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ABSTRACT

Background: Conventional topical psoriasis treatments suffer from limited delivery to affected areas
and skin irritation due to high local drug concentration.

Purpose: This study aims to prepare hypericin (HYP) loaded nanostructured lipid carriers (NLCs) and
their application in psoriasis treatment through intradermal administration using hollow microneedles
assisted by photodynamic therapy.

Methods: The colloidal characteristics of NLCs, entrapment efficiency and morphology were evaluated.
An ex-vivo skin distribution study was conducted along with testing the in vivo antipsoriatic activity in
mice with the imiquimod-induced psoriasis model.

Results: The particle size and zeta potential of HYP-NLCs were 167.70nm and —18.1, respectively. The
ex-vivo skin distribution study demonstrated the superior distribution of HYP-NLCs to a depth of
1480 um within the skin layers relative to only 750um for free HYP. In vivo studies revealed that the
levels of NF-KB, IL 6, MMP1, GSH, and catalase in the group treated with HYP-NLCs in the presence of
light were comparable to the negative control.

Conclusions: The histopathological inspection of dissected skin samples reflected the superiority of
HYP-NLCs over HYP ointment. This could be ascribed to the effect of nanoencapsulation on improving
HYP properties besides the ability of hollow microneedles to ensure effective HYP delivery to the
affected psoriatic area.
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Introduction

Psoriasis is a common autoimmune skin disease marked by
increased epidermal proliferation and dermal inflammation. The
most common skin lesions are red, scaly, sharply demarcated,
indurated plaques. Psoriasis affects approximately 3% of the gen-
eral population [1]. Even though no age group is exempt, most
psoriasis patients are young or middle-aged adults [2]. Psoriasis
significantly reduces patients’ quality of life and life expectancy.
Psoriasis patients may suffer from depression and social stigma.
Also, psoriasis has been linked to heart disease and lymphoma
[3]. Psoriasis pathogenesis is a multi-factorial process based on

uncontrolled increased proinflammatory cytokine expression, such
as IL-17, 1L-21, IL-22, IL-23, and IL-26. IL-17 and IL-23 stimulate
keratinocyte proliferation and increase TNF-a and chemokine secre-
tion, which leads to dendritic cell activation inflammation [4-6].

Depending on the severity of the disease, psoriasis can be
treated with topical, systemic, or phototherapy. Regarding thera-
peutic interventions, topical treatments are the first line of defense.
Phototherapy and conventional systemic medications are often
utilised when the condition is mild to severe and topical therapies
are no longer helpful [7]. Topical preparations include a variety
of therapeutic agents like corticosteroids, synthetic vitamin D3
analogues, retinoid derivatives or anthralin. Meanwhile, systemic
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treatments may include the administration of calcineurin inhibitors,
immunosuppressive medications, acitretin and isotretinoin [8,9].
Conventional topical treatments of psoriasis necessitate the admin-
istration of drugs at high doses for a certain period and this may
lead to inadequate, unpredictable delivery and local toxicity due
to skin irritation [8].

Despite the variability of treatment options, many psoriasis patients
remain untreated, necessitating the development of new medications
with superior long-term efficacy and safety. Many debates surround
the use of photodynamic therapy (PDT) in psoriasis management. If
topical and systemic treatments fail, phototherapy is typically pre-
scribed for patients with moderate to severe psoriasis [8,10].
Phototherapy has been used by ancient Egyptians to treat skin disease.
Also, Romans and Greeks used sunlight for therapeutic purposes.
Phototherapy, especially for treating psoriasis, started in the early
twentieth century. In 1925, Dr. William Goeckerman documented the
benefits of treating psoriasis using UV light and unrefined coal tar.
Also, Dr. John Ingram established a therapy regimen in the 1950s that
used UVB radiation, coal tar, and anthralin paste. In the 1970s, broad-
band UVB was revealed to be beneficial in eliminating moderate types
of psoriasis when administered in doses, whereas ultraviolet A (UVA)
irradiation in conjunction with either oral, or topical application of
psoralen was found to be useful in treating psoriasis. In the 1980s,
researchers identified a more defined wavelength of UVB referred as
narrowband UVB [11]. After that, psoralen ultraviolet A (PUVA) therapy
or PDT, that combines a photosensitising medication (PS) and UVA
radiation was utilised. This approach is now the first-line treatment
for resistant psoriatic plaques [12]. When PS is triggered by light
irradiation, the agent generates reactive oxygen species (ROS), which
damage adjacent sick cells [13]. PDT plays an important role in inhib-
iting the uncontrolled production of inflammatory cytokines that cause
T-lymphocyte apoptosis and inflammation during psoriasis progression
[12,14,15].

Several clinical trials reported the use of 5-aminolevulinic acid
(ALA) along with PDT for psoriasis management [12]. Liu et al.
[16] reported the case of a 49-year-old male patient with persistent
plaque psoriasis. The patient had a psoriasis lesion on his finger
that included a pyogenic granuloma (PG). After one week of
ALA-PDT therapy, evidence of improvement was seen. There was
no evidence of recurrence after one month of therapy [16].

Other agents have been used including the study reported by
Salah et al. [17] who tested the efficacy of PDT and methylene
blue photoactivated with a 565mW light emitting diode (LED) at
670nm was assessed in patients with resistant plaque psoriasis.
Results revealed the complete recovery of sixteen patients with
normal skin colour and texture [17].

Several PSs have demonstrated low solubility and aggregation
in water, which may cause them to be photodynamically inactive
in aqueous solutions this may act as a barrier for their in vivo
application. An optimum PS is required to show adequate water
solubility and high singlet oxygen quantum yield in aqueous solu-
tion. Insoluble PS have been encapsulated in different nanocarriers
to enable their utilisation in aqueous form [18].

A large group of nanocarriers have been extensively investi-
gated in the last few years as a potential approach for improving
drug delivery through the skin to treat psoriasis [19]. These nano-
carriers include solid lipid nanoparticles, nanostructured lipid car-
riers, liposomes, niosomes, ethosomes, transfersomes, dendrimers
and micelles [20]. Nanocarriers have several advantages as they
can increase penetration and localisation of the loaded drug(s) in
the skin thus systemic side effects are reduced and treatment
outcomes are improved [19,21].

Solid lipid nanoparticles and nanostructured lipid carriers (NLCs)
NLCs are both hydrophobic drug carriers that are scattered inside

the centre of lipid particles. The sole difference is in structure;
NLCs do not have a perfect crystal structure, therefore they allow
better drug encapsulation with less drug leakage [12]. NLCs have
been used for psoriasis management and have proven efficacy
like the study reported by Hatem et al. who prepared luteolin
loaded NLCs and reported that luteolin NLCs increased skin depo-
sition by 3.3 folds in comparison to luteolin suspension.
Furthermore, NLCs demonstrated superior anti-psoriatic effects [22].

Hypericin (HYP) is a naturally occurring photodynamic polycyclic
phenanthroperylenequinone derivative extracted from Hypericum
perforatum. HYP is considered one of the most effective photo-
sensitizers [23]. It slightly reduces cell proliferation, but its perfor-
mance improves significantly when it is irradiated at its excitation
wavelength (590nm) [24,25]. HYP can modulate the immune sys-
tem responses in patients with mild to moderate psoriasis. It acts
by regulating CD8-mediated cytotoxicity and inhibiting
TNFa-induced apoptosis [26]. Rook et al. [27] reported the ability
of HYP accompanied with visible light PDT to significantly improve
cutaneous T-cell lymphoma and psoriasis in patients after 6 weeks
of treatment suggesting its potential use in psoriasis as an alter-
native to psoralen [27]. Also, Najafizadeh et al. [28] reported the
ability of HYP ointment to reduce psoriasis area severity (PASI)
index scores in mild plaque-type psoriasis in patients after twice
daily applications for four weeks [28]. Furthermore, Mansouri et al.
[26] reported the ability of HYP to significantly PASI scores and
TNFa levels in psoriatic tissues in twenty patients with mild to
moderate plaque-type psoriasis [26].

Unfortunately, HYP suffers from poor aqueous solubility, low
skin penetration capabilities and the possibility of inducing liver
toxicity in high doses [23,29]. Therefore, these limitations highlight
the importance of developing an innovative localised delivery
system for improving HYP efficacy against psoriasis while reducing
its dose.

Microneedles (MNs) are a new skin delivery device comprised
of micron-sized sharp projections arranged in an array [30]. They
are intended to pass through the stratum corneum without reach-
ing the nerve endings thus providing painless drug administration
[30]. They can provide sustained and controlled drug delivery in
intradermal and transdermal drug delivery with high precision of
drug localisation and dose reduction potential [25,31,32].

Ho-MNs can form microchannels in skin layers upon insertion
that permit vertical drug diffusion and promote local drug accu-
mulation and as a result, the pharmacological efficacy of drugs is
enhanced [31]. Ho-MNs have several advantages, including the
ability to deliver an accurate adjustable dose of medication and
controlled drug delivery rate [25,30,33]. In the case of psoriasis,
for example, resin Ho-MNs proved highly effective in successfully
delivering methotrexate to psoriatic skin [34,35].

The present study’s primary goal is to provide a safe and effec-
tive treatment of psoriasis that maximises treatment outcomes and
increases patient compliance. This was attained by the preparation
and characterisation of HYP-loaded nanostructured lipid carriers
(NLCs). Their in vivo efficacy was evaluated in mice with an
imiquimod-induced psoriasis model following intradermal admin-
istration using hollow microneedles and the application of light.

To our knowledge, this is considered the first study reporting
the utilisation of HYP-loaded NLCs in PDT in psoriasis management
following their intradermal administration by hollow microneedles.

Materials

Compritol 888 ATO and F 127 were provided by Gattefossé
(Saint-Priest, France) and Pharco Pharmaceutical Companies



(Alexandria, Egypt), respectively. Oleic acid was bought from Nice
Chemicals (Kerala, India). Hypericin (Isolated from H. perforatum,
purity > 99% HPLC) was obtained from Planta Natural Products
GmbH, Erlgasse 48, Austria. Commercial hypericin ointment (Bianca
Rosa®, PE 0.3% hypericin) was purchased from Bianca Rosa
(Canada). AdminPen™ metallic hollow microneedles were bought
from NanoBioSciences LLC, USA. The rest of the chemicals and
reagents are analytical grade.

Methodology
Preparation of blank and HYP-loaded NLCs

Preparation of HYP-loaded NLCs was conducted using the method
reported earlier by Zewail et al. [36] as follows, a lipid phase
composed of 100mg of compritol and oleic acid in a ratio of (7:
2) was kept at 80°C and an aqueous phase composed of 0.2 or
0.4% w/v F127 was heated to the same temperature. Then, the
hot aqueous phase was added to the melted lipid phase and
ultrasonicated using (SonicaR 2200 EP S3, Soltec, Milan, Italy) at
60% for 5min. Finally, the formed primary emulsion was added
to an equal volume of deionised water and sonicated for an extra
5min at 60%.

For the preparation of HYP NLCs, Figure 1A, the HYP amount
was first dissolved in a minimum amount of dimethyl sulfoxide
and added to the lipid phase. The rest of the preparation proce-
dure was carried out by the same procedure that was used for
the preparation of blank NLCs. The prepared formulations were
stored in the refrigerator for further investigation.

Characterisation of blank and HYP-loaded NLCs

Measurement of patrticle size and zeta potential

At a scattering angle of 173° at 25°C, the average particle size,
polydispersity index (PDI), and zeta potential values were deter-
mined using a Zeta sizer Nano ZS (Malvern Instrument, UK).

Measurement of entrapment efficiency (EE%) and drug

loading (DL %)

Centrifugal ultrafiltration with a Centrisart’™-I tube (MWCO 300kDa,
Sartorius AG, Goettingen, Germany) separated HYP-loaded NLCs
from supernatant containing excess unentrapped HYP using HPLC

JOURNAL OF DRUG TARGETING (&) 943

at 590nm was used to determine the concentration of unen-
trapped HYP in the supernatant.

% EE (indirect ) =
Total HYP concentration — concentration of unencapsulated HYP «
Total HYP concentration

100

DL was estimated by measuring HYP concentration in a given
weight of freeze-dried NLCs.

DL (%) concentration of encapsulated HYP
6) =
weight of NLCs

x 100

Morphological examination using transmission electron
microscope (TEM)

The morphology of HYP-loaded NLCs formulation was investigated
using TEM (JEM-100CX; JEOL, Japan) after staining with uranyl acetate.

Intradermal injection using AdminPen™ hollow microneedles
array

Full-thickness intact human skin was kindly donated by a male
volunteer after abdominal plastic surgery. Initially, subcutaneous
fats were detached using suture scissors. The skin surface was
cleaned with normal saline, dried, wrapped in aluminium foil and
refrigerated at —20°C. It has been reported that under these con-
ditions, human skin could be kept up to 6 months [37].

The AdminPenTM, which consists of 43 stainless steel metallic
Ho-MNs of 1200m length located within 1cm? of a circular MN
array, was used to inject HYP solution and HYP-NLCs into the
upper surface of washed full-thickness human skin. The
AdminPenTM Ho-MNs were inserted into the skin using the thumb
and index finger technique.

Assessment of hollow microneedles-assisted delivery of
hypericin-loaded NLCs

Ex vivo puncture-ability of microneedles
The ex vivo puncture-ability of AdminPen™ Ho-MNs was evaluated
as previously reported with some modifications [23]. The Ho-MNs

Figure 1. A) Schematic representation illustrating the prepared HYP NLCs. B) AdminPen™ hollow MNs with 43 stainless-steel MN shafts of 1200 um in height (image
was used with permission from AdminMed). C) Image captured by a standard mobile camera (Samsung Galaxy Note8, 12 MP, dual pixel, PDAF) showing excised

full-thickness human skin after insertion of MNs.
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were inserted into the skin according to the protocol stated in
Section 3.3, kept for 30s then removed. Following that, photo-
graphs of the skin were taken with a Samsung Galaxy Note8,
12 MP, dual pixel, PDAF camera.

The percentage of percutaneous penetration was measured by
counting the number of visible holes created by Ho-MNs and
using the following equation:

. Number of created holes in skin
The percentage of penetration = - x100
Total number of hollow microneedles

Ex vivo skin distribution studies

Two female volunteers (37-45years old) provided full-thickness
human skin samples following abdominal plastic surgery, and
signed informed permission forms were acquired to utilise them.
Surgical scissors were used to remove fatty tissues under the skin.
The skin surface was cleansed with saline solution, dried, wrapped
in aluminium foil, and kept at 20°C. Human skin may be stored
in these circumstances for 3-6 months [38].

Ex vivo dermal distribution of free HYP and HYP-NLCs in
full-thickness human skin was assessed using a Leica DMi8
Confocal Laser Scanning Microscope (Leica Microsystems, Wetzlar,
Germany). The tested formulations were intradermally injected
using the Ho-MNs and the images were recorded 2h after
treatment.

Pharmaceutical analysis of HYP

A recently developed and validated HPLC method [23, 39] was
adopted in this study for HYP quantitative analysis. An Agilent
UHPLC 1290 series instrument (Agilent Technologies, Santa Clara,
CA, USA) was utilised for the analysis. It consisted of a quaternary
pump G4204A, an automatic injector G4226A controlled at an
injection volume of 20pL, a column compartment G1316C set at
30°C and a diode array detector (DAD) G4212A adjusted at 590 nm.
The UPLC was connected to a computer loaded with Agilent
OpenLAB CDS ChemStation Edition Software. The employed sta-
tionary phase was a Microsorb MV-C18 column (250x4.6 mm, 5pum
particle size) (Agilent Technologies, the Netherlands). The mobile
phase was [18.37mM potassium dihydrogen phosphate (pH 3.5):
methanol] 5: 95%v/v. The flow rate was 1.2ml/min and the chro-
matographic run was 7min. The HYP calibration curve was con-
structed by diluting its standard stock dilution (400ug/mL) with
methanol to obtain concentrations within the range of 1 - 30 ug/mL.

In vivo studies

Ethical statement

The experimental procedures were accepted by the Ethical
Committee for experimental and clinical studies at the Faculty of
Pharmacy, Cairo University, with the permit number (PT 3272)
approval were valid since 27 March 2023. The procedure was
performed by the guidelines for the Care and Use of Laboratory
Animals (NIH Publication, 2011, 8th Edition).

Experimental animals

Male Wistar mice weighing 150-200gm were housed under con-
stant temperature (25°C), and humidity, with alternate 12h light
and dark cycles. A standard diet and free water access will be
allowed throughout the experimental study. Forty male mice will

be divided into five groups containing 8 mice per each; the study
was carried out for 1week. Group I: (Negative control) mice received
normal saline. Psoriasis induction was carried out in Groups II, Il
IV and V by the method previously reported by Elgewelly et al.
[27] by the application of Imiquimod cream (ALDARA® cream 5%)
daily at a dose of 62.5mg on the shaved back and in the right
ear of mice. Group Il received normal saline and was kept as a
positive control group. On the other hand, groups Ill, IV and V
received HYP ointment, and HYP-NLCs in the absence and presence
of light, respectively Groups IV and V received HYP-NLCs through
intradermal injection by hollow MNs. HYP dose in both HYP oint-
ment and HYP-NLCs was equivalent to 0.13mg/kg.

After a week of treatment, mice were sacrificed by cervical
dislocation under light anaesthesia and their skin was rapidly
removed and weighed. Figure 2 illustrates a schematic represen-
tation of the in vivo experiment.

ELISA

The serum levels of granulocyte-macrophage colony-stimulating
factor (GM-CSF), glutathione S transferase (GSH), interleukin 6
(IL 6), catalase, matrix metalloproteinases 1 (MMP1) and nuclear
factor kappa B (NF-KB) were determined using an ELISA kit based
on the stated instructions (Glory Science Co, Ltd, USA).

Histopathological examination

The skin of mice of different experimental groups was fixed in 10%
(v/v) formalin for 72h to perform histopathological examination.
Samples were trimmed and processed in successive grades of alco-
hol, then cleared in xylene before being infiltrated and embedded
in Paraplast tissue embedding media. Haematoxylin and eosin-stained
tissue sections were examined under a light microscope.

Statistical analysis

Data are represented as mean=+SD. All statistical analyses were
carried out using Prism 7 software. The results of ELISA were
analysed by One-way ANOVA (p<0.0001), and the rest of the
results were analysed by student’s t-test.

Results and discussion

Preparation, particle size and zeta potential measurements of
NLCs

Nanotechnology has emerged as one of the most promising
medicinal areas in recent years. This field has led to the creation
of innovative nanostructured drug release devices, as well as the
use of novel psoriasis therapeutics. While nanotechnology paired
with PDT has been widely explored in other skin illnesses, its use
in psoriasis therapy has received little study attention [12].
Lipid-based colloidal carriers are considered a promising approach
to improve the solubility of hydrophobic drugs [40,41]. NLCs possess
superior properties compared with solid lipid nanoparticles includ-
ing higher stability with less drug expulsion, higher drug loading
ability, reduced burst effect and their ability to provide a sustained
drug release profile [42-44]. HYP, being a poorly soluble drug NLCs
is considered a good choice for its nanoencapsulation and loading.
To our knowledge, this is the first report for the preparation of
HYP-NLCs for intradermal treatment of psoriasis by hollow micronee-
dles. Even though HYP NLCs have been previously prepared by Sato
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Figure 2. A) Schematic representation showing the different treatment groups investigated in the in vivo study and further characterisation techniques. B) Intradermal
administration of drug formulations using AdminPen™ hollow MNs into the psoriatic lesion in mice.

et al. [45] and evaluated their effect combined with PDT for the
treatment of vulvovaginal candidiasis, our formulation has a com-
pletely different composition compared with theirs and this study
is considered the first one reporting the use of HYP NLCs assisted
with Ho-MNs for psoriasis management. NLCs were formulated using
melt emulsification method that has proven efficacy in the prepa-
ration of lipophilic drugs with high entrapment efficiency and with-
out the incorporation of organic solvents [35,36,44]. Compritol 888
ATO was utilised as solid lipid due to its effectiveness in drug
entrapment due to its complicated structure and less precise ori-
entation, providing more area for drug loading. The extended chain
length of behenic acid in Compritol 888 ATO increases drug trapping
by interchain intercalation [46]. Oleic acid was selected as a liquid
lipid as it is known to increase the percutaneous absorption of
drugs [47]. Also, it acts as a permeability enhancer by acting selec-
tively on the extracellular lipids [48].

Surfactants play an important role in reducing surface tension
and surface energy of particles [49]. F127 was used in the prepa-
ration of NLCs. It is made up of non-linear hydrophobic chains
that can arrange themselves within the lipid layer, causing particle
compaction and, ultimately, particle size [49]. The increase in sur-
factant concentration can increase the stability and decrease the
particle’s surface tension and as a result, particle size is reduced
[50]. Also, F127 is known as a stabiliser for lipid nanoparticles [51].
Muller et al. [52] reported that SLNs composed of compritol and
pluronic had low toxicity in differentiated HL60 cells suggesting
their high safety profile [52]. Also, Chen et al. reported that oleic
acid loaded NLCs had no cytotoxic effects on neutrophils [53].
Furthermore, it was reported that NLCs composed of oleic acid
and palmitic acid had no detrimental effects on the cell membrane
of TR 146 cells [54].

As shown in Table 1 increasing F127 concentration from 0.2%
to 0.4% resulted in a significant decrease in particle size (Student
t-test p<0.05). The particle size of F1 (composed of 0.2% F127)
and F2 (composed of 0.4% F127) decreased from 166 nm to
123.6 nm, respectively. The addition of HYP resulted in a signifi-
cant increase in NLCs’' particle size compared to their correspond-
ing blank formulation (Student t-test p<0.05). The particle size
of HYP-NLCs (F3) was 167.7nm. PDI is a measure of dispersion
or the standard deviation of size distributions [55]. PDI of the
prepared formulation has values less than 0.4 indicating nano-
dispersion homogeneity (Table 1). PDI values reflect the degree
of nanodispersion homogeneity, values closer to zero indicate a
more uniform dispersion [56-58].

Zeta potential has a pivotal role in imparting the stability of
emulsion as it controls particle surface charges. High surface
charges generate repulsive forces, which prevent particles from
coalescing and flocculating. Zeta potential values are less than +
30mV so they are considered stable [57,59-62]. As Table 1 illus-
trates, F1, F2 and F3 carried negative surface charges that ranged
from —16.4 to —18.1 confirming the stability of the prepared NLCs.
The addition of HYP resulted in a slight increase in zeta potential
from — 17 to —18.1.

Measurement of efficiency entrapment (EE%) and drug loading
(DL %)

HYP analytical determination was performed using a previously
published HPLC method [23,25]. The obtained analytical linear
range was 1 - 30pg/mL and the corresponding regression was:
Y=-43.76+53.83 X (R2=0.999).
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Table 1. Colloidal characteristics of HYP NLCs.

HYP conc. F 127 conc.
Formulation (ug/ml) (%, w/v) Particle size (nm) PDI Zeta potential (meV) EE (%) DL (%)
e 0.2 166.00+1.23 0.360+£0.12 -16.40+£056 - e
2 e 0.4 123.60+1.34 0.320+0.45 -17.00£0.01 e e
F3 50 0.4 167.70+£2.45 0.349+0.89 - 18.10£0.12 98.24+0.06 0.39+0.02

Figure 3. TEM micrograph of HYP NLCs.

HYP had a high EE % in NLCs. EE % in F3 was about 98.24%
+ 0.06. This is along with previous reports of high EE% of poorly
soluble drugs in NLCs [35,36]. This may be attributed to the imper-
fect core structure of NLCs that permit greater accommodation
of lipophilic drugs like HYP and prevent its abrupt storage [63].
The concentration of HYP in the formulation was 50 ug/ml as
shown in Table 1 by substituting in the equation mentioned in
section 3.2.2., DL % of F3 was about 0.39%. This may be attributed
to the fact that HYP has a potent effect and is used in very small
amounts [23].

TEM

As shown in Figure 3, morphological examination of HYP-NLCs
revealed that the prepared nanocarriers had spherical shapes with
smooth outlines and uniform distribution. The absence of drug
crystals in the examined fields revealed the good encapsulation
of HYP within the prepared NLCs. The particle size of NLCs ranged
from 124.9 to 326 nm. The largest particle size is around 300nm
suggesting its capability to infiltrate the skin layers as well as
attain great skin deposition [64].

Ex vivo puncture-ability of microneedles

Conventional topical psoriasis treatments suffer from poor skin per-
meation, low skin retention of drug formulation and lack of con-
trolled release. On the other hand, systemic drug administration
has numerous side effects and poor patient compliance. In this
study we investigated the role of nanoencapsulation assisted with
using Ho-MNs to overcome poor skin permeation to deliver HYP
locally to effectively treat psoriasis. Ho-MNs can increase the bio-
availability, along with achieving the desired therapeutic effect with
a lower dosage. Nonetheless, MNs might provide long-term drug
delivery, resulting in lower dosage frequency. All of these benefits
contribute significantly to lowering total treatment costs, as well as
mitigating the disadvantages of alternative formulations [65].

Successful dermal piercing is crucial for MNs to employ their
intended action [66]. To further explore, the AdminPen™ Ho-MNs
were used to puncture the excised human skin. As illustrated in
Figure 1C, evident 43 holes were observed after MNs removal
indicating that AdminPen™ Ho-MNs had successfully and entirely
punctured the stratum corneum with a dermal penetration per-
centage of 100%. Thus, the proposed MN-NLCs combined delivery
system demonstrated a promising approach for the effective trans-
dermal delivery of HYP to psoriatic lesions.

Ex vivo skin distribution studies

Excised human skin is considered the "gold standard" for evalu-
ating in vitro permeation investigations [38]. Although mice, rats
and humans have the same skin structure in epidermis, dermis
and hypodermis, stratum corneum thickness differs among them.
In mice, it is about 5um while in humans it ranges between 10
and 20um [67]. In this study, we wanted to test the penetration
depth of HYP-loaded NLCs in human skin in an attempt to closely
mimic clinical conditions.

According to a preliminary study that we conducted and pre-
viously published research articles like the studies reported by
Rosita et al. [68] and Ghazwani et al. [69]. NLCs can reach skin
depth lower than that could be attained using HoMNs alone.
Rosita et al. reported that NLCs reached a depth of 412um and
1079 um after 2 and 4.5 h of skin application [68]. Also, Ghazwani
et al. reported that NLCs could only reach 30 um [69]. The appli-
cation of MNs alone could lead to skin penetration depth that
reaches 1200 um [13,23,25]. Therefore, there was an unmet neces-
sity for the use of ID delivery system to overcome the skin barrier
properties and enable deep skin delivery.

To implement the main aim of the current study of delivering
HYP NLCs deeply into the psoriatic lesion through the skin, the
loaded NLCs were injected into full-thickness excised human skin
using AdminPen™ Ho-MNs where HYP liquid formulations were
freely seeped into the deeper skin layers through the created



JOURNAL OF DRUG TARGETING (&) 947

Figure 4. Confocal fluorescence images of excised full thickness human skin after injection of, A) HYP solution as a control and B) HYP NLCs using AdminPen™1200 um

Ho-MNs.

microchannels without any observed needle blockage or formu-
lation leakage.

Confocal images were reproduced to assess the extent of intra-
dermal distribution of the fluorescent HYP from loaded NLCs versus
control HYP solution following AdminPen™ Ho-MNs application. It
is worth mentioning that HYP solubility in biological samples could
be correlated to the fluorescence signal recorded by confocal
microscopy [23,70]. The reproduced images, Figure 4, showed a
higher fluorescence signal for HYP-NLCs compared to hardly
detected fluorescent intensity for free HYP solution reflecting
higher solubility for the encapsulated HYP. Moreover, results
showed the distribution of HYP-NLCs to a depth of 1480 um within
the skin layers relative to only 750 um for free HYP. These findings
revealed that HYP-NLCs were able to move within the skin layers
and distribute themselves to a depth beyond the MN length
(1200 um).

The lipophilic nature of the free HYP contributes to the forma-
tion of stable non-fluorescent aggregates in biological tissues that
strongly interact with the stratum corneum hindering the intra-
dermal distribution of free HYP [71]. Besides, free HYP leans
towards forming hydrogen bonding with the surrounding biolog-
ical components. Both phenomena result in hindering skin pen-
etration of free HYP [70]. Interestingly, encapsulation of HYP into
NLCs masked its ability to form unwanted hydrogen bonding,
prevented aggregate formation and improved its solubility in bio-
logical conditions. Accordingly, NLCs enhanced the depth and
extent of intradermal distribution for HYP. Collectively, the pre-
sented Ho-MN system combined with NLCs could hypothetically
amplify the localised availability of HYP in psoriatic lesions leading
to enhanced therapeutic outcomes.

In vivo study

Psoriasis was induced using an imiquimod-induced mouse model
that has been reported as an effective model for psoriasis induc-
tion [9,72-74]. This model was chosen because of its ability to
mimic many human plaque-type psoriatic inflammatory features
such as skin erythema, acanthosis, thickening, parakeratosis, scaling
and neoangiogenesis, as well as the inflammatory presence of T
cells, neutrophils, and dendritic cells [72]. Mice were divided into
five groups; negative control, positive control, HYP ointment, and
HYP-NLCs using AdminPen™ Ho-MNs in the absence and presence
of light.

ELISA

Psoriasis is a multi-factorial skin disease with a complex patho-
genesis. It is thought that several factors contribute to psoriasis
pathogenesis [75]. MMPs are thought to be involved in epidermal
structural changes through changing the intracellular connections
and extracellular matrix composition, increasing angiogenesis in
cutaneous blood vessels and immune cell infiltration [76].

NF-KB is a transcription factor that belongs to the Re1 family
and regulates the activity of many proinflammatory genes that
possess a significant role in psoriasis. Many of the psoriasis-causing
factors have been discovered to cause inflammation by activating
NF-KB [77]. Activation of NF-KB has been associated with increased
levels of different inflammatory mediators and genes like MMP1
and MMP 9 genes [78]. Also, IL 6 is thought to have a direct
contribution to the epidermal hyperplasia observed in psoriasis
also IL 6 affects the function of dermal inflammatory cells [79].

In addition, GS-CSF can modulate inflammatory reactions and
activate T cells. It was detected in most of the scale extracts from
psoriasis and its level was significantly higher than that from the
controls [80]. The activity of antioxidant enzymes like CAT is
through to plays an important role in the pathogenesis of psori-
asis. Drewa et al. [81] reported that catalase level was 27% lower
in psoriasis patients compared with the control subjects [81].
Furthermore, GSH plays an anti-inflammatory role in controlling
the proliferation of keratinocytes [82].

Levels of IL6, MMP1, NF-KB, GS-CSF, catalase and GSH were
evaluated at the end of the experiment as Figure 5 illustrates.
Generally, levels of IL6, GM-CSF, MMP1, and NF-KB were elevated
compared with the negative control group. On the contrary, levels
of catalase and GSH were depressed in all groups in comparison
with the negative control group. These results are along with
previous reports of levels of these biomarkers in psoriasis [76,77,
80-82]. Levels of catalase were reduced by 2.94, 1.7, 1.57 and 1.01
folds in the positive control group, HYP ointment group, and the
group treated with HYP-NLCs in the absence and presence of light,
respectively compared with the negative control group.

On the other hand, levels of IL6 have increased by 4.48, 2.5,
1.7, and 0.9 folds in the positive control group, HYP ointment
group, the group treated with HYP-NLCs in the absence and pres-
ence of light, respectively compared with the negative control
group. Levels of GSH were 0.95, 2.4, 2.76, 4.23 and 4.29 in the
positive control group, the HYP ointment group, the group treated
with HYP-NLCs in the absence and presence of light and the
negative control group, respectively. Also, levels of MMP1 were
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Figure 5. Levels of different biomarkers at the end of the experiment. A) MMP1 level, B) GM-CSF level, C) IL 6, D) Catalase level, E) GSH level and F) NF-KB level.
Statistical analysis were carried out using one-way ANOVA followed by Tukey’s test. m significant difference from negative control. % significant difference from
positive control. * significant difference from HYP NLCs in absence of light. @ significant difference from HYP ointment.

3.5, 2.2, 1.8, 1.54 and 1.3ng/g tissue in the aforementioned groups
in the same order. The superior effect of groups treated with HYP
compared with the positive control may be attributed to the effect
of HYP on reducing immunological responses from IL-17
A-producing y& T cells and associated cytokines through MAPK/
STAT3 pathways [83]. Also, It can inhibit cyclooxygenase-1 and
5-lipoxygenase, key enzyme-inflammatory pathways [28].
Furthermore, HYP can reduce edoema and inflammation, prevent
the generation of lipid inflammatory mediators (which enhance
vascular permeability) and lower TNFa and IL-6 levels [26].

Statistical analysis of the results using One WAY ANOVA
(p<0.0001) revealed that there were statistically significant differ-
ences between the positive control group and the rest of the
experimental groups. Also, statistically significant differences were
observed among different treatment groups and statistically sig-
nificant differences were noted between the negative control
group and HYP-NLCs group in the absence of light. On the other
hand, no statistically significant differences in the levels of different
biomarkers between the negative control groups and the group
treated with HYP-NLCs in the presence of light.

Histopathological examination
As observed, Figure 6A represented the negative control group
and showed the normal histological structure of the skin. The
positive control group was illustrated in Figure 6B and demon-
strated ulcer formation covered by serocellular crust (black arrow)
with increasing epidermal layer thickness (star) and infiltration of
the dermis by mononuclear inflammatory cells (red arrow). Group
treated with HYP ointment, Figure 6C, demonstrated an epidermal
layer covered by serocellular crust (star) with infiltration of the
dermis by mononuclear inflammatory cells (arrow).

On the other hand, the group treated with HYP-NLCs in MNs
in the absence of light showed parakeratosis formation (star) with
infiltration of the dermis by mononuclear inflammatory cells

(arrow), Figure 6D. Furthermore, the group treated with HYP-NLCs
in MNs in the presence of light showed infiltration of the dermis
by low numbers of mononuclear inflammatory cells (arrow),
Figure 6E.

Strikingly, the results of the histopathological examination are
in line with the ELISA results. Collectively, the recorded in vivo
therapeutic effectiveness against psoriasis between the tested
groups could be arranged as HYP ointment<HYP-NLCs MNs in
dark<irradiated HYP-NLCs MNs. First, the observed improvement
in mice treated with HYP ointment be attributed to the phenom-
enon called the “Dark side effect of HYP” which reported a weaker
level of antiproliferative effect on inflammatory cells in the absence
of light [84]. However, this improvement was limited due to the
absence of light activation and the high hydrophobicity of HYP
that strongly hindered its dermal penetration. Second, mice treated
with HYP-NLCs without light showed stronger improvement than
those treated with HYP ointment providing further proof for the
dark anti-inflammatory effect of HYP. Nanoencapsulation of HYP
improved its solubility within the biological fluids. Besides, the
application of MNs in this group enabled the HYP-NLCs to bypass
the protective stratum corneum. Both factors enhanced the phar-
macological effects of HYP-NLCs in this group. Third and most
importantly, mice treated with HYP-NLCs in MNs in the presence
of light showed the highest superiority among all the groups. This
may be ascribed to the effect of light on the generation of singlet
oxygen and mediating cell apoptosis predominantly via the intrinsic
(mitochondrial) pathway. in a mechanism similar to ALA and other
porphyrins used in PDT [27]. Also, the synergistic effect of nano-
encapsulation, MNs and light played a significant role in improving
HYP therapeutic outcomes. HYP has a tendency to distribute as
monomers in lipids, encapsulation of HYP into NLCs prevented its
aggregation and improved its solubility and intradermal distribution
[23,61,85]. Ho-MNs succeeded in deep depositing the developed
HYP-NLCs into the deeper layers of the psoriatic skin. Light signifi-
cantly potentiated the antiproliferative activity of HYP as reported
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Figure 6. Histopathological examination of different experimental groups at the end of the experiment. A) Negative control group, B) positive control group,
C) group treated with hypericin ointment, D) group treated with HYP NLCs in microneedles in absence of light and E) group treated with HYP NLCs in presence of light.

in previous studies [23,24,86]. In specific, photoactivated HYP was
found to be a potent inhibitor of casein kinase Il and tyrosine
kinase, thus interrupting the aetiology of psoriasis [87]. Therefore,
the presented triple system of NLCs, MNs and PDT enhanced the
pharmacological effect of HYP and provided a promising platform
to improve psoriasis manifestations.

Conclusion

This study unleashes new capabilities in the innovative dermal
approaches for the treatment of psoriasis. Uniform spherical
HYP-NLCs were developed with homogenous size distribution
and high entrapment efficiency. According to the ex vivo
puncture-ability testing, AdminPen™ Ho-MNs entirely penetrated
the excised human skin to successfully deliver the injected for-
mulation. Moreover, ex vivo skin distribution studies showed that
AdminPen™ Ho-MNs deposited the HYP-NLCs into the deeper
layers of the skin. Furthermore, when combined with MNs, the
incorporation of HYP into NLCs significantly enhanced its solu-
bility and subsequent intradermal distribution. The in vivo study
in an imiquimod-induced mouse model confirmed the superiority
of irradiated HYP-NLCs after intradermal injection using
AdminPen™ Ho-MNs as proved by ELISA and histopathological
examination. Collectively, photoactivated HYP-NLCs combined
with Ho-MNs exhibited a potent antiproliferative effect as a
potential non-invasive antipsoriatic platformmice. Further studies
should be done to test the efficacy of the HYP-NLCs combined
with Ho-MNs in psoriasis patients.

Future directions

More work could be conducted for loading anti-psoriatic agents
along with HYP in nanocarriers to provide a synergistic effect and
inject them using Ho-MNs. Furthermore, different types of MNs
should be prepared and explored to test their efficacy and com-
pare them with Ho-MNs.
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