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Rheumatoid Arthritis (RA) is a common inflammatory arthritis type that significantly affects physical functions,
leading to restrictions in daily activities. The current study aims to develop an effective nano-based drug delivery
system for RA management using pomegranate peel extract (POM). POM was encapsulated in nanostructured
lipid carriers (NLCs), coated with chondroitin sulphate (CHS) to actively target CD44 receptors that are over
expressed in rheumatic joints. The optimized NLCs were loaded into Pluronic F127 hydrogels to prepare ther-
mosensitive nanohybrid hydrogels for intradermal administration via AdminPen™ MNs hollow microneedles
(Ho-MNs). The UPLC-ESI-MS/MS analysis of POM identified 76 compounds, predominantly polyphenols, known
for anti-inflammatory and antioxidant properties. NLCs were prepared using the melt emulsification method,
showing particle sizes ranging from 64.7 + 0.34 to 341 + 2.5 nm, zeta potentials between —17 + 1.34 mV and
—30 + 0.98 mV, and high entrapment efficiencies (96.34 + 0.34-98.89 + 0.12 %). Nanohybrid hydrogels
extended the release period of POM from 6 days to 13 days and reduced burst effects. Ex vivo studies confirmed
effective skin penetration by AdminPen™ MNs. In vivo studies in rats with AIA demonstrated that POM nano-
hybrid hydrogels significantly relieved joint swelling and reduced TNF-a, IL-1p, MDA, and MMP-3 levels, while
increasing NRF2 level. Histopathological examination revealed that the nanohybrid hydrogel-treated group had
normal joint and cartilage structure. This novel system offers a minimally invasive, sustained-release approach
for RA treatment, enhancing bioavailability and the therapeutic efficacy of POM, thus providing a promising
alternative to conventional therapies.

2050, about 31.7 million individuals will be living with RA worldwide
[4].

1. Introduction

Arthritis is a broad word for a variety of inflammatory joint illnesses.
Rheumatoid arthritis (RA) and osteoarthritis are the most frequent
clinical disorders, affecting almost 4 % of the world’s population and
severely limiting mobility [1,2]. RA is a chronic inflammatory illness
characterised by inflammation of joint tissues such as synovium and
cartilage, causing joint discomfort, swelling, and deformity [2]. Based
on the WHO’s latest reports, about 18 million people suffer from RA
worldwide. The age-standardized female-to-male prevalence ratio was
2.45, with a greater prevalence in females [3]. It is expected that by
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Despite the ideal use of today’s antirheumatic agents, the majority of
RA patients suffer from chronic pain and severe functional decline as
these therapies are primarily effective in preventing joint inflammation
and soft tissue swelling but ineffective in preventing cartilage break-
down and joint destruction [5] Besides the systemic toxicity associated
with long-term drug distribution in non-targeted sites [6].

The use of medicinal plant remedies to treat chronic ailments, such
as RA, is so widespread and growing [7]. Pomegranate (Punica granatum
L.) POM is an ancient fruit-bearing shrub or small tree native to the
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Middle East and South Asia [8]. The various fruit parts of POM have
strong biological actions such as anti-inflammatory, anti-cancer, anti-
oxidant anti-aging, anti-diabetic, hepatoprotective, and cardiovascular
and the ability to prevent arthritis [9,10]. Pomegranate peel extract
(PPE) has garnered significant interest because of its high concentration
of polyphenols, especially ellagic acid and ellagitannins such as puni-
calagin, punicalin and pedunculagin, which makes it a promising nat-
ural ingredient for various therapeutic applications [11].

However, the medicinal application of natural products, including
POM faces several physicochemical and biopharmaceutical challenges,
such as low solubility and/or stability, poor bioavailability, rapid
metabolism, short half-life, and significant plasma protein binding.
These issues may be effectively tackled through nanoformulation stra-
tegies, which can potentially enhance the therapeutic efficacy of natural
products [12].

Nanoencapsulation is one of the strategies to enhance the trans-
dermal delivery of medications for RA management [13]. Nanohybrid
hydrogel is a term used to describe hydrogels loaded with lipid nano-
carriers, including nanostructured lipid carriers (NLCs). NLCs are lipid
nanoparticles of the second generation consisting of solid lipid matrices
combined with liquid lipids (oils). NLC’s solid matrix allows them to
firmly immobilise medicines and prevent particles from aggregating.
The liquid oil droplets in the solid matrix boost drug loading capacity,
whilst the less ordered lipid matrix provides for better drug accommo-
dation [14,15]. The surface of NLCs has been modified with different
polymers, like hyaluronic acid [16-18], chitosan [19] and chondroitin
sulphate (CHS) [16,18,20]. CHS, a natural carbohydrate biopolymer, is
a nutraceutical that helps prevent cartilage deterioration [21,22].
Moreover, CHS can target CD44 receptors that are overexpressed in
inflamed rheumatic joints [16,18].

Besides, nanoencapsulation, micro-needles (MNs) stand out as a one
of the methods for increasing cutaneous medication penetration. To
prevent pain stimulation, MNs are physically made to efficiently pierce
the stratum corneum without getting to the nerve endings [13]. Hollow
microneedles (Ho-MNs) are one of the types of MNs which have
microfluidic channels that disrupt the upper layers of the skin upon
application, creating micro-conduits to deliver liquid medications. They
have been translated to several commercially available products such as
AdminPen™ Ho-MNs that are used in this study and can be mounted on
any available standard syringe [23].

The current study’s main objective is to prepare a drug delivery
system that can provide effective RA management with minimum side
effects by combining nanohybrid thermosensitive hydrogels and Ho-
MNs to ensure effective, localized sustained drug delivery to the joint
via the transdermal route. This was attained by preparing CHS-coated
NLCs encapsulating POM, a herbal medicine with minimal side effects.
The utilization of CHS as a coating polymer for NLCs would add addi-
tional value to NLCs, as CHS can actively target CD44 receptors that are
overexpressed in inflamed joints, in addition to the innate joint healing
properties of CHS. Moreover, oleic acid’s anti-inflammatory and anti-
oxidant effects are used in NLCs preparation. Then, the optimized
formulation was loaded in Pluronic F127 thermosensitive hydrogels to
act as a depot to prolong the release of POM from CHS-NLCs. Their ef-
ficacy was tested in rats with the AIA model after their application
following intradermal injection using AdminPen™ Ho-MNs. This study
is considered the first report of the preparation of Pluronic F127 nano-
hybrid hydrogels loaded with CHS-coated NLCs loaded with POM
extract and injecting them using (Ho-MNs) in rats with the AIA model.

2. Materials

Compritol 888 ATO, caproyl 90 and precirol were obtained from
Gattefossé, (Saint-Priest, France). Pluronic F127 and stearic acid were
kindly provided by Pharonia Pharmaceutical Companies (Alexandria,
Egypt). Chondroitin sulphate (96 %) was provided by Pharco Pharma-
ceutical Company (Alexandria, Egypt). Oleic acid 98 % was bought from
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Nice Chemicals (Kerala, India). The AdminPen™ device was purchased
from NanoBioSciences LLC, USA. Rat ELISA kits were purchased from
Cusabio Technology LL (Houston, USA). AdminPen™ metallic hollow
microneedles were purchased from NanoBioSciences LLC, USA. All other
chemicals and reagents were analytical grade.

3. Methods
3.1. Plant material and extraction

Samples of pomegranate fruits Punica granatum (L.), cultivar H-116,
were provided by Nubaria farms for pomegranate in Al Beheira Gover-
norate, Egypt in September 2023. Dr Tarek Elbolok, Department of
Medicinal and Aromatic Plants, National Research Institute, Cairo per-
formed taxonomic identification. Peels were separated, cleaned, air-
dried, ground by a blender, extracted with 70 % ethanol, and concen-
trated under vacuum (40 °C) by a rotary evaporator (Hei-VAP Value,
Heidolph) to give a dry extract. The dried extract (PPE) was saved at
—20 °C until used.

3.2. UPLC- Qqq -MS/MS analysis

The chemical profiling of PPE was conducted using UPLC-Qqq-MS/
MS through ESI-MS positive and negative ion acquisition mode ac-
cording to a previously published method [24]. In brief, the sample was
dissolved in HPLC-grade methanol (100 pg/mL) and filtered through a
0.2 pm membrane disc filter. A 10 pL injection volume was used. The
UPLC system (Acquity, Waters®, Milford, MA, USA) was equipped with
an Acquity UPLC-BEH C18 reversed-phase column (1.7 pm particle size,
2.1 x 50 mm). The mobile phase flow rate was set to 0.2 ml/min, and a
gradient elution program was used, consisting of acidified water (0.1 %
formic acid) and acidified methanol (0.1 % formic acid), over a 35-min
run. Mass spectrometric analysis was performed on a XEVO TQD triple
quadrupole mass spectrometer (Waters Corporation, Milford, MA, USA)
using ESI with the following parameters: 30 eV cone voltage, 3 kV
capillary voltage, 150 °C source temperature, and 440 °C desolvation
temperature, with vacuum provided by an Edwards® vacuum pump
(Chandler, AZ, USA). Mass spectra were detected in the range of
50-1200 m/z using MassLynx 4.1 software, and peaks were tentatively
identified by comparing their mass spectra and fragmentation patterns
with previously reported data.

3.3. Preparation of NLCs and selection of the lipid phase
3.3.1. Preliminary screening of solid lipid, liquid lipid and their miscibility

3.3.1.1. Screening of liquid lipids. By adding an excess of POM to 3 ml of
oils in tiny vials, the saturation solubility of POM in various liquid lipids,
such as oleic acid and capryol 90 was ascertained. After being securely
sealed and constantly agitated at 100 rpm for 24 h at 25 + 2 °C in a
shaking water bath, the vials were allowed to reach equilibrium for
another 24 h. After 48 h, each saturated sample was centrifuged for 10
min at 5000 rpm. After the supernatant was removed and dissolved in
ethanol, the UV spectrophotometer was used to measure the solubility of
POM 385 nm [25].

3.3.1.2. Screening of solid lipids. Three solid lipids—stearic acid, Pre-
cirol® ATO 5, and Compritol® 888 ATO—were selected for screening
based on their biocompatibility, widespread use in lipid-based nano-
carriers, and differing fatty acid chain compositions, which influence
solubility and encapsulation behavior. To assess the solubility of POM in
each lipid, 100 mg of each lipid was weighed, melted, and maintained at
a temperature 5-10°C above its melting point. POM was then incre-
mentally added (1-2 mg per step) under constant stirring until the lipid
became saturated. Solubilization was assessed visually, with complete
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solubilization defined as the formation of a clear, homogenous
mixture with no visible crystals or phase separation, consistent with
previously reported protocols. The lipid exhibiting the highest solubi-
lization capacity for POM under these conditions was selected for
further formulation development [26-28].

3.3.1.3. Solid and liquid lipids’ miscibility. Visual inspection was used to
verify the miscibility of solid and liquid lipids before binary lipid phase
selection. The drug’s highest solubility was seen in the solid and liquid
lipid mixtures that showed the best clarity, homogeneity, turbidity, and
phase separation. In separate glass vials, solid lipids were melted with

EE (%) Total POM concentration — concentration of unencapsulated POM
b) =
Total POM concentration

liquid lipids (1:1). Additionally, the congealed bulk was inspected for
homogeneity under a microscope. The lipid phase for the NLC design
was chosen from among the mixtures that exhibit good miscibility, no
signs of turbidity, and no phase separation [18].

3.3.2. Preparation of uncoated and chondroitin sulphate (CHS) coated
NLCs

NLCs were prepared using the hot emulsification method previously
reported by Zewail et al. [16,18]. A lipid phase composed of compritol
(150 mg), 35 mg of oleic acid and POM (20 or 60 mg) was heated and
kept at 85 °C. An aqueous phase composed of 0.2 % Tween 80 was
heated to the same temperature. Hot aqueous was added to the lipid
phase and ultrasonication (SONOPULS MINI20 probe tip sonicator,
BANDELIN electronic GmbH & Co., Germany) was carried out at 60 %
amplitude for 5 min. The formed pre-emulsion was added to an external
aqueous phase containing 0.5 % CHS, then the produced emulsion was
sonicated for a second time using the aforementioned conditions.

To prepare uncoated NLCs, the same procedure was followed with
the exception that the secondary aqueous phase was composed of
distilled water instead of CHS.

3.4. Preparation of plain and POM pluronic F127 thermosensitive
nanohybrid hydrogels

To prepare plain F127 hydrogels 2 g of Pluronic F127 was dis-
solved in 10 ml of distilled water in an ice bath using a magnetic stirrer
for 1 h.

To prepare POM-loaded F127 hydrogels, 2 g of F127 was mixed
with either POM-loaded CHS-coated NLCs (POM-CHS-NLCs) or POM
suspension in an ice bath under magnetic stirring for 1 h. The resultant
hydrogels were stored in the refrigerator till further investigations [16,
29,30].

3.5. Characterization of POM-NLCs

3.5.1. Particle size, polydispersity index (PDI) and zeta potential
measurements

Measurements of particle size, PDI, and zeta potential were con-
ducted utilizing the Nanotrac/Wave I1/Q/Zeta from Microtrac MRB
(VERDER SCIENTIFIC GmbH & Co. KG, Haan, Germany). Before mea-
surement, 1 ml samples were diluted with deionized water at a ratio of
1:10, at a scattering angle of 173° and all measurements were performed
at room temperature (RT) in triplicates and reported as mean + stan-
dard deviation (SD).

3.5.2. Measurement of entrapment efficiency (EE%)
The encapsulation efficiency of POM incorporated into NLCs was
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assessed through centrifugal ultrafiltration utilizing a Centrisart-I tube
with a molecular weight cutoff (MWCO) of 300 kDa, manufactured by
Sartorius AG, Goettingen, Germany. The external tube of the Centrisart
set contained two ml of the formula. The sample was subsequently
subjected to centrifugation in a cooling centrifuge (Sigma 3-30 KS,
Sigma Laborzentrifugen GmbH, Osterode, Germany) at 5000 rpm and
4 °C for 15 min. The supernatant was retained in the internal tube of the
Centrisart. The concentration of POM in the supernatant was measured
using UV spectroscopy at 385 nm [25].
The % EE was determined using the following equation:

x 100

3.5.3. Morphological examination

The morphology of the selected formulation was examined using a
transmission electron microscope (TEM, JEM-100CX; JEOL, Japan).
After diluting with distilled water at a 1:20 ratio and sonication for 5
min, a droplet of the diluted dispersion was placed onto a 300-mesh
carbon-coated copper grid, followed by staining with a droplet of ura-
nyl acetate. The solution was allowed to settle for 5 min to ensure proper
adhesion, after which excess solution was removed using filter paper.
The grids were permitted to air dry before microscopic examination
[311.

3.6. Characterization of plain and POM-loaded 127 nanohybrid
thermosensitive hydrogels

3.6.1. Determination of gelation time

The gelation time of both plain and POM-loaded hydrogels was
assessed at temperatures of 25 and 37 °C utilizing the test tube inversion
method. Hydrogel samples (1 ml in Wizerman tubes) were incubated in
a water bath at the specified temperatures and assessed every 20 s by
tilting the tubes. The cessation of the sample flow was recorded. Mea-
surements were conducted in triplicate and results represented as mean
+ SD.

3.6.2. Thermal reversibility

After gelation at 37 °C, hydrogels were cooled to 4 °C to test their
thermal reversibility. Thermo-reversible hydrogels convert to liquids at
4 °C, whereas thermo-irreversible hydrogels remain in the gel form at
4 °C. Measurements were carried out in triplicates and results repre-
sented as mean + SD.

3.6.3. pH

The pH of plain and POM-loaded hydrogels, either with free form or
POM-CHS-NLCs was evaluated using a pH meter (Model 3510, Midwest
Scientific, Saint Louis) at RT (n = 3).

3.6.4. Injectability

The injectability of plain and POM-loaded hydrogels, either with free
form or POM-CHS-NLCs was tested as previously described [16,30,
32-35]. In summary, 3 ml of hydrogel was placed in a glass syringe with
a 27-gauge needle. Syringes were kept at room temperature for at least
10 min before being used to determine injection timings. The injection
time was calculated by vertically attaching a 1-kg mass to the top of the
plunger and monitoring how long it took to discharge 1 ml of sample
from the syringe. All measurements were done in triplicates.
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3.6.5. Measurement of hydrogel viscosity

The viscosity of plain and POM-loaded hydrogels either with free
form or POM-CHS-NLCs was determined at 100 rpm at RT by a Cone and
Plate Brookfield Viscometer with an S-52 spindle (Brookfield DV II-RV,
USA). Measurements were conducted three times for a 1 ml hydrogel
sample and results are represented as mean + SD.

3.6.6. In vitro drug release

The in vitro release study was conducted for POM suspension, free
POM in F127 hydrogel and selected POM-NLCs either in free form or
loaded in F127 hydrogel using dialysis technique (Visking®, MWCO
12,000-14,000; SERVA, Heidelberg, Germany). The bags were placed in
100 ml of PBS, pH 7.4 in a shaking water bath (Wisebath®, London, UK)
at 100 rpm and 37 °C to ensure sink conditions [36]. Samples of the
release media were withdrawn at predefined time intervals, and the
amount of POM released was quantified spectrophotometrically at 385
nm [25]. During the sampling period, the removed medium was
replaced by a fresh buffer. Each experiment included three replicates.

3.7. Ex vivo insertion study to evaluate skin penetration of hollow
microneedles-assisted delivery of POM- NLCs in F127 nanohybrid
hydrogels

The AdminPen™ array consisted of 43 stainless-steel MN shafts of
1200 pm height. The quality of skin penetration utilizing AdminPen™
Ho-MNs was assessed as previously reported, with appropriate adjust-
ments [13,37,38]. Full-thickness human skin was preserved and ob-
tained following abdominal plastic surgery performed on a male
volunteer. After removing subcutaneous fats, the upper skin surface was
rinsed with normal saline solution, dried, carefully covered and pre-
served at —20 °C for future use. This protocol adhered to the previously
established optimized conditions for the preservation of human skin for
3-6 months. An AdminPen™, featuring a 43 stainless steel metallic
Ho-MNs array with a length of 1200 pm, was utilized for the intradermal
injection of both free POM on F127 hydrogel and POM-CHS-NLCs in
F127 hydrogel into the cleansed skin’s exterior surface, employing the
thumb and index finger technique and digital photographs of the skin
were captured after the MNs were removed using a Samsung Galaxy S23
Ultra, dual pixel, 12 MP, PDAF. The number of optically clear pores
created by Ho-MNs was determined, and then the percentage of

GROUP 1 GROUP 2

Negative control

\

Positive control

Free POM in F127
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percutaneous penetration was calculated using the following equation:

Number of created holes in skin

The percentage of penetration =
P age of p Total number of hollow microneedles

x 100

3.8. In vivo study

Ethical approval

The Institutional Animal Care and Use Committee (IACUC) of the
Faculty of Veterinary Medicine at Cairo University approved this
experimental protocol, and assigned ethical approval number PT (3461)
in 2023.

3.8.1. Experimental design and RA induction

Adult male Sprague Dawley rats (180 + 20 g) were housed in a
temperature-controlled environment (25 + 0.5 °C) with unrestricted
access to a standard pellet diet and water, following a 12-h light/dark
cycle. Twenty male rats were allocated into four groups, each consisting
of five individuals (n = 5). RA induction was performed following the
methodology established by our research group in prior publications
[13,17,39,40]. RA was induced through a single injection of 0.2 ml of
complete Freund’s adjuvant (CFA) into the right knee joints of rats, with
the left knee joints acting as controls.

Fig. 1 illustrates the various experimental groups. Groups 3 and 4
received two 200 pl intradermal injections of Ho-MNs in the right knee
joints on days 4 and 9 of the experiment, administering a POM dose of
25 mg/kg [41]. Following 14 days, rats were anaesthetized and eutha-
nized via cervical dislocation under thiopental anaesthesia (50 mg/kg)
[42]. The joints were subsequently dissected and preserved in a 10 %
formalin solution. Blood samples were collected and centrifuged at
5000 rpm at room temperature for 15 min. The serum was subsequently
frozen at —80 °C for future analysis.

3.8.2. Joint diameter assessment

To study the effect of various treatments on rat knee joint oedema,
the anteroposterior diameters of the rat knees were measured using a
digital micrometer at predetermined time intervals (days 0, 4, 7, and
14).

GROUP 3 GROUP 4

POM-CHS-NLCs (F5) in F127

hydrogel hydrogel}

|

[iay

P

Joint diameter measurements
ELISA

Y 4

£ e
\/

Histopathological examination
of dissected joints

Fig. 1. Schematic representation illustrating the different in vivo experimental groups and further characterization techniques.
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Fig. 2. Base Peak Chromatograms (BPC) collected in the negative and positive modes for PPE.

3.8.3. Engzyme-linked immunosorbent assay (ELISA)

At the end of the experiment, rats were sedated and blood samples
were obtained. Levels of tumour necrosis factor a (TNF-a), interleukin
1B (IL1p), malondialdehyde (MDA), matrix metalloproteinases (MMP3)
(My BioSource, San Deigo, CA, USA) and nuclear respiratory factor 2
(NRF2) (Cusabio Technology LL, Houston, USA) were assessed using
ELISA kits according to the manufacturer instructions.

3.8.4. Histopathological study

At the end of the experiment, animals were sacrificed, and samples of
the knee joints were collected. All samples were subjected to a two-week
decalcification process following fixation in 10 % formalin. After
decalcification, the samples were subjected to standard processing,
embedding, sectioning, and subsequent staining with hematoxylin and
eosin (H&E) [43]. Histopathological examination was conducted uti-
lizing an electric light microscope (Olympus BX50, Tokyo, Japan) linked
to a DP27 digital camera (Olympus) for the acquisition of
photomicrographs.

3.9. Statistical analysis

Results are presented as the mean + standard deviation (SD). Sta-
tistical analyses were conducted using Prism 9 software. NLCs particle
size and zeta potential were analyzed using the student t-test (p < 0.05),
while ELISA results were assessed with One-way ANOVA (P < 0.0001).

4. Results and discussion
4.1. Metabolite profiling via UPLC-ESI-MS/MS

Pomegranate peel is the tough outer layer of the fruit, along with the
inedible film inside, discarded as industrial waste, which is not only a

waste of resources but also pollutes the environment [24].
UPLC-ESI-MS/MS analysis of PPE was performed to reveal its

phytochemical constituents. Fig. 1 represents the base peak chromato-
gram in the positive and negative ion modes. 76 compounds, mainly
flavonoid glycosides, tannins, phenolic acids and alkaloids, have been
tentatively identified by comparing their MS characteristics and frag-
mentation pattern with in-house and online comprehensive databases
and previously reported literature data on PPE (Table 1). Polyphenols
demonstrated the predominant class of metabolites identified in PPE. In
particular, ellagic acid, punicalagins, granatin A, quercetin, kaempferol
and anthocyanins exert their effects by reducing inflammation, oxida-
tive stress, and joint degradation, all of which are key contributors to
arthritis [44-46]. These compounds have been shown to reduce
inflammation through downregulation of the expression levels of
pro-inflammatory cytokines such as IL-6, IL-5, IL-8, IL-10, IL-1, IL-18,
TNF-a, and IFN-y, as well as the concentrations of COX, NF-kB, MPO,
NO, and MMPs [47]. Gallic acid along with ellagic acid, has been re-
ported to have anti-inflammatory and antioxidant effects. They can help
reduce oxidative stress and inflammatory responses, making them
potentially beneficial in managing inflammatory joint diseases like
arthritis [48,49]. Punicalagins can inhibit the production of inflamma-
tory mediators like nitric oxide (NO) and prostaglandins, which play key
roles in the pathogenesis of arthritis. They also have a protective effect
on joints and may help reduce cartilage degradation [50]. Triterpenoids
(e.g., betulonic acid) found in pomegranate peel have been investigated
for their potential anti-arthritic properties [51]. These compounds are
known to inhibit the production of pro-inflammatory cytokines and
enzymes such as COX-2, helping to reduce pain and swelling associated
with conditions like RA [51]. This powerful bioactive composition en-
courages us to investigate PPE’s in vitro anti-arthritic activity and
enhance this therapeutic efficacy through nanoformulation strategies.

4.2. Lipid phase selection

A lipid screening is a simple but important step in NLCs formulation,
due to the effect of drug solubility on the entrapment and encapsulation
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Table 1
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Metabolites identified in Punica granatum samples extracts using UPLC-MS in positive and negative ionization modes.

No. Rt Identified compounds Precursor ion Chemical classes Elemental MS" ions m/z (—)
(min.) composition
1.1 0.66 Mannitol” 181.1 (M — HY Sugar alcohol C6H1406 163, 149, 131, 119
2.2 0.88 Quinic acid® 191.1 (M — H)Y Organic acids C7H1206 111,129
3.3 1.01 Fragment of quinic acid 131.1 (M + H)* Organic acids C6H1003 129
4.4 1.15 Quinic acid methyl ester 205 (M-H” Organic acids C8H1406 111, 129
5.6 1.19 cyanidin diglycoside 611.3 (M + H)' Anthocyanins C27H31016 164, 261, 289, 367
6.7 1.34 Punicalagin o 1083.4 (M — H) Tannin C48H28030 781, 721, 601, 299
7.8 1.35 Pyrogallol” 127.1 (M + H)* Tannin C6H603 97
8.9 1.36 Caffeic acid” 179.2 (M — H) Phenolic acids C9H804 135
9.10 1.38 Vanillic acid hexoside 329.2 (M - H) Phenolic acids C8H804 269, 209, 181
10.11 1.49 Secoisolariciresinol 363.2 (M + H)™ Lignans C20H2606 165, 179, 331, 313, 346
11.12 1.75 Punicalagin f 1083.4 (M — H) Tannin C48H28030 781, 721, 601, 299
12.13 1.82 Digalloyl-HHDP-hex (pedunculagin II) 785.2 (M — H) Tannin C34H26022 685, 633, 483, 301
13.14 1.9 Ellagic acid deoxy hexose 449.1 (M + H)* Tannin C20H16012 299
14.15 1.97 Pedunicalagin I Bis-HHDP-hex 783.1 (M — H) Tannin C34H24022 765, 481, 301, 275
15.16 2.04 Cyanidin-3-glucoside® 4492 (M + H)* Anthocyanins C21H20011 301, 151
16.17 2.1 Punigluconin 801.3 (M — H) Tannin C34H26023 781, 649, 499, 347, 301
17.18 2.23 Casuarictin 935.2(M — H)Y Tannin C39H35027 783, 633,301
18.19 2.3 Fertaric acid 325.3(M — H) Phenolic acids C14H1409 193, 149
19.20 2.33 Granatin A ellagic acid derivative 799.3 (M — H) Tannin C34H24023 781, 301, 273
20.21 2.63 Ellagitannin® 643.2 (M — H) Tannin C25H24020 481
21.22 2.44 Granatin A 784.2 (M — H) Tannin C34H24022 781, 479, 301, 273, 257
22.23 2.6 Malic acid® 179.2 (M + HCOO- Organic acids C4H605 115
H)
23.24 2.71 Ferulic acid glucoside 355.2 (M — H) Phenolic acids C16H2009 175, 160
24.25 2.81 Valoneic acid bilactone C-glucoside 643.2 (M — H) Tannin C27H16019 571, 541, 511, 469, 451, 425
25.26 3.11 Ellagic acid glucoside 463.1 M — H) Tannin C20H16013 445, 403, 373, 343, 313, 300
26.27 3.14 Ferulic acid” 217.2 (M + Na)* Phenolic acids C10H1004 101, 111, 113, 133,
161, 179
27.28 3.44 Emodin-8-glucoside 431.3 (M — H) Anthraquinone C21H20010 269
glycoside
28.29 3.52 Atractylenolide I 231.2 (M + H)* Sesquiterpenoid lactone ~ C15H1802 217,122
29.30 3.85 Pelletierine” 142.21 M + H)* Alkaloids C8H15NO 139
30.31 4.04 Procyanidin dimer 579.2 (M + H)* Flavanol C30H26012 113, 175, 289, 341, 407,
425, 451
31.32 5.58 Ellagic acid pentoside 433.1 (M — H) Tannin C19H14012 301
32.33 5.74 Quercetin 3-O-glucuronide 475.3 (M — H)Y Flavonol glucuronide C21H18013 111, 161, 301
33.34 5.8 Galloyl-HDDP-glucuronide Lagerstannin 651.4 (M + H)™ Tannin C27H22019 605, 497, 361, 301
C
34.35 5.81 Ellagic acid® 301.1 (M — H) Tannin C14H608 229, 185
35.36 6.04 Luteolin-glucoside 449.2 (M + H)* Flavone glycoside C21H20011 285, 271, 217
36.37 7.17 Luteolin-arabinoside 419.2 M + H)" Flavone glycoside C20H18010 285, 199, 175
37.38 9.08 Liquiritin® 4191 (M + H)* Flavanone glycoside C21H2209 401, 257, 137, 119
38.39 9.44 Palmatine 353.3 (M + H)* Alkaloids C21H22N0O4 336, 322, 308, 294
39.40 10.75 (epi) gallocatechin-cyanidin-3-glucoside 753.2 (M + H)* Anthocyanins C35H44018 591, 573, 423
40.41 11.06 Hydroxybenzoic acid glucoside 300.3 (M + H)" Phenolic acids C13H;608 179, 168, 137, 136,124
41.47 12.92 flavogallol 453.2 (M + H)" Tannin C21H8012 170
42.48 12.95 Quercetin-3-O-glucoside® 463.1 (M — H) Flavonol glycoside C21H20012 265, 301
43.50 13.23 Catechin-gallocatechin 592.4 (M — H) Flavanol C31H29012 423, 305, 285, 179, 149, 137,
125
44.51 13.36 Berberine” 337.2(M + H)* Alkaloids C20H18NO4 320, 306, 292, 278
45.53 13.82 p-Coumaroylquinic acid 337.4 (M - H) Phenolic acids C16H1808 191, 163
46.56 14 p-coumaric acid glucoside 327.2 (M + H)" Phenolic acids Cy5H;1808 276, 145, 117
47.57 14.03 Astilbin 449.3 (M — H) Flavanone glycoside C21H22011 303, 287, 153
48.60 14.88 Coumaric acid” 163.1 (M — H) Phenolic acids C9HS803 147,119
49.61 14.97 Phlorizin® 437.4 (M + H)* Bicyclic flavonoid C21H24010 297, 273, 167
50.64 15.22 (epi) gallocatechin-pelargonidin-3- 737.2 (M + H)* Anthocyanins C36H33017 575, 449, 407
hexoside
51. 16.14 Myricetin 3-O-glucoside® 481.4 (M + H)" Flavonol glycoside C21H20013 113, 262, 317, 361, 441
52.70 16.15 Hyperoside® 433.4 (M — H)Y Flavonol glycoside C21H20012 301, 300, 272, 229, 169, 123
53.72 16.43 Pelargonidin-3-glucoside 432.4 (M — H)Y Anthocyanins C21H21010 271
54.74 16.65 Isolariciresinol 361.2 (M + H)™ Lignans C20H2406 344, 345, 313
55.75 16.85 5-0-Caffeoylquinic acid” 353.3 (M — H) Phenolic acids C16H1809 191, 179
56.76 16.98 Gallic acid” 171.2 (M + H)* Phenolic acids C7H605 125
57.77 17.07 Brevifolincarboxylic acid 293.2 (M + H)™ Tannin C13H808 247
58.79 17.77 Glycerol tri-octadecanic acid 871.9 (M — H) Acid C57H9206 784, 757, 681, 664
59.80 18.29 Quercetin® 303.4 (M + H)* Flavonol C15H1007 273, 257, 151, 135
60.81 18.37 Pelargonidin-3-pentoside 403.1 (M + H)* Anthocyanins C20H1809 271
61.82 19.15 Galloyl-gallagyl-hexoside (pedunculagin 933.2 (M — H) Tannin C41H26026 915, 781, 721, 601
11D
62.84 19.36 3-O-Caffeoylquinic acid” 353.4 (M — H) Phenolic acids C16H1809 111,129
63.85 19.89 Kaempferol® 285.3 (M — H) Flavonol C15H1006 127, 181, 257
64.86 20.02 Valoneic acid bilactone 471.2 (M + H)* Tannin C21H10013 407, 397, 300, 271
65.88 21 Catechin® 289 (M — H) Tannin C15H1406 179, 205, 245

(continued on next page)
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Table 1 (continued)
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No. Rt Identified compounds Precursor ion Chemical classes Elemental MS" ions m/z (—)
(min.) composition

66.91 22.35 Genistin® 433 (M + H)* Isoflavone glycoside C21H20010 271, 181

67.92 23.09 Myrcetin® 319.4 (M + H)* Flavonol C15H1008 113, 161, 219, 262

68.93 24.57 Punicalin (gallagyl-hexoside) 783.1 (M + H)* Tannin C34H22022 721, 601, 299

69.94 25.22 Glucogallin 333.2 (M + )" Tannin C13H16010 125, 169

70.97 26.15 Hexahydroxydiphenic hexoside (HHDP) 483.2 (M + H)+ Tannin C14H10010 465, 423, 303, 277, 193

71. 25.58 Phylligenin 371.1 (M — H) Lignans C21-H24-06 136

72. 26.84 Cosmosiin 4332 (M + H)* Flavone C21H20010 269, 268

73.102 26.93 Phloretin® 275.1 (M + H)™ Dihydrochalcone C15H1405 169, 127

74.104  27.52 Granatumol 397.6 (M + H)* Tannin C24H4404 381, 367, 284, 280, 264, 257,
249

75.106 27.77 Betulonic acid 455.2 (M + H)* Triterpenoid C30H4603 409, 205, 177, 119

76.107 28.48 Gallagic acid 639.4 (M + H)" Tannin CogH14018 299, 271

@ Compound identified using reference standard.

efficiency of the system [52]. Liquid lipid screening demonstrated that
POM showed the highest solubility in oleic acid (8 mg/ml), followed by
capyrol 90 (4 mg/ml). On the other hand, POM solubility in stearic acid,
compritol, and precirol was 25, 42 and 40 mg/100 mg lipid, respec-
tively. Different solid and liquid lipids showed good miscibility by visual
observations. Also, congealed masses of different binary mixtures
showed good uniformity during microscopic examination. Based on
these findings, compritol and oleic acid were used to prepare NLCs as
POM exhibited the highest solubility in them.

Compritol as a solid lipid possesses complex structure and less exact
orientation, which allows higher drug loading. Compritol consists
mainly of glyceryl behenate, a mixture of mono-, di-, and triglycerides
of behenic acid. Its long alkyl chains and amorphous nature offer
enhanced drug entrapment via interchain intercalation and reduce
drug expulsion during storage. The complex lipid matrix also con-
tributes to sustained release characteristics, which is beneficial for
transdermal delivery applications.

Oleic acid was selected as the liquid lipid due to both its high sol-
ubility capacity for POM and its well-documented role as a skin
penetration enhancer [53]. It disrupts the lipid packing in the stratum
corneum, thereby enhancing percutaneous absorption. In addition, oleic
acid exhibits antioxidant and anti-inflammatory properties, which
may help reduce local irritation and support skin compatibility [54].

The combination of Compritol and oleic acid was thus selected to
maximize drug loading, promote transdermal penetration, and
improve formulation stability.

4.3. Colloidal characteristics of POM-NLCs

We explored developing lipid nanocarriers since POM extract is

lipophilic. Various NLCs were created using the melt emulsification
process. This approach is better than the solvent diffusion method since
it avoids the utilization of organic solvents [18,55]. POM lipid carriers
have been previously reported by Badawi et al. who prepared
POM-loaded solid lipid nanoparticles using Plackett-Burman design and
optimized formulation characteristics [36]. Also, Soleimanian et al.
prepared POM-loaded NLCs using POM seed oil, beeswax and propolis
wax but they did not use PPE or test the application of the prepared
formulations [56].

CHS was chosen to modify the surface of NLCs to actively target RA-
inflamed joints [16]. CHS is also claimed to have significant
anti-inflammatory properties by decreasing the concentrations of many
pro-inflammatory agents. Moreover, CHS has disease-modifying capa-
bilities and is therefore classified as SYSADOA (Symptomatic
slow-acting medication for Osteoarthritis) by the European League
Against Rheumatism [21]. The schematic structure of CHS-NLCs is
illustrated in Fig. 3 A.

The particle size of different formulations ranged from 64.7 + 0.34
nm to 341 + 2.5 nm (Table 2). It has previously been observed that gaps
of up to 700 nm exist between interendothelial cell connections in
rheumatic joints [17]. As a result, the particle size of the produced
nanocarriers is appropriate for both passive targeting of rheumatic joints
via increased permeation and retention (EPR) and active targeting via
CHS coating [16,18,57]. Loading NLCs with POM resulted in increasing
their particle size. The particle size of F1 (blank) and F2 (loaded with 20
mg POM) increased from 64.7 + 0.34 nm to 163.9 + 1.2 nm. Upon
coating F2 with CHS, the particle size of the resultant formulation
significantly increased (Student’s t-test (P < 0.05)). Also, increasing
POM concentration resulted in increasing NLC particle size as noted in
F3 (containing 20 mg POM) and F5 (containing 60 mg POM). The
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Fig. 3. (A) Schematic diagram of POM-CHS-NLCs, (B) Size distribution of F5 (selected formulation) and (C) TEM micrograph of F5 (selected formulation).
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Table 2
Composition, particle size, PDI, zeta potential and % EE of NLCs.
Formulation POM Oleic acid CHS Particle size PDI Zeta potential (mV) % EE
(nm)
F1 - 35 mg - 64.7 £ 0.34 0.315 + 0.03 -17 £ 1.34 -
F2 20 mg 163.9 +1.2 0.274 + 0.08 —20 £+ 0.89 93.34 + 0.67
F3 20 mg 0.5% 273.9 £ 0.98 0.156 + 0.06 —24+0.45 96.34 + 0.34
F4 - 106.8 + 1.12 0.350 + 0.12 —-21 +0.78 -
F5 60 mg 341 + 2.5 0.281 + 0.04 —30 £ 0.98 98.89 + 0.12

particle size of the former was 273.9 + 0.98 nm meanwhile the particle
size of the latter was 341 + 2.5 nm. These findings are along with the
results previously reported by Zewail et al. [18].

As Table 2 demonstrates that the PDI of different formulations was
less than 0.4, indicating that different NLCs formulations were homo-
genously dispersed [13].

High zeta potential has a substantial influence on the stability of
nanocarriers. High surface charges provide repulsive forces that hinder
particle coalescence and aggregation [40]. The increase in the negative
surface charge upon encapsulation of POM may be attributed to the
negative surface charge of POM [58]. Zeta potential increased from —17
+ 1.34 mV (F1) to — 20 &+ 0.89 mV (F2). Also, increasing POM con-
centration from 20 g (F3) to 60 mg (F5) increased zeta potential value
from —24 + 0.45 mV to - 30 + 0.98 mV, respectively. Furthermore,
coating NLCs with CHS resulted in increasing zeta potential value. Zeta
potential increased from —20 + 0.89 mV to —24 + 0.45 mV in F2 (un-
coated NLCs) and F3 (CHS-coated NLCs). These findings are in agree-
ment with the results previously reported by Zewail et al., who noted
that coating leflunomide-loaded NLCs with CHS resulted in increasing
their negative surface charge [18].

4.4. EE%

As depicted in Table 2, different formulations had high EE %. The
high values of POM EE % suggest that the NLCs’ lipid composition is
suitable for POM entrapment [18]. This is along with previous reports of
high EE% of poorly soluble drugs in NLCs [17,18]. This might be
attributed to the imperfect inner architecture of NLCs, allowing
improved accommodation of lipophilic medicines [59]. F4 had the
highest EE %. Increasing POM concentration from 20 mg in F3 to 60 mg
in F5 resulted in increasing EE % from 96.34 + 0.34 to 98.89 + 0.12 %,
respectively. This coincides with previous reports [18]. F4 was selected
for further characterization and its particle size distribution is elucidated
in Fig. 3 B.

4.5. TEM

As Fig. 3C demonstrates, F5 particles had a spherical uniform shape.
There was no apparent clustering or aggregation. CHS coating layer was
noted with a darker color in comparison with the NLCs core part. This
findings coincides with the results previously reported by Zewail for the
preparation of CHS coated leflunomide loaded NLCs [16,18].

4.6. Characterization of F127 thermo-sensitive hydrogels

4.6.1. Gelation temperature, pH, viscosity and injection time

Injectable sol-gel systems for biomedical applications have recently
gained appeal as a potential alternative to implantable systems that need
surgical insertion [60]. Upon thermosensitive hydrogels injection into
the right place in the body, they transition from a sol to a gel at 37 °C,
serving as a gel depot for extended drug release. The absence of organic
solvents, cross-linkers, and externally applied triggers provides signifi-
cant advantages over chemically cross linked hydrogels [35]. Injectable
thermosensitive hydrogels can function as reservoirs that can be intro-
duced into particularly targeted locations in the body, including the

joints, as drug-loaded liquids before going through a first-order transi-
tion, resulting in flexible soft hydrogel matrices in situ at physiological
temperature [61].

Pluronic (also known as Poloxamer) is an amphiphilic copolymer
composed of hydrophilic polyethylene glycol and hydrophobic poly-
propylene oxide. It is a typical thermo-sensitive hydrogel that may resist
sol-gel transition when temperature increases due to partial dehydration
of polyethene glycol chains [29,62]. Pluronics are popular for their
safety, bio adhesiveness, stability, and capability to develop gels at low
concentrations at the body’s temperature [61]. Their thermosensitive
hydrogels have numerous applications in RA management [16,30,34].

Gelation time is an essential characteristic of hydrogels. To avert
medication leaking from the injection site, gelation must transpire
promptly following administration [34,63]. Based on our previous study
we selected F127 concentration to be 20 w/v % as induces gelation at
37 °C of suitable time with no gelation at RT [30]. As demonstrated in
Table 3, loading plain F127 hydrogels with free POM, F4 and F5 resulted
in a significant (Student t-test (p < 0.05)) decrease in gelation time in
comparison with plain gel. On the other hand, no significant changes
were noted in the gelation time of F127 loaded with F4 (blank
CHS-NLCs) and F5 (POM-CHS-NLCs).

Regarding pH hydrogels loaded with free POM or POM-CHS-NLCs
(F5) showed a significant decrease in hydrogel pH and that may be
ascribed to the acidic nature of POM [64]. Also, it can be noted that
loading F127 with free POM and CHS-NLCs increased the viscosity of the
corresponding hydrogels and consequently their injection time
increased. Injection times of plain F127, F127 loaded with free POM, F4
and F5 were 4 +1.34,6 + 1.23,9 + 1.14 and 11 + 1.98 s (Table 3). The
increase in F127 viscosity and injection time upon incorporation of
nanocarriers is in agreement with previous reports and may be ascribed
to hydrophobic and ionic interactions between the nanocarriers and the
gel matrix [16,30]. Zewail et al. reported the increase in the viscosity of
F127 hydrogels upon loading with leflunomide-loaded CHS-coated NLCs
[16]. Also, Farzaneh et al. even reported the increase in the viscosity of
pluronic hydrogels upon loading with magnetic nanoparticles [65].

4.6.2. In vitro drug release

In-vitro drug release tests from nanoformulations are important to
predict their in-vivo performance [66]. An in vitro release test was con-
ducted for POM suspension, F5, free POM in F127 hydrogel, and F5 in
F127 hydrogel. Fig. 4 demonstrates that POM suspension was
completely released after 24 h, while F5 showed a biphasic sustained
release pattern for 6 days with an initial burst effect of 15 % after 30 min
(Fig. 4 insert). NLCs have a biphasic release characteristic, bursting

Table 3
Thermo-gelling properties of plain F127 hydrogels and F 127 hydrogels loaded
with free POM and POM-CHS-NLCs.

Hydrogel Gelation time at  pH Viscosity Injection

formulation 37 °c (sec) (cp) time (sec)

Plain F127 55 +1.13 7.23+£0.02 210 + 0.34 4+1.34

Free POM in 48 + 0.67 6.89 £ 0.16 220 + 0.76 6 +1.23
F127

F4 in F127 37 £0.45 7.18 £ 0.05 240 + 1.45 9+1.14

F5 in F127 35+ 0.56 6.80 £ 0.22 243 +£1.89 11 +£1.98
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Fig. 4. In-vitro POM release in pH 7.4. Insert demonstrates in vitro POM released within the first 24 h.

immediately and then remaining constant. The liquid lipid located in the
outer layers of the NLCs causes drug-enriched packing, leading to burst
drug release at first by diffusion or matrix erosion via lipolysis. Then, the
solid core lipid discharge medicines are continuously used after this
[671].

A significant decrease in burst effect was noted in free POM and F5
upon loading in F127 hydrogels (Fig. 4 insert). Loading free POM and F5
in F127 hydrogels extended their release time from 24 h to 4 days for
free POM and from 6 days to 13 days in F5. The effect of F127 hydrogel
in retarding drug release and reducing burst effect may be ascribed to
the decrease in the quantity and size of water channels within the

micellar structure of poloxamer would enhance hydrogel viscosity and
regulate the release rate of the diffusing drug from the hydrogel matrix.
[16,68]. The extended drug release from this dual nanoparticle-hydrogel
system is primarily regulated by two processes. The medication diffuses
first through the NLCs core and then into the hydrogel matrix. The
second step involves the degradation or erosion of the hydrogel network
[69].

4.7. Ex vivo insertion study of Ho-MNs

MNs were selected for injecting POM nanohybrid hydrogels as they

C

Fig. 5. A) AdminPen™ hollow MNs with 43 medical-grade stainless steel (SS316L) MN shafts of 1200 pm in height.Outer Diameter of Each MN: Approx. 200-250
pm (per manufacturer communication), Array Diameter: 1.3 cm circular array, Sterility: Electron beam (E-beam) sterilized by the manufacture. B) Image captured
by a standard mobile camera (Samsung Galaxy S23 ultra, 12 MP, dual pixel) showing excised full-thickness human skin after insertion of MNs. (C) Intradermal
administration of drug formulations using AdminPen™ hollow MNs into the arthritic joint in rats with AIA. (D) Shape of joints of different experimental groups at the

end of the experimental period.
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have the following advantages: ease of treatment termination, applica-
tion of high localised drug orientation, painless self-administration,
overcoming needle phobia, effective intradermal and transdermal drug
availability, and suitability for sustained and controlled drug delivery.
Therefore, MNs have the potential to enhance RA therapy outcomes as
well as patient compliance [13].

The minimally invasive AdminPen™ Ho-MNs arrays (Fig. 5A) are
engineered for intradermal or transdermal administration of liquid
dispersions, as specified in US Patent No. 7,658,728 [70]. This circular
MN array (diameter = 1.3 cm) features a novel design including 43
sharp-edged MN shafts, each measuring 1200 pm in height and pos-
sessing an off-centred hollow pore on its side, therefore preventing
needle blockage and facilitating efficient, continuous drug delivery.
Microholes approximately 1100-1200 pm deep are formed in both the
stratum corneum and epidermal layers with the application of the
AdminPen™ device [71,72]. Shortly after the extraction of micro-
needles, the created micropores collapse, and the skin barrier is
promptly restored, mitigating any potential danger of skin infection.
Considering the aforementioned advantages, AdminPen™ Ho-MNs were
meticulously selected to effectively administer the designed POM-NLCs
through the skin layers.

The AdminPen™ array used in this study is a ready-made stainless
steel MN array that can be used to inject liquid medications for trans-
dermal and intradermal delivery. Since they are made from stainless
steel, no stability studies are required. Also, the sterility of AdminPen™
was guaranteed by the manufacturer [23].

The efficacy of MNs is contingent upon their insertion efficiency, as
the stratum corneum must be effectively penetrated for the MN array to
achieve its intended impact. Effective skin penetration with
AdminPen™ Ho-MNs is essential for the successful transdermal distri-
bution of POM-NLCs. Excised dermal specimens and Parafilm M®
membranes serve as skin models to evaluate the penetration efficacy of
microneedles.

In our previous work [13,37,72], we conducted histological and
visual confirmation of microneedle penetration using excised human
skin and Parafilm M® membrane models. These studies demonstrated
that the AdminPen™ Ho-MNs achieved consistent penetration, with a
measured average depth of 889 pm in Parafilm M®, which is over 80
% of the needle length. Additionally, we validated the effective skin
penetration in these studies, which directly supports the findings in our
current research.

Moreover, a previous study by the author Abd-El-Azim [23]
demonstrated that the currently used AdminPen™ Ho-MNs could be
successfully inserted through Parafilm M® membrane, achieving a
penetration depth of 889 pm, which is greater than 80 % of the needle’s
real height. Also pore closure kinetics by AdminPen™ Ho-MNs was
investigated by Abd El Azim and was monitored by recording OCT im-
ages every 2 min for the porcine skin after removal of AdminPen™
Ho-MNs. The healing process was started after 2-4 min, and complete
restoration of skin barrier properties was noted after 10 min [23].
Literature indicates that excised human skin has been established as the
“gold standard” in in-vitro testing [73,74]. In this study excised human
skin was utilized to assess the insertion capabilities of the AdminPen™
Ho-MNs. AdminPen™ Ho-MNs liquid injection device should be
mounted on any available standard syringe pre-filled with the liquid
formulation, and inserted manually 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 [72,75]. The force exerted by the human
thumb for MNs insertion was previously proven to be equivalent to
manual skin application force using human thumb pressure, as previ-
ously shown by Larraneta et al. [76]. Furthermore, sterility of
AdminPen™ was guaranteed by the manufacturer [72].

The images presented in Fig. 5 B demonstrate complete insertion,
resulting in 43 dermal micropores corresponding to the 43 MNs in the
array, with distinct interspaces evident, resulting in 100 % penetration.
The results demonstrated effective skin penetrat and highlighted the
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robust mechanical strength of the employed MNs. The anticipated MN-
nanohybrid hydrogel combined delivery approach presents a promising
potential for the effective treatment of RA.

4.8. In vivo study

RA was successfully induced in mice and rats using a variety of
techniques, including AIA, which is efficacious in inducing RA-
associated physiological alterations [77]. Prior research has proven
the efficiency of this induction paradigm in causing RA, as evidenced by
histological inspection of the positive control dissected joints and the
determination of numerous inflammatory mediators [30,39,78].

Arthritis medication typically necessitates long-term use, and con-
ventional methods such as oral delivery or injections can lead to
gastrointestinal side effects and present challenges for patients over
extended periods. Recent advancements in MN technology have facili-
tated novel approaches to transdermal delivery of arthritis medications,
owing to its benefits of painless skin penetration and effective localized
administration [1].The transdermal route offers several advantages such
as bypassing hepatic first-pass metabolism, minimizing off-target
adverse effects, and providing a rapid onset of action [13].

RA treatment was started at day 4 of the experiment and the whole
experiment was conducted for 14 days. Treatments were administered
as two 200 pl doses at day 4 and day 9. Doses were administered using
AdminPen™ Ho-MNs array in the right knee joints.

4.8.1. Joint diameter assessment

Joint diameters were evaluated at days 0, 4, 7 and 14 as illustrated in
Fig. 6. All groups except the negative control showed swelling and
increased joint diameter on day 4. The group treated with POM-CHS-
NLCs in F127 hydrogel demonstrated a more rapid reduction in joint
diameter at day 7 compared with the group treated with free POM in
F127 hydrogel. At day 14 the group treated with POM-CHS-NLCs in
F127 hydrogel had comparable joint diameters to the negative control.
This was further confirmed by the morphology of the joints of different
experimental groups (Fig. 5D).

4.8.2. ELISA

Cytokines are powerful immunoregulatory factors that may play a
direct role in chronic rheumatic illnesses’ dysregulated immune sys-
tems. Interleukin-1b (IL-1b), Interleukin-2 (IL-2), and TNF-a have all
been linked to the development of RA as mediators of chronic inflam-
mation. Serum levels of IL-1b and TNF-a, as measured by radioimmu-
noassay, were significantly elevated in patients with RA compared to
healthy controls matched for sex and age [79].

The rapid cell division associated with the inflammatory response in
RA leads to a hypoxic environment in the synovium and increased intra-
articular pressure. This leads to recurrent cycles of hypoxia and reox-
ygenation, increasing the production of reactive oxygen species (ROS)
via cellular oxidative phosphorylation. This may activate transcription
factors such as NF-kB and hypoxia-inducible factor-1a (HIF-1a), which
are responsive to oxygen levels. This will lead to a spectrum of gene
expression that perpetuates synovitis. The activation of the ROS-induced
NF-xB pathway may imply the increased production of IL-1 and TNF-a,
establishing a positive feedback loop in the self-activation of proin-
flammatory cytokines [80].

Lipid peroxidation’s main aldehyde consequence is MDA, a 3-carbon
dialdehyde that enzymes can metabolize or react with proteins and
tissues to form biomolecular damage. Many reactive electrophile spe-
cies, including MDA, cause toxic stress in cells. Antioxidant therapy may
offer new complementary RA-disease therapeutic alternatives 49].

Also, MMP-3 has a pivotal role in the pathology of RA. Elevated
serum levels of MMP-3 have been observed in patients with RA
compared to those with osteoarthritis, and these levels are associated
with the progression of structural damage in RA patients [81].

On day 14, blood samples were collected and serum levels of TNF-a,
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IL-1, MDA, NRF2 and MMP3 were evaluated (Fig. 7).

Levels of MDA and TNF-a were comparable to the negative control
with no statistically significant differences (One way ANOVA p <
0.0001). Tugcu et al. previously reported the ability of POM to reduce
MDA levels [82]. Also, Du et al. reported that punicalagin and ellagic
acid which are the main components in POM exert their
anti-inflammatory effect through blocking lipopolysaccharide induced
phosphorylation, degradation of IkB, and nuclear translocation of p65
[83].
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TNF-a levels were 173.5, 94.4, 42.6 and 40 pg/ml in the positive
control, groups treated with free POM, POM-CHS-NLCs in F127 hydro-
gel and the negative control, respectively. This agrees with the previ-
ously reported results on the ability of POM to reduce TNF-a levels [83,
84]. Also, levels of IL-1 increased by 3.6, 2 and 1.2 folds in the positive
control, groups treated with F127 hydrogels loaded with free POM and
POM-CHS-NLCs, respectively in comparison to the negative control.
This is along with previous reports [85,86].

Moreover, levels of MMP3 were 29.2, 18.2, 10 and 7.2 Ng/ml in the
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Fig. 8. Histopathological examination of dissected joints. A) Photomicrograph of joint, negative control group showing normal joint (red arrow) and subcutaneous
tissue (black arrow) (H&E). B) Photomicrograph of joint, negative control group higher magnification showing normal joint including synovial membrane (red
arrow) and articular cartilage (black arrow) (H&E). C) Photomicrograph of joint, negative control group higher magnification showing normal joint including sy-
novial membrane (red arrow) (H&E). D) Photomicrograph of joint, positive control group showing arthritis extending into the joint capsule (arrow) (H&E). E)
Photomicrograph of joint, positive control group higher magnification showing inflammatory cells infiltration extending into the joint capsule (arrow) (H&E).

F) Photomicrograph of joint, positive control group higher magnification showing degeneration in some chondrocytes in the articular cartilage (black arrow) (H&E).
G) Photomicrograph of joint, Free POM in F127 hydrogel group showing fewer inflammatory cells infiltration in the joint capsule (red arrow) (H&E).

H) Photomicrograph of joint, Free POM in F127 hydrogel group higher magnification showing mild inflammation in the joint capsule (arrow) (H&E). I) Photo-
micrograph of joint, Free POM in F127 hydrogel group higher magnification showing apparently normal articular cartilage (H&E). J) Photomicrograph of joint, POM-
CHS-NLCs in F127 hydrogel group showing apparently normal joint (H&E). K) Photomicrograph of joint, POM-CHS-NLCs in F127 hydrogel group higher magni-
fication showing apparently normal articular cartilage and synovial membrane (H&E). L) Photomicrograph of joint, POM-CHS-NLCs in F127 hydrogel group higher
magnification showing apparently normal articular cartilage (H&E). (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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positive control, groups treated with free POM, POM-CHS-NLCs in F127
hydrogel and the negative control, respectively. The anti-inflammatory
effects of POM may be attributed to the ability of POM phytochemicals
to decrease the expression levels of extracellular-signal-regulated kinase
(ERK), Jun N-terminal kinase (JNK), and p38-mitogen-activated protein
kinase (p38 MAPK) [83].

Preclinical studies on PPE have demonstrated promising results in
various animal models of arthritis disease. For example, studies
involving rats with induced arthritis have shown that PPE significantly
reduced joint swelling, pain, and inflammation through inhibition of the
activation of nuclear factor kappa B (NF-xB) and this would lower the
levels of pro-inflammatory cytokines (such as TNF-o, IL-1f, and IL-6)
and enzymes (like COX-2 and MMPs) [44,87]. A recent clinical trial
showed that supplementation with PPE reduced serum inflammatory
markers, including hs-CRP, NF-xB, MCP-1, and MMP-1, in women with
knee osteoarthritis. These findings suggest that PPE supplementation
could be beneficial as a comprehensive strategy to manage inflammation
in women suffering from knee osteoarthritis [88].

Also, aprevious research demonstrated that pomegranate juice,
extract, and the isolated bioactive compounds delphinidin and penicillin
decreased factor nuclear factor-kB (NF-xB) activation in various cell
types. The study revealed that pomegranate inhibited the expression of
IL-6, IL-8, and NF-kB target genes in intestinal cells exposed to pro-
inflammatory stimuli [89].

Furthermore, levels of NRF2 decreased by 2.2, 1.8, and 1.1 folds in
the positive control, groups treated with F127 hydrogels loaded with
free POM and POM-CHS-NLCs, respectively compared with the negative
control group. These findings confirm POMs’ antioxidant capacity that
occurs through various mechanisms, including reducing the rate of lipid
peroxidation, scavenging or destroying ROS, triggering or preventing
multiple signalling pathways, and regulating how genes are expressed
[901.

4.8.3. Histopathological examination of dissected joints

Microscopic examination of the joint from the negative control group
(Fig. 8A-C) revealed the normal histologic structure of the joint. Fig. 8 A
illustrates normal joint (red arrow) and subcutaneous tissue (black
arrow). Higher magnifications in Fig. 8 B and C illustrated the normal
joint structure including synovial membrane (red arrow) and articular
cartilage (black arrow).

On the contrary, the positive group (Fig. 8D-F) showed intense
periarticular inflammatory cell infiltration extending into the joint
capsule. The synovial lining showed sloughing and degeneration.).
Higher magnification in Fig. 8 F demonstrated degeneration in some
chondrocytes in the articular cartilage (black arrow).

Free POM in F127 hydrogel (Fig. 8G-I) showed moderate improve-
ment, as the examined sections revealed fewer inflammatory cell in-
filtrations into the joint capsule (red arrow Fig. 8 G). Higher
magnification in Fig. 8H and I showed mild inflammation in the joint
capsule (arrow). Both synovial lining and articular cartilage were
normal. Previous histological analysis in osteoarthritis by Shivnath et al.
has revealed that PPE extract can preserve cartilage integrity and reduce
synovial membrane inflammation [91].

On the other hand, the group treated with POM-CHS-NLCs in F127
(Fig. 8J-L) showed normal joints, including the joint capsule, synovial
lining, and articular cartilage.

The anti-inflammatory properties of POM appear to be associated
with its phenolic compounds, including punicalagin, ellagic acid, and
anthocyanins. Furthermore, the fatty acids found in pomegranate seeds
have been shown to exhibit significant anti-inflammatory properties
[44-46,92].

The POM extract can decrease cytokine levels, reduce joint swelling
and suppress joint destruction due to the primary impact of the POM
extract to decrease oxidative stress, suppress the p38-MAPK pathway,
and inhibit the activation of the transcription NF-kB. The activation of
p38-MAPK and NF-kB is closely linked to an elevated gene expression of
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TNF-a, IL-1f8, monocyte chemoattractant protein-1 (MCP1), inducible
nitric oxide synthase (NOS), and cyclo-oxygenase-2, which are essential
mediators of joint inflammation and the pathogenesis of RA [5].

The superior effect of POM-CHS-NLCs over free POM may be
ascribed to the impact of nanotechnology in improving the bioavail-
ability and bioactivity of phytomedicine by reducing particle size to
nanoparticles, altering surface properties, and increasing aqueous sol-
ubility and permeability through biological membranes [93]. In addi-
tion to the innate joint healing properties that would provide synergistic
effects in joint healing [18]. Also, Ho-MNs used in injecting POM-loaded
F127 hydrogels ensured effective local delivery of POM that would be
further extended as a result of incorporation of POM and
POM-CHS-NLCs in F127 hydrogels.

5. Conclusion

POM-loaded NLCs were successfully prepared using the melt emul-
sification technique. The optimized formulation was loaded in F127
thermosensitive hydrogel to prepare nanohybrid hydrogels. Nanohybrid
hydrogels extended the POM release period for 13 days in comparison to
POM NLCs (6 days). In vivo results in rats with AIA RA model have
proven the ability of POM to suppress RA progression and promote joint
healing and highlighted the superiority of POM NLCs in F127 hydrogel
over free POM in F127 hydrogel elucidating the role of nano-
encapsulation in improving the solubility and the pharmacological ac-
tivity of POM. In addition, F127 hydrogel served as a depot that could
extend the POM release period and hence sustain its pharmacological
effects reducing its administration frequency. Moreover, AdminPen™
Ho-MNs ensured deep penetration of the prepared formulations in a
minimally invasive manner that may aid in improving patient compli-
ance and assuring treatment effectiveness. Overall, combining nano-
hybrid thermosensitive hydrogel with MNs seems to be an effective
patient friendly approach to improve RA treatment outcomes. The
effectiveness of MN treatment for RA can justify its cost by offering
superior outcomes compared to traditional treatments. By delivering
medication directly into the affected areas, MNs enhance drug absorp-
tion, leading to quicker symptom relief and potentially reducing the
overall amount of medication needed. This targeted approach minimizes
side effects and decreases the likelihood of relapse, which can lower
long-term healthcare expenses. Additionally, improved patient adher-
ence and fewer required treatments can offset the initial investment,
making MN therapy a cost-effective option in the long run.
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