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Abstract

Purpose Neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease are debilitating conditions result-
ing from a progressive degeneration of nerve cells that is attributed to oxidative stress. Given the role of hydrogen sulphide
(H,S), an endogenously produced signalling molecule involved in regulating of oxidative stress, exogenous administration
of H,S has been proposed as a potential treatment strategy. This research study involved an investigation into the mechani-
cal properties of microneedles loaded AP39 (a H,S donor), their ability to penetrate skin and effectiveness to deliver AP39
across murine skin. Additionally, the study explored the capability of permeated AP39 to release H,S and thus quench H,0O,-
induced oxidative stress in neuroblastoma cells, SHSY5Y cells.

Methods Microneedles were prepared using 20% w/v polyvinyl alcohol (PVA) of either 27,000 or 67,000 molecular weights,
with or without trehalose 15% w/v. Mechanical and insertion properties of microneedles were determined and optimised
formulation applied to murine skin to observe AP39 flux through the skin. Collected media was applied to a microvascula-
ture blood-brain-barrier model to evidence AP39 permeation, following which, permeated AP39 was applied to an oxidative
stress scenario in SHSYS5Y cells to assess AP39 potential in limiting oxidative stress.

Results Microneedle fracture testing observed the microneedles produced from polyvinyl alcohol 67,000 with trehalose
were best able to withstand compression force applied. Microneedles formulated from PVA 67,000 were best able to pen-
etrate the parafilm model. Further, the PVA 67,000 with trehalose microneedle formulation was observed to pierce murine
skin and deliver 32.84 +2.11% of applied AP39 across the skin over 32 h. AP39 transport across the HUVEC microvascula-
ture model gave an apparent membrane permeability of 18.6 + 1.4. Finally, AP39 attenuated H,O,-induced oxidative stress
as well as inflammation in SHSYSY cells; resulting in reduced neurodegeneration burden.

Conclusion These findings demonstrate that microneedle patches for the transdermal delivery of AP39 may provide a prom-
ising clinical approach in the treatment of neurological disorder associated with oxidative stress.
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Introduction

Neurodegenerative diseases such as Alzheimer’s, Parkin-
son’s and Huntington’s disease are debilitating conditions
characterized by a progressive deterioration and selective
impairment of neurons and glial cells within the human
brain and spinal cord (Relja 2004). These conditions lead
to a progressive decline of cognitive abilities and/or motor
skills (Checkoway et al. 2011). A multitude of factors are
implicated in the development of neurodegenerative dis-
eases (Dugger and Dickson 2017) with oxidative stress
(Singh et al. 2019), neuroinflammation (Amor et al. 2010),
mitochondrial dysfunction (Wang et al. 2019), and protein
aggregation (Jellinger 2010) listed as primary underlying
causes of human neurodegeneration. Mitochondrial reactive
oxygen species (ROS) play a significant role in the pathogen-
esis and progression of neurodegenerative diseases (Kausar
et al. 2018) with excessive generation of ROS resulting in
a loss of the central nervous system antioxidant pathways
resulting in damage to neuronal proteins and nucleic acids
(Nissanka and Moraes 2018). Consequently, most of the
promising approaches for the prevention and treatment of
neurodegenerative diseases involved the utilisation of thera-
peutic agents that aim to reduce oxidative stress and restore
mitochondrial function (Zhao et al. 2016).

Hydrogen sulphide (H,S), an endogenously produced sig-
nalling molecule, has gained attention as a noteworthy neu-
romodulator and neuroprotective molecule with substantial
clinical implications in the central nervous system (Shefa et
al. 2018). H,S has been observed to exhibit its antioxidant
properties by scavenging ROS by mediating the activities of
glutathione peroxidise, super oxide dismutase and the cata-
lase enzyme in the central nervous system (Zhang and Bian
2014; Tabassum et al. 2020). Thus, H,S donor molecules
may offer a potential therapeutic option in the treatment of
neurodegenerative disorders. In fact, studies have shown
that treatment with H,S reduces the loss of substantia nigra
neurons and slows down motor dysfunction development in
rodent Parkinson’s disease models (Hu et al. 2010). Despite
the promising outcomes regarding its therapeutic potential,
pharmaceutical formulation of H,S has encountered numer-
ous challenges and limitations, which have hindered its suc-
cessful translation into clinically approved therapies. H,S
is a small, highly diffusible molecule that can easily cross
cell membranes which makes achieving targeted delivery to
specific tissues challenging (Caliendo et al. 2010). In light
of'this context, AP39 has garnered attention as an innovative
H,S donor unique in its ability to specifically target the mito-
chondria (Szczesny et al. 2014). Studies have demonstrated
that AP39 administration can confer neuroprotective effects
by mitigating mitochondrial dysfunction, reducing oxida-
tive stress, and modulating cellular signalling pathways in
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preclinical models of various diseases (Szczesny et al. 2014;
Ikeda et al. 2015; Gerd et al. 2016). Nevertheless, the rapid
release of H,S through conventional delivery methods such
as intravenous or intraperitoneal routes are inconvenient
and pose a risk of toxicity, highlighting the importance of
developing safe, controlled-release formulations for deliv-
ering these compounds in clinical settings (Teo et al. 2006).

Over recent years, transdermal drug delivery has
emerged as a popular method of drug delivery owing to its
ease of application and capacity for controlled-drug release
(Alkilani et al. 2015). Nonetheless, it faces a significant
challenge with the stratum corneum acting as a protec-
tive barrier that restricts the penetration of drugs through
the skin. To address this, microneedle devices have been
employed to enhance the delivery of therapeutics. These
devices consist of micron size needles arranged on a small
patch, with potential for controlled-drug administration
(Alkilani et al. 2015). By creating microscopic channels in
the skin, microneedles facilitate improved penetration and
absorption of drugs by allowing direct drug contact with
the epidermis or upper dermis region, thereby enhancing
the bioavailability and effectiveness of the medications
(Alkilani et al. 2015). Dissolving microneedle patches are
formulated from biocompatible cellulose derivatives along
with sugars which increase the mechanical strength of the
needles (Kima et al. 2016; Tian et al. 2022). Polyvinyl
alcohol (PVA) is one such biopolymer with the mechanical
strength to withstand the insertion force whilst being able
to rapidly dissolve (Moore et al. 2022). The needles, up to
1 mm in length, do not cause pain with minimal tissue dam-
age (Dabbagh et al. 2021; Jung and Jin 2021). Patches are
low cost to manufacture, easy to apply by the patient and
can deliver drug over a week thereby reducing healthcare
intervention. Considering a limiting factor of H,S donor
compounds is their rapid breakdown in vivo, patches could
offer a solution in providing a slow release of H,S donor
(Marwah et al. 2022).

Thus, the main objective of this study was to examine the
viability of transdermal microneedles for delivering AP39
and evaluate the efficacy of permeated AP39 in mitigating
oxidative stress induced by H,O, in SHSYSY cells. Fur-
thermore, the mechanical properties of the formulation and
delivery system were assessed, along with the rate of dis-
solution through ex vivo skin and in vitro permeation across
a microvasculature blood-brain barrier model.
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Materials and methods
Materials

Clear resin V4 was obtained from Formlabs Inc. (Somer-
ville, MA, USA). Polyvinyl siloxane was obtained from
R&S (Tremblay, France). PVAs (average molecular
weight of 27,000 and 67,000) and trehalose dihydrate were
obtained from Sigma-Aldrich (Dorset, UK). AP39 (#17100)
was obtained from Cayman Chemical (Ann Arbor, MI,
USA). Parafilm M (127 pm thickness) and 1,1’-Di-n-octa-
decyl-3,3,3°,3’-tetramethylindocarbocyanine  perchlorate,
97% (DilC) was obtained from ThermoFisher Scientific
(Loughborough, UK). VECTASHIELD Antifade Mounting
Medium with 4’°,6-diamidino-2-phenylindole (DAPI) was
obtained from Vector Laboratories (Burlingame, CA, USA).
All other reagents including acetonitrile, methanol, and ace-
tic acid were obtained from Sigma-Aldrich (Dorset, UK).

Microneedle mould fabrication

Microneedle fabrication was a three-step procedure (EI-
Sayed et al. 2020) including 3D printing a master mould to
create a negative mould in Polyvinyl Siloxane, which was
used to produce the final microneedle array. The positive
resin mould was designed on Autodesk Fusion 360 version
2.0.14113 (San Rafael, CA, USA) and printed on the Form-
labs Form 2 (Somerville, MA, USA) using clear resin V4
at 25 pum layer thickness. The design of the microneedles,
based on that by Krieger et al. (Krieger et al. 2019), included
needles with a conical shape of 1750 um height, 312.5 um
base diameter with a microneedle array of 7x7, 950 um
apart, with a needle removed from its 4 corners, resulting in
45 needles (Krieger et al. 2019). The negative mould was a
simple construction made by creating an imprint of the posi-
tive resin mould into Polyvinyl Siloxane (Fig. 1).

Microneedle fabrication

Microneedles were formulated from PVA 20% w/v of
two different molecular weights, either 27,000 or 67,000
either with or without trehalose 15% w/v for comparison.
The polymer was added to either water or trehalose solu-
tion and left to stir at 90 °C temperature until the polymer
dissolved. Microneedles with an AP39 loading of 0.008%
w/v were manufactured by adding the required amount of
AP39, dissolved in ethanol, to the prepared polymer mix
and stirring for 1 h. From this, 500 uL was pipetted into the
mould and centrifuged at 2500 rpm for 20 min at 20 °C.
Following, the filled moulds were kept at 55 °C for 3 h
for dehydration after which, the microneedles were care-
fully removed. Microneedle-free control patches were pre-
pared by the same method, except using flat moulds with
no indentations. Microneedle preparations were assessed
with scanning transmission electron microscopy imaging
for patch appearance, array uniformity, and needle length.
Images were taken using the Environmental Scanning Elec-
tron Microscope mode of the ThermoFisher Scientific Quat-
tro S microscope equipped with a field emission filament.
The images were taken in Low Vacuum Detection mode in
a variable pressure of 95 Pa, with an acceleration voltage of
15 kV and spot size of 3.

Mechanical and insertion properties of AP39 loaded
MN arrays

The mechanical strength of the microneedles was deter-
mined with fracture testing (Thakur et al. 2016). Briefly,
the microneedle array was fixed to the moving crosshead of
the TA Electroforce 3200 using double sided 3 M tape. This
was to simulate the skin insertion technique (Supplemen-
tary Fig. 1). The microneedles were compressed at a rate of
0.01 mm/s until a 32 N load was achieved. This load was
then held for 30 s, and then released at a rate of 0.1 mm/s.

Fig. 1 Positive resin microneedle mould printed by Formlabs Form 2 using clear resin V4 (a) side view and (b) top view
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The load force and displacement were recorded at a rate of
20 readings per second. Data was used to calculate initial
break force, stiffness and holding displacement.

To determine insertion/penetration properties of the
microneedles, Parafilm M® was used as per a previously
validated model (Vora et al. 2017). Briefly, the microneedle
array was attached to the moving crosshead using double
sided 3 M tape of the TA Electroforce 3200. On the oppos-
ing side, 8 layers of 0.12 mm thick parafilm was fixed in
place to test. The microneedles were then inserted into the
parafilm layers at a rate of 0.1 mm/s till 32 N load was
reached. This load was then held for 30 s, and later released
at a rate of 0.1 mm/s. The number of penetrations from the
folded parafilm was recorded under a microscope. Classifi-
cation rules were specified and followed to record the data.
They were classified as “holes”, “tears”, and “dents” as sum-
marised in Fig. 2a-b. “Holes” were penetration points in the
parafilm through which the light emitted by the microscope
was visible on imaging. “Tears” are penetration points on

Fig. 2 Microneedle penetration
testing using the TA Electroforce

the parafilm which looked extremely dark, either by tearing
and the tear overlapping on itself, or was close to penetra-
tion but the elasticity of the parafilm did not allow tearing.
Finally, “dents” were classified as points on the parafilm
that imprinted a mark on the parafilm, causing minimal
stretching.

Histological analysis of microneedle dissolution in
murine skin tissue

Skin excisions were taken from sacrificed female mice (20—
25 g) following a published protocol (Marwah et al. 2022).
Briefly, the hair was removed from the dorsal portion with an
animal hair clipper. Using a scalpel and isopropyl alcohol,
the dermal fat was removed from the harvested whole thick-
ness skin. All animal experiments are carried out using pro-
cedures approved by the Aston University Ethical Review
Committee (UK Home Office Licence Number 3003453) in
accordance with the ‘Guidance on the operation of Animals’

3200 observed PVA 67,000
either with or without trehalose
was best able to penetrate the
parafilm. Example image of (a)
layer 1 and (b) layer 6 of the 8
layers of parafilm microneedles
were pushed through showing
holes, tears and dents. “Holes”,
labelled ‘i’, are defined as pen-
etration points through which the
light emitted by the microscope
passes clearly. “Tears”, labelled
‘ii’, are penetration points on
the parafilm that look dark due

to tearing and overlapping or
significant. “Dents”, labelled ‘iii’, &
are grey spots with small stretch ]
marks with no potential tears. (c)
The Number of needle penetra-
tions per parafilm layer is plotted
for microneedle formulations of
PVA 27,000 with trehalose, PVA
67,000 and PVA 67,000 with
trehalose. Results are expressed
as mean + standard deviation and
analysed by One-way matched
pairs ANOVA. n=9 indepen-
dent batches with 3 repeats

each. ¥*p<0.05, **p<0.01,

***p <0.001, ****p <0.0001

Number of penetrations per
microneedle patch

- PVA 27,000 with trehalose

*%

n— - PVA 67,000
% PVA 67,000 with trehalose
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under the United Kingdom Animals (Scientific Procedures)
Act 1986.

Microneedles prepared with DilC were prepared to aid
histological imaging. These were pressed into the skin
excises. After 5 min, base plate was removed, and the
murine skin immersed in 4% paraformaldehyde solution for
1 h and then transferred to 30% sucrose solution and finally
embedded in Optimal Cutting Temperature compound and
stored in -80 °C until further analysis. The skin was then
sliced at a 12 pum thickness at -22 °C using the cryostat
(Leica CM1950; Nussloch, Germany). Slices were mounted
using mounting medium+ DAPI (Vectashield) and photo-
graphed using a Nikon Eclipse Ti-E inverted microscope
(Tokyo, Japan).

Microneedle AP39 release study and dermal
accumulation on excised murine skin

For the in vitro assessment of the microneedle’s ability to
penetrate murine skin, release AP39 and allow AP39 to per-
meate across, Franz diffusion cells (PermeGear, Hellertown,
PA, USA) were used. The system was set up as described
in detail previously (Marwah et al. 2022) briefly murine
skin (epidermis layer of average thickness 0.31 +0.02 mm)
samples were cut, washed, and mounted on to the Franz cell
receptor immediately after excision. The receiver compart-
ment was filled with phosphate-buffered saline (PBS): etha-
nol (80:20) and allowed to equilibrate for 30 min, following,
a microneedle patch was applied to the skin. At appropriate
time intervals, 200 pl of the receptor medium was withdrawn,
and the same volume of fresh buffer solution was replaced
to the receptor chamber. The concentration of the samples
was assayed with HPLC-UV. Following the release study,
excised skin was removed from the Franz cell and rinsed 3
times in PBS. Samples were cut and weighed (<30 mg) and
immersed in 500 uL acetonitrile containing ceramic beads.
Tissue was homogenised with an automatic homogeniser
(automatic VelociRuptor V2 Microtube Homogeniser) at
room temperature. Samples were removed and centrifuged
at 16,000 RCF from which AP39 concentration in the super-
natant samples was assayed with HPLC-UV.

A reverse phase HPLC-UV method was used to detect
AP39 as described previously (Marwah et al. 2023). Briefly,
a Shimadzu LC-2030 C Plus RoHS - Prominence-I separa-
tion module HPLC with UV detection was used, at 435 nm
operating wavelength. A 10 uL sample was injected at 27 °C
into a Phenomenex HyperCloneTM column (5 pm C18
4.6 x 150 mm column) for analysis. Acetonitrile and 0.05%
TFA were mixed in water at a flow rate of 1.25 mL/min to
make up the mobile phase in a 64:36 ratio.

Microvascular endothelial model

Primary Human Umbilical Vein Endothelial cells (HUVEC,
PromoCell, Cat. # C-12203) were cultured in full growth
media (EGM-2) (PromoCell, Cat. # C-22211) supplemented
with Fetal Calf Serum 0.02 mg/mL, Epidermal Growth
Factor 5ng/ml, Basic Fibroblast Growth Factor 10 ng/ml,
Insulin-like Growth Factor 20 ng/mL, Vascular Endothelial
Growth Factor 0.5ng/mL, Ascorbic Acid 1 pg/mL, Heparin
22.5 pg/mL, Hydrocortisone 0.2 pg/mL (supplement Kkit,
Promocell, Cat. # C-39211) and 5 mL of 1X Penicilin/Strep-
tomycin (Lonza, Cat. # LZDE17-602E). Culture medium
was changed every 48 h and cells were incubated at 37 °C in
a 5% CO, humidified atmosphere incubator. Cells were sub-
cultured at 70-80% confluency and used for experiments up
to passage 5. Before each treatment cells were starved using
5% FBS (Gibco, Cat. # 11550356) M 199 starvation media
(Lonza, Cat. # LZBE12-119 F) supplemented with antibiot-
ics for 2 h. To ensure the quiescent state of the cells and
consistent results, treatments were diluted in the starvation
media unless otherwise stated.

HUVEC cells were seeded (3x10°/ml) on to 24-well
polycarbonate inserts (Dias et al. 2015) and cultured
for 4 days. On the fifth day tight-junction formation was
enhanced through the addition of 250 uM cAMP, 17.5 uM
RO 20-1724 and 550 nM hydrocortisone in the absence of
serum for 24-hours prior to the initiation of an assay (Elba-
kary and Badhan 2020). Barrier integrity and formation was
assessed through the determination of the trans-endothelial
electrical resistance (TEER), which was measured at day
3 and day 4 using a chop-stick electrode (World Precision
Instruments STX2).

Drug transport assay

HUVEC cells were grown on permeable inserts and placed
into a 24-well cell culture plate. Permeate collected from
the Franz cell study was collected, diluted 1 in 4 with serum
free culture media and added to the apical compartment with
sampling taking place from the basolateral compartment,
between 30 and 90 min and replaced with equal amounts of
serum free culture medium. AP39 concentrations were anal-
ysed using the HPLC method described above. The apparent
permeability (P,,,) was calculated using the equation below,

Py = (dQ/dt)/Cy x A

where dQ/dt the amount of drug permeated per unit time,
calculated from the regression line of time points of sam-
pling, C, the initial drug concentration in the donor com-
partment and A is the insert surface area (0.33 cm?).
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Oxidative stress measurement

To explore the potential of AP39 in abrogating oxidative
damage induced by H,0,, we conducted two assays. First,
we explored 8-hydroxy-2'-deoxyguanosine (8-OHdG)
immunoreactivity by immunocytochemistry using antibod-
ies against 8-OHdG (Abcam, ab62623). Then, we measured
protein carbonyl as a biomarker of oxidative damage to
protein with a colorimetric assay using the protocol of the
Protein Carbonyl Colorimetric Assay Kit (Cayman Chemi-
cal, 10005020). For both assays, SHSY-5Y cells were plated
in 12-well plates or coverslips (200 K cells per coverslip)
and left to attach overnight. The following day, cells were
exposed to 300 uM of H,O, for one hour (Sanchez-Aran-
guren et al. 2021). Following, cells were washed with warm
PBS and exposed to AP39 300 nM for 18 h. After treatments,
coverslips were washed in warm PBS and either fixed in
cooled ethanol for 5 min or harvested for protein extraction.
For the immunocytochemistry, coverslips were permeabi-
lised in 0.15% triton X-100, blocked in 10% goat serum
blocking buffer for 1 h and incubated with first antibodies
against 8-OHdG (1:100) (overnight), followed by Alexa
fluor (488) conjugated secondary antibodies (Abcam, UK,
catalogue # ab175658, 1:500). Coverslips were mounted in
glass slides using SlowFade TM Diamond Antifade Moun-
tant (Thermo Fisher Scientific, UK). Staining was visual-
ised using a Nikon Eclipse Ti-E inverted microscope using
60x% objective lens.

Western blot

To measure cellular neurodegeneration and examine the
ability of AP39 to alleviate neurodegeneration, we con-
ducted Western Blot to quantify the level of protein tau, a
biomarker of neurodegeneration. Briefly, SHSY-5Y cells
were cultured in 6-well plates until confluent. The cells
were then exposed to 300 uM of H,0O, for one hour and
exposed to AP39 300 nM overnight as above. Then, the
cells were harvested for protein extraction using RIPA buf-
fer with protease/phosphatase inhibitor (Merck, PPC1010),
0.5 mM phenylmethylsulfonyl fluoride (Merck, 93482), 0.5
mM sodium orthovanadate (Merck, 567540), and 5 mM
sodium betaglycerophosphate (Merck, 50020). Protein con-
centration was quantified using QuantiPro BCA Assay Kit
(Merck, QPBCA) and made up in protein loading buffer
(National Diagnostics, NAT1252). Protein was then loaded
onto a 4-15% polyacrylamide gel and electrophoresis was
performed at 150 V for one hour in Tris-Glycine running
buffer (National Diagnostics, NAT1218). Then, protein
was transferred onto PVDF membrane (Thermo Scientific,
10617354) by electrophoresing at 250 mA for 75 min in
Tris-Glycine electroblotting buffer (National Diagnostics,
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NAT1242). The blot was then blocked in StartingBlock
blocking buffer (Thermo Scientific, 37542) before incuba-
tion in the primary antibody against tau (1:5000) overnight
(Proteintech, 66499-1-Ig). The following day, blots were
washed in TBS-Tween and incubated in HRP-conjugated
Affinipure Goat Anti-Rabbit IgG (1:1000) for 2 h (Protein-
tech, SA00001-2). After another wash, protein was visual-
ized using SuperBlot ECL Western Blotting substrate kit
(HelloBio, HB9308). The blots were then stripped and re-
probed for loading control with primary antibody against
B-actin (1:5000) (Proteintech, 66009-1-1g).

ELISA

The quantification of human IL-6, IL-8 and TNFa in SHSY-
5Y cell supernatant was performed using the Human Duo-
Set ELISA (DY202, DY208, DY210) from R&D Systems,
Abingdon, UK and performed according to the manufactur-
er’s specifications. Briefly, SHSY-5Y were plated in 96-well
plates at cell density of 2.0x 10* cell/well and allowed to
attach overnight. As in Sect. 2.9, cells were exposed to H,O,
(300 uM) washed with PBS and exposed to AP39 300 nM
for 18 h. Afterwards, media was collected and stored at
— 80 °C until the assay was performed.

Statistical analysis

The results are reported as mean + standard deviation (SD).
The outcomes of the study were statistically analysed
using Graphpad Prism version 9.4.1. (La Jolla, CA, USA).
Unpaired t-tests, and one- and two-way ANOVA with post-
hoc analyses were used to test the data, where p <0.05 was
considered significant.

Results
Microneedle characterisation

The formation of microneedles was confirmed using scan-
ning transmission electron microscope (STEM) imaging
(Fig. 3). Microscopic inspection of the microneedle arrays
revealed conical shaped microneedles were indeed formed
at 1305.5+112.83 pum height and 371.13 + 14.31 pm width
(at the base) for PVA 27,000, 1527 +65.11 um height and
343.47 +20.58 um width for PVA 67,000, 1527 +71.54 pm
height and 282.84 +28.43 pm width for PVA 27,000 + tre-
halose, and 1418.5+68.86 um height and 384.05+23 um
width for PVA 67,000 + trehalose. The incomplete morphol-
ogy observed particularly in Fig. 3c is likely due to varia-
tions in the fabrication process.
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Fig. 3 Microneedle STEM imaging for microneedles produced from
the negative moulds using (a) PVA 27,000 (b) PVA 67,000 (¢) PVA
27,000 with trehalose (d) PVA 67,000 with trehalose. Microneedles
were prepared by mixing the polymer and adding the trehalose if

Microneedle mechanical testing

In order to ascertain properties of the microneedle for-
mulation describing their mechanical strength, the load
displacement data was recorded and plotted as shown in
Supplementary Fig. 2. From the recorded load per displace-
ment data, the initial break force (load shoulder), hold dis-
placement, and stiffness of the microneedles generated from
the four polymer formulations was measured and analysed.
As indicated in Supplementary Fig. 2a, the initial break
force is the peak load force (N) at the initial shoulder in
the load-displacement curve and is indicative of brittleness
in the microneedles. The stiffness was recorded as the load
displacement slope (N/mm) near the end of the compression
stage which is representative of the formulation’s resistance
to deformation. Finally, the hold displacement is the length
of the microneedle undergoing compression (mm) while the
32 N load force is maintained and is indicative of the creep
behaviour, i.e., the tendency of a solid material to undergo

15.00kV SE | 10.7mm LVD 3.0 -
3 T
N e

ago |

6/20: g ssure HV mode | W et  spot
47PM S56x 95Pa 15.00 kV SE 7.7mm LVD 30 -

required at a final concentration of 20% and 15% w/v respectively.
This was poured into the mould, centrifuged and dehydrated following
which, the microneedles were removed from the mould and imaged

slow deformation while subject to persistent mechanical
stress.

A non-statistically significant higher initial break force
was observed in microneedles formulated with PVA 27,000
compared to PVA 27,000 +trehalose with average loads
of 5.14+4.39 N and 2.73+1.77 N respectively (Fig. 4a).
This appears to show increased brittleness with the addi-
tion of the trehalose sugar. However, this pattern was not
found between average initial break force of microneedles
formulated from PVA 67,000 and PVA 67,000 + trehalose.
PVA 67,000 with trehalose values were actually higher
than without trehalose with values of 7.59+4.84 N and
7.34+5.79 N respectively however this difference was
not statistically significant. Data indicating needle stiffness
observed microneedles formulated using PVA 27,000 + tre-
halose was statistically higher at 185.14+83.47 N/mm
compared with PVA 27,000 at 119.46+28.02 N/mm
(p<0.05), PVA 67,000 at 78.62+18.86 N/mm (p <0.001)
and PVA 67,000+ trehalose at 98.66+29.73 (p<0.01)
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Fig. 4 Microneedle fracture

testing observed the PVA 67,000 a
with trehalose formulation was

best able to withstand compres-

sion force applied by the TA
Electroforce 3200. (a) Initial

break force data, (b) stiffness

data, (c) holding displacement

data. Microneedles were prepared

-
[3,]
]

-
o
1

|
|

Initial Break Force (N)

by mixing the polymer and add- 5+
ing the trehalose if required at a
final concentration of 20% and
15% wi/v respectively. This was 0
. . T 1
poured into the mould, centri- PVA 27,000 PVA 67,000 PVA 27,000 + Trehalose PVA 67,000 + Trehalose
fuged and dehydrated following
which, the microneedles were *
removed from the mould. Results I 1
are expressed as mean + stan- — 300~ * % %k %k ¥
dard deviation and analysed by b E I 1l 1
one-way ANOVA. n=8 inde- E
pendent batches with 3 repeats -
each. ¥**p <0.001, **p<0.01, 2 200-
*<0.05 —r
0
0 1 T
2 100- 1T i
E
)
n 0
T T
PVA 27,000 PVA 67,000 PVA 27,000 + Trehalose PVA 67,000 + Trehalose
c £
E | * |
e 0.157 * %
c [ ]
£ 1
@ 0.104
2 T
£ T
o
D 0.05- L
o
o)
= 0.00 . ;
© PVA 27,000 PVA 67,000 PVA 27,000 + Trehalose PVA 67,000 + Trehalose
(]
I

(Fig. 4b). Finally, data determined microneedles formu-
lated from PVA 67,000 +trehalose had the highest hold-
ing displacement at 0.104 +0.026 mm compared with PVA
27,000 at 0.060+0.023 mm (p<0.01), PVA 27,000+ tre-
halose at 0.057+0.022 mm (p <0.05) and PVA 67,000 at
0.069+0.017 mm (p<0.01) (Fig. 4c). This indicates the
PVA 67,000 + trehalose formulation was best able to with-
stand the applied mechanical stress.

@ Springer

Penetration test

The penetration of the microneedles into 8§ layers of parafilm
was recorded. All holes and tears were included for analy-
sis in Fig. 2c. PVA 27,000 was excluded for all remaining
studies owing to their unsatisfactorily properties thus far.
Microneedles formulated PVA 27,000 + trehalose observed
the lowest penetration across the parafilm layers. Incidences
of holes and tears were statistically higher in micronee-
dles formulated from PVA 67,000 (p<0.05) and PVA
67,000 +trehalose (p <0.01). The difference in penetration
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was not statistically significant between microneedles for-
mulated from PVA 67,000 and PVA 67,000 + trehalose.

Further comparisons were made in penetrations observed
between each parafilm layer across the formulations. In
layer 3, comparing the number of needle penetration for
PVA 27,000 + trehalose, PVA 67,000 and PVA 67,000 + tre-
halose was 14.00+8.31, 33.33+7.21 and 29.22+5.72
(»p<0.0001). Similarly for layer 4, it was 4.33+4.90,
28.56+6.62 and 22.33+11.76 (p<0.0001). For layer 5 it
was, 1.44+2.79,22.11 +5.99 and 15.67+9.72 (» <0.0001).
Starting from layer 6, there was a diminishing statistical
significance, and by layer 8, no discernible distinction was
noted. Based on both the mechanical testing and penetration
outcomes of microneedles, those composed of 67,000 + tre-
halose were chosen for further examination.

Microneedle penetration and flux of AP39 across
excised murine skin

Studies were performed to evaluate the ability of micronee-
dle formulations arrays to penetrate through the excised
murine skin. Microneedles, loaded with DilC, were able to
successfully pierce murine skin as highlighted in Fig. 5a.
Permeation of AP39 through ex vivo samples of murine
skin were assessed (Fig. 5b). Following 32 h after the appli-
cations of the AP39 microneedles as well as a baseplate
consisting of the same formulation with no microneedles
observed 32.84 +2.11% compared with 0% of AP39 perme-
ated across the excised murine skin. Following 24-hours,
skin was wiped clean and accumulation of AP39 in ex vivo
skin samples measured (Fig. 5¢). Results showed that the
microneedle preparation observed a higher accumulation
of AP39 within the skin at 49.93 +4.70% compared with
the baseplate showing only 3.66+2.06% within the skin

o

release of AP39

O

Cumulative percentage

©

Fig. 5 Microneedles formulated with PVA 67,000 with trehalose
increased AP39 flux across ex-vivo murine skin samples and increased
accumulation within the skin compared to a microneedle baseplate
with no needles. (a) histology of ex vivo skin following application of
microneedles formulated with DilC (red), cell nuclei were visualized
using DAPI (blue) (b) Cumulative percentage AP39 release profiles up

(»<0.0001) suggesting the AP39 in the baseplate was not
successfully able to permeate into the skin.

Microvascular endothelial model and AP39
permeability assay

The formation of a high resistance barrier was determined
by measuring the trans-endothelial electrical resistance
(TEER) values from monolayers of HUVECs’ grown on
permeable inserts (Fig. 6a). The effect of endothelial tight
junction inducing agents exposed to cells for 24 h on day
4 post seeding was determined. On day 4, TEER val-
ues significantly increased from to 72.19+2.87 Q.cm? to
146.00 +7.74 Q.cm? (p <0.0001) (Fig. 6a). The permeabil-
ity of AP39 across HUVECs that were grown on permeable
inserts was determined (Fig. 6b). Over 90 min, 6.06 +0.17
mcg/mL permeated across, giving an apparent membrane
permeability (P, ) of 18.61+1.40x107° cm/s.

app

Impact of AP39 on oxidative stress

8-hydroxy-2-deoxyguanosine (8-OHdG) immunoreactiv-
ity, an index of oxidative DNA damage, was profoundly
increased in cells exposed to H,O, compared to control
group (Fig. 6¢). We observed that administration of AP39
(300 nM) attenuated H,O,-induced oxidative stress as
indicated by decreased 8-OHdG immunoreactivity in cells
exposed to both, H,O, and AP39. Protein carbonyl content
is a widely used biomarker for oxidative stress, reflecting
extent of protein oxidation within cells. Elevated levels of
protein carbonyls indicate increased oxidative damage, a
hallmark of pathological conditions including neurodegen-
erative diseases. In this study, there was a significant differ-
ence in protein carbonyl content (p <0.01) with an expected
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to 32 h. (¢) AP39 accumulation in ex-vivo murine skin samples follow-
ing 24-h application to a 1 cm2 sample of excised skin. Release across
skin was observed using a Franz cell system quantified by HPLC-UV
analysis. Results are expressed as mean +standard deviation and ana-
lysed by One-way ANOVA. n=3 independent batches with 3 repeats
each. ***p <0.001, **p<0.01
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Fig. 6 AP39 permeated across microvascular endothelial model
using HUVECs grown on permeable inserts and was able to attenu-
ate H,0,-induced oxidative stress and inflammation in SHSYSY
cells. (a) TEER values measured following growth of HUVEC cells
on permeable cell culture inserts in the absence and presence of tight
junction forming additives. (b) AP39 transport from apical to baso-
lateral compartment with associated apparent membrane permeability
(Papp). (¢) AP39 attenuates H,0,-induced oxidative stress in SHSYSY
cells. Set of representative images depicting anti-8-OH-dG immuno-
fluorescence (green). Blue colour (DAPI) denotes nuclei. H,0, (300
uM) was administered for one hour. Following, media was replaced,
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cells washed and AP39 (300 nM) administered for 18 h. Images were
taken using 60x magnification. (d) Carbonyl concentration following
H,0, (300 pM) treatment was significantly reduced by AP39 treat-
ment. (e) Expression of tau and B-actin assessed by Western Blot in
cells exposed to H,0, (1 h), followed by 18 h exposure to AP39. (f)
Quantification of tau protein expression, relative to p-actin showed
significant reduction in tau expression level after AP39 treatment. (g)
IL-6, (h) IL-8 and (i) TNFa release measured by ELISA in cell culture
media. * p<0.05, *** p<0.001, ****p<0.0001. n=4 independent
experiments with 6 repeats each
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increase in protein carbonyl concentration from a baseline
(control) value of 14.01 +2.08 nmol/mL to a H,0,-treated
value of 24.75+2.19 nmol/mL (Fig. 6d). Treatment with
AP39 significantly (p<0.01) reduced the protein carbonyl
concentration to a value of 10.00 +2.90 nmol/mL. This sug-
gests that AP39 exhibited potent effect in suppressing oxi-
dative stress following H,O, insult in the cells.

Western blot analysis of tau protein to assess
neurodegeneration and AP39 efficacy

To measure the burden of neurodegeneration in the cells
and examine the capacity of AP39 to alleviate neurodegen-
eration, we conducted Western Blot to quantify the level of
protein tau, a well-established biomarker of neurodegen-
eration. There was a significant difference in the tau/p-actin
ratio (p <0.05), indicating changes in the level of tau in the
cells (Fig. 6e and f). H,0, treatment induced an expected
accumulation of tau ratio from a baseline (control) value
of 1.09+0.29 to 1.50+0.15. Treatment with AP39 signifi-
cantly (p <0.05) reduced tau ratio in the cells to a value of
0.59 +0.02. This indicates the effect that AP39 has on inhib-
iting tau accumulation in the brain cells.

Anti-inflammatory potential of permeated AP39 on
inflammatory cytokines IL-6, IL-8, and TNF-a

The determination of levels in SHSY-5Y tissue culture
media indicated that exposure of H,O, significantly stimu-
lated the release of IL-6, IL-8, and TNF-a in (66.48 +2.33,
67.41+4.13 and 54.09+3.45 respectively) (p<0.0001,
Fig. 6f-h). However, treatment with AP39 significantly
reduced the release of IL-6, IL-8, and TNF-a. (28.11+1.92,
33.90+3.45 and 36.10+3.72 respectively) (p<0.0001,
»<0.0001 and p <0.001 respectively).

Discussion

Despite the development of many H,S donors, few have
progressed to clinical application. The main obstacle lies
in effectively delivering H,S at a controlled rate to ensure
optimal bioavailability within the therapeutic range and
minimising potential toxicity. Our research efforts yielded
a transdermal microneedle patch that exhibits favourable
mechanical properties and material strength, enabling effec-
tive penetration of the skin. Furthermore, we demonstrated
sustained release capabilities and observed the desired phar-
macological effect of the drug in SHSYSY cells, providing
compelling evidence for its efficacy. The delivery system
we have developed effectively overcomes significant chal-
lenges associated with drug administration, including the

necessity for repeated doses, drug instability, and losses due
to first-pass metabolism typically observed in oral delivery
methods. Additionally, this system obviates the requirement
for professional administration typically associated with
intravenous routes, eliminates the presence of biohazardous
sharps, and ensures a patient-friendly approach.

A wide range of polymers have been used to fabricate
dissolving microneedle arrays, PVA is one such poly-
mer owing to its ability to withstand the required force to
penetrate the skin whilst having a rapid dissolution once
embedded into skin (Moore et al. 2022). The mechanical
strength of the PVA microneedles produced from two differ-
ent molecular weights both with and without trehalose was
investigated. The initial break force was used to measure
the brittleness of the material. There was a trend in the PVA
with a greater molecular weight having a larger initial break
force as compared to the lower molecular weight. In a com-
parable study where PVP of several molecular weights was
used to create microneedles, a similar trend was observed
where the baseplates of the smaller molecular weight PVP
formulations were too brittle thus replaced with a higher
molecular weight PVP (Thakur et al. 2016). This may be
due to the lower molecular weight PVA 27,000 having lower
intermolecular forces as compared to PVA 67,000 (Sun et al.
2008). The addition of trehalose showed a decreasing trend
in the initial breaking force in the case of PVA 27,000 sug-
gesting the trehalose tends to make the formulation more
brittle. This effect was explored in a study by Raphael, et
al., (2016) where the increase in addition of trehalose to car-
boxymethylcellulose microneedles (from a 1:1 ratio to 30:1)
made the microneedles more brittle. They also observed a
reduction of the elastic modulus of the formulation sug-
gesting the presence of trehalose introduced pockets of
crystalline regions interfering with the carboxymethylcel-
lulose matrix. It’s noteworthy that they found the macro-
scopic features, such as brittleness or malleability, did not
dictate the microscopic characteristics, like crystalline or
amorphous structures, in terms of transdermal penetrability.
Furthermore, according to Thakur, et al., (2016) to ensure
similar mechanical strengths when creating microneedles of
different molecular weights, a decreasing ratio of sugar to
polymer formulation was added when increasing the car-
boxymethylcellulose molecular weight. This might explain
why PVA 27,000 showed an increase in stiffness when
formulated with trehalose whereas no such change was
found in the PVA 67,000 formulation. Further exploration
of different polymer molecular weights as well as trehalose
loadings may provide further insight into the mechanical
properties of each material.

Stiffness refers to an elastic body’s ability to resist defor-
mation when subjected to an external force. Consistent with
prior research where trehalose supplementation enhanced
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the stiffness of the material, thus reinforcing pullulan
microneedles (2022), a similar effect was observed when
trehalose was incorporated into PVA 27,000, resulting in
heightened microneedle stiffness. Furthermore, our study
revealed that PVA 27,000 exhibited increased stiffness and
brittleness, indicated by a reduced initial break force, com-
pared to PVA 67,000. This is similar to Thakur et al’s study
(41) where PVP of different molecular weights were com-
pared, with the high molecular weight PVP K29/32 form-
ing the least brittle microneedle array, and low molecular
weight PVP K15 producing the most brittle microneedle
array. PVA 67,000 with trehalose had the largest holding
displacement (creep) and the highest initial break force
(compressive strength) suggesting this formulation gave the
strongest needles of the formulations investigated. A similar
study observing the mechanical strength and shape-stability
of hydrogels found that increasing the molecular weight of
PVA increases the compressive strength (2010) with the
addition of trehalose further increasing formulation strength
(Tian et al. 2022).

Formulation penetration testing observed microneedles
formulation with PVA 67,000 both with and without treha-
lose showed deeper penetration was superior to PVA 27,000.
This may be owing to the brittleness of the microneedles
formulated with PVA 27,000 causing the sharp needle tips to
break off, leaving a thicker needle base that will limit ability
to penetrate the skin. Microneedles formulated from PVA
67,000 and trehalose were used to proceed with analysing
the microneedle design for further study. Similar to previous
microneedle studies, the histological analysis for micronee-
dle formulated from PVA 67,000 + trehalose showed nee-
dles were able to break through the skin and deposit the drug
(Khosraviboroujeni et al. 2022). Finally, the microneedle
formulation allowed drug to permeate across the skin and
into the release media compared with baseplate alone where
no drug permeation was observed. Taken together, results
show that despite the incomplete morphology observed in
images—potentially influenced by fabrication conditions—
the microneedles are strong enough for transdermal drug
delivery and successful in delivering AP39. Furthermore,
drug accumulation in the skin was markedly higher than
with the baseplate formulation alone, considering no drug
permeated across the skin, it may be assumed that drug
deposition only occurred in the upper layers of the skin and
was not able to permeate beyond this. Although drug pen-
etration through murine skin may differ from that in human
tissue, the latter is not readily available. Murine skin is a
widely used alternative (Jung et al. 2020; Fang et al. 2009;
Zhu et al. 2016) with some compounds permeating in a
similar manner, whereas others differ in drug release owing
to human skin being less permeable (Simon and Maibach
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1998). Further work is required to establish the drugs kinetic
profile thought human skin.

Development of drug treatments for delivery to the cen-
tral nervous system is particularly challenging due to the
presence of the blood-brain barrier. The blood-brain barrier
separates the systemic circulation from the cerebral paren-
chyma and is composed of cerebral capillary endothelial
cells connected by tight junctions which contribute towards
reduced permeation of small-molecule drugs permeability
(Temsamani et al. 2000). This study observed AP39 col-
lected from the receiver compartment from the skin perme-
ation study was able to permeate across a cellular barrier
model. Previous studies have observed that when AP39 was
delivered to mice, an increase in H,S levels in the brain cor-
tex was observed. Further studies are required to elucidate
the precise mechanism of AP39 crossing the blood-brain
barrier. Finally, permeated drug was able to reduce oxida-
tive stress and inflammation on neuronal cells. Previously,
it has been shown that AP39 restores the mitochondrial
function and ameliorates oxidative stress induced by H,0,
(Sanchez-Aranguren et al. 2021, Szczesny et al. 2014; Zhao
et al. 2016; Marwah et al. 2023). Protein carbonyl is a well-
established biomarker of oxidative stress (Dalle-Donne et
al. 2003). Our study showed H,O, produced cellular oxi-
dative stress, resulting in oxidative damage to proteins and
formation of protein carbonyl. AP39 treatment significantly
reduced protein carbonyl level, indicating its potent anti-
oxidant activity. Furthermore, oxidative stress is known to
promote tau accumulation (Haque et al. 2019), a hallmark
of various neurodegenerative diseases (Gao et al. 2018). We
observed H,0, treatment increased the level of tau in the
cells whilst AP39 treatment exhibited potent inhibition in
tau accumulation, consistent with previous reports of its ben-
eficial effect in preventing neurodegeneration (Zhao et al.
2016). The reduction in IL-6 is also particularly noteworthy,
given its role in chronic inflammation and neurodegenera-
tive diseases (Shan et al. 2024). Similarly, the decreased lev-
els of IL-8 and TNF-a further support the anti-inflammatory
properties of AP39, as these cytokines are critical media-
tors in the inflammatory response. Our results are consistent
with these previous reports and suggest that transdermal
microneedle formulations of AP39 retain the protective role
of AP39 in abrogating oxidative stress and reducing inflam-
mation. The strong inhibitory effect that AP39 has on tau
accumulation also demonstrates its therapeutic potential to
alleviate neurodegeneration. In vivo testing is required to
validate these results and confirm the effectiveness of AP39
in a physiological context, as well as to fully understand
its mechanisms of action in crossing the blood-brain barrier
and exerting neuroprotective effects.
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Conclusion

The transdermal delivery of AP39 represents a promising
and non-invasive therapeutic approach with significant
potential for treating neurological disorders. This method
offers the potential of maintaining sustained drug levels
in the bloodstream, thereby minimising both toxicity and
the frequency of dosage. To achieve this, a technique for
producing dissolving microneedles was employed, utilising
3D printing to create a unique needle mould. Microneedles
made from varying molecular weights of PVA, both with
and without trehalose, were successfully generated through
this method. Notably, microneedles composed of PVA
67,000 with trehalose exhibited the necessary strength to
penetrate the skin and deliver the drug across the skin. The
drug permeated the skin, crossed a microvasculature model,
and effectively reduced oxidative stress and inflammation in
neuronal cells, demonstrating its potential to enhance neu-
ronal cell health and improve clinical outcomes in neuro-
logical disorders. Therefore, the development of a systemic
delivery method for H,S donors like AP39 via skin applica-
tion appears to be a practical and feasible approach to drug
administration.
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