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ARTICLE INFO ABSTRACT
Keywords: Fungal infections affect millions of people globally and are often unreceptive to conventional topical or oral
Dissolving microneedles preparations because of low drug bioavailability at the infection site, lack of sustained therapeutic effect, and the
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development of drug resistance. Amphotericin B (AmB) is one of the most potent antifungal agents. It is
increasingly important since fungal co-infections associated with COVID-19 are frequently reported. AmB is only
administered via injections (IV) and restricted to life-threatening infections due to its nephrotoxicity and
administration-related side effects. In this work, we introduce, for the first time, dissolving microneedle patches
(DMP) loaded with micronised particles of AmB to achieve localised and long-acting intradermal delivery of AmB
for treatment of cutaneous fungal infections. AmB was pulverised with poly (vinyl alcohol) and poly (vinyl
pyrrolidone) to form micronised particles-loaded gels, which were then cast into DMP moulds to form the tips.
The mean particle size of AmB in AmB DMP tips after pulverisation was 1.67 & 0.01 pm. This is an easy way to
fabricate and load microparticles into DMP, as few steps are required, and no organic solvents are needed. AmB
had no covalent chemical interaction with the excipients, but the crystallinity of AmB was reduced in the tips.
AmB was completely released from the tips within 4 days in vitro. AmB DMP presented inhibition of Candida
albicans (CA) and the killing rate of AmB DMP against CA biofilm inside porcine skin reached 100% within 24 h.
AmB DMP were able to pierce excised neonatal porcine skin at an insertion depth of 301.34 + 46.86 pm. Ex vivo
dermatokinetic and drug deposition studies showed that AmB was mainly deposited in the dermis. An in vivo
dermatokinetic study revealed that the area under curve (AUCy.inf) values of AmB DMP and IV (Fungizone®
bolus injection 1 mg/kg) groups were 8823.0 d-ug/g and 33.4 d.pg/g, respectively (264-fold higher). AmB
remained at high levels (219.07 + 102.81 pg/g or more) in the skin until 7 days after the application of AmB
DMP. Pharmacokinetic and biodistribution studies showed that AmB concentration in plasma, kidney, liver, and
spleen in the AmB DMP group was significantly lower than that in the IV group. Accordingly, this system
addressed the systemic side effects of intravenous injection of AmB and localised the drug inside the skin for a
week. This work establishes a novel, easy and effective method for long-acting and localised intradermal drug

delivery.
1. Introduction or hair fungal infections and over 150 million people have serious fungal
diseases that are fatal or greatly impact the quality of life [1]. The
Fungal infections are increasingly significant clinical issues across pandemic coronavirus disease 2019 (COVID-19) has necessitated the
the globe. Almost a billion people are estimated to suffer from skin, nail extensive use of systemic glucocorticoids, which heightens the risk of
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opportunistic fungal infections in patients [2]. It has been reported that
COVID-19 patients have a higher probability of suffering from invasive
mycoses, including those caused by Candida, Aspergillosis and Mucor-
mycosis [3,4].

The skin surface is the most common site for fungal infections, as it
provides warm temperature and moist, ideal conditions for fungal
growth [5,6]. Cutaneous fungal infections are common throughout the
world, with a great prevalence (20-25% of the global population) [7].
As the most common form of fungal diseases, they lead to a large number
of visits to dermatologists [8]. Cutaneous fungal infections can become
contagious, severe, and invasive if not managed properly, especially in
the immunosuppressed population [9]. Management of cutaneous
fungal infections generally requires medication. Topical antifungal
therapy is often effective in treating superficial fungal infections.
However, after fungi infect the skin, they subsequently migrate through
the stratum corneum (SC) to deeper tissues to avoid being shed from the
skin surface by desquamation [6]. Topical antifungal therapies are
insufficient for eradicating these infections because of poor drug pene-
tration across the SC [10,11]. Even though the treatment of cutaneous
fungal infections favours local delivery, which concentrates a greater
amount of the drug on the site of infections and causes the least systemic
toxicity, systemic antifungal therapies such as oral antifungals are the
treatment of choice under deep-seated situations.

Antifungal agents include orally available azoles, polyene antibi-
otics, antimetabolites and microtubule inhibitors. Amongst all the
therapies for fungal infections, the polyene amphotericin B (AmB) is one
of the oldest yet most effective antifungal agents [12]. Despite its high
toxicity, AmB remains the drug of choice in the clinic because of its
broad spectrum of activity and rare incidence of clinical resistance,
which give it great advantages over the azole class of antifungal agents
[13]. It is the drug of choice in the treatment of infections caused by
Candida, Aspergillosis and Mucormycosis [14,15]. Despite the versatility
and importance of AmB in managing fungal infections, AmB is only used
in very serious fungal infections [16]. The current clinical use of AmB is
primarily restricted by its dose-related nephrotoxicity and infusion-
related adverse reactions, including fever, chills or rigours, vomiting
and headache [17]. Indeed, delivering such a drug directly to the site of
action in the skin has several advantages, including sparing a high
proportion of the systemically administered dose and reducing the un-
necessary systemic AmB exposure, thus avoiding/reducing its systemic
toxicity [18].

Intradermal drug delivery, which is defined as bypassing the outer-
most layer of the skin, the SC, using a suitable device and depositing the
drug in the underlying viable skin layers, the epidermis, and dermis, is
an attractive alternative drug delivery approach employed to overcome
certain drug administration challenges [19-21]. However, intradermal
delivery of AmB is largely constricted by the barrier of the SC. Molecules
able to permeate the SC generally possess a low molecular weight (MW
< 500 Da), balanced lipophilicity (log P = 1-3), and a measurable sol-
ubility both in oil and water [22]. AmB with a high molecular weight of
924 Da and a very poor aqueous solubility profile, unfortunately, but
predictably, has difficulty in cutaneous permeation. Indeed, the limited
permeation of AmB through the SC has been well documented in the
literature, and, until now, few AmB topical formulations have been
approved by the Food and Drug Administration (FDA) [23]. For
example, a topical lipid gel formulation for AmB named Amfy® gel from
Intas Pharmaceuticals Ltd. is available in India. This gel was used as a
reference in the literature and was found to deliver little AmB through
the skin [24]. Anfoleish®, a cream containing 3% AmB, failed a clinical
phase II study of Colombian cutaneous leishmaniasis patients due to its
poor efficacy [25].

Microneedle patches provide a promising platform for enhancing
intradermal delivery of “difficult to deliver” therapies. Microneedle
patches are minimally invasive devices that comprise multiple micron-
scale projections on a patch [26-29]. The sharp and tiny projections
can bypass the SC and deliver the drug into the viable layers of the skin
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without touching the nerves deeper in the skin [30]. The use of micro-
needle patches could be a promising alternative to conventional
methods in the delivery of AmB [10,31]. Various materials have been
explored to fabricate microneedle patches. Of them, microneedle
patches made from dissolving polymers (dissolving microneedle
patches, DMP) have great advantages, as they are convenient to use,
leave no sharp hazard and are capable of delivering high drug doses
[32].

This work explored the potential of DMP to deliver AmB intrader-
mally to maximise its antifungal therapeutic effects while minimising
systemic exposure and toxicities in treating cutaneous fungal infections.
Various AmB DMP were formulated and characterised for their drug
content, mechanical properties, insertion ability both in vitro and ex vivo,
and their ex vivo intradermal delivery potential. A rationalised formu-
lation was then studied for their particle size, in vitro release profiles and
thermoanalysis. Antifungal tests were performed both in vitro and in an
ex vivo fungal infection skin model. Moreover, the ex vivo dermatokinetic
profiles were studied, followed by ex vivo drug distribution investigation
and in vivo dermatokinetic studies. In vivo pharmacokinetic and bio-
distribution studies in mice were also performed to reveal the formu-
lation's systemic absorption.

2. Material and methods
2.1. Materials

AmB was purchased from Cayman Chemical Company (Item No.
11636, Batch No. 0552510, purity specification >95%, Ann Arbor, MI,
USA). Poly (vinyl alcohol) MW 9-10 kDa (PVA), and poly (vinyl alcohol)
MW 31-50 kDa (PVA—H) were both purchased from Sigma-Aldrich
(Poole, Dorset, UK). Plasdone™ K-29/32 (poly(vinylpyrrolidone),
PVP), (MW58 kDa) was donated by Ashland (Kidderminster, UK). Eth-
ylenediaminetetraacetic acid disodium salt dehydrate (NayEDTA),
dodecyl sodium sulfate (SLS), HPLC-grade methanol, acetonitrile, and
tetrahydrofuran were also supplied by Sigma-Aldrich (Poole, Dorset,
UK). Dimethyl sulfoxide (DMSO) was provided by VWR International
Limited, Leicestershire, UK. Phosphate buffered saline (PBS) pH 7.4
tablets were acquired from Oxoid Limited, Hampshire, UK. Fungizone®
(50 mg powder for sterile concentration) was manufactured by Bristol-
Myers Squibb, Princeton, NJ, USA, and ordered from Lockview Phar-
macy Stranmillis, Belfast, UK. Micropore® tape was supplied by 3 M UK
Plc, Bracknell, Berkshire, UK. An occlusive dressing layer (Tegaderm™)
was obtained from 3 M, St Paul, Minnesota, USA. Parafilm® M was
purchased from Bemis Company, Neenah, Wisconsin, USA. Heparin
sodium was acquired by Wockhardt® Ltd., Wrexham, UK. Purified water
was obtained using a water purification system, Elga PURELAB DV 25,
Veolia Water Systems, Ireland. All other chemicals used were of
analytical reagent grade.

2.2. Fabrication of AmB DMP

To minimise drug wastage, AmB was only loaded in the DMP tips.
Formulations with a range of drug contents were prepared for casting
the drug-containing tips as per Table 1. Dissolvable polymers, PVP and

Table 1
Formulation compositions for casting tips of AmB DMP.

Formulation code Composition% (w/w)

AmB PVP PVA Water
F1 20 10 10 60
F2 30 10 10 50
F3 40 10 10 40
F4 50 10 10 30
F5 40 20 0 40
F6 40 0 20 40




K. Peng et al.

PVA, were added to form the drug-containing tips of AmB DMP. The
drug proportion was increased until the formulation was unable to be
further homogenised. The formulations are further detailed in Table 1.

The process of microneedle fabrication involved two-step casting as
illustrated in Fig. 1. Briefly, the formulations were weighted according
to the composition of Table 1 and then homogenised using a Speed-
mixer™, DAC 150 FVZ-K (Synergy Devices Ltd., London, UK) at 3000
rpm for 5 min to form the drug gels. The resultant gels were immediately
cast into the silicone microneedle moulds (16 x 16 needles arranged on
a 0.50 cm? area with 850 pm needle height [600 pm pyramidal tip, 250
pm base column], 300 pm column width, and 100 pm interspacing). The
moulds were placed inside a pressure chamber and a positive pressure of
5 bar was applied for 3 min. The excess gel was scraped from the moulds
using a spatula, and the moulds were placed back inside the pressure
chamber at a positive pressure of 5 bar for 30 min. Following this, an
aqueous drug free-gel consisting of PVP (20%, w/w) and PVA-H (15%,
w/w) was poured onto the moulds and centrifuged at 3745 xg for 15
min. The drug-free gel cast in the moulds was allowed to dry at 37 °C for
48 h to form the baseplate of the microneedle patches.

2.3. Characterisation of AmB DMP

2.3.1. Drug content analysis

The amount of AmB loaded in each AmB DMP was determined by
extracting the drug-containing microneedle tips with 1 mL of DMSO (n
= 6). After vortexing the samples for 15 min to fully extract the drug,
centrifugation at 16160 xg for 15 min was employed. An aliquot of 10
pL of the clear supernatant was collected and diluted with 990 pL of
methanol. The diluted samples were then analysed using a validated
reversed-phase high-performance liquid chromatography (HPLC)
method with ultraviolet detection, as described in Section 2.8.

2.3.2. Compression test and in vitro insertion behaviour

A compression test of AmB DMP was performed using a TA-XT2
Texture Analyser (Stable Microsystems, Haslemere, UK) as an initial
mechanical characterisation, as previously described [33,34]. Briefly,
an AmB DMP was attached to the moveable probe of the Texture Ana-
lyser and was then pressed against a flat aluminium block at a 32 N force
for 30 s. The pre- and post-test speeds were both set at 0.50 mm/s and
the trigger force was 0.049 N. Tips of AmB DMP were imaged and
analysed using a Leica EZ4W digital microscope (Leica, Wetzlar, Ger-
many) before and after the compression load. The percentage of the
change in the height of the needles after compression was calculated (n
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=100).

Parafilm M® (PF) was used as a simulated skin model for in vitro
insertion experiments, as previously described [35]. AmB DMP were
applied against an eight-sheet PF laminate using the Texture Analyser
with a speed of 0.50 mm/s and an exerted force of 32 N per patch (0.125
N per needle) for 30 s. The force has been demonstrated to be the mean
force exerted by a person when self-administering a microneedle patch
[35]. The patch was then carefully removed from the PF, the PF layers
were unfolded, and the number of holes created in each layer was
counted using the digital microscope. The percentage of holes created
versus the depth of PF layers was plotted. The thickness of each PF layer
was previously reported to be 126 + 7 pm [36] (n = 3).

2.3.3. Ex vivo drug deposition in the skin

An ex vivo skin deposition study of the AmB DMP was conducted
using full-thickness neonatal porcine skin obtained from stillborn piglets
as a surrogate of human skin due to their remarkable similarities in
general structure and physical properties [37]. The AmB DMP were
chosen considering the results obtained from the drug content analysis
and the mechanical characterisation. Before starting the study, the skin
samples were shaved and hydrated in PBS (pH 7.4) for 1 h. The skin was
then fixed on the donor compartment of static vertical glass Franz
diffusion cells, as previously documented [38]. The AmB DMP were
applied with manual force for 30 s and then a cylindrical stainless-steel
weight (12 g) was placed on top of the patch to keep it in place. For this
study, freeze-dried F3 formulation gel was used as a control, which
contained 3 mg of AmB, 0.75 mg of PVP, and 0.75 mg of PVA. It was
spread on top of the skin in the donor compartment and mixed with 1 mL
of deionised water. The receptor compartment of the Franz cell was
filled with 12 mL of the degassed PBS containing 1% w/v SLS and
maintained at 37 & 1 °C. The receptor medium was continuously stirred
using a magnetic stirrer. The diffusion cells were equilibrated for 30 min
and then the donor compartment was mounted on the Franz diffusion
cell. After 24 h application, tissue samples were cleaned to remove the
drug on the skin surface and punch biopsy (8 mm size) was used to
remove parts of samples at the locations where the patches or the
formulation gel had been placed. The skin sample was then homoge-
nised with 1 mL of DMSO at 50 Hz using a Tissue Lyser LT (Qiagen, Ltd.,
Manchester, UK) for 10 min and centrifuged at 16,160 xg for 20 min.
The supernatant was collected, diluted, and then analysed using HPLC
(n=5).

Pressure applied

Excess removal
Pressure applied

B it EVA M Cast and centrifugation

-

Fig. 1. Schematic representation of the fabrication process of AmB DMP. The formulations were placed in the Speedmixer™ container and mixed using the
Speedmixer™ at 3000 rpm for 5 min. The formulated gel was added to the microneedle moulds. A pressure of 5 bar for 3 min was immediately applied to fill the
cavities of the microneedle moulds. The excess drug gel was removed by a spatula and the moulds were placed inside the pressure chamber using 5 bar for 30 min.
The tips inside the moulds were then dried overnight. An aqueous gel of PVP and PVA-H was poured on the moulds and centrifuged at 3745 xg for 15 min. The

moulds were dried at 37 °C for 48 h. AmB DMP were peeled off from the moulds.
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2.4. Characterisation of AmB DMP tips

2.4.1. Particle size measurements and morphology

The particle size distribution (PSD) of dry AmB DMP tips and AmB
powder were determined by static light scattering using a Helos particle
size analyser (Sympatec, GmbH, Clausthal-Zellerfeld, Germany). AmB
DMP tips were collected and suspended in deionised water in a 50 mL
glass cuvette to a suitable optical density and stirred with a magnetic bar
at 1000 rpm. AmB powder was suspended in deionised water and tested
in the same way. A short period of sonication (60 s) at a power of 60 W
was applied by an 8.5 mm diameter ultrasound tip before sizing. An R2
lens was used, allowing measurements in the range of 0.25-87.5 pm. The
particle sizes djg, dsp and dgg (i.e., the size in microns at which 10%,
50% and 90% of the particles are smaller) were recorded. All mea-
surements were carried out in quadruplicate.

The tips of AmB DMP were examined using a digital stereo micro-
scope (VHX-1020, Keyence, Osaka, Japan). Some tips of AmB DMP were
slightly crushed in an attempt to investigate the surface and cross-
section surface morphology and a scanning electron microscope (SEM)
with a Quanta FEG 250 (FEI, Hillsboro, OR, USA) was used at an ac-
celeration voltage of 10-20 kV under high vacuum pressure (8 x 10>
mbar).

2.4.2. Thermo-gravimetric analysis

AmB powder, a physical mixture of AmB, PVA, and PVP (4/1/1, w/
w/w) and the dry powder cast from F3 formulation were separately
analysed using a TGA Q500 (TA instruments, Bellingham, USA) with a
heating rate of 20 °C/min until 400 °C under 40 mL/min N3 flow.

2.4.3. Differential scanning calorimetry analysis (DSC)

DSC thermal analysis of samples, i.e. AmB powder, a physical
mixture of AmB, PVA, and PVP (4/1/1, w/w/w) and the dry powder cast
from F3 formulation, was performed on a DSC Q100 (TA instruments,
Bellingham, USA). Briefly, samples (5-10 mg) were analysed from 0 °C
to 180 °C at a scanning rate of 20 °C/min under a No atmosphere at a
flow rate of 50 mL/min.

2.4.4. Powder X-ray diffraction studies (PXRD)

The crystallinity of AmB powder, physical mixture (AmB, PVA, and
PVP, 4/1/1, w/w/w), and the dry powder cast from F3 formulation was
analysed using (wide angle) PXRD on a MiniFlex II Desktop Powder X-
ray Diffractometer (Rigaku Corporation, Kent, England) with Cu Ka
radiation (30 kV) at a current of 15 mA. Samples were pulverised before
analysis. The required amount of sample was placed onto a glass plate
which was then mounted on the sample holder. X-ray diffractogram was
scanned in the angular range (20) varying from 5° to 40° using a step
scan mode with a step width of 0.02° and a counting time of 2 s/step.

2.4.5. Fourier transform infrared spectroscopy studies (FTIR)

Intra/intermolecular interactions between the drug and polymers
were characterised by attenuated total reflection-Fourier transform
infrared spectroscopy (ATR-FTIR). All samples were scanned from 4000
em ™! to 600 em ™1, with 4.0 cm ™! resolution and 64 scans per spectrum
using a Spectrum Two FTIR Spectrometer (Perkin Elmer, Waltham, MA,
USA).

2.4.6. In vitro release study

The release of AmB from AmB DMP tips was studied using 15 mL of
PBS (pH 7.4) containing 1% w/v SLS as the release medium. The dry tips
without the baseplate were collected. The experiment was conducted
under exclusion from light using a thermal incubator at 40 rpm and 37
+ 1 °C. Samples (1 mL) were taken at predetermined time points (1, 2, 3
and 4 days) and immediately replaced with fresh release medium. In
comparison, 3 mg of AmB powder was added to 15 mL of PBS containing
1% w/v SLS (n = 5). The samples of AmB powder were taken in the same
way as for the AmB DMP tips.
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2.5. Antifungal examination of AmB DMP

2.5.1. Disk diffusion test

Antifungal activity of F3 AmB DMP, blank DMP (without AmB) and
paper discs containing 3 mg of AmB against Candida albicans NCYC 610
(CA) was determined using a modified radial diffusion assay [39-42].
Briefly, the fungal culture was freshly prepared and demonstrated a
viable colony-forming units (CFU) concentration of 6 X 10° CFU/mL.
The culture (1 mL) was added to 5 mL of a soft Sabouraud dextrose agar
and the mixture was vortexed and then poured on the surface of a
Sabouraud dextrose agar (SDA) plate. After cooling down and solidify-
ing the culture, AmB paper discs, F3 AmB DMP and blank DMP were
placed in the centre of the plate and pressed gently with sterile forceps.
After incubation at 37 °C for 24 h, the zone of inhibition around the
patches or discs was measured. The whole process was conducted under
aseptic conditions and untreated inoculated plates were used as a con-
trol (n = 5).

2.5.2. Antimicrobial assay in an ex vivo infection model on porcine skin

The antimicrobial activity was studied using a method previously
described with slight modifications [43]. Full-thickness neonatal
porcine skin was shaved, cut into a circular shape with a diameter of 30
mm, and soaked with 70% v/v ethanol for 30 min. An aliquot of 100 pL
CA suspension (6 x 10% CFU/mL) was inoculated by subcutaneously
injecting into the skin and spread homogeneously. The inoculated skin
was kept in SDA plates for 3 days at 37 °C to culture the inoculum. After
3 days' culture, the inoculated skin was fixed in a Franz diffusion donor
cell (15 mm orifice diameter). AmB DMP and blank DMP were applied to
the inoculated skin using manual force for 30 s and a 12-g weight was
placed on top of it. The treatment of infected skin models was performed
for 24 h using a modified Franz diffusion cell setup. In brief, the infected
skin samples were glued with cyanoacrylate adhesive (Loctite, Dublin,
Ireland) to the donor compartments of the Franz diffusion cells, which
were then mounted onto the receptor compartments of the Franz cells
and affixed using clamps. The receiver compartments were filled with
degassed PBS containing 1% w/v SLS with a stirring speed of 600 rpm.
The system was kept at 37 & 1 °C using a circulating water jacket. After
application of the patches for 24 h, the infected skin samples were
collected and placed into a 2 mL Eppendorf tube with 1 mL of sterile
PBS. Tissue Lyser LT was set at 50 Hz for 10 min to harvest all the fungi
from the skin samples. The resultant fungal suspensions were analysed
for viable counts. Inoculated skin samples without application of any
DMP were used as a control. The fungicidal activity was evaluated by the
reduction rate of fungal growth after the treatment (n = 3).

2.6. Ex vivo delivery of AmB from AmB DMP

2.6.1. Ex vivo dermatokinetic study

An ex vivo dermatokinetic study of the AmB DMP was performed
using modified Franz diffusion cells. Full-thickness neonatal porcine
skin was shaved and hydrated in PBS (pH 7.4) for at least 30 min and
then carefully fixed with cyanoacrylate adhesive into vertical Franz
diffusion cells. The AmB DMP were then inserted into the skin sample on
top of the PF layers (to provide support without damaging the tips) for
30 s using gentle plunger pressure. A 12-g metal weight was placed on
top of the patch to prevent extrusion from the skin. The Franz cell set-up
was used as detailed in Section 2.3.3. At the time points of 0.25, 0.5,
0.75,1, 2, 3, 4,5, 6, and 24 h, the AmB DMP were removed, and the skin
samples were cleaned three times with deionised water. The separation
of epidermis from the dermis of the skin samples was achieved by heat-
separation as it is a reliable method and widely-reported in the literature
[44,45]. In brief, the skin samples were cut using a biopsy punch (8 mm
size) and were then placed into a glass vial at 60 °C for 2-3 min. The
epidermis layers were then separated manually from the dermis layers
using a pair of sharp forceps. An aliquot of 0.4 mL DMSO was used to
extract the drug inside epidermis layers, while 1 mL of DMSO was added
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to extract the drug inside the dermis layers. The mixture was homoge-
nised using a Tissue Lyser LT at 50 Hz for 5 min (for epidermis samples)
or 20 min (for dermis samples). The resulting suspension was centri-
fuged at 16160 xg for 6 min and the supernatants were collected, diluted
4 times using methanol, and analysed using HPLC. (n = 4).

To analyse the dermatokinetic profiles, PKSolver (China Pharma-
ceutical University, Nanjing, China) [38] was utilised with a one-
compartmental open model after the construction of a curve consist-
ing of drug concentration versus time. Several dermatokinetic parame-
ters were observed, namely the maximum drug concentration (Cpax),
the time of maximum concentration (tpyax), the area under the drug
concentration-time curve from time zero (t = 0) to the last experimental
time point (t = 24 h) (AUC), the mean half-life (t;») and the mean
residence time (MRT). Non-compartmental analysis was conducted
where the one-compartmental open model was not applicable.

2.6.2. Ex vivo skin insertion performance of AmB DMP and drug
distribution in the skin

To investigate the insertion depth AmB DMP reached in the skin, an
EX1301, optical coherence tomography (OCT) microscope (Michelson
Diagnostics Ltd., Kent, UK) and a Leica TCS SP8 MP multiphoton mi-
croscope (Leica Microsystems, Wetzlar, Germany) were used. The
insertion depth of the tips of AmB DMP in the skin was visualised by OCT
immediately after insertion and calculated using the imaging software
ImageJ (National Institutes of Health, Bethesda, USA). A Leica TCS SP8
MP multiphoton microscope excited fluorescence upright microscope
DM6000 CFS was utilised to visualise the drug inside the skin after the
24-h application of AmB DMP. Samples were excited using IR Mai Tai
Ehp Deep See tunable from 690 nm to 1040 nm with a wavelength of
780 nm. Fluorescence emission was collected between 400 nm and 555
nm using internal HyD spectral detectors with 10x/ 0.4NA HC PL APO,
PH1 dry objective lens. Images were acquired and analysed using Leica
LAS-X software.
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2.7. In vivo studies

2.7.1. Study design and drug administration procedures

In vivo studies were performed in compliance with the policy of the
Federation of European Laboratory Animal Science Associations and the
European Convention for the protection of vertebrate animals used for
experimental and other scientific purposes, with the implementation of
the principles of the 3Rs (replacement, reduction, and refinement).
Approval was obtained from the Committee of the Biological Research
Unit, Queen's University Belfast to conduct this study under the Project
License PPL 2903 and Personal Licenses PIL1747 and 1892.

Female Balb/c mice aged 6-8 weeks with a weight of 18.86 4 1.04 g
were used in the study. The mice were allowed to acclimatise to labo-
ratory conditions for at least 7 days before the experiment. The animals
were separated into three cohorts (as depicted in Fig. 2): Cohort A (n =
24), where mice received the drug by intravenous (IV) injection, each
mouse received a single dose of Fungizone® solution (1.0 mg/kg). In
cohort B (n = 24), the mice received the drug by AmB DMP, each mouse
receiving one patch of AmB DMP. Three mice were kept in the whole
process of the study as a naive control group (n = 3).

For mice that received the drug by AmB DMP, to prevent hair
interference with DMP application, the hair on the back of the animals
was removed using an electric clipper and hair removal cream for sen-
sitive skin (Veet Health & Personal care, Berkshire, UK) while the mice
were sedated using gas anaesthesia (2-4% isoflurane in oxygen). After
24 h (to allow full skin integrity recovery), the animals were anaes-
thetised again and a patch of AmB DMP was applied to the back of each
mouse with firm finger pressure for 30 s. The AmB DMP were then
secured in place using Microfoam™ surgical tape (3 M, Bracknell, UK)
and then a non-occlusive adhesive film of Tegaderm™ (3 M, St Paul,
Minnesota, USA). To further secure the AmB DMP in place, micropore
surgical tape (3 M, St Paul, Minnesota, USA) was then gently wrapped
around the back and abdomen of each animal. AmB DMP were applied
on the animals for no longer than 24 h.

The mice in cohort A (IV group) were euthanized at the pre-
determined time points (0.25, 1, 4 and 24 h, and then at 2 and 4 days).
The mice in cohort B (AmB DMP group) were also euthanized at

Fig. 2. Schematic representation showing the two
treatment cohorts investigated in the in vivo experi-
ment. (A) Bolus intravenous injection of 1.0 mg/kg of
Fungizone®. (B) Intradermal application of AmB
DMP to the shaved back of the mice. The dermato-
kinetics profiles were characterised based on the drug
levels in the skin. The pharmacokinetic profiles were
plotted using the drug levels in the plasma. The bio-
distribution profiles were presented using the drug
levels in the kidneys, livers, and spleens for both
cohorts.

Skin Liver

Plasma

Kidney

Spleen

S

Dematokinetics Pharmatokinetics
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predetermined time points (1, 4, 24 h and then at 2, 4, and 7 days). At
each time point, blood was collected by cardiac puncture in heparin-
containing Eppendorf tubes. Body organs, including skin, kidney, liver
and spleen, were also harvested from each animal. In Cohort B (AmB
DMP group), skin samples from the AmB DMP application sites and 2.0
+ 0.5 cm away from the AmB DMP application sites were collected.

2.7.2. Blood samples handling and processing

The blood obtained was processed using centrifugation at 3000 xg
for 10 min at 4 °C, after which the plasma was taken from the super-
natant. AmB was extracted from the plasma using methanol added at a
2:1 ratio of methanol to plasma. Samples were vortexed and mixed for 1
min for complete drug extraction and protein precipitation. The mixture
was stored at 4 °C for 1 h and then centrifuged at 16,160 xg for 15 min at
4 °C. The supernatants were analysed by HPLC, as described in Section
2.8. The plasma concentrations of AmB were plotted as the pharmaco-
kinetic profiles.

2.7.3. Organ samples handling and processing

The organ samples harvested from the animals were rinsed using PBS
(pH 7.4) and then stored at —20 °C until processing. The skin and organ
samples were homogenised in methanol at a ratio of 0.25 g (skin sam-
ples) or 1 g (organ samples) to 5 mL of methanol using a Tissue Lyser LT
at 50 Hz for 15 min. Homogenates were vortexed at 1500 rpm for 1 h to
allow complete drug extraction and then centrifuged at 16,160 xg for
15 min. The drug levels of AmB in these tissues were determined using
the supernatant and analysed by the validated HPLC method, as
described in Section 2.8. The AmB concentrations in the skin samples vs
time were plotted as the dermatokinetic profiles. The concentrations of
AmB in the kidney, liver and spleen were plotted separately as indexes of
biodistribution studies.

2.7.4. Calculation of dermatokinetic parameters, pharmacokinetic
parameters

Non-compartmental model analysis was applied for the in vivo der-
matokinetic and pharmacokinetic profiles using PK Solver [46]. The
parameters calculated included the maximum drug concentration
(Cmax), The time of maximum concentration (Tp,.x), the area under the
drug concentration-time curve from time zero (t = 0) to the last exper-
imental time point (t = 96 h for IV group, and t = 168 h for AmB DMP
group) (AUCy.), the area under the drug concentration-time curve from
time zero (t = 0) to infinity (AUCq.inf), the mean half-life (t;,2) and the
mean residence time (MRT), where applicable.

2.8. Instrumentation and chromatographic condition for analytical
method

Quantification of AmB in all samples was carried out using HPLC
with an Agilent Technologies 1220 Infinity Compact LC Series with
Agilent degasser, binary pump, auto standard injector and UV detector
(Agilent Technologies UK Ltd., Stockport, UK). Separation was achieved
by using a C18 Phenomenex SphereClone™ analytical column (150 mm
x 4.60 mm internal diameter, 5 pm packing) with a flow rate of 1 mL/
min. The mobile phase consisted of 35% v/v of 2.5 mM NayEDTA and
65% v/v of a mixture of methanol, acetonitrile and tetrahydrofuran
(41:18:10, v/v/v). The analyses were performed using UV detection at
385 nm and the injection volume was 50 pL. The analyses were per-
formed at 30 °C. The in vitro method was validated based on Interna-
tional Committee on Harmonisation (ICH) 2005 guidelines [47]. The in
vivo method was validated according to EMEA guidelines [48].

2.9. Statistical analysis
All quantitative data were expressed as means + standard deviation

(SD) from triplicate measurements unless otherwise noted. Differences
between three groups were assessed for significance using single-factor
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analysis of variance and differences between two groups were evaluated
using Student's t-test. Statistical analysis was performed using Prism 7
(GraphPad Software, USA). Statistical significance was denoted by p <
0.05 in all cases.

3. Results and discussion
3.1. Fabrication and characterisation of AmB DMP

3.1.1. Fabrication

Various formulations for AmB DMP were prepared using aqueous
blends of PVA and PVP as matrices. PVP and PVA were chosen because
they are both safe [49,50], and can form mechanically strong DMP to
deliver hydrophobic drugs, as demonstrated by several studies
[18,51-54]. Furthermore, AmB and PVP complexes exhibited compa-
rable antifungal effects to AmB with less toxicity [54].

The theoretical microneedle tip volume of the moulds was 11.52
mm?®. To maximise drug loading in the AmB DMP, first, the AmB con-
centration of the drug gels was increased from 20% w/w to 50% w/w to
achieve the highest possible drug loading. By increasing the concen-
tration of AmB, the drug gels became more viscous. As shown in Table 2,
all formulations except F4 produced uniform and sharp needle arrays.
Amongst all the AmB DMP, AmB (yellow) was located in the tips of the
AmB DMP and the baseplate (transparent) contained only traces of AmB
due to the manufacturing process. At a concentration of 50% w/w, the
gel was too viscous to be spread on the moulds evenly. As a result, gels
with AmB loading at 40% w/w (F3, F5, and F6) were chosen for further
studies.

3.1.2. Drug content analysis

The drug content of all the formulated AmB DMP was analysed using
a validated HPLC method and presented in Table 2. As estimated, drug
content increased from 1.58 + 0.17 mg to 2.80 =+ 0.34 mg per patch with
the increase of the concentration of AmB from 20% to 40% w/w. With
the same concentration of AmB (40% w/w), the drug content was not
significantly different when using different ratios of PVP and PVA (F3,
F5, and F6, p > 0.05). The amount of the drug loaded in the system was
much higher compared to a recently published paper on delivery of AmB
using dissolvable microneedle patches, where the drug content was
found to be 182 + 4 pg per 22 x 22 microneedle array [55]. Peng et al.
designed implantable microneedle systems to deliver AmB, where a
patch of 11 x 11 microneedles was able to hold a maximum load of
160.0 + 7.4 pug of AmB [31]. An inkjet-coated Gantrez® AN 169
microneedle patch was able to carry 10.4 pg of AmB. Its antifungal ac-
tivity against Candida parapsilosis (ATCC 22019) in agar plates was
comparable to that of a paper disk containing 10 pg of AmB [40].
Furthermore, coated poly(glycolic acid) microneedle patches were
developed to deliver AmB topically. However, there was no report
regarding the drug content of the device or the skin deposition. The agar
diffusion assay result against CA was comparable to that of paper disks
loaded with 10 pg of AmB [56]. The amount of the drug loaded in our
systems was much higher compared to all previously published papers
using microneedle technology to deliver AmB, indicating the potential
of the current systems. This can be attributed to the relatively higher
needle volume (11.52 mm?) of the moulds we used to fabricate the patch
[571.

3.1.3. Compression test and in vitro insertion behaviour

A compression test was conducted to evaluate the mechanical
strength that DMP can withstand before they deform [58]. As presented
in Fig. 3A, after a 32-N compression, the average height reduction rates
of all the formulated AmB DMP were below 15%. Amongst all the
groups, F3 AmB DMP displayed the lowest height reduction with a value
of 9.89 + 5.08%. A one-way analysis of variance elucidated the height
reduction of F3 AmB DMP was significantly lower than that of F1 AmB
DMP (p < 0.001) and F6 AmB DMP (p < 0.001). Needle height
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Table 2
Formulation selected for the fabrication of AmB DMP and their morphology as well as the drug content of the patches (n = 6, means + SD).
Code Composition% (w/w) Patch morphology Drug content (mg/patch)
AmB PVP PVA

F1 20 10 10 1.58 + 0.17
F2 30 10 10 2.37 + 0.46
F3 40 10 10 2.80 + 0.34
F4* 50 10 10 -

F5 40 20 0 3.06 + 0.64
F6 40 0 20 2.99 +0.21

2 The F4 gel was too viscous to form uniform tips.
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Fig. 3. AmB DMP characterisation. (A) Comparison of the percentage height reduction of AmB DMP formulations tested, observed following the application of a
force of 32 N/array. (B) Percentage of holes created in each Parafilm M® layer following insertion of AmB DMP. (means + S.D., n = 3). (C) Representative skin
deposition images after applying F3, F5, F6 AmB DMP and F3 suspension in the porcine skin for 24 h. (D) The skin deposition results of F3, F5, F6 AmB DMP and F3
suspension after 24-h application in the porcine skin. (means + SD, n = 4; *p < 0.05, **p < 0.01, ***p < 0.001).

reductions of <10% represented acceptable mechanical strength based
on the previous reports [45,59]. Amongst all the AmB DMP, F3 AmB
DMP were shown to be resilient to compression and could be a great
candidate to deliver AmB topically.

The insertion behaviour of DMP affects the skin permeability and
thus the microneedle's drug delivery performance [60]. The insertion
capability is an overall outcome of various parameters including the
material mechanical strength, toughness, the shape of the needles [61].
PF can act as a validated skin-simulant artificial membrane, as reported
in previous studies [35]. PF test is a simple and standard test for esti-
mating the insertion depths by multiplying the number of layers pene-
trated by microneedles to the thickness of each PF layer [58]. The
thickness of a single PF layer is about 126 pm. Penetration into each PF
layer creates holes on it and indicates an insertion depth of 126 pm. As
displayed in Fig. 3B, for all the patches, more than 50% of the needles
penetrated the third layer of PF (indicating an insertion depth of 378
pm) and no needles could penetrate to the fifth layer of PF (indicating an
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insertion depth of 630 pm). For all the patches, a decrease of over 60%
was observed in all the patches from the third layer to the fourth layer of
PF, indicating that the insertion depths of over 60% of the needles
reached between 378 pm (the third layer) and 504 pm (the fourth layer).
Even though F1 showed a higher number of holes compared to other
formulations, the insertion behaviours of all the formulations are
considered equivalent as most of the needles reached the same depth
range based on the insertion profiles obtained using PF test [35,62].
Similar insertion profiles have been reported before for DMP capable of
delivering therapeutic compounds contained in the needle tips [63-65].

3.1.4. Ex vivo skin deposition

Skin deposition is a crucial parameter to consider in evaluating the
delivery effectiveness of DMP. The tips of DMP are generally designed in
the micrometre range to elude the nerves when inserted into the skin.
The tiny size limits the drug loading volume of DMP. In terms of drug
loading, F1 contained the lowest drug loading per patch (1.58 + 0.17



K. Peng et al.

mg/patch) while F3, F5 and F6 contained about 3 mg per patch. Taken
all the factors into consideration, formulations with high drug loading
and decent insertion and mechanical properties, i.e. F3, F5 and F6 AmB
DMP were further investigated for their ability to deliver AmB into the
skin. After application and in situ deposition for 24 h, the drug inside the
skin was extracted and analysed for all groups. As shown in Fig. 3C, all
AmB DMP deposited a large amount of drug in the skin and formed
yellow drug depots inside the skin. As shown in Fig. 3D, F3 and F6 AmB
DMP deposited a considerate amount of drug in the skin, which reached
271.40 + 46.14 pg/cm? and 222.80 + 37.53 pg/cm?, respectively. F5
AmB DMP deposited 97.17 + 22.05 pg/cm?, which was significantly
different with F3 AmB DMP (p < 0.05). With different ratios of PVP and
PVA, F3 AmB DMP, consisting of AmB, PVP, and PVA, delivered the
highest amount of drug into the skin tissue. According to the literature,
the hydrogen bond interaction between the carboxyl groups of PVP and
hydroxyl groups of PVA should result in excellent mechanical properties
for DMP [66]. Accordingly, F3 AmB DMP were chosen for further
investigation.

F3 suspension used as a topical formulation was also considered in
this study. As shown in Fig. 3C, little yellow drug traces were observed
after the application of F3 suspension for 24 h. F3 suspension deposited
4.32 + 1.05 pg/cm? in the skin, which was significantly less compared to
F3 AmB DMP (p < 0.01) and F6 AmB DMP (p < 0.05). The results are in
line with the literature and suggest that it is difficult for AmB to pene-
trate the SC, even with the addition of PVP and PVA, necessitating the
use of the microneedle platform [24,25].

In another study, an ocular microneedle patch entrapping a liposome
formulation was established to treat fungal keratitis. It was found to
deliver about 70 pg/g within excised human cornea and about 10 pg in
the donor chamber of Franz cells. This patch was effective for CA
infected cornea both in an ex vivo model and in an in vivo rabbit infection
model [67]. A recent study by our group designed an implantable
microneedle system to deliver AmB. The microneedle system contained
160.0 + 7.4 pug of AmB and was able to deliver 86.99% =+ 11.62% of the
drug from the tips into the skin [31]. Taken together, F3 AmB DMP
developed in the present study were able to deliver the highest amount
of 271.40 + 46.14 pg/cm? AmB into the skin compared to all previously
reported topical microneedle systems, indicating the promise of the
system.

According to the literature, several systems for topical delivery of
AmB have been developed and tested. Various nanoemulsion formula-
tions, for instance, were proposed. One nanoemulsion using lipids and
surfactants could deposit 84.7 + 9.3 pg of AmB in a fixed diffusion area
(3.104 cm?) of abdominal rat skin, which equalled 27.3 + 3.0 pg/cm?
and was found to be 1.59 times higher than Fungisome®. Antifungal
tests demonstrated its effect against Aspergillus fumigatus and CA [68]. In
a different study, another nanoemulsion formulation prepared by Hus-
sain et al. delivered 231.37 + 3.6 pg/cm? in the abdominal skins of al-
bino Wistar rats and a 2.11-fold higher enhancement ratio as compared
to Fungisome® [69]. Moreover, a microemulsion formulation fabricated
by Butani et al. was able to deliver 119.64 ug AmB in Albino Wistar rat
skin in an application area of 1.54 cm?, which equalled 77.69 pg/cm?.
This formulation exhibited a zone of inhibition of 5.1 mm against Tri-
chophyton rubrum fungal species [70]. A solid lipid nanoparticle system
was reported to deposit 40 pg of AmB in skin over an effective diffusion
area of 1.54 cm? on female albino Wistar rat skin with an inhibition zone
of 1.22 + 0.11 mm against Trichophyton rubrum [71]. Additionally, for
ultradeformable liposomes containing Tween 80, the total AmB accu-
mulation in the excised human skin was 40 times higher (1.8 + 0.1 pg/
cm?) than for AmBisome® (0.045 + 0.002 pg/cmz) [72]. In the present
work, the ex vivo skin deposition of AmB in the porcine skin was studied
using a Franz cell setup, followed by AmB extraction and quantification.
At 24 h, the ex vivo porcine skin deposition of F3 AmB DMP reached
271.40 + 46.14 pg/cm?, which was the highest cumulative amount of
AmB compared to all the relevant formulations previously described in
the literature. It is also noticed that the type of biological membrane
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used in the skin permeation experiment significantly affects the skin
permeation and deposition potential of the tested formulations.
Considering the rat skin is thinner and more porous than the human skin
and the neonatal porcine skin is more comparable to human skin [73],
the skin deposition results obtained using ex vivo porcine skin are very
promising.

3.2. Characterisation of AmB DMP tips

3.2.1. Particle size measurements and morphology

The particle size was measured by suspending the F3 AmB DMP tips
or AmB powder in deionised water. The particle size results of recon-
stituted F3 AmB DMP tips and AmB powder are listed in Table 3 and the
PSD of the two samples is presented in Fig. 4A. As PVP and PVA are
water soluble polymers and were not chemically conjugated with AmB,
the particle size detected from F3 AmB DMP tips and AmB powder was
from pure AmB particles. PVA and PVA were the main components of
the DMP tips and they may act as emulsifying agents and stabilisers, as
previously reported [38,74]. The mean size of AmB particles in the F3
AmB DMP dry tips was distributed in the range of 0.34-13.69 pm and
mean size distribution was 1.45 + 0.01 pm, while the mean size range of
AmB powder was distributed broadly in the range of 0.50-80.20 pm.
With the limitation of the measuring range, the particles with a size
greater than 87.50 pm were not able to be measured. Steepness factor
(SF), calculated by the ratio of dsg to dyg values, was used to analyse the
size distribution of F3 AmB DMP tips and AmB powder. It is reported
that a curve with SF greater than 2 can be described as ‘broad’ and that
with SF less than 2 as ‘narrow’ or ‘steep’ [75]. For F3 AmB DMP particle
size curve, the SF was in the range of 1.51-1.86, which could be
described as narrow distribution. While for AmB powder, the SF was in
the range of 3.96-4.18, which could be described as broad distribution.
The results showed that the size of the particles released from F3 AmB
DMP tips was much more reduced and narrower in distribution than that
of AmB powder. The size distribution of the particles released from F3
AmB DMP tips indicated that after insertion into the skin, the AmB
released from the F3 AmB DMP tips were particles within the micron
range and 90% of the particles were less than 5 pm. Particle size
reduction is a common strategy to increase the surface area, and
consequently the dissolution rate and bioavailability, of hydrophobic
drugs [76]. For AmB, reports have shown that the reduction in particle
size resulted in improved therapeutic effects as well as enhanced toxicity
[77]. A micronised AmB formulation has been prepared using a spray
drying technique with the addition of cyclodextrin polymers to improve
the solubility and dissolution of AmB [78].

Micron-sized and submicron-sized particles have been loaded into
the dissolving microneedles to enhance the drug permeation and drug
targeting of various therapies [45,66,79-81]. Even though those results
are promising, the fabrication procedures generally require milling or
formulating the micron-sized or submicron-sized formulations before
loading them into the tips. The tips were then cast by mixing the pre-
formed formulation with microneedle matrices. In this study, the
micron-sized drug formulations and the tip casting solution were pre-
pared at the same time as simple as mixing drug powder with PVP and
PVA polymers using a speedmixer. Advantages of this simple technique
include (1) easy manufacturing procedures, (2) safe and mild prepara-
tion conditions as only aqueous solutions are used, (3) narrow particle
size range, and (4) safe and commonly used pharmaceutical polymers.

The tips of F3 AmB DMP were observed on the patch using a digital

Table 3
Median diameter of percent undersize volume fraction for F3 AmB DMP tips and
AmB (means + SD, n = 4).

Samples dyo (pm) dso (pm) dgo (pm)
F3 0.78 £ 0.00 1.67 + 0.01 4.65 £ 0.01
AmB powder 2.43 £0.03 21.21 + 0.44 65.47 + 0.70
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Fig. 4. Particle size measurements and
morphology of F3 AmB DMP tips. (A)
Mean particle size distribution of F3
AmB DMP tips and AmB powder
(means + SD, n = 4). (B) A bird's-eye
view digital picture of F3 AmB DMP.
Scale bar, 1000 pm. (C) A digital pic-
ture of F3 AmB DMP. Scale bar, 1000
pm. (D) A detailed digital picture of F3
AmB DMP tips. Scale bar, 1000 pm. The
SEM images show the microstructure of
the tips including the surface and cross-
section surface morphology. (E) Scale
bar, 1 mm. (F) Scale bar, 100 pm. (G)
Scale bar, 10 pm.

microscope. A bird's-eye view of F3 AmB DMP (Fig. 4B) indicated that
the drug was only concentrated in the tips as the base between tips
showed little trace of the drug. Based on the detailed pictures (Fig. 4C
and D), the tips of F3 AmB DMP appeared sharp, smooth and filled with
drug. In an attempt to look into the microstructure of the tips, some F3
AmB DMP tips were broken down and the SEM was used to investigate
the morphology of the tips both in the surface and the cross-section.
Fig. 4E showed the surface of the AmB DMP tips was smooth. Fig. 4F
and G presented that the cross-section surface of the tips was relatively
smooth as well. No noticeable drug particles were easily identified by
SEM. These results indicated that AmB drug particles were encapsulated
within the polymeric matrix and the particles were detectable after tip
dissolution in water.

3.2.2. Thermo-gravimetric analysis

TGA analysis was performed to evaluate if AmB formulated with PVP
and PVA showed different thermal behaviour than the pure compound
or the physical mixture of the F3 formulation. In particular, it aids in
DSC analysis, such as analysing the water content of the formulation as
well as the decomposition temperature. The TGA curves (Fig. 5A) of
AmB powder and physical mixture of AmB, PVP and PVA revealed
obvious thermal weight loss (5%) before 100 °C. For F3 AmB DMP tips,
2% of the weight was gradually lost before 100 °C. After 100 °C, these
groups showed a similar trend with obvious thermal weight loss at
230 °C starting from 180 °C. TGA was used to analyse the thermal
degradation temperature. The first step of weight loss before 100 °C
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could be attributed to the evaporation of adsorbed water for all the
samples. The other weight loss were due to the thermal decomposition
stages of the products. TGA showed that the degradation of AmB started
at about 181 °C. This finding was consistent with the literature [82].

3.2.3. Differential scanning calorimetry

The DSC thermograms in Fig. 5B depict the thermal behaviour of
AmB, physical mixture, and F3 AmB DMP tips in a range of 0-180 °C.
The thermogram of AmB showed an endothermic transition around
144 °C, which was in agreement with previous reports [83,84]. This
endothermic peak was also identified in the physical mixture group. DSC
thermogram of F3 AmB DMP tips conducted between 0 °C and 180 °C
showed a broad endothermic peak at about 160 °C. The broad shape and
the peak shift from 144 °C to 160 °C indicated that the reduced crys-
tallinity of the tips and the interaction between the drug and the polymer
matrices [85,86]. The increase in temperature during DSC analysis and
the relatively small particle size of micronised AmB particles in F3 AmB
DMP tips may promote interaction of the AmB crystal with the polymer
matrices. Reorganization of the AmB crystal may occur in the polymeric
matrices' environment on heating while DSC analysis [87,88].

3.2.4. Powder X-ray diffraction

XRD diffraction examined the crystalline structure of the materials
[89]. As noticed in Fig. 5C, AmB displayed strong sharp crystalline peaks
at 13.9° and 21.5°, which has been reported previously [83,90]. No new
diffractogram patterns were observed in physical mixture or F3 AmB
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Fig. 5. Characterisation of F3 AmB DMP tips. (A) TGA thermograms, (B) DSC thermograms, (C) XRD analysis and (D) FTIR spectra of AmB powder, F3 AmB DMP
tips, and physical mixture of F3 AmB DMP tip formulation. (E) In vitro release profile of F3 formulated tips and AmB powder. (Means =+ SD, n = 5).

DMP tips. The physical mixture presented a similar diffractogram with
AmB, which was highly crystallised and revealed intense crystalline
peaks between 8° and 13°. The F3 AmB DMP tips, on the other hand,
showed obviously reduced peak intensity in this region and overall
broad peaks, indicating a decrease in crystallinity. These two charac-
teristic peaks of AmB (13.9° and 21.5°) were also present in both
physical mixture and F3 AmB DMP tips but the peaks were broad and
slightly shift. These observations revealed the existence of AmB crystal
in F3 AmB DMP tips. The broadness in shape and reduced peak intensity
of the characteristic AmB peaks could be attributed to and consistent
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with the previous observation of the reduced particle size of AmB crystal
in the F3 AmB DMP tips. These data from XRD and DSC indicated a
reduced crystallinity after size reduction of the crystal, which has been
extensively observed in micronised systems [91,92].

3.2.5. Fourier transform infrared spectroscopy

FTIR spectra from 400 cm ™" to 4000 cm ™! of AmB, physical mixture,
and F3 AmB DMP tip groups are presented in Fig. 5D. The FTIR spectra
of AmB powder indicated characteristic peaks at 3369.7 cm ™' for -OH
stretching vibration, 1712.9 cm™! for -CHy, 1689 cm™! for carbonyl
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group stretching, and 1220.3 cm ™! for C=C of AmB. The FTIR spectra of
the F3 AmB DMP tips exhibited no changes in AmB molecular structure.
Results of FTIR analysis showed that no chemical bonds were formed
during the formulation process. As DSC graphs showed some change in
the F3 AmB DMP tips, there might be some non-covalent chemical in-
teractions between the drug and the excipients used. The remarkable
absorption peaks at 1656 cm ™! could be attributed to PVP, whose FTIR
spectra are shown in the Supplementary information.

3.2.6. Invitro release study

The in vitro release profiles of AmB from F3 AmB DMP tips and bulk
AmB powder are illustrated in Fig. 5E. Due to the intrinsic hydropho-
bicity of AmB, PBS (pH 7.4) with the addition of 1% SLS w/v was used as
the release medium. The recovery rate of AmB in the release medium at
37 °C for 17 days was found to be over 95% (as shown in the Supple-
mentary information). The release study showed that AmB was released
faster and more completely from F3 AmB DMP tips than from the bulk
drug powder. Differences in the cumulative release percentage were
noticeable after 1 day, with the F3 AmB DMP tips showing a significantly
higher release from this point onward (p < 0.05). A complete release was
observed for F3 AmB DMP tips after 3-4 days, while for the bulk drug
powder, only about 60% was released after 4 days.

The reduced size of the particles released from F3 AmB DMP tips
compared to the bulk drug powder could explain the enhanced release of
the F3 AmB DMP tips compared to the AmB powder. For hydrophobic
drugs, particle size is an essential factor to be considered as it determines
the biopharmaceutical and pharmacokinetic properties of the drug [93].
The size measurement results showed that the mean particle size of AmB
in the F3 AmB DMP tips was much reduced compared to that in bulk
AmB powder. As suggested by the modified Noyes-Whitney equation, a
reduced size of the solid compound increases the surface area available
for dissolution and thus improving the dissolution of hydrophobic drugs
[94]. In the literature, the addition of PVP has been reported to cause a
significant reduction in particle size of AmB formulations and protect
the particles from aggregation [74]. PVA was also used to reduce the size
of the particles of AmB formulation and to stabilize the particles as a
small quantity of it could possibly absorb at the particle surface [95].
Moreover, the presence of PVP and PVA has been reported to facilitate
the amorphous formation of some hydrophobic drugs [54,96,97]. PVP
has also been shown to inhibit drug crystallization in solution as well as
in the solid-state [96], and protect against drug degradation in solution
[54]. Thermal analysis of DSC and XRD showed that the crystallinity was
reduced, which also explained the enhanced release profile of the F3
AmB DMP tip group compared to the bulk drug powder.

3.3. Antifungal performances of AmB DMP

3.3.1. Disk diffusion test

Disk diffusion test results of blank DMP, F3 AmB DMP and paper
discs with 3 mg of AmB, together with an untreated group against the
growth of CA are displayed in Fig. 6A and B. The untreated group
showed the growth of fungi cells under current culture circumstances.
The blank DMP, which were made of PVP and PVA gel without AmB, had
no inhibition to fungal growth, as evidenced by the fungal growth even
on the site of the blank DMP application. The AmB DMP, on the other
hand, showed remarkable inhibition of CA with a zone area of 389.9 &
75.8 mm?, which equals a circle with a radius of 11.1 + 1.1 mm. Drug
depots were observed in the agar after insertion. The paper disc with 3
mg of AmB, as much amount as loaded in the F3 AmB DMP, showed an
inhibition zone of 229.7 + 21.1 mm? with a radius of 8.5 - 0.4 mm. The
significant difference (****p < 0.0001) between F3 AmB DMP and
paper discs with 3 mg AmB could be attributed to the addition of PVP
and PVA promoting the diffusion of AmB to a larger area. There is no
inhibition of CA growth in blank DMP, which had no significant dif-
ference (p > 0.05) with untreated group, indicating that PVP and PVA
could not exert antifungal effects.
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Fig. 6. Antifungal performances of AmB DMP. (A) Representative disk diffu-
sion test results of untreated group, blank DMP, AmB DMP, and paper discs
with 3 mg of AmB, respectively. (B) The diameters of the inhibition zones
created by untreated group, blank DMP, AmB DMP and paper discs with 3 mg of
AmB. (C) Illustration of the experimental set-up of ex vivo antimicrobial assay in
an ex vivo infection model on porcine skin. Injection of CA was followed by 3
days' culture. Treatment including untreated group, blank DMP and AmB DMP
on the infected skin models were performed for 1 day using Franz cell set-up.
The skin samples were disrupted after treatments and CFU analysis were per-
formed for the infected skin samples. (D) The CFU analysis results of fungi for
the untreated, blank DMP treated, and AmB DMP treated agar plates, respec-
tively. (Means + SD, n = 3; ****p < 0.0001).

Antifungal activities of F3 AmB DMP were tested against CA.
Candida infections are also amongst the most widespread superficial
cutaneous fungal infections. CA is the major cause of wound infections,
sepsis, and pneumonia in immunosuppressed patients [98]. They can
invade deep tissues as well as the systemic blood circulation, which
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leads to life-threatening systemic candidiasis when the immune system
of a patient is weakened [72,99]. A modified disk diffusion test
demonstrated the in vitro antifungal effect of F3 AmB DMP against CA.
The inhibition zone of growth was not a regular circle, probably because
the dissolution of AmB in the dissolving polymeric matrices and aqueous
agar plates promoted the release of AmB into a larger area.

3.3.2. Antimicrobial assay in an ex vivo infection model on porcine skin

Antibiofilm activity of F3 AmB DMP was tested by applying F3 AmB
DMP or blank DMP to the ex vivo CA infected porcine skin models. The
viable fungal cells before and after the treatments were counted and
compared. As shown in Fig. 6D, the viable count increased in the skin
infection model from 6 x 10° CFU (day 0) to about 2.3 x 107 CFU (day
4) in the untreated group. This demonstrated the growth of the fungal
cells inside the porcine skin, indicating the success of the ex vivo infected
models. After applying blank patches for 24 h, the fungi burden on the
biofilm models on day 4 showed no significant difference with the un-
treated group on day 4 (p > 0.05). This indicated that the blank DMP
were not able to affect the growth of the fungi inside the skin. After
applying F3 AmB DMP for 24 h, the number of fungal cells inside the
porcine skin reduced from 6 x 10° CFU (day 0) to 2.7 - 2.1 CFU (day 4).
The fungal viabilities were much reduced following the 24-h adminis-
tration of F3 AmB DMP, compared to the fungal burden after the blank
DMP treatment (p < 0.00001) or the untreated group (p < 0.00001). The
killing rate of F3 AmB DMP against CA reached 100%.

The ex vivo cutaneous fungal infection model mimicking the deep
cutaneous fungal infection conditions model was set up by injecting CA
cultures subcutaneously into porcine skin. The infected skin was
cultured for 3 days for the growth of the fungi and treated for 1 day.
Post-infection CFU counts in an ex vivo neonatal porcine skin biofilm
model showed a 100% killing rate and a significant reduction in fungal
burden in the F3 AmB DMP treated groups in comparison to the group
treated with blank DMP or the untreated one. DMP carrying a nano-
crystal form of itraconazole has been tested using a similar approach
[63]. The viability of CA after applying the itraconazole nanocrystal
DMP was reduced from 0.756 x 10® CFU/mL to about 0.64 x 10* CFU/
mL after the application time of 24 h. After applying the itraconazole
nanocrystal DMP for 48 h, the killing rate reached 100%, which was the
same as F3 AmB DMP applied for 24 h. This study demonstrated the
excellent fungal killing ability of F3 AmB DMP in the treatment of fungal
infections in the deep cutaneous tissues.

== Receiver compartment
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3.4. Ex vivo delivery of AmB from AmB DMP

3.4.1. Ex vivo dermatokinetic study

An ex vivo dermatokinetic study was carried out using F3 AmB DMP
to analyse the drug concentrations in different layers of the porcine skin
and to possibly predict how long the drug would be retained in the skin
[45,100]. As shown in Fig. 7A, for all the time points measured, the drug
level in the dermis was the highest compared to that in the epidermis
and that in the receiver compartment of the Franz cells. At 24 h, both
AmB inside the epidermis and dermis reached the highest amount. For
the dermis samples, the concentration of AmB deposited increased in the
first hour to 154.0 + 21.6 pg/cm? and remained stable at around 110 pg/
cm?. It peaked at 5 h, with a concentration of 180.4 + 40.8 pg/cm?. At
24 h, the drug deposited in the dermis was 179.8 + 20.8 pg/cm?. For the
epidermis samples, an increase in the deposition of AmB was observed
within the first 3 h and the concentration remained stable until 6 h. It
reached the highest concentration of 56.9 + 9.3 pg/cm? at 24 h. Inside
the Franz cell receiver compartment, only a small amount of the drug
was detected. At 24 h, the highest amount permeated was 7.06 + 6.50 pg
of the drug in the receiver compartment. These data indicated that the
drug largely remained in the skin layers and the amount of drug which
permeated through the skin to the receiver compartment was low after
24 h' application. This is promising for treating cutaneous fungal in-
fections, as the drug would possibly remain localised inside the skin. One
significant advantage of DMP systems over other topical or intradermal
systems is that they can painlessly penetrate the SC and has the chance
to deliver the drug as deep as or deeper than, as a reason of drug
diffusion, the insertion depth [101,102]. The thickness of the epidermis
of porcine skin is reported to range from 30 to 140 pm, and the dermal-
epidermal thickness ratio ranges from 10:1 to 13: 1 in the pig [103]. As
the epidermis layer is much thinner than the dermis, the drug had more
volume to accumulate in the dermis though diffusion, but also sedi-
mentation after 24 h.

According to one-compartmental analysis, the Tpax, Cmax and
AUC_24 for the dermis samples were 4.9 h, 139.4 pg/cm2 and 3299.7 +
31.0 hepg/cm? respectively. For the epidermis samples, a one-
compartmental model was not applicable, since the elimination phase
was not observed in the 24-h profile. Non-compartmental analysis
showed that the Tpax, Cmax and AUCy o4 for the epidermis samples was
24 h, 56.9 pg/cm? and 1009.8 hepg/cm?. For the receiver compartment
samples, one-compartmental analysis was also not applicable. The non-
compartmental model showed that the Ty, for the receiver samples was
24 h, the Cpax was 8.1 pg/cm2 and the AUCp 24 of the drug in the
receiver was 157.5 hspg/cm? As the elimination phase was not
observed in all the profiles, the MRT, t;/» data calculated using a one-

B
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Drug concentration (uglcmz)

Fig. 7. Ex vivo dermatokinetic profiles over 24 h's application of F3 AmB DMP. (A) The concentration and time profile of AmB in the dermis, the epidermis, and the
receiver compartment. (n = 4, means + SD). (B) Drug depot observed on the skin after 24 h application. Scale bar 1000 pm.
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compartment open model were not reliable.

The porcine skin samples after 24-h applications of AmB DMP were
visualised and the representative images are presented in Fig. 7B. It was
evident that the skin was penetrated by AmB DMP and that drug depots
were formed inside the skin after 24 h, indicating the possibility of long-
acting delivery. As described in Fig. 7A, the concentration of AmB both
in the epidermis and the dermis layers remained relatively stable over
several hours, increasing slightly at 24 h. This might contribute to the
hydrophobic nature of AmB, which prevents the free diffusion of the
drug. Another explanation for the results is that the skin lacks the en-
zymes to metabolise AmB. Due to the lack of elimination phase in the ex
vivo dermatokinetic profile, an in vitro release study and an in vivo der-
matokinetic study are therefore required to predict the drug release after
the AmB DMP tips were inserted into the skin over 24 h.

3.4.2. Ex vivo skin insertion performance of AmB DMP and drug
distribution in the skin

The principal purpose of this system is to deliver AmB into the deep
layers of the skin, where fungal cells reside and infect the skin. To treat
cutaneous fungal infections, antifungal drugs should be delivered into
the deep skin tissue to kill or inhibit the growth of fungus. This is also
important for other dermatological diseases such as psoriasis, inflam-
mation, and vasculitis [104]. Accordingly, it is necessary to investigate
the distribution of AmB after applying F3 AmB DMP to the skin. OCT was
used to visualise the insertion of AmB DMP immediately after applying
F3 AmB DMP on the skin. As observed in a representative OCT picture
(Fig. 8A), F3 AmB DMP were able to penetrate the skin, exhibiting a
depth of 301.34 + 46.86 pm. As the AmB DMP tips dissolved in the skin,
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OCT images could not show how deep the drug could reach. Multi-
photon microscopy was then applied to map the distribution of the drug
inside the skin after 24 h application. Multiphoton microscopy combines
laser scanning microscopy with long wavelength multiphoton excitation
[105]. In this way, the near-infrared light used to stimulate multiphoton
fluorescence is both scattered and absorbed less by biological tissues so
that fluorescence can achieve deeper tissue penetration, efficient light
detection, and reduced photobleaching [106]. As shown in Fig. 8B, a
representative image from multiphoton microscopy showed the fluo-
rescence could be detected at a distance of 170 pm beneath the skin. The
three-dimensional image in Fig. 8C shows the distribution of the fluo-
rescence inside the skin, revealing the successful delivery of AmB into
the deep skin tissue. Interestingly, the drug mainly remained in the
indented area caused by inserted AmB DMP tips even after 24 h. The
multiphoton microscopy pictures elucidated AmB's distribution in the
skin tissue after 24 h application, which is in line with the ex vivo der-
matokinetic results in Fig. 7A. As depicted in Fig. 8C, although the drug
deposited in the skin did diffuse into the nearby skin tissue after 24-h
application, the fluorescence intensity in the skin indicated that the
drug deposited mainly remained in the needle indented areas. Fig. 8D
displays the intensity distribution of the skin observed across the depth.
The intensity of the fluorescence increased from the surface of the skin,
remained at a high level of 100-280 pm, and fell to zero at around 340
pm beneath the skin. In order to pierce the skin efficiently, the tips were
designed sharp enough to penetrate the SC. Consequently, drugs that
could be loaded in the very tips were less than in the base or middle of
the individual needles. That may be the reason that the drug intensity is
stronger within 100-280 pm. This data revealed that the drug deposited

Fig. 8. Insertion depth studies. (A) Representative optical
coherence tomography (OCT) picture immediately after
the application of F3 AmB DMP applied to the porcine
skin. Scale bar = 1 mm. (B) A representative 2D image of
the x-y plane of the pierced skin at a z of 170 pm. (C) Ex
vivo multiphoton fluorescence images of the porcine skin
after applying F3 AmB DMP for 24 h. Three-dimensional
image for visualising the distribution of AmB inside the
skin tissue (D) The mean intensity (a.u.) across the depth
of the skin after 24 h application of F3 AmB DMP.
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in the skin using AmB DMP was concentrated mostly inside the skin
tissue rather than on the surface. The depth of the fluorescence distri-
bution was around 340 pm, which is similar to the AmB DMP insertion
depth measured using OCT (301.34 + 46.86 pm). In addition, the
multiphoton results after 24-h application were consistent with the
dermatokinetic results, indicating that the delivered AmB in the skin
layer did not diffuse greatly.

Journal of Controlled Release 339 (2021) 361-380

3.5. In vivo studies

The ability of the finalised AmB DMP (F3 AmB DMP) to deliver AmB
intradermally and sustain its release over an extended period of 7 days
was further investigated in an in vivo study. In vivo dermatokinetics,
pharmacokinetics, and biodistribution studies were performed using
healthy Balb/c mice as an animal model. Fungizone®, an AmB deoxy-
cholate formulation that has been widely used in clinical practice, was
used in this experiment as a reference formulation because it was the

Fig. 9. In vivo dermatokinetic study of AmB DMP and Fun-
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first AmB product approved by the US FDA with a long history of clinical
use and a low cost [107]. A dose of 1 mg/kg was used as it is the highest
tolerated single dose, which does not cause signs of acute toxicity, of
AmB deoxycholate in BALB/c mice [108]. Accordingly, the maximum
dose received of the mice with the weight of 18.86 + 1.04 g was 18.86 +
1.04 pg of AmB. One patch was applied in a mouse as the ex vivo der-
matokinetic study showed the drug diffused into the Franz cell receptor
compartment for one patch was 7.06 + 6.50 pg. Two patches would
probably pose a risk to exceed the maximum dose of about 20 pg per
mouse. Therefore, only one patch was applied to each mouse to ensure
its safety and avoid overdose.

3.5.1. In vivo dermatokinetic study

Since the treatment of cutaneous fungal diseases requires delivery of
the antifungal drugs to the infected skin, the concentration of the anti-
fungal drugs accumulated in the skin is a vital parameter for evaluating
the delivery system. Therefore, an in vivo dermatokinetic study was
conducted to evaluate AmB levels (reported as pg/g) in the skin after IV
injection (the conventional administration route for AmB, here used as a
control) and after applying F3 AmB DMP. Drug levels at the DMP
application site, at 2.0 + 0.5 cm away from the DMP application site, as
well as the skin in the IV cohort were quantified using a validated HPLC
method and the results are illustrated in Fig. 9B.

In cohort A, where mice received the drug by IV injection (the con-
trol group), the maximum drug level in the skin (10.16 + 8.27 pug/g) was
achieved 24 h post drug administration, after which it declined rapidly
toreach 0.97 + 0.12 pg/g on day 4. In cohort B, where mice received the
drug by the finalised F3 AmB DMP, AmB concentration at the DMP
application site after application of DMP for 1 h (the first sampling
point) was 1792.22 + 1336.82 pg/g. This increased rapidly to reach its
maximum concentration of 4165.58 + 1311.00 pg/g after F3 AmB DMP
had been applied for 4 h. This is around 410-fold higher than the
maximum concentration achieved by IV injection. After that, AmB levels
in the skin decreased gradually to reach 219.07 + 102.81 pg/g on day 7
(the last sampling point). This is still 22-fold higher than the maximum
concentration achieved by IV injection. Drug level was also detected in
the skin 2.0 4 0.5 cm away from the DMP application site (Fig. 9B). Drug
level in the non-application skin site was found to follow a similar trend
and level as that of the IV group. The maximum AmB concentration
15.35 + 8.20 pg/g was achieved 24 h after the DMP was applied and
then declined slowly to reach its lowest level on day 7.

It is worth mentioning that drug depots (yellow) were noticed at the
application site of AmB DMP after 1 h, 4 h, 1 d and 2d, as shown in
Fig. 9A. After day 4 and day 7, drug depots were not easily observed. No
skin irritation/erythema post-removal of AmB DMP was noticed,
demonstrating the likely safety of the drug delivery system. These results
demonstrated that the finalised AmB DMP was able to deliver AmB into
the skin tissue in an in vivo setup and created depots in the skin that
allowed the drug to diffuse at a very low rate to the surrounding areas for
over a week.

The designed AmB DMP are intended to deliver AmB to treat cuta-
neous fungal infections. AmB demonstrates concentration-dependent
killing against a wide range of fungi in the in vitro studies. Both the
rate and extent of in vitro fungicidal effects were enhanced with the
increase of AmB concentration [109]. Direct measurement of the drug at
the site of action (the skin layer in this study) is likely to provide better
insight into the efficacy of the products than plasma pharmacokinetics
[110]. Parameters such as the maximum quantity of active drug mole-
cules in the skin layer (Cpax), and AUC are important in the dermato-
kinetics studies to extrapolate the potential therapeutic outcomes of the
system. In vivo pharmacodynamic studies showed that therapeutic ef-
fects of AmB were associated with the drug level of AmB at the target
site. A linear dose concentration-response effect was observed for in vivo
administration of AmB [108]. In a study to deliver AmB for treating
cutaneous leishmaniasis, a clear correlation between intralesional drug
levels and treatment outcomes was demonstrated and was attributed to
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the known concentration-dependent manner in which AmB exerted its
antimicrobial activity [111]. In this study, Riezk et al developed a novel
chitosan nanoparticle system that achieved a Cp,ax of about 50 pg/g of
AmB in the intralesional skin site after intravenously injections of five
doses in ten days. This system showed significantly higher efficacy than
AmBisome® in terms of reduction of lesion size and parasite load [111].
Another study compared the dermatokinetic profiles of AmBisome® and
Fungizone® single dosing or multiple IV dosing in healthy mice or
leishmania infected mice. It was found the AUCg 5 4g skin site after a
single dose of 1 mg/kg Fungizone was about 1269 + 190 h*ng/g, which
was lower than the AUCy.; of the IV injection obtained in this study
(367.40 h*pg/g) and much lower than the AUCy. achieved by the
finalised F3 AmB DMP on the application site (See Table 4). More
importantly, the drug level in the AmB DMP application site remained
high (219.07 + 102.81 pg/g), even on day 7 post AmB DMP application.

3.5.2. In vivo pharmacokinetic study

Drug pharmacokinetic profiles in plasma are important for indicating
the absorption of formulations into the systemic circulation. The phar-
macokinetic profiles of AmB post its administration by either the final-
ised AmB DMP or IV injections are presented in Fig. 9C.
Pharmacokinetic parameters of these in vivo data were calculated and
are displayed in Table 5.

As shown in Fig. 9C, the drug remained undetectable in the plasma
until day 2 post DMP application, where it reached 0.06 + 0.05 pg/mL
and then rapidly declined to below the LLoD on day 4. In contrast, AmB
pharmacokinetic profile in plasma post IV injection has shown to be
completely different. The maximum drug concentration Cp,x of 0.67 +
0.04 pg/mL was achieved 15 min after the injection. The plasma con-
centration of AmB in the IV group decreased rapidly to reach 0.03 +
0.04 pg/m on day 2 and then continued to decline to levels below LLoD
on day 4. The parameters for the finalised AmB DMP group cannot be
calculated due to a low level of plasma concentrations and the lack of
data.

3.5.3. In vivo biodistribution studies

The liver, the spleen, and the kidney are the most frequent organs
where AmB accumulates, and the kidney is the organ where the toxicity
of AmB is most apparent [112,113]. Therefore, in this study, the drug
levels in the kidney, liver, and spleen were also determined. As shown in
Fig. 9D, after administration of the finalised AmB DMP, AmB was
detected in the kidney at a concentration of 0.24 + 0.48 pg/g after 4 h.
Then, it fell to 0.05 + 0.09 pg/g on day 1. After that, it reached its
maximum concentration of 0.49 + 0.30 pg/g on day 2 and then declined
to a level that was lower than LLoD on day 4. In contrast, in the mice that
received the drug by IV injection, AmB in the kidney was detected at
0.81 + 0.59 pg/g after 15 min of administration. It peaked at day 1 at a
concentration of 3.61 + 3.36 ug/g and was undetectable on day 2 and
day 4. The AUC of the drug level in the kidney of these two groups
showed a significant difference (p < 0.05).

AmB levels in the liver are plotted in Fig. 9E. AmB was detectable in
the liver at a concentration of 0.07 + 0.14 pg/g at 1 h post

Table 4
Summary of in vivo Balb/c mice dermatokinetic parameters post-application of
AmB DMP and administration of Fungizone® IV injection (means + SD, n = 4).

Parameter v AmB DMP 2.0 £+ 0.5 cm away from AmB
injection application site DMP application site
t12 (h) 23.51 37.50 208.31
Tmax (h) 24.00 4.00 24.00
Crmax (1g/8) 10.16 4165.58 15.35
AUCo.(h*pg/  367.40 199,900.33 797.77
2)
AUCq.inf 400.41 211,752.18 2549.40
(h*pg/g)
MRT (h) 37.35 50.57 343.72




K. Peng et al.

Table 5
Summary of in vivo pharmacokinetic parameters post-application of AmB DMP
and administration of Fungizone® IV injection (means + SD, n = 4).

Parameter AmB DMP 1V injection
t1/2 () - 17.99

Tmax (h) 48.00 0.25

Crmax (pg/mL) 0.06 0.67
AUCo. (h *pg/mL) 1.35 4.79
AUCo.inf (ug/g*h) - 5.57

MRT (h) - 23.02
Clearance (mL/h/kg) - 179.58

V (mL/kg) - 4662

administration of AmB DMP. Then it increased to a Cyax of 0.40 4 0.32
pug/g on day 2 and declined to a level undetectable on day 4 and day 7.
For the IV group, a sharp increase in the concentration was noticed from
3.30 +2.39 pg/g at 15 min to Cpax of 6.64 + 1.67 pg/g at 4 h. A gradual
decrease was then observed until day 4 to a concentration of 0.54 +
0.44 pg/g. The permeation of the drug level in the liver (represented
using AUC) showed a significant difference (p < 0.001).

Drug levels in the spleen are displayed in Fig. 9F. For the AmB DMP
group, AmB was at a level lower than LLoD until day 1 at a concentration
of 0.08 + 0.17 pg/g. It peaked at 0.41 + 0.29 pg/g on day 2 and was then
undetectable on day 4 and day 7. For the IV group, the profile peaked at
15 min at a level of 4.70 + 3.60 ug/g and decreased gradually. The drug
was still detectable on day 4 at a concentration of 1.50 + 1.40 pg/g. The
AUC of AmB in the spleen was significantly higher (p < 0.001) in the IV
group than in the AmB DMP group. In sum, AmB levels in the kidney,
liver and spleen were higher in IV group than in the AmB DMP group.

The in vivo dermatokinetic profiles showed that when applying AmB
DMP a considerable amount of the drug was deposited in the skin and
the drug level in the skin reduced slowly from 5 h until day 7 after the
application of F3 AmB DMP. Metabolites of AmB remain unknown thus
far, and recent mass balance studies suggest that metabolism plays at
most a minor role in AmB elimination [109,114]. The in vivo bio-
distribution study demonstrated the Tp,ax (48 h) of the organs was in line
with the Tpayx (48 h) of the plasma for the F3 AmB DMP group. These
observations confirmed the efficient deposition of the drug in the skin
and demonstrated that the drug deposited was distributed to the sys-
temic circulation and the organs. The systemic deposition using F3 AmB
DMP was significantly less compared to using injections in each case.

In sum, the DMP system was capable of delivering AmB locally in an
efficient way and reducing systemic exposure, thus possibly reducing
side effects and solving toxicity issues compared to the Fungizone®. In
addition, the DMP system has the potential to allow self-administration
without the intervention of healthcare professionals, which is crucially
important for developing countries where fungal infections are
common.

AmB is a broad-spectrum antifungal agent and has been considered
as the first-line treatment of systemic fungal and parasitic infections
[115]. AmB has demonstrated its effect on common medically relevant
fungi, including Candida species, Cryptococcus species, Aspergillus spe-
cies, and mucoromycetes [116]. Additionally, AmB has an important role
in treating parasitic disease, such as leishmaniasis, which is classified as
a neglected tropical disease [117]. Fungal infections and Leishmaniasis
are increasingly reported in developing countries due to the environ-
mental and host factors prevalent in such regions [118]. These countries
are mainly located in tropical and sub-tropical areas providing an op-
timum environment for the growth of fungi and parasites. Poor hygiene
and healthcare facilities are often observed [119]. In those scenarios, the
AmB DMP system can be especially useful as it provides an effective and
safe platform to treat cutaneous fungal infections and cutaneous leish-
maniasis, as well as ease of weekly application and the potential to allow
self-administration.
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4. Conclusion

This study introduced an easy way to fabricate DMP loaded with
AmB microparticles and suggested that the use of DMP offers great po-
tential for the successful localised and sustained intradermal delivery of
AmB. The fabricated AmB DMP were mechanically strong and can hold
about 3 mg of AmB. The particle size loaded AmB was found to be within
micron size range and of narrow size distribution. Ex vivo skin insertion
and dermatokinetic studies revealed that AmB DMP deposited the drug
mainly in the dermis. Finally, in vivo studies revealed that AmB DMP
yielded very limited exposure in the plasma, kidney, liver, and spleen,
compared to Fungizone® injection. It is important to highlight that one
patch application can form drug depots in the skin, maintain a high drug
level in the application site and sustain the release of the drug in mice
over the period of a week. Overall, this paper introduces a novel and
easy to fabricate DMP system to deliver hydrophobic drugs intrader-
mally with prolonged and localised release profiles as well as less sys-
temic exposure, which can be widely used for effective and toxic
hydrophobic therapies. Leading on from these encouraging results,
forthcoming studies should include in vivo safety and efficacy studies.
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