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Abstract

Nanogel and hydrogel formulations have shown promising advantages for topical and
trans-mucosal routes of administration. The nanoparticle drug within the gel matrix showed
significant enhancement in the permeation of drugs in the topical and transdermal drug delivery.
On the other hand, the clear hydrogel with the completely solubilized drug showed attractive
results as a suitable vehicle for delivering drugs via buccal mucosa to the systemic circulation. In
this dissertation, research data has been presented on a nanogel and hydrogel as drug delivery
platforms. In addition, research has been presented on sSiRNA polyplex nanoparticles as a platform

for incorporation of therapeutic SiRNA molecules in the treatment of melanoma.

We developed and evaluated siRNA- polyethyleneimine (PEI) polyplex nanoparticles with
varied molecular weights of PEI (low, moderate and high). The polyplex formation was optimized
at different N/P ratios (gel retardation assay) and studied their cytotoxicity, and cellular uptake on
B16BL6 melanoma cell line. Optimal polyplexes were achieved at 50:1. 10:1, 5:1 N/P ratios for
PEI 1.8 KDa, PEI 10 KDa, and PEI 25 KDa, respectively. Based on these results, it was concluded
that 1.8 KDa PEI-siRNA polyplex at 50:1 ratio is optimum for siRNA delivery due to its safety

and efficacy in the cellular uptake of B16BL6 melanoma cell lines.

A nanogel formulation for enhancing the topical delivery of acyclovir was investigated.
Since the topical efficacy of acyclovir is hampered by poor skin penetration, the goal was to

enhance the percutaneous permeation of acyclovir via nanoparticles based gel formulation with or



without penetration enhancers. Acyclovir nanogel (F1) formulation showed an enhanced skin
permeation by 2-folds higher flux compared to Zovirax® commercial product. Incorporating 10
% ethanol (F3) in the formulation showed a synergistic permeation enhancement with 24-folds
higher flux compared to Zovirax®. Inclusion of propylene glycol (F5), or oleic acid (F4) showed
negligible penetration enhancement. To understand if the permeation barrier exists in the stratum
corneum or dermal layers, the permeation data were generated on the microneedle-treated skin;
which showed a significant enhancement in the skin permeation as compared to passive diffusion,
Again the highest enhancement was achieved for the F3 (10% ethanol). Acyclovir nanogel
formulations with ethanol as a penetration enhancer demonstrated a pronounced effect on

enhancing acyclovir skin permeability and skin content upon topical application.

A novel buccal midazolam gel formulation was developed and evaluated for efficacy in
comparison to an intravenous solution in healthy dogs. The formulations T19 and T29 (HPMC
K100M) with significantly higher release rates than T18 (Pluronic F127) were also effectively
absorbed through buccal administration in dogs. At a dose of 0.3mg/kg, T19 and T29 produced a
Cmax of 98.3£26.5 and 106.3+£35.2 ng/ml respectively, which are approximately two-fold higher
as compared to T18 (47.7£38.5 ng/ml). Furthermore, T29 at higher dose (0.6mg/kg) produced a
Cmax of (187.0£104.3ng/ml). Results of this study show promise in the treatment of seizures in

dogs by buccal midazolam gel.

Resveratrol has potent anti-oxidant properties and is believed to be beneficial in treating

several diseases. Resveratrol as nanoparticles based gel formulation was developed and evaluated



for percutaneous permeation enhancement. The skin permeation studies showed 12-folds higher
flux as compared to its conventional gel (suspended resveratrol microparticles). An enhancement
of resveratrol skin levels was observed when nanogel formulation was compared to microparticles

incorporated in a gel formulation.
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1. Hydrogel and Nanogel Applications on Topical and Trans-mucosal Drug Delivery

1.1 Introduction

It has been reported that 40% of approved drugs and nearly 90% of the developmental pipeline
drugs consist of poorly soluble molecules (Loftsson et al., 2010). Conventional formulations of a
poorly water-soluble drug are mostly accompanied with limited bioavailability. To overcome this
issue, several formulation approaches were reported such as mixing aqueous formulation with
organic solvent (e.g. ethanol) for solubility enhancement, complex formation (e.g. cyclodextrin
and its derivatives), solid dispersion, pH and salt forms alteration (Sandip S Chavhan et al., 2011;
Poonia et al., 2016; Tokumura et al., 2009). However, these approaches showed limited success in
respect to overall bioavailability improvement. Enhancing the bioavailability of poorly water-
soluble drugs can be achieved by following two methods: i) enhancing saturation solubility and
dissolution rate (Sandip S Chavhan et al., 2011; Kobierski et al., 2009), ii) applying
nanotechnology in the formulation design. Several nanoparticulated delivery systems were
developed such as polymeric nanoparticles, liposomes, solid lipid nanoparticles, micelles,
dendrimers, etc. (Papakostas et al., 2011). These techniques are generally more expensive and
pose challenges in large-scale production. There is a need for simple and cost-effective methods
for enhancing the solubility and bioavailability of poorly soluble drugs. The top down approaches
such as micronizing or high pressure homogenization of drug particles showed a great success as
evidenced by the commercialization of several drugs such as fenofebrate (tablets), sirolimus
(tablets), aprepitant (capsules), griseofulvin (tablet), for enhancing the bioavailability of poorly
soluble molecules. The micronization and nanocrystal approach by milling techniques

dramatically increases the particle surface area which increases the dissolution rate of drugs

1



(Junyaprasert et al., 2015; Kobierski et al., 2009). Nanosuspension is a simple and effective
strategy for a wide range of poorly soluble molecules such as danazol (Liversidge et al., 1995),
naproxen (Vergote et al., 2002), and itraconazole (Mou et al., 2011). Nanosuspension is prepared
by drug particles reduction into nanoparticle size range, this produces a colloidal dispersion which
is further stabilized with a stabilizer to achieve the desired nanosuspension formulation.
Nanosuspensions are further formulated as dosage forms for various routes of administration such

as dermal, oral, pulmonary, ocular and parenteral (Sandip S Chavhan et al., 2011).

Nanocrystals in a suspension are in the high energy state, which tend to aggregate to keep the
surface free energy at a minimum level. Hence these particles must be stabilized in a gel system
to prevent aggregation. A gel is made up of organic macromolecules which are interlaced and
inter-penetrated by a solvent system. They are primarily recognized based on continuous phase
construction. Hydrogel comprises of aqueous phase as continuous phase while an organogel
comprises apolar solvent as a continuous phase. Drug release rate of the hydrogel has superiority
over organogel for a topical and transdermal application (Gupta et al., 2002; Sagiri et al., 2014;
Singh et al., 2014). Hydrogel formulation has unique properties with respect to mechanical
strength and swelling behavior, due to softness and hydrophilicity which makes it an attractive
option as a drug carrier. Moreover, a gel formulation helps drug penetration across biological
membrane by increasing the residence time on the applied surface which overall improves the drug
bioavailability (Khairnar et al., 2010; Salamat-Miller et al., 2005; Salatin et al., 2016; Sivaram et

al., 2015).

The nanoparticles or nanocrystals can be combined in a gel matrix system such as hydrogel or

organogel for improved delivery of drugs by transdermal or trans-mucosal (buccal, nasal, rectal or



vaginal) routes (Salatin et al., 2016). Topical nanogels provide a suitable delivery system for
drugs because they are less greasy and can be easily washed off from the skin as compared to
ointments or creams. Generally, nanoparticles or microparticles are not recognized to be readily
permeable through skin layers since skin serves as the main barrier for all exogenous agents such
as viruses, allergens, dust or bacteria, all of them within a nano-size scale (Prow et al., 2011).
Utilizing drug in the nanoparticles form for enhancing skin permeability is not based on the nano-
size but based on other physicochemical properties of drugs such as improved solubility,
dissolution, protecting cargo and enhanced contact for better absorption (S. S. Chavhan et al.,

2011).

Nanogel is broadly a nanoparticulate system incorporated uniformly within a hydrogel or
organogel matrix. The nanoparticles are located within the gel matrix itself or exterior
nanoparticulate systems such as incorporating nanoemulsion, liposome or nanosuspension into a
gel matrix (Priya Batheja et al., 2011; Shah et al., 2012).

Nanogel can provide a homogenous distribution of nanoparticles with an enhanced thermodynamic
activity of drug within gel formulation, with an ability to form aqueous solution with higher
colloidal stability, an ability to accommodate macromolecules such as peptide and proteins,
capability to load a higher drug quantity with no chemical reaction and a sustained drug delivery
for prolonged time (Prakash et al., 2012; Salatin et al., 2016; Sivaram et al., 2015).

Since our research focuses on nanogel and hydrogel for topical, transdermal and trans-mucosal
applications for drug delivery, a brief description of the feasible administration routes is presented

below.



1.2 Topical and Transdermal Routes of Administration:

Topical application is one of the most suited routes for gel dosage form administration. Topical
and transdermal applications have several advantages such as the site of application is easily
accessible, wide surface area for application, avoidance of the first pass effect as well as gastric
degradation of drugs, maintaining therapeutic concentration during the application and controlling
drug concentration within the therapeutic window for an extended time. In addition, a transdermal
dosage form is a safe, non-invasive, patient friendly, and requires no hospital visit. Even though
skin is an attractive and feasible site for topical and transdermal drug delivery, it is selectively
permeable to small drug molecules (less than 500 Da) with balanced lipophilicity and
hydrophilicity (Log P 1-3), lower melting point (less than 200 °C) (Bos et al., 2000; Brown et al.,
2008; Phatak Atul et al., 2012; Sharma et al., 2013; Teo et al., 2005; Valenzuela et al., 2012). Skin
is composed primarily of three distinctive layers; epidermis, dermis and hypodermis layers as
shown in Figure 1. Epidermis layer is responsible for defense against external and harmful agents

(Baroli, 2010; Kanikkannan et al., 2000; Valenzuela et al., 2012).



Transappendageal | Transfollicular Transcellular Intercellular

Epidermis
, s
Dermis Sebaceous gland
-.j
@ Keratinocyte Hydrophilic drug—iiisl )y
\‘Melanocyte e Upophilic drug 222227}
@ Epidermal stem cell follicle
“a2 Fibroblast bbbt
Subcutis <
Copyright Stefanie Bracke

Figure 1.1 Skin structural representation, image describes main skin components and
compositions; epidermis, dermis and subcutaneous layers. The figure is adapted from
(Geusens et al., 2011).

The outermost layer of epidermis is a stratum cornum (SC), which represents the main barrier for
skin permeation of drugs (Priya Batheja et al., 2011; Bouwstra et al., 2002). SC consists of stacked
layers of corneocytes. They are interspersed in a lipid matrix which is uniquely organized in
lamellar structure. This organization is referred as a brick and mortar structure as described in
Figure 1.2 (Brown et al., 2008; Desai et al., 2010; Menon, 2002; Moser et al., 2001; Prow et al.,

2011).
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Figure 1.2 Illustrates the brick and mortar model structure of stratum corneum along with
penetration pathways. The figure is adapted from (Moghimi et al.,1996)

Once the drug is able to cross the SC, it will be absorbed into dermis systemic circulation.

1.2.1 Penetration Pathways

Topically applied drugs can penetrate skin via three main routes; a- intercellular pathway which is
across the lipid embedded in between keratinocytes. b- transcellular pathway which is mainly
through keratinocytes. c- trans-appendageal pathway, which is through hair follicles, sweat ducts,
sebaceous glands, this pathway is considered minor because the surface area occupied by the

appendages is around 1% of the total area of the skin (Hadgraft, 2001; Moser et al., 2001; Prow



et al., 2011). However, intercellular penetration pathway is the most common route for drug

penetration via passive diffusion (EI-Nahas et al., 2011).

1.2.2 Permeation Enhancement Methods

Topical and transdermal drug delivery is limited to potent lipophilic drugs with the dose < 20 mg.
For many drugs, drug permeability needs to be enhanced in order to deliver them in therapeutic
quantities. Various permeation enhancement methods have been reported for successful
transdermal drug delivery. These methods can be categorized broadly into chemical and physical
enhancing methods (Moser et al., 2001). Chemical penetration enhancers are preferred over the
physical methods for practical and patient compliance aspects. An ideal chemical penetration
enhancer should be safe and non-toxic, non-irritant, and pharmacologically inert (Godin et al.,
2003; Senel et al., 2001). Chemical penetration enhancers such as ethanol, surfactants, fatty acids,
fatty acid esters, fatty alcohols, pyrrolidines, phospholipids, and terpenes are commonly utilized
in transdermal formulations. Chemical penetration enhancers act via different mechanisms. a-
disruption of the SC lipid organization. b- fluidization of lipid compositions of the SC. c- occlusive
effect on skin based on hydration. d- enhance partitioning in between SC and drug or solvent, e-

enhance the solubility of a given drug (Desai et al., 2010).

Merely adding a penetration enhancer to a formulation composition is not considered a right
approach in order to achieve a desired permeation for a given drug. This is because the enhancer
in a high incorporated percentage is commonly associated with irritation and toxicity (Li et al.,

2013; Pegoraro et al., 2012).

Various active penetration enhancing methods such as microneedle arrays, ultrasound,

iontophoresis, electroporation, laser radiation and jet injectors have been reported (Kumar et al.,
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2007). Among these methods, iontophoresis and microneedle array patch are considered the most
successful methods based on the number of commercial products available in the market such as

lonosys® patch, Intanza® patch etc.

Several research studies report the use of nanogel formulations for certain poorly soluble drugs
with low skin permeability. A nanogel based formulation for enhancing ferulic acid (FA)
permeability was developed. The gel was incorporated with a nanoemulsion made with isostearyl
stearate (oil), labrasol (surfactant) and plurol isostearique (co-surfactant). The nanogel formulation
revealed a sustained-releasing rate, a better permeability, and an enhanced protection against
ultraviolet A (UVA) activity compared to conventional dosage form in a rat model. This study
demonstrates the potential of nanogel for enhanced topical delivery for skin protection against

UVA-induced damage (Harwansh et al., 2015).

In another study, Shen et al. formulated triterpenoids as a nanosuspension using a high-pressure
homogenization technique and then suitably gelled with Carbopol. The drug permeation across
rat skin by nanogel formulation was much higher than Carbopol gel. Moreover, nanogel
formulation showed an increase in the cumulative amount of drug in epidermis five times in
comparison to Carbopol gel. In addition, the nanogel formulation demonstrated a higher efficacy
than Carbopol gel formulation in the treatment of frostbite which was corresponding to a higher
cumulative amount of drug permeated in the epidermis for the nanogel formulation. This study
demonstrated the superiority of nanogel based formulation over a conventional gel formulation for

poorly soluble drugs on topical delivery (Shen et al., 2016).

Silver sulfadiazine as nanosuspension was optimized, which constituted of 5.5% each of Span 20

and Tween 80 as a dispersing agent and 0.5% Poloxamer 188 as a co-surfactant. This
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nanosuspension was incorporated into a nanogel formulation with the addition of 1% AV-gel and
0.5% Carbopol 940. The releasing rate from nanogel formulation (77 = 3%) was significantly
higher compared to marketed formulation (43 + 1.5%). Moreover, histopathological studies of
nanogel formulations showed an enhancement on wound healing in rats upon 14 days of

application compared to a marketed formulation (Barkat et al., 2017).

A Carbopol or HPMC gel formulation containing tyrosine-derived nanospheres was developed for
effective skin application and enhanced permeation. Sparingly water-soluble diclofenac sodium
(DS) and lipophilic Nile Red were used as model compounds. DS was used to determine the
optimum polymer type, viscosity, and release properties of the gel while fluorescent Nile Red was
used in in vitro and in vivo skin distribution studies. Dispersion of Nile Red-loaded nanospheres
in 1% w/v HPMC gel produced a uniform and stable dispersion with suitable rheological properties
for topical application, without any short-term cellular toxicity or tissue irritation. In vitro
permeation studies using human cadaver skin revealed that the deposition of Nile Red via the
nanosphere gel in the upper and lower dermis was 1.4 and 1.8-fold higher, respectively, than the
amount of Nile Red deposited via an aqueous nanosphere formulation. In vivo, the HPMC gel
containing Nile Red-loaded nanospheres significantly enhanced (1.4 fold) the permeation of Nile
Red to the porcine stratum corneum/epidermis compared to the aqueous Nile Red-loaded
nanospheres. An additional increase (1.4 fold) of Nile Red deposition in porcine stratum
corneum/epidermis was achieved by incorporation of Azone (0.2M) into the nanosphere gel

formulation (P. Batheja et al., 2011).



1.3 Trans-mucosal Route of Administration:

Oral cavity structure is composed of several regions including tongue, lips, soft palate, hard palate,
cheek and other regions. The cheek mucosa represents the main target membrane for buccal
administration of topically applied therapeutic agents (Harris et al., 1992). The mucosal membrane
is generally classified into two types: Keratinized and non-keratinized. Keratinized is commonly
presented on tough and hard places of the mouth. Keratinized tissues are employed for defense
and protection against harmful effects. On the other hand, non-keratinized mucosa is commonly
located in soft tissues such as cheek which is mainly covered with non-keratinized mucosa. Buccal
mucosal simply consists of three distinctive layers; epithelium layer, basement membrane and

connective tissues as described in Figure 1.3.
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Figure 1.3 A- Schematic representation of oral mucosa demonstrates physiological structure as
well as penetration pathways for therapeutic application. B- shows a microscopic cross section
of human oral mucosal tissue that was stained with haematoxylin and eosin to emphasize the
three distinct layers of oral mucosa; epithelial cells, basement membrane, and connective tissues.
The figures are adapted with modification from article (Hearnden et al., 2012)/ Advanced Drug
Delivery Reviews.

The thickness of the superficial layer in dogs, rabbits and human (epithelium layer) is in a range
of 500 to 800 pm, all these species are similar in respect to the structural and functional aspect of
the biological membrane. The turnover time for oral epithelial cells is around 5-7 days which
reflects a brief time for regeneration and healing. Epithelium layer largely covers the surface of
the buccal mucosa and acts as a barrier and support for subsequent layers (deeper tissues).
Nonetheless, based on the soft nature of buccal mucosa, it represents a feasible and an accessible
path for molecules to diffuse through and reach general circulation compared to other routes of

administration (Caon et al., 2015; Laffleur, 2014; Nicolazzo et al., 2005; Sattar et al., 2014).

Trans-mucosal drug delivery, particularly via oral mucosa, serves as an attractive route for both
local and systemic administration. For systemic delivery, sublingual and buccal mucosa are
considered as the best suitable routes within an oral cavity. Although buccal mucosa is less
permeable than sublingual mucosa, the former is more favorable as a suitable route of
administration for systemic delivery. In the sublingual area, a steady and excess saliva washing
affects the formulation retention for absorption. Moreover, the sublingual route is suitable for only
limited number of drugs that are small molecules and high therapeutic potency. On the other hand,
the buccal mucosa is preferred due to the wide feasibility as a route of administration for various
drugs with less respective to potency and drug molecular size (Gilhotra et al., 2014; Jug et al.,

2017; Sohi et al., 2010).
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Buccal route of administration has several advantages such as avoidance of hepatic and intestinal
metabolism, modulating applied therapeutic dose readily and easily in case of overdose
administration, reduced enzymatic activity relatively which is favorable specifically for proteins
and peptides based therapy, a relative low required dose owing to higher permeability compared
to other oral routes of administration, high vasculature density which facilitates and enhances drug
absorption readily to systemic circulation, avoidance of pain and discomfort of injection dosage
form and applicability of buccal dosage form on patient who is unconscious (Boateng et al., 2015;
Bos et al., 2000; Caon et al., 2015; Laffleur, 2014; Nielsen et al., 2000; Patel et al., 2011).
However, this route has some limitations including: a limited accessible surface area for
absorption, mucosal irritation with certain drugs, rapid clearance by saliva which intrudes
residence time for absorption on buccal mucosa surface, low patient compliance due to unpleasant
taste or mouth discoloration by certain drugs (Caon et al., 2015; Rehman et al., 2016; Satheesh

Madhav et al., 2012; Sohi et al., 2010; Wu et al., 2015).

To achieve an effective drug delivery via oral mucosa route, the delivery system should satisfy
certain conditions; applied drug formulation needs to be readily retained at absorption site for
extended time, the drug should be completely released and available for adequate time to get a
better absorption. Depending on the degree of mucosal permeability and drug diffusion properties,
drug molecule will pass to systemic circulation and accomplish a desired pharmacological action.
Certain factors may affect drug absorption in oral mucosa and alter the formulation efficacy such
as enzymatic degradation, pH, mucosal integrity, cellular turnover and fluid volume, all these
factors need to be taken into consideration in drug formulation development for enhanced drug

delivery (Patel et al., 2011; Satheesh Madhav et al., 2012; Wu et al., 2015).
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1.3.1 Absorption Pathways

Drug absorption through epithelial buccal mucosa occurs via passive diffusion, active transport
(carrier-mediated transport) or other specific mechanisms. Passive diffusion mostly takes place in
between lipid membranes which can be throughout transcellular, paracellular or both (Patel et al.,

2011; Sattar et al., 2014; Thwala et al., 2017).

Hydrophilic and lipophilic drugs generally follow paracellular and transcellular diffusion pathway,
respectively. Transcellular penetration route occurs mainly through transport from one adjacent
cell to another till reach general blood circulation (Montero-Padilla et al., 2017; Rathbone et al.,

1994; Shojaei, 1998; Thwala et al., 2017).

1.3.2 Penetration Enhancing Methods

For drugs with poor permeability (peptides and proteins), numerous absorption or penetration
enhancers have been investigated (Li et al., 2013). Examples include: surfactants, fatty acids, bile
salts, cyclodextrins and chitosan’s derivatives are all considered as chemical penetration
enhancers. In fact, penetration enhancers are not always considered safe and effective for buccal
administration (Morales et al., 2014). Epithelial damage or irritation along with increased
permeability for harmful microorganisms are some issues long term. A few penetration enhancers
have proven their efficacy as well as their safety for enhancing the delivery of poorly permeable
drug molecules through oral mucosae such as bile salts. For example, bile salt was utilized as
penetration enhancer to increase the permeability of insulin (macromolecules therapy) across the
oral mucosa. Buccal insulin is currently in clinical trials and can potentially reach to market in the

near future (Hearnden et al., 2012).
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A variety of dosage forms such as tablets, aqueous solutions, patches or films, gels, chewing gums,
lozenges, and others have shown efficacy through oral trans-mucosal administration. Hydrogel
formulation is simple and inexpensive to develop. In addition, hydrogel has a high capacity for
drug loading, high releasing rate and enhanced drug penetration on mucosal membrane via
increasing formulation retaining and contact time on the applied surface (Satheesh Madhav et al.,

2012).

Buccal administration as a route for systemic absorption was potential for several drugs including
acute seizure treatment. Mcintyre et al. and his group initiated a clinical trial study to evaluate the
safety and efficacy of buccal midazolam solution administration in comparison to rectal diazepam
for managing and treating acute seizures in pediatric patients. They have observed a therapeutic
success which was 56% (61 of 109) for buccal midazolam and 27% (30 of 110) for rectal diazepam
(percentage difference 29%, 95% CI 16-41). The respiratory depression rate was not different in
between the group of treatments. Buccal midazolam showed more efficacy compared to rectal
diazepam for children presenting to hospital with acute seizures. Besides, buccal midazolam was

not associated with an increased incidence of respiratory depression (Mclintyre et al., 2005).

Karavana et al. evaluated a bioadhesive gel of benzidamine hydrochloride gels for oral ulcer
curing. Gel formulations were developed with different hydroxypropyl methylcellulose (HPMC)
grades (E5, E15, E50 and K100M) with varied ratios. In this study, increased drug concentration
and gel viscosity leads to decreasing the release rate. The gel formulation with 2.5% HPMC K
100M was found to be the most appropriate formulation in providing suitable cohesion and

bioadhesion (Karavana et al., 2009).
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Chen et al. developed a buccal gel containing matrine for protection against enterovirus 71 which
infects mouth, hand, and foot. The buccal gel formulation was prepared with Carbopol 971P,
sodium carboxymethyl cellulose (CMC-Na) and HPMC K100M. All formulations were
characterized for rheological and in vitro release behavior. The combinations of two polymers
significantly improved mucoadhesion, especially Carbopol 974P blended with HPMC. Carbopol
974P to HPMC blend ratios of 1:1 and 2:1 provided better mucoadhesion. A ratio of 2.5:1 Carbopol
974P to HPMC showed the most sustained release behavior. Moreover, the gel containing 2.5%
Carbopol 974P combined with 1% HPMC showed good mucoadhesion properties and sustained

drug release (Chen et al., 2017).

Pignatello et al. prepared a hydrogel formulation of lidocaine hydrochloride with chitosan
glutamate. Optimum hydrogel viscosity and rheological properties were achieved by incorporation
of glycerin in the formulation. Local anesthetic activity of this gel was superior as compared to a

commercial product, Xylocaine® gel at the same drug concentration (Pignatello et al., 2009).

In conclusion, hydrogel and nanogel formulations generally have shown promising advantages for
topical /transdermal and trans-mucosal routes of administration. The nanoparticles suspension or
nanoemulsion within the gel matrix showed significant enhancement of drugs by topical and
transdermal drug delivery. Proposed permeation enhancement is speculated to be as a result of
increasing the surface area based on decreasing particle size. The higher solubility which
consequently increases the thermodynamic activity of the drug in the formulation, which provides
enhanced permeability across skin. Furthermore, adding penetration enhancers may augment the

penetration via altering the skin barrier. On the other hand, hydrogel alone showed attractive
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results as a suitable vehicle for delivering several drugs via buccal mucosa in a rapid and controlled
manner to the systemic circulation.

The general objective of this dissertation research was to develop and evaluate nanoparticle
hydrogel with various drugs such as acyclovir, resveratrol, and midazolam to enhance the drug
delivery of these agents and subsequently improve the overall bioavailability at intended sites of
application. In addition, the therapeutic application of SiRNA in a nano-platform for the treatment
of melanoma cell lines has been explored.

This dissertation is written and organized into seven chapters. In chapter 1, a brief review of
nanogel and hydrogel application in topical/transdermal and trans-mucosal routes of
administrations has been presented. The chapter includes a description of the potential of hydrogel
and nanogel for enhanced drug delivery. Also, it encompasses description of various barriers to
permeation across skin and buccal mucosa, penetration pathways and enhancing methods.
Chapter 2 presents descriptive literature review about progress on gene delivery particularly
SiRNA delivery in nanoparticulate delivery systems for skin application. The chapter provides
details on recent research on topical sSiRNA delivery utilizing various nanoparticles as non-viral
carrier along with challenges, possible outcomes and enhancing techniques for topical
applications.

Chapter 3 presents research on developing and investigating siRNA- polyethyleneimine (PEI)
polyplex nanoparticles with varied molecular weights of PEI (low, moderate and high). The
research data on polyplex formation optimization at different N/P ratios (gel retardation assay),

cytotoxicity, and cellular uptake on B16BL6 melanoma cell line are presented. This chapter
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emphasizes relationship between molecular weights of PEI and siRNA delivery in respect to
efficacy and safety at a cellular level.

Chapter 4 presents research on utilizing nanogel formulation for enhancing the topical and
transdermal delivery of acyclovir. Since the topical and transdermal efficacy of acyclovir is
hampered by poor skin penetration, the goal of the study was to enhance the percutaneous
permeation of acyclovir nanoparticles based gel formulation with and without penetration
enhancers.

Chapter 5 presents research on developing and evaluating a novel buccal midazolam gel
formulation for seizures managements in small animals. The efficacy of the buccal gel formulation
in comparison to an intravenous solution was evaluated in a pharmacokinetics study in healthy
dogs.

Chapter 6 presents research on developing resveratrol as nanoparticle based gel formulation.
Resveratrol, a natural polyphenol found in grapes and berries, has strong anti-oxidant properties
and is believed to be beneficial in treating many disease conditions including skin cancer. This
compound is highly insoluble in many vehicles and poses a problem in topical product
development. This emphasizes the necessity for developing a suitable formulation of resveratrol

with enhanced transdermal drug delivery.
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2. Progress in Topical siRNA Delivery Approaches for Skin Disorders

2.1. Abstract

The topical application of therapeutic agent has shown promising efficacy in the treatment of skin
disorders. The siRNA based therapies have been used for treatment of various disorders including
skin diseases. The topical delivery of sSiRNA has opened new perspectives for the treatment of skin
disorders. The application of siRNA based therapy has limitations due to the rapid degradation
siRNA and its poor cellular uptake. Also, the stratum corneum, the top layer of skin is the major
barrier for sSiRNA delivery. clearly, there is unmet need for efficient topical formulations that will
deliver the siRNA to the site of action and to overcome the limitations associated with sSIRNA
stability. The topical delivery of siRNA has been achieved using viral or non-viral methods, and
the combination of non-viral methods with active permeation enhancement methods such as
iontophoresis, sonophoresis or microneedles. These delivery approaches have been tested in a
preclinical setup and in few cases the results have shown promise for clinical trials. This review
provides an update on the advances in the non-viral delivery approaches for siRNA for skin

disorders and use of various delivery approaches for efficient delivery at the disease site.
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2.2 Background of gene delivery and diseases related to gene disorders

Therapeutic gene delivery can provide effective treatments for certain types of diseases or genetic
disorders at a cellular level (Gandhi et al., 2014; Pauley et al., 2013). The gene delivery is achieved
by introducing the nucleic acid components into cells to correct some defects in the gene
expression. The aberrant gene expression leading to production of proteins responsible for disease
progression can be knocked-down using small interfering ribonucleic acid (SiRNA) delivery (Dana
etal., 2017; Sioud, 2015). This approach has been used to treat certain diseases like cancer, human
immunodeficiency virus (HIV), organs failure, and diabetes (Chakraborty et al., 2017; W. Wang
et al., 2013). siRNA therapy can be divided in to two methods: 1) Delivery of oligonucleotide or
a specific plasmid to retrieve or initiate the protein expression. 2) Delivery of siRNA or antisense
oligonucleotides that interfere with gene function and elicit silencing (Xu et al., 2012). Nucleotide
blockade and antisense technology focuses on the study of function of specific proteins and
intracellular expression. The sequence of a nucleotide chain that contains the information for
protein synthesis is called the sense sequence. The nucleotide chain that is complementary to the
sense sequence is referred to as the antisense sequence. The siRNA drugs bind to the nucleotide
sense sequence of specific mMRNA molecules preventing synthesis of unwanted proteins and
destroying the sense molecules in the process (Grimm, 2009; Haigh et al., 2014).

In the last decade, a lot of research work has been reported on siRNA’s role on silencing gene
expression in several diseases (Grimm, 2009). The gene expression inhibition opened treatment
options for certain type of diseases that are induced by aberrant gene expression. There are some

clinical trials reported on siRNA based delivery to various organs such as kidney, eye, liver and
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skin. This review is mainly focused on the non-viral based siRNA delivery approaches in the
treatment of various skin disorders.

The skin represents the most accessible organ for topical sSiRNA delivery. Gene defects cause some
skin diseases such as pachyonychia cogenita (PC), alopecia areata, melanoma, rheumatoid arthritis
(RA), wounds, and psoriasis. These defects can be corrected by delivering an appropriate SIRNA
to the target region in the skin. Many pre-clinical studies have utilized the skin as the route for
SiRNA delivery (Chong et al., 2013; Desai et al., 2013; B. Geusens et al., 2010; Hsu et al., 2011;
Thanik et al., 2007). Unfortunately, the skin has extreme barrier property for siRNA delivery due
to its horny layer, stratum corneum (Aljuffali et al., 2016; Hegde et al., 2014). This barrier must
be overcome to achieve successful delivery for siRNA. Thus, there is a need for penetration
enhancing carrier systems to deliver siRNA to the skin. First, the carrier system should be able to
encapsulate or form a complex with siRNA; second, the carrier system should possess the ability
to cross the stratum corneum to reach the target cells in the skin. Third, the carrier system should
release SiRNA into cytosol which means the siRNA escapes into cytoplasm before getting

degraded by lysosomes (Vicentini et al., 2013b).

2.3 Methods of Gene Delivery:

A) Viral Gene Delivery

The viral gene delivery constitutes approximately 68% of clinical trials conducted in gene delivery
till 2010 (Kotterman et al., 2014). The viral vector is composed of two main components, genome,
and capsids. Viral genome is utilized by inserting the therapeutic gene to substitute original gene

(Xu et al., 2012). The Viral vector has the ability to invade the cells and exert the transfection into
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the cells such as adenovirus and retrovirus. Lentiviral vectors were effective carriers of ShRNA-
encoding gene cassettes to human skin. Efficient lentiviral gene delivery to psoriatic skin and
therapeutic applicability of anti-TNF-a shRNAs in human skin was demonstrated (Jakobsen et al.,
2009). Despite its therapeutic efficiency, it presents immunogenicity and oncogenicity. There was
an incident of death of a 36-year-old woman with RA. She received two injections of relatively
high doses 10® DRP/ml into the synovial joint using recombinant adeno-associated virus (AAV)
as carrier for gene therapy to RA. After the injection immediately she died, this event demonstrated
the serious issues regarding the safety for viral vectors in gene therapy (Evans et al., 2008).
Therefore, there is unmet need for development of non-viral gene delivery systems that will
achieve the effective gene delivery and will also overcome the limitations associated with viral
gene (Dana et al., 2017; Vicentini et al., 2013a),(Geusens et al., 2011; Keasberry et al., 2017).

B) Non-viral Gene Delivery

Non-viral gene delivery gains attention due to its safety and effectiveness over the traditional viral
delivery (Aied et al., 2013). Non-viral delivery methods can be categorized into two methods:
Chemical methods and physical methods. We have further classified chemical methods based on
the nature of the carriers system such as1- Lipid based system, and 2- Polymer-based system. The
physical methods of delivery are classified as 1-Ultrasound, 2- Electroporation, 3- lontophoresis,

and 4- Microneedles.

Lipid-based system has a significant effect on the cell membrane due to its similarity to the
components of the membrane. Even though this system has a desirable efficiency, it has some
drawbacks such as poor stability and reproducibility of the method (Vicentini et al., 2013a). The

lipid-based system for sSiRNA delivery includes: liposomes and solid lipid nanoparticles (SLNS).
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Polymer based systems have gained attention for nucleic acids due to ease of preparation,
biocompatibility, stability, high drug loading, and protection of nucleotides from degradation
(Vicentini et al., 2013a), (Chakraborty et al., 2017; Zhang et al., 2013). Polymer based systems
are categorized into natural polymer based systems and synthetic polymer based systems. The
primary objective of this article is to emphasize siRNA concept, function, the topical barriers for

SiRNA delivery and the most efficient delivery approaches to the skin.

2.4 siRNA Based Therapy for Skin Disorders:

A) Skin as a Site for siRNA Delivery for Topical Skin Disorders

The skin is the most accessible and convenient organ for RNAI delivery. The advantages include
easy application, termination, sampling of exposed skin area, and higher patient compliance. The
skin has been used in many researches as a route or target for the treatment of genetic diseases
such as melanoma, dermatitis, psoriasis, pachyonychia congenita, alopecia areata, wound healing,
RA. However, the normal skin is a barrier for topical RNAI delivery as for many other drugs.
Therefore, the delivery of therapeutic genes has to overcome this obstacle as the first step (Chong

et al., 2013), (Vicentini et al., 2013b).

Psoriasis is one of the most common skin disorders affecting about 2% of the world population
(Ko et al., 2009). It shows significant growth in keratinocytes that makes plaque in addition to the
inflammatory component of the disease. There is a difference in protein expression in plaque
psoriasis; the normal keratinocytes are more susceptible to apoptosis process than psoriatic patient
(Lerman et al., 2011). The etiology of psoriasis is still not fully understood. However, there are
certain factors that play a role in its progression mostly environmental factors like, infection,

smoking, lack of humidity, and stress (Prieto-Perez et al., 2013). Mild to moderate psoriasis can
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be usually treated topically by corticosteroids. These have several local and systemic side effects
such as hypertension, fluid retention, weight gain, stinging, itching, irritation, dryness, atrophy,
and hypopigmentation. It is highly desirable to find drug molecules with fewer side effects.
Therefore targeting the primary cause of the disease genetically is better way in the treatment of
psoriasis (Shepherd et al., 2013). Psoriasis can be genetically treatable by targeting a specific
molecule that is responsible for the up-regulation of the pro-inflammatory cytokines. Tumor
necrosis factor alpha represent an important target in the treatment of psoriasis. It was reported
that the reduction of Tumor necrosis factor-alpha resulted in the improvement in psoriatic lesion
in an animal model (Vicentini et al., 2013a).

Allergic contact dermatitis (ACD) has significant immunogenic component. The two common
types of ACD, Atopic dermatitis and contact dermatitis, are commonly treated with topical
corticosteroids and calcineurin inhibitors (Ko et al., 2009). However, these treatments mainly
focus on the immune response, and it is for short-term treatment. In recent years, there is a high
focus on the reasons behind the disease in genetic perspective (Wollenberg et al., 2013). It has
been observed that an elevated expression of CD86 in the allergic skin in both animal and human
models. The suppression of CD86 expression leads to a reduction of the inflammation and the
response of immune system. The CD86 expression can be reduced in dendritic cells via use of
CD86 targeting siRNA. This target can be considered as a therapeutic target for the treatment of
atopic dermatitis and hypersensitivity (Vicentini et al., 2013a).

Pachyonychia Congenita (PC) is an uncommon genetic disease that occurs due to mutations in one
of the keratin genes. It is characterized by dystrophic, thickened nails, and painful palmoplantar

keratoderma (Smith et al., 2008). It affects only 5 to 10 thousand people in the world (Goldberg et
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al., 2013). PC patients complain from severe pain and an irregular function of the affected area,
especially with one that is related to palmoplantar keratoderma (Leachman et al., 2008). It is
classified into two subsets depending on the variation of the mutant gene. PC-1 is resulted in
change in K6a gene; on the other hand, PC-2 is caused by a change in K6b gene (Smith et al.,
2008). These changes due to a substitute of one nucleotide in keratin gene that is responsible of
formation of keratin fiber (Rugg, 2008). The conventional treatment for PC is different from one
subject to another; therefore, it is difficult to come up with one medication that works for all PC
patients. For example, in case of a nail disorder in PC, the disease is commonly treated by surgical
or mechanical approaches. Whereas in follicular hyperkeratosis, it is usually treated with topical
or oral retinoid, these different approaches of therapy demonstrate the diverse treatments for the
PC disease. However, the outcomes from the these different treatments of PC are beneficial but
has certain limitations (Goldberg et al., 2013). Therefore, targeting the mutation of the genes that
are responsible for development of PC is the main goal in treating and preventing the disease,
which can be achieved by utilizing siRNA to silence this mutation. The conventional treatment of
retinoid has some drawbacks in respect to the therapeutic outcomes. Retionoids exhibit side effects
such as down-regulation of the epidermis cells, which could lead to forming blisters instead of the
overgrowth of keratin cells. Therefore, most patients of PC are not compliance with the
medications. In other hand, targeting the mutant gene that leads to the protein expression of the

disease is a valuable choice via utilizing the silence effect of sSiRNA (McLean et al., 2011).

Alopecia Areata (AA) is a disease that is caused by autoimmune action in respect to a gene initiated
defect. It infects the hair follicles and leads to loss of hair. It represents a common skin disorder

affecting one in 1000 people; the lesion can be extended to whole area of scalp and may extend to
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the other hairy parts of the body (Nakamura et al., 2008). The number of the people who suffer
from the disease is approximately between six and seven million in the United States. It happens
due to a disorder, which involves the immune, genetic and nervous systems (Hordinsky, 2013).
There are different kinds of conventional treatment for AA, topical minoxidil,
immunosuppressants, anthralin, and steroids; all show some desirable outcomes (Shapiro, 2013).
In the other hand, Investigation of the scalp area around hair follicles demonstrates a leakage of
CD4, T lymphocytes and CD8 in patients with AA. Th1l represents a target for sSIRNA therapy to

achieve a silence effect on aberrant gene expression in the AA (Vicentini et al., 2013a).

Melanoma can occur at the junction between the epidermis and dermis layers (Tran et al., 2008).
It is characterized by a pigment deposition in the affected area. The genetic mechanism behind this
disease is still not fully understood. A mutation of specific proteins is involved in the melanoma
(Tran et al., 2008). The proteins, BRAF V600E and protein kinase B, are found to be changed in
melanoma. Targeting of the mutant gene by siRNA to suppress the melanoma growth has been

attempted (Vicentini et al., 2013a).

B) The Concept and Mechanism of siRNA

The introduction of long double strands RNA (dsRNA) into the body leading to a silencing effect
(Fig. 2.1). This process depends on the cleavage of dsSRNA into short nucleotides which represents
SiRNA parts (Geusens et al., 2009),(Fattal et al., 2008). siRNA consist of 21-23 nucleotides duplex,
this short double strand RNA has an ability to silence a gene expression for a particular protein.
SIRNA is denoted as RNA interference due to its mechanism of action. Its silence action for a
specific gene expression is powerful and reversible which makes it an excellent candidate as a new

therapeutic agent for genetic disorders (Vicentini et al., 2013b).
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siRNA initiates a degradation process for specific target messenger RNA (mRNA) through binding
to RNA induced silence complex (RISC) (Geusens et al., 2011). In the cytoplasm, once dsRNA is
inserted, it is taken up by an enzyme dicer (a component of RNase Ill group of certain
ribonucleases). This process is is responsible for converting the long chain of dsSRNA into a shorter
chain with 21-25 nucleotides to get involved in the transcription process with complementary
sequence to perform its expression. However, in case of siRNA insertion into cells, it binds
instantly to RNAi complementary pathway without being involved for more steps like dsSRNA cell
insertion (Fig. 2.1)(Xin et al., 2017).

When siRNA gets in the cytoplasm, it binds to RISC to disassemble the duplex into two strands.
a) the passenger strand, this strand is divided and evicted by a specific protein in the RISC which
is called Argonuate-2 (Ago-2). b) the guide strand which is responsible for the recognition of the
sequence of the complementary mRNA inducing the silence of mMRNA (Guzman-Villanueva et al.,
2012). RISC plays a significant role in effect of sSIRNA double strands silence by containing four
parts which are helicase, exonuclease, endonuclease and homology searching domain. Helicase is
responsible to cleave duplex siRNA into two strands as described above (Fattal et al., 2008). Once
the silence process occurs, the split parts are degraded then RISC is available to be incorporated

to target another silence process for mMRNA (Guzman-Villanueva et al., 2012).
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Figure 2.1 Mechanism of RNA interference. Different entry points for RNA-based (long dsRNA
and synthetic siRNAs) siRNA drugs that enter and activate RNA-induced silencing complex
(RISC) for gene silencing. Modified from Geusen et al. (Geusens et al., 2009).

Introduction of exogenous siRNA into cells is still vague. Even though, siRNA is permeated into
the cells of invertebrate like Caenorhabditis Elegans. On the other hand, mammalian cells are not
effectively permeable due to inability of naked siRNA to cross the cell membrane. The negative
charge of siRNA and larger molecular weight make the siRNA impermeable across cells. The
effectiveness of knock down of unmodified siRNA has been investigated in mammalian cell in
vitro (cell culture), it showed no permeation of sSiRNA and action on the target genes (Fattal et al.,
2008). However, the siRNA has to pass cell membrane and subsequently to the cytoplasm to exert
its effect. The entry process into the cells occurs through certain pathways, which is diverse
depending on the nature of the delivery system like, particle size, composition and the change of
the cell membrane properties itself. Kaneda et al. reported the mechanism of introduction

exogenous SiIRNA into cells; they explained the pathway of diffusion using a standard liposomal
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transfection reagent which is undertaken by clathrin-mediated endocytosis in different cell lines
(Kaneda et al., 2010). Once clathrin-coated vesicle has been formed and get inside the cells, the
vesicle forms as endosome then later become as lysosome. Nevertheless, to deliver siRNA
effectively it has to escape from the endosome before it gets mature and convert to lysosome by a
lowering in PH which ends up degrading the cargo of siRNA. Kaneda et al. reported a new pathway
to deliver siRNA into the cytoplasm that is independent from clathrin-mediated endocytosis. This
pathway depends on lipid float mediated endocytosis, where the siRNA can be delivered to the

cytoplasm with no demand for escape step from endosome (Kaneda et al., 2010).

C) siRNA Therapeutic Effects on Gene Expression

Targeting specific genes of proteins that initiate the causes of diseases is an excellent strategy.
There are several diseases that can be treatable by silencing the gene expression of the causative
disease. For example, the utilization of antisense oligonucleotide to suppress the genes that are
responsible for hyperproliferation in keratinocytes in human cells through targeting Bcl-XL,
siRNA has been applied in many cancer cells such as gastric adenocarcinoma (MGC-803), human
hepatocellular carcinoma cells (HepG2) and human breast cancer cells (MCF-7). All of these cell
lines have been targeted with Bcl-XI siRNA and have shown an improvement in apoptotic action
on the cells (Lerman et al., 2011).

In human keratinocytes, there is a receptor site called Insulin-like growth factor (IGF-1) that has
important role in the regulation of cell viability with respect to transformation, differentiation, and
apoptosis. The keratinocytes are very sensitive to its activation to play a role in the causes of
certain skin disorders like psoriasis. The keratinocytes that are isolated from the psoriatic patient

are more sensitive to IGF-1 activation than the keratinocytes in the normal people; it showed a
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therapeutic effect on the reduction of the disease. SiIRNA was utilized in targeting IGF-1 receptor
in addition to B-cell lymphoma extra-large (Bcl-xL) target which shows overexpression in case of
psoriatic patient. It has shown efficiency in induction of apoptosis and an improvement on their
sensitivity to UV radiation. On the other hand, it might be applicable in other skin disorders that
cause hyperproliferation as therapeutic approach (Lerman et al., 2011). In case of PC disease, K16
gene is dominated for mutation in the disease, the receptor for this gene was targeted to inhibit the
overexpression, and it showed a desirable outcome. In this study, a therapeutic SiRNA was injected
in the foot of the mouse and observed a significant improvement at the lesion site and the pain
which reflects the effectiveness of siRNA in targeting K16 mutant in the PC disease (McLean et
al., 2011).

In another study, the gene silencing efficacy of topically applied siRNA in a mouse model was
reported. In this study, two genes mpkal and lamin A/C were targeted to demonstrate an efficient
delivery from a topical matrix-based siRNA, there was a high reduction in the expression of the
these two genes in open wound in a mouse model (Thanik et al., 2007). In melanoma development,
there is a common alteration in normal moles in the cells; it results from a mutation in B-Raf genes.
Also, the melanoma cells in advanced level become metastatic and show aberrant genes (B-Raf
V600E) eading to cellular proliferation and overgrowth of cancer cells. There is also an increased
level of Akt3 as a result of a deficiency of PTEN phosphatase function. Increased Akt3 level
induces abnormal regulation of the apoptotic process which acts as inhibitor for causing cancer
cells. Therefore, reducing these levels of proteins that result from mutations in specific genes could
be a valuable method to fight the progression of melanoma in either early stages or the metastasis

of these cells to other parts of the body. Utilizing sSiRNA can be a useful tool to silence the
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expression of these proteins via silencing the mutant genes, so V600E/B-Raf or Akt3 represent

valuable targets in curing the progression of melanoma in skin (Tran et al., 2008).

2.5 sSiRNA Delivery Approaches in Skin:

A) Barriers for siRNA Delivery in Skin

SIRNA delivery into skin has considerable barriers, which depend on the physicochemical
properties of sSiRNA and skin structure (Blagbrough et al., 2012). The barriers can be classified
into two main categories: extracellular barrier and intracellular barrier, the extracellular barrier

starts from the application site on skin until reaches to the targeted cells (Fig.2.2).

The skin is composed of three distinct layers: epidermis, dermis and subcutaneous, each layer has
different cells and structures consequently various functions. The upper part of the epidermis is
stratum corneum (Geusens et al., 2011); the stratum corneum consists of lipids such as ceramides,
cholesterol and free fatty acid. These lipids make a support structure for the cells and act as barrier
either for microbial intrusion or drug permeation (Nasrollahi et al., 2012). Therefore, the stratum
corneum is the primary barrier for sSiRNA delivery (Uchida et al., 2011). The epidermis cells are
connected by Tight junctions (TJ); the TJ is responsible for transporting small hydrophilic
molecules through paracellular pathway. Various proteins control this pathway: claudin, occludin,

and zonula occludens proteins (Uchida et al., 2011).
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Figure 2.2 Routes of drug permeation across skin: (1) intercellular pathway, (2) transcellular
pathway or (3) through the hair follicles. Modified from: Barry (Barry, 2001).

An entry of a foreign substance into skin layers is controlled by their size and a gradient, in
addition, the physicochemical properties of a substance plays a role in the penetration of skin. In
molecules prospective, small lipophilic (less than 500 D) and uncharged molecules are favorable
for cutaneous penetration. However, siRNA is not applicable for these properties so; it encounters

a difficulty in skin penetration to reach target cells and exert its action.

On the other hand, the intracellular barriers are extended from the cell membrane penetration until
the siRNA exerts its effect on the cytoplasm as the following sequences: the entry of siRNA
through cell membrane is considered as a barrier due the negative charge and the high molecular
weight of siRNA. Even after a successful entry of siRNA by endocytosis, SiRNA carrier has to
protect SIRNA from RNase degradation and to release sSiRNA from the endosome to the cytoplasm

before the maturation of the endosome and the degradation by lysosome (Geusens et al., 2011),
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(Ghonaim et al., 2010). Therefore, all these barrier have to be considered in order to design a
delivery system for sSiRNA to overcome both extracellular and intracellular barriers in skin and get
the desirable therapeutic effect (Blagbrough et al., 2012).

B) Topical siRNA Delivery Systems:

The topical delivery system on skin is non-invasive, easy to administer and reduced concentration
of the drug to achieve the therapeutic value (Vicentini et al., 2013a). Topical delivery of small
interference RNA represents an appealing site of application specifically to target a mutant gene
locally and avoid the systemic exposure of sSiRNA to the whole body, which has consequences on
the overall health and compliance regarding the off targeting and side effects (Thanik et al., 2007),
(Vicentini et al., 2013b). The topical formulation should be able to protect the siRNA thereby
achieving the delivery of siRNA to the desired site of action. The delivery systems such as
liposome, polymeric nanoparticle, polymer—drug conjugate, dendrimer, oil nanoemulsion,
mesoporous silica nanoparticle, and iron oxide nanoparticle have been studied (Fig. 2.3)
(Keasberry et al., 2017). These systems are mainly used for delivery of small MW drugs, proteins,
plasmids, and siRNA. The topical delivery of sSiRNA can be achieved with these delivery systems

(Hu etal., 2012).

B.1. Lipid-based systems
The lipid-based system has been utilized to deliver siRNA via its incorporation in liposomes and
solid lipid nanoparticles (S. Guo et al., 2014). The delivery of siRNA through these systems

depends on certain factors like particle size, charge, lipid ratio and composition. In general, these
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have some favorable features such as biocompatibility, low immune response, ease of application,

safety, patient compliance and less cost (Geusens et al., 2011), (Guzman-Villanueva et al., 2012).

Figure 2.3 Schematic illustration of nanoscale carrier systems used for combinatorial drug
delivery: (A) liposome, (B) oil nanoemulsion, (C) mesoporous silica nanoparticle, (D) iron oxide
nanoparticle, (E) polymeric micelle, (F) dendrimer, and (G) polymer—drug conjugate. The
combination of hydrophilic and/or hydrophobic therapeutic agents can be loaded in these
nanoscale carrier systems.

Liposomes are composed of a phospholipid bilayer with hydrophilic head and lipophilic tail groups
within the lipid structure, once expose to aqueous media, it forms an enclosed liposomal vesicles
to protect the lipophilic material inside the carrier while exposing the hydrophilic head to aqueous

medium (de Gier et al., 1968). Liposomal system has several advantages such as its capability to
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entrap both hydrophilic and lipophilic materials, similarity to the composition of the cell
membrane which improves its uptake into cells, biodegradability and safety (Geusens et al., 2011).
In topical application on skin, liposome has been utilized due to its ability to act as reservoir in the
stratum corneum (Fireman et al., 2011). Liposomes are widely used as in vitro transfection, but it
is uncommon to be used in vivo even though it’s safe and effective (Zhang et al., 2013). Cationic
liposomes is very desirable for siRNA encapsulation due to the negative charge of SIRNA, so there
is an electrostatic interaction that has an ability to encapsulate and protect the sSiRNA from
degradation in addition to its high transfection ability and low toxicity (Shegokar et al., 2011).
SiRNA liposomal delivery systems are mainly applied for systemic administration. However, the
delivery of siRNA via traditional liposomes as carrier is limited for skin application. Due to the
retardation of liposomes in the superficial layer of skin (stratum corneum), instead of penetration
deeply into viable layers (B. Geusens et al., 2010). Nevertheless, there are some carrier systems
utilizing liposomes in combination with lipid or physical methods, as it has been studied in
cutaneous melanoma. A cationic liposome with a diameter of 50 nm showed an ability to
incorporate, conserve and release siRNA into targeted cells on cutaneous melanoma (Tran et al.,

2008). siRNA delivery was shown efficiency to silence the cells with a high level of Akt3 or

V600ER_Raf after the application of ultrasound technique. Moreover, no sign of toxicity on
targeted cells was observed when siRNA delivered to the melanoma cells by topical application

(Tran et al., 2008).

Solid lipid nanoparticles (SLN) consist of four common components: the encapsulated therapeutic
agent, emulsifier, solid lipid, and water. SLN’s preparation depends on the incorporated

therapeutic materials (S. Guo et al., 2013). SLNs are prepared using the liquid form of lipid in an
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oil/water emulsion with the solid state of the lipid; the solid is composed of either two or more
lipids. SLN consists of 0.1 to 30% w/w solid lipid in aqueous medium, the addition of surfactant
is necessary to stabilize the formulation. The therapeutic agent is entrapped in the core of the SLNs,
and the typical particle size of the system is ranged from 40 nm to 1 um (Fireman et al., 2011).
SLNs have some significant advantages over the conventional lipid-based delivery system such as
liposome in regard to the low toxicity and biodegradability (Shegokar et al., 2011). SLNs are
considered as modification of cationic lipid formulation for sSiRNA delivery; it has been designed
to overcome some problems that occur with cationic lipid-based system like, weak stability and
toxicity in systemic delivery. SLNs have been surface modified to overcome the pharmacokinetic
problems (Jeong et al., 2011; Xin et al., 2017). Modification of SLN-siRNA conjugated with PEG
on the surface showed improved stability and reduced aggregation between the nanoparticles and
consequently lead to increased delivery in systemic circulation and a reduction on the expression

of GFP by 59% and VEGF by 54% (Jeong et al., 2011).

There are some examples utilizing SLN for the systemic delivery of sSiRNA. However, there are
no reported studies about topical applications. For examples, in xenograft cancer model, SIRNA
incorporated lipid coated calcium nanoparticles were injected around the tumor and investigated
for transfection efficiency (Shegokar et al., 2011). Also, the nanoparticles were surface modified

with PEG and investigated for systemic delivery of siRNA.
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B.2. Polymer based systems

In recent years, polymer-based delivery systems were investigated for gene therapy because of
several advantages such as ease of preparation, biocompatibility and diverse properties (Gandhi et
al., 2014). Also, they form complexes with siRNA depends on the electrostatic charge of the
nucleic acid (negative charge) and a positive polymer charge, which improves the transfection
efficiency (Kaczmarek et al., 2017; Vicentini et al., 2013a). However, the polymer based system
has some disadvantages regarding toxicity due to its cationic charge and non-biodegradability.
Therefore, the trend of utilizing polymer as a carrier for siRNA is increasing toward using
biodegradable polymers like PLGA and chitosan polymers (Vicentini et al., 2013a). The polymer
based systems are categorized into three classes: natural polymer, synthetic polymer, and inorganic

polymer.

Chitosan is a natural polymer which has been extensively used for gene delivery (Ragelle et al.,
2013). It possess several features like biodegradable, non-toxic, non-allergic and cationic charge
that makes this polymer a favorable candidate in nucleic acid delivery (Acharya et al., 2017), here
we focus on siRNA delivery with some examples utilizing chitosan as delivery system for different
routes which is not specific for skin, however, it might be applicable for skin. The positive charge
of chitosan due to the protonation of primary amines improves the encapsulation of siRNA into
chitosan based on the negative charge of sSiRNA (Fig. 2.4). Also, the accessibility of chitosan for
modification makes it an excellent candidate for developing a desirable carrier system for SIRNA
(Singha et al., 2011), such as PEGylated chitosan siRNA complex which improves the stability
and extends the half-life of chitosan sSiRNA complex in blood stream for enhanced the systemic

delivery of siRNA in the body (Nikitenko et al., 2013). There are several studies which utilized
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chitosan in siRNA delivery. Chitosan aspartate, Chitosan glutamate, Chitosan Acetate and
Chitosan hydrochloride were tested in vitro for SIRNA delivery in EGFP expressing in HelLa cell.
The weight ratio between siRNA and Chitosan complexes showed a positive effect on the
transfection efficiency, but there was no significant impact of MW and the nature of the salts on
the transfection efficiency. The highest transfection efficiency was observed in a weight ratio of
32 with a low molecular weight chitosan. In another report, hydroxy benzotriazole salt chitosan
siRNA complex showed a gene silencing efficiency around 60% of EGFP in human carcinoma
cell line as maximum transfection efficiency with a low molecular weight (20 KDa) at a weight
ratio of 80. Another salt form of chitosan thiamine pyrophosphate showed a silence efficiency of
60-70% on EGFP gene due to the improved solubility and complexion with siRNA (Singha et al.,
2011). Howard et al. (Howard et al., 2006) investigated the silence efficiency of anti-TNF-alpha
siRNA chitosan complex in mice by injecting the complex in peritoneal area. It showed a reduction
in the target anti-inflammatory gene expression. The reduction in the inflammation was
approximately 44% (Nikitenko et al., 2013).

Cyclodextrin (CD) is cyclic (alpha-1, 4) linked oligosaccharide of beta-D-glucopyranose
(Chaturvedi et al., 2011). CD has a cage-like structure, inside the cage is hydrophobic (due to
oxygen bridges) and outside the cage is hydrophilic (due to hydroxyl groups). CD prevents the
degradation of siRNA from nuclease in the body. One advantage of CD is that it has a low or no
immune response when it delivers siRNA into the body. There are certain examples of CD
applications in siRNA delivery. In one study, CD has been investigated for forming a complex
with siRNA and a ligand for targeting (transferrin), this complex was designed to target oncogene

in Ewing sarcoma cells, and it showed a reduction in the gene expression (Nikitenko et al., 2013).
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Figure 2.4 Chitosan-siRNA based nanoparticles. Modified from Mao et al. (Mao et al., 2010)

Another example of CD utilization in siRNA delivery is through targeting RRM2 gene in order to
reduce the mRNA expression which represents a key faster for promoting a tumor growth by acting
as an enzyme to catalyze the conversion of ribonucleotides into deoxyribonucleotides. In this
study, it has been noticed that an inhibition on the conversion into deoxyribonucleotides leads to
antitumor effects. The delivery system is named by anti-RRM2-siRNA nanoparticles, it showed a
high reduction in RRM2 protein level as a result of reduction of mMRNA level for RRM2 gene
(Nikitenko et al., 2013). Despite all previous advantages of CD as delivery system for siRNA,
there is an issue regarding the incapability of endosomal escape at intracellular site which possess
some difficulties to develop an efficient siRNA delivery system. However, in one report, it was
demonstrated that this issue can be overcome by modifying the CD with imidazole group, the
imidazole group acts as a buffer in the endosomal vesicle and it showed improved siRNA delivery
as compared with unmodified one (Singha et al., 2011). All previous studies and examples of this

natural polymer as delivery system for siRNA is meant for systemic delivery. However, CDs are

46



not usually employed in the delivery of siRNA for skin.

Poly (Lactide-co-glycolic acid) [PLGA] is a safe polymer with biodegradable and biocompatible
properties. PLGA is water insoluble, and it has been widely used for drug delivery in the form of
micro and nanoparticles (Pandita et al., 2014). PLGA polymer in siRNA delivery is useful because
it protects siRNA from degradation, and it has an ability to accommodate a high load of siRNA.
Also, it can be modified through its surface to improve its biological properties (Zhang et al.,
2013). PLGA has been utilized in vivo applications in gene delivery. At cellular level, the PLGA
readily penetrates and facilitates the entry of siRNA into cells by endocytosis and release the
payload quickly to the cytoplasm before lysosome degrades siRNA (Patil et al., 2009). In addition,
PLGA polymer as microspheres offers protection for siRNA against enzymatic degradation,
sustain release over time and increase the transfection efficiency by improving the cellular uptake.
PLGA microspheres polymer were utilized to deliver siRNA into the articular tissue in a purpose
to reduce the inflammation of joints by targeting TNF-a, which is the responsible for inflammation.
It showed an effective inhibition of TNF-a in vitro in murine monocytic cell line (J774) (Presumey

etal., 2012).

From previous characterizations, PLGA is considered as an appropriate carrier for siRNA,
however, it has been observed in one report that the use of PLGA alone with siRNA has limitations
on encapsulation efficiency, drug release and transfection efficiency. These issues may specific to
the nature of sSiRNA in respect to anionic charge and the polarity (Uchida et al., 2011). PEI was
incorporated with PLGA to improve the encapsulation efficiency and release of siRNA in the
polymer as nanoparticles. In this study, PEI has imported a cationic charge to the PLGA polymer

which improves retaining siRNA in the polymer and also helps to increase the release of the SIRNA
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into the cytoplasm via increasing the penetration of the water into the polymer matrix (Patil et al.,

2009).

B.3. Nanoparticles conjugates

Cyclic Peptide

\
TNF-siRNA

Capsaicin

DSPE-PEG-NH,

PLGA Core

Figure 2.5 Formulation of CyLiPn. The CyLiPn comprises a hydrophobic PLGA
core, a hydrophilic PEG shell and a lipid monolayer consisting of DOPC and a
new cationic cyclic-head lipid at the interface of the hydrophobic core and
hydrophilic shell. Modified from Desai et al. (Desai et al., 2013).

A nanocarrier that combines a biodegradable lipid-polymer system (noted as CyLiPn) was

designed to contain a hybrid nanoparticle of hydrophobic PLGA in the core and a combination of



hydrophilic PEG in the shell with lipid layer consists of cyclic lipid and 1,2- dioleoyl-sn-glycero-

3-phosphocholine (DOPC) .

This hybrid structure of 163 = 9 nm was designed to incorporate a synergistic combination of
Capsaicin (Cap) and siRNA to target and treat the inflammation (Fig. 2.5). Cap was retained in the
core part, which represents the hydrophobic moiety; siRNA was incorporated in the shell to bind
to the cationic lipid layer. The central idea for the combination between the Cap and siRNA was

to attain the synergistic effect to reduce the inflammation.

Marepally et al. developed a novel fusogenic nucleic acid-based lipid particle (F-NALP) system
containing two therapeutic nucleic acids, anti-STAT3 siRNA and anti-TNF-a sSiRNA (Marepally
et al., 2014). A cationic amphiphilic lipid with oleyl chains was used to formulate the
nanoparticles. F-NALPs co-loaded with anti-STAT3 siRNA and anti-TNF-a siRNA exhibited
significant reduction in the expression of STAT3 and TNF-a mRNAs. The F-NALP formulation
was superior anti-psoriatic activity in comparison with marketed Topgraf® formulation in an

imiquimod induced psoriatic-like plague model (Marepally et al., 2014).

Spherical nucleic acid nanoparticles conjugates (SNA-NC) system was developed to deliver
nucleic acid for many different cell lines with 100% high efficiency (Rink et al., 2013; Rouge et
al., 2014). The high efficiency was achieved due to the resistance toward nuclease degradation and
the reduced immunogenicity. Also, it demonstrates no cellular toxicity at the optimum

concentrations for transfection efficiency.

The spherical nucleic acid nanoparticle conjugates (SNA-NCs) with gold cores which was

surrounded by a dense shell of highly oriented. The system covalently immobilized siRNA and
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freely penetrate keratinocytes in vitro, mouse skin, and human epidermis within hours after
application. These structures can be delivered in a moisturizer or phosphate-buffered saline, and
do not require skin barrier disruption or transfection agents, such as liposomes, peptides, or viruses.
This system was used for siRNA delivery to skin cells using spherical nucleic acid gold
nanoparticles conjugates to target specific genes (EGFR in hKC) that are responsible for skin
disorders (Fig. 2.6). EGFR in hKC cell line, SNA-NCs has been tested for 1- the silence efficiency
of sSiRNA to the target gene. 2- The toxicity of this system on the cells. Moreover, this delivery
system has been tested in human skin that simulates the in vivo condition. It showed reduction on
EGFR expression by 75% when compared with control. Also, it showed no sign of toxicity under

a light microscope examination of the treated skin (Zheng et al., 2012).

B.4. Miscellaneous siRNA delivery systems
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Figure 2.6 Synthesis scheme of siRNA-based SNA-NC. Hybridized siRNA duplexes were
mixed with citrate stabilized gold colloid solution and conjugated via thiol gold chemistry.
The salt was added to screen repulsive charges and formulate the densely functionalized
nanoconjugates. The tested SNA-NCs has 13 nM core with densely arrayed approximately
30 siRNAs. Reproduced from Zheng et al. (Zheng et al., 2012).

Dendrimers are unique carriers for drug delivery based on several advantages such as the unique
chemical structure and their capability to be modified as suitable drug carrier (Wu et al., 2013).
Dendrimers consist of a core in the center of the whole structure which is connected into highly
defined branched shapes. The terminal parts of the branched structures composed of reactive
groups meant for conjunction of drug moieties (Biswas et al., 2013). In regard to sSiRNA delivery,
diverse types of dendrimers were developed such as poly (amidoamine)dendrimers,
poly(propylene imine) dendrimers, carbosilane dendrimers poly(L-lysine) dendrimers. All these
dendrimers were utilized in siRNA delivery, as they give promising results. Poly (amidoamine)
dendrimers (PAMAM), has a core of Ammonia or ethylenediamine: It interacts with SiRNA by
electrostatic interaction which attains desirable characters in improving the cellular uptake of

siRNA. In addition, it promotes the release of sSiRNA from the endosome (Wu et al., 2013).

A cationic star-shaped polymer consisting of B-cyclodextrin (B-CD) core and poly(amidoamine)
dendron arms (B-CD-[D3]7) was used as the gene carrier of MMP9-siRNA to reduce MMP9
expression for enhanced diabetic wound healing. The B-CD-(D3)7/MMP-9-siRNA complexes
were taken up by fibroblast cells, resulting in the down-regulation of MMP-9 gene expression.
Would healing experiments in diabetic rats revealed that the treatment by p-CD-(D3)7/MMP-9-
siRNA complexes enhanced wound closure in diabetic rats on day-7 post-wounding (Li et al.,

2014).
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Poly-L-lysine (PLL) is one of the oldest polycation polymers that have been used in gene delivery
(J. Guo et al., 2012). PLL showed effectiveness by itself, however; it was more efficient when it’s
incorporated into mesoporous silica nanoparticles to form a carrier for siRNA delivery. This
provides protection against enzymatic degradation and in binding to gene targets. Hartono et al.
developed and tested this carrier system for sSiRNA delivery to mini brain-related kinase and polo-
like kinase in osteosarcoma cancer cells. This system has improved efficiency for sSiRNA delivery
to target cancer cells. In addition, it showed a little toxicity up to 100 ug/ml and a high

biocompatibility (Hartono et al., 2012).

PEI is commonly used polymer for incorporation of sSiRNA to be delivered to the targeted cells; it
illustrates a high efficiency in transfection toward the gene target. PEI exists in two forms branched
and linear; both have an impact on toxicity and effectiveness. The branched PEI has a high
molecular weight and is more desirable for achieving high transfection efficiency (Riley et al.,
2017; J. Wang et al., 2010), the high charge density which forms strong bonds with siRNA and
keeps it safe from the degradation in the systemic circulation. However, it demonstrates more
toxicity for exposed cells. This raises concerns for its use in the drug delivery application. On the
other hand, linear PEI is less toxic toward the cell viability but it is less efficient in SIRNA delivery
to the targeted genes (Nikitenko et al., 2013). PEI was used as a carrier for targeting the siRNA to
NMDA-R2B pain receptors to reduce the expression of protein that is responsible for inducing the
pain. Moreover, it was utilized in targeting tumor receptors (cerbB2/neu (HER-2), it showed a high
inhibition of tumor growth while the siRNA alone it did not show the same effect (J. Wang et al.,
2010). Also, PEI was investigated in combination with sSiRNA-PEG conjugate, and it demonstrates

3.5-folders higher efficiency than the control one (no PEG). However, certain issues like non-
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biodegradability and toxicity for body limit its uses as sSiRNA carrier (Jeong et al., 2011).

CPP is composed commonly of a short sequence of amino acids (no more than 30); also it has
some desirable characters such as water solubility, cationic or amphiphilic in nature which is
suitable to cross the cell membrane along with relatively large molecules (e.g. SiRNA) at low
concentration with efficient response and minimum toxicity. There are several CPPs in the market
such as TAT (Trans-Activating Transcriptional activator), Penetratin, PEP-1, Trnasportan, and
polyargini, these peptides were reported to be effective in delivering large therapeutic molecules
in different cell lines. Several studies utilized CPP as delivery system in topical application of
SiRNA. TAT was used as CPP in siRNA delivery to skin in the form of nanoparticles. This study
proposes that nanoparticles of >70 nm can penetrate via hair follicles (up to 200 nm in size), and
those below 70 nm can pass through paracellular route of epidermis (Nasrollahi et al., 2012). In
another study, a combination of TAT and AT1002 peptides were utilized to silence the effects of
Rel-A in a mouse model with atopic dermatitis (Uchida et al., 2011). The nanoparticles penetrated

via paracellular pathway in the epidermis layer by opening the tight junctions reversibly.

Hsu and Mitragotri reported a peptide enhancer called ‘skin permeating and cell entering’
(SPACE) peptide with a sequence AC-TGSTQHQ-CG that has unique properties in improve the
penetration of siRNA into deep layers of skin (Hsu et al., 2011). The delivery of siRNA-SPACE
conjugated peptide showed a high permeation through the stratum corneum and consequently
demonstrated a high transfection efficiency of siRNA in targeting IL and GAPDH. Furthermore,
the mechanism of SPACE peptide to improve the permeation via skin layers was found to be

through macropinocytosis (Hsu et al., 2011).
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Accell siRNAs (Dharmacon) based topical formulation that facilitates non-invasive epidermal
delivery of unmodified and “self-delivery” siRNAs in a mouse model has been reported.
Remarkably, a sustained > 40% luciferase gene inhibition was observed after two 1-hour topical
treatments with Accell-siRNAs. Accell sSiRNAs have been rendered more cell permeable either by
the addition of a small lipophile to the siRNA duplex or by modifying the highly charged siRNA

backbone without compromising siRNA silencing activity (Hegde et al., 2014).

The nanosomes called surfactant-ethanol-cholesterolosomes (SECosomes) were prepared using
DOTAP, cholesterol, sodium cholate, and ethanol. The SECosome-siRNA complex (SECoplex)
was prepared from SECosomes. This novel formulation penetrates into the epidermis of freshly
excised intact human skin and can enter into the keratinocytes. The stable SECosomes showed a
significant skin penetration capacity after complexation with siRNA (Fig. 2.7). The SECoplexes
had a mean diameter of 101 nm, surface charge of 56 mV, and 40 fold higher transfection
efficiency than free siRNA. Furthermore, SECosomes showed ideal characteristics for sSiRNA
encapsulation since the encapsulated siRNA was stable for at least 4 weeks. Also, they enabled
highly efficient transfection of in vitro cultured cells. They were shown to transport siRNA
delivery through intact human skin where changes in the keratinocyte cell state were demonstrated
(Barbara Geusens et al., 2010). The DFB4 siRNA loaded SECosome inhibited the translation of
the human B defensin-2 peptide. This resulted in the normalization of the psoriasis from epidermal
phenotype in the human skin grafts (Haigh et al., 2014). Bracke et al. used a novel SECosome
delivery system, to silence DFB4 gene, which encodes the antimicrobial peptide, human
defensin-2 (hBD2). This peptide induces intra-epidermal expression of psoriasis form in human

skin grafts transplanted onto immune-deficient mice. Gene knockdown by SECosome-mediated
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SiRNA delivery prevented the translation of hBD2 and improved the psoriasis form features of

treated skin grafts (Bracke et al., 2014; Keren et al., 2014)

Non-deformable SCLPX

Semi-deformable ELPX

P

N L

Ultradeformable SECoplexes

Figure 2.7 Suggested mechanism of SECoplex membrane penetration during
extrusion. External forced pressure in combination with small pore openings
induces shear forces that break non-deformable SECosome-siRNA complex into
fragments. Subsequently, siRNA molecules are released from the complexes and
are broken down by RNases and/or physical forces. The ultra deformable character
of the SECoplexes allows the complexes fo adapt or “stretch” under an external
force. This longitudinal stretching facilitates extrusion. As a result, the sandwiched
SiRNA molecules are now orientated perpendicular to the membrane’s surface and
are well protected by the SECosome. Reproduced from Geusens et al. (Barbara
Geusens et al., 2010).

Topical application of cream-emulsified CD86 siRNA ameliorated the clinical manifestations in
murine contact hypersensitivity and atopic dermatitis -like disease. In this study, a co-stimulatory
molecule, CD86, was induced on dendritic cells in situ after antigen uptake, and CD86-expressing

dendritic cells migrate to the regional lymph nodes to present antigens to T cells (Azuma et al.,
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2010).

Single-walled carbon nanotubes were formulated with non-covalent linkage with succinated
polyethyleneimine to deliver the siRNA specific to Braf (Siu et al., 2014). The siRNA loaded
carbon nanotubes were useful in Braf gene for in vitro against B16-F10 cell line. siRNA loaded
carbon nanotubes exhibited significant cellular uptake of Cy3-labeled siRNA and Braf gene
silencing in the tumor tissue in an C57BL/6 mice melanoma model. The treatment with C57BL/6
mice melanoma model attenuated the tumor growth for 25-days. These polymeric nanoparticle

systems have provided a newer platform technology for topical siRNA delivery.

C) Physical Methods of Gene Delivery

The delivery of naked siRNA into skin to treat skin disorders is ineffective to penetrate skin layers
and exerts its therapeutic effect on gene silencing expression (Vicentini et al., 2013a). There are
several delivery methods to improve the delivery in skin layers as discussed previously. However,
most of these methods have certain limitations either in the efficiency or the toxicity for the
targeted cells. Therefore, there is a need to find a safe and effective delivery system for SiRNA
which overcomes the limitations associated with conventional delivery systems. There are several
physical approaches that have been developed and employed alone or in combination to improve

the delivery of siRNA across skin layers (Golzio et al., 2014; Haigh et al., 2014).

lontophoresis utilizes current to improve the ionized drugs entry into cells (Pikal et al., 1990). This
method has considerable advantages for drug delivery: reduces the systemic exposure, improves
the skin permeation of the drug and facilitates the application (Vicentini et al., 2013a).

lontophoresis can be used to deliver a naked siRNA into deep skin layers non-invasively (a high
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patient compliance). lontophoresis was used for the delivery of a naked siRNA into skin layers
with the help of a penetration enhancer (Ita, 2017; Kigasawa et al., 2010). Naked siRNA got
accumulated in the epidermis (and not in the dermis) after iontophoretic delivery. In contrast,
SiRNA did not penetrate tape-stripped skin by passive diffusion. In a rat model of atopic
dermatitis, skin was sensitized with ovalbumin to stimulate IL-10 mMRNA expression as observed
in skin lesions. lontophoretic delivery of anti-1L-10 siRNA significantly reduced (73%) the level
of IL-10 mRNA (Kigasawa et al., 2010). Electroporation is a technique that uses high voltage
electric current (~50 V) pulses to create pores in a transient manner in the lipid components of the
SC. This method facilitates the permeability of macromolecules (e.g. DNA) via skin administration

(Singh et al., 2010),(Broderick et al., 2012).

Microneedle (MN) patch consists of tiny needles in micron-size, to make small pores on the SC
without causing any pain in the application area (Alexander et al., 2012).This technique is simple
and has several advantages such as the delivery of macromolecules, proteins across the skin by
overcoming the barrier property of the stratum corneum (Coulman et al., 2006; Ita, 2017). Few
studies utilized MN for siRNA delivery across skin (Haigh et al., 2014; Hickerson et al., 2013).
Liposome encapsulated siRNA was delivered with help of micro projection arrays to enhance
SiRNA delivery across skin layers (Fig. 2.8). Transfection efficiency of siRNA on a reporter gene
expression in vivo in mouse model was demonstrated (Coulman et al., 2006). In another study,
Chong et al. investigated the efficiency of using coated microneedles to deliver siRNA into skin
in vitro and in vivo on the efficiency of siRNA coating process and the functionality after its
recovery from microneedle. This transfection efficiency was compared with a commercial

transfection reagent, in HaCaT keratinocyte cell lines. The coated lamin A/C siRNA microneedles
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were applied and evaluated the silence efficiency in a mouse model (Chong et al., 2013). Another
type of MN, Motorized Microneedle Array Device (MMNA) which has the ability to adjust an
appropriate amount of drug delivery was used. This method combines two techniques, the
hypodermic action, and microneedle array. This device has been used commercially in cosmetic
field. This system was utilized to deliver sSiRNA to epidermis layer for gene silencing. The siRNA
was tagged to a fluorescent agent and detect the siRNA delivery across human and murine skin
(Hickerson et al., 2013). A significant reduction (78 £5%) of CBL3 protein expression was
observed in the skin epidermis in a group treated with CBL3 siRNA compared with nonspecific

control.

Lara and coworkers showed that inhibition of CD44, a gene that is uniformly expressed throughout
the epidermis, by a self-delivery siRNA (sd-siRNA) in cultured human epidermal skin equivalents
as well as full-thickness human skin equivalents xenografted on immunocompromised mice.
Treatment of human skin equivalents with CD44 sd-siRNA markedly decreased CD44 mRNA
levels, which led to a reduction of the target protein as confirmed by immune-detection in
epidermal equivalent sections with a CD44-specific antibody. Overall, these results demonstrate
that sd-siRNA, delivered by microneedle arrays, can reduce expression of a targeted endogenous

gene in a human skin xenograft model (Lara et al., 2012).
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Figure 2.8 Gene silencing in the skin using liposome-encapsulated siRNA delivered by a micro
projection array. Modified from Haigh et al. (Haigh et al., 2014).

Ultrasound uses high-frequency sound energy to open tight junctions on the epidermal layers to

deliver macromolecules across skin (Azagury et al., 2014). A cationic liposomal carrier for SiRNA

to target V600ER.Raf or Akt3, (common promoters for melanoma) in combination with ultrasound
energy was used. This formulation penetrated across skin to target melanoma cells (Tran et al.,
2008). The VEB-Raf siRNA and Akt3 siRNA loaded nano liposomal led to ~65% decrease in

early or invasive cutaneous melanoma with minimal associated systemic toxicity.

2.6 Conclusion and Future Directions

There are number of challenges have to be addressed for the efficient topical delivery to skin
diseases. The non-viral siRNA delivery approaches have shown promising effectiveness in
delivering siRNA to the disease site. The delivery methods such as liposomes, lipid based polymer
hybrid systems, spherical nucleic acid nanoparticles, and cationic cell-penetrating peptide based
systems have been studied for topical delivery of sSiRNA. The selection of specific sSIRNA delivery

systems will be based on skin penetration capability, protection of sSiRNA from degradation,
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disease site and delivery of siRNA in the cytoplasm of cells. The skin penetration and cellular
penetration are among the significant barriers for topical delivery of sSiRNA. The combination of
non-viral delivery approaches with physical methods such as ultrasound, electroporation,
iontophoresis, and microneedles will enable the efficient delivery of siRNA at diseases site. The
preclinical studies with topical delivery of siRNA has shown promise for the treatment of skin
disorder and a phase 1 clinical trial with TD101 siRNA which targets one of the PC keratin
mutations, K6a for the treatment of Pachyonychia Congenita has been completed. It is anticipated
that there will be more of progression and development in the field of SIRNA based therapeutic in
skin disorders in near future. With continuous development, the combination delivery system
approaches for topical delivery of siRNA will ultimately lead toward better treatments for skin

disorders.
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2.7 Abbreviations:

siRNA: short interference RNA

PC: pachyonychia cogenita

AAV: adeno-associated virus

RA: rheumatoid arthritis

SLN: Solid lipid nanoparticles

RNAI: RNA interferences

ACD: Allergic contact dermatitis

CD86: Cluster of Differentiation 86

AA: Alopecia Areata

dsRNA: double strands RNA

RISC: RNA induced silence complex.

Ago-2: Argonuate-2

PEG: polyethylene glycol

GFP: green fluorescent protein

VEGF: Vascular endothelial growth factor

PLGA: Poly (Lactide-co-glycolic acid)

EGFP: Enhanced Green Fluorescent Protein
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CD: Cyclodextrin

RRM2: Ribonucleotide reductase M2

PEI: Polyethyleneimine

DOPC: 1,2- dioleoyl-sn-glycero-3-phosphocholine

Cap: Capsaicin

IMQ: imiquamod

hKC: Human keratinocytes

PLL: Poly-L-lysine

CPP: Cationic cell penetrating peptides

TAT: Trans-Activating Transcriptional activator

SPACE: Skin Permeating And Cell Entering

IL: Interleukins

GAPDH: Glyceraldehyde 3-phosphate dehydrogenase

SC: stratum corneum

MN: Microneedle

TRBP: TAR RNA binding protein
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3. Evaluation of siRNA-Polyethyleneimine (PEI) Polyplexes as a Suitable Delivery Platform

for Melanoma Treatment

3.1 Abstract

Objective: Intracellular short interference RNA (siRNA) delivery confronts numerous challenges
based on the properties of SIRNA molecules, which are generally hydrophilic, negatively charged
and labile for degradation. Hence there is need to protect the sSiRNA by means of a suitable delivery
platform prior to delivery into the cells. Polyethyleneimine (PEI) was extensively investigated as
a nano-carrier for gene therapy due to its ability to form a complex with many negatively charged
molecules such as nucleic acids, ability to protect the molecules from degradation, and also its
ability to enhance the cellular uptake. In this study, we focused on investigating the ability of PEI
(varied molecular weights) to form polyplexes with an inert siRNA molecule (AccuTarget™

Negative Control siRNA) for intracellular delivery in melanoma (B16BL6) cell lines.

Methods: Three different molecular weights of PEI (1.8 KDa, 10 KDa and 25 KDa) were chosen
for complexation with the siRNA (100 nM) at different polymer nitrogen (N) / sSiRNA phosphate
(P) ratios (2:1, 5:1, 8:1, 10:1, 15:1, 20:1, 30:1, 50:1, 80:1, 100:1). These siRNA-PEI complexes
were evaluated for complexation efficiency using agarose gel electrophoresis technique. The PEI
at different concentrations in Dulbecco Phosphate Buffered Saline (10 nM-5000 nM) were
evaluated for cytotoxicity in B16BL6 cell lines by MTT assay. Furthermore, selected PEI-siRNA
polyplexes were evaluated for cytotoxicity by MTT assay, and cellular uptake by fluorescent

microscopy.

Results: From gel electrophoresis, we found optimal polyplexes could be achieved at 50:1. 10:1,

5:1 N/P ratios for PEI 1.8 KDa, PEI 10 KDa and PEI 25 KDa, respectively. All three polymers
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revealed a moderate to a high toxicity without complexation. However, all three polymers showed
reduced or no toxicity at optimal polyplexes formation. The cellular uptake for polyplexes of PEI
1.8 KDa (50:1) and PEI 10 KDa (10:1) were compared with siRNA alone as control. siRNA alone
had no cellular uptake as indicated by the absence of fluorescence in the cells while sSiRNA-PEI
1.8 KDa showed an intensity of the fluorescent sSiRNA. Likewise, sSiRNA-PEI 10 KDa showed a
higher intensity of fluorescent siRNA inside the cells. This study demonstrated that the
intracellular delivery siRNA-PEI polyplexes was achieved the N/P ratios 50:1 and 10:1 for PEI

1.8 KDa and PEI 10 KDa polymers, respectively.

Conclusion: This study establishes that 1.8 KDa PEI-siRNA polyplex at 50:1 ratio is the most
optimum delivery platform for SiRNA based on its safety and efficacy in the B16BL6 melanoma

cell lines.
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3.2 Introduction

Among various strategies, short interference RNA (siRNA) is emerging as one of the important
treatments for cancer. RNA interference has gained a lot of attention in the treatment of various
diseases due to high specificity, targetability, and fewer side effects (Xu et al., 2015). For cancer
growth and development, cancerous cells go through successive steps or stages. Genetic mutation
represents a key factor for certain cancers including melanoma. The mutation plays a vital role in
the progressive phases of tumor development such as cell cycle and proliferation, cell death and
survival, angiogenesis and chemotherapy resistance, invasion and metastasis. The genetic
mutations in the cancer progression provide the basis for RNA interference therapy (Zhang et al.,

2014).

In last decade, siRNA was discovered and utilized for the treatment of several diseases that are
related to gene defects such as cancers, HIV, diabetes, brain injury, neurodegenerative illness and
infections (Acharya et al., 2017; Zhang, Li et al., 2014). siRNA is basically composed of double
strands in a manner similar to RNA sequence structure but relatively short. SIRNA is typically in
a range of 21-23 nucleic acids long. (Vicentini et al., 2013; Zhang, Li etal., 2014).

SiRNA based treatment has been evolved as a strategy to treat and inhibit irregular functions of
aberrant genes which eventually prevents protein expression associated with disease initiation and
progression (Haigh et al., 2014). siRNA therapy has shown a high efficiency and selectivity on
silencing the expression of aberrant genes (Geusens et al., 2011). The siRNA gene silencing effect
can be achieved via the complementary base pairing of a single siRNA strand toward specific
MRNA in order to prevent the transcription of targeted mRNA. Once siRNA successfully crosses

cell membranes into the cytosol, it binds into RNA induced Silence Complex (RISC). This leads
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the short double strand to unwind into a single strand and transforms to an active form (guide
strand). This activation guides the complex for binding into targeted mRNA in order to degrade
the specific mMRNA and silence the expression of mutant genes (Chiu et al., 2004). Naked siRNA
has numerous challenges for the delivery into cells and tissues. Since siRNA is generally
hydrophilic, negatively charged and easily degradable, it demonstrates a poor permeability across
the cell membrane and inefficient intracellular release. For successful sSiRNA based therapy,
SiRNA should be incorporated in the delivery system to overcome these challenges.

Based on siRNA delivery barriers, several delivery systems and strategies were exploited and
employed to accommodate the following conditions and attain an effective delivery system: a-
prevent siRNA from degradation and maintain its integrity for therapeutic activity. b- accumulate
and permeate through blood vessels at targeted sites. c- enhance siRNA cellular uptake for cancer
cells. d- promote endosomal escape upon cellular uptake to avoid lysosomal degradation in an
enclosed vesicle (Bumcrot et al., 2006; Huang, 2011; Reischl et al., 2009; Zhang, Li et al., 2014).
SiRNA carriers are mostly classified into two main categories: viral and non-viral. Viral carriers
are the most successful delivery approach in transfection efficiency perspective; however, they
showed serious undesirable effects and limitations such as immune system stimulation, mutation
susceptibility, safety issues and relatively high cost of production. On the other hand, non-viral
carriers showed several promising platform candidates to deliver siRNA effectively into cytoplasm
with enhanced efficacy and safety (Nam et al., 2016; Oh et al., 2009; Zhi et al., 2016).

Non-viral delivery systems can be categorized into three main classes: lipid-based carrier,

inorganic nanoparticles and polymer-based carrier. In this study, we focused on polymer-based
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delivery system, particularly PEI, due to its advantages such as enhanced stability, nuclease
resistance, cellular uptake, and efficient sSiRNA carrier.

PEI is a cationic polymer with an ability to carry nucleic acids via electrostatic interaction. The
electrostatic interaction is based on the negative charge of phosphate groups in the backbone of
nucleic acid with an overall cationic charge of nitrogen in the polymer (PEI). PEI is a unique
polymer due to the proton sponge effects upon cellular uptake. PEI has shown its efficacy to
increase the transfection efficiency via improving endosomal escape upon endocytosis. This effect
is achieved by primary nitrogen groups with strong positive charge. Experimentally, PEI
demonstrates an optimum transfection efficiency with a range of molecular weights (10-30 KDa)
(Chiper et al., 2017). Hence the objective of this research is to investigate the ability of PEI within
a range of molecular weights and optimize the complexation ratio of PEI to enhance an inert SiRNA
(AccuTarget™ Negative Control siRNA) delivery in melanoma B16BL6 cell lines based on

enhanced protection, efficiency, safety, and cellular uptake of the cargo.

3.3 Materials and Methods

3.3.1 Materials

AccuTarget™ Negative Control siRNA and AccuTarget™ Fluorescein-labeled Negative Control
SiRNA were obtained from Bioneer (Alameda, Ca). Polyethyleneimine branched 25 KDa was
purchased from Sigma-Aldrich, Inc (Milwaukee, WI). Polyethyleneimine branched 1.8 and 10
KDa polymers were purchased from Polysciences, Inc (Warrington, PA). Dulbecco Phosphate
Buffered Saline (DPBS) (1X) without Ca, and Mg was obtained from Lonza (Walkersville, MD).
Agarose ™ biotechnology grade was purchased from VWR life science (Solon, OH). Ethidium

Bromide (10 mg/ml) and TAE buffer 50X were purchased from Bio-Rad laboratories (Hercules,
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California). Fetal bovine serum, Dulbecco’s Modified Eagle’s Medium, and other reagents needed
for cell culture were purchased from Mediatech (Manassas, VA). The mouse melanoma cell line

(B16BL6) was obtained from the National Cancer Institute (Frederick, MD).

3.3.2 Complex Preparation

siRNA (AccuTarget™ Negative Control siRNA) was complexed with PEI of three different
molecular weights (1.8 KDa, 10 KDa and 25 KDa, respectively). Based on nitrogen to phosphate
ratios, PEI preparations were diluted in DPBS buffer appropriately to form a complex with SIRNA
at different N/P ratios (2:1, 5:1, 8:1, 10:1, 15:1, 20:1, 30:1, 50:1, 80:1, 100:1). The PEIs were
complexed with siRNA to form siRNA-PEI complexes, the complexations were prepared via
adding equal volumes of confirmed concentration of siRNA solution into DPBS solution of PEI

directly and kept for 30 minutes at room temperature for further assessment (F. Wang et al., 2016).

3.3.3 Agarose Gel Electrophoresis

Agarose gel 1% (0.5 gm into 50 ml of TAE buffer) was prepared. (50mL) 1x TAE was added to
the flask and swirled for homogenious mixing. The flask was heated for 1 minute using a
microwave and left to cool for 4 minutes. (2.5ul) of ethidium bromide (10mg/mL) was added to
the molten gel and swirled gently in both directions to blend the mixture thoroughly. The mixture
was poured slowly into the mold. The molten gel was left for around 30-60 minutes to become
solid. The samples were prepared in series and 20 ul of each sample was loaded using a pipette. In
addition, enough quantity of the same buffer was prepared for running the gel electrophoresis with
same EtBr concentration. The gel electrophoresis tank was filled with spiked running buffer (1X
TAE) which contained EtBr (0.5 ug/ml). The immersed gel ran for 30 minutes at 80 V. Sample

bands were visualized using UV trans-illuminator (Bio-Rad).
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PEI
Polyplex

Figure 3.1 Schematic representation for polyplexes preparation of sSiRNA and PEI. Figure adapted
and modified from: Wang et al./ Biomacromolecules (2017) 18, 77-86.

3.3.4 Cell Culture:

The B16BL6 cells were cultured and grown in Dulbecco's Modified Eagle’s medium
supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 pg/ml

streptomycin at 37°C in a humidified atmosphere containing 5% CO..

3.3.5 MTT Assay

The MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide) assay was used to
assess the cytotoxicity of PEI with molecular weights 1.8, 10 and 25 KDa. Each polymer was
tested for range of concentrations (10 nM-5000 nM). Cells were seeded in clear 96-well plates at
5,000 cells in 100ul of DMEM medium with 10% FBS/well. Serial concentrations of each polymer
and complexes were added to the plate with 10% FBS at 37°C in 5% CO; for 24 hours. 10ul of
MTT stock solution (5 mg/mL in PBS; pH 7.4) was placed into the wells which were incubated at
37°C for 3 hours. The crystals in each well were dissolved via adding 100 ul of dimethyl sulfoxide

(DMSO) and measure the optical density (absorbance) at 544 nm on a microplate reader (Fluostar,
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BMG lab-technologies, Germany). Data were expressed as mean + SD with five replicates of each

sample. Cytotoxicity was stated as a percentage relative to untreated cells (control 100%).

3.3.6 Fluorescent Microscopic Evaluation of Developed siRNA Complexes

PEI-siRNA polyplex with different molecular weights at specified N/P ratios were studied for in
vitro cellular uptake utilizing a fluorescent microscope (EVOS fl Microscope, AMG, USA).
B16BL6 cell line was used a model for cellular uptake evaluation. The cells were seeded at a
density of 5%10° per well into 96 well-plates. After 24 hours of incubation, the cells were washed
three times with DPBS buffer to remove any untaken polyplexes. Then cells were fixed with 4%
paraformaldehyde for around 20 minutes at room temperature. The cellular uptake was visualized
for siRNA polyplex and compared to siRNA alone as a control. The visualization was through the

light channel of RFP with 20X power lenses.

3.3.7 Statistical Analysis
The data were presented as mean * S.D. Statistical significance in cytotoxicity and cellular uptake
were determined using one-way ANOVA followed by a Tukey test for multiple comparison

assessments. P value of <0.05 is noted as statistically significant.

3.4 Results and Discussion

Figure 3.2 describes the complexation of siRNA and PEI 1.8 KDa polymer at different N/P ratios
(nitrogen is corresponding to PEI positive charge while phosphate ratio is corresponding to sSiRNA
negative charge). The ratios were 0, 5, 10, 15, 20, 30, 50, 80 and 100. From right to left in the
Figure, the existence of bands indicates the presence of un-complexed siRNA as a result of
intercalation between free sSiRNA and ethidium bromide in the gel. Control (siRNA alone) showed

a clear and bright band which indicates the presence of free siRNA. In the Figure, the band density
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reduces as the N/P ratio increases. Thus, increasing PEI content ultimately enhances the binding
to sSiRNA which leads to polyplex formation. At 50:1 ratio, the band completely disappeared which
means a complete condensation with the negative charge of sSiRNA. The movement of the sSIRNA

in the gel is based on charge repulsive forces.

Figure 3.3 describes the complexation of SIRNA and PEI 10 KDa polymer at different N/P ratios
(0, 2,5, 10, 15, 20, 30, 50, 80 and 100). As with 1.8 KDa PEI results earlier, the existence of bands
indicates the presence of un-complexed siRNA. In Figure 3.3, the band density reduces as the N/P
ratio increases and the band completely disappears at 10:1 N/P ratio. Due to a higher positive
charge of the higher molecular weight PEI (10 KDa), it requires less N/P ratio to induce complete

complexation.

Figure 3.4 describes the complexation of SIRNA and PEI 25 KDa polymer at different N/P ratios
0, 2,5, 10, 15, 20, 30, 50, 80 and 100). Complete complexation occurs at 5:1 ratio for the 25 KDa
PEI polymer. Due to an even much higher positive charge than 10 KDa PEI, the 25 KDa PEI

requires much less N/P ratio to induce complete complexation and polyplex formation.

The PEI polymers with different molecular weights (1.8, 10 and 25 KDa) required varied ratios to
induce polyplex formation with the siRNA. Based on gel retardation experiments, we have
optimized N/P ratios for siRNA and PEI with different molecular weights. The minimum amount
of polymer required to induce complete complexation (polyplex formation) was 50, 10 or 5 ratio

for 1.8, 10 and 25 KDa PEl, respectively.

PEI is a cationic polymer, which has been widely used in gene delivery as a drug delivery carrier.

PEI is available in branched and linear forms with varied molecular weights and with modified
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functional groups (Zhang et al., 2014). In our study, we employed branched PEI polymer of three
different molecular weights. Branched PEI has primary, secondary and tertiary amino groups
which import a high positive charge density. The cationic charge density has an ability to condense
nucleic acids and forms polyplexes in the nano-size scale. The electrostatic forces between the
cationic charge of the PEI and the anionic charge of the nucleic acid are responsible for polyplex

formation (Godbey et al., 1999; Jaeger et al., 2012; Kunath et al., 2003; X. Wang et al., 2015).

The main issue of using branched PEI is a relative cellular toxicity, hence these should be used at
the minimal amount to induce polyplexes with nucleic acids. Therefore, we have performed MTT
assay exeperiments to assess the PEI toxicity and screen the three polymers in vitro in B16BL6
melanoma cell line. Figure 3.5 shows results of the toxicity evaluation of PEI 1.8 KDa polymer at
specified concentrations. The cells treated with 10 nm PEI retained about 95% viability. As the
concentration of PEI increases from 50 to 5000 nM, the viability very slightly decreases from
90% to 80%. We conclude from the toxicity evaluation that PEI 1.8 KDa is practically non-toxic

up to 5000 nM.

Figure 3.6 shows the toxicity evaluation of PEI 10 KDa polymer at specified concentrations. The
cells treated with 10 nM PEI retained about 90% viability. The cells treated with 50 nm PEI
retained about 80% viability. As the concentration of PEI increases from 100 to 5000 nM, the
viability significantly decreases from 75% to 12%. These results indicate that PEI 10 KDa polymer
is practically non-toxic to B16BL6 melanoma cell line up to 50 nM concentration. 100 nM to 500

nM is moderately toxic to the cells and > 500 nM, the polymer appears to be extremely toxic.

Figure 3.7 shows the toxicity evaluation of PEI 25 KDa polymer at specified concentrations. The

cells treated with 10 nM PEI retained about 80% viability. The cells treated with 50 nM or 100
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nM PEI concentrations retained about 70% or 65% viability, respectively. As the concentration of
PEI increases from 200 to 5000 nM, the viability dramatically decreases from 50% to 5%. These
results indicate that PEI 25 KDa polymer is practically non-toxic to B16BL6 melanoma cell line
up to 10 nM concentration and >200 nM is very toxic. These results are based on the PEI alone
with no polyplex formation. It is expected to be toxic based on the high amount of the positive
charge. Attained toxicity can be explained by proton sequestration effect that leads to increase the
proton pump activity within the cells. This alteration is due to osmotic swelling of endocytic
compartments (leads to cell killing via mitochondria based mechanism) (Beyerle et al., 2010; Xia
et al., 2009; Zhang, Li et al., 2014). Nevertheless, choosing an appropriate molecular weight and
ratio is critical to balance the efficiency and cellular toxicity of PEI for siRNA delivery purposes

(X. Wang, Niu et al., 2015).

Figure 3.8 shows a comparison of 1.8, 10 and 25 KDa PEI polymers in respect to their toxicity
based on MTT assay. Based on these results, it is obvious that the cellular toxicity increases with
increase in the molecular weight of PEI. These results are in agreement with several studies on at
various cell lines (Oh et al., 2009; Thomas et al., 2002; Xia et al., 2009). Even though higher
molecular weight polymers are toxic, they are required in lesser quantities to induce complete
polyplex formation. In our studies, PEI 1.8 KDa polymer required a high N/P ratio (50:1) for
complete complexation. However, PEl 10 KDa and 25 KDa 10:1 and 5:1, respectively, for
complete complexation.

Based on gel electrophoresis results we have obtained optimum ratios (minimal amount of
polymer) to form polyplexes. These polyplexes were further evaluated to determine their

cytotoxicity. In Figure 3.9, 1.8 KDa PEI-siRNA (50:1) polyplex showed almost no toxicity. This
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might be a consequence of cationic charge reduction due to condensation of the negative charge
of siRNA. This polymer was also practically non-toxic when tested alone (Figure 3.6). On the
other hand, 10 KDa PEI-siRNA polyplex showed a moderate toxicity since cell viability was
around 70%. The polymer alone displayed higher toxicity as compared to its polyplex form (10:1
N/P ratio). This may be due to the presence of excess cationic charge of the polymer which is
directly linked it its cytotoxicity (L. L. Wang et al., 2017). The 25 KDa PEI polyplex (5:1 N/P
ratio) showed a lesser toxicity compared to the polymer alone. Even with a low polymer
concentration in the polyplex (5:1 N/P ratio) the 25 KDa PEI exhibited a high toxicity 40% cell
viability. Therefore, 25 KDa PEI-siRNA complex was eliminated in the cellular uptake studies.

The cellular uptake by the 1.8 KDa PEI-siRNA and 10 KDa PEI-siRNA polyplexes was evaluated
(Figure 3.10). Fluorescein-tagged siRNA was incorporated in both 1.8 KDa and 10 KDa PEI
polymers at 50:1 and 10:1 N/P ratios, respectively. (Figure 3.10a) No fluorescence was detected
upon the application of un-complexed siRNA alone, which indicates the cellular uptake was
negligent. This result is not surprising since the siRNA degrades significantly and due to its
hydrophilic nature and negative charge. On the other hand, the polyplex made with 1.8 KDa PEI
polymer showed bright fluorescence due to enhanced cellular uptake for siRNA (Figure 3.10b).
This result is expected for the complexed siRNA which facilitates the transfer of sSiRNA across the
cellular membrane. The fluorescence intensity was dramatically increased for 10 KDa PEI
polyplex as compared to 1.8 PEI-siRNA polyplex and siRNA control. This was due to the abundant
of cationic charge which facilitates the cellular uptake. We were able to achieve successful

intracellular delivery of sSiRNA by PEI complex formation. Introducing a cationic carrier is one of
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the most effective delivery methods via enhancing the electrostatic interaction between positively
charged vector and negatively charged cellular membrane (Jaeger et al., 2012; Zhou et al., 2016).
In our studies, 1.8 KDa PEI-siRNA at 50:1 ratio is considered least toxic and safe for the
intracellular delivery in melanoma (B16BL6) cell lines. This is in contrary to certain studies, they
proposed the ideal range for effective gene delivery within a range of 5 KDa to 25 KDa (Kunath
et al., 2003; X. Wang et al., 2015). Their observation might be based on gene delivery with larger
molecules such as DNA which required a higher cationic charge corresponding to a higher

molecular weight of the carrier. SiRNA is a small molecule relative to other gene cargos.

3.5 Conclusion

Delivery efficiency and low cytotoxicity are the main goals for sSiRNA delivery. In this study, we
focused on the two aspects. Polyplexes were developed with varied N/P ratios of three different
PEI polymers ranging from low, moderate and high molecular weights. The 1.8 KDa PEI-siRNA
(50:1 N/P ratio) was the most suitable polyplex with respect to its safety and efficacy. 10 KDa
PEI-siRNA (10:1 N/P ratio) showed reduced toxicity upon polyplex formation and a higher
cellular uptake compared to 1.8 KDa PEI-siRNA polyplex. 25 KDa showed the highest efficacy
in polyplex formation at a low ratio (5:1 N/P) but with an increased toxicity at a cellular level.
Overall, 1.8 KDa PEI can be utilized alone as a carrier for sSiRNA due to its safety and efficacy

while 10 KDa PEI can be used as a modifying agent or copolymer to enhance the cellular uptake.
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3.6 Future Direction

Based on these results, this study is further directed to choose a model for gene targeting with
specific SIRNA as a therapeutic tool to knock down a mutant gene in vitro in melanoma treatment.
For therapeutic efficacy, the percentage of knockdown efficiency of the gene expression and

protein translation will be evaluated by g-PCR and Western Blot techniques, respectively.
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Figure 3.2 Complexation of siRNA and PEI 1.8 KDa polymer as detected by gel retardation
assay: The appearance of bands represent uncomplexed siRNA while disappearance of bands
indicate complete siRNA complexation. From right to left: SiRNA alone as control, 5:1, 10:1,
15:1, 20:1, 30:1, 50:1, 80:1, 100:1 based on N/P ratios.
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Figure 3.3 Complexation of siRNA and PEI 10 KDa polymer as detected by gel retardation
assay: The appearance of bands represent uncomplexed siRNA while disappearance of bands
indicate complete siRNA complexation. From right to left: siRNA alone as control, 2:1, 5:1,
10:1, 15:1, 20:1, 30:1, 50:1, 80:1 and 100:1 based on N/P ratios.
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Figure 3.4 Complexation of siRNA and PEI 25 KDa polymer as detected by gel retardation
assay: The appearance of bands represent uncomplexed siRNA while disappearance of bands
indicate complete siRNA complexation. From right to left: siRNA alone as control, 2:1, 5:1,
10:1, 15:1, 20:1, 30:1, 50:1, 80:1 and 100:1 based on N/P ratios.

95



= = =
EEEETE553
O O O O O O
°S8SRS8ESR
BEOENOABEA
3
SESSSSSTSSTSSSSSSSSSSSSSSSSS™ (7
RRTRHRHRSNSEsr 4 %2
[ QQQ
i C % €
77 «, %
| o
HLMIMLIMMO™INY 2, ©
r )
| C
. 4, *
- - - Q
R R
s 2 B & & = %

100

(o) (Yo < N

|0JjuoD 0} dAneal %, AYjIqelN

Figure 3.5 Cytotoxicity of PEI 1.8 KDa in B16BL6 melanoma cell line. (Values represent

mean £ SD, N = 3).
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Figure 3.6 Cytotoxicity of PEI 10 KDa in B16BL6 melanoma cell line. (Values represent

mean £ SD, N = 3).
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Figure 3.7 Cytotoxicity of PEI 25 KDa in B16BL6 melanoma cell line. (Values represent mean
+ SD, n = 3).
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a. Cellular uptake of siRNA with no complexation

b. Cellular uptake of polyplex of sSiRNA with 1.8 KDa PEI

c. Cellular uptake of polyplex of siRNA with 10 KDa PEI

Figure 3.10 Cellular uptake PEI-siRNA nanoparticles into B16BL6 cells. a. siRNA alone (no PEI
complexation), b. PEI 1.8 KDa at 50:1 of N/P ratio, and c. PEI 10 KDa at 10:1 of N/P ratio.
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4. Acyclovir Nanogel Formulation for Enhanced Delivery across Human Cadaver Skin

4.1 Abstract

Purpose

Topical application of acyclovir is a common treatment for Herpes Labialis infection. Acyclovir
demonstrates a poor skin permeability which limits the efficacy of this drug. There is a need to
enhance the skin permeability of acyclovir into deep layers of skin and ultimately improve
therapeutic efficacy in treating the infection. We formulated acyclovir nanoparticles based gel to
enhance the drug permeation across human skin.

Methods

Acyclovir nanoparticles were prepared by ball milling method. The nano-suspension produced
from ball milling was directly incorporated in carbopol® 974P NF polymer as a gelling agent. The
nanogel was included with chemical penetration enhancers such as Ethanol (F3), Oleic acid (F4)
or PG (F5). The particle size (P.S.) and polydispersity index (PDI) were determined by Nicomp
ZL.S380 Nanosizer. The nanogel viscosity was determined by Brookfield viscometer. Drug content
and uniformity of acyclovir were determined by HPLC assay. In vitro release across regenerated
cellulose membrane and permeation across dermatomed human cadaver skin (both normal and
microneedle treated) for each formulation was studied using Franz diffusion cells and compared
to the commercial product of acyclovir (Zovirax®).

Results

Ball milling produced acyclovir particle size of 270 nm with PDI of 0.321 (F1). These
nanoparticles in the gel formulations (F1) showed a pH 6, viscosity 7177 cP (5 rpm), and drug

content 24.9 mg/gm. All other developed formulations (with various skin permeation enhancers)
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showed similar parameters with respect to particle size, polydispersity index, viscosity, drug
content, and pH. The formulations F3 and F5 showed higher acyclovir release rate as compared to
Zovirax®, F1 (control) or F4. In the skin permeation study, F1 formulation showed a skin
permeation of 0.22 pg/cm?hr which is 2-fold higher than Zovirax® (0.111 pg/cm?/hr).
Incorporating 10 % ethanol (F3) in the formulation showed a synergistic permeation enhancement
with 24-fold higher flux compared to Zovirax®. Inclusion of propylene glycol and oleic acid
showed negligible penetration enhancement. However, microneedle treated skin showed a
significant enhancement in the skin permeation as compared to passive diffusion for all
formulations, F3 (10% ethanol) showed the highest enhancement skin permeation on microneedle
treated skin.

Conclusion

Acyclovir nanogel formulations with ethanol as a penetration enhancer demonstrated a pronounced
effect on enhancing skin permeability and drug content within deep layers upon topical application
for either intact or microporated human skin. These results indicate that a nanogel formulation

could be an effective treatment as a topical antiviral agent as compared to Zovirax®.
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4.2 Introduction

Acyclovir is an analogue of a purine nucleoside with prospective activity as an antiviral agent,
mainly via inhibiting viral DNA replication (Chaudhary et al., 2014; Ramyadevi et al., 2014).
Acyclovir is very effective on treating Herps-Labialis infection caused by Herpes Virus simplex
1. Herps-Labialis infects the skin layers as well as lips and mouth area. It appears as blisters and
causes severe pain which spontaneously disappears. Earlier manifestations represent a first episode
of the disease progression, afterward the disease shows recurrent infection manifestation which
could be triggered by environmental influences (UV-rays, cold temperature) or personal factors
(psychological stress). These may last for a few days and subsequently disappear (Shukla et al.,
2009). In this stage, the infection causes pain and discomfort in addition to the risk of infecting
other people in direct contact with the patient (Siddoju et al., 2011). The infection is originated
from ganglion nerves on the epidermis layer. Deep layers of epidermis represent the site of virus
residency which raises the chances of recurrence disease manifestation under the effect of a trigger

(Diez-Sales et al., 2005; Vaghani et al., 2010).

Despite the presence of new antiviral agents, acyclovir shows superiority in respect to its efficacy
toward the recurrent infections. (Ramyadevi & Sandhya, 2014). In spite of its efficiency via non-
topical routes, acyclovir has a limited bioavailability owing to the lower solubility, thus needing a
very high oral dose (Jacobson, 1993; Talluri et al., 2008). For example, oral absorption of acyclovir
is inconstant and incomplete with a low bioavailability (15-30%) and a quick clearance of around
3 hours (t1/2) (Kharia et al., 2014; VVaghani et al., 2010). On the contrary, topical and transdermal
delivery of acyclovir could provide advantages such as reduced dose and dose frequency and

improved patient compliance (Patel et al., 2012; Zheng et al., 2012). However, currently available
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topical acyclovir preparations show lack of efficiency on various viral infections. This due to low

drug concentration in the skin layers (Parry et al., 1992; Volpato et al., 1998).

Zovirax® ointment is an FDA approved drug for the disease. Zovirax® is well known for its
efficacy against Herpes Simplex Virus. Nevertheless, it displays less efficiency and low patient
acceptance owing to the lower permeability of acyclovir across the skin in the affected areas (Gide

etal., 2013; Masuda et al., 2012).

When an insoluble drug is formulated as nanoparticles, the drug dissolution and the
thermodynamic activity are dramatically increased. The nanoparticles based formulation would
enhance the permeability through various routes. The pathways are mainly through hair follicles,
which increases the accumulation and the drug disposition in deeper layers of skin (Naves et al.,
2017). In this study, we formulated nanoparticles in a gel for enhanced acyclovir permeation across

human cadaver skin.

4.3 Materials and Methods

4.3.1 Materials

Acyclovir USP, Ethyl Alcohol 200 Proof USP, Polysorbate 80 USP-NF, and Trolamine USP-NF
were obtained from Letco Medical, Decatur AL, USA. Carbopol® 974P USP-NF was obtained as
a gift sample from Lubrizol, Wickliffe, OH, USA. Oleic acid and phosphate buffered saline (PBS)
were purchased from Sigma-Aldrich, St. Louis, MO, USA. Propylene glycol was obtained as a
gift sample from Croda Inc., NJ, USA. Ammonium acetate (HPLC Grade) was purchased from

EMD Chemicals Inc., Gibbstown, NJ, USA. All other reagents were of HPLC grade.
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4.3.2 Nanogel Formulation Preparations

A nanogel topical formula was prepared via suspending 5% of acyclovir in deionized water
combined with 5% Tween 80 as a surfactant to enhance the dispersion of drug particles in the
aqueous medium. The produced suspension was subjected to sonication for around 25 minutes.

This suspension was subjected to ball milling in an in house designed equipment for four hours.

The ball milled nano-suspension was directly incorporated in Carbopol® 974P NF solution in
water. The pH of the gel was adjusted to around 6.0 with Trolamine. In some cases, we have

included in the nanogel formulation chemical penetration enhancers as shown in Table 2.

4.3.3 High-Pressure Liquid Chromatography for Samples Analysis

The HPLC system consisted of a Waters Alliance separation module and 2998 PDA detector. A
Phenomenex C18 Luna column with 150 x 4.6 mm, 5 um particles was used. The mobile phase
consisted of (A) 0.2% formic acid in 20mM ammonium acetate in water, and (B) acetonitrile. The
flow rate was 1.0 ml/min with a gradient elution as shown in Table 4.1. The detection wavelength

was 254 nm and the run time was 15 minutes.

Table 4.1
Time Solvent A Solvent B
(min) 20mM ammonium acetate with 2 ml/L Acetonitrile
formic acid
0 99 1
2 99 1
5 50 50
8 50 50
10 99 1
15 99 1
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4.3.4 Physiochemical Properties of Formulations
Particle size and polydispersity index (PDI) were measured by suspending each sample in
deionized water with appropriate dilution. The measurement was performed with Nicomp ZLS380

Nanosizer. The PDI reflects the particle size distribution.

The nanogel viscosity was determined via a viscometer (model DV-II_, Brookfield, U.S.A.) using
Spindle 51z. The reading was recorded in 30 seconds at various shearing stress values. The content
and uniformity of acyclovir in the gel were determined by analyzing three samples from each
nanogel formulation (top, middle and bottom of the vial). The samples (0.5 gm) were dissolved in

5 ml of 0.01 NaOH then made to volume with PBS for quantification by HPLC.

4.3.5 In Vitro Release Study

Acyclovir release from the nanogel formulations was performed using Franz diffusion cells. The
diffusion cell apparatus used in this study (PermeGear, Bethlehem, PA) holds up to 6 diffusion
cells in series. The apparatus has a motor to rotate magnetic beads at 600 rpm. Regenerated
cellulose dialysis membrane with a molecular weight cut off 12,000 Daltons was used in the drug
release studies. The membrane (pre-soaked in a buffer for 2 h) was mounted horizontally between
the donor and receptor halves of the diffusion cell. The surface area of the membrane exposed to
the formulation in the donor chamber was 0.64 cm?, and the receptor cell volume was 5 ml.
Approximately 100 mg of the formulation was applied on the membrane facing the donor chamber.
The receptor chamber was filled with PBS pH 7.4 to mimic the physiological condition. The

temperature of the jacket was maintained at 37+0.5 C° One millimeter of each sample was
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withdrawn from receptor cell at 0, 1, 2, 4, 6, 8, 12 and 24 hours and analyzed for drug content by

HPLC.

4.3.6 Skin Permeation Study

The skin permeation studies were conducted in the Franz diffusion cells as described under “drug
release studies”. Human skin dermatomed to ~ 0.35 mm thickness was obtained from a tissue
bank (Science Care, Phoenix AZ). The skin was collected within 8 h of donor death and frozen at
-70 degree C until use. The skin (1 inch x 1 inch blocks) was preserved using 50% glycerol as a
cryopreservation medium. Each experiment was carried out with each formulation for at least 3
times using the skin from one donor. The frozen skin was thawed to room temperature by keeping
the skin at ambient temperature for about 20 minutes. The washed skin was mounted on the cells
with an epidermal surface facing the donor compartment approximately 30 minutes before the
application of the formulations. The receptor chamber was filled with (5 ml) PBS. The formulation
(100 mg) was applied to the surface of the epidermis gravimetrically using a syringe and occluded
with Parafilm™. Periodic samples (1.0 ml) were taken from the receptor cell to measure the
amount of drug transporting across the skin (0, 1, 2, 4, 6, 8, 12, and 24hours). All samples were

analyzed by a validated HPLC method.

4.3.7 Drug Retention on Skin Layers

At the end of the skin permeation study, the residual drug remaining on the surface of the skin was
removed by cotton swabs and by washing the surface with PBS pH 7.4. The skin surface was
gently wiped with a cotton swab (Q-tips® Uniliver USA, Englewood Cliffs, NJ), 200 pl of the
above buffer was added on the skin surface and the liquid was dabbed with a fresh (dry) cotton

swab. This process of swabbing and dabbing was repeated 5 times. The active diffusion area was
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collected with a biopsy punch (George Tiemann & Co, Hauppauge, NY) and the skin was weighed
and minced with a pair of sharp point dissecting scissors into a glass vial. To these glass vials, 1
ml of above buffer was added, sonicated for 15 min. and allowed to stand overnight. The samples
were sonicated again for 30 min. The samples were filtered through 0.45 um membrane filter and

the supernatants were diluted appropriately and analyzed by HPLC.

4.3.8 Permeation and Retention Studies across Microporated Skin

The skin was microporated using the metallic microneedle arrays from a Dermaroller™
(Dermaoller Deutschland s.a.r.l., Wolfenbuttel, Germany). The skin was subjected to 20
Dermaroller™ passes. The permeation and drug retention studies were conducted by the methods

described in the previous sections.

4.3.9 Statistical Analysis

All results are presented as mean + standard deviation. The statistical analysis was performed using
GraphPad Prism version 5, GraphPad Software, Inc., La Jolla, CA). The data were subjected to
one-way ANOVA followed by Tukey —Kramer multiple comparisons test. The mean differences

were considered significant at P < 0.05.

4.4 Results and Discussion

Acyclovir nanoparticles were produced by a top-down approach utilizing a wet ball mill technique.
Using this method, we were able to attain drug particles in the nanosize range for various batches.
The mean particle diameter (d50) was in the range of 163-317 nm, and the PDI was within the
acceptable limit of <0.5%. Different formula compositions are listed in Table 4.2. The F1
formulation was prepared without the addition of a penetration enhancer. Acyclovir particle size
(d50) for this formulation was 270 nm with a PDI of 0.3. The pH of this formulation was around
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6, and the viscosity was 7177 (cP). The acyclovir content of the gel was 99.6%, suggesting uniform
drug distribution. Based on F1 composition we have slightly modified the formula composition to
include selected skin penetration enhancers (F3, ethanol; F4, oleic acid and F5 propylene glycol)
(Table 4.2). The formulations F3, F4 and F5 provided satisfactory results on particle size,
polydispersity index, pH, viscosity and drug content. Oleic acid (F4) was chosen because of its
potent effect on skin penetration as it increases the fluidity of the lipid component of SC and
enhances the permeation across skin layers (Zhu et al.,, 2008). The physicochemical
characterization of the formulation exhibited comparable properties with respect to particle size,
polydispersity index, drug content and pH. However, F4 showed the lowest viscosity (6535 cP at
5 RPM) among all prepared formulations with the same percentage of the gelling agent. The lower
viscosity might be a result of the oily nature of oleic acid which interacts with Carbopol and
weakens its ability to form a gel. Formulations F3, F4 and F5 showed similar particle size,

polydispersity index, viscosity, drug content and pH value (Table 4.3).

Drug release studies were conducted on various formulations as the gel matrix plays a role in drug
retention (Diez-Sales et al., 2005). It is also essential to determine if the gel is able to release the
incorporated drug for percutaneous absorption. Figure 4.1 describes the drug release from various
formulations. All formulations showed a similar biphasic drug release pattern; an initial fast release
up to 8 hours (F1, F4 and Zovirax®) or up to 12 hours (F3 and F5) followed by a slower release
up to 24 hours. The lowest release of F4 may be due to the affinity of acyclovir to oleic acid. F3
and F5 showed higher releasing rate compared to F1. The higher release by F3 and F5 compared
to F4 can be explained by the use of polar solvents (ethanol, and propylene glycol, respectively)

which do not interfere with the release of drug from the formulations as with oleic acid.
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Figure 4.2 illustrates permeation profiles of various acyclovir nanogel formulations across
dermatomed human skin. F1 showed higher skin permeation with a flux of 0.22 pg/cm?/hr which
is 2-fold higher than Zovirax® (0.111 pg/cm?/hr). Ethanol (F3) provided a dramatic increase in
skin permeation (24-fold 2.68 pg/cm?/hr) as compared to Zovirax®. F3 showed profound
enhancement effect in comparison to F1, F4, F5 and Zovirax® (P<0.01). The formulations F4 and
F5 did not show a significant increase in skin permeation relative to Zovirax® or F1. The
enhancement effect of F3 formulation can be due to fluidization of lipid structure of the SC
particularly via interaction with a polar head group of the lipids. This leads to enhance a drug
transportation and accumulation across skin layers since the main barrier is the stratum corneum
(Scognamiglio et al., 2013). Despite reported permeation enhancement effect of PG, in our study
it did not enhance acyclovir permeation across human skin. Similar observation has been reported
in another study when they used PG as co-solvent to enhance the permeability of acyclovir in vitro

using hairless rat skin (Siddoju et al., 2012).

The skin retention levels of various formulations are shown in Figure 4.3. F1 (nanogel, no
enhancer, control) showed a 20-fold higher skin level while F3, F4 and F5 showed 37, 22 and 2.7-
fold higher skin levels than Zovirax®, respectively. The formulation F3 (ethanol as enhancer)
showed 1.8-fold higher skin levels than F1 (no enhancer). Overall, the nanogel formulation greatly

facilitates the accumulation of the drug in the skin as compared to Zovirax®.

In order to understand the mechanism of skin permeation enhancement by nanogel formulations,
we conducted permeation studies across microneedle treated skin and the data are shown in Figure
4.4. The microporation provided a dramatic increase in the skin permeation as expected. The

microneedles create pores across the stratum corneum enabling the drug to cross the barrier. It is
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interesting to note that the formulation F3, which showed the highest flux by passive delivery, also
showed the highest flux across microporated skin among all the formulations tested. Furthermore,
F3 showed a 2-fold higher flux by microporation as compared to passive delivery. This study
demonstrates the barrier nature of SC for acyclovir permeability. F5 had the lowest skin
permeation by passive delivery but showed a huge increase in the permeation across microporated
skin. It is interesting to note that microporated skin showed significantly lower skin levels of
acyclovir as compared to passive delivery (Figure 4.5), except F4, which showed a higher skin
level in the microporated skin. Zovirax® showed a higher skin level with micorporated skin;

whereas F1, F3 and F4, showed lower levels versus passive delivery.

Overall, nanogel based formulations demonstrated a significantly higher skin permeation and skin
levels compared to Zovirax®. This formulation should provide improved therapeutic value for

acyclovir as a topical antiviral agent.

4.5 Conclusion

Acyclovir as a nanogel formulation based on a Carbopol gel matrix was effective in enhancing the
drug permeability and accumulation within dermatomed human cadaver skin. Ethanol was very
effective as a skin penetration enhancer for acyclovir. On the other hand, microporated skin

showed variable flux results relative to passive permeation.
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Table 4.2 Composition of nanogel formulations

Ingredient % F1 F3 F4 F5
Acyclovir 5.00 5.00 5.00 5.00
Carbopol 974p 0.50 0.50 0.50 0.50
Polysorbate 80 5.00 5.00 5.00 5.00
Trolamine 0.35 0.35 0.35 0.35
Ethanol - 10.00 10.00 -
Oleic acid - - 5.00 -

PG - - - 10.00
Water 89.15 79.15 74.15 79.15
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Table 4.3 Physical properties of nanogel formulations

Formula F1 F3 F4 F5
Particle size (nm) 270 317 314 163
Particle Size distribution (PI) 0.321 0.284 0.235 0.140
pH 6.03 6.50 6.40 6.09
Viscosity (cP) 7177 7477 6535 9362
Drug Content % 99.6 100.5 101.0 100.8
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Figure 4.1 In vitro release across dialysis membrane. Each study was performed in
triplicate (N=3).
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Figure 4.5 Acyclovir content within skin for microporated permeation. Each formula was
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5. Pharmacokinetic Evaluation of a Novel Buccal Midazolam Gel in Healthy Dogs

5.1 Abstract

Objective: To determine the physical properties of the gels on the pharmacokinetics of novel
midazolam buccal gel formulations in comparison to intravenous (IV) midazolam solution in
healthy dogs. The effect of two different gel dosages on plasma midazolam levels following buccal

administration was studied.
Animals: Five healthy adult hound dogs (three females, two males)

Procedure: Midazolam buccal gels were formulated with Pluronic F127 (T18) or hydroxy! propyl
methylcellulose (HPMC) K100M (T19) as the base polymers. Based on the promising release and
pharmacokinetic data, the T19 gel was reformulated with increased midazolam concentrations and
higher gel viscosity (T29). The formulations (T18, T19, T29 and a commercially available 5
mg/mL midazolam hydrochloride 1V solution) were administered once to each hound at a dose of
0.3 mg/kg with at least three days between the administration of different formulations. Similarly,
T29 was administered at a higher dose of 0.6 mg/kg. Blood samples were collected at various time

points and drug levels were quantified via liquid chromatography—tandem mass spectrometry.

Results: The formulations T19 and T29 with significantly higher release rates than T18 were also
effectively absorbed through buccal administration in dogs. Following buccal administration at a
dose of 0.3mg/kg, T19 and T29 produced a Cmax 0f 98.3+£26.5 and 106.3+35.2 ng/ml respectively,
which are approximately two-fold higher as compared to T18 (47.7+38.5 ng/ml). Furthermore,

T29 at higher dose (0.6mg/kg) produced a Cmax of 187.0£104.3ng/mL.
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Conclusions and Clinical Relevance: Results of this study show promise for buccal
administration of midazolam gel, but further evaluation of the efficacy of this medication in a

clinical setting are needed prior to recommendations for routine use.
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5.2 Introduction

Seizures are the most common manifestation of neurologic disease in small animals (Munana,
2013). While most seizures are isolated self-limiting episodes, status epilepticus and cluster
seizures are two conditions that require more urgent medical intervention (Lowenstein et al., 1999;
Monteiro et al., 2012; Saito et al., 2001).  Status epilepticus is a life-threatening condition
characterized by generalized seizures lasting longer than five minutes or two seizures occurring in
tandem without an interictal recovery of consciousness. Cluster seizures are defined as two or more
seizures occurring in a 24-hour period with return to normal mentation between each event

(Mariani, 2013).

In the hospital setting, intravenous benzodiazepine administration is considered the first line of
therapy for status epilepticus (Dewey, 2006). In non-hospital settings, where intravenous access is
nearly impossible, alternative routes of drug administration are necessary. The use of rectal
diazepam is well established in both human and veterinary medicine (Baysun et al., 2005;
Bhattacharyya et al., 2006; Nakken et al., 2011; Podell, 1995). Unfortunately, variable absorption
and a prolonged onset of action have been reported for rectal administration for both diazepam
(Probst et al., 2013) and midazolam (Schwartz et al., 2013). Intranasal dosing of benzodiazepines
in veterinary patients has also been reported (Eagleson et al., 2012; Musulin et al., 2011; Platt et
al., 2000). This method is generally more pleasant for owners with the added advantage that
hepatic first-pass effects, encountered with drug administration in the cranial portion of the colon,
are avoided (Musulin et al., 2011; Schwartz et al., 2013). Limitations for intranasal administration
lie in the volume of medication that can be administered without pharyngeal runoff and the

potential for patients to sneeze following administration (Eagleson, Platt et al., 2012; Musulin,
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Mariani et al., 2011; Platt, Randell et al., 2000). Additionally, in veterinary medicine, nasal

administration of drugs can be difficult due to the small size of the nares in many dogs and cats.

In human patients, buccal administration of midazolam is another route of administration that
circumvents the high first-past effect of rectal or oral dosing (Scott et al., 1999). Buccal midazolam
in epileptic adults and children is reported to be both efficacious and well tolerated (Baysun, Aydin
et al., 2005; Camfield, 1999; Kutlu et al., 2003; Mclintyre et al., 2005; Scott, Besag et al., 1999;
Talukdar et al., 2009; Wiznitzer, 2005). There is one previous veterinary report of oral mucosal
absorption of midazolam, but the administration was completed on anesthetized animals using an
unknown dosage (Zhang et al., 2002). A pH-dependent absorption of this medication was
determined, with greater levels of absorption reported for formulations with a pH between 3 and

4 (Zhang et al., 2002).

There is a need in veterinary medicine to be able to provide veterinarians and owners with a safe,
reliable and easy treatment solution for their pet when experiencing acute repetitive seizures in the
clinic or at-home environment. Based on this, the purpose of the current study was to demonstrate
the safety and pharmacokinetics of novel gel-formulations of midazolam after buccal
administration in healthy dogs and compared to intravenous administration of a commercially
available midazolam solution. A secondary objective was to determine the effect of different
dosages on plasma midazolam levels following buccal administration. We hypothesized that a
suitably formulated midazolam gel would provide rapid detectable plasma levels following buccal

administration.
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5.3 Materials and Methods:

5.3.1 Materials

All solvents and chemicals used in the preparation of formulations were procured from Letco
Medical, Decatur, AL and PCCA, Houston, TX. Methocel™ K100M HPMC provided as a gift
sample by Colorcon Inc, Montgomeryville PA. Prepared in-house using a Milli-Q water purifier
system, Millipore Elix, Germany. Trapasol® HP-beta- was obtained from CD, CTD Inc, Alachua,
FL. CVO 100 Bohlin Rheometer, Malvern Instruments, Southborough, MA. PermeGear
Bethlehem, PA. Alliance 2695 Separation module and 2998 PDA detector. Phenomenex, Luna®
C18, Phenomenex Inc., Torrance, CA. All chromatographic solvents and reagents were procured
from VWR International, Suwannee, GA. Agilent 1290 UHPLC system, Agilent Technologies,
Santa Clara, CA. Agilent 6460 triple quadrapole mass spectrometer, Agilent Technologies, Santa
Clara, CA. Zorbax SB-C8 column, Agilent Technologies, Santa Clara, CA. GraphPad Prism

software version 3, GraphPad Software, Inc., La Jolla, CA

5.3.2 Study Design

In the first phase, buccal gel formulations T18 and T19 containing 1% midazolam were developed
and administered to dogs. Based on the pharmacokinetic data, the formulation T19 was further
optimized by increasing the midazolam loading to 2% in a more viscous formulation T29, and a
second pharmacokinetic study was performed. The time gap between the first and second

pharmacokinetic study was 2 months on the same group of dogs.

5.3.3 Preparation of Formulations

The formulation compositions are given in Table 5.1. The Pluronic gel (T18) was prepared using

Pluronic F127 (Poloxamer 407) as the base polymer. Midazolam (1%) was dissolved in ethanol.
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Phosphoric acid (diluted 50:50 with deionized water, 43.3%) was added to maintain the solubility
of midazolam in the formulation. Pluronic 30% aqueous gel (F127) as a cold solution (4°C) was

added to the alcoholic solution of midazolam and mixed for 15 min.

The HPMC gel (T19 or T29) was prepared using HPMC K100M as a base polymer which forms
a strong gel at low concentrations. Midazolam (1% and 2% in T19 and T29, respectively) was
dissolved in ethanol. Phosphoric acid (diluted 50:50 with deionized water, 43.3%) was added to
maintain the solubility of midazolam in the formulation. HPBCD was dissolved in water (50%
w/w) under stirring and added to the midazolam solution. HPMC K100M was dissolved in water

(3%) and added to the drug solution under stirring for 15 min.
5.3.4 Rheology Evaluation of Gel Formulations

The rheological properties were studied using CVO 100 Bohlin rheometer. cone-plate geometry
arrangement with an angle 2° and 40 mm of diameter. One milliliter of each sample was withdrawn
by a syringe and placed in the cone for evaluation. The gap between the cone and plate was 1 mm.
Samples were allowed to stabilize for 5 min before conducting rheological measurements such as
equilibration time after loading the sample on the sensor system. The measurements were
performed with an increasing ramp of shear rates between 0.1 s—1 and 100 s—1 for 100 s, remaining
at 150 s—1 for 120 s, and finally descending from 100 s—1 to 0.1 s—1 for 100 s. All assays were
performed in triplicate at different temperatures (25, 30, 35, 40, 500C). The output shear rate was

converted to revolutions per minute (Shear rate = C2 x angular velocity, where C2 = 14.324).
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5.3.5 In Vitro Release of Midazolam across Dialysis Membrane

The diffusion cell apparatus used in this study holds up to 6 diffusion cells in series. The apparatus
has motor to rotate magnetic beads at 600 rpm. The regenerated cellulose membrane (molecular
weight cut-off 12,000) was soaked in 0.01 M PBS (pH 7.4) solution for an hour prior to use. The
membrane was mounted horizontally between the donor and receptor halves of the diffusion
cell. The surface area of the dialysis membrane exposed to the formulation in the donor chamber
was 0.64 cm?, and the receptor cell was filled with 5 ml of PBS pH 7.4. A water circulation jacket
(37 °C) surrounds the receptor cell in order to control the temperature at physiologic level. The
donor chamber was covered with a Parafilm M®. The experiment was carried out with each
formulation for at least 3 times. The formulation (~50 mg) was placed on the dialysis membrane
gravimetrically using a syringe. At predetermined time points (0, 1, 2, 4, 6, 8, 12, and 24 hours)
the whole receptor medium was collected and replaced with the fresh PBS pH 7.4. This ensures
sink condition for midazolam in the experiment. The midazolam content of the samples was

assayed by HPLC as described later.
5.3.6 In Vivo Buccal Administration in Dogs

Five purpose-bred research hounds (three females and two males) weighing between 16.9 and 22.4
kg were used for the study. Serum biochemistry profiles and complete blood cell counts were
completed and found to be unremarkable in all dogs prior to the study. All in vivo procedures were
conducted in accordance with protocols approved by the University of Georgia’s Institutional

Animal Care and Use Committee.

All four midazolam formulations (T18, T19 and T29 buccal gel formulations and a commercially

available 5 mg/mL midazolam hydrochloride intravenous solution) were administered once to each
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hound at a dose of 0.3 mg/kg with at least three days between the administration of different
formulations. The gel was pre-loaded into syringes and required 1.0 to 1.3 ml volume based on the
weight of dogs. One of the formulations, T29 required half the volume because this formulation
has double midazolam concentration (2%). The half-life of midazolam following intravenous
administration of a dosage of 0.2mg/kg in the dog has been reported as up to 161minutes with this
washout period of three days far exceeding seven to ten half-lives (Eagleson et al., 2012). The T29
buccal gel formulation was also administered an additional time to each dog at a higher dosage
(0.6 mg/kg) at least three days following administration of any of the previous formulations or
dosages. The hounds were fasted for 12 hours with free access to water prior to midazolam dosing
and throughout the 480 minutes of blood collection following drug administration. Vital
parameters including heart rate, respiratory rate, and indirect blood pressure were recorded just
prior to drug administration. Heart rate was monitored through auscultation or peripheral pulse
palpation every 5 minutes for the first 30 minutes following each midazolam dosage. Respiratory
rates and indirect blood pressures were recorded at 15 and 30 minutes following midazolam

dosing.

Buccal midazolam gel formulations were administered with needleless 1 cc plastic syringes along
the inner cheek pouch between the teeth and buccal mucosa. The cheeks and lips were gently
massaged on the side of administration for five to ten seconds immediately after dosing and the
dogs’ heads were kept elevated at least 30 degrees for 60 seconds following buccal dosages.
Intravenous midazolam solutions were administered over five to ten seconds through sterile

intravenous cephalic catheters or through direct needle intravenous injections into the cephalic
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vein. Heparinized saline solution (0.5 cc) was used to flush the midazolam solution through the

needles or catheters following injection.

Peripheral blood samples (2 cc of venous blood in standard lithium heparin tubes) were collected
through sterile intravenous cephalic vein catheters or via jugular venipuncture. Blood samples
were collected just prior to and at 3, 6, 9, 12, 15, 20, 30, 60, 120, 240 and 480 minutes following
administration of midazolam. Samples were stored on ice for a maximum of two hours prior to
centrifugation. Harvested plasma samples were stored in polypropylene vials at -70 °C until
midazolam concentration assays could be performed. All the samples were assayed within 14 days

of plasma collection.

5.3.7 HPLC Analysis of Midazolam from in Vitro Release Samples

Midazolam samples from the in vitro release studies were analyzed using Water HPLC System
equipped with a PDA-UV detector and a 5 um, 150 x 4.6 mm column. The separation was
performed with an isocratic mode. The mobile phase was a mixture of 10mM sodium acetate
trihydrate and acetonitrile (55:45, v/v). The run time was 10 minutes with a flow rate of 1 mL/min
at room temperature. The injection volume was 10 pl and the U.V. absorbance of the eluent was

collected at 220 nm.

5.3.8 LC-MS/MS Quantification of Midazolam Concentration in Plasma:

The liquid chromatography was carried out through an ultra HPLC system coupled to a triple
quadrapole mass spectrometer. Chromatographic quantification was achieved with a 2.1x50 mm,
1.8 um column using a mobile phase composed of A: 10 mM ammonium formate, B: Acetonitrile

with gradient elution as following composition: 0 min (40% A, 60% B), 1.0 min (20% A, 80% B).
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The flow rate was 0.5 ml/min, the column temperature was set at 40 °C and the injection volume
was 1 pl and samples introduced into the mass spectrometer using electrospray ionization. The
analysis time was set at 1 min and mass detection was achieved using MRM. The MRM ion-pair
parameters are precursor ion (326.1, 326.1 m/z), product ion (291.1, 249.1 m/z), fragmentor (160
V) and collision energy (26, 40 V) as quantifying pattern and qualifying for midazolam,
respectively. The MRM parameters are precursor ion (285.1, 285.1 m/z), product ion (193.1, 154
m/z), fragmentor (140 V) and collision energy (32, 26 V) as quantifying pattern and qualifying for

diazepam (internal standard), respectively.
A) Method Validation

10 mg of midazolam was weighed and dissolved in 100 mL of methanol to obtain a stock solution
of 100 pg/mL. This solution was diluted further to get a concentration of 6 pg/mL. The plasma
from each study dog was collected and pooled. The plasma samples were spiked with midazolam
at 1000, 500, 250, 125, 62.5, 31.3, 15.6, 7.81, 3.91, 1.95, 0.977, 0.488, 0.244 ng/mL concentrations
and used to construct a calibration curve. The calibration curve was prepared, each time plasma
samples were assayed. A stock solution of diazepam (internal standard) at 150 ng/mL was
prepared. The lower limit of quantification was considered as the lowest concentration of the drug
in plasma that could be quantified with acceptable precision and accuracy under the experimental
conditions (variation in precision was within 85% - 110%). The analyte response at the lower limit
of quantitation was found to be 5 times the response of the blank response. The limit of detection
was determined by injecting the serial diluted standard solutions to obtain a signal-to noise ratio
of 3. The volume of internal standard added to the samples was 50 pL. Depending on the

calibration curve, four concentrations were selected (0.244, 3.906, 62.5 and 500 ng/ml) as quality
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control samples representing the higher, medium and lower limit of quantification. 10 milligrams
of midazolam was weighed and dissolved in 100 ml of methanol and dilutions were prepared to
obtain a stock solution with concentration of 1 pg/mL. The concentrations of midazolam in dog
plasma were chosen depending on the lower limit of quantification from calibration curve to
represent a low, medium and high-quality control samples in triplicate with accuracy range from

88-115%.
B) Quantification of Midazolam from Dog Plasma

Fifty uL of diazepam (internal standard; 150 ng/mL) was added to 100 pL of dog plasma, and
vortex mixed for 1 min. To the above sample, 50 puL of 0.1 M sodium hydroxide was added and
vortex mixed for 30 sec. To the above sample, 0.8 mL of diethyl ether was added and vortex mixed
for 10 min. The samples were centrifuged at 3000 g for 5 min at room temperature. After
centrifugation, the vials were transferred into freezer set at -80 °C for 20 min. The organic layer
was separated and transferred into 5 mL radioimmunoassay vials and evaporated under the gentle
stream of nitrogen gas at 40 °C. The residue was reconstituted in 100 pL acetonitrile and the drug
content was quantified via LC-MS/MS. Recovery of the extraction procedure was calculated at the
QC levels 0f 0.244, 3.906, 62.5 and 500 ng/ml with at least 4 replicates of each concentration level.

The recovery % for all QC samples were within 80 - 120% of the expected concentration.

5.3.9 Pharmacokinetic and Statistical Analysis

Various pharmacokinetic values were determined for the plasma midazolam concentration-time
profiles. The area under the concentration/time curve (AUC) was calculated using the linear
trapezoidal rule method. The intravenous midazolam hydrochloride solution was used as the

reference formulation for the calculation of relative bioavailability using the mean AUC. The
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maximum plasma midazolam concentration (Cmax) was that observed from the data, with the time
to maximum concentration (tmax) defined as the time of the first occurrence of Cmax. Half-life

and other pharmacokinetic values were calculated by use of standard equations.

Mean and standard error of means between various treatments were calculated using commercially
available software. One-way analysis of variance (ANOVA) was used to determine the level of
significance between various treatments. Mean values were considered to differ significantly at a
P <0.05.

5.4 Results

The optimized formulation compositions and their physical properties are presented in Table 5.1.
The T18 formulation was made with Pluronic F127 gel whereas the T19 and T29 were prepared
from HPMC K100M as gelling agents (Table 5.1). In the first set of pharmacokinetic experiments
we used T18 and 19 gels, but based on the plasma concentrations and the AUC values obtained,
our goal was to further improve the plasma concentration as well as the AUC of midazolam in
dogs. Hence, we modified T19 formulation to further increase its viscosity as well the midazolam
drug concentration. All formulations were clear gels, the pH of the formulations was between 3.2
and 3.8, assay values were closer to the input drug loading (100%) in the gels. The viscosity of
T18 formulation was about 30 and 10 fold higher as compared to the T19 and T29 formulations,
respectively. Further, its viscosity was not altered appreciably at different temperatures (25 to 50
°C) (Figure 5.1). The HPMC formulations T19 and T29 showed a 3- and 4-fold decrease in the
viscosity with temperature. At the room temperature, all formulations had optimum rheological

properties and adequate syringability for buccal administration in dogs.
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To ensure that the drug from the formulations is readily diffused and available for absorption at
the buccal mucosal surface, midazolam release studies across a dialysis membrane were
conducted. The drug readily diffused from T19 and T29 gels, whereas the T18 gel (Pluronic gel,
higher viscosity) showed significantly lower diffusion than T19 or T29 (Figure 5.2). At 4 h T18
showed 54.2+8.8% drug release, whereas T19 and T29 showed 80.5+1.2% and 91.1+0.0% drug
release, respectively (P < 0.001). This study suggests the T19 or T29 gels have optimal release

properties for in vivo administration and buccal absorption.

Following IV administration, midazolam showed a Cmax 0f 717 ng/ml and a t1» of 68.7 min (Figure
5.3, Table 5.2). Formulations T18 and T19 had similar ti> (around 60 min), but the Cmax values
were 47.74 and 98.26, respectively. The bioavailability of T18 and T19 gels was 25.2% and 28.4%,
respectively. In order to achieve higher Cmax levels in dogs, a formulation with higher viscosity
and drug loading (T29) was used. The formulation was administered at the same dose (T29) and
two times the dose (T29 2x) in terms of midazolam. In the second set of pharmacokinetic studies
(Figure 5.4, Table 5.3), IV administration showed a Cmax (609 ng/ml) but showed a slightly
prolonged t1/2 (90.7 min). The formulation T29 resulted in a significantly higher Cmax (106 ng/ml)
and bioavailability (40.8%) as compared to T19 or T18. Further, the T29 gel two-folds midazolam

dose resulted in significantly higher Cmax (187 ng/ml) as compared to T29 at its normal dose.

All formulations were well tolerated in the dogs with the exception of some self-limited drooling
in two of the dogs following administration of the 0.6mg/kg dosage of the T29 gel. One of the
dogs that drooled following administration of the buccal gel similarly drooled following

administration of midazolam intravenously at a 0.3mg/kg dosage.
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5.5 Discussion

The results of this study demonstrate that the midazolam gel formulations tested were absorbed
effectively following buccal administration with peak plasma concentrations achieved within 15
minutes and with varied bioavailability values ranging from (25 to 41%) as compared to IV
administration. Minimum plasma midazolam concentrations required to effectively treat seizures
have not been established, though accepted doses range from 0.06-0.5 mg/kg administered
intravenously or 0.2 mg/kg intranasally to achieve plasma drug concentrations in the range of
860+360ng/mL and 450+ 90ng/mL respectively (Eagleson et al., 2012; Horikawa et al., 1990;
Patterson, 2014; Schwartz et al., 2013). While plasma concentrations and bioavailability following
intravenous administration of midazolam were clearly superior to buccal administration, the
plasma concentrations achieved with the higher dosage in this study (0.6 mg/kg) are comparable
to those reported with intranasal midazolam gel administration and superior to those of rectal
administration of a midazolam solution within a similar time frame (Court et al., 1992; Eagleson
et al., 2012). In addition, the AUC, a reflection of bioavailability and clearance of a drug, was
similar if not superior following buccal administration to previously reported AUCs for

intramuscular administration of midazolam (Schwartz et al., 2013).

The ability to achieve peak concentrations within 15 minutes opens the possibility for the use of
buccal midazolam gel in status epilepticus or cluster seizure therapy when intravenous access is
not possible. In humans, changes were noted on electroencephalography within five minutes of
buccal midazolam administration, even prior to detectable venous blood levels (Scott et al., 1998).
The theory behind this finding was that buccally absorbed midazolam might be distributed rapidly

to the brain and fat from the arterial blood, resulting in lower venous drug concentrations of the
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initial samples obtained during the first few minutes of sampling. Venous blood levels obtained in
the human subjects (Cmax 86.7 ng/mL) however, were far lower than plasma concentrations
obtained in the dogs in this study (Cmax 187 ng/mL). Electroencephalography studies and arterial
sampling following buccal midazolam administration would be needed in dogs to demonstrate this
effect in dogs; however, the possibility of effects on the central nervous system prior to peak
plasma levels is an intriguing possibility. The peak plasma levels and time to peak concentrations
are higher and faster in this study than those previously reported for rectal routes of midazolam
administration presumably with absorption not impeded by technical skill or the presence of fecal
matter. This is similar to reports on epileptic children in which time for administration and onset
of effect were considerably lower for buccal midazolam versus rectal diazepam (Ashrafi et al.,
2010; Mclintyre et al., 2005). The buccal administration also circumvents the limited volume of
drug permissible with intranasal administration of midazolam, a concern in heavier patients
requiring a large volume (Eagleson et al., 2012), as the oral cavity is considerably larger and more
easily accessible during seizures. Intramuscular administration of midazolam is a good alternative
when intravenous access is not possible, but may be beyond the technical ability and comfort of

some owners (Schwartz et al., 2013).

The optimized formulations T18 (made with Pluronic F127), T19 and T29 (made with HPMC
K100M) had similar pH but different viscosity values to achieve bioadhesion and better
absorption. The formulation with the greatest viscosity (T18) showed lowest Cmax and
bioavailability. Apparently, this formulation showed decreased release (as shown in the dialysis
study), in vitro and the drug was not readily available for absorption by the buccal mucosa.

However, the T19 formulation with the least viscosity and better drug release characteristics
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showed increased Cmax and bioavailability as compared to that of T18. The formulations T19 and
T29 had a drug solubilizer and buccal permeation enhancer, HPBCD at larger concentrations (17.6
and 22%, respectively), which provided better buccal absorption for midazolam. HPBCD has been

reported as a mucosal permeation enhancer for drugs such as ropinirole and bupivacaine (Jug et

al., 2010; Kontogiannidou et al., 2016).

In human studies on buccal midazolam, formulations of the drug varied from standard injectable
solutions to commercially available oral syrups (Ashrafi et al., 2010; Baysun et al., 2005; Mclintyre
etal., 2005; Scott et al., 1998; Scott et al., 1999). Previous studies in dogs on intranasal midazolam
administration demonstrated superior drug absorption from a 0.4% HPMC gel formulation rather
than standard injectable formulations (Eagleson et al., 2012). The gel formulation was theorized
to improve retention and mucosal contact-time in the nasal cavity. A similar HPMC gel was used
in this study to improve retention of solution in the oral cavity. The absorption of midazolam from
the oral mucosa in the dog has previously been shown to be pH dependent with ideal absorption
between pH 3 and 4 (Zhang et al., 2002). Midazolam requires an acidic solution to maintain
solubility; however, at pH values below 3, encountered in certain intravenous or commercially
available oral solutions of midazolam, oral mucosal absorption may be impeded (Zhang et al.,

2002). The gel used in this study was carefully formulated to maintain a pH between 3 and 4.

Concerns with buccal or sublingual administration of any medication during status epilepticus
include swallowing of the medication, aspiration, or inadvertent bite wounds to the administrator
(Scott et al., 1999). Swallowing of the medication is a valid concern as gastric absorption of
midazolam may reduce peak concentrations due to hepatic first-pass effects (Schwartz et al., 2013;

Zhang et al., 2002). One of the dogs in this study exhibited excessive salivation following both
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intravenous and buccal administration of midazolam. Drooling could contribute to increased
swallowing or loss of drug from the oral cavity and adversely affect absorption. Aspiration
following oral dosing of medication during seizures is another concern, although administered
doses of the buccal 2% (w/v or v/v) midazolam gel formulation used in this study are expected to
be under two milliliters, even in patients weighing 50 kg or more. Bite wounds during buccal
medication administration are a valid concern for caregivers of humans and veterinary species.
Fortunately, oral mucosa is readily accessible, arguably more so than nasal mucosa, and does not
require insertion of objects between the teeth. Administration of buccal midazolam in children and
adults is reported to be well tolerated, even if clenched teeth are encountered during administration
as the tip of the syringe is simply inserted in the space between teeth and lips (Kutlu et al., 2003;
Scott et al., 1999). In addition to being well tolerated by the animals, buccal dosing was quick and

did not pose a technical challenge for drug administrators in this study.

With the social stigma associated and poor compliance with rectal drug administration for human
patients, there has been a trend towards intranasal and buccal administration of benzodiazepines
in human epileptics (Baysun et al., 2005; Chakupurakal et al., 2010; Kutlu et al., 2003; Mclintyre
et al., 2005; Scott et al., 1999; Talukdar et al., 2009; Wiznitzer, 2005).  Similar, if not superior,
drug absorption and onset of efficacy have been demonstrated with buccal midazolam over rectal
diazepam in human adults and children (Ashrafi et al., 2010; Baysun et al., 2005; Mclntyre et al.,
2005; Nakken et al., 2011; Scott et al., 1999). The relative ease of administration and social
acceptability of administering solutions into the mouth, rather than rectally, make this a preferable
option for owners and veterinary staff when intravenous access in a seizure patient is not possible.

This is the first study to examine the dose-dependent pharmacokinetics of buccal administration
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of midazolam formulation in dogs. Future investigations into formulation concentration or dosage
are required to determine if higher plasma concentrations or more rapid absorption can be
achieved. Long-term stability and shelf life of the gel formulation should also be determined prior
to recommendation for use in a clinical setting. Pharmacokinetic studies in patients receiving long
term anti-convulsant therapy are also needed as chronic administration of phenobarbital can affect
plasma concentrations of benzodiazepines (Wagner et al., 1998). Results of this study show
promise for buccal administration of midazolam gel, but further evaluations of the efficacy of this

medication in a clinical setting are needed prior to recommendations for routine use.
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5.6 Abbreviations:

AUC- Area under the curve

Cmax- Peak concentration

Tmax- Time to observed peak concentration

t12- Plasma half-life

HPMC- Hydroxypropyl methylcellulose

HPBCD- Hydroxypropyl B-cyclodextrin

HPLC- High-performance liquid chromatography

PBS- Phosphate buffered saline

LC-MS/MS- Liquid chromatography—tandem mass spectrometry

MRM- Multiple reaction monitoring
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Table 5.1 Composition and physical properties of the three midazolam buccal gel formulations:
T18 (midazolam 1%, pluronic gel formulation), T19 (midazolam 1%, HPMC with HPSCD
formulation), T29 (midazolam 2%, HPMC with HPSCD formulation).

Quantity, g/100g

Ingredients

T18 T19 T29
Midazolam USP 1 1 2
Ethanol USP 10 10 20
Pluronic Gel 30% (F127) 88 0 0
Phosphoric Acid (86.6% assay) 0.5 0.5 0.5
z—_ll_);i:)(;?(l)[l)(g;pyl betacyclodextrin 0 176 2
Hydroxypropyl methylcellul
et 00Ny :
Water g.s. 100 100 100
Appearance Clear Clear Clear
pH 35 3.2 38
Assay % 101.2 101.3 100.8
Viscosity. Pas, 22 rpm 124 3.92 12.5
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Figure 5.1 Rheological properties, as assessed by viscosity vs shear rate at temperatures ranging from 25
to 50°C, of three different midazolam gel formulations: A. T18 (midazolam 1%, pluronic gel formulation),

B. T19 (midazolam 1%, HPMC with HPACD formulation), C. T29 (midazolam 2%, HPMC with HPSCD
formulation).
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Figure 5.2 Drug diffusion and release of various midazolam gel formulations across a dialysis
membrane. T18 (midazolam 1%, pluronic gel formulation), T19 (midazolam 1%, HPMC with
HPSCD formulation), T29 (midazolam 2%, HPMC with HPSCD formulation).
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Figure 5.3 Plasma concentrations (ng/mL) of midazolam after buccal administration of two gel
formulations and intravenous administration of an injectable solution at a dosage of 0.3mg/kg.
T18 (midazolam 1%, pluronic gel formulation), T19 (midazolam 1%, HPMC with HPSCD
formulation).
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Table 5.2 Pharmacokinetic variables after buccal administration of two different midazolam gel
formulations (T18 and T19) and intravenous administration of an injectable midazolam solution.
All solutions administered at a dosage of 0.3mg/kg to five healthy adult hound dogs. T18
(midazolam 1%, pluronic gel formulation). T19 (midazolam 1%, HPMC with HPSCD

formulation).

Parameter Unit T19 T18 v

t1/2 min 63.8+44.9 58.7+16.6 68.7+36.7
Tmax min 12.0 15.0 3.0

Cmax ng/ml 98.3+26.5 47.7+£38.5 717+138

AUC 0-t ng/ml*min 5,170.1+330 4,620+4530 18,400+2,400
AUC 0-inf ng/ml*min 5,230+300 4,630%4,550 18,400+2,40
AUMC 0-inf ng/ml*min”2 365947.7£54907.6  402037+£535400 7199124230301
VzIF (mg)/(ng/ml) 0.176+0.138 0.183+0.164 0.0538+0.0295
Bioavailability % 28.4 25.2 NA
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Figure 5.4 Plasma concentrations (ng/mL) of midazolam after buccal administration of the T29
formulation (midazolam 2%, HPMC with HPACD formulation) at a dosage of 0.3mg/kg and
0.6mg/kg and intravenous injection of an injectable.
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Table 5.3 Pharmacokinetic after buccal administration of a 2% midazolam gel formulation
(T29) at a dosage of 0.3mg/kg and 0.6mg/kg in comparison to intravenous administration of an

injectable midazolam solution at a dosage of 0.3 mg/kg.

Parameter Unit T29 T29 2x dose v

t1/2 min 75.3£18.7 71.3£13.8 90.7£15.4

Tmax min 9.0 15.0 3.0

Cmax ng/ml 106.3+35.2 187.0+£104.3 608.5+£150.9
AUC 0-t ng/ml*min 7805.8+3598.8 12101.9+8902.8 19001.4+4578.2
AUC 0-inf ng/ml*min 7873.9£3626.9 12162.4+8954.1 19312.3+4641.1
AUMC 0-inf ng/mi*min®2  677800+663759 788994+704905 1261242+408388
VzIF (mg)/(ng/ml)  0.1380+0.0705 0.0845+0.0532 0.0678+0.0155
Bioavailability % 40.77 31.48 NA
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6. Resveratrol Nanogel Formulation for Enhanced Transdermal Delivery

Across Human Skin

6.1 Abstract

Purpose: Resveratrol, a natural polyphenol found in grapes and berries, has strong anti-oxidant
properties and is believed to be beneficial in treating many disease conditions including skin
cancer. This compound is insoluble in many topical vehicles/solvents, leading to problems in
developing a topical product. In this study, we prepared a nanoparticle based gel (nanogel)

formulation and obtained skin permeation data on resveratrol.

Methods: The saturation solubility of resveratrol in topical vehicles such as ethanol, polyethylene
glycol 400, Labrfil® 2125, Labrfil® 1944, Lauroglycol FCC, Transcutol®P, Labrasol®,
Capryol™ PGMC and Capryol™90 was determined. Labrasol® showed a higher solubility for
resveratrol and was used in the nanogel formulation. Resveratrol was solubilized in Labrasol® and
added to 1% Pluronic®F68 solution under stirring. This resultant suspension was subjected to
ultrasonication and high-pressure homogenization to achieve a nanosuspension. The suspension
was then gelled using Methocel ®K4M (F3). The drug release and skin permeation of the nanogel
formulation were determined using dialysis membrane and dermatomed human cadaver skin,
respectively. The size and size distribution of nanoparticles was determined by Nicomp ZLS 380,

and drug concentration was determined by a HPLC method.

Results: The solubility of resveratrol was high in Labrasol®, Transcutol®P, Arlasolve® and
polyethylene glycol 400 (>100 mg/ml). However, Labrasol was chosen as a solubilizer for the
nanogel formulation because this solvent provided proper viscosity and compatibility with the gel

components. All other solvents failed to retain the viscosity for the nanogel. The mean diameter
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of particles in the nanogel formulation F3 was 120 nm. The F3 formulation showed an amount of
drug release (1647.2 pg/cm?) which was 1.6 and 1.1 fold higher compared to F1 and F2 (control
formulations), respectively. In the skin permeation study, F3 showed a flux (1.31%0.08 pg/cm?/h)
which was 12 and 3-fold higher compared to F1 and F2, respectively. The skin retention of F3
(234+ 45.9 pgl/g of skin) was approximately 12 and 5 fold higher compared to F1 and F2,

respectively.

Conclusion: An enhancement of resveratrol delivery was observed when a nanogel formulation
was compared to microparticles incorporated in a gel formulation of the same drug percentage.
This enhancement was shown in skin permeation as well as drug retention within skin layers. A
high skin permeation for therapeutic quantities of resveratrol is possible when the nanogel is

applied on a larger surface area of the body.
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6.2 Introduction

Resveratrol (RV) is 3,5,4’-trihydroxystilbene and is widely present in certain types of wine
(polyphenols red wines) (Baur et al., 2006a). Resveratrol was discovered and extracted originally
from Polygonum cuspidatum’s root; which was employed in traditional Japanese and Chinese
medicine. Additionally, resveratrol is naturally available from grapes, peanuts and berries plants.
These plants produce resveratrol in response to exterior stress, for instance, UV irradiation and
microbial infection (Amri et al., 2012; Ansari et al., 2011; Park et al., 2013). Chemically, it is a
member of the stilbene class of polyphenolic compounds. It exists in two isomeric forms (Figure
6.1): cis-resveratrol and trans-resveratrol, the latter preferred due to better biological activity and

chemical stability (Baxter, 2008).

OH

HO N\

N
HO O
HO OH
Trans-Resveratrol

OH Cis-Resveratrol

Figure 6.1 Two isoforms for resveratrol.

Oxidative stress and prolonged inflammation are two conditions associated with several diseases
such as cancer, diabetes, atherosclerosis, pulmonary infections, and Alzheimer’s disease. This

highlights the importance of counteracting the inflammation and oxidative stress via antioxidant
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and anti-inflammatory agents (Aldawsari et al., 2016; Reuter et al., 2010). Resveratrol possesses
a strong anti-oxidant effect in addition to its anti-inflammatory, cardioprotective, neuroprotective,
chemopreventive, and anti-aging properties (Athar et al., 2007; Francioso et al., 2014; Pando et
al., 2013). However, it exhibits poor water solubility (rate limiting step for dissolution), low oral
bioavailability and short half-life (8-14 minutes) as a result of extensive first-pass metabolism.
This necessitates higher oral doses to compensate for the loss, which consequently raises the cost

(Baur et al., 2006b; Hung et al., 2008).

Several studies have shown that resveratrol exerts chemopreventive action specifically on the skin
at various stages of cancer progression (Afaq et al., 2003; Nassiri-Asl et al., 2016). Resveratrol in
a topical formulation has beneficial effects such as preventing keratinocyte proliferation
specifically in epidermal cells, acting as antimicrobial and antiviral agent for skin infections,
protecting the skin from damage due to UV exposure, accelerating wound healing process,
inhibiting the production of melanin and reducing skin irritations (Afaq et al., 2003; Hung et al.,
2008; Park et al., 2008; Scognamiglio et al., 2013). Hence, resveratrol both as topical and
transdermal formulations would be a beneficial alternative to oral administration (Zhang et al.,
2007; Zhou et al., 2015) . Studies explored topical application of resveratrol as an emulsion,
solution, and gel for improved drug delivery (S Kobierski et al., 2009). A common issue was that
resveratrol is insoluble in many topical vehicles/solvents, leading to problems in developing a
product. Nanotechnology for drug delivery has shown several benefits such as improved solubility,
absorption, and bioavailability from topical/transdermal formulations (Dianzani et al., 2014; Liu

et al., 2012; Scognamiglio et al., 2013; P. P. Shah et al., 2012; Tsai et al., 2016). In this study, we
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obtained solubility data of resveratrol and selected appropriate solvents in the formulation of a

nanoparticle based gel (nanogel) for enhanced topical delivery of resveratrol.

6.3 Materials and Methods:

6.3.1 Materials

Resveratrol was purchased from AvaChem Scientific, San Antonio, TX, USA. Pluronic®F68
(Poloxamer 188, NF) was purchased from Spectrum Chemical Corp., Gardena, CA, USA.
Hydroxypropyl Methylcellulose (Methocel® K4M) was obtained as a gift from Colorcon,
Grinnell, lowa, USA. Phosphate buffered saline 0.01 M (NaCl 0.138 M; KCI - 0.0027 M, pH 7.4)
for reconstitution was purchased from Sigma-Aldrich, St. Louis, MO, USA. Transcutol P®,
Labrafil M 2125 CS®, Labrafil M 1944 CS®, Lauroglycol FCC®, Labrasol®, Arlasolve®,
Capryol 90® and Capryol PGMC® were obtained from Gattefosse Sas, Saint-Priest Cedex,
France. Polyethylene glycol (PEG) 400 NF was purchased from Fisher Scientific. All other

chemicals and reagents were HPLC or analytical grade.

6.3.2 Resveratrol Solubility Determination

An excess amount of resveratrol was added to 2 ml of the following solubilizers: Labrafil 2125®,
Labrafil 1944®, Capryol PGMC®, Capryol 90®, Lauroglycol FCC®, Transcutol P®, Labrasol®,
Arlasolve®, PEG 400), in glass vials. The vials were capped and sealed with Parafilm® and
subjected to continuous shaking at for 72 hours at ambient room temperature. Before drug
solubility analysis, the solutions were allowed to stand for 24 h for settling of the excess drug. The
supernatant was then filtered through 0.45 um Nylon membrane filter. The filtered solutions were

diluted 100 times with Methanol: Water (1:1) and assayed by HPLC.
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6.3.3 Resveratrol Nanogel Preparation

Based on resveratrol solubility and compatibility with HPMC, Labrasol® was chosen as a solvent
for resveratrol. Resveratrol was solubilized in Labrasol® and added to 1% Pluronic®F68 aqueous
solution under constant stirring to obtain a resveratrol suspension. The suspension was subjected
to ultrasonication and homogenization by a high-pressure homogenizer. The homogenization
process was performed at 22000 PSI for five cycles to achieve resveratrol nanoparticles.
Methocel® K4M as a powder was added to the nanosuspension in a uniform manner. Upon the
addition, mixture was under the effect of a magnetic stirrer for 1 h (F3). The first control
formulation was prepared with no labrasol, and no high-pressure homogenization (F1). Also, the
second control formulation was prepared with same (F3) preparation procedure but without high-

pressure homogenization use (F2). The formulation compositions are listed in Table 6.2.

6.3.4 HPLC-UV Analysis of Resveratrol

The HPLC instrumentation and method consists of Waters Agilent HPLC System with PDA
detector interfaced to Empower 3 software. A reversed phase, C18 Luna 150 x 4.6 mm, 5-um
particles loaded HPLC column (Phenomenex, Torrance CA) was used. A mobile phase containing
methanol and water (51:49) at a flow rate of 0.9 ml/min was used. The injection volume was 20

pl and the detection wavelength was 306 nm. The run time was 10 min.

6.3.5 Particle Size and Size Distribution Measurements
Particle size (P.S.) and polydispersity index (P1) were measured at room temperature after diluting
each sample in deionized water (1:100). Nicomp ZLS380 was utilized to obtain z-average value

in nm along with the P1 that reflects the distribution of the particle sizes in the medium.
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6.3.6 In Vitro Release Evaluation of Resveratrol Nanogel Formulations

The release behavior of resveratrol nanogel was evaluated by Franz diffusion cell apparatus using
a cellulose membrane. The receptor medium was (50:50) ethanol: PBS with pH 7.4 to maintain
the sink condition for resveratrol. The cellulose membrane was positioned in between the receptor
and the donor compartments. 0.5 gm of each formulation was placed in the donor compartment
and spread evenly on the membrane in occlusive condition (the donor cell was sealed with
Parafilm®). At 1, 2, 4, 6, 8, 12, 24 and 26 hours samples were withdrawn and replenished with
fresh receptor medium. The samples were assayed by HPLC. All studies were performed under

protection from light owing to the sensitivity of resveratrol to photo degradation.

6.3.7 Skin Permeation Study of Resveratrol Nanogel Formulations

The percutaneous permeation study was performed in the same pattern as the in vitro release
procedure using Franz diffusion cell. Instead of the cellulose membrane, dermatomed human skin
(Sciencecare, Phoenix AZ) was used. The skin was mounted with stratum corneum facing the
donor and receptor cell was filled with (50:50) ethanol: PBS to maintain the sink condition. An
infinite dose (0.5 gm) was applied on donor side under occlusive condition (the donor cell was

sealed with Parafilm®).

At the end of the skin permeation study, the residual drug remaining on the surface of the skin was
removed by cotton swabs and by washing the surface with PBS. The skin surface was gently wiped
with a cotton swab (Q-tips® Uniliver USA, Englewood Cliffs, NJ), 200 pl of the above buffer was
added on the skin surface and the liquid was dabbed with a fresh (dry) cotton swab. This process
of swabbing and dabbing was repeated 5 times. The active diffusion area was collected with a

biopsy punch (George Tiemann & Co, Hauppauge, NY) and the skin was weighed and minced
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into pieces with a pair of sharp point dissecting scissors into a glass vial. To these glass vials, 1 ml
of above buffer was added, sonicated for 15 min. and allowed to stand overnight. The samples
were sonicated again for 30 min, the next day and filtered through 0.45 pm membrane filter and

the supernatant was diluted appropriately and analyzed by HPLC.

6.3.8 Statistical Analysis

All results were presented as means + standard deviations. The statistical analysis was performed
using GraphPad Prism version 5, GraphPad Software, Inc., La Jolla, CA. The data were subjected
to one-way ANOVA followed by Tukey —Kramer multiple comparisons test. The mean differences

were considered significant at P < 0.05.

6.4 Results and Discussion

The solubility of resveratrol in several solvents are shown in Table 6.1. From the table, the highest
solubility was observed with four solvents, Labrasol, Transcutol p, Arlsolve and PEG 400. All
displayed a solubility greater than 100 mg/ml of resveratrol. However, only Labrasol was chosen
as a solubilizer at 0.5 % wi/w resveratrol based on proper gel formation and compatibility. Nanogel
could not be achieved beyond 0.5% w/w resveratrol because of the interference of excess
Labrasol® (beyond 10%) in gel formulation. Three formulations were prepared and denoted as F1
(no Labrasol®), F2, and F3. The physicochemical properties of formulations are listed in Table
6.2. The PS for F3 was 120.3 nm with a Pl of 0.31 indicating particle size uniformity in the

formulation.

Viscosity for F1, F2 and F3 were 890 cP, 125 cP, and 96 cP, respectively. Since the proposed

formulation is intended for topical application, it needs to have an appropriate viscosity (adhesive
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and retention) for prolonged contact time to achieve a better drug accumulation and enhanced
absorption through a biological membrane (Punit P Shah et al., 2012). From viscosity
measurements, all formulations are expected to have a sufficient retention on skin which facilitates
drug release and enhances drug retention. F1 showed the highest viscosity which might be
explained by the absence of Labrasol®. While the presence of Labrasol® in F2 and F3
formulations was responsible for the significantly lower viscosity of the gel, along with other
formulation properties such as solubility. pH values for all formulations were closely akin with

no significant variations (Table 6.2).

Incorporating nano-particulate drug within gel matrix provided a uniform dispersion of the drug
and better contact (based on increased surface area of drug nanoparticles, increases contact with
skin) of drug for enhanced skin permeation (Batheja et al., 2011; P. P. Shah et al., 2012).
Furthermore, the nanoparticles in the formulation maintain a high thermodynamic activity of the
drug in the formulation (Baroli, 2010). Prior to incorporating in a gel matrix, the nanoparticles
were stabilized by 1% of Pluronic® F68 as a surfactant to prevent drug particles from aggregation

(S Kobierski et al., 2009).

All three formulations had good drug release. However, F3 (1647.2 pg/cm?) showed the highest
release, followed by F2 (1448.5 pg/cm?) and F1 (1047.4 pg/cm?). The release behavior of the gels
might be reduced with increasing viscosity which is correlated with drug diffusion (Baumgartner

etal., 2002).

Skin permeation of resveratrol nanogel formulations are shown in Figure 6.3. The cumulative

amount of drug permeated for F3 is around 32 pg/cm?, whereas F2 and F1 showed significantly
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less drug permeation (11.8 and 2.6 pg/cm?, respectively). The steady state flux of F3 was highest
(1.31+0.083 pg/cm?/h), followed by F2 (0.47 +0.014 pg/cm?/h) and F1 (0.11+ 0.01 pg/cm?/h).
Thus, F3 and F2 exhibited a significant enhancement in transdermal flux, approximately 12 and 4-

fold higher, respectively, as compared to F1 (control).

The skin retention (deposition) for resveratrol is presented in Figure 6.4. F3 showed the highest
drug accumulation (234.0+45.9 pg/gm of skin) followed by F2 (43.0+£12.0 pg/gm) and F1 (20+2.0

pg/gm). Thus, the skin retention of F3 was 12 and 5 fold higher than F1 and F2, respectively.

The therapeutic value of resveratrol is hampered by its poor permeability and aqueous solubility.
To enhance skin permeability and deliver adequate amounts of the drug into the systemic
circulation, formulation studies were conducted. From Table 6.1, both F3 and F2 have the same
formula composition, but with a different particle size (F2, microparticles; F3, nanoparticles). The
nanosize particles in F3 demonstrated significantly higher permeation and skin deposition as
compared to F2. However, both F2 and F3 showed enhanced skin permeation of resveratrol over
F1 (control, no Labrasol®). The increased surface area of drug particles (increased drug contact
with skin) and a higher thermodynamic activity of drug in F3 might be responsible for higher skin
permeation (S. Kobierski et al., 2011; Vitorino et al., 2015). These results agree with studies on
nanoparticles for enhancing percutaneous permeation of topically applied drugs (Pando et al.,

2015; Piao et al., 2008; P. P. Shah et al., 2012; Shen et al., 2016; Valenzuela et al., 2012).
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6.5 Conclusion

An enhancement of resveratrol delivery was observed when nanogel formulation was compared
to microparticles incorporated in a gel formulation. This enhancement was shown in skin
permeation as well as drug retention within skin layers. Skin permeation in the therapeutic

quantities of resveratrol can be possible when applied on a larger surface area of the body.
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Table 6.1 Resveratrol solubility determination in mg per ml

Vehicles Solubility (mg/ml)

Capryol PGMC® 10.78

Capryol 90® 14.21

Labrafil 2125® 4.43

Lauroglycol FCC® 2.95

Labrafil 1944® 2.93

Labrasol® >100

Transcutol P® >100

Arlasolve® >100

PEG 400 >100

Table 6.2 Formulations composition

Batch No. F1 F2 F3
Resveratrol 0.50% 0.50% 0.50%
Labrasol® - 5.00% 5.00%
Pluronic acid F68 - 1.00% 1.00%
HPMC 2.00% 2.00% 2.00%
Water 97.5% 91.50% 91.50%
Particle size >1um >1um 120.3 nm
Polydispersity Index - - 0.308
Viscosity at 5 RPM 890 cP 125 cP 96 cP
PH 5.20 4.83 4.9
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Figure 6.2 cumulative release of resveratrol from nanogel formulations. Each experiment was
performed in triplicate (N=3).
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Figure 6.3 A. Cumulative amount of resveratrol permeated. B. Flux quantity of resveratrol. Each
experiment was performed in triplicate (N=3). Notes: **p < 0.01 compared with F1; ***p < 0.001
compared with F1.
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Figure 6.4 Drug deposition of resveratrol within skin layers. Each experiment was performed in
triplicate (N=3). Note: **p < 0.01 compared with F1.
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7. Summary
Topical and trans-mucosal drug delivery are potential routes for a variety of drugs with limited
oral bioavailability. Hydrogel and nanogel formulations are efficient in enhancing the delivery of
such drugs. Incorporating drug in the form of nanoparticles within a gel matrix has potential in
enhancing the poorly permeable drug for topical and transdermal drug delivery. On the other hand,
a hydrogel showed promising results on delivering drugs via buccal mucosa. The hydrogel showed
a superiority based on its retention and adhesive properties for better absorption. In the dissertation,
a nanogel and hydrogel were developed and evaluated as a platform for topical and trans-mucosal
drug delivery, respectively. In addition, sSiRNA-PEI polyplexes were developed and optimized as

a suitable platform for effective delivery of siRNA for melanoma treatment.

We have prepared siRNA-PEI polyplexes at different N/P ratios with three different molecular
weights of PEI (1.8 KDa, 10 KDa, and 25 KDa). The complexation efficiency, cellular toxicity, as
well as cellular uptake, were evaluated. The 1.8 KDa PEI-siRNA (50:1 N/P ratio) was most
suitable with respect to safety and efficacy. 10 KDa PEI-siRNA (1:10 N/P ratio) showed reduced
toxicity upon polyplex formation and a higher cellular uptake compared to 1.8 KDa PEI-siRNA
polyplex. On the other hand, 25 KDa showed the highest efficacy in polyplex formation at a low
ratio (5:1 N/P) but with an increased toxicity at a cellular level. Overall, 1.8 KDa PEI can be
utilized as a carrier for sSiRNA due to its safety and efficacy. Based on these results, this study is
further directed to choose a model for gene targeting with specific SIRNA as a therapeutic tool to
knock down a mutant gene in vitro for melanoma treatment. Furthermore, gene expression, as

well as protein quantification, should be evaluated with respect to efficacy by g-PCR and Western
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Blot techniques, respectively. Based on obtained results, further research is directed towards

evaluating the optimal polyplexes efficiency for in vivo study.

Topical delivery of acyclovir is hampered by its low percutaneous permeability. We developed a
nanogel formulation of acyclovir for enhanced topical drug delivery. Acyclovir nanogel (F1)
formulation showed an enhanced skin permeation (2-fold higher flux) compared to Zovirax®, a
commercial product. Incorporating 10 % ethanol (F3) in the formulation showed a synergistic
permeation enhancement with 24-fold higher flux compared to Zovirax®. Microporated skin
permeation studies were performed to illustrate the permeation behavior with interrupted stratum
corneum. The results showed a significant enhancement in skin permeation compared to the
passive diffusion; F3 (10% ethanol) still showed the highest enhancement. Acyclovir nanogel
formulation with ethanol as a penetration enhancer demonstrated a pronounced effect on

enhancing acyclovir skin permeability and content upon topical application.

Gel formulations of midazolam were developed and evaluated for buccal administration. All
formulations were evaluated for physical properties, rheology behavior and in vitro release.
Furthermore, a pharmacokinetic study in healthy dogs was performed. The formulations T19 and
T29 (both HPMC based) with significantly higher release rates than T18 (Pluronic F127 based)
were also effectively absorbed through buccal administration in dogs. At a dose of 0.3mg/kg, T19
and T29 produced a Cmax of 98.3+26.5 and 106.3+35.2 ng/ml, respectively, which are
approximately two-fold higher compared to T18 (47.7+£38.5 ng/ml). Furthermore, T29 at higher
dose (0.6mg/kg) produced a Cmax of (187.0+104.3ng/ml). Results of this study show promise for
the treatment of seizures in dogs. Future investigations into formulation concentration or dosage

are required to determine if higher plasma concentrations or more rapid absorption can be
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achieved. Long-term stability and shelf life of the gel formulation should also be determined prior

to recommendation for use in a clinical setting.

Finally, resveratrol in nanoparticle based gel formulation was developed for enhancing
transdermal flux on human skin. The solubility of resveratrol was determined in several common
topical solvents. Based on solubility and compatibility results, Labrasol® was chosen for
resveratrol nanogel formulation development. Resveratrol nanoparticles produced by high
pressure homogenization were gelled using Methocel®K4M (F3). The F3 formulation showed a
much higher amount of drug release, 1.6 and 1.1-fold higher compared to F1 and F2 (control
formulations), respectively. In the skin permeation study, F3 showed 12 and 3-fold higher flux
compared to F1 and F2, respectively. The skin retention of F3 was approximately 12 and 5-fold
higher compared to F1 and F2, respectively. Nanogel formulation showed an enhancement of
resveratrol delivery compared to same drug percentage in microparticles incorporated in gel
formulations. The enhanced contact of nanoparticles on the skin as well as their faster dissolution
of particles to replace the depleted (permeated) drug might be the reasons for better skin

permeation. This enhancement was observed for the drug retention within skin layers as well.
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