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Photodynamic therapy (PDT) to manage non-melanoma skin cancers has garnered great attention over the past
few years. Hypericin (Hy) is a potent lipid-soluble photosensitiser with promising anticancer therapeutic ac-
tivities. Nevertheless, its poor water-solubility, aggregation in biological systems and insufficient skin penetra-
tion restricted its effective exploitation. Herein, we report for the first-time encapsulation of Hy into lipid
nanocapsules (Hy-LNCs), and then application of an AdminPen™ hollow microneedles (Ho-MNs) array and an
in-house fabricated Ho-MN to enable efficient intradermal delivery. The physicochemical properties, photo-
activity, ex vivo drug distribution and cellular uptake were evaluated. Results showed that Hy-LNCs were suc-
cessfully formed with a particle size of 47.76 + 0.49 nm, PDI of 0.12 + 0.02, high encapsulation efficiency
(99.67% =+ 0.35), 396 fold higher photoactivity, 7 fold higher skin drug deposition, significantly greater cellular
uptake and higher photocytotoxicity compared to free Hy. The therapeutic effect of Hy-LNCs was finally assessed
in vivo using a nude mouse model with transplanted tumours. Interestingly, Hy-LNCs delivered by Ho-MN
exhibited remarkable anti-tumour destruction (85.84%) after irradiation with 595 nm. This study showed that
Ho-MNs-driven delivery of Hy-LNCs followed by irradiation could form a promising minimally invasive, effective
and site-specific approach for managing non-melanoma skin cancers.

1. Introduction

Skin cancer is the world’s most common type of cancer. According to
the World Health Organization (WHO), non-melanoma skin cancer has
been increasing over the past decades, with a global estimation of over
1,000,000 cases reported annually, with a high mortality rate reaching
one person dying every four minutes [1]. Currently used treatment
strategies include surgical resection, chemotherapy, radiotherapy,
immunotherapy and cryotherapy. However, these treatments have poor
prognosis and underlie several systemic adverse effects [2]. Thus, it is

urgent to exploit new efficient therapies for cancer.

Photodynamic therapy (PDT) is a promising alternative treatment
modality for controlling malignant diseases as it offers several advan-
tages over conventional strategies, including reduced long-term
morbidity, low recurrence rates, applicability in combination therapy
without compromising other treatment options, and very good cosmetic
results [3]. PDT is a minimally invasive therapeutic approach that is
based on local or systemic administration of a photosensitiser (PS) fol-
lowed by light irradiation to generate reactive oxygen species (ROS) that
selectively damage the diseased cells [4]. Ideally, PS should be harmless
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to healthy and abnormal cells in the absence of light [5].

Local PDT has received increased attention in the preclinical
research for non-melanoma skin cancer treatment as it has several ad-
vantages over systemic PDT. These include; a) minimized cumulative
systemic toxicity, b) selective tumour destruction with minimal damage
to normal cells, c) it could be used as a single or as adjuvant anticancer
therapy [6], and d) the localised administration of PS would help in
overcoming the necessity of avoiding light exposure that is usually
required during and after treatment sessions of systemically adminis-
tered PS which would improve the patient’s compliance and quality of
life [7]. Therefore, different targeted PDT strategies for localised effect
were introduced in the literature, such as magnetic drug targeting using
PS-loaded superparamagnetic nanoparticles [7] or the combination of
PDT with electric field application [8]. However, these techniques un-
derlie some difficulties, including the complexity of application and
necessity of an external trigger, and the requirement of trained
personnel. Thus, there was an urgent need to establish new targeted PDT
approaches for efficient site-specific anticancer effects. This work pre-
sented an alternative strategy to address such a need.

Hypericin (Hy), a phenanthroperylenequinone derivative, is a
naturally occurring photodynamic agent extracted from Hypericum per-
foratum (St John’s wort). It is one of the most potent photosensitizing
agents [9,10]. This photoactive compound is characterised by high ef-
ficiency in the production of singlet oxygen species and superoxide an-
ions after irradiation and low or negligible dark toxicity [11].
Interestingly, Hy exhibited characteristic preferential accumulation in
tumour cells and thus showed promising potential applications in
photodynamic targeting of recurrent or unresectable malignancies,
including skin, nasopharyngeal, bladder, pancreatic cancers and lym-
phomas [12,13]. Despite its potent tumouricidal activity, Hy forms
insoluble lipophilic ion pairs at physiological pH due to its highly hy-
drophobic nature leading to low photoactivity and ineffective delivery
to the cancerous cells [5]. Besides, the poor skin penetration adds
another challenge hindering the Hy exploitation in PDT due to the fact
that most of the topically applied Hy is accumulated in the stratum
corneum (SC) tissue [14]. Consequently, finding new strategies to
improve solubility, provide high photoactivity, boost successful intra-
dermal delivery and provide sufficient protection of such delicate PS
from the external environment has become very important.

Various nanocarriers have been used to incorporate Hy to overcome
its low aqueous solubility and poor skin penetration, including using
iron oxide [7,15], polymeric [16,17], and solid lipid nanoparticles
[5,18]. Lipid nanocapsules (LNCs) encapsulating PSs for transdermal
application have gained increasing attention due to their biocompati-
bility, enhanced permeability and better loading efficiency, as well as
ease of preparation, scalability and cost-effective manufacturing LNCs
are synthetic core-shell nanostructures with a lipid oil core and a sur-
factant shell giving them a unique hybrid structure between polymeric
and lipid nanocarriers [19,20]. This unique structure enabled the LNCs
to overcome the poor colloidal stability and to, significantly improve the
low solubility of many drug molecules, and enhance transdermal/in-
tradermal delivery of many anticancer and photosensitive compounds.
Moreover, LNCs showed a great potential to encapsulate Hy, itself.
Barras and colleagues [21] incorporated Hy into LNC alone or in com-
bination with protoporphyrin [22]. Their Hy-loaded LNCs enhanced the
in vitro photoactivity and slowed the growth of xenograft tumours in
mice. However, due to inefficient transdermal/intradermal delivery, the
impact of colloidal carriers on improving the dermal penetration of Hy
was limited and mainly confined to the superficial skin layers [23,24].

Microneedles (MNs) are minimally invasive micron-sized devices
designed to painlessly penetrate SC barrier for more efficient trans-
dermal/intradermal drug delivery [25,26]. MNs have been used suc-
cessfully to deliver a wide range of drug molecules, including higher
molecular weight biologics and vaccines, hydrophilic and hydrophobic
drugs [27-29]. Different types of MNs were fabricated, including solid
(poke and patch), coated (coat and poke), dissolving (poke and release),
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hydrogel-forming (poke and swell) and hollow ones (poke and flow).

Hollow microneedles (Ho-MNs) are designed with microfluidic
channels that disrupt the upper layers of the skin upon application
creating micro-conduits to deliver liquid medications or extract bio-
logical fluids. Ho-MNs have been used for intradermal and subcutaneous
deposition of versatile nano- and microparticulate formulations [30,31].
In addition, Ho-MNs have been translated to commercially available
products such as MicronJet™, DebioJect™, Soluvia™, Intanza™, Micro-
Trans™ h-Patch™, and AdminPen™ Ho-MNs liquid injection devices
(600, 900, 1200, and 1500 pm), that can be mounted on any available
standard syringe [30].

Herein, we systematically study the feasibility of the microneedle-
assisted nanoparticle delivery concept for localised PDT. First, Hy was
encapsulated into lipid nanocapsules (LNCs), to prevent its aggregation
and enhance its uptake by cancerous cells and then delivered into the
tumour using in-house fabricated Ho-MN as a minimally invasive, user-
friendly, effective intradermal delivery system to overcome its poor
transdermal penetration. Secondly, we have combined Ho-MN based
Hy-LNC with light for enhanced, localised, effective PDT and antitumour
activity of Hy as a potentially effective approach to treat non-melanoma
skin cancers.

2. Materials and methods
2.1. Materials

Hypericin was purchased from Planta Natural Products GmbH,
Austria. Labrafac® WL 1349 (caprylic-capric acid triglycerides) was
provided by Gattefossé S.A., Saint-Priest, France. Solutol® HS 15, Kol-
liphor® HS 15, Macrogol (15) - hydroxystearate, Polyethylene glycol
(15) hydroxystearate, Polyoxyethylated 12 — hydroxystearic acid (a
mixture of free polyethylene glycol 660 and polyethylene glycol 660
hydroxystearate) were obtained from Sigma Aldrich, Dorset, UK. Li-
poid® S 100 (a soybean lecithin at 97% of phosphatidylcholine) was a
kind gift from Lipoid GMBH Ludwigshafen, Germany. Poly lactic acid
(PLA 3D850) biopolymer was purchased from Nature Works LCC,
Minnetonka, MN, USA. Dimethyl sulfoxide, DMSO, >99.5%, was ob-
tained from Honeywell Specialty Chemicals Seelze GmbH, Wunstorfer
Strabe, Seelze, Germany. Light-emitting diode (LED) with 595 + 10 nm,
445 mW and 700 mA mounted with adjustable collimation optic was
purchased from Thorlabs GmbH, Germany. AdminPen™ device was
purchased from NanoBioSciences LLC, USA. Matrigel® was obtained
from Corning, UK. Isoflurane inhaled anaesthetic agent was purchased
from AbbVie Ltd., Maidenhead, UK. Only ultra-pure water (Milli-Q
Millipore, USA) was used. All other chemical reagents were commer-
cially obtained as reagent-grade products.

2.2. Preparation of Hypericin-loaded lipid nanocapsules (Hy-LNCs)

Hy-loaded LNCs and drug-free (which is used as a control to study the
effect of adding the drug on LNCs properties) were prepared by phase
inversion method as previously described [20,44,45] with minor mod-
ifications. To prepare a drug-free LNCs, briefly, Labrafac® (5% w/w),
Kolliphor ® HS 15 (5% w/w), Lipoid® S 100 (0.75% w/w), NaCl (0.44%
w/w) and water were mixed using magnetic stirring at room tempera-
ture and then heated progressively to 85 °C. After that, it cooled down to
65 °C. Five temperature cycles were applied to obtain the required LNC
with the desired properties. During the last cooling phase in the fifth
cycle at 78 °C (the phase inversion temperature), the system was irre-
versibly shocked by adding cold (2 °C) deionized water that equates 3
times of formula volume which led to forming of stable LNCs. Then, the
formulation was further stirred for 10 min. The prepared LNCs were
stored in the fridge at a temperature of 2-8 °C until further use.

Hy-loaded LNCs (Fig. 1(I)), a Hy solution in DMSO (0.5 mg/ml) was
first prepared then the required volumes were quickly injected into the
LNCs formulation during the heating phase of the third cycle. Followed
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Fig. 1. I) Schematic representation for the preparation of Hy-LNCs by modified phase inversion method. II) AdminPen™ device; A, B) Showing 43 metallic hollow
stainless-steel microneedles of 1200 pm in length and 1 cm? of circular microneedle array, and C) SEM image (Image was used with permission from AdminMed) [1]

D) Assembled single hollow microneedle with 1300 pm bevelled shaft.

by two more temperature cycles and continued as described above. This
resulted in forming Hy-loaded LNCs with total drug concentrations of
10, 100, and 200 pM, respectively. The Hy-LNCs were stored in the
fridge at a temperature of 2-8 °C until further use.

2.3. Characterization of hypericin-loaded lipid nanocapsules

2.3.1. Particle size and zeta potential measurement

LNCs particle size, polydispersity index (PDI) and zeta potential were
measured by dynamic light scattering using a NanoBrook Omni particle
sizer and zeta potential analyser (Brookhaven Ins., USA) equipped with
a 90° scattering angle. The measurements were performed at 25 °C after
100-fold sample dilution was done using ultrapure water (Milli-Q, Mil-
lipore, USA). For zeta potential measurement, electrophoretic mobilities
were converted to potentials using Smoluchowski’s equation as previ-
ously described [32,33].

2.3.2. Transmission Electron microscope studies

The shape of the NCs was evaluated using transmission electron
microscopy (TEM). Samples were deposited on carbon-coated copper
grids with 200 meshes (PELCO®, TED PELLA INC., USA), diluted in
ultrapure water (1:10 v/v), stained with phosphotungstic acid and dried
for 24 h at room temperature. The microscope (Joel JEM 1400 Plus TEM,
USA) was operated with an accelerating voltage of 100 kV [34,35]. For
morphological analysis, the TEM was operated in bright field mode with
a magnification >10,000x.
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2.3.3. Drug content and encapsulation efficiency determination

Loaded LNCs were assessed for Hy content and entrapment efficiency
by measuring the total drug amount and the free drug concentration in
the aqueous phase, respectively. For Hy content, the total drug amount
was determined after solubilizing the LNCs in tetrahydrofuran/meth-
anol mixture, using HPLC analysis at 590 nm. The drug content (DC%)
was calculated according to the following equation:

T
” otal drug amount % 100
Initial drug amount added

DC% = ( @

Entrapment efficiency (EE%) of Hy-LNCs was evaluated by sepa-
rating the drug-loaded LNCs from the free drug using ultracentrifugation
(Sigma 2-16KL Refrigerated Centrifuge, Sigma Lab GmbH, Germany)
through Amicon® ultracentrifugal filters (100 K MWCO) at 14000 rpm
and 4 °C for 30 min. The encapsulated drug was determined after sol-
ubilizing the LNCs in tetrahydrofuran/methanol mixture, using HPLC
analysis at 590 nm, as described in Section 2.5. The EE% was estimated
according to the following equation:

(2)

EE% — (Encapsulated drug amount) 100

Initial drug amount added

2.3.4. Photodynamic activity measurement

The photodynamic efficiency of Hy-LNCs in relation to Hy solution
was assessed by determining the rate constant for the photodecompo-
sition of uric acid (UA) as a singlet oxygen scavenger and a chemical
dosimeter [36]. Various solutions were prepared from Hy solution (as a
control) or Hy-LNCs that have drug concentrations of 10, 100 and 200
UM with added UA and tween 20 at concentrations of 1.8 x 10~ mol L™}
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0.001% in PBS (pH 7.0), respectively. The Aliquots of each of these
solutions were irradiated with a LED at 595 + 10 nm and 27.38 + 3.45
mW cm 2 = 273.84 4+ 34.59 Wm ™2 for 0, 5, 10, 15, 20, 25 and 30 min.
The absorbance of the solution was recorded spectrophotometrically at
292 nm using FLUO star® Omega spectrophotometer (BMG labtech,
Germany), and the photodecomposition constant of UA was determined.
Baseline correction was performed using blank LNCs in PBS and 0.001%
Tween 20 to nullify and possible interfering absorption arising from the
LNCs components [18]. The photodynamic activity (PA) was calculated
based on the following equation:

AAy, 10°

PA= ——71—
Eo.t.Aps(irr)

3)

with PA = photodynamic activity [m? W' s™! = m?/J]; Aya = UA
absorbance decrease at 292 nm in UA-PS solution after irradiation; Eo
fluence rate [W m’z]; t = irradiation time [s]; Apg (Airr) = absorbance of
PS in UA-PS-solution at irradiation wavelength.

2.3.5. Photostability determination

The photostability of encapsulated Hy compared to Hy in DMSO
solution was evaluated as previously described with minor modifica-
tions [18]. The photodegradation of Hy was monitored by recording the
change in peak area using the developed and validated HPLC method
with UV detector operated at 590 nm as described in pharmaceutical
analysis section. Briefly, 3 ml of Hy DMSO solution or Hy-LNCs (100 pM)
was exposed to light delivered by a LED at 595 + 10 nm and 27.38 +
3.45 mW cm ™2 for 0, 10, 20, 30 and 40 min. For the Hy-LNGCs, the drug
was extracted after solubilizing the LNCs in tetrahydrofuran/methanol
mixture and centrifugation at 12,000 rpm for 15 min to precipitate any
residual lipids. A sample was then withdrawn from the supernatant and
analysed using the validated HPLC method. The amount of Hy, in pg, in
each sample was calculated.

2.3.6. Evaluation of Hypericin cellular uptake and photocytotoxicity

In this study, the B16-F10 (CRL-6475™), a mouse melanoma cell line
obtained from the American Type Culture Collection (ATCC) was used.
The cells were grown as adherent monolayers in Dulbecco’s Modified
Eagle Medium (DMEM, Thermo Fisher Scientific, UK) supplemented
with 10% Fetal Bovine Serum (FBS) and 1% Penstrep (10,000 U.L ml !
penicillin and 10 mg/ml streptomycin and maintained at 37 °C in a
humidified 5% CO; incubator [2]. Sub-confluent monolayers of the cells
were washed with sterile PBS and then were detached with 5x trypsin
diluted from Gibco® 0.5% Trypsin-EDTA (10x) (Thermo Fisher Scien-
tific, UK) and living cell count was performed with a haemocytometer
(Countess® II FL. Automated Cell Counter, Life Technologies™ Corpo-
ration, USA) using the trypan blue exclusion method using (Tryptan Blue
solution, 0.4%, VWR Life Science, UK) [37].

Cellular uptake of Hy into melanoma cell lines was evaluated by
confocal imaging as well as flow cytometry. For confocal microscopy,
samples consisting of a 10 ml suspension containing 1.41 x 10° cells
ml~! of B16-F10 were seeded in multi-chamber slides (Ibidi GmbH,
Germany). After 24 h, the culture media were removed and replaced
with the same amount of fresh media containing equalized concentra-
tions of Hy (0 to 1 uM) in LNCs. After 2 h incubation, the media were
removed, the cells were washed with PBS and fixed with 4% formal-
dehyde. Fluoromount DAPI mounting medium (Sigma Aldrich, Dorset,
UK), for nuclei visualization, was added prior to imaging using Leica
TCSP8 Confocal Laser Scanning Microscope (Leica Microsystems GmbH,
UK) connected to an inverted DMi8 microscope. Z-stacks of the confocal
images were rendered into 3D mode using LAS X software.

For quantitative evaluation of cellular uptake, samples of B16-F10
treated with Hy or Hy-LNCs were flow cytometrically assessed using
BD Accuri C6 Plus Flow Cytometer (BD Life Sciences Biosciences, USA)
[49]. Briefly, after 48 h incubation in a 96-well plate, melanoma cells
were treated with different concentrations (0.1 to 3 pM) of free Hy or
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Hy-LNCs. Half of the treated plates were irradiated with 595 + 10 nm
LED (Thorlabs GmbH, Germany) with a light dose of 50 Jem ™2 and
fluence rate of 27.38 + 3.45 mW cm ™2, while the other half was kept in
the dark. After 2 h, the cells were washed with PBS, Trypsinized and
centrifuged at 20000 rpm for 10 min. Then, the cell pellets were
resuspended in PBS and assessed for the fluorescence intensity% using
flow cytometry.

To evaluate Hy photocytotoxicity, a preliminary study on the dark
toxicity of free Hy and Hy-LNCs at different concentrations (0.1 to 5 pM)
for B16-F10 was done. Afterward, the phototoxic effects of free Hy and
Hy-LNCs at various concentrations were further examined. In these ex-
periments, 2.12 x 10° cells ml~! suspended in DMEM supplemented
with 10% FBS and 1% Penstrep were plated in 96-well plates and grown
at 37 °C and 5% CO,, for 2 h. Then, the cells were irradiated with 595 +
10 nm LED (Thorlabs GmbH, Germany) with a light dose of 50 Jem ™2
and fluence rate of 27.38 + 3.45 mW cm 2. After irradiation, the cells
were re-incubated for an additional 24 h to evaluate cell survival using
the MTS tetrazolium assay method [50]. This live cell counting method
is based on the reduction of the Cell Titer 96® Aqueous One Solution
Cell Proliferation Assay reagent (3-(4,5-dimethylthiazol-2-y1)-5-(3-car-
boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, Promega, UK)
to a majority of water soluble purple formazan by the active mito-
chondrial dehydrogenases [51]. After the 24 h incubation period, the
used DMEM was removed and the cells were treated with the MTS re-
agent at 0.19 mg/ml in DMEM for 1 h. Then, the absorbance at 490 nm
was measured in a microplate reader (FLUO star® Omega, BMG labtech,
Germany). The cell viability % was plotted as a function of the Hy
concentration.

2.3.7. Stability evaluation

The effect of storage time on the different LNCs was monitored for up
to 7 months. Formulations were stored in dark conditions at 2-4 °C and
evaluated in relation to particle size, polydispersity index, zeta poten-
tial, drug content and EE. Samples were withdrawn, in triplicates, at
predetermined time points (0, 3, 7, 14, 30, 90, 150, 210 days).

2.4. Evaluation of hollow microneedles-assisted delivery of Hypericin-
loaded lipid nanocapsules

Hy-LNCs was delivered into the skin by either a commercially
available stainless-steel Ho-MNs array, namely AdminPen™ Ho-MNs
that consists of baseplate bearing of 43 MNs, each MN measures 1200
pm in height (Fig. 1 (II) A,B and C) or in-house fabricated stainless-steel
single hollow MN (S-Ho-MN) that measures 1300 pL in height (Fig. 1(II)
D).

2.4.1. Fabrication of single hollow microneedle

A single hollow microneedle (S-Ho-MN) measuring 1300 pm in
height (Fig. 1(II) D) was fabricated in-house using a 26G x Y% inch
stainless steel Terumo® needle (Terumo Europe, Leuven, Belgium). To
obtain the required length, a conical-shaped PLA base (9.7 x 5 mm) was
3D-printed using an Ultimaker 3 (Ultimaker B.V., Geldermalsen, The
Netherlands) FFF system and Cura® software. The printed base and 26G
x ¥ inch stainless steel Terumo® needle were then assembled to create a
S-Ho-MN with the required height. The assembled S-Ho-MN was
attached to a pre-filled syringe and used to deliver Hy formulations into
the skin.

2.4.2. Evaluation of hollow microneedles properties

2.4.2.1. Insertion properties assessment. The in vitro insertion property of
AdminPen™ Ho-MNs and S-Ho-MN, was evaluated using Parafilm M®
(Bemis Company Inc., Soignies, Belgium), a validated synthetic skin-
simulant membrane as previously described [38]. Briefly, a stack of
ten layers of Parafilm M® (= 1.25 mm thickness) was placed on dental
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wax support. Then, the AdminPen™ Ho-MNs was carefully pressed into
the folded Parafilm M® layer using both the thumb and index finger by
gently applying enough force to ensure complete contact between the
entire front device surface and the membrane layers.

After 30 s of pressed insertion, the Ho-MNs were removed, the Par-
afilm M® layers were then separated, the number of visible holes
created by Ho-MNs in each layer was counted, and the percentage of
penetration was calculated according to the following Eq. [39]:

Number of created holes

The%of penetration = % 100 (©)]

Actual number of hollow microneedles

MNs insertion into full-thickness excised neonatal porcine skin was
also evaluated by both digital microscopy using a Keyence VHX- 700F
Digital Microscope (Keyence, Osaka, Japan) and Optical Coherence
Tomography (OCT) imaging using an EX1301 OCT microscope
(Michelson Diagnostics Ltd., Kent, UK) immediately after insertion [40].

Prior to this study, excised skin samples were obtained from stillborn
piglets <24 h after birth and stored at —20 °C in Petri dishes until further
use. Prior to the experiments, the skin samples were shaved using
disposable razors and were equilibrated in phosphate buffered saline
(PBS), pH 7.4, for 20 min. The upper surface of the skin was cleaned and
dried with tissue paper, and the skin was placed, dermis side down, on a
500-pm-thick sheet of dental wax. The AdminPen™ MNs were inserted
into the skin using both the thumb and the index finger and pressed for
30s.

After the removal of Ho-MNs, the skin was viewed under a digital
microscope. The number of visible holes created by Ho-MNs was
counted and the percentage of percutaneous penetration was also
calculated according to Eq. (1). The skin was examined under OCT, and
the depth of skin penetration was calculated.

In order to assess the penetration capability of the assembled S-Ho-
MN, the MN was inserted into eleven layers of Parafilm M® (= 1.4 mm
thickness) as a skin simulant membrane for MN insertion studies,
following the same protocol as outlined above. Then, OCT images were
recorded using an EX1301 OCT Microscope (Michelson Diagnostics Ltd.,
Kent, UK). The insertion depth of S-Ho-MN was estimated by measuring
the height of inserted needle using the imaging software, ImageJ®
(National Institute of Health, Bethesda, MD, USA).

2.4.3. Pore closure kinetics

The time required for full pore closure and skin recovery was
observed by recording OCT images using an EX1301 OCT Microscope at
0, 2, 4, 6, 8, and 10 min after insertion of AdminPen™.

2.4.4. Ex vivo dermatokinetic studies

Ex vivo drug delivery efficiency and drug distribution in various skin
layers from Hy-LNCs and Hy-DMSO solution, as a control, was evaluated
using two techniques: quantitatively via cryostat sectioning and quali-
tatively using confocal microscopy. Quantitative analysis of Hy in
excised porcine skin was performed, as previously reported [41], with
minor modifications. Both Hy solution and Hy-LNCs were injected into
full-thickness excised neonatal pig skin using AdminPen™ Ho-MNs. The
upper surface of the skin was cleaned, dried with tissue paper, and the
skin was placed, dermis side down, on a 500-pm-thick sheet of dental
wax. The AdminPen™ Ho-MNs fitted with a formulation-prefilled sy-
ringe was inserted into the skin using both the thumb and the index
finger by applying a force equivalent to that used to press a stamp onto
an envelope for 30 s. Following insertion, the formulation was slowly
injected into the skin. Then, Ho-MNs were slowly removed out from the
skin.

After 1 h, the MN-treated skin region was excised using a biopsy
bunch (12 mm diameter) (Stiefel, Middlesex, UK) and embedded in
optimal cutting temperature embedding medium (Tissue-Tek, Sakura
Finetek, CA, USA). The skin sample was snap-frozen in liquid nitrogen
and sliced into 50 pm-thick sections using a Leica CM1900 Cryostat
Microtome (Leica Microsystems, Nussloch, Germany), and five
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consecutive slices were collected into 0.5 ml microtubes. This procedure
was continued until the whole biopsied skin was sliced. To analyse the
amount of Hy distributed and deposited into each 5 slices, 300 pL of
acetonitrile was added to the tissue sections. Each microtube was vor-
texed for 30 min to extract the drug and the sample was then centrifuged
at 12,000 rpm for 15 min to precipitate any skin and media residuals. A
sample was then withdrawn from the supernatant and analysed using
HPLC method as described in Section 2.5. The amount of distributed Hy,
in pg, was plotted against the average skin depth in pm. The total cu-
mulative amount of deposited Hy was also calculated.

Additionally, dermal distribution of Hy from DMSO solution and
LNCs was then further elucidated using confocal microscopy using Leica
TCSP8 Confocal Laser Scanning Microscope (Leica Microsystems GmbH,
UK) connected to an inverted DMi8 microscope. Z-stacks of the confocal
images were rendered into 3D mode using LAS X software. A z-stack
could be defined as a sequence of basic images captured at the same
horizontal position (x, y) but at various imaging depths (z) [42]. In brief,
the formulations were injected into the skin using the Ho-MNs array.
Then, after 1 h, the biopsied skin samples were cryo-sectioned as
described above. Each 50 pm-slice was placed on a glass slide and
transverse as well as longitudinal section images were taken.

Ex vivo skin deposition of Hy in DMSO solution form, LNCs was
performed in the excised porcine skin as reported previously after suit-
able modification [43]. The upper surface of the skin was cleaned, cut
into 1 cm? pieces, and dried with tissue paper, and the skin was placed,
dermis side down, on a 500-pm-thick sheet of dental wax. The formu-
lations were slowly injected using the S-Ho-MN. At predetermined time
points (0.5, 2, 4 and 6 h), each skin sample was washed with deionized
water to remove any excess formulation and placed in 2 ml microtube.
To extract the Hy, each tube was then heated in a water bath at 60 °C for
2-3 min and 1.5 ml of acetonitrile. The samples were homogenized
utilizing Tissue Lyser LT (Qiagen, Ltd., Manchester, UK) at 50 Hz for 15
min and then centrifuged at 12,000 rpm for 15 min to precipitate any
skin residuals. A sample was then withdrawn from the supernatant and
analysed using HPLC method according to the same protocol mentioned
in Section 2.5. The percentage recovery of Hy was plotted against time.
The total cumulative amount of deposited Hy was also calculated.

A Leica SP8-MP Multiphoton Excited Fluorescence Microscope
(Leica Microsystems GmbH, UK) equipped with a DM6000CFS fixed
stage Upright Microscope was used to record the distribution of Hy from
DMSO solution and LNCs in full-thickness porcine skin [44]. Z-stacks of
the multiphoton images were rendered into 3D mode using LAS X soft-
ware. The formulations were injected into the skin using the S-Ho-MN
and the images were taken 2 h after treatment.

2.5. Pharmaceutical analysis

Quantification of Hy was performed using the reversed-phase high-
performance liquid chromatography (HPLC) method that was developed
by modifying a published assay [45].

Chromatographic separation was achieved using Agilent 1220® In-
finity LC system (Agilent Technologies UK Ltd., Stockport, UK) with a
XBridge™ BEH300 C18 5 pm column (150 x 4.6 mm; Waters Corpo-
ration, Milford, USA) with isocratic elution and UV detection at 590 nm.
The mobile phase was a mixture of methanol: 18.37 mM potassium
dihydrogen phosphate buffer (pH 3.5 adjusted using orthophosphohoric
acid) (95:5 v/v) with a run time of 10 min per sample and flow rate of
1.4 ml/min. The column temperature was 30 °C and the injection vol-
ume was 30 pL. The chromatograms obtained were analysed using
Agilent ChemStation® Software B.02.01. The HPLC method was vali-
dated according to the guidelines of the International Conference on
Harmonisation (ICH,2005).

2.6. In vivo study

The delivery efficiency of our microneedles, drug distribution and its
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therapeutic effects were evaluated in vivo using a nude mouse model
with transplanted tumours. The in vivo studies were approved by the
Committee of the Biological Services Unit, Queen’s University Belfast.
The work was carried out under Project License PPL 2794 and Personal
Licenses PIL 1747 and 1732. All experiments were conducted in accor-
dance 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,
implementing of the principles of the 3Rs (replacement, reduction and
refinement).

In vivo experiments were performed on 20 female Balb/C nude mice
aging 8-10 weeks and weighing 19.80 + 0.90 g as an animal model.
Mice were acclimatized to the laboratory conditions for a minimum of 1
week prior to the commencement of the experiments.

2.6.1. Mouse tumour model

The CT-26 (CRL-2638™), a mouse colon cell line obtained from the
ATCC was used to establish the animal tumour model. The cells were
cultured in RPMI 1640 (Thermo Fisher Scientific, UK) containing 10%
FBS and 1% Penstrep. After being confluent, 5 x 10 CT-26 cells were
implanted subcutaneously onto the flanks of the mice using Matrigel
(Corning, UK).

2.6.2. Study design and experimental procedures

The animals were divided into four cohorts. The first cohort (n = 4)
served as the untreated positive control, the second cohort (n = 4) was
treated with LED light only, the third cohort (n = 5) was treated with Hy-
LNCs only, and the fourth cohort (n = 7) was treated with both Hy-LNCs
and LED light. The mice in each cohort were kept in a separate cage to
avoid any interference that might affect the results. Treatment was
initiated when the average volume of the tumour reached 100 mm®, The
assembled S-Ho-MN was used to deliver a daily dose of 1 mg/kg of the
Hy-LNCs (equivalent to 25 pg of Hy) into the tumour mass. Mice
received four doses throughout the study. Irradiation the tumour-
bearing region only was done 45 min after drug administration, using
the same 595 + 10 nm LED (Thorlabs GmbH, Germany) that was used in
the in vitro studies with a light dose of 230 Jem ™2 and fluence rate of 45
+ 2 mW cm™2. During drug administration and irradiation, mice were
anesthetized through a facial mask by isoflurane 5% v/v, 2 L/min. Mice
were observed until recovery was achieved. Any animal with 20%
weight loss during the study was to be removed for euthanasia, but this
did not occur.

2.6.3. Evaluation of Hypericin distribution in the tumour tissue and the
other body organs

To evaluate drug distribution in the tumour tissue and its potential
transport to the rest of the body organs. After 45 min of the Hy-LNCs
application using the S-Ho-MN and before the commencement of irra-
diation, mice were subjected to 2D imaging using Bruker image station
system (Xtreme, Bruker, Billerica, USA). During imaging, Hy fluores-
cence intensity was recorded to evaluate drug biodistribution. Hy was
excited at 480 nm and the fluorescence intensity was recorded at 600 nm
[46]. Both treated and untreated animals were imaged at the same time
point. To facilitate imaging, animals were placed in a chamber and
sedated using isoflurane 5% v/v, 2 L/min. At the end of the experiment,
mice were observed until they recovered.

2.6.4. Evaluation of Hypericin antitumour activity
To evaluate the anti-tumour activity of our Hy-LNCs formulation, the

change in tumour size was monitored daily. The tumour dimensions

were measured using an Electronic digital caliper (150 mm 8 Inch

Carbon fiber Composites Digital Caliper). The tumour volume was

subsequently estimated according to the formula [46]:

3) _ Width* x Length

= 5 (5)

Tumor Volume (mm
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2.6.5. Histology study

For histological examination, mice were humanely culled by carbon
dioxide rising concentrations in day 5 of the experiments. Tumour
dissection was done immediately after death. The excised skin biopsies
from all groups were fixed in 10% buffered formalin and processed in
xylene and different grades of alcohol, then embedded in paraffin blocks
and sectioned into 5 mm tissue section thickness. The sections were
stained with haematoxylin—eosin (H&E) and examined under a light
microscope (Leica, Germany) with different magnification to assess the
viable tumour, and treatment effect in the form of necrosis, inflamma-
tion and fibrosis.

2.7. Statistical analysis

All the results were expressed as the mean + SD (n = 3 for the in vitro
and n = 4 for the in vivo, at least), and the significance was assessed using
student’s t-test and one-way ANOVA using the Prism software. Tukey
post hoc test was established. One-way ANOVA was used to determine
the significance of changes in LNCs stability study, photodynamic ac-
tivity, cellular internalization, cell viability and tumour size in mice.
Student’s t-test was used to evaluate the significance of changes in drug
photostability assessment and ex vivo skin deposition of Hy after MN
application. P-Values <0.05 were considered significant.

3. Results and discussion

3.1. Development and characterization of Hypericin-loaded lipid
nanocapsules

The criteria were set to prepare Hy-LNCs with homogenous particle
size, < 100 nm, and high entrapment efficiency so that they can prevent
drug aggregation in the skin after administration and can diffuse readily
into the tumour cells after MNs application allowing for improved
cellular uptake, enhanced photoactivity and cytotoxicity.

Hy-LNCs were formulated using small amounts of DMSO, a class 3
solvent according to the ICH harmonised guidance for residual solvents
Q3C, R6. Hy-LNCs (with lipid concentration of 112 mg/ml) were suc-
cessfully produced by the phase inversion process. The prepared LNCs
possess a shell of PEG in their outer part and Lipoid® in their inner part,
protecting an oily liquid core of Labrafac®. The hydrophilic/lipophilic
nature of Kolliphor® enabled the phase inversion from o/w to w/o
emulsion, and vice versa, by increasing the temperature and allowed the
formation of stable smaller particles [47]. Lipoid® contributes to the
formation of stable and well-structured LNCs [48]. In addition, the
salinity exerted by NaCl increased the conductivity, thus helping to
lower phase inversion temperature [47]. Importantly, Hy stability was
confirmed throughout the heat cycles required to produce drug-loaded
LNCs, with >99% of the drug remaining intact (data is not reported
here).

Hy was loaded into LNCs in three different concentration levels; low
(10 pM, Hy-LNGCs 1), intermediate (100 pM, Hy-LNCs 2) and high (200
pM, Hy-LNCs 3). The formulations were screened for colloidal proper-
ties, encapsulation efficiency and photodynamic activity. The optimum
formulation was then selected for further in vitro photocytotoxicity,
cellular internalization, microneedles application, and in vivo study.

3.1.1. Particle size and zeta potential measurement

Particle size increased significantly (One-way ANOVA, P < 0.0001)
from 37.77 + 0.41 nm (PDI = 0.04 + 0.01) to 76.88 + 5.95 nm (PDI =
0.19 £ 0.01) by increasing the drug loading from 10 to 200 pM as shown
in Table 1. However, for all formulations, the PDI was <0.2 (ranged
between 0.07 + 0.05 to 0.19 + 0.01), indicating homogenous particle
size distribution and monodisperse LNCs. Incorporating high amounts of
Hy concentration to 200 pM into LNCs resulted in a significant increase
in the particle size of LNCs, while no effect on size was observed in the
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Table 1
Physicochemical properties, encapsulation efficiency and drug content of blank
and Hy-LNCs. Data reported as mean + SD, n = 3.

Parameter B-LNCs Hy-LNCs 1 Hy-LNCs 2 Hy-LNCs 3
Drug concentration 0 10 100 200
(uM)
Particle size (nm) 37.61 + 37.77 + 47.76 + 76.88 +
1.64 0.41 0.49 5.95
PDI 0.07 + 0.04 + 0.124+0.02  0.19+0.01
0.05 0.01
Zeta potential (mV) —-1.74 + —2.08 + —4.31 + —12.25 +
0.26 0.89 1.93 2.43
EE% - 100 +0.03  99.67 + 89.64 +
0.35 0.44
DC% - 98.16 + 100.00 + 100.00 +
2.47 3.72 1.63

case of low drug concentration (10 pM).

The prepared LNCs showed slightly negative zeta potential (—1.74 +
0.26 for blank LNCs, B-LNCs) that is likely ascribed to the presence of
PEG functional groups at the surface forming dipoles able to interact
with counterions or water dipoles [49]. Loading LNCs with 10 and 100
pM Hy did not affect the zeta potential values revealing complete
encapsulation of lipophilic Hy in the oily core of LNCs. However, the
loading of 200 pM Hy into LNCs (Hy-LNCs 3) showed the highest
negative zeta potential value (—12.25 + 2.43), indicating that Hy
encapsulation, in this case, could be attributed to entrapment in both the
Labrafac® oily core and the lipophilic domains of Lipoid® S 100 in the
shell of LNCs. Specifically, the preferential localization of Hy in lipid
membranes of giant unilamellar vesicles was proven earlier [21,50].
Similar observations were recorded with amiodarone and quercetin,
where the drug was preferentially arranged at the oil phase/surfactant
PEG moieties interface of surfactant [51,52].

3.1.2. Transmission Electron microscope studies

To get an insight into the morphology of the Hy-LNCs, samples of the
fabricated formulations were visualised using TEM. The recorded mi-
crographs showed spherical uniformly distributed Hy-LNCs with parti-
cle size in accordance with the size measurements recorded by dynamic
light scattering analysis. (Fig. 2c).

3.1.3. Drug content and entrapment efficiency determination

LNCs are known to have too high capabilities to encapsulate and
solubilize different hydrophobic anticancer drugs, such as paclitaxel and
docetaxel, as well as photosensitisers, such as hypericin and protopor-
phyrin [22,53,54]. In the present work, loading of LNCs with the hy-
drophobic Hy resulted in remarkably high EE% that ranged between
89.64 + 0.44 and 100% =+ 0.03. The achieved EE% values were higher
than those reported in previous studies, whereas EE of 75% and 80%
were obtained when Hy was encapsulated into polycaprolactone-poly
(ethylene glycol) and solid lipid nanoparticles, respectively [5,16,17].
In addition, the prepared Hy-LNCs achieved reliable drug content that
ranged between 98.16% =+ 2.47% and 100% + 3.72%, indicating ho-
mogenous drug distribution within the formulations.

3.1.4. Photodynamic activity measurement

The photodynamic efficiency of free Hy (as a control) and Hy-LNCs
was assessed by determining the rate constant for the photodecompo-
sition of uric acid (UA) as a singlet oxygen scavenger and a chemical
dosimeter [36]. Uric acid (UA) a known singlet oxygen scavenger, was
utilized as a chemical dosimeter for determining photodynamic activity
in the PDT through a quenching mechanism. Therefore, the decompo-
sition constant and the reduction in UA absorbance band at 292 nm after
light irradiation in the presence of photosensitiser are related to the
production of singlet oxygen (10) and provides rapid evaluation of 10,
relative formation by the photosensitiser. The optimal UA concentration
and the maximum irradiation time were determined based on
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preliminary experiments (data not shown) that was also in agreement
with the observations of other workers [18,55].

As shown in Fig. 3a, pure UA in PBS pH 7.0 with 0.001% Tween 20,
free of Hy, showed no decrease in absorbance at 292 nm and had no
absorption bands in the emission wavelength of the light source (595 +
10 nm and 27.38 £+ 3.45 mW cm’z) indicating that there was no
interaction between UA and the light, as this interaction was restricted
to the photosensitiser.

As shown in Fig. 3c, d and e, the absorption intensity of UA in the
presence of Hy-LNCs decreased gradually as a function of time under
irradiation by the LED. In contrast, the change in the absorption in-
tensity was insignificant in the case of Hy solution (Fig. 3b).

Moreover, based on the UA test, the rate constants of photooxidation
(K) of UA were determined (Fig. 3f and g). Encapsulation of Hy in three
different concentrations in LNCs significantly (One-way ANOVA, P <
0.0001) improved its photoactivity. The K values for Hy-LNCs 1, Hy-
LNCs 2, Hy-LNCs 3 and Hy solution were 32.00 x 10> + 1.13, 58.50
x 1072 + 2.96, 37.40 x 107> + 0.28 and 0.93 x 10~ + 0.35 min"!
respectively. The Hy-LNCs formulations showed 35, 65, and 41 fold
increase in rate constants for the decomposition of UA, respectively,
compared to Hy in solution.

Additionally, the photodynamic activity (PA) of the three Hy-LNCs
formulations was compared (Table 2). After 30 min of light irradiation
at 595 + 10 nm and 27.38 + 3.45 mW cm-2, the PA achieved 125, 396
and 438 fold increases for Hy-LNCs 1, Hy-LNCs 2, Hy-LNCs 3, respec-
tively, compared to Hy solution. As reported earlier, Hy exhibits low
aqueous solubility, causing it to self-aggregate by building hydrogen
bonds to other Hy molecules through the carbonyl and the phenolic
hydroxyl groups leading to stacked homoassociates. These aggregated
units reduce the quantum yield and the lifetime of the excited triplet
state of PSs due to self-collision, and consequently, the 10, generation
yield should be reduced [56,57]. This explained the negligible change in
the absorption intensity of UA after irradiation and the very weak ROS
production in the case of Hy solution.

Interestingly, the ROS were generated more efficiently in Hy-LNCs
than Hy solution. One can deduce that the Hy-LNCs inhibited the ag-
gregation of Hy and consequently, the triplet state has a longer lifetime,
suggesting that Hy-LNCs have greater photodynamic activity than free
Hy. Similar results were reported when Hy was loaded into solid lipid
and polycaprolactone-poly (ethylene glycol) nanoparticles [17,18].
Besides, the same phenomenon was observed with protoporphyrin IX-
loaded silica spheres [58]. Thus, the achieved increase in quantum ef-
ficiency could be a consequence of a decrease in dimer formation due to
Hy-loaded LNCs.

The PS concentration is critical to avoid saturation and self-
quenching effect [59,60]. The Hy-LNCs 2 with intermediate drug
loading achieved the highest K (58.50 x 1073 + 2.96 min’l) and the
highest PA (59.43 + 0.28 m?/J). In other words, the ROS production
increased by increasing the Hy loading in LNCs from 10 to 100 pM,
however, a significant decline in both the ROS and the PA were observed
with the highest, 200 pM, drug loading. A possible explanation could be
that increasing Hy loading in the particles promoted liability to aggre-
gation and accordingly decreased the triplet state lifetime and reduced
the generated ROS [16,17]. However, again there was no visual nor
microscopic evidence for aggregation. Another possible explanation
could be that higher drug loading gives rise to more compact structures
so part of the drug became readily not available for PDT [16].

Generally speaking, the efficiency of PDT can be attributed to the
production of 102, so oxygen diffusion is crucial when considering
nanocarriers-loaded photosensitisers [61]. It has been proven that LNCs
allow oxygen to diffuse freely in and out of the system [62]. Considering
that ability for free oxygen diffusion side by side with the observed re-
sults for PA and ROS production in our study, LNCs appear a promising
DDS for modulating the ROS generation of photosensitisers.
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Fig. 2. a) Particle size and b) polydispersity index (PDI) profiles of different Hy-LNCs formulations throughout 7 months storage at 2-4 °C. Non-significant difference
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Table 2

Photodynamic activity (PA) and n fold increase in PA of different Hy-LNCs
formulations compared to Hy solutions of the same concentrations. Data re-
ported as mean + SD, n = 3.

Formulation  Hy Conc. PA PA of corresponding n fold
(uM) (m?/J) Hy solution increase in PA

Hy-LNCs 1 0.2 31.29 + 0.25 £+ 0.05 125

6.06
Hy-LNCs 2 2 59.43 + 0.15 £ 0.06 396

0.28
Hy-LNCs 3 4 21.90 + 0.05 + 0.01 438

0.59

Measurement conditions: [UA] = 1.8 x 10~% mol L’l, irradiation wavelength
(Mirr) = 595 + 10 nm, irradiation time = 30 min, fluence rate = 273.84 + 34.59
W/m?

3.1.5. Photostability determination

Photoirradiation of Hy DMSO solution and Hy-LNCs 2 Samples of
equivalent concentrations was done using a LED at 595 + 10 nm and
27.38 + 3.45 mW cm 2 as fluence rate. The percentage of degraded Hy
was estimated at 0, 10, 20, 30 and 40 min using HPLC analysis at 590
nm. As shown in Fig. 4, photoirradiation of Hy DMSO solution inflicted
53% degradation in the first 10 min. Further irradiation-induced com-
plete drug photodegradation, nearly 100% of Hy was degraded at 20
min. Under the same conditions, the encapsulation of Hy into LNCs
significantly enhanced its photostability and reduced its photo-
degradation, compared to free Hy in DMSO solution (Student’s t-test, P
< 0.0001) as only 18% of Hy-LNCs underwent photodegradation after
40 min of irradiation.

Lima and colleagues [18] studied the photodegradation of free and
entrapped Hy in solid lipid nanoparticles, observing 37% and 18.5%
photodegradation for free and loaded Hy, respectively, after 40 min
irradiation at 590 + 10 nm and I = 10 mW cm 2. Similarly, Youssef and
colleagues [5] recorded 15.6% photodegradation for free Hy compared
to only 6% photodegradation for Hy loaded in solid lipid nanoparticles
after 35 min irradiation at 550 - 10 nm and I = 80 mW cm 2.

The ability of LNCs to protect their cargo against photodegradation
has not been extensively studied in the literature. However, LNCs
significantly improved the photostability of curcumin, as proven by
Mazzarino, et al. [63]. Such capability for photoprotection is a conse-
quence of the size, shape and vesicular core-shell structure of the
nanocapsules [64]. Moreover, LNCs, as colloidal carriers, seems to

150+

Hy solution E=3 Hy-LNCs

100+

Percentage of degraded Hy, %

0 10

20 30 40

Irradiation time, min

Fig. 4. Percentage of degraded Hy before and after irradiation with a LED of
595 =+ 10 nm, I = 273.84 + 34.59 W/m? for time intervals of 0, 10, 20, 30 and
40 min of Hy and Hy-LNCs 2. ***Highly significant difference from Hy control
solution (Student’s t-test, p < 0.0001). Data reported as mean + SD, n = 3.
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modulate the photophysical properties of Hy, such as prolongation of
triplet state lifetime and enhancement of its optical absorption [18].
This could have an influence on reducing the photodegradation of
encapsulated Hy.

The obtained improvement in the photostability of Hy in LNCs in-
dicates that the drug has been most likely embedded in the LNCs matrix
rather than being adsorbed. These results suggest that LNCs exhibit an
encouraging potential to enhance the photostability of Hy.

3.1.6. Evaluation of Hypericin cellular uptake and photocytotoxicity

The cellular uptake is the key prerequisite for characterizing the
photodynamic effect of Hy on cellular viability. Therefore, cellular
internalization of free and nano-encapsulated Hy was evaluated visually
by confocal microscopy imaging and quantitively by flow cytometry
after 2 h incubation with the mouse melanoma cell line (B16-F10). The
determination of the optimal time slot for cells irradiation and thus Hy
photoactivation is very important. Therefore, the 2 h time point was
selected based on preliminary studies as the time point of choice for
optimum cell uptake. Data showed that melanoma cells should be
incubated with the photosensitiser Hy for 1.5 to 2 h before irradiation to
gain maximum photodynamic action of Hy on the viability of the
intended cancer cells. This was in agreement with previous studies
where Hy accumulated in EMT6 mouse carcinoma cells in 2 h [65]. The
behaviour of blank and loaded LNCs in the culture medium was checked
microscopically and no aggregation was detected, indicating the good
stability of LNCs.

Based on the confocal images (Fig. 5), DAPI staining showed that cell
nuclei were well counterstained with DAPI. Furthermore, all Hy-LNCs
treated cells showed bright red intracellular fluorescence. These obser-
vations demonstrated that Hy-LNCs accumulated in multiple subcellular
domains in B16-F10 melanoma cells achieving efficient Hy-LNCs up-
take. In fact, this subcellular localization pattern of Hy was also reported
in different cell types where Hy and/or Hy-loaded nanoparticles were
not only bound to the plasma membranes but also accumulated in the
membranes of the endoplasmic reticulum and Golgi apparatus
[13,21,65].

In parallel, a quantitative evaluation of the cellular uptake of
different Hy concentrations in solution form and LNCs using flow
cytometrical analysis in dark and light (595 + 10 nm, I = 273.84 +
34.59 W/m?) conditions was performed. The fluorescence intensity%
was considered as a parameter reflecting the cellular uptake of Hy into
B16-F10 melanoma cells. Fig. 6a represents the fluorescence intensity%
plotted against different concentrations of Hy in solution form and LNCs
before and after irradiation.

Throughout the full tested concentration range (0-3 pM) of the drug,
Hy-LNCs exhibited significantly (One-way ANOVA with Tukey’s multi-
ple comparison post hoc test, p < 0.05) higher fluorescence intensity%
relative to Hy solution reflecting increased cellular uptake for the
encapsulated Hy. Light irradiation had no significant effect on the
cellular uptake of free or nanoencapsulated Hy into melanoma cells.

The mechanism of photosensitiser cellular uptake influences their
intracellular localisation and, ultimately their photodynamic activity.
Encapsulation may thus modify subcellular distribution of photo-
sensitisers into the different compartments of the cell. Free lipophilic
Hy, in solution form, generally can cross plasma membranes by diffu-
sion, leading to a low intracellular accumulation. On the contrary, LNCs,
as intracellular drug vehicles for cancer cells, are taken up by endocy-
tosis leading to the higher intracellular concentration of an entrapped
drug. Therefore, the various cellular uptake pathways of photosensitiser
could be rate-depending whether it is free or encapsulated [16,66,67].

The first and foremost step in the development of an anticancer
formulation is to evaluate its inhibitory action against the viability of
cancer cells. To explore the potential anticancer photodynamic appli-
cation of Hy-LNCs, MTS colorimetric assay in mouse melanoma cells
(B16-F10) treated with Hy and Hy-LNCs (0.1-5 pM Hy corresponding to
1.12-56 mg/ml LNCs) in dark and light conditions was performed. The
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Fig. 5. a) Digital image of mouse melanoma cells (B16-F10). Confocal fluo-
rescence images of; b) control cells, 2 h incubation alone ¢) with blank LNCs,
with d) 0.2 pM, e) 0.4 pM, f) 0.6 uM, g) 0.8 pM and h) 1 pM Hy-LNCs 2. Blue
colour indicates the DAPI staining cellular nuclei and red colour represents the
Hy. Data reported as mean + SD, n = 3. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

B16-F10 line was selected in this in vitro study as melanoma is known to
be the most resistant to PDT among skin malignancies due to the pres-
ence of large amounts of light-absorbing melanin pigment. Fig. 6b shows
the changes in cell viability triggered by different treatments in the
presence and absence of light.

Dark controls (untreated cells) and positive controls (irradiated un-
treated cells) revealed a normal cell culture without loss of cell viability.
In the absence of photoactivation, there was a negligible difference
(One-way ANOVA, P > 0.05) in the viability of Hy solution treated and
untreated cells throughout the concentration range (0.1-3 pM). Cell
survival was >97% except for the highest concentration (5 pM), which
showed small cytotoxicity with 83% cell survival. The exerted low dark
toxicity of Hy solution was in line with the low ROS previously gener-
ated in the dark. After photoactivation, Hy solution inhibited the
viability of melanoma cells in a concentration dependant manner. The
ICso was equal to 0.8 pM and the lowest cell viability was reached at 5
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pM. As reviewed by Karioti and Bilia [68], light activation is mandatory
for the expression of cytotoxic activity of Hy. Briefly, the ROS released
from photoactivated Hy provoke apoptosis and necrosis by initiating
loss of plasma membrane integrity, the disintegration of the endo-
plasmic reticulum, Golgi apparatus and mitochondria leading to cell
death [13].

Hy-LNCs, in dark conditions, showed an ICsg of 1.5 pM and minimum
cell viability at 3 pM. While the irradiated Hy-LNCs recorded the ICsq at
only 0.2 pM and the maximum cell killing was reached at 0.4 pM. The
data clearly revealed that Hy-LNCs photoactivation potently reduced the
melanoma cells proliferation starting from concentrations as low as 0.2
pM. Hence, the irradiated Hy-LNCs showed significantly higher cyto-
toxicity compared to irradiated Hy solution. It is known that Hy suffers
from intracellular aggregation leading to quenched fluorescence and
hampered phototoxic effect on cells [16]. Interestingly, the prepared
LNCs prevented the intracellular aggregation of Hy and triggered
highest photocytotoxicity and best cell death activity in light conditions.

Previously, Hy-loaded nanocapsules exerted a dose-dependant
cytotoxic effect on human cervix carcinoma (ICs9 = 0.62) and human
breast adenocarcinoma (ICsy = 0.56) cells [22]. Similarly, the observed
Hy solid lipid nanoparticles phototoxicity on HEp-2 and B16-F10 cell
lines proportionally increased with drug concentration [18]. On the
contrary, the potency of the prepared Hy-LNCs in the current study
outperformed the concentration-dependant pattern observed with Hy
solution and other Hy nano-systems in previous studies.

In order to clearly understand how the nanocarriers themselves
affect cells. The influence of a wide range of B-LNCs concentrations
(1.12-56 mg/ml) as a primitive step of studying their potential use as
anticancer photodynamic drug delivery vehicles was investigated,
Fig. S3. In the concentration range (0-5.5 mg/ml), B-LNCs showed a safe
toxicity profile with 100-88% cell viability. At 11.5 mg/ml, the viability
reduced to 75% and the lowest exerted viability (65%) was reached at
56 mg/ml of LNCs. In comparison to Hy-LNCs at dark and light condi-
tions, data showed that there was a significant (One-way ANOVA with
Tukey’s multiple comparison post hoc test, p < 0.05) difference between
the B-LNCs and photoactivated Hy-LNCs toxicity profiles in favour of the
loaded nanocarriers indicating that the most prominent effect on cancer
cell death was due to the irradiated encapsulated Hy rather than the
system itself.

Only a few studies have discussed the cellular uptake and cytotox-
icity of low concentrations of B-LNCs (0.1-1 mg/ml) [79,80,83]. Szwed,
and colleagues [66] demonstrated that endocytosed empty LNCs ended
up in lysosomes causing a reversible inhibitory effect on protein syn-
thesis, increase in lysosomal pH and acidification of cytosol. Moreover,
LNCs were able to alter cellular redox homeostasis and induce ROS
production, causing oxidative stress associated with subsequent lipid
peroxidation and membrane damage.

It is worth mentioning that LNCs-induced cell death, at high con-
centrations, on different cell lines was mainly ascribed to Solutol® HS 15
[69]. Many hypotheses were assumed to explain that effect. Some
attributed the toxicity to the surfactant amphiphilic structure that en-
ables for interaction with polar head groups and lipophilic tails of
cellular lipid bilayers causing a disruption of the plasma membranes.
Others linked the observed toxicity to the chemical nature of the non-
ionic surfactant and the length of the hydrophilic PEG chain [69].
However, the exact mechanism behind this toxic effect has not yet been
revealed.

It is noteworthy that not all nanocarrier-based delivery systems
improved cellular uptake and cytotoxicity of photosensitisers. Encap-
sulation of Hy into solid lipid nanoparticles diminished both cell uptake
and mortality [5]. Thus, LNCs are more advantageous over other
nanoparticles as a photodynamic anticancer drug delivery system. Ac-
cording to previous studies, the Hy subcellular localisation critically
defies its phototoxicity [13]. In other words, the major role of LNCs, in
the presented system resides in enhancing Hy solubility in biological
conditions, preventing aggregation, facilitating its cellular uptake and



H. Abd-El-Azim et al.

d

4@ Hy solution, Dark © Hy solution, Light 4 Hy-LNCs, Dark

& Hy-LNCs, Light

Journal of Controlled Release 348 (2022) 849-869

Fig. 6. a) Percentage of fluorescence intensity due to
uptake of Hy into B16-F10 mouse melanoma cells
from Hy-solution and Hy-LNCs 2 in dark and light
(595 £+ 10 nm, I = 273.84 + 34.59 W/m?) conditions

for different concentrations. b) Cell viability assay
(MTS test) for B16-F10 mouse melanoma cells after
24 h incubation with different concentrations of Hy
solution and Hy-LNCs. ***Highly significant differ-
ence from other profiles (One-way ANOVA with
Tukey’s multiple comparison post hoc test, p <

0.0001).
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its subsequent photodynamic activity.

Collectively, the significantly potent Hy-LNCs-induced cell death
could be attributed to a combined synergistic effect between Hy, LNCs
and light. Therefore, nanoencapsulation favours Hy internalization and
thus, its cellular photoactivity.

3.1.7. Stability evaluation

Long-term physical stability of Hy-LNCs was carried out to ensure
that there is no aggregation or drug leakage upon storage since particle
diameter and drug content are crucial factors in stability. Thus, Hy-LNCs
shape, particle size, PDI, zeta potential, EE% and DC% were evaluated at
pre-determined time intervals over 7 months. The prepared Hy-LNCs
maintained their spherical morphology and monomodal particle size
distribution without significant difference for 7 months when stored at
2-4 °Cindark conditions (Fig. 2). The particle size of Hy-LNCs 1 and Hy-
LNCs 2 was 37.77 4+ 0.41 and 47.76 + 0.49 nm at O times compared to
43.83 £+ 1.18 and 54.02 + 1.00 nm at 7 months. PDI remained below
0.15 during the whole period. Except for Hy-LNC 3, the highest drug
level, at 7 months of storage where the particle size increased signifi-
cantly (One-way ANOVA, P < 0.05) to 94.37 £+ 1.06 nm compared to
76.88 + 5.95 nm for fresh formulation. This could be attributed to micro
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aggregation of the excess drug. However, there was neither visual nor
microscopic evidence of aggregation.

Moreover, within each formulation, there was no significant change
in the slightly negative zeta potential values throughout the storage
period as expected due to the shielding effect and steric stabilization
exerted by the PEG chains in the shells of LNCs, Fig. S1 [48].

From the same point of view, the results of the stability study
(Fig. S2) highlighted stable EE% and DC% without drug leakage over 7
months of storage. This suggested that Hy remained buried inside the
LNGCs.

3.2. Evaluation of microneedles-assisted delivery of Hypericin-loaded
lipid nanocapsules using hollow microneedles

Skin is presumed to be a formidable barrier to the penetration of
large molecular size therapeutics [70]. Based on preliminary studies, the
intradermal delivery of Hy loaded in LNCs were limited to the superficial
layers of the skin and could not penetrate beyond the stratum corneum
(SC) in considerable amount in 2 h. That was in line with previous re-
ports, where LNCs accumulated on the skin surface, including the hair
follicle spaces without penetration into deeper skin layers after dermal
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application [23,24]. Therefore, there was an unmet necessity for the use
of the intradermal delivery system to overcome the skin barrier prop-
erties and enable deep skin delivery.

MNs are micron-scale needles with the potential to deliver molecules
and macromolecules across the skin without causing significant pain
[71]. So far, several research groups have studied the delivery of par-
ticulate systems utilizing MNs via the transdermal route [72-74].
Thereby, MNs represented a promising candidate to achieve intradermal
delivery of Hy-LNCs.

Ho-MNs are MNs that create aqueous micro-channels through which
the drug formulation can be infused [75]. These MNs enable direct drug
deposition into the viable epidermis or the dermis avoiding the SC [76].
In the present study, two types of Ho-MNs (AdminPen™ and S-Ho-MN)
were investigated for their capabilities to pierce excised porcine skin to
create intradermal microconduits and further efficiency for ex vivo in-
tradermal delivery of Hy-LNCs.

The AdminPen™, 1200 pm, is a non-invasive and painless intra/
transdermal delivery device that is based on the patented proprietary
Ho-MN array technology called AdminPatch MN array, covered by US
Patent No. 7,658,728 [77]. The novel MNs-based AdminPen™ Ho-MNs
consists of very sharp 43 stainless steel MNs of 1200 pm length and 1 cm
square area of circular MNs array (Fig. 1). When connected to a standard
syringe, AdminPen™ Ho-MNs can deliver liquid formulations into the
skin. The MNs array instantaneously forms hundreds of tiny micropores
through the SC and epidermis. The created aqueous channels had a
depth of about 1100 to 1200 pm, sufficient to extend through the viable
epidermis into the dermis to reach blood capillaries but shallow enough
to avoid most pain receptors. The AdminPen™ Ho-MNss is characterised
by having off-centred hollow shaft on the side of each MN, this inno-
vative design was reported to secure sustained and efficient drug de-
livery without cloggage [76]. After removing the MNs array from the
skin, the micropores simply collapse and the skin barrier is quickly
restored [76].

Despite AdminPen™ system was introduced to the market approxi-
mately 10 years ago, it was successfully used for dermal and transdermal
delivery of different drugs and formulations including; microparticulate
interleukins vaccine for ovarian cancer [78], iron-dextran colloidal so-
lution for iron replenishment [79], vismodegib for the treatment of basal
cell carcinoma [80], the antimicrobial carvacrol loaded poly-
caprolactone nanoparticles [54], and was also used for the detection of
glucose and rhodamine 6G [81].

Based on the previously adopted approach that Ho-MNs can be
fabricated from commercially available hypodermic needles [82]. Usu-
ally, the gauge needles were cut to the desired length and glued to
premanufactured moulds [83]. In the present study, the in-house S-Ho-
MN, was fabricated by mounting a PLA 3D-printed holder to a 26G x %
inch stainless steel Terumo® needle (Fig. 1). The developed MN shaft
was 1340 pym in length [84]. The engagement of 3D-printed holders
rather than conventional metallic or polymeric moulds offered several
advantages, including ease of fabrication, short production time, high
accuracy and no harmful hazard.

The porcine tissue was chosen for the ex vivo tests because it was
specifically considered as a representative model for human skin due to
morphological and functional similarities [85].

3.2.1. Insertion properties assessment

The efficient insertion of MNs into the skin is critical to its use, as the
SC must be penetrated by the MNs to exert their effects. Therefore, the
insertion capability of the AdminPen™ Ho-MNs and S-Ho-MN through
Parafilm M® and full-thickness excised neonatal porcine skin was
evaluated as an integral part of the MN-based system assessment.

The AdminPen™ Ho-MNs succeeded in recording 100% penetration
in the first five Parafilm M®, >48% in the sixth layer, and > 43% in the
seventh layer. This means that MNs penetrated up to 889 pm depth (the
seventh layer), corresponding to 80.8% of the actual needle length.
According to Larraneta et al. [86], the production of >20% holes in each
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layer is sufficient to ensure successful MNs insertion. AdminPen™ Ho-
MNs clearly exceeded this percentage in every layer. Fig. 7d is a
representative graph of the percentage of microholes created in each
parafilm layer. In the same context, S-Ho-MN achieved up to 1294.8 +
16.9 pm penetration in the Parafilm M® membrane reaching the elev-
enth layer reflecting penetration of >95% of the actual needle length, as
provided in the OCT image in Fig. L

Both MN systems were mechanically strong enough to penetrate the
full thickness excised neonatal porcine skin. The AdminPen™ Ho-MNs
achieved 100% penetration, as shown in the digital microscope image,
Fig. 7a. The microholes created by each MN in the array were clearly
defined, 43 micropores in total, with interspacing distance in accor-
dance with the tip-to-tip MNs distance on the array. As shown before,
this reflected that the created micropores were due to the MNs sharp-
ness, and the substrate of the array did not disturb the barrier function of
the SC [80]. The MNs were then easily removed without any bending or
damage. The MNs penetrated through a depth of 1045.5 + 22.8 pm, as
shown in the OCT image of the punctured excised skin in Fig. 7b,
recording a penetration depth of approximately 95% of the actual needle
length.

Consequently, these data indicated that AdminPen™ Ho-MNs and S-
Ho-MN were mechanically strong to efficiently penetrate the skin bar-
rier. Hence, the proposed MN-based delivery systems showed a prom-
ising potential for application to cancerous and/or hyperkeratotic skin
lesions.

3.2.2. Pore closure kinetics

To the best of our knowledge, this is the first study to report the pore
closure kinetics after AdminPen™ Ho-MNs insertion to the skin. The
sterile nature of AdminPen™ Ho-MNs and the rapid recovery of skin
barrier properties were critical to avoid any possible skin infection.
Sterility of AdminPen™ Ho-MNs was guaranteed by the manufacturer.
Thus, the time required for complete pore closure was monitored by
recording OCT images every 2 min for the porcine skin after removal of
AdminPen™ Ho-MNs, Fig. 7c. The healing process was rapidly initiated
at 2 to 4 min and complete restoration of skin barrier properties was
observed at 10 min. These results were supported by other studies where
short duration MN treatment time (< 4 min) led to rapid skin contrac-
tion and microchannels closure due to inherent skin elasticity [80,87].

3.2.3. Ex vivo dermatokinetic studies

Since the primary aim of the present study was to deliver Hy-LNCs
into the deeper layers of skin, the loaded LNCs were injected into full-
thickness excised neonatal pig skin using AdminPen™ Ho-MNs
injector and S-Ho-MN systems where the Hy-LNCs were allowed to
seep through the microchannels created by the Ho-MNs in the skin. The
created aqueous channels constantly remained open while the
AdminPen™ Ho-MNs array or the S-Ho-MN was being applied on the
skin, and therefore enabled the rapid, free-flowing, sustained, and effi-
cient delivery of Hy-LNCs through these aqueous channels formed in the
skin surface. The distribution of Hy-LNCs within the skin tissue,
following the Ho-MNs application, was visually indicated with the
reddish colour of the tissue (Fig. S4). No needle blockage was observed,
and the formulation remained confined within the skin layers without
any leakage. When the MNs were removed from the skin, the micropores
simply collapse, and the skin barrier is quickly restored.

The skin distribution of Hy / Hy-LNCs in different layers of full-
thickness porcine skin was then quantitively assessed per cm® and
after 1 h of AdminPen™ Ho-MNs application. Hy was extracted from the
skin using acetonitrile before being analysed using the HPLC method, as
described in Section 2.5. The amount of Hy, expressed in pg, deposited at
different depths of skin for both Hy solution and Hy-LNCs are illustrated
in Fig. 7e. At each depth level, loaded LNCs fulfilled significantly (Stu-
dent’s t-test, p < 0.0001) higher Hy amount relative to drug solution.
Moreover, Hy was distributed within the excised tissues up to a depth of
2900 pm for Hy-LNCs compared to only 900 pm for Hy in solution form.
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Fig. 7. a) Digital microscope image, b) OCT image of
excised neonatal porcine skin after insertion of
AdminPen™ 1200 pM Ho-MN array. ¢) OCT images
recording the pore closure and skin recovery process
after insertion of AdminPen™ Ho-MNs into excised
neonatal porcine skin, scale bar represents 500 pm.
d) Percentage of microholes created in each parafilm
layer during MNs insertion assessment, ) Ex vivo skin
distribution study of Hy solution and Hy-LNCs 2
across excised full-thickness neonatal porcine skin
after injection using AdminPen™ Ho-MNs quantified
by cryostat sectioning. Injected Hy amount was 25
pg. ***Highly significant difference from Hy control
solution (Student’s t-test, p < 0.0001). Data reported
as mean + SD, n = 3.
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These results revealed that encapsulated Hy was detected at a depth
greatly exceeding the height of MNs (1100 pm), reflecting the movement
of drug particles in the skin.

In addition, following the administration through AdminPen™ Ho-
MNs, the cumulative amount of Hy deposited in the skin from LNCs
was found to be 16.80 pg (= 75% of the administered dose) compared to
only 2.76 pg (12% of the administered dose) for free Hy. Therefore, the
application of Hy-LNCs using Ho-MNs could lead to substantial amounts
of Hy across the skin.

From the same point of view, the total skin deposition of free and
encapsulated Hy was examined per cm® at different time points after S-
Ho-MN injection. Figure 9III, represents the ex vivo total intradermal
deposited amounts of Hy from solution and LNCs across excised full-
thickness neonatal porcine skin after injection using S-Ho-MN. Again,
LNCs accomplished a significantly high deposited amount of Hy (23.11
pg £ 0.59 ~ 92.5% of the administered dose) compared to negligible in-
skin drug deposition for free Hy solution (3.51 pg &+ 0.01 ~ 14% of the
administered dose) at each time point. Prolonged skin exposure (0.5 to 6
h) did not affect the observed deposited ratio in favour of the LNCs.

In order to visualize the fluorescent Hy intradermal distribution from
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solution and LNCs after AdminPen™ Ho-MNs application, confocal
images were captured for transverse and longitudinal skin slices after
cryostat sectioning, Fig. 8. The z-stack was conducted for longitudinal
skin sections to clarify the depth that the drug could reach in the skin in
the case of Hy-LNCs, as presented in Figure 8II. Similarly, to detect the
Hy distribution within the full-thickness excised neonatal porcine skin
following S-Ho-MN injection, multiphoton fluorescence images were
recorded, Fig. 9II.

The fluorescence intensity is a good indication for the amount of
solubilized Hy [14]. Thus, according to confocal and multiphoton im-
ages, weak fluorescence in skin samples treated with drug solution re-
flected low solubility and poor in-skin Hy distribution. In contrast, the
images of skin tissues treated with Hy-LNCs showed stronger fluores-
cence intensity. This phenomenon reflected that LNCs clearly enhanced
the extent and depth of Hy distribution within the skin. The significantly
higher fluorescence intensity in the case of Hy-LNCs could be attributed
to the fact that Hy is distributed in lipids in monomeric form, as proven
by Ho, et al. [50].

Based on the quantitative HPLC drug analysis and the fluorescence
images, the excellent Hy distribution from LNCs after administration
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Fig. 8. Confocal fluorescence image of excised full-thickness neonatal porcine skin after injection using AdminPen™ 1200 pm Ho-MNs; I) transverse section for A)
Hy solution as a control, B) Hy-LNCs 2. II) Longitudinal 3D Z-stack images for A) Hy-LNCs 2 and B) with depth scaling.

using Ho-MNs could be explained by two main hypotheses. First is the
physicochemical nature of the drug. Hy, as a member of the naph-
todianthrones family, is known to be poorly soluble in physiological
solutions and produces non-fluorescent aggregates [16,21]. These ag-
gregates were found to be stable and remain confined to SC, hindering
penetration and leading to very poor intradermal distribution [14].
Besides, hydrogen bonding is one of the main factors limiting skin
penetration [88]. Hy features six phenolic groups, potentially forming
strong hydrogen bonds with the surrounding environment leading to
prominent physical interaction with the SC retarding skin penetration
and lowering skin recovery [14]. Second, LNCs were proven to maintain
stability upon dilution in physiological conditions [54]. Consequently,
LNCs succeeded to maintain solubility, photoactivity and distribution of
Hy in physiological tissues.

Collectively, ex vivo skin deposition study concluded that adminis-
tration of Hy-LNCs using AdminPen™ Ho-MNs and S-Ho-MN injection
significantly improved both the intradermal distribution of Hy within
different skin layers and the total cumulative amount of drug deposited
in the tissues. This consistent trend would, in turn, improve the thera-
peutic efficacy of treatment, reduce the frequency of PDT application
and improve patient compliance. Moreover, the presented Ho-MN sys-
tems combined with LNCs could hypothetically secure the delivery of Hy
for enhanced anticancer photodynamic therapeutic outcomes.

In summary, the conducted in vitro and ex vivo studies confirmed the
ability of both types of Ho-MNs in terms of sharpness, length, skin
insertion, and effective delivery of Hy-LNCs into the lower layers of the
excised neonatal porcine skin.
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3.3. Investigation of the overall antitumor efficacy of nanoformulations

To the best of our knowledge, this is the first study to use a combi-
nation of LNCs and Ho-MNs to facilitate the intradermal delivery of
photosensitisers and to improve the local photodynamic activity. The
present study investigates, for the first time, the in vitro and in vivo anti-
tumour photodynamic efficacy of drug-loaded LNCs after injection with
Ho-MNs.

In order to evaluate the in vivo photoactivity and anti-tumour effi-
cacy of Hy, female Balb/C nude mice were inoculated with CT-26 (CRL-
2638™), a mouse colon cell line, to form subcutaneous tumours. After a
few days, plumbs were formed on the dorsal flanks of mice, indicating
successful tumour induction. The animals were divided into four groups.
The first cohort was kept as the untreated positive control, the second
cohort was irradiated with LED light without any drug treatment, the
third cohort was treated with Hy-LNCs via S-Ho-MN without light irra-
diation, and the fourth cohort was treated with Hy-LNCs S-Ho-MN and
subjected to LED irradiation at 595 + 10 nm LED light and fluence rate
of 45 + 2 mW cm ™2, Fig. 10a. According to Blank, et al., the most pro-
nounced tumour necrosis and vascular damage was caused by Hy after
irradiation of mice at 590 nm [12,89].

Mice were carefully examined for weight and normal activity before
the administration of each dose. The tumours on the mice were subse-
quently observed, and the tumour size was measured for each animal
after every dose as detailed in Section 2.6.4. The calculated tumour
volume (mm?) was plotted versus treatment doses to show the growth
profiles in different cohorts of mice. The sufficient number of animals in
each group and similarity of tumour volume (100 mm®) at day 0 facili-
tated the statistical analysis of obtained data. At the end of the
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Fig. 9. I) OCT image showing perforated Parafilm

M® (~1.4 mm thickness) as a skin simulant after
insertion of S-Ho-MN. II) Multiphoton fluorescence
3D Z-stack images of excised neonatal porcine skin 2
h after injection of A) Hy solution and B) Hy-LNCs 2
using S-Ho-MN. III) Ex vivo total skin deposition
study of Hy solution and Hy-LNCs 2 across excised
full-thickness neonatal porcine skin after injection
using S-Ho-MN. Injected Hy amount was 25 ug.
***Highly significant difference from Hy control so-
lution (Student’s t-test, p < 0.0001). Data reported as
mean + SD, n = 3.
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experiment, the mice were humanely sacrificed, and the tumours were
harvested and prepared for histological examination.

3.3.1. Evaluation of Hypericin biodistribution

Prior to the commencement of antitumour efficacy evaluation, the
quality of in vivo MNs insertion, formulation delivery and drug bio-
distribution were examined. An in vivo pilot study was performed on
healthy Balb/C female nude mice (unpublished data). Hy-LNCs were
administered to mice using the AdminPen™ Ho-MNs and fluorescent
images were generated using in vivo Extreme Bruker. Hy-LNCs were
easily monitored in the bodies of the hairless mice due to the inherent
fluorescent properties of Hy. The results showed that AdminPen™ Ho-
MNs secured successful free-flowing delivery of Hy-LNCs into the skin
without any blockage or leakage and the skin retained its barrier
properties shortly after administration, Fig. S5. The data also revealed
that Hy-LNCs remained confined to the subcutaneous tissue for 1 h
before starting to distribute to body organs. Thus, the 45 min, after MNs
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application, was chosen to be the optimum time to achieve maximum
drug retention at the tumour site and thus for the commencement of
irradiation.

However, the application of AdminPen™ Ho-MNs to the plumb of
tumours in the implanted mice seemed to be tricky, leading to consid-
erable leakage and variations in the applied dose. That could be due to
the flat nature of the device that led to imperfect insertion. The fabri-
cation of curved devices with similar properties could be more effective
for hyperkeratotic lesions. On the other hand, the inhouse-developed S-
Ho-MN showed higher suitability for the delivery of formulations into
tumour plumbs without leakage. Therefore, it was the best candidate to
proceed with the anti-tumour efficacy study of encapsulated Hy in the
animal model.

In addition, the drug biodistribution in tumour-bearing mice was
examined prior to irradiation using Bruker image station system. The in
vivo Bruker fluorescence images showed strong fluorescent signals
confirming the localisation of Hy in the tumour site before light
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Fig. 10. a) Schematic representation showing the four cohorts investigated in
the in vivo experiment. b) In vivo biodistribution imaging using Bruker station
system for control (on the left) and MN treated Balb/C female nude mice
showing the localisation of Hy after insertion using S-Ho-MN before light
application. ¢) Change in tumour volume (mm?®) in four different groups of
Balb/C female nude mice. Irradiation was done using a LED of 595 + 10 nm, I
= 450 + 20 W/m? ***Highly significant difference between Hy control solu-
tion and untreated mice (One-way ANOVA with Tukey’s multiple comparison
post hoc test, p < 0.0001). Data reported as mean + SD, n = 4, at least.

application, Fig. 10b. The administration of Hy via Ho-MNs secured a
considerably shorter time, 45 min, for maximum drug accumulation at
tumour site compared to other delivery routes. For example, the highest
Hy accumulation in subcutaneously implanted tumour cell lines in mice
was reached 4-6 h post intravenous injection [90]. Similarly, at least 2 h
was required after oral administration of Hy to reach its maximum
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concentration in subcutaneously implanted prostate cancer cells [91].

3.3.2. Evaluation of Hypericin antitumour activity

Considering the tumour growth profile, Fig. 10c, both the control
groups (Cohorts 1 and 2) showed a continuous and rapid increase in
tumour growth throughout the experiment. Whereas in mice that
received Hy-LNCs via S-Ho-MN and were exposed to light, the tumour
volume significantly reduced from 103 + 5.16 to 15 + 2.30 mm® with
no gross visible mass. It is worth mentioning that, in the absence of light,
the effect of S-Ho-MN injected Hy-LNCs was restricted to cause a tran-
sient reduction in tumour volume during the experiment, followed by
recurrence of tumour growth at a slower rate compared to control ani-
mals. Thus, effective tumour destruction (85.84%) was found only when
the mice were injected with Hy-LNCs via S-Ho-MN and irradiated.

Hy is considered to be a tumour selective agent as it is preferentially
up taken to tumour tissue and at the same time eliminated at a slower
rate than normal tissues. However, its high hydrophobicity and sus-
ceptibility to aggregation in biological systems diminish its bio-
photoactivity [65,91]. In light of the achieved in vitro high singlet oxy-
gen quantum yield, the enhanced intracellular localisation and the
deeper dermal distribution, it is not surprising that Hy-LNCs MN de-
livery system mediated an effective anticancer PDT in animal models
upon light activation. Another attractive advantage for the encapsulated
photosensitisers is that their in vivo photodynamic activity does not rely
on the release from their nanocarriers. As reviewed by Tada, and Bap-
tista [92], the photosensitiser could be released from its photosensitizing
nanoparticles at the subcellular compartment or it could remain
entrapped within the carrier system matrix so the whole system would
act as a dual PDT agent with higher therapeutic effect than the dug
alone.

In addition, in the current work, MN application of Hy-LNCs ach-
ieved the needed drug retention in a short time with a low dose and high
efficacy. In an earlier study, 20 mg/Kg of Hy ethanolic solution was
administered orally to slow the growth rate of subcutaneous prostate
cancer after irradiation, while it was not sufficient to cause tumour
destruction [91]. From the same perspective, weekly intratumoural in-
jection of 10 mg/kg tumour of Hy DMSO solution followed by biweekly
PDT for over 6-8 weeks via surgical laser fibreoptic insertion was
required for regression of squamous cell carcinoma (<400 mm?) in
athymic nude mice [12]. Co-encapsulation of Hy (1.25 mg/Kg) and
protoporphyrin (1.25 mg/Kg) into LNCs was required to cause a delay in
tumour growth without complete eradication after intratumoural in-
jection [22]. Interestingly, the total delivered dose in the present work
was only 4 mg/Kg, clearly lower than the previously reported doses
administered by other routes.

3.3.3. Histology study

Histological sections of skin samples were prepared using H&E stain
and observed with a digital microscope under different magnification
powers, Fig. 11. The results revealed that the untreated group showed a
dermal and subcutaneous malignant growth formed of diffuse sheets of
malignant cells with pleomorphism, hyperchromatism, and brisky
mitotic lesions. The light-treated group showed treatment effect in the
form of foci of necrosis (red arrow) and fibrosis (blue arrow) with a
remarkable amount of residual tumour (yellow arrow). Hy-LNCs-MN
treated mice showed treatment effects in the form of extensive necro-
sis (red arrow) and fibrosis (blue arrow) with a small amount of residual
tumour (yellow arrow). Interestingly, mice treated with both light and
Hy-LNCs-MN showed an absence of residual tumour and treatment ef-
fect in the form of fibrosis (blue arrow). Collectively, histological mi-
crographs confirmed that mice treated with Hy-LNCs via S-Ho-MN and
subjected to irradiation showed maximum tumour elimination, as
deduced by the tumour growth profiles.

To sum up, the route of Hy administration, the designed drug de-
livery system, the dose of Hy, incubation time with cancer cells, and
light irradiation are key limiting factors in the effectiveness of therapy.
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Fig. 11. Microphotographs of histological sections (H&E staining) of untreated, light, MNs and light + MNs treated mice, at magnification powers of x100 and x400,
with corresponding tumour growth. Irradiation was done using a LED of 595 + 10 nm, I = 450 + 20 W/m2. Red arrows indicate necrosis, and blue arrows indicate
fibrosis, and yellow arrows indicate a residual tumour. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

In the present study, significant tumour ablation was achieved using a
lower dose, direct, and minimally invasive treatment strategy without
the need for the placement of a laser source inside the tumour for a
shorter duration of time.

4. Conclusion

This study unveiled the use of a newly developed Ho-MN device,
AdminPen™ Ho-MNs, and an in-house S-Ho-MN integrated with Hy-
LNCs as a potential drug delivery platform for local photodynamic
cancer therapy, such as non-melanoma skin cancers, based on the
following innovative outcomes. First, blank and loaded LNCs were
successfully prepared using the phase inversion method with
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monodisperse particle distribution and high encapsulation efficiency for
loaded ones. Second, Hy-LNCs showed enhanced photoactivity, high
subcellular localisation, and significant photocytotoxicity. Third, ac-
cording to the insertion properties testing and the ex vivo drug deposi-
tion studies, both types of Ho-MNs succeeded in deeply delivering the
Hy-LNCs to the viable layer of excised porcine skin. However, S-Ho-
MN was superior to AdminPen™ Ho-MNs in terms of ease and feasibility
of in vivo application to tumour-bearing mice. Finally, animal studies
indicated the gross tumour destruction caused by photoactivated Hy-
LNCs demonstrating the suitability of S-Ho-MN as a direct delivery
system of Hy-LNCs into the tumour site. Remarkably, the presented Hy-
LNCs combined Ho-MN delivery strategy successfully tackled the low
solubility, susceptible photo-instability and poor biological
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photoactivity of Hy, as well as enhanced its in vivo photoactive anti-
cancer efficiency. These principal benefits support previously reported
data and provide new evidence that Hy-LNCs show promising potential
as a local potent photodynamic anticancer agent either alone or as a co-
therapeutic modality in combination with chemotherapy, surgery,
radiotherapy or immunotherapy. Yet, as a scope for future work, more
preclinical and clinical investigations on the safety of Hy-LNCs and the
performance of Ho-MNs are required to be conducted.
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