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1. Introduction

Novel SmartReservoirs for hydrogel-forming
microneedles to improve the transdermal
delivery of rifampicin

Abraham M. Abraham, Qonita Kurnia Anjani, °2 Masoud Adhami,
Aaron R. J. Hutton, Eneko Larrafieta®® and Ryan F. Donnelly & *

Hydrogel-forming microneedles (HF-MNs) are composed of unique cross-linked polymers that are
devoid of the active pharmaceutical ingredient (API) within the microneedle array. Instead, the API is
housed in a reservoir affixed on the top of the baseplate of the HF-MNs. To date, various types of drug-
reservoirs and multiple solubility-enhancing approaches have been employed to deliver hydrophobic
molecules combined with HF-MNs. These strategies are not without drawbacks, as they require multiple
manufacturing steps, from solubility enhancement to reservoir production. However, this current study
challenges this trend and focuses on the delivery of the hydrophobic antibiotic rifampicin using
SmartFilm-technology as a solubility-enhancing strategy. In contrast to previous techniques, smart drug-
reservoirs (SmartReservoirs) for hydrophobic compounds can be manufactured using a one step
process. In this study, HF-MNs and three different concentrations of rifampicin SmartFilms (SFs) were
produced. Following this, both HF-MNs and SFs were fully characterised regarding their physicochemical
and mechanical properties, morphology, Raman surface mapping, the interaction with the cellulose
matrix and maintenance of the loaded drug in the amorphous form. In addition, their drug loading and
transdermal permeation efficacy were studied. The resulting SFs showed that the APl was intact inside
the cellulose matrix within the SFs, with the majority of the drug in the amorphous state. SFs alone
demonstrated no transdermal penetration and less than 20 £+ 4 pg of rifampicin deposited in the skin
layers. In contrast, the transdermal permeation profile using SFs combined with HF-MNs (ie.
SmartReservoirs) demonstrated a 4-fold increase in rifampicin deposition (80 + 7 pg) in the skin layers
and a permeation of approx. 500 + 22 pg. Results therefore illustrate that SFs can be viewed as novel
drug-reservoirs (i.e. SmartReservoirs) for HF-MNs, achieving highly efficient loading and diffusion
properties through the hydrogel matrix.

systemic and deep soft tissue infections is often limited due
to insufficient local drug concentrations.'> While oral anti-

The human skin, considered to be the largest organ of the
human body,"” serves as the first line of defence against
various pathogens and environmental factors.>”” Despite its
protective role, disruption to the skin can result in exposure to
infectious microorganisms.*® This can give rise to infections
within the superficial layers of the skin as well as in deep soft
skin tissues.”®"*° In some instances this can be fatal, as seen in
Methicillin-Resistant S. aureus (MRSA) infections.'™'* A com-
monly used strategy to treat superficial skin infections involves
the topical application of different antibiotics.**** Neverthe-
less, the efficacy of topically applied antibiotics in treating
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biotic treatment is usually prescribed, it is not without
drawbacks.'®*® Challenges can arise from drug stability in
the gastrointestinal tract (GIT), along with the disruption of
the GIT microbiome which could result in antimicrobial
resistance.'®° Various strategies have been explored to target
deep skin tissue and systemic infections whilst reducing
potential side effects. These approaches have included the
use of different nanocarriers, such as extracellular vesicles,
liposomes, ethosomes, lipid and polymer nanoparticles within
topical formulations.>™*” These mentioned nanocarriers still
pose numerous challenges which relate to time-consuming
manufacturing or isolation processes.>**® Also, their effective-
ness could be severely limited due to low encapsulation effi-
ciency resulting in insufficient dosing.?®* In addition, these
formulations typically require intravenous (IV) administration,
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leading to whole body dosing, which can result in unnecessary
side effects and drug-drug interactions. This route of antibiotic
delivery is particularly challenging in developing countries due
to limited access to trained medical professionals and the lack
of provisions for safe needle disposal. Alternative formulation
techniques offer a solution to the limited encapsulation effi-
ciency, such as nanocrystals that are composed of 100% drug,
which have been extensively investigated for their transdermal
drug delivery properties.’*>* However, literature reports have
indicated that not all of these nanocarriers can successfully
penetrate through intact skin and are therefore unable to target
deep tissue infections or achieve therapeutic concentrations
within the systemic circulation when applied topically or via a
transdermal patch.?*353¢

A recent technology with high loading efficiency is Smart-
Films™ (SF), composed of cellulose based matrices that maintain
the active pharmaceutical ingredient (API) in its amorphous
form.*>?”° Previously, Eckert et al modelled the delivery of
curcumin, a hydrophobic drug molecule, using SF-technology.*>
They reported a significant improvement in the solubility of
curcumin using SF, leading to the successful incorporation of
the hydrophobic molecule in its amorphous form within the
cellulose matrix.** Surprisingly, despite the improved biopharma-
ceutical properties of curcumin and the advantages offered by SF,
the authors noted poor skin penetration efficacy in in vitro pene-
tration studies using Franz diffusion cells.*® This was attributed to
curcumin being confined to the cellulose matrix of the SF, result-
ing in limited contact with the diffusion membrane.? In contrast,
our current work overcomes the issue of poor wettability of SF. In
this study, hydrogel-forming microneedles (HF-MNs), in combi-
nation with SF solubility-enhancing technology, have been used to
deliver the hydrophobic antibiotic rifampicin across the skin
layers. SFs resolve issues related to the properties of the API, by
solubilising it in the amorphous form whilst achieving a high drug
loading.”” HF-MNs, as their name suggests, are micron-scale
needles prepared by a crosslinking reaction from an aqueous
mixture of different swellable polymers and supported by a
baseplate.'®*'~*> HF-MNs are drug-free as the active ingredient is
contained in a reservoir affixed on the top of the base of the HF-
MNs. HF-MNs have the capacity to circumvent the outermost layer
of the skin, known as the stratum corneum, without causing pain or
lipohypertrophy as seen with repeated IV injections. Bypassing the
stratum corneum allows for enhanced dissolution of rifampicin
within the SF upon hydration with the skin’s interstitial fluid. This
occurs in situ through the transformation of HF-MNs into an

Rifampicin loaded SF

Cellulose based tissue
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aqueous hydrogel matrix. According to Fick’s law, this leads to
the diffusion of the drug contained within the SF into the skin
layers, facilitating local deposition in the deep skin tissue or
systemic absorption.*>*®™*° Based on this, increasing the loading
efficiency of solubilized rifampicin within the SF is expected to
deliver greater amounts of the lipophilic antibiotic across the skin.
This will ultimately improve upon the permeation profiles
observed in previous studies which have investigated the trans-
dermal delivery of rifampicin using MNs.**

In this work, the aim was to demonstrate the potential of SF
as an alternative novel smart drug reservoir for HF-MNs,
presenting a simple platform to deliver poorly soluble drugs
in their amorphous form. Rifampicin has been chosen to
represent a difficult to deliver hydrophobic antibiotic®*** used
for dermal infections.’®** Three different concentrations of
rifampicin within the SFs were fabricated which served as drug
reservoirs for HF-MNs. Following this, both HF-MNs and
rifampicin-SFs were fully characterised regarding their physi-
cochemical properties, morphology in addition to their drug
loading and transdermal penetration efficacy. SFs were used as
a bench control and their penetration profile was also directly
compared with the SF-HF-MNs combination.

2. Materials and methods

2.1. Materials

Rifampicin was purchased from Alfa Aesar (Lancashire, UK).
Methanol 96% (v/v), Poly(vinyl alcohol) with molecular weight
of 85-124 kDa, citric acid, orthophosphoric acid, sodium lauryl
sulphate and ascorbic acid were purchased from Sigma-Aldrich
(Dorset, UK). Poly(vinyl pyrrolidone) K29-32 (PVP) with mole-
cular weight of 58 kDa was provided by Ashland (Kiddermin-
ster, UK). Ultrapure water was obtained from a water
purification system (HPLC grade, Elga PURELAB DV 25, Veolia
Water Systems, Dublin, Ireland).

2.2. Methods

2.2.1. Preparation of rifampicin-SFs as drug reservoirs.
Rifampicin-SFs were prepared as illustrated in (Fig. 1) accord-
ing to the previously described protocol.’” Briefly, tissue paper
(Tork tissue rolls (54.5 m x 25 cm), Bedfordshire, UK) was used
as the cellulose matrix and methanol was used as the solvent
for rifampicin. The obtained alcoholic stock solution contained
20 mg mL ™" rifampicin. The paper was cut into small squares

Cutting the loaded SF

HF-MNs loaded with SF as
rifampicin reservoir

Fig. 1 Production of rifampicin-SFs (SmartFilms) as SmartReservoirs for the HF-MNs (hydrogel-forming MNs).

4376 | J Mater. Chem. B, 2024,12, 4375-4388

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb00110a

Open Access Article. Published on 08 March 2024. Downloaded on 1/27/2026 4:31:59 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

with a size of 10 cm x 10 cm (100 cm®) and was loaded with
100 pL of the previously mentioned rifampicin solution onto
the surface of the paper using a pipette. The matrix was left to
dry at room temperature. The last two steps were repeated until
approximately 100 mg rifampicin/100 cm® of the cellulose
matrix (SF (1)) was loaded. Similar procedures were repeated
to obtain an amount of 200 mg (SF (2)) and 500 mg (SF (3))
rifampicin/100 cm® per cellulose matrix. After drying, the
obtained SFs (of the three concentrations) were cut into small
pieces of 1 cm x 1 cm (1 cm?) and were further characterized
prior to skin permeation studies. The physical mixture was
prepared by dry mixing the cellulose matrix and similar
amounts of rifampicin.

2.2.2. Visualization of rifampicin-SFs as drug reservoirs.
Rifampicin-SF reservoirs were visualised macroscopically and
microscopically using a light microscope with an affixed colour
camera (Leica Microsystems, Milton Keynes, Buckinghamshire,
UK) and using scanning electron microscopy (SEM) with a
Hitachi TM3030 tabletop SEM microscope (Chiyoda-ku, Tokyo,
Japan). The SEM images were obtained without coating and
under low vacuum and the energy used was adjusted on
the dispersive X-ray analysis (EDX) mode with standard SEM
carbon tape as the background. The loaded SFs were also
compared with the pure drug, physical mixture and the
unloaded SFs.

2.2.3. Determination of the crystallinity state using X-ray
diffraction (X-RD) of rifampicin-SFs. X-RD analysis of pure
rifampicin and the different loaded SFs was carried out using
a MiniFlex II powder X-ray diffractometer with PDWL software
(Rigaku Corporation, Tokyo, Japan). Patterns were collected in
continuous mode in the angular range of 3-45° 26, with a step
size of 0.01°, a scanning rate of 2° min ", a voltage of 30 kV, and
a current of 15 mA.*>** The physical mixture and unloaded SF
were used as controls.

2.2.4. Differential scanning calorimetry (DSC) of rifampicin-
SFs. DSC analysis was performed on samples of pure rifampicin,
the unloaded SF, physical mixture and the different loaded SFs
using an Advantage Model Q100 DSC (TA Instruments, New Castle,
DE). Samples of 3-10 mg were weighed accurately and placed in
aluminium pans that were then sealed by crimping and subse-
quently heated at a rate of 10 °C per min from 30 to 250 °C under a
nitrogen flow of 50 mL min~'.****

2.2.5. Attenuated total reflection Fourier transform infra-
red (FTIR) of rifampicin-SFs. FTIR spectroscopy was used to
analyse interactions present in pure rifampicin, unloaded SF,
physical mixture and the three different loaded rifampicin-SFs
using an Accutrac FT/IR-4100 Series (Jasco, Essex, U.K.)
equipped with MIRacle diamond ATR accessory (Pike Techno-
logies Ltd., Madison, WI). The IR spectra were scanned and
recorded in the region ranging from 4000 to 600 cm ™" at room
temperature. Resolution was maintained at 4.0 cm™ " through-
out the analysis and the obtained spectra were the result of an
average of 64 scans.***’

2.2.6. Chemical analysis and drug content of rifampicin-
SFs. Rifampicin content within the SFs was determined via
high-performance liquid chromatography (HPLC) using a

This journal is © The Royal Society of Chemistry 2024
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method described previously by Anjani et al.**”> Briefly,
Agilent technologies 1220 infinity compacted LC series includ-
ing a degasser, binary pump, auto injector and UV detector at
334 nm (Agilent Technologies UK Ltd, Stockport, UK) were
used. A HPLC column (Phenomenex®™ Luna C18 (ODS1),
150 mm x 4.6 mm internal diameter, 5 pm packing) was
obtained from Phenomenex (Cheshire, UK). The analysis was
performed at room temperature, with an injection volume of
50 uL and a flow rate of 1 mL min~'. The mobile phase was
composed of 25 mM sodium dihydrogen phosphate buffer
(with 1% v/v triethylamine (TEA), pH 6.8 adjusted using ortho-
phosphoric acid) and methanol (30:70 v/v). The chromato-
grams were analysed using Agilent ChemStation®™ Software
B.02.01. The International Council of Harmonisation (ICH)
2005 guidelines were followed as a reference to validate all
the analytical methods.

2.2.7. Mechanical properties of rifampicin-SFs. The uniax-
ial tensile mechanical properties of rifampicin-SFs were tested
and compared with a drug-free SF as well as with solvent only
SF (as controls) using a TA.XTplus Texture Analyser (Stable
Micro Systems, Surrey, UK) at a constant extension speed of
10.2 mm min~".>**” The SFs were cut to a dimension of 5 x 1
cm and the thickness of the SFs was measured using a calliper
to calculate the cross-sectional area, and then clamped with a
specific inter-clamp distance. The bottom and top ends of the
5 x 1 cm SFs were fixed in a horizontal position. Afterwards, the
SFs were extended on the Texture Analyser using a controlled
speed of 10.2 mm min ', until the SFs had completely ripped.
The suture retention strength was calculated as load force (N)/
(suture diameter (mm) SF thickness (mm)) as previously
reported.’® Force displacement figures were then recorded
and the elastic modulus, offset yield strength, elongation at
break were calculated from the obtained data. The offset yield
strength of the tested SFs was obtained using the 0.2% offset
method, as an approximation of the material’s elastic limit.***°
Additionally, the elastic modulus was obtained as the slope of
the initial linear region of the stress/strain plot as previously
reported.®®®' Moreover, elongation at break was obtained by
generating the stress/strain plots of the analysed SFs.*!

2.2.8. Raman mapping of rifampicin-SFs. TA RM5 Raman
Microscope (Edinburgh Instruments, Edinburgh, UK) equipped
with a 785 nm laser was used to characterise the SFs described
in this work in a similar way reported previously.®” Spectra were
obtained using 20% laser power, a pinhole of 300 um and a slit
of 70 pm. A grid of 20 x 15 points was used to map the presence
of rifampicin in the surface of the samples. A single Raman
spectrum was obtained at each point using an exposure time of
1 s. The resulting spectra were processed with the Ramacle
software (Edinburgh Instruments, Edinburgh, UK) by removing
the background. The mapping was obtained by plotting the
intensity of the peak at ca. 1340 cm™ ",

2.2.9. Preparation of the HF-MNs. A previously reported
HF-MNs formulation was used in this study.*>** The HF-MNs
formulation was cast from aqueous blends of 15% w/w
Poly(vinyl alcohol), 10% w/w Poly(vinyl pyrrolidone), 1.5% w/w
citric acid solutions (Table 1). These solutions were prepared

J. Mater. Chem. B, 2024,12, 4375-4388 | 4377
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Table 1 Hydrogel formulation and the applied crosslinking conditions

Molecular weight Percentage

Polymer name Abbreviation (kDa) (%)
Poly(vinyl alcohol) PVA 85-124 15
Poly(vinyl pyrrolidone) PVP 58 10
K29-32

Citric acid CA — 1.5
Water — — q.s. 100

Crosslinking conditions
Temperature (°C) 130
Time (h) 3

from stock solutions of 25% w/w PVA and 40% w/w PVP. The
moulds were designed to obtain final patches of 121 needles
with a height of ~600 um. The microneedles were perpendi-
cular to the base and of conical shape and arranged in an 11 X
11 formation. After drying of the casted HF-MNs at room
temperature for 24 h, the polymers were thermally cross-
linked at 130 °C for 3 h.

2.2.10. Height reduction and insertion profile of the HF-
MNs. To test the resistance to compression of the HF-MNs, a
TA.XTplus Texture Analyser (Stable Micro Systems, Surrey, UK)
in compression mode was used following a previously reported
method.®® The HF-MNs were attached on the probe from the
baseplate, with the needles facing the aluminium block. The
TA was adjusted to a pre-test speed, test speed and post-test
speed of 10, 0.5 and 10 mm s~ ' respectively. The height of the
microneedle arrays before and after testing was measured and
recorded using a digital light microscope (Leica Microsystems,
Milton Keynes, Buckinghamshire, UK). The percentage MN
height reduction was then calculated using eqn (1):

H, — H,
—_— 1 1
i )>< 00 (1)

where Hj, is the height before compression and H, is the height
after compression.

Additionally, for the insertion efficiency of the obtained
HF-MNs, a Texture Analyser and an artificial skin model
composed of eight layers of Parafilm® M were used according
to the protocol previously described by Larrafieta et al®!
Insertion efficiency was calculated by eqn (2):

Needle height reduction (%) = (

Insertion efficiency in the Parafilm® (%)

number of holes counted
number of microneedles in an array

) <100 ©

Furthermore, the insertion characteristics of the MNs into
the skin Parafilm®™ M model were examined using an EX-101
optical coherence tomography (OCT) microscope (Michelson
Diagnostics Ltd, Kent, UK).'®** OCT images were captured to
visualise the depth of needle insertion, and Image]® software
(National Institutes of Health, Bethesda, MD, USA) was utilised
to calculate the precise insertion depth.

2.2.11. Invitro permeation study of the SFs and the HF-MNs
combined with the SFs as drug reservoirs. All samples prepared in
this study were tested regarding their skin penetration/permeation
profile as well as the amount of rifampicin deposited in the skin

4378 | J Mater. Chem. B, 2024,12, 4375-4388
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following the already published protocol.*>*° Briefly, in vitro trans-
dermal delivery of rifampicin from the formulated SFs combined
with the HF-MNs was studied using the Franz cell apparatus and
dermatomed (350 pm) neonatal porcine skin. For this, neonatal
porcine skin was taken from stillborn piglets (less than 24 h after
birth). Skin was shaved carefully using a razor followed by sub-
jecting the skin to an electric dermatome (Integra Padgett™ model
B, Integra Life Sciences Corporation, Ratingen, Germany) to reach
a thickness of 350 pum. The skin slices were then frozen at —20 °C
until further use. The skin was pre-equilibrated in PBS (pH 7.4) for
30 min at room temperature before the skin penetration/permea-
tion studies in vitro.

To achieve the sink conditions and prevent rifampicin
degradation during the study, PBS (pH 7.4) composed of 1%
w/v sodium lauryl sulphate and 1% w/v ascorbic acid was used
as a release medium.*? As it was likely that rifampicin would be
deposited within the skin layers during the in vitro transdermal
studies, it was essential to ensure the complete extraction of
rifampicin from the skin. To do this, the skin surface area was
wiped once with tissue soaked in PBS. Afterwards, skin samples
of ~1 cm® were sectioned into small pieces using scissors
and then placed into 2 mL Eppendorf tubes. Samples were
subjected to a homogenization cycle in 500 pL ultrapure water
using Tissue Lyser LT (Qiagen Ltd, Manchester, UK) at 50 Hz for
15 min. Following homogenization, 1000 pL of methanol
was added to the same Eppendorf tubes. Once again, the
homogenized skin in the aqueous-alcoholic mixture was homo-
genized again using the same above-mentioned manner. Ulti-
mately, the samples were centrifuged at 15 000 rpm for 15 min,
and the supernatant was collected to determine the extracted
amount of rifampicin within the skin layers using the explained
HPLC method (¢f. 2.2.6.).

2.2.12. Statistical analysis. All experiments were performed
in triplicate unless stated otherwise. GraphPad Prism 10
(GraphPad Software, San Diego, CA) was used for statistical
analysis. Where appropriate, an unpaired t-test was used for
comparison of two groups. Normal distribution of the data was
analysed using the Shapiro-Wilk test. For the normally distrib-
uted data, a one-way analysis of variance (ANOVA) and post-hoc
tests with Tukey correction were used for the comparison of
multiple groups. In contrast, Kruskal-Wallis test was used for
the non-parametric data. In all cases, data was reported as the
mean =+ standard deviation or the mean + standard deviation.
P-values < 0.05 were denoted as statistically significant.

3. Results and discussion

3.1. Characterization of the SFs

The production of rifampicin-SFs was successfully achieved, as
illustrated in (Fig. 1) and visualised through both light micro-
scopy and SEM. The macro and microscopic images showed a
reddish-orange film of the API loaded SFs, progressively dee-
pening in colour with increased rifampicin content. This clearly
indicates an increased concentration of rifampicin within the
cellulose matrix of the three SFs produced in this study (Fig. 2).

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Macroscopic, microscopic (using light microscope and SEM (showing the detailed structure of the cellulose-based matrix and their pores))
visualization of the obtained SFs (SmartFilms) in this study. Loaded SFs have been labelled according to drug loading, in which SF (1) represents the lowest
rifampicin loading and SF (3) represents the highest rifampicin loading. Pure drug, unloaded SF and physical mixture were used as controls.

However, these two visualisation techniques lack the ability to
view the drug incorporated inside the SF or the structure of the
cellulose fibres used. To obtain a more detailed view, SEM was
used, enabling the examination of the cellulose paper base’s
impact on the crystallization behaviour of the API. SEM images

This journal is © The Royal Society of Chemistry 2024

were obtained for the three different SFs loaded with rifampi-
cin, and these were compared with the unloaded SF and the
physical mixture. Analysis of the physical mixture revealed drug
crystals adsorbed onto the surface of the SF, with no evidence of
drug crystals within the cellulose network (Fig. 2). In contrast,

J. Mater. Chem. B, 2024, 12, 4375-4388 | 4379
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the addition of rifampicin solution showed that while a certain
portion crystallized on the surface of all obtained SFs (i.e. the
cellulose matrix), most of the rifampicin formed a distinct
cobweb-like structure surrounded by the cellulose matrix
(Fig. 2). SEM analysis indicated that the behaviour of the
crystallization of rifampicin was influenced by the loading of
different concentrations of the API (Fig. 2). This non-crystalline
form, contrasting with pure rifampicin and the physical mix-
ture, suggests the presence of amorphous drug particles within
the cellulose matrix (i.e. located in the pores), aligning
with previous studies performed by Abdelkader et al. and
Stumpf.*”*°

SF (1), which has the lowest drug loading, showed rifampi-
cin in an amorphous form, but increasing the amount loaded
(i.e. SF (2) and SF (3)) led to re-crystallization of the excess API
outside of the cellulose matrix. This might be explained by
referring to the proposed solubilization mechanism within SF
which states that the cellulose fibres contained within the SF
matrix hinder the crystallization of the loaded drug after
solvent evaporation. This might be attributed to either the
small pores (shown in SEM images in Fig. 2) that restrict crystal
growth or the potential interactions within the SF matrix.>®°%¢
Hence, the quantity of drug loaded into the SFs is dependent on
the number of pores, as an amount exceeding the pore capacity
will result in re-crystallization of API on the cellulose fibres.*”
This was observed in the SEM images (Fig. 2) with loaded SF (3)
showing full pores when compared to the unloaded SF.

Following SEM analysis, a more detailed investigation to
further prove the amorphous state of rifampicin inside the SFs
was performed using X-RD, DSC and FTIR (Fig. 3). X-RD
analysis revealed several peaks at diffraction angles between
12.2° and 29.0° that indicate the crystalline form of pure
rifampicin. Loading of rifampicin in the SFs resulted in dif-
fractograms similar to the unloaded SF, which further explains
the incorporation of the drug in the amorphous form in the
cellulose fibre-based matrix and confirms that most of the drug
was in the amorphous state. However, despite the SEM images
of the physical mixture showing adsorbed drug crystals, only
small peaks were noted in the X-RD diffractograms. To this end,
it was necessary to employ additional methods to either prove
or disprove the presence of API in the amorphous form within
the cellulose matrix and to detect any possible reactions with
the cellulose. For this, DSC, FTIR and Raman surface mapping
were performed.

DSC analysis of the physical mixture resulted in two sharp
peaks, similar to the peaks obtained for the unloaded SF and
the pure rifampicin, indicating the presence of rifampicin in
the crystalline form (Fig. 3). Additionally, the absence of a peak
in the loaded SFs is attributed to the partial inclusion of
rifampicin in the amorphous form inside the cellulose matrix.
These DSC analysis findings are in line with the SEM images.
In a similar fashion, FTIR analysis of the loaded SFs in
comparison to the bench controls used (pure drug, unloaded
SF and physical mixture) showed that the highlighted func-
tional groups of pure drug were similar to those obtained in the
spectra of loaded SFs (Fig. 3) and are similar to the data
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Fig. 3 Characterization of the crystallinity/amorphous state of rifampicin
within the SFs (SmartFilms) and the controls (Pure drug, unloaded SF and
physical mixture (PM)) in this study showing (A): X-RD diffractograms, (B):
the DSC thermograms and (C): FTIR spectra. (D): FTIR spectra magnified
associated with the specific groups to compare the physical mixture with
the loaded representative SF.

reported in literature for rifampicin.*® Interestingly, the bands
associated to acetyl C—O (ca. 1725 cm™ ') and furanone C—=0
(ca. 1645 cm™ ") for rifampicin shifted to higher wavenumbers
suggesting that these groups are involved in forming hydrogen
bonds potentially with the cellulose matrix of the SFs.°® This
result confirmed no alterations of the drug molecule during
its loading into the SFs. Rifampicin was found to reside within
the cellulose matrix without any observed interactions or
the formation of complexes with the cellulose matrix. This
further indicates that the pores mechanism is the reason
behind hindering the re-crystallization process upon solvent
evaporation.

Raman was used to confirm drug distribution within the SFs
(Fig. 4). Initially, Raman spectra was obtained for rifampicin
(Fig. 4A). The more intense bands can be found between 1300
and 1400 cm " and have been attributed to the chromophore
ring-stretching vibrations.®® The same band can be found in the
rifampicin rich domains of SF (1), SF (2) and SF (3) (Fig. 4A).
The Raman spectra of blank films did not show any peaks (data
not shown). The most intense peak in this region obtained at
around 1340 cm ™' (highlighted with an arrow in Fig. 4A) was
used to map the distribution of rifampicin in the SFs. Fig. 4B

This journal is © The Royal Society of Chemistry 2024
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shows microscopic images of the SFs and the Raman mapping.
SF (3) shows the highest amount of drug distributed through
the surface of the film followed by SF (2). Finally, SF (1)
presented the lowest amount of rifampicin. This is consistent
with the results reported previously. Interestingly the intensity
of some of the rifampicin peaks changed when the drug was
loaded into SFs. This can be associated with the crystallinity
change described before as the drug loaded into the SFs is
amorphous. Noticeably, the intensity of the peak at around
1360 cm ', associated with C-OH vibrations, increases when
rifampicin is loaded into SFs. Additionally, the intensity of the
peak at around 1310 cm ™', associated with vibrations of the
ring, increases too when the drug is loaded into SF (1). These
changes in vibrational modes recorded through Raman for
rifampicin forming complexes has been reported previously
for rifampicin adsorbed onto magnetite nanoparticles.”® Addi-
tionally, changes in Raman peak intensity due to interactions
with polymers and changes in crystallinity have been reported

(B)

1204 r120

for other drugs.”* These results suggest interactions between
cellulose matrix within the SFs and the drug leading to drug
amorphization. Therefore, these results are consistent with the
results reported previously.

Furthermore, the mechanical properties of the SFs were
studied. The mechanical properties were expressed by the
elastic modulus, the offset yield strength, and the elongation
at break of the SFs (Fig. 5). These properties describe the
deformation of structural material under flexure. In this study,
the effect of drug loading on the elastic modulus of the SFs was
demonstrated. The loading of rifampicin into the cellulose
matrix impacted the mechanical properties of the SFs. The
elastic modulus of the SF containing the highest concentration
of rifampicin (i.e., SF (3)) decreased significantly (p < 0.05),
equivalent to ~50%, in comparison to the unloaded SF and the
SF treated with the solvent only (Fig. 5). In a similar fashion, the
offset yield strength was also affected by increasing the drug
content (Fig. 5). This could be attributed to two factors; the
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elongation at break. Unloaded SF and SF treated only with the used solvent only (without rifampicin) were used as bench controls (means + SD, n = 5).
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higher filling (to the saturation level) of the pores in the
cellulose matrix indicated by the SEM images (c¢f Fig. 2)
and/or the modification caused by the solvent.®” In other
words, the interaction of the cellulose within the SFs and the
solvent results in skeletal contraction of these fibres (cf Fig. 2)
which indicates a possible change in the intramolecular hydro-
gen bonds of the cellulose matrix itself, leading to modification
of the mechanical properties of the films. The skeletal contrac-
tion of these fibres reduces their width, thus increasing the
pores size which in turn increases the concentration of amor-
phous drug within the pores. Specifically, filling the pores with
amorphous drug led to greater expansion and elasticity.®”

Nonetheless, the elongation at break of the SFs containing
different rifampicin concentrations was lower than the values
for the controls used (SF only and SF with solvent only)
(Fig. 5C). This data is in a line with a study performed by
Dominguez-Robles et al.>*>">°

Following the analysis of the mechanical properties, the
rifampicin content within the SFs was analysed for the three
concentrations of loaded SFs produced in this study. The data
showed that all the SFs contain milligram amounts of rifampi-
cin and the loading could be increased to ~7 mg cm™? (Fig. 6).

3.2. Characterization of the HF-MNs

The HF-MNs formulation chosen has been already investigated
in detail regarding their properties by Anjani et al. and Tekko
et al.**** However, the mechanical characteristics mentioned
in the previous studies were re-examined to ensure that the
fabrication process in this study was in line with previously
reported characteristics. The macroscopic, microscopic
and SEM visualization of the obtained HF-MNs showed a
homogeneous structure of the obtained microneedles with a
sharp needle tip (Fig. 7A-F).

The mechanical strength characteristics of the manufactured
HF-MNs were also analysed to ensure penetration through the
stratum corneum.””* The HF-MNs used in this study were tested
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Fig. 6 The amount of rifampicin loaded within the three different SFs
(SmartFilms) produced in this study expressed as mg cm~2 of each SF
(means + SD, n = 3). The SFs represent the SmartReservoirs (SRs) when
affixed on the top of the drug free HF-MNs (hydrogel-forming MNs) in this
study.
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Fig. 7 Characterization of the obtained HF-MNs (hydrogel-forming MNs)
in this study. (A): macroscopic image, (B): microscopic image (scale bar
represents a length of 0.5 mm) and (C)—(E): SEM images. (F): OCT image of
HF-MNs (the scale bar represents a length of 1 mm). (G): represents the
percentage of holes created in each Parafilm®M layer and the insertion
depth after insertion of HF-MNs produced in this study. (H): represents a
comparison of the height reduction percentage of HF-MNs after the
application of force of 32 N using TA. (means + SD or means + SD, n = 3).

via insertion into eight layers of Parafilm®M. This is considered to
be an accepted model to test the insertion profile of a MN. The
MNs could penetrate the fourth layer of Parafilm®™ M (approx.
504 um) (Fig. 7G). This indicates that more than 80% of the needle
height could penetrate into the artificial membrane which is in
agreement with data published previously.** Furthermore, percen-
tage height reduction for the MN formulations was calculated
following the application of an insertion force equal to average
thumb pressure.”* Fig. 7H shows that the reduction in the needle
height was less than 12%, which is in line with the data reported
previously and therefore shows good mechanical strength
characteristics.”” Based on the data obtained in this study, it could

This journal is © The Royal Society of Chemistry 2024
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be concluded that the manufactured HF-MNs align with previous
work and are deemed appropriate for in vitro testing.

3.3. Invitro skin permeation study of rifampicin from SFs and
HF-MNs

The transdermal permeation properties of rifampicin from SFs
alone and combined with HF-MNs were examined over a 24 h
period. The three different loaded SFs (SF (1), SF (2) and SF (3))
applied directly on the skin (i.e. in the absence of HF-MNs)
showed no transdermal permeation after 24 h. These results are
attributed to the dry film on the skin as illustrated in the
macroscopic images taken after removing the loaded SFs from
the skin (Fig. 8A). Furthermore, in these replicates, rifampicin-
SFs demonstrated low drug deposition (less than 20 pg) in the
upper skin layers (Fig. 9-11). This has proved that relying solely
on SFs alone, i.e., without the addition of HF-MNs, is insuffi-
cient in facilitating the transdermal permeation of the hydro-
phobic antibiotic. This data agrees with a study published by
Eckert et al. that showed a very low skin penetration profile
using the SF in the same in vitro model.** Consequently, using
HF-MNs permits greater hydration of the SF which in turn
results in improved transdermal permeation (more than 500 pg
of rifampicin from SmartReservoir (3)) and/or dermal deposi-
tion (an amount between 60-80 pg of the API from the three

TEAXY
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Fig. 8 Representative images of the SFs (SmartFilms) and the HF-MNs
(hydrogel-forming MNs) after application on the skin and removing them
after 24 h showing (A): dry SF (applied without HF-MNs), (B): wet SF
(applied with the HF-MNs), (C) and (D): HF-MNs containing the drug
(indicated by the colour of rifampicin) and the wet SF after removal, (E)
and (F): light microscopic images of both sides of a representative HF-MNs
showing the drug contained within the polymers after application (scale
bar represents a length of 0.5 mm).
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Fig. 9 Representative micrographs of the skin samples after the applica-
tion of the SFs (SmartFilms) and the HF-MNs (hydrogel-forming MNs) after
application on the skin and removing the formulations after 24 h. Upper
panel: (A): SF without HF-MNs pre- cleaning, (B): SF without HF-MNs
post-cleaning. Lower panel: (C): SF with HF-MNs pre- cleaning, (D): SF
with HF-MNs post-cleaning. Scale bar represents a length of 2 mm.

concentrations of the SmartReservoirs (~6% of the released
drug)) (Fig. 10). This hydration of the SmartReservoirs is shown
in Fig. 8B and C, in which a hydrated SF in combination with a
HF-MNs was visible following their removal 24 h post insertion.
This is a result of the swelling that has occurred within the
hydrogel network after insertion into the skin which enables
passive diffusion of rifampicin from the SFs into the skin
through the swollen HF-MNs (Fig. 8C-F). This can be explained

according to Fick’s law*"**™® as illustrated in eqn (3):
dy D.ViA
2 _22ta 3)

do . . . .
where d—Q is the amount of rifampicin penetrating from the SF
t

into the HF-MNs, D the diffusion coefficient in the stratum
corneum, Vi is the distribution coefficient between swollen
hydrogel and the SF, 4 is the surface area of the application,
d is the thickness of stratum corneum and the inserted length of
the microneedles, C, is the concentration of dissolved rifampi-
cin within the swollen hydrogel (upon the release from the
SmartReservoir).

Considering Fick’s law, the increased solubility of rifampi-
cin is a crucial factor to achieve improved skin penetration
profile. This means increasing the kinetic solubility (C,) using
SF technology leads to a higher concentration gradient (do/d,)
between the HF-MNs and the SFs of the solubilized rifampicin
that led to an elevated passive diffusion of rifampicin from the SFs
indicated by the linear permeation profile over 24 h (Fig. 11). To
keep a high d/d, between the applied HF-MNs and the API loaded
SF, a higher concentration was also investigated (¢f 3.1.), which
resulted in a greater amount of the dissolved rifampicin upon the
swelling of the HF-MNs leading to ~8-19% of the drug released
and permeated/deposited in the skin (Fig. 10B and D). This
demonstrates that the SF used as SmartReservoir in this study
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expressed in pug and (D): cumulative percentage released from the SFs and permeated/penetrated into the skin and analysed after the permeation study
in vitro over 24 h of the SF (SmartFilm only without the HF-MNs (hydrogel-forming MNs) used as control) and MN-SF (SmartFilm with the HF-MNs
(hydrogel-forming MNs)) obtained in this study. (means 4+ SD or means + SD, n = 3).
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Fig. 11 The total amount of rifampicin delivered dermally (distributed within the skin layers) and transdermal (delivered to the blood stream) after the
application over 24 h of the MN-SF (SmartFilm with the HF-MNs (hydrogel-forming MNs)) (left) obtained in this study. This shows a linear relation
between rifampicin content and the total amount delivered. A comparison between the amount deposited vs. transdermal permeated of the total
amount of rifampicin delivered (right). (means + SD or means + SD, n = 3).

could sustain a high dg/d, between the drug reservoir and the
HF-MNs, ensuring a constant and prolonged diffusion of

After removing the formulation, the microscopic images of
the skin showed a greater rifampicin deposition in the upper
skin layers (indicated by the yellowish colour of the skin) for the
SFs combined with the HF-MNs when compared to the SFs in

rifampicin from the SF into the swollen hydrogel. As a result,
the API remains readily available for transdermal permeation.
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the absence of the HF-MNs (Fig. 9A-D). Furthermore, the
extraction of rifampicin from the skin samples after 24 h
application demonstrated a significant four-fold increase in
rifampicin skin deposition when SFs were combined with
HF-MNs compared to the SFs alone (p < 0.05) (Fig. 10A).

Ultimately, the in wvitro transdermal permeation data
obtained from the combination of the SF-HF-MNs further
proved that the rifampicin released from the SFs into the skin
through the hydrogel channel was continually increasing over
the 24 h study time (Fig. 10B). According to the Korsmeyer—
Peppas model, this permeation profile could be classified as a
super case II transport.*>** In this model classification of the
release kinetics is attributed to the swelling of the hydrogel in
the first instance that results in swelling of the cellulose matrix.
This is followed by a relaxation of the cellulose matrix upon the
saturation of interstitial skin fluid that led to the swelling of
the HF-MNs.** Thus, SF-HF-MNs obtained in this study demon-
strated a higher deposition and permeation profile of rifampi-
cin in the skin layers in comparison to the previous studies on
the delivery of rifampicin using MNs.***® Anjani et al. showed
that ~0.10 mg of rifampicin was released from the lyophilised
reservoirs used with HF-MNs after 24 h.** In another study,
the authors delivered rifampicin using liposomes-loaded into
dissolving MNs.>® A total amount of less than 25 pg rifampicin
could be delivered transdermally which could be attributed to
the limited encapsulation efficiency of such nanocarriers and
the limited amount of drug that can be loaded only in the tips
of the dissolving MNs.*® Therefore, the approach taken in our
study (i.e. SF as smart drug reservoir for HF-MNs) offers a
potential solution to overcome the challenges observed in these
previous studies.***°

To this end, Rifampicin-SFs were successfully produced and
fully characterised regarding their mechanical, physicochem-
ical properties and morphology. The data obtained confirmed
that the drug was intact inside the cellulose matrix within the
SFs. Despite the formation of crystals with increased drug
loading, most of the rifampicin was in the amorphous state.
Nevertheless, more studies are required to first understand the
exact mechanism in which the drug is maintained in the
amorphous state and secondly, to investigate the pores-based
theory in greater detail. The transdermal permeation profile of
the SFs applied directly on the skin resulted in no API within
the Franz cell receiver compartment and only a small quantity
of the hydrophobic antibiotic deposited in the skin layers.
In contrast, the SFs combined with HF-MNs showed a well
pronounced transdermal permeation and/or dermal deposition
profile. Thus, the SmartReservoirs have shown potential in
overcoming the challenges of the previous studies in delivering
rifampicin using microneedles. The skin permeation of rifam-
picin achieved within this study showcases a ‘smart’ approach
for the systemic and intradermal delivery of hydrophobic anti-
biotics. Ultimately, achieving a high skin permeation or dermal
deposition of rifampicin using the new smart approach will be
beneficial to tackle the challenges associated with topically
applied formulations. In addition, unlike antibiotics delivered
orally or by IV injection, HF-MNs can improve the systemic
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delivery of rifampicin for soft and deep skin tissue infections
without causing pain and or issues associated with oral delivery
such as the disruption to the GIT microbiome.

4. Conclusions

Novel SmartReservoirs made from paper have been reported
and used for the first time as smart drug reservoirs for HF-MNs.
This study has illustrated an efficient drug delivery system in
which diffusion of a hydrophobic antibiotic from the SmartRe-
servoirs into the swollen HF-MNs enables transdermal permea-
tion across the skin. Thus, SFs can have their action in
delivering a model hydrophobic drug across and into skin
enhanced using HF-MNs. Ultimately, the new SmartReservoir-
technology presented in this work is a simple technique that is
easily scalable. Further studies are now needed to investigate
the efficiency of the SmartReservoirs as a drug reservoir for HF-
MNs with other drug molecules and using different hydrogel
formulations. As our focus in this study was on enhancing the
action of SFs, other studies comparing the SmartReservoirs to
other drug reservoirs that have been used before with HF-MNs
are now necessary. In addition, the antibacterial effect, the
long-term application of the new smart system should be
performed and combined with an in vivo study.
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