delivery of drugs contained within the needles
themselves [23].

In the present work, we developed different types of hydrogel system
and investigated the permeation of TB drugs through those hydrogel
formulations to select the potential materials for fabricating the
hydrogel-forming MN arrays. Furthermore, in order to achieve a high
permeation of TB drugs, a suitable formulation of drug reservoir is also
important to be considered. The concept of rapidly dissolving tablets, as
the reservoir, become the key feature to develop this system considering
the limited amount of aqueous medium provided by swollen hydrogel-
forming MN arrays [18]. Several approaches have been discussed to

295

European Journal of Pharmaceutics and Biopharmaceutics 158 (2021) 294-312

Table 1
Hydrogel film formulation and crosslinking conditioning.
Formula  Composition in water (%w/w) Temperature Crosslinking
Q) time
H1 20% Gantrez® S-97, 7.5% PEG 80 24 h
10,000, 3% NayCO3
H2 15% PVA, 10% PVP, 1.5% citric 130 3h
acid
H3 15% PVA, 10% PVP, 1.5% citric 130 40 min
acid

develop drug reservoirs with rapid dissolution characteristics, including
direct compressing, lyophilisation and solid dispersion methods
[26-28]. Therefore, the aforementioned methods were used and opti-
mised in the present work to tailor a reservoir expected to release drug
molecules immediately through swollen hydrogel-forming MN arrays
after insertion into skin [23]. With respect to the use of hydrogel-
forming MN arrays, this technology has been investigated for delivery
of various types of drugs, including ibuprofen-sodium, olanzapine,
ovalbumin and metformin. Furthermore, this delivery platform has also
been coupled with several drug-containing reservoirs, such as lyophi-
lised and liquid reservoirs. It is not surprising, however, in the previous
published sources mentioned above, each drug was delivered using one
type of hydrogel-forming MN arrays. To the best of our knowledge, there
were not studies which performed the versatility of hydrogel-forming
MN arrays for delivery of drugs with different physicochemical char-
acteristics. The aim of this study was, therefore, to investigate the
versatility of hydrogel type and, for the first time, effect of the reservoir
design on the delivery of TB drugs with different molecular properties.
This study can also provide insights into the range of different drug
compounds that could potentially be delivered using hydrogel-forming
MN arrays.

2. Material and methods
2.1. Materials

Rifampicin (molecular biology reagent), isonicotinic acid hydrazide
(purity, >98%), pyrazinamide (purity, 98%), ethambutol dihydro-
chloride were purchased from Alfa Aesar (Lancashire, UK). Gantrez® S-
97, a copolymer of methylvinylether and maleic acid (PMVE/MA) with
molecular weight of 1,500 kDa and poly (vinyl pyrrolidone) (PVP) with
molecular weight of 58 kDa were provided by Ashland, Kidderminster,
UK. Crospovidone, (Kollidon® CL-SF) was purchased from BASF (Lud-
wigshafen, Germany). Phenetyl isocyanate (PEIC) was purchased from
Tokyo Chemical Industry (Oxford, UK). Sodium starch glycolate (SSG)
was purchased from DFE Pharma, Klever Strasse, Germany. Ultrapure
water was obtained from a water purification system (Elga PURELAB DV
25, Veolia Water Systems, Dublin, Ireland). All other chemicals and
materials were of analytical grade and purchased from Sigma-Aldrich
(Dorset, UK) or Fisher Scientific (Loughborough, UK).

2.2. Fabrication of hydrogel films

Stock solutions of Gantrez® S-97 (40% w/w), PVA (25% w/w) and
PVP (40% w/w) were prepared using deionised water. Each of Gantrez®
S-97 and PVA-based hydrogel films were then prepared as previously
described [18,29]. Hydrogel film formulations are shown in Table 1 and
the preparation process is illustrated in Fig. 1. Each aqueous blend was
centrifuged (Eppendorf® 5804 series centrifuge, Fisher Scientific,
Loughborough, UK) at 5,000 rpm for 15 min to remove air bubbles. A 30
g aliquot of each blend was carefully poured into separate (100 mm x
100 mm) flat Perspex base plate lined with a siliconised-release liner on
the surface and secured with stainless-steel clamps. The blends were
then dried at room temperature for 48 h. The dried films were then
removed from the moulds and cut into smaller pieces (10 mm x 10 mm).
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Fig. 1. Schematic representation of hydrogel film preparation and crosslinking.

Following this, H1 was crosslinked at 80 °C for 24 h [18]. In the case of
PVA, films were heated for different times for crosslinking, 130 °C for 3h
(H2) and at 130 °C for 40 min (H3) to induce chemical crosslinking
(esterification reaction) [30-32]. Once films were removed from the
oven, they were ready to be used for permeation studies.

2.3. Swelling studies of hydrogel films

Swelling studies were carried out using a method previously
described [18]. Approximately 100 mm? of the films were weighed in
the dry state and recorded as mg, then immersed into PBS pH 7.4 and
removed at specific time points. Films were dried with filter paper to
remove excess of PBS on the surface and weighed as m;. Percentage of
swelling was calculated using Eq. (1) [30,33,34].

(m: —

my )

my

% Swelling = x 100% (€8}

where, m; is the mass of film at 24 h and m is the initial mass of film.

The percentage equilibrium water content (EWC) reflects the
maximum amount of water that can be absorbed by a hydrogel. In order
to calculate EWC percentage, the hydrogel samples at equilibrium,
defined as the swelling percentage at which there is no marked change in
hydrogel mass, were weighed and recorded as mg. EWC percentage was
obtained using Eq. (2) [35,36].
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%EWC = x 100% 2)

where, mg is the mass of swollen film at equilibrium and my is the initial
mass of film.

2.4. Morphology of hydrogel films

Hydrogel film visualization was achieved by SEM with a Quanta FEG
250 microscope (FEI, Hillsboro OR, USA) at an acceleration voltage of
5-20 kV under high chamber pressure (8 x 10~° mbar) with standard
SEM carbon tape as background. For sample preparation, films were
immersed in PBS pH 7.4 for 24 h at room temperature and then pre-
frozen at —80 °C for 3 h to prepare samples for the lyophilisation pro-
cess. Samples were lyophilised in a freeze drier (Virtis™ Advantage XL-
70, SP Scientific, Warminster PA, USA) for 24 h, following a cycle of
primary drying for 13 h at a shelf temperature starting from —40 °C,
secondary drying for 11 h at 25 °C and vacuum pressure of 50mTorr.
After that, dried samples were fixed onto an aluminium stub and sputter
coated with pure gold.

2.5. Solute diffusion studies

Side-by-side diffusion cells (Permergear, Hellertown PA, USA) were
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Fig. 2. Texture Analyser setup for determining compression resistance of microneedle arrays.

used to determine drug permeation across the swollen hydrogel films.
Firstly, films were pre-equilibrated in PBS pH 7.4 for 24 h, and then cut
into a round shape with a diameter of 9 mm? to cover the cavity between
the donor and receptor compartments. Each membrane was clamped
between the two-half compartments and the interface was covered by
Parafilm® M to prevent leakage and evaporation. A 3 mL volume of 1
mg/mL solution for each drug was added to the donor compartment.
PBS pH 7.4 was added to the receptor compartment in the case of INH,
PYR and ETH. To achieve sink conditions and maintain drug stability,
PBS pH 7.4 containing sodium lauryl sulphate (1% w/v) and ascorbic
acid (0.1% w/v) was used in the specific case of RIF. An aliquot (3 mL)
from the receptor solution was taken at predetermined time intervals
and replaced with the same amount of fresh medium. All samples were
then analysed using a validated of high-performance liquid chroma-
tography (HPLC) method, as described in Section 2.13.

2.6. Fabrication of hydrogel-forming MN arrays

Hydrogel-forming MN arrays were prepared from the same stock
solutions outlined in Section 2.2. Initially, 500 mg of an aqueous blend
of each formulation were carefully poured into 11 x 11 pre-formed
silicone MN moulds (conical shape, 600 um height, 300 um width at
the base, and 300 pm interspacing). Following this, the moulds were
centrifuged (Eppendorf® 5804 series centrifuge, Fisher Scientific,
Loughborough, UK) at 5,000 rpm for 15 min and then dried at room
temperature for 48 h. The cast MN arrays were removed from the mould
and then heated at 80 °C or 130 °C for 24 h, 3 h and 40 min, as shown in
Table 1 for the corresponding films.

2.7. Mechanical resistance and skin insertion study

Resistance to compression of the MN arrays were evaluated using a
TA-TX2 Texture Analyser (TA) (Stable Microsystems, Haslmere, UK) in
compression mode, as previously reported [18,21,37] (see Fig. 2). The
height of MN arrays before and after testing was measured and recorded
using a digital light microscope (Leica EZ4 D, Leica Microsystems, Mil-
ton Keynes, UK). The percentage MN height reduction was then calcu-
lated using Eq. (3).

Height reduction(%) = H"P; H

a

% 100%

3)

297

where Ha is the height before compression and Hb is the height after
compression.

MN arrays’ insertion properties were studied using TA and the
validated skin model, Parafilm® M [38]. Eight sheets of Parafilm® M
were arranged into an eight-layer film (approximately 1 mm thickness).
Next, MN arrays were attached to a cuboidal probe (cross-sectional area
1 cm?) using double-sided adhesive tape. The probe moved downwards
at a speed of 1.19 mm/s until a pre-set force, 32 N, was reached. The
force was then held for 30 s and the inserted MN arrays were immedi-
ately removed and then Parafilm® M sheets unfolded, and the number of
holes produced in each layer using the light microscope. The percentage
of holes in each layer relative to the number of MN on the array was
determined using Eq. (4).

number of holes observed

Holes in Parafilm "M (%) = x 100 4

number of MN in an array

In addition, the insertion of MN arrays into full-thickness neonatal
porcine skin was examined using an optical coherence tomography
(OCT) microscope (EX1301 VivoSight®, Michelson Diagnostics Ltd,
Kent, UK). ImageJ® (National Institutes of Health, Bethesda MD, USA)
was used to measure the height of needles inserted [15,38].

2.8. Preparation of lyophilised reservoirs

Sucrose, mannitol, glycine and trehalose were all screened as bulking
agent for the preparation of reservoirs. Lyophilised (LYO) reservoir
formulations were optimised using three-factor and two-level central
composite designs (CCD) using Design Expert Software version 12
(State-ease, Minneapolis MN, USA). The experimental design for LYO
reservoir optimisations is displayed in Table S1 for RIF, and Table S2
(supplementary information) for INH/PYR. In the optimisation process,
drug, gelatin and bulking agent concentration were used as variable
factors. Dissolution time and hardness were recorded as the responses.

All powder blend components were homogenised using a Vortex™
(Fisons Scientific Equipment, Loughborough, Leicestershire, UK) for 1
min and then an appropriate volume of deionised water was added to
the mixture to complete the required total mass of the reservoir. The
aqueous mixture was once again homogenised using a Vortex™ for 1
min and sonicated at 37 °C for 60 min. Approximately 150 mg of each
mixture was cast into a customised open-ended cylindrical mould
(diameter of 8 mm and depth of 4 mm). Then, the cast mixtures were
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Table 2
Formulation of PEG reservoir.

Components Composition (%w/w)

P1 P2 P3
PEG 200 75 50 25
PEG 6,000 25 50 75

frozen at —80 °C for 3 h to prepare the samples for the lyophilisation
process. These formulations were lyophilised in the freeze drier for 24 h,
following a cycle of —40 °C for primary drying and 25 °C for secondary
drying with a pressure of 50 m Torr.

ETH LYO reservoirs were formulated by varying gelatin concentra-
tion and the total reservoir mass, due to ETH solubility properties.
Firstly, gelatin was dissolved in an appropriate amount of deionised
water. Afterwards, ETH was dispersed in the gelatin solution and the
aqueous blend homogenised using a Vortex™ for 1 min. The mixture
was then cast and lyophilised using the method previously described.

2.9. Preparation of directly compressed tablet as reservoirs

Directly compressed tablets (DCT) reservoirs were prepared using a
manual hydraulic press (Specac® Atlas, Specac Ltd, Kent, UK). Prior to
compression, each drug and disintegrating agent were weighed and
mixed using a Vortex™ for 1 min. Approximately 150 mg of a powder
mixture from each formulation was accurately weighed and then placed
into the tablet die manually. A 5 tonnes compression pressure was
applied for each formulation of DCT reservoirs. The pressure was held
for 1 min and the formed tablet was then removed from the machine. A

Drug reservoir — s————————p
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variety of disintegrating was screened in this work, namely sorbitol,
mannitol, crospovidone and sodium starch glycolate (SSG). DCT for-
mulations were optimised using two-level and two response factors of
CCD, recording dissolution time and hardness as the two responses. In
the specific case of ETH, based on preliminary studies, DCTs were
formulated without any excipients. The experimental design optimisa-
tion for the DCT formulation of RIF and INH/PYR is shown in Table S3
and Table S4 (supplementary information), respectively.

2.10. Preparation of poly(ethylene glycol) solid reservoirs

The reservoir formulations were prepared using a solid dispersion
(SD) method with slight modifications [39,40]. Poly(ethylene glycol)
(PEG) reservoirs were fabricated using PEG 6000 as a solid base and PEG
200 as a liquid cosolvent. The formulation of a drug-containing reservoir
was prepared by varying the proportion of both PEG 200 and 6000, as
detailed in Table 2. The mixture of drug and PEG was prepared to obtain
final reservoirs containing 11 mg of each TB drug. Initially, a mixture
was prepared by dissolving each drug in PEG 200 in a glass vial and then
mixed using a Vortex™ for 1 min. Afterwards, a weighed amount of PEG
6,000 was dispersed into the solution and then transferred to an oven at
70 °C for 30 min to obtain a homogeneous mixture. The reservoirs were
formed by pouring 250 mg of the mixture into 10 mm x 10 mm square
silicone moulds. Afterwards, the silicone mould was refrigerated at
—20 °C for 15 min. The reservoirs were ready to be removed after
completed solidification.

@ Gtainless steel
weight

- < Hydrogel-forming

Donor
compartment

Water jacket

MN arrays

Dermatomed neonatal
porcine skin

Sampling port

Stirring bar

Fig. 3. Schematic illustration of modified Franz Cell chamber system for in vitro permeation studies of TB drugs loaded in reservoirs across neonatal porcine skin

using hydrogel-forming MN arrays.
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2.11. Reservoir characterisation

Morphology of LYO reservoirs was observed using the light micro-
scope. A tablet tester (Dr. Schleuniger Pharmatron, Copley Scientific,
Nottingham, UK) was used to determine the hardness of all reservoir
formulations. Mechanical properties of PEG reservoirs were tested using
the TA in compression mode. Dissolution times of all reservoir formu-
lations were determined visually. Briefly, a reservoir was placed in 20
mL of appropriate release medium, agitated using a small magnetic bar
(12 x 6 mm) at 600 rpm and maintained at 37 °C. Then, the time
required for the reservoirs to fully dissolve was recorded as the disso-
lution time [23]. Moreover, differential scanning calorimetry (DSC) and
fourier transform infrared (FTIR) studies of pure drug, pure excipients
and reservoirs were performed using DSC Q100 (TA Instruments,
Elstree, Hertfordshire, UK) and an attenuated total reflectance-fourier
transform infrared (ATR-FTIR) spectrometer (Accutrac FT/IR-4100™™,
Perkin Elmer, USA), respectively.

2.12. In vitro permeation studies

The modified Franz diffusion cells (Permergear, Hellertown PA,
USA) were used in order to assess the permeation of drug from the
reservoir via hydrogel-forming MN arrays, across dermatomed neonatal
porcine skin (Fig. 3) [18,41]. Skin samples were obtained from stillborn
piglets and excised < 24 h after birth. Skin was excised as full thickness
and then shaved carefully using a razor. Dermatomed skin was obtained
by trimming shaved full thickness skin using an electric dermatome
(Integra Padgett® model B, Integra Life Sciences Corporation, Ratingen,
Germany) to a thickness of approximately 350 ym and then frozen at
—20 °C until required. Prior to the experiment, the skin was pre-
equilibrated in PBS pH 7.4 for 30 min. Two types of MN formulations
were fabricated for permeation studies of drug reservoir. For all drugs,
MN arrays were prepared from an aqueous blend of 20% w/w Gantrez®
S-97, 7.5% w/w PEG 10,000 and 3% w/w NazCOs. Another type of MN
arrays was used for INH and PYR specifically, which was prepared from
aqueous blends containing 15% w/w PVA, 10% w/w PVP and 1.5% w/w
citric acid with a crosslinking time of 40 min at 130 °C. The MN arrays
were inserted into the skin using firm finger pressure for 30 sec and then
20 pL of PBS pH 7.4 were placed on the top of the array to promote
adhesion of the reservoir to the lower surface of the MN arrays. The
selected reservoir formulation, based on the optimisation process, was
placed on the top of the MN arrays already inserted into the skin. A5.0 g
stainless steel cylinder (diameter 11 mm) was placed on top of the
reservoir and MN arrays to prevent their expulsion, after which the
donor compartment was clamped onto the receiver compartment. For all
drugs, excluding RIF, degassed PBS (pH 7.4) was added to the receiver
compartment and pre-heated to 37 + 1 °C to ensure complete contact
between the fluid on the receiver compartment and the porcine skin.
PBS (pH 7.4) containing 1% w/v SLS and 1% w/v AA was used as a
release medium in the specific case of RIF in order to maintain sink
conditions and prevent drug degradation. At pre-determined time in-
tervals, 200 uL of dissolution media from the receiver compartment
were removed using a syringe, replacing them with fresh pre-warmed
medium. All samples were then analysed using a validated HPLC
method, as described in Section 2.13.

2.13. Instrumentation and chromatographic condition for the analytical
method

The individual quantification of RIF, INH, PYR and ETH was per-
formed using HPLC. An Agilent technologies 1220 infinity compacted LC
series consisting of Agilent degasser, binary pump, auto standard
injector and detector (Agilent Technologies UK Ltd, Stockport, UK) was
used for the analysis. Regarding ETH, due to the absence of strong
chromophore groups, a pre-column derivatisation with phenyl ethyl
isocyanate (PEIC) was applied to the samples prior to analysis. For
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Table 3
Parameters of HPLC analysis for RIF, INH, PYR and ETH quantification.
Analyte  Mobile phase Flow uv
rate detection
RIF 25 mM sodium dihydrogen phosphate buffer 1 mL/ 334 nm
(with 1% v/v TEA, pH 6.8 adjusted using min
orthophosphoric acid) and methanol (30:70 v/
v)
INH Water and methanol (25:75 v/v) 1 mL/ 264 nm
min
PYR Water and methanol (50:50 v/v) 1 mL/ 270 nm
min
ETH 25 mM sodium dihydrogen phosphate buffer 1 mL/ 210 nm

(with 1% v/v TEA, pH 3.0 adjusted using
orthophosphoric acid) and methanol (25:75 v/
v)

derivatisation purpose, a 1.2 mL of ETH-containing sample was added
into a tube containing 0.3 mL of PEIC (1.2 mg/mL) and mixed. It was
shaken at 37 °C for 90 min before HPLC injection. Isocratic separations
were achieved using a Phenomenex® Luna C;g (ODS1) column (150
mm X 4.6 mm internal diameter, 5 pm packing) (Phenomenex, Cheshire,
UK). The injection volume was 50 uL and the analyses were performed at
ambient temperature. The mobile phase, flow rate and UV detector used
for each drug are presented in Table 3. The chromatograms were ana-
lysed using the Agilent ChemStation® Software B.02.01. The Interna-
tional Council of Harmonisation (ICH) 2005 guidelines were followed as
a reference to assess all the analytical methods.

2.14. Statistical analysis

Statistical analysis were performed using GraphPad Prism® version
8.0 (GraphPad Software, San Diego, California, USA). All experimental
results were presented as means + standard deviation (SD), unless
otherwise stated. An unpaired t-test was used for comparison of two
cohorts. One-way analysis of variance (ANOVA) was used for compari-
son of multiple cohorts. In all cases, p < 0.05 used to denote statistically
significance, where p-value outputs were 0.033(*), 0.002(**) and
<0.001(***).

3. Results and discussion
3.1. Swelling properties of hydrogel films

Swelling of hydrogels affects their mechanical characteristics and
solute diffusion capability [30,42]. As presented in Fig. 4A, the result
showed that films prepared from aqueous blends of Gantrez® S-97 (H1),
known as super-swelling hydrogel-forming formulations, showed the
highest swelling percentage when compared to PVA-based films (p <
0.001) [18]. Swelling properties of a hydrogel are based on the cross-
linking ratio, polymer and crosslinker type [30,43]. Crosslinking ratio
may be defined as the molar ratio of crosslinker to backbone polymer
[43]. In this case, a higher crosslinking ratio in PVA-based films
compared to Gantrez® S-97-based films leads to a lower swelling degree
due to movement restriction of polymer chains by the highly crosslinked
network [43]. Additionally, H1 contained a modification agent, Na,COs,
included to decrease the crosslinking degree and, hence, resulted in a
looser network structure with a higher swelling degree when compared
to PVA-based formulations. Moreover, the higher content of carboxyl
acid groups (pKa 4-5) in the uncross-linked Gantrez® S-97 co-
polymer within H1 yielded a to higher swelling degree of film formu-
lations compared to H2 and H3, which both are PVA-based formula-
tions. When the dried film was placed in PBS pH 7.4, free Gantrez® S-97
dissociated, promoting the carboxylic acid group to be ionised [44]. The
presence of more ionisable groups within film formulations resulted in
more cation attraction within the network, leading to raising electro-
static repulsion, which in turn increases chain relaxation, absorbing
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Fig. 4. (A) Swelling (means + SD., n = 3) and (B) EWC percentage of hydrogel films over 24 h (means + SD., n = 3). SEM micrographs of representative swollen
hydrogel film morphology after exposure to pH 7.4 buffer, including (C) formulation prepared from aqueous blend containing 20% w/w Gantrez® S-97, 7.5% w/w
PEG 10,000 and 3% w/w NayCOs; formulation prepared from aqueous blend containing 15% w/w PVA, 10% w/w PVP and 1.5% w/w citric acid with the cross-

linking time of (D) 3 h and (E) 40 min, respectively.

more water to be included in the stretched network [43-46]. By
comparing between the same formula (15% w/w PVA, 10% w/w PVP
and 1.5% w/w citric acid) with different crosslinking time, the swelling
percentage of H2 was significantly lower than H3 (p < 0.001). This is
probably due to higher ester link formation between PVA and citric acid
during the extended heating time. Similar trends were observed by
previous studies, extending the crosslinking time contributes to higher
crosslinking degree, thus lowering the swelling degree [44,47].

The water uptake capability was determined based upon the per-
centage equilibrium water content (EWC) of the films. As predicted, the
film prepared from H1, containing Gantrez® S-97, exhibited the highest
EWC percentage compared to PVA-based formulations (p < 0.001)
(Fig. 4B). Furthermore, a significant difference of EWC percentage was
found between H2 and H3 (p < 0.033). Both formulations were cast from
aqueous blend containing 15% w/w PVA, 10% w/w PVP and 1.5% w/w
citric acid. Considering the swelling percentage results, a similar pattern
was found for the EWC percentage. Extending heat-treatment duration
between PVA and citric acid led to the formation of a more highly
crosslinked system, resulting in a lower swelling percentage, as less
water can be incorporated into the hydrogel network [48].

3.2. Morphology of hydrogel-forming films

SEM images of the hydrogel films are presented in Fig. 4C-E where
the porous properties of the hydrogels can be seen. H1 prepared from the
aqueous blends containing Gantrez® S-97 exhibited more porous
structures compared to the PVA-based films (H2 and H3). These results
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were in agreement with both swelling and EWC percentages. With
respect to the same formulation, and besides the crosslinking time, the
higher swelling degree of H3 compared to H2 was well explained by the
obtained SEM images (Fig. 4D-E). This might confirm that the higher
crosslinking degree found in H2, due to the extended crosslinking time,
resulted in a less porous structure within the film formulation compared
to H3.

3.3. Solute diffusion studies

Fig. 5A-D presents the permeation of RIF, INH, PYR and ETH across
the equilibrium swollen hydrogel-forming films using side-by-side
diffusion cells. The film formulation prepared from Gantrez®-S97 was
found to be beneficial to the permeation of hydrophobic substances, in
this case RIF, due to its characteristics of higher water-containing ca-
pacity and higher porosity within the hydrogel compared to PVA-based
formulations. As a consequence, the mobility of RIF molecules becomes
unrestricted within the hydrogel network [48]. A similar result was
attained from ETH, the permeation was significantly higher through the
Gantrez®-S97-based film, which might be attributed to its high solubi-
lity in water (p < 0.001). ETH solute transport within a hydrogel will
occur primarily within the fluid-filled space between the polymer
chains. H1 is able to retain a higher amount of water compared to both
H2 and H3. Therefore, more ETH molecules can be dissolved, perme-
ating across the swollen hydrogel film [49]. In both INH and PYR cases,
the solute permeability was mostly controlled by diffusing species,
possible leading to solute-gel interaction between amine groups of
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Fig. 5. Permeation percentage of (A) rifampicin, (B) isoniazid, (C) pyrazinamide and (D) ethambutol across pre-swollen hydrogel membranes (means + SD., n = 3).
Solute permeability through swollen hydrogel film associated with (E) molecular weight, (F) logP and (G) aqueous solubility. H1 prepared from aqueous blend
containing 20% w/w Gantrez® S-97, 7.5% w/w PEG 10,000 and 3% w/w Na;CO3; H2 and H3 were prepared from aqueous blend containing 15% w/w PVA, 10% w/
w PVP and 1.5% w/w citric acid with the crosslinking time of 3 h and 40 min, respectively.
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Fig. 6. Images of hydrogel-forming MN arrays composed of 121 needles, in conical shape, 600 pm height, 300 um width at the base, and 300 um interspacing. (A)
Digital images of hydrogel forming formulation prepared from aqueous blend containing 20% w/w Gantrez® S-97, 7.5% w/w PEG 10,000 and 3% w/w Na,CO3 (H1).
Formulation prepared from aqueous blend containing 15% w/w PVA, 10% w/w PVP and 1.5% w/w citric acid with the crosslinking time of (B) 3 h (H2) and (C) 40
min (H3), respectively. Microscopic images of hydrogel-forming formulation prepared from (D) H1, (E) H2 and (F) H3. SEM images of hydrogel forming formulation
prepared from (G) H1, (H) H2 and (I) H3. (J) Comparison of height reduction percentage of MN arrays needles followed application of force 32 N using TA (means +
SD., n = 6). (K) Percentage of holes created in each Parafilm®M layer and estimate insertion depths following insertion of hydrogel-forming MN array formulations
(means + SD., n = 3). Representative OCT images of hydrogel-forming MN arrays prepared from (L) H1, (M) H2 and (N) H3. The white scale bar represents a length
of 1 mm.
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solute and carboxylic acid group of free Gantrez®-S97 co-polymer
within the hydrogel network. In turn, solute entrapment in the gel sys-
tem of H1 inevitably occurred [48,50]. Higher permeation percentage of
both INH and PYR across the PVA-based film than Gantrez®-S97-based
film suggest that amine groups of solute were preferably excluded from
the uncharged gel network (PVA-based formulation) [48,51].

The relation between permeability coefficient of the hydrogel for-
mulations and several solute properties, namely molecular weight, po-
larity (logP) and solubility are shown in Fig. 5E-G. The increasing
molecular weight and logP of solute was followed by increasing
permeability coefficient for all hydrogel formulations. However, this
simplified pattern will be only for small size solute with hydrophilic
properties. In contrast, the relationship between permeability and
nonpolar solute can be more complex due to the hydrophobic in-
teractions, as the most common contributing factor, that possibly
occurred [48]. For instance, nonpolar solutes could interact with the
polymer backbone of the hydrogel, causing the solute entrapment
within the hydrogel network [48,52,53]. Moreover, it is apparent that
hydrogel permeability increases as solute solubility is increased.
Because water-contained of hydrogel network, it is expected that a more
hydrophilic solute is more likely to be increasingly excluded from the
hydrogel system [48]. Accordingly, the hydrogel permeability can be
tailored for a specific drug delivery application by varying the polymer
used as hydrogel backbone and crosslinking degree of the formulation to
achieve a maximum solute diffusion. In terms of TB drug delivery, due to
the different nature of TB drugs as previously discussed, a distinctive
hydrogel formulation was required to increase the drug release from
reservoir through hydrogel-forming MN array. Reservoirs of RIF and
ETH were incorporated on top of hydrogel-forming MN arrays prepared
using aqueous blends of 20% w/w Gantrez® S-97, 7.5% w/w PEG
10,000 and 3% w/w NayCO3 (H1). Furthermore, formulation prepared
from 15% w/w PVA, 10% w/w PVP and 1.5% w/w citric acid with 40
min of crosslinking time (H3) were combined with INH and PYR reser-
voirs for further in vitro permeation studies.

3.4. Fabrication and characterisation of hydrogel-forming MN arrays

The digital and SEM images of hydrogel-forming MN arrays are
presented in Fig. 6A-I. All MN arrays prepared exhibited homogeneous
polymer distribution with the resultant MN arrays having sharp needle
tips.

Compression resistance testing was performed to ensure that the MN
arrays were capable of penetrating the stratum corneum. Height reduc-
tion percentage of the MN formulations was calculated following the
application of 32 N for each array equal to insertion force reported to be
applied with a thumb by patients [38]. As displayed in Fig. 6J, H3 MN
arrays exhibited the highest percentage of needle height reductions (p <
0.001). This result could be explained by a shorter crosslinking time
which, in turn, led to a softer material. These results provide an
important insight into the MN arrays capability to resist a compression
force, showing the formulations had reasonable mechanical strength,
with approximately <10% reduction in needle height observed [54].

As presented in Fig. 6K, all formulations inserted into the first four
layers of Parafilm®M. As the mean thickness of one layer of Parafilm® M
is about 125 pm, it can be assumed that all MN arrays were inserted to a
minimum depth of 504 um, accounting for approximately 84% of MN
height. Thus, the needle height inserted in the Parafilm® M was similar
to the values previously reported [19,54-56]. Additionally, as presented
in Fig. 6L-N, the MN arrays exhibited penetration depths of 451.45 pm,
429.15 um and 408.10 pm in full-thickness neonatal porcine skin for H1,
H2 and H3 respectively. The needle height that inserted into the skin
model was similar to values previously obtained [54,55]. The insertion
depth was found to be not statistically different by comparing the PVA
based-formulations with the Gantrez® S-97-based formulation (p >
0.05). Hence, results from the insertion study demonstrate the potential
of hydrogel-forming MN arrays prepared from PVA-based formulations
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Table 4
Critical process temperature of several excipients used in LYO reservoir
formulation.

Excipient Tg' (°C) Tc (°C) References
Sucrose -32, -35 —34,-32 [63-65]
Mannitol —35, —28 NA [63,66]
Glycine —62 NA [67]
Trehalose —27, -29 —29.5, —34 [63,65,66]
Gelatin -9 -8 [68]

for transdermal drug delivery.

3.5. Preparation and optimisation of lyophilised reservoirs

Preliminary study results, as presented in Fig. S1 (supplementary
information), exhibited that different bulking agent was required for
each drug-containing lyophilised reservoir formulation. RIF LYO reser-
voirs prepared using trehalose as bulking agent, required the shortest
time to dissolve when compared with the rest of formulations (p <
0.05). Moreover, the dissolution time of both INH and PYR LYO for-
mulations were found to be significantly different for reservoirs pre-
pared using sucrose compared to other bulking agents at a low
concentration (2% w/w) (p < 0.05). This may be related to the higher
solubility of both sucrose and trehalose, which have amorphous prop-
erties, compared to both mannitol and glycine, which have crystalline
structures [57,58]. During LYO reservoir preparation, crystalline bulk-
ing agents can form a strong crystal structure between molecules. Hence,
they require a higher energy to disintegrate and dissolve [59,60].

In the case of ETH, all LYO formulations collapsed after finishing the
lyophilisation process. This could possibly be triggered by the melting
point of ETH (88 °C), which is lower than the boiling point of water.
Therefore, causing ETH incapability to withstand the drying condition
and resulting in the loss of cake integrity structure during the water
removal process [61]. Moreover, the addition of a bulking agent into the
ETH reservoir formulation failed in forming a robust LYO cake. This
might be related to the critical temperature of the aqueous mixture
composed of ETH and bulking agent, since it was lower when compared
to the aqueous mixture prepared without a bulking agent. The critical
temperature is defined as the maximum temperature where a LYO cake
can maintain its integrity [62]. The critical temperature for crystalline
systems is closely related to the glass transition temperature (Tg’), whilst
for amorphous systems is represented by both Tg’ and collapse tem-
perature (Tc) [62]. The critical temperature of several excipients used in
LYO reservoir formulations is presented in Table 4. It can be seen that
the Tg’ and Tc values of all the bulking agent used are much lower than
gelatin. Hence, the presence of bulking agents in the ETH LYO formu-
lation decreased the critical temperature of ETH.

In order to improve the collapse issue, several iterations were
investigated regarding gelatin concentration and the total mass of LYO
reservoirs. In addition to this, the total mass of LYO formulation was
varied by changing the amount of water in the formulation, which could
also affect the duration of the drying process. The dissolution time of
ETH containing LYO reservoirs is displayed in Fig. S2 (supplementary
information). A LYO reservoir formulation of 100 mg containing 2.5%
w/w of gelatin led to a homogeneous and robust reservoir. Moreover, it
showed the shortest time to dissolve in the release medium in compar-
ison to all other formulations.

Based on preliminary results, trehalose for RIF and sucrose for INH
and PYR were selected as a bulking agent to be used in the optimisation
process using the CCD system. The concentration of drug, gelatin and
bulking agent were used as the formulation factors that needed to be
optimised. There were 14 formulations for the optimisation process
suggested by the software, which are presented in Table S5, Table S6 and
Table S7 (supplementary information) for RIF, INH and PYR, respec-
tively. The representative 3D graphs describing the effect of selected
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Fig. 7. Response surface plots describing the effect of drug, gelatin and bulking agent concentration on the dissolution time parameter of each (A) RIF, (B) INH and

(C) PYR LYO reservoir formulations.

parameters on the dissolution time and hardness are presented in Fig. 7
and Fig. 8, respectively. Optimised formulations based on the output of
software analysis were selected and prepared for final characterisation
studies. Several optimised formulations were generated by the software
and, then, ranked based on the desirability factor. The optimum for-
mulations for RIF, INH and PYR were chosen by considering the highest
desirability factor, obtained from the analysis output. The selected
formulation for each drug was prepared to investigate dissolution time
and hardness of the obtained reservoirs. Table 5 presents the predicted
and observed values of dissolution time and hardness for the optimised
formulations. The bias value of optimised formulations in all cases was
< 15%, indicating that the optimisation process of LYO reservoir
formulation was successful [54].

3.6. Characterisation of lyophilised reservoirs

The final RIF, INH, PYR and ETH LYO formulations were all
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homogeneous and robust, as presented in Fig. 9A-D. FTIR analysis
(Fig. 9E) showed that the highlighted functional groups of pure RIF,
INH, PYR and ETH, detailed in Table 6, were similar to those obtained in
the FTIR spectra of drug-containing LYO formulations. Thus, there was
no detectable excipient interaction with RIF, INH, PYR or ETH in the
LYO formulations. The thermogram profiles of RIF, INH, PYR, ETH, and
their respective LYO formulations, are presented in Fig. 9F. The DSC
thermogram of both pure RIF and RIF containing LYO reservoirs showed
an endothermic peak at 191 °C, followed by an exothermic peak at
259 °C. These two peaks are attributed to RIF polymorphism, as previ-
ously discussed by Alves et al. [69]. A sharp endothermic peak for both
INH and PYR was found at 176 °C and 194 °C, respectively. For the pure
ETH thermo profile, two endothermic peaks appeared at 75 °C and
202°C [70]. It is important to note that the endothermic peak at 75 °C is
related to the low critical temperature of ETH. As the critical tempera-
ture of ETH is lower than water’s triple point, the cake collapsing during
the lyophilization process was inevitable. Moreover, a small peak
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Table 5
Predicted and observed responses of LYO reservoirs formulation.

C: Sucrose (%)

A: Pyrannamide (mg)

A: Rifampacin (mg)

Drug  Factors Responses Predicted  Observed (mean + Bias
. . L . L SD,n = 3) (%)
Drug concentration Gelatin concentration in aqueous Bulking agent concentration in
(mg) mixture (Y%ow/w) aqueous mixture (Y%ow/w)
RIF 75 2.39 2.00 Dissolution time 34.32 32.67 +1.41 —4.83
(sec)
Hardness (N) 30.00 29.65 + 5.65 -3.33
INH 75 2.29 1.00 Dissolution time 12.63 12.00 + 0.70 —5.03
(sec)
Hardness (N) 30.00 31.67 + 1.41 —5.55
PYR 100 2.00 2.00 Dissolution time 10.10 11.33 £ 2.12 12.20
(sec)
Hardness (N) 38.29 39.33 £0.70 2.72
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Table 6
Characteristic IR absorption of functional groups RIF, INH, PYR and ETH.
RIF INH PYR ETH Assignment
Wavelength (ecm™)
3524-3629 3303 3402 3300 Primary O—H group
3291 3267 Primary N—H group
3091 2930 2969 C—H stretching
2768 H—C=O0: C—H stretch
1706 C=0O stretch
1543 1579 1557 N—H bend
1329 1379 NH, waging
1235 1219 N—N stretch
1053 C—O stretch

appeared at 124 °C in the ETH LYO formulation, suggesting a new
collapse temperature due to the presence of gelatin that increased the
critical point to the higher temperature. It is notable that there a minor
shifting of the peak was found in the thermogram of LYO reservoir
formulation of each RIF, INH and PYR compared to each pure drug.
During the lyophilisation process, there is a possibility for sucrose and
trehalose to form hydrogen bond with drug through a direct interaction
in order to replace the removed water [71].
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3.7. Preparation and optimisation of direct compressed tablet

In this study, both disintegrant (sorbitol and mannitol) and super-
disintegrant (crospovidone and SSG) were screened for DCT prepara-
tion. The results of preliminary disintegrant screening are presented in
Fig. S2 (supplementary information). The dissolution time of DCT res-
ervoirs prepared using crospovidone and SSG as super-disintegrant are
significantly faster than the DCT reservoirs prepared using sorbitol and
mannitol (p < 0.05). Moreover, the results showed that the DCT
formulation prepared using crospovidone required the shortest disso-
lution time compared to the formulations prepared with other dis-
integrating and, hence, crospovidone was selected as the disintegrant for
further optimisation process (p < 0.05). With respect to ETH, no sig-
nificant difference in dissolution times were found in all the DCT for-
mulations (p > 0.05). This may be related to the high solubility
properties of ETH. Therefore, DCT reservoirs of ETH were prepared by
compressing the pure powder of ETH, without any excipients.

The formulation optimisation was carried out using CCD and nine
formulations were suggested to optimise the DCT reservoir. Response
factors for RIF, INH and PYR are presented in Tables S8, S9 and S10
(supplementary information), respectively. The representative 3D sur-
face graphs describe the parameter effect on the responses as displayed
in Fig. 10A-B. The optimised formulations based on the output of soft-
ware analysis were selected and prepared for their final
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Table 7
Predicted and observed responses of the DCT optimum formulation of RIF, INH and PYR.
Drug Factors Responses Predicted Observed (mean + SD, n = 3) Bias (%)
Disintegrant (%ow/w) Pressure (tonnes)
RIF 30 7.49 Dissolution time (s) 9.46 10.67 + 1.41 12.71
Hardness (N) 56.87 58.00 + 10.60 1.97
INH 5 6.50 Dissolution time (s) 10.79 12.00 + 4.94 11.16
Hardness (N) 30.00 33.00 + 2.82 10.00
PYR 15 5.76 Dissolution time (s) 11.28 11.33 + 4.24 0.41
Hardness (N) 30.00 33.33 +£6.36 11.11
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Fig. 11. Solid dispersion of (A) RIF, (B) INH, (C) PYR and (D) ETH PEG reservoir formulations. Comparison of (E) the dissolution time and (F) mechanical strength of
PEG reservoir prepared (means + SD, n = 3). The representatives (G) IR spectra and (H) DSC thermogram of pure drug, selected PEG reservoir formulations, and

mixture of PEG 6,000 and PEG 200.

characterisation. Two criteria were set in order to achieve optimum
formulations, which were a minimum dissolution time and a DCT
hardness greater or equal to 30 N [72,73]. One optimum formulation for
RIF, INH and PYR was selected based on the highest desirability factor
generated by the software. As shown in Fig. 10C-F, optimised formula-
tions for each drug produced homogeneous and robust DCT. The
dissolution time and hardness values are presented in Table 7, where it
can be seen as percentage of bias <15%, demonstrating the success of
the software optimisation process.

3.8. Characterisation of direct compressed tablets

The final DCT formulations containing RIF, INH, PYR and ETH were
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all homogeneous and robust in appearance, as shown in Fig. 10C-F.
Furthermore, Fig. 10G illustrates the FTIR spectra of RIF, INH, PYR and
ETH DCT formulations. There were no changes in the distinctive func-
tional groups of RIF, INH, PYR and ETH when incorporated into their
representative DCT formulations. Hence, there were no compatibility
issues with the different excipients. The thermogram profiles of RIF,
INH, PYR, ETH and their respective DCT formulations are presented in
Fig. 10H. The results showed that there was a minor shifting in the peak
of DCT formulation compared to each pure drug of RIF, INH and PYR.
This may be possibly due to the compaction during the compression
process, increase the density of both drug and crospovidone throughout
the powder mixture, resulting intermolecular interactions and crystal
state modification [74].
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3.9. Preparation and evaluation of poly(ethylene glycol) solid reservoirs

Solubility of each drug in the PEG cosolvent candidates was studied,
and the results are shown in Fig. S3 (supplementary information). The
result revealed that PEG 200 was found to be most effective, increasing
the solubility of all the drugs. Therefore, PEG 200 was chosen as a
cosolvent for further PEG reservoir preparation. Different combinations
of PEG 200 and PEG 6,000 were used to produce solid and uniform
reservoirs (Fig. 11A-D). All formulations of drug-containing PEG reser-
voir were also characterised in terms of dissolution time and mechanical
strength (Fig. 11E and Fig. 11F, respectively). With regards to the
dissolution time, it was observed that an increase in PEG 200 proportion
was followed by a significant reduction in the dissolution rate (p < 0.05).
This result indicated that the reservoir SD system was strongly depen-
dent on the proportion of PEG 200 and PEG 6,000. Drug dissolution is
correlated with the rate of solute drug diffusion from the reservoir to the
aqueous medium and, hence, affecting the rate of drug molecule sol-
ubilisation due to the interfacial tension [75].

Compression testing was used to determine the mechanical proper-
ties of the prepared reservoirs. The reservoir robustness is a key factor to
consider for the physical resistance during the manufacturing process
and transport. As displayed in Fig. 11F, an increase in the PEG 200
proportion led to a decrease of the reservoir mechanical strength. Res-
ervoirs composed of 25% PEG 200 were significantly stronger than all
reservoirs containing a higher liquid PEG concentration for all the drugs
used in this study (p < 0.05). As previously reported, the degree of PEG
compaction is clearly associated with the molecular weight of the glycol
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[76]. In the current work, PEG 6,000 concentration governed the
reservoir resistance to compression due to its high molecular weight,
which possibly accounts for the total energy required to break the
reservoir. During the compression, PEG reservoirs are likely to experi-
ence complex stresses, generating simultaneously particle rearrange-
ment, elastic and plastic deformation, and hence, resulting in breaking
the inter particulate bonds followed by a fracture [76]. Overall, the
result of compression testing confirmed that all reservoir formulations
had a sufficient mechanical strength. Moreover, reservoirs composed of
75% PEG 6,000 showed the highest strength. However, as the drug is
dissolved in the liquid PEG, the total drug that can be loaded would be
limited in such formulations. Therefore, regarding the drug loading and
dissolution time, a reservoir formulation with 25% w/w PEG 6,000 was
selected for further experiments.

3.10. Characterisation of poly(ethylene glycol) solid reservoirs

FTIR analysis showed a substantial difference between drug-
containing PEG spectra and their pure drugs (Fig. 11G). Compared to
the pure drug, the characteristic spectra of the selected SD formulations
were found to be broader, less frequent and weaker. This possibly due to
the inter particulate bonds formed between the drug and PEG in all
formulations. Moreover, the thermograms of RIF, INH, PYR, ETH, and
their respective PEG formulations are presented in Fig. 11H. All the
peaks of the pure drug disappeared, as the thermogram was found
typically similar to thermogram of PEG mixture. Also, DSC analysis
suggested that the drug was dissolved in the PEG matrix upon the SD
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Table 8
Drug permeated from hydrogel-forming MN arrays combined with drug reser-
voirs across the dermatomed neonatal porcine skin over 24 h.

Drug  Hydrogel formulation (%w/win  Reservoir Drug permeated from
water) type 0.5 cm? MN arrays
(mg) (%)
RIF 20% Gantrez® S-97, 7.5% PEG LYO 0.10 + 0.14 +
10,000, 3% NayCO3 (H1) DCT 0.00 0.00
PEG 0.68 + 0.65 +
0.04 0.04
8.25 + 75.06 +
0.90 8.21
INH 15% PVA, 10% PVP, 1.5% citric LYO 58.45 + 79.23 £
acid (H3) DCT 4.02 5.46
PEG 18.95 + 13.30 +
1.23 0.86
9.21 + 83.75 £
0.87 7.98
PYR 15% PVA, 10% PVP, 1.5% citric LYO 20.08 + 20.08 +
acid (H3) DCT 0.73 0.73
PEG 16.71 + 13.11 +
0.72 0.57
8.81 + 80.12 £
1.39 12.66
ETH 20% Gantrez® S-97, 7.5% PEG LYO 17.01 + 22.68 +
10,000, 3% NayCO3 (H1) DCT 1.84 2.46
PEG 46.99 + 46.99 +
5.81 5.81
8.25 + 75.06 +
0.90 8.21

formulation. This result was in good agreement with the FTIR analysis,
as may be attributed to the completed drug dispersion into the mixture
of PEG 200 and PEG 6,000.

3.11. Invitro permeation studies

In vitro permeation studies were conducted in order to determine the
permeation profile of each drug across the dermatomed 350 pm neonatal
porcine skin. Several studies have been performed using this in vitro
method to investigate the delivery of ibuprofen-sodium, ovalbumin,
metformin, donepezil HCl and olanzapine [18,23,25,41]. In this work,
three types of reservoirs for each drug were compared to investigate the
versatility of hydrogel-forming MN arrays delivering drugs from desig-
nated reservoirs. A drug reservoir was incorporated with a specific
hydrogel-forming MN array formulation such as Gantrez® S-97-based
MN array (H1) for RIF and ETH, whilst the PVA-based formulation (H3)
was used for INH and PYR. Results of cumulative drug permeation in 24
h are displayed in Fig. 12 and Table 8.

In the case of RIF, approximately 3.64 mg could be delivered from
the PEG solid reservoir incorporated with Gantrez® S-97-based formu-
lation (H1) across the dermatomed porcine skin in 24 h. This result is
clearly associated with high molecular weight and hydrophobicity
which could have led to low permeation through hydrogel-forming MN
arrays prepared from Gantrez® S-97. However, this delivered concen-
tration was significantly higher compared to the permeation results from
LYO and DCT reservoir (p < 0.05). By utilising solid dispersion tech-
nique, PEG could increase RIF solubility due to its aqueous miscibility
[77]. When the reservoir was incorporated on the MN array and it
attached to the skin, hydrogel system can provide an aqueous environ-
ment by imbibing interstitial fluid from lower dermal layers of the skin.
By dissolving RIF in PEG matrix which has both hydrophilic and hy-
drophobic characteristics, this can allow the hydrophobic drug mole-
cules to permeate through an aqueous network of swollen MN arrays.
Moreover, lower permeation of RIF from LYO reservoir could be
explained by the RIF aggregation. This could possibly resulting in dif-
ficulties of liquid imbibed in hydrogel-forming MN arrays to disintegrate
and dissolve the LYO, as RIF particles, which are insoluble, covered the
surface of the reservoir in contact with the MN array base [78].
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ETH permeation was significantly higher from DCT reservoirs
compared to LYO and PEG reservoirs using Gantrez® S-97-based MN
arrays (H1) (p < 0.05). The combination of DCT reservoir with Gantrez®
S-97-based MN arrays had successfully delivered ETH about a three-fold
in 24 h higher than that delivered from LYO reservoirs. It is notable that
ETH experienced a lag time to then achieve a burst release at 8 h fol-
lowed by a slight increment at 24 h, possibly due to the absence of
disintegrant in the DCT reservoirs.

Following the application of drug reservoir with the prepared PVA-
based MN arrays (H3) on the dermatomed porcine skin for 24 h, a
similar trend was observed from the permeation profiles of INH and
PYR. The drug amount permeated from LYO reservoir was significantly
higher than DCTs and PEG solid reservoirs (p < 0.05). LYO reservoirs
have a hygroscopic characteristic due to the porous structure formed
during the drying process. This property might increase the reservoir
solubility [79-81]. Contrastingly, an inferior permeation is possibly
related to the greater volume of fluid that is required to disintegrate and
dissolve the DCT reservoir, due to its higher compaction. Thus, a lower
amount of drug was allowed to permeate through the MN arrays and the
neonatal porcine skin. Moreover, a lower amount of drug could be
loaded into the PEG solid reservoir, accordingly it may be related with
the low amount of delivered drug through the hydrogel-forming MN
arrays.

Based on the data provided in Table 8, the most promising reservoirs
for RIF, INH, PYR and ETH were PEG, LYO, LYO, DCT, respectively.

Regarding the proposed patch size, this can be extrapolated using the
in vitro permeation data (Table 8) considering oral bioavailability. The
oral bioavailability was selected due to the lack of available data for
transdermal pharmacokinetic of TB drugs. Fixed-dose combination of TB
drugs consists of RIF (150 mg), INH (75 mg), PYR (400 mg) and ETH
(275 mg) with an oral bioavailability of 68%, ~100%, 90% and 80%,
respectively [82]. Accordingly, the drug doses that have to be effectively
delivered for RIF, INH, PYR and ETH are 102 mg, 75 mg, 360 mg and
220 mg, respectively. Therefore, correlating our in vitro permeation data
with oral bioavailability, we can estimate the patch sizes for daily
human adult treatment as 6.18 cm?, 0.63 cm?, 8.96 cm? and 2.34 cm? for
RIF, INH, PYR and ETH, respectively. These patch sizes are considered
acceptable for clinical human application due to the design of MN arrays
required is <10 cm? [83].

Overall, the results of the present work have described the versatility
of hydrogel-forming MN arrays to deliver different TB drugs across the
skin, using different types of drug reservoirs. Specifically, the drugs
investigated in this study varied in terms of hydrophobicity and chem-
ical structures. For the first time, we have successfully efficiently
delivered these drugs across the skin by selecting one of two hydrogel-
forming MN arrays coupled with one of three drug reservoirs. This
approach might be used as a preliminary step to design hydrogel-
forming MN system for the delivery of high-dose drugs with different
molecular properties. In the future, solubility and physicochemical
properties of drugs will be used as factors to determine reservoir design
and hydrogel composition. In comparison to a regular transdermal patch
that can deliver only approximately 10% of the loaded active compound
[14], this system was able to deliver up to 85% of the drug contained in
the reservoirs. However, in vivo pharmacokinetic studies will be required
in order to investigate if plasma concentration of drugs are clinically
relevant and also, estimate actual patch sizes. Additionally, in vivo
pharmacodynamic studies also must be performed to evaluate the
therapeutic efficacy of this approach in animal models of TB disease.

4. Conclusion

This work presents a successful development of hydrogel-forming
MN system, for the first time, to transdermally deliver RIF, INH, PYR
and ETH for potential TB treatment. Several formulations of hydrogel
films were assessed in terms of swelling capability and solute perme-
ability. Drug reservoirs were formulated using several techniques
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including lyophilised, directly compressed and SD of PEG matrix. Sub-
sequently, drug reservoirs were optimised for further in vitro studies
application. Essentially, the detailed results of in vitro permeation
studies showed that hydrogel-forming MN arrays could successfully
deliver RIF, INH, PYR and ETH from their reservoir across neonate
porcine skin. Accordingly, due to its versatility, the result of this study
can be considered as a model for developing a wide range of high-dose
drugs using hydrogel-forming MN arrays in transdermal delivery pur-
pose. Moreover, the development of this transdermal TB drug regime is
still in the early stage, thus a further investigation to evaluate the
effectivity, stability, safety, and efficacy prior to the clinical application
will be required. For instance, in vivo pharmacokinetic studies must be
done to determine the plasma concentration of the drug in the animal
model. Besides, to ensure the efficacy of this system, pharmacodynamic
studies must be also performed. On this basis, to reach clinical practice
and ensure the benefit for TB treatment application, this novel approach
should be tested in terms of the usability and acceptability to achieve the
maximum impact of this work.
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