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ABSTRACT
ENHANCEMENT OF TOPICAL AND TRANSDERMAL DELIVERY USING
NANOPARTICLES AND MICRODERMABRASION
Many enhancement techniques have been developed to improve transdermal
delivery of drugs. In this project, microdermabrasion and lipid nanocarriers are
investigated. Microdermabrasion is a non-invasive cosmetic procedure. It ablates the
stratum comeum by bombarding high-speed crystals onto skin. Our studies showed
effective removal of stratum comeum by microdermabrasion. Microdermabrasion
improved the transdermal delivery of nicotinamide (hydrophilic model) and dermal
absorption of retinol (lipophilic model). Therefore, microdermabrasion is a potential
active technique for topical and transdermal delivery. Lipid nanocarriers are novel
colloidal delivery systems composed of biocompatible lipids and oils. They are reported
to have several advantages for topical application such as stabilization of incorporated
drugs, enhancement of drag delivery, reduction of systemic side effects and enhanced
accumulation in hair follicles. Nano-sized lipid carriers with negative surface charge and
high entrapment efficiency were successfully prepared using emulsion-solvent
evaporation and high pressure homogenization method. The topical delivery of nile red
and anti-acne drag adapalene were significantly improved after incorporated into lipid
nanocarriers. Lipid nanocarriers also improved the follicular uptake of nile red and
adapalene, thus provides good potential to deliver drugs into hair follicles. Finally, in
vitro permeation studies were developed as powerful tool to evaluate topical diclofenac
gels.

xiii
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CHAPTER 1
INTRODUCTION
Intradermal and transdermal drug delivery has gained increasingly popularity in
recent years. Intradermal delivery implies administration of molecules into skin layers,
providing localized drug delivery for dermatological diseases. On the other hand,
transdermal delivery, which is defined as delivery of molecules across skin barrier and
into blood circulation, provides a promising alternative for parenteral and oral routes.
Skin is the largest organ and most important protective barrier in the human body.
It consists of the outermost stratum comeum, viable epidermis and dermis. Skin
appendages such as hair follicles, sweat ducts and apocrine glands play an essential role
in many skin functions including protection (hairs and nails), lubrication (sebum) and
body temperature control (sweat). Hair follciles with associated sebaceous glands are the
most important skin appendages. They can serve as penetration pathways and long-term
drug reservoirs. Transfollicular delivery plays an important role in perceutaneous
absorption although hair follicles only account for 0.1% of total skin area (Scheuplein
1967). Transfollicular drug delivery is attractive for hair-follicle associated diseases like
acne.
Intradermal and transdermal route shows many advantages including avoidance of
first pass metabolism, sustained release of drugs and good patient compliance. However,
drug delivery in and across skin is challenging duo to the rate limiting barrier of stratum
comeum. Stratum comeum (SC) is made up with dead and compacted keratinocytes,
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preventing the entry of most extrogenous compounds. It is widely accepted that only
small and moderately lipophilic molecules (MW < 500 Dalton, logP 1~3) are favorable to
permeate across the skin (Bos and Meinardi 2000). To overcome this problem, many
passive and physical enhancement techniques have been developed including permeation
enhancers, nanocarriers, microneedles, and iontophoresis (Banga 2011).
Incorporation of drugs into nanocarriers shows good potential to enhance their
penetration in skin. A variety of nanocarriers such as liposomes, lipid nanocarriers,
PLGA microsphere and dendrimers have been investigated (Gupta, Bansal et al. 2013,
Saraceno, Chiricozzi et al. 2013). Among them, solid lipid nanoparticles (SLNs) and
nanostructured lipid carriers (NLCs) are very attractive. SLNs and NLCs are composed
of biocompatible and biodegrable lipids and oils. They are able to interact with lipid
matrix in stratum comeum, and can thus improve drug partitioning and permeation in
skin. Due to their lipophilic nature, SLNs and NLCs localize the incorporated drugs in
epidermis and avoid systemic side effect. In addition, SLNs and NLCs are rigid
nanoparticles, and are able to accumulate in hair follicles (Munster U 2005, Chen, Chang
et al. 2006). SLNs and NLCs have been studied in the delivery of numerous
pharmaceuticals and cosmeceuticals such as coenzyme Q10, retinoids, glucocorticoids,
and minoxidil (Sivaramakrishnan, Nakamura et al. 2004, Pople and Singh 2006,
Teeranachaideekul, Souto et al. 2007, Silva, Santos et al. 2009). Therefore, SLNs and
NLCs are attractive nanocarriers for intradermal and transfollciular drag delivery.
Adapalene is a third generation topical retinoid dmg for the treatment of acne. It
is potent and chemically stable, selectively binding to nuclear retinoic acid receptor
(RAR) subtypes P and y (Shroot and Michel 1997). However, adapalene has a logP of 8.6.

The high lipophilicity is of concern in formulating adapalene. In this study, adapalene
loaded nanostructured lipid carriers were formulated and characterized. This study aimed
to improve the intradermal and transfollicular delivery of adapalene.
In addition to various passive enhancement techniques, physical enhancement
techniques are also essential for transdermal drug delivery as passive techniques are only
applicable to small molecules. Physical techniques include electric-assisted approach like
iontophoresis or poration of skin via microneedle, laser beam, etc. Microdermabrasion is
one of the top five non-surgical cosmetic procedures. It involves bombarding inert
crystals onto the skin surface. The jet of high-speed crystals removes the stratum
comeum with minimal epidermal damage. Microdermabrasion stimulates a mild woundhealing process and regeneration of dermal collagen; thus improving skin quality. Due to
its ability to abrade stratum comeum, microdermabrasion could be a potential physical
enhancement technique for transdermal delivery. The aim of this study is to investigate
the effect of microdermabrasion on skin structure and permeation of model compounds
with different lipophilicity.
Diclofenac is a non-steroidal anti-inflammatory drug (NSAID) used for the
management of pain and inflammation. Topical diclofenac formulations allow for
localized drug delivery, improved bioavailability and reduction of systemic side effects.
In vitro study has been widely used to investigate the permeation profile of topical
formulations. A well-designed in vitro permeation study could be a powerful and reliable
tool to evaluate and optimize topical formulations. The aim of our study is to develop a
surrogate in-vitro permeation model for the evaluation of topical diclofenac formulation.
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CHAPTER 2
LITERATURE REVIEW
The structure of skin
Skin is the biggest organ in human body. It covers an area of approximately 2 m2,
accounting for over 10% of body mass. Skin is the outmost protective barrier as well as
sensory and excretory organ. It plays an essential role in the regulation of body
temperature and blood pressure (Marvar, Gordon et al. 2009).
Skin is a complicated and integrated organ consisting of stratum comeum, viable
epidermis and dermis. The outermost stratum comeum is the rate limiting barrier for drug
transport across skin. It is 10-20 pm thick and made up of 15-25 layers of dead and
keratin-filled comeocytes, namely, keratinocytes. The intercellular spaces between
keratinocytes are filled with lipids such as cholesterol (26.9%), cholesterol ester (10%),
ceramide (41%) and fatty acids (9.1%) (Maijukka Suhonen, Bouwstra et al. 1999). The
structure of stratum comeum can be described by “brick and mortar” model, in which
keratinocytes (bricks) are embedded in continuous lipid matrix (mortar) (Nemes and
Steinert 1999). Viable epidermis lies between stratum comeum and basement membrane.
Basal lamina located at the bottom of viable epidermis is the origin of epidermal cells.
This layer contains keratinic stem cells as well functional cells such as melanocytes,
Langerhans cells and Merkel cells. Beneath viable epidermis is the 1-3 mm thick dermis.
Dermis is enriched with blood capillaries, lymphatic vessels and nerve endings. It
nourishes the viable dermis and makes the skin soft and plastic. The major component of
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dermis is a coarse network of collagenous fibers (~70%) and other connective tissues.
Thus dermis is relatively hydrophilic as compared to stratum comeum.
Hair follicles and sebaceous glands
Skin appendages including hair follicles, sweat ducts and apocrine glands are key
components of skin. Hair follicles are the most important skin appendages. Hair follicles
can be divided into terminal hairs and vellus hairs. Terminal hairs are generally long (>
2mm), thick (>30 pm), pigmented and extend over 3 mm into hypodermis. In contrast,
vellus hairs are short, small and rooted in dermis for less than 1 mm (Vogt and BlumePeytavi 2003). A hair follicle consists of hair bulb and shaft surrounded by three different
layers: inner root sheath which only covers the lower half of hair follicles; partially
keratinized outer root sheath which is continuous with epidermis and the acellular
basement membrane (glassy membrane). The upper region of hair follicles where inner
root sheath is missing is called infundibulum. It is connected with sebaceous gland and
filled with sebum. Infundibulum region serves as reservoirs for topically applied
substances. The integrated structure of hair follicle, hair shaft with the associated
sebaceous gland and smooth muscle is also called pilosebaceous unit.
Sebaceous glands are multi-lobular holocrine glands secreting sebum into hair
duct at the depth of ~ 500 pm (Hashimoto and Kanzaki 1975). Sebum is made up of a
mixture of neutral and non-polar lipids including triglycerides (57%), wax esters (25%),
squalene (15%) and free fatty acids (Walters 2002). It lubricates the skin and prevents the
skin from water loss, UV light and microbial infections (Makrantonaki, Ganceviciene et
al. 2011). Typically, the release rate of sebum is 0.1 mg/cm2/hour; and it covers the skin
fy

surface at 0.5 mg/ cm . The production of sebum is regulated by sex hormone and is

I
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influenced by age, body site, skin hydration, circadian rhythm and many other factors
(Meidan, Bonner et al. 2005). Malfunction of sebaceous glands is associated with many
skin conditions like acne.
Acne: a hair follicle-associated disease
Acne is one of the most common skin conditions affecting more than 17 million
people in US. It is reported that over 80% of adolescents and young adults have suffered
some types of acne lesions like blackhead, whitehead and papules. Severe acne also
results in scars and hyperpigmentation. Acne is associated with overactivity of sebaceous
glands, which causes excess sebum excretion, change of sebum composition and
blockage of hair follicles (Zouboulis 2004). Acne also involves abnormal hyper
proliferation of keratinocytes, inflammation and overgrowth of Propionibacterium acnes
(P. acne), gram-negative bacteria in normal skin flora (Thiboutot, Gollnick et al. 2009,
Tanghetti 2013). Topical retinoids are the most effective and popular therapeutics for the
treatment of acne. They bind to nuclear retinoic acid receptors (RARs), normalizing
epithelium differentiation. This provides a positive effect to correct abnormal
keratinization process in acne. The anti-acne effect of topical retinoids also results from
their anti-inflammatory effect by down-regulating TLR2 pathway (Zaenglein 2008).
Topical and transdermal delivery
Since the first scopolamine transdermal patch was approved by FDA in 1979, the
percutaneous route of administration has gained increased popularity. It is estimated that
the global market for dermatological drugs will reach $24.4 Billion in 2015 (Visiongain
2013). Topically applied substances can permeate into the skin layers (topical delivery)
or across the skin into systemic circulation (transdermal delivery). Topical delivery

provides localizes treatment for skin conditions while transdermal delivery allows for
sustained release of drug into blood stream without gastrointestinal degradation and
hepatic metabolism. The percutaneous route is also non-invasive and patient-friendly.
Therefore, topical and transdermal delivery is an attractive alternative for oral and
parenteral route.
Stratum comeum, however, is highly lipophilic and impermeable, protecting the
human body from most exogenous toxins and microorganisms. This important protective
membrane serves as a rate limiting barrier for transdermal drug delivery. Only limited
drug molecules with certain physiochemical properties are readily permeable across the
skin. Transdermal drug delivery is governed by many factors including physiochemical
properties of permeants, formulation and physiological condition of skin. For example,
transdermal delivery is dependant on the molecular weight of drug molecules. Another
critical factor influencing transdermal delivery is the partition coefficient, which is
%

generally reported as the octanol-water partition coefficient (logP). Hydrophilic
molecules cannot penetrate across the stratum comeum whereas highly lipophilic
molecules tend to accumulated in the superficial layers in skin. Many physiological
factors such as race, age, site of administration and skin diseases will affect drug
transport into skin. For example, eczema or atopic dermatitis results in compromised skin
barrier and increase of skin permeability. In general, an ideal candidate for transdermal
delivery should be small and non-polar molecules with molecular weight of 500 Dalton
and log P ranging from 1 to 3 (Bos and Meinardi 2000). The drug needs to be potent with
a wide therapeutic window, considering the interpersonal variation of transdermal
delivery. In addition, it should be non-irritating and non-sensitizing to skin.
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Enhancement techniques for topical and transdermal drug delivery
To overcome the barrier of stratum comeum, many passive and physical
enhancement techniques have been developed to improve percutaneous permeation.
Passive or formulation approaches like chemical enhancers, nanocarriers, supersaturation
and prodrugs do not compromise the stratum comeum physically while physical or active
techniques disrupt skin barrier by physical forces or drive molecules into the skin via
active energy. Physical enhancement techniques include iontophoresis, sonophoresis, and
microneedles (Banga 2011)
Passive enhancement techniques
Chemical enhancers are effective and widely used to assist topical and
transdermal delivery of small molecule. A variety of chemicals including propylene
glycol, alcohols, fatty acids, fatty alcohols, pyrrolidones, terpenes, amides, surfactants
and cell-penetrating peptides can serve as penetration enhancers (Karande, Jain et al.
2004). A chemical enhancer improves topical and transdermal delivery by solubilizing
the dmgs in skin, opening the tight conjunction of keratinocytes or disturbing and
fluidizing lipids bilayers (Godavarthy, Yerramsetty et al. 2009).
Nanocarriers are colloidal delivery systems incorporating dmgs into polymer-,
lipid- or metal-based particulate matrix with the size less than 500 nm (Cevc and Vierl
2010). Nanocarriers including liposomes, transfersomes, niosomes, lipid nanocarriers and
dendrimers have been extensively researched for topical and transdermal delivery (Baroli
2010, Prow, Grice et al. 2011, Gupta, Bansal et al. 2013). Nanocarriers provide many
advantages for topical drug delivery including avoidance of drug degradation, increase of
drug solubility in skin, enhancement of topical permeation, reduction of skin irritation
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and site-specific delivery. Nanocarriers also show excellent cosmetic features (Saraceno,
Chiricozzi et al. 2013). For example, spherical nanoparticles are generally good
emollients. They are also able to form a thin layer on skin surface, thus occluding and
moisturizing the skin. Zinc oxide and titanium dioxide nanoparticles block the UVA and
UVB light effectively, and are frequently utilized in sunscreens. Nanocarriers are also
able to accumulate in hair follicles and show good potential in follicular targeting
(Chourasia and Jain 2009).
Solid lipid nanoparticles (SLNs) and Nanostructured lipid carriers (NLCs)
The idea of solid lipid nanoparticles (SLNs) derives from oil-in-water
nanoemulsion by replacing the oils with lipids which are solid at room temperature
(Gasco 1993). SLNs are colloidal delivery systems which combine the advantages of

nanoemulsion and polymeric nanoparticles (Mehnert and Mader 2001). They are made of
biocompatible and biodegradable lipids, thus are non-irritant and non-toxic as compared
to polymeric nanoparticles. Encapsulation of drug into SLNs prevents drug degradation
and modifies their release profile. Ease of manufacturing, scale-up and sterilization offer
additional advantages (Muller, Mader et al. 2000).
Nanostructured lipid carriers (NLCs) are the daughter generation of SLNs. They
are made of a mixture of solid lipid and oils. In NLCs, the drug molecules can be
dispersed into structure-less solid amorphous matrix (amorphous type) or imperfect solid
matrix in the presence of lipid crystals (imperfect type). Alternatively, they may form
drug-rich oil nano-compartment in a solid matrix (multiple type) (Uner and Yener 2007).
NLCs address several disadvantages of SLNs. The drug loading and particle stability are
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improved by reducing the crystallinity of nanoparticles, thus preventing the exclusion of
incorporated molecules (Muller, Radtke et al. 2002).
SLNs and NLCs offer many advantageous features in dermatological applications
(Souto and Muller 2008, Pardeike, Hommoss et al. 2009). The emollient and
moisturizing effect of SLNs and NLCs makes them excellent vehicles for cosmetic agents.
Several NLC-based cosmetic products are available on the market (Muller, Petersen et al.
2007). SLNs and NLCs can also enhance skin uptake of incorporated molecules and
reduce their systemic delivery (Chen, Chang et al. 2006). They have been applied in
delivery of numerous pharmaceutical and cosmetic agents as listed in Table 1.
The materials to formulate SLNs and NLCs are diversified. The lipid ingredients
include triglycerides, fatty acids, cetyl palmitate and waxes while various medium chain
mono- and di-glycerides and natural oils are used in NLCs. SLNs and NLCs can be
manufactured by high pressure homogenization (HPH) method, high sheer
homogenization (HSH) method, emulsification-evaporation method, cold milling method
and hot micro-emulsion method. HPH is a powerful and reliable approach to produce
SLNs and NLCs. Lipid phase was melted and hot emulsion was produced and then
passed through homogenization device. HPH is able to produce uniform and nano-sized
nanoparticles and is advantageous for scaling-up. The efficacy of HPH depends on size of
pre-emulsion, pressure and duration of HPH and cooling process (Mehnert and Mader
2001).
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Table 1 Studies on dermatological applications o f SLNs and NLCs
kc\

hiHunLis

R c k 'iV iK X

NLCs were compared with nanoemulsion.
NLCs were stable and resulted in prolong
release of drug.

(Junyaprasert,
Teeranachaideekul et
al. 2009)

Flurbiprofen
Hot-emulsion
method

SLNs increased topical permeation of
flurbiprofen and enhance its antiinflammation effect.

(Jain, Chourasia et al.
2005, Gonzalez-Mira,
Nikolic et al. 2011)

Lidocaine
Hot-emulsion
method

Lidocaine NLCs are stable at 40 °C for 6
months.
The dermal absorption was significantly
increased.

Pathak and
Nagarsenker 2009

Psoralen
HSH method

SLNs and NLCs were able to penetrate in
skin and help to overcome
hyperproliferative skin barrier.

(Fang, Fang et al.
2008)

Coenzyme Q10
HPH method

Tretinoin
Emusificationevaporation
method;
HPH method

SLNs reduced the irritation of tretinoin.
SLNs-based creams improved topical
delivery.

(Liu, Hu et al. 2007,
Shah, Date et al.
2007)
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Physical enhancement techniques
Unlike passive techniques which are effectively only for small molecules,
physical enhancement technologies provide potential enhancement for transdermal
delivery of macromolecules like proteins and DNAs. Each of these techniques follows
different principles and has unique strengths and drawbacks.
Iontophoresis involves the use of current (generally less than 0.5 mA/cm2) to
propel drug molecules into skin. Iontophoresis shows excellent enhancement effect on
charged molecules and small peptides with molecular weight less than 15kDa (Kalluri
and Banga 2011). It also allows for programmed devices and personalized therapy
(Kumar and Banga 2012). Iontophoresis enhances transdermal delivery via electro
migration and electro-osmosis. Electro-migration is the primary mechanism for charged
molecules, accounting for 70 - 90% of iontophoretic delivery while electro-osmosis plays
a vital role in delivery of neutral molecules (Abla, Naik et al. 2005, Cazares-Delgadillo,
Naik et al. 2007). Iontophoretic delivery depends on current intensity, duration and pH,
salts and drug concentration in formulation (Banga 2011).
Microneedles are micron-size needle arrays which pierce through stratum
comeum but do not reach nerve endings. Thus, microneedles are non-invasive and
painless with relatively low price and excellent patient compliance. Microneedles are able
to create micron-sized pores which will remain open for several hours to a couple of days
(Kalluri and Banga 2011). Since the first study regarding microdermal assisted delivery
of calcein was published in 1987 (Henry, McAllister et al. 1998), microneedles have been
used to deliver a wide range of small and macro- molecules into and across skin

(Prausnitz and Langer 2008, Banga 2009, Zhang, Gao et al. 2010, Duan, Moeckly et al.
2011, Gupta, Felner et al. 2011).
Sonophoresis utilizes ultrasound to enhance drug delivery into skin. The
ultrasound is generally conducted from the acoustic source via a coupling medium. It is
reported that low frequency ultrasound (20-100 kHz) shows optimal enhancement effect
(Tezel, Sens et al. 2001). Low frequency sonophoresis follows micro-cavitation
mechanism, which permeabilizes the skin and forms “localized transport regions”
(Weimann and Wu 2002, Tezel, Dokka et al. 2004). Clinical studies has shown little
invasiveness and good skin tolerance (Ogura, Paliwal et al. 2008).
Microdermabrasion
Microdermabrasion (MDA) is one of the top five non-surgical cosmetic
procedures in US. It is a unique, economic and minimal-invasive skin rejuvenation
technique performed using FDA cleared devices. Microdermabrasion is less aggressive
than chemical peeling, laser ablation and conventional dermabrasion (Lee, Shen et al.
2003, Song, Kang et al. 2004). The national average price of MDA ($122) is much lower
as compared to other skin resurfacing techniques (chemical peeling: $560; dermabrasion:
$1590; laser ablation: $2349). In 2012, 672,430 cases of MDA were performed, in the
USA alone, accounting for 6% of the total non-surgical cosmetic procedures (ASAPS
2012). MDA has been widely used for the improvement of fine lines, scars wrinkles,
photo-damage and post-inflammatory hyperpigmentation (Tsai, Wang et al. 1995, Tan,
Spencer et al. 2001, Coimbra, Rohrich et al. 2004).
Microdermabrasion, in fact, is a precise sandblasting of skin. It involves
bombarding chemically inert crystals onto skin at a high speed. The jet of crystals hit
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onto the skin, resulting in the ablation of skin with minimal epidermal damage. The used
crystals and debris are vacuumed off simultaneously. The process of microdeimabrasion
stimulates a mild wound healing process (Karimipour, Kang et al. 2005). The release of
cytokines, transcription factors and matrix metalloproteinase increased soon after
microdermabrasion. This activates a dermal remodeling cascade and thus improves skin
quality.
The efficacy and safety of microdermabrasion is governed by the duration of
application, flow rate of crystals, speed of movement and number of passes at the site.
For example, Woan-Ruoh Lee et al found that increase of treatment time was able to
enhance the permeation of clobetasol 17-propionate (Lee, Tsai et al. 2006). Similar
results are found in the MDA assisted delivery of estradiol and 5-aminolaevulinic acid
with different MDA procedures (Fang, Lee et al. 2004, Fujimoto, Shirakami et al. 2005).
In vitro permeation studies to investigate percutaneous permeation
Many in vitro and in vivo models have been developed to evaluate percutaneous
permeation. In vitro studies have been extensively utilized to investigate the permeation
profiles of various molecules. A well-designed in vitro permeation study provides a
convenient, economic, and surrogate tool to select optimal formulations before expensive
and time-consuming clinical trials. The design and optimization of in vitro permeation
studies relies on understanding of the following experimental parameters.
Diffusion cells
In vitro permeation studies can be performed in different types of diffusion cells.
The most commonly used one is the Franz diffusion cell. This vertical cell contains a
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donor compartment where test formulation is applied and a receptor compartment with
sampling arm. Skin or synthetic membranes are clamped between donor and receptor
compartment. The diffusion area varies from 0.5 to 5 cm2. The receptor was jacketed in
water bath, maintaining the system temperature at 37 °C and skin surface temperature at
32 °C. Another type of diffusion cells is side-by-side cells where the donor and receptor
compartment are placed horizontally and continuously stirred. Side-by-side cells are
suitable models when the donor formulation is a suspension or when infinite dose
conditions are needed. Flow-through cells are also used to simulate in-vivo conditions.
The receptor is in a continuous flow at the speed of 1-2 ml/hour, which mimics the
clearance of drug form skin into blood stream.
Skin membrane
In vitro permeation studies are generally performed using animal or human skin.
Human skins from cadavers or surgery provide the most relevant data. However, human
skin is expensive and shows high interpersonal variation. Rodent or porcine skins are
commonly used replacement of human skin. The comparison among different species has
been reviewed (Godin and Touitou 2007, Frasch 2009). Porcine ear skin shows best
similarity to human skin with respect to skin thickness, composition and permeability
(Dick and Scott 1992). Hairless rat skin is also a good model especially to evaluate
active enhancement techniques although it is more permeable than human skins (Godin
and Touitou 2007). Full thickness skin, dermatomed skin (epidermis and part of dermis)
or epidermis can be selected as per the objective of the study. The preparation and storage
of skin membranes will affect the permeation.

16
Donor concentration:
Percutaneous absorption follows Fick’s fist law of diffusion (Equation 1).
J = —D ^

-Equation 1

Where J is the flux which represents rate of permeation, D is the diffusion
coefficient and dc/dx is the concentration gradient. Infinite or finite dosing can be
employed in transdermal permeation. For infinite studies, excess drug is applied and the
steady state will be achieved. The steady-state flux can be calculated from the linear
portion of cumulative amount-time plot. For finite dose, the cumulative amount will
reach a plateau beyond which the permeated amount remains consistent. The flux will
drop after certain time point.
Vehicle effects
The selection of vehicle is essential for transdermal absorption. The vehicle
should have sufficient drug solubility (except for suspension). For hydrophilic molecules,
buffer solutions are ideal. For lipophilic molecules, propylene glycol, alcohol or other
solubilizers are added to ensure drug solubility. Penetration enhancers or retarders can be
applied to modify the permeation profile. Their effects on percutaneous absorption are
well reviewed (Eric Wane Smith 1995, Lane 2013).
Receptor medium
Ideally, the receptor medium should mimic the in vivo situation where the
permeants are continuous removed by blood stream and lymph vessels. To achieve that,
the receptor medium should have sufficient drug solubility to maintain the sink condition.
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In practice, the drug levels should not exceed 10% of its saturated solubility in receptor
(Williams 2003).
Transfollicular delivery
There are three major transport pathways for topically applied substances:
transcellular, intercellular and transappendageal pathways. Intercellular pathway implies
drug transport through a continuous phase of intercellular lipid matrix while transcellular
involves repeated partitioning of the molecules between keratinocytes and lipids matrix.
In the past, transappendageal pathways, mainly transfollicular pathways, were neglected
as hair follicles only account for 0.1% of total skin area (Scheuplein 1967). However,
recent studies indicated that transfollicular pathways play a more important role on
percutaneous absorption than it was believed earlier. First of all, hair follicles are also
considered to be an invagination of epidermis inserting deep into dermis; thus provide
considerable diffusion area and penetration depth for dermal absorption. Hair follicles
undergo different epidermal differentiation process (Vogt, Mandt et al. 2005). The
keratinocytes in hair follicles are also smaller and the skin barrier is interrupted (Knorr,
Lademann et al. 2009). Hair follicles also serve as long-term reservoirs considering that
the rate of desquamation is much lower in hair follicles (Lademann, Richter et al. 2007,
Lademann, Patzelt et al. 2012). Furthermore, transfollicular pathways are essential for
iontophoretic and nanoparticles-mediated transdermal delivery. It is found that
transdermal permeation of corticoids was significantly reduced if hair follicles are absent
(in scarred skin) or blocked (Illel, Schaefer et al. 1991, Hueber, Schaefer et al. 1994,
Otberg, Patzelt et al. 2008). On the other hand, insertion of hair follicles in tissue

engineered skin equivalent results in increased penetration of hydrocortisone (Michel,
L'Heureux et al. 1999).
Factors influencing transfollicular delivery
Transfollicular delivery is affected by many physiological and formulation factors
such as body site, hair growth cycle, vehicles, etc.
Regional variation
The size and density of hair follicles varies in different body sites. Scalp and face
have 500-1000 hairs/cm2 which constitute over 10% skin area while the palms, soles and
lips are devoid of hair follicles (Otberg, Richter et al. 2004). Vellus hair follicles cover
most body surface and terminal hairs with diameter >60 pm and depth >2 mm are
generally found in scalp, axillar and pubic region. Different body sites also have varied
sebaceous gland activity.
Hair growth
Hair growth can be divided into the growth phase (anagen), involution (catagen)
and the resting phase (telogen). Follicular penetration tends to occur in hair follicles at
anagen stage (Domashenko, Gupta et al. 2000, Lademann, Otberg et al. 2001).
Permeants and Vehicles
Sebum provides a lipophilic environment on skin surface. Thus it could be a
barrier for the permeation of hydrophilic permeants. Transfollicular delivery improves as
an increase of drug lipophilicity above certain critical logP threshold (Grams and
Bouwstra 2002, Frum, Bonner et al. 2007). Below this threshold, drug molecules tend to
randomly diffuse in stratum comeum. Lipophilic vehicles are more beneficial to
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transfollicular delivery as compared to hydrophilic vehicles. Vehicles like propylene
glycol, ethanol and dimethylsulfoxide will facilitate drug partitioning in sebum, thus
improving transfollicular delivery (Bamba and Wepierre 1993).
Size of nanocarriers
Nanocarriers are attractive delivery system targeting to hair follicles. The size of
nanocarriers has shown critical influence on follicular targeting. Smaller nanoparticles
show better follicular penetration although the random distribution in stratum comeum is
also increased (Rolland, Wagner et al. 1993, Alvarez-Roman, Naik et al. 2004). Other
studies suggested that size ranging from 320 to 700 nm is optimal for the retention of
nanoparticles in hair follicles as this size corresponds to the thickness of follicular
keratinocytes (Toll, Jacobi et al. 2004, M. Ossadnik 2006).
Assessment of transfollicular delivery
It is difficult to evaluate transfollicular delivery, especially in a quantitative
manner. Early studies were predominantly based on comparison between normal and
follicle-free (scarred) skin (Wahlberg 1968, Illel and Schaefer 1988, Hueber, Wepierre et
al. 1992, Hueber, Schaefer et al. 1994). For example, the skin uptake of four steroids
showed a 2-4 fold increase in normal skin as compared to scarred skin (Hueber, Schaefer
et al. 1994). In recent years, several emerging techniques have been developed to assess
transfollicular delivery both qualitatively and quantitatively.
Microscopic observation provides direct information on the presence and extent
of transfollicular delivery. For example, V. Raufast and A. Mavon visualized
transfollicular penetration of linoleic acid by microautoradiogram (Raufast and Mavon
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2006). Another study used transmission electron microscopy to investigate follicular
uptake of silver-labelled nanoparticles (Munster U 2005). Laser scanning confocal
microscopy is a non-invasive and well-established technique which provides threedimensional information with high resolution. It has been extensively used to observe
transfollicular delivery (Alvarez-Roman, Naik et al. 2004, Grams, Whitehead et al. 2004,
Lademann, Patzelt et al. 2009, Mak, Patzelt et al. 2012, Bhatia, Zhou et al. 2013).
Differential stripping was firstly developed by Alexa Teichmann and her group in
2005 (Teichmann, Jacobi et al. 2005). It refers to a combination of tape stripping and
cyanoacrylate surface biopsies (CSSB). Briefly, the stratum comeum is carefully
removed by repeatedly adhering tapes to skin surface and removing them with the help of
a glass rod. This process is termed tape stripping (Weigmann, Lademann et al. 1999).
Afterwards, a drop of cyanoacrylate glue is placed on stripped skin and covered by
another adhesive tape. The follicular cast will be extracted along with polymerized glue
on the tape. Differential stripping is effective to measure the distribution of topically
applied substances in hair follicles. For example, it was employed to determine follicular
penetration of antifungal substances using brilliant green as the model compound
(Ossadnik, Czaika et al. 2007). Another study utilized differential stripping to investigate
transepidermal and transfollicular permeation of isoconazole nitrate (Lademann, Patzelt
et al. 2012). The results suggested that hair follicles serve as long-term drug reservoirs.
Skin sandwich system was developed to mimic appendage-free skin regardless of
skin sources variability (Barry 2002). It was designed based on the assumption that the
orifices of hair follicles only occupied 0.1% of total skin area. Thus transappendageal
route could be obstructed by simply overlaying an additional layer of stratum comeum
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onto skin. The skin barrier was doubled and the actual flux through appendage-free skin
was as twice as what obtained in skin sandwich system according to Fick’s law. This
model has been used to determine the contribution of transfollicular route (Essa, Bonner
et al. 2002, Frum, Eccleston et al. 2008, Sarheed and Frum 2012).
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CHAPTER 3
MICRODERMABRASION ENHANCED DELIVERY OF COSMECEUTICALS
Abstract
Microdermabrasion (MDA) is one of the most popular non-surgical cosmetic
procedures. The objective of this study is to investigate the effects of microdermabrasion
on skin property and percutaneous permeation. Histological studies and transepidermal
water loss (TEWL) measurements were performed to evaluate the change of skin
morphology and barrier function post microdermabrasion. The recovery of
microdermabraded skin was investigated by in vivo calcein imaging studies. Permeation
of hydrophilic and lipophilic molecules through microdermabrasion treated skin was
examined by laser scanning confocal microscopy (LSCM) and in vitro permeation studies.
Microdermabrasion partially removes the stratum comeum. The TEWL value increases
as the increase of MDA treatment, suggesting the interruption of skin barrier function.
Confocal images indicated different permeation profiles for hydrophilic and lipophilic
molecules. Microdermabrasion significantly improved transdermal delivery of
hydrophilic model compound nicotinamide and dermal absorption of retinol, the
lipophilic model compound. Microdermabrasion is able to bypass the stratum comeum
and could be a potential active enhancement technique for topical and transdermal
delivery.
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Introduction
Microdermabrasion (MDA) is one of the top five non-surgical cosmetic
procedures. It abrades the stratum comeum by bombarding chemically inert crystals onto
skin. The treated sites undergo a mild wound healing and skin remodeling process,
improving the appearance of skin. MDA shows many unique and advantageous features
as compared to other skin resurfacing techniques. This economic and minimally invasive
cosmetic technique has been widely used for the improvement of fine lines, scars
wrinkles, photo-damage and post-inflammatory hyperpigmentation (Tsai, Wang et al.
1995, Tan, Spencer et al. 2001, Coimbra, Rohrich et al. 2004).
Several histological studies have shown that MDA removes the stratum comeum
with minimum damages on viable epidermis (Shim, Barnette et al. 2001, Gill, Andrews et
al. 2009, Andrews, Zamitsyn et al. 2011). Recent research interest focuses on MDA as a
potential active technique to improve topical and transdermal delivery. Woan-Ruoh
Lee,et al investigated the use of MDA to enhance transdermal delivery of Vitamin C. The
enhancement ratio was 25.73 and 21.91 for transdermal permeation and skin absorption,
respectively (Lee, Shen et al. 2003). It was also found that MDA resulted in 5-15 fold
increase in the delivery f 5-aminolaevulinic acid. MDA showed synergistic effect in
combination with iontophoresis (Fang, Lee et al. 2004). A more recent study investigated
MDA-mediated insulin delivery. Aggressive MDA which completely removes stratum
comeum is required to achieve sufficient desired therapeutic effect (Andrews, Lee et al.
2011).
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In this study, the effects of MDA on skin morphology and barrier function were
studied. Image-guided studies were performed to investigate the effect of MDA on skin
permeation. Retinol and nicotinamide are selected as the lipophilic and hydrophilic
models for in vitro permeation studies.
Materials
Chemicals: Calcein (0.35% solution) was purchased from Holies Laboratories Inc.
(Cohasset, MA) Vybrant Dio and FluoSpheres (0.2pm carboxylate modified
microspheres) were purchased from Invitrogen (Grand Island, NY). Nicotinamide and
retinol were obtained from Sigma-Aldrich (St. Louis, MO).
Animals: Male CD hairless rates were obtained from Charles River Laboratories
(Wilmington, MA). All animal procedures were performed as per the protocol approved
by Institutional Animal Care and Use Committee (IACUC) at Mercer University. The
rats were quarantined before use.
Methods
Microdermabrasion procedures
Microclear Vortex system (Lasermax services, Inc.) was used for MDA treatment.
The MDA assembly contains an aspiration-compression system, a flexible tube with
hand-piece and three chambers for crystal storage, filtering and debris recycling,
respectively (.Figure 1). Prior to MDA, the hairless rats were anesthetized by ketamine
and xylazine at the dose of 70 mg/Kg and 10 mg/Kg, respectively. Microdermabrasion
was then carried out at a vacuum pressure of 15 in Hg. Two types of treatment were
employed: the stationary mode and mobile mode. For stationary mode, the hand-piece

was held on the surface of skin vertically. The skin was exposed to MDA treatment for 3,
5 or 10 seconds. For mobile mode, the hand-piece was moved along the skin surface at
the speed of 3 sec/pass.

Figure 1 Microclear Vortex system for microdermabrasion treatment
Histological observation
The skin was cleaned and the subcutaneous fat was removed. The MDA treated
sites were immerged into optimal cutting temperature compound (OCT) medium
carefully. The embedded skin samples were frozen and maintained in -80°C until use.
The skins were then cut into 30 pm thick vertical specimens using a cryotome (Cryo-star
HM 560MV, Microm) and stained with hematoxylin and eosin (H&E). Intact skin and
fully tape-stripped skin (20 times) were also sectioned and served as controls.
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Transepidermal water loss measurements (TEWL)
TEWL was measured using a VapoMeter (Delfin Technologies, Inc.). The probe was
placed on MDA treated site vertically until the value was obtained (unit: g/m /h).
Laser scanning confocal microscopy
Microdermabraded skins were treated with calcein, Vybrant Dio and FluoSpheres
for 5 minutes, respectively. Their permeation profiles were then observed under a Zeiss
LSM410 system (Calz Zeiss Inc.) using 20X objective. The excitation and emission
wavelength was 488nm and 505-530 nm, respectively.
In vivo calcein imaging studies:
The recovery of MDA treated skin was examined by in vivo calcein imaging
studies. The skins were treated with 20 passes of MDA and treated with calcein at
predetermined time points. Fluorescent images were taken over a period of 4 days.
In vitro permeation studies
Retinol with logP of 4.2 and nicotinamide with logP of -0.37 was selected as the
lipophilic and hydrophilic model compound, respectively. The skins were treated with 10
passes of microdermabrasion and mounted on Franz diffusion cells. For retinol, the donor
was filled with 100 pi of saturated solution of retinol (2.5 mg/ml in) and the receptor was
propylene glycol (PG). For nicotinamide, 5 mg/ml solution in PG (100 pi) and 100% PG
was used as donor and receptor, respectively. Samples (0.5 ml) were taken at
predetermined time points over 24 hours.
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Tape stripping and Skin extraction assay
Drug levels in stratum comeum and stripped skin were examined by tape
stripping and skin extraction assay. Following 24 hours permeation, the skins were
cleaned with receptor medium and gently dabbed with cotton stick. 3M transpore tapes
(St.Paul, MN, USA) were cut into 1*1 inch pieces and tightly contacted on the skin with
the help of a glass rod. This procedure was repeated 15 times to completely remove the
stratum comeum. The first five tapes were kept individually and the rest tapes are pooled
as tape 6-10 and tape 11-15. The extraction medium was ethanol for retinol and water for
nicotinamide, respectively. The remaining skins were cut into small pieces and also
extracted for assay.
Table 2 Properties and assays for Retinol and Nicotinamide

Retinol

Nicotinamide

0.1 -50 pg/ml

0.1 -50 pg/ml

Structure

Range of Standard curve
Quantification assay

All samples were analyzed by HPLC modified from literature (Jenning, SchaferKorting et al. 2000, Chimezie Anyakora 2002). For retinol, an XTerra column RP18 (150
x 4.6mm, 5 pm) was used. The analyte was eluted with a mixture of acetonitrile and 0.1%
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phosphoric acid (80:20) at a flow rate of 1 ml/min. For nicotinamide, isocratic assay was
performed using Atantis dC18 column (150 * 4.6mm, 3 pm). The mobile phase consisted
of 90% of sodium hexanesulfonate and 10% of methanol. The detection wavelength was
325 nm for retinol and 261 nm for nicotinamide, respectively. The standard curve and
range for the assay were given in table 2.
Results and discussions
Hairless rat skin is a good model for human skin when active delivery
technologies such as iontophoresis or microdermabrasion are utilized (Godin and Touitou
2007). Histological analysis indicated partial removal of stratum comeum for both
stationary and mobile modes of MDA (Fig. 2). In mobile mode, the degree of stratum
comeum abrasion increased as a function of the number of passes. On the other hand,
application of MDA in stationary mode caused separation of viable epidermis from the
dermis {Figure 2b), resulting in “ microblisters” (Gill, Andrews et al.
2009) .Microblisters should be avoided and therefore the mobile mode is advisable in
practice. However, MDA involving the deeper layers of the skin using stationary mode
may be necessary to enhance resurfacing efficacy for some cases like removal of severe
scars (Jegasothy 2001). Transepidermal water loss is defined as the diffusion of water
across the epidermal layer (Bettley and Grice 1968). It is a useful tool to evaluate the
integrity of the skin barrier. In this study, TEWL measurement was performed to
investigate the effects of MDA on skin barrier function. Figure 3 shows the TEWL value
for stationary and mobile MDA. TEWL was elevated as a function of the extent of
microdermabrasion. This is supported by histological images, which show that the
efficiency of MDA depended on the degree of MDA. MDA resulted in histological
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alternation of skin and increased TEWL value, indicating loss of skin barrier. The results
are consistent with literature which reports increase of skin resistance and disruption of
skin integrity (Andrews, Lee et al. 2011).

Intact skin

MDA3 Seconds

MDA 10 passes

TS 20 tim es

Figure 2 Histological images for (a) Intact skin; (b) 3 seconds MDA (Stationary mode);
(c) 10 passes MDA (Mobile mode; and (d) fully tape stripped skin
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Figure 3 TEWL values for microdermabrasion in stationary mode (upper panel) and
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As Figure 4 shows, TEWL values increased with an increase in the number of
passes, indicating a higher degree of stratum comeum removal. This result supports what
we found in histological images, namely, the peeling efficiency of MDA is associated
with the number of passes. TEWL monitoring over a period of time post-MDA indicated
that skin barrier function was restored within 2 h after one and three passes of MDA,
while it took up to 9 h for recovery for 5 passes treatment. Extended treatment (10 and 20
passes) resulted in further loss of barrier function.

10 passes

Before

Figure 4 TEWL post microdermabrasion as a function of time. The value is reported as a
percentage increase from the base value (intact skin).
In vivo image {Figure 5) shows improved permeation of calcein immediately after
microdermabrasion. The fluorescence decreased as a function of time, which resulted
from the regeneration of stratum comeum. At 96 hour after microdermabrasion,
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permeation of calcein was similar to that of intact skin, suggesting the recovery of
stratum comeum. Some clinical studies have also suggested the recovery process may
require more than 24 hours in human skin following three passes of MDA therapy and
the appearance, barrier function and water content of skin improved significantly after 1
week (Rajan and Grimes 2002, Song, Kang et al. 2004). Thus, the enhancement effect of
MDA may be sustained for a few days.
35

intact

0 hrs

6 hrs

15 hrs 48 hrs 72 hrs % hrs

1
Figure 5 TEWL (upper panel) and In vivo calcein imaging (lower panel) to investigate
skin recovery post MDA. (a) Intact skin (b) 0 hours (c) 24 hours (d) 48 hours (e) 72 hours
(f) 96 hours post MDA
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Confocal microscopy indicated different permeation profiles for hydrophilic and
lipophilic dyes (.Figure 6). Permeation of calcein into intact skin was negligible, whereas
it improved significantly post-MDA. The permeation depth increased from 50 to 120 pm
after 10 passes of MDA.
Calcein

Vybrant DiO

Fluosphere

Figure 6 Confocal images for the permeation profile of Calcein (left column), Vybrant
Dio (middle column) and Fluosphere® (right column)
In contrast with calcein where diffusion was affected by the extent of MDA,
Vybrant Dio showed no evident differences in permeation with increase in the number of
passes. Limited amounts of Vybrant Dio were observed in both intact and
microdermabraded skin. One possible explanation could be its lipophilic nature. Even
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though the skin barrier was disrupted post-MDA, the hydrophilic nature of viable
epidermis and dermis did not favor permeation of lipophilic molecules. Also,
microdermabrasion did not improve the penetration of FluoSpheres, indicating that
microdermabrasion did not affect follicular pathways and therefore the uptake of
microparticles is not affected.
Figure 7 and Table 3 depicted the delivery of nicotinamide and retinol across
intact and microdermabraded skin. MDA enhanced transdermal delivery of hydrophilic
nicotinamide significantly with minimum lag time. A steady state flux of
14.4(ig/cm2/hour was calculated from Fick’s diffusion law. On the other hand, retinol is
lipophilic and unable to permeate across the skin even after 10 passes of MDA. MDA
resulted in a three-fold increase in the dermal uptake of retinol. Retinol levels in stratum
comeum and stripped skin were 2.44 ± 0.55 pg and 341.82 ± 89.90 pg, respectively.
MDA improved transdermal delivery of hydrophilic compounds like nicotinamide,
vitamin C and 5-fluorouracil (Lee, Shen et al. 2003, Lee, Tsai et al. 2006) since stratum
comeum is the rate-limiting barrier for hydrophilic molecules. The effects of MDA on
lipophilic compounds are more complicated. In our case, MDA improves dermal
absorption of retinol due to compromised skin barrier by MDA. However, stratum
comeum also serves as a depot for lipophilic molecules. The partition of drug with lipid
domain in the stratum comeum plays an essential role in percutaneous absorption.
Therefore, insufficient drug-lipid partition might obstruct transdermal delivery. For
example, Lee reported that the flux and skin deposition of clobetasol was significantly
reduced after MDA treatment (Lee, Tsai et al. 2006).
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Figure 7 In vitro permeation profile of nicotinamide; microdermabrasion enhanced the
transdermal delivery of nicotinamide significantly.

Table 3 In vitro permeation and skin absorption of nicotinamide and retinol
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Conclusion
Microdermabrasion resulted in a bypassing of the stratum comeum by
bombarding high-speed crystal onto skin surface. It provided a potential mechanism to
improve topical and transdermal delivery. Using hairless rat model, we have shown that
MDA practically removes the stratum comeum and improved transdermal delivery of
nicotinamide and dermal absorption of retinol. MDA appears to be a potential
enhancement technology for the topical/transdermal delivery of cosmetic agents.
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CHAPTER 4
NILE RED LOADED SOLID LIPID NANOPARTICLES FOR TOPICAL DELIVERY
Abstract
Solid lipid nanoparticles (SLNs) are potential nanocarriers for topical and
transfollicular delivery. The objective of this study is to prepare and characterize nile red
loaded solid lipid nanoparticles (NR SLNs) and to investigate their different percutaneous
penetration pathways. NR SLNs were prepared by emulsion-solvent evaporation method.
Morphology, size and zeta potential were investigated by transmission electron
microscopy and dynamic light scattering. Permeation of NR SLNs was monitored by
laser scanning confocal microscopy and in vitro permeation study. Differential stripping
and skin extraction study were performed for quantification of NR in stratum comeum,
hair follicles and underlying skin. SLNs had average size of 326.94 ± 6.73 nm and zeta
potential of -25.77 mV. Confocal images revealed that NR penetrated skin via
intercellular and transfollicular route in both solution and SLNs forms. Permeation study
indicated NR SLNs resulted in a significant increase in NR levels in skin and hair
follicles after 16 hours permeation (P<0.05) NR SLNs penetrated in porcine ear skin
more effectively than porcine back skin. To conclude, SLNs offer a promising approach
to enhance topical drug delivery. Transfollicular route plays an important role in delivery
of SLNs formulation.
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Introduction
Solid lipid nanoparticles (SLNs) are novel colloidal delivery systems composed of
lipids which are solid at room temperature. The idea of SLNs originated from replacing
the oil of an oil/water emulsion with solid lipids (Gasco 1993). These novel lipid carriers
have many attractive and advantageous features for pharmaceutical applications. SLNs
are generally composed of biocompatible lipids, therefore, are non-irritant and non-toxic.
They improve the stability of incorporated drugs and modulate their release profile. Ease
of manufacturing, scale-up and sterilization offer additional advantages.
Many researchers have suggested that SLNs are promising vehicles for topical
application. SLNs are shown to have adhesive and occlusive properties when applied on
skin (Wissing, Lippacher et al. 2001). They are also known to enhanced skin absorption
of incorporated ingredients and minimize systemic delivery (Pople and Singh 2006). Due
to these appealing advantages, numerous cosmetic and pharmaceutical agents such as
retinoid, coenzyme Q10, glucocorticoids, lidocaine and cyproterone acetate have been
formulated as SLNs (Sivaramakrishnan, Nakamura et al. 2004, Wissing, Muller et al.
2004, Stecova, Mehnert et al. 2007, Pathak and Nagarsenker 2009).
Hair follicles are considered to be an important penetration pathway and long
term reservoir for topically applied substances although they only account for limited
skin surface area (Lademann, Richter et al. 2007, Lademann, Patzelt et al. 2012). The use
of nanocarriers for transfollicular delivery has been extensively researched. For example,
polymeric micro-/nano- particles with a size ranging from 20 nm to 10 pm were
investigated for transfollicular delivery of model dyes and therapeutics (Mordon, Sumian
et al. 2003, Alvarez-Roman, Naik et al. 2004, Shim, Seok Kang et al. 2004, Patzelt,
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Richter et al. 2011). Their follicular penetration is size-dependent. Schaefer et al also
reported that polymeric microspheres of 3-10 pm tends to penetrate in hair follicles.
Microspheres larger than 10 pm are retained on skin surface while particles smaller than
1 pm randomly spread on the epidermis (Rolland, Wagner et al. 1993). Since polymeric
nanoparticles are less deformable and less biocompatible, their enhancement on
transfollicular delivery is limited. Nanoparticles greater than lOOnm penetrate into the
dermis only with difficulty (Bouwstra, Pilgram et al. 2001). Another type of attractive
nanocarriers is liposomes. They have been shown to increase follicular uptake of many
small therapeutics and macromolecules (Li, Lishko et al. 1993, Andrea C. Lauer 1996,
Betz, Imboden et al. 2001, Jung, Otberg et al. 2006). Liposomes may not penetrate hair
follicles as intact form. Instead, phospholipids are dissolved in sebum and distributed in
the entire hair shunt. The transfollicular route is the major route for liposomal delivery
into dermis (Betz, Imboden et al. 2001). Other nanocarriers like transfersomes, niosomes
and nanoemulsion were also found to accumulate in hair follicles (Wu, Ramachandran et
al. 2001, Tabbakhian, Tavakoli et al. 2006).
Several researchers revealed that SLNs were effective nanocarriers for drug
delivery into follicles. Chen found that incorporating podophyllotoxin into solid lipid
nanoparticles resulted in accumulation of the drug in the epidermis and hair follicles
(Chen, Chang et al. 2006). Munster also reported that SLNs showed superior follicular
penetration compared to nanoemulsion (Munster, Nakamura et al. 2005). Compritol
based SLNs revealed intense follicular uptake and was able to reach deep hair follicles in
intact form. However, very few studies have quantitatively addressed different pathways
for the penetration of SLNs.
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In this study, a lipophilic florescent dye nile red (NR) was selected as the model
molecule. Nile red loaded solid lipid nanoparticles (NR SLNs) were prepared and
characterized. The penetration profile of this formulation was investigated using porcine
ear skin and back skin models. Different penetration pathways, especially the
transfollicular route, were examined and compared in both qualitative and quantitative
aspects.
Materials
Chemicals: Tripalmitin and nile red were purchased from Acros Organics (Morris
Plains, NJ, USA). 4', 6-diamidino-2-phenylindole, dilactate (DAPI) were purchased from
Invitrogen (Carlsbad, California, USA). All the other reagents were obtained from Fisher
Scientific (Pittsburgh, PA, USA).
Skins: Porcine ear and back skin were purchased from Pel-freeze Biologicals
(Rogers, AR, USA). The subcutaneous was removed and the hairs are carefully shaved
before use.
Methods
Preparation of solid lipid nanoparticles
NR SLNs were produced using emulsion-solvent evaporation method developed
by Garcia-Fuentes with minor modifications (Garcia-Fuentes 2002). Briefly, 50 pi of
deionized water (inner aqueous phase) was added into 700 pi of methylene chloride
(organic phase) in which 100 pg of NR, 50 mg of tripalmitin and 25 mg of lecithin were
dissolved and then sonicated for 15 seconds. 2 ml of 1.25% PluronicF68 solution (outer
aqueous phase) was added into the resulting water in oil emulsion and further sonicated
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for 60 seconds. The emulsion was then stirred at 300 rpm for 30 minutes and diluted with
3 ml of 1.25% PluronicF68 solution followed by 15 minutes evaporation (rotavapor R3000, Buchi, Switzerland). Formulations containing 0.05%, 0.25% and 0.5% of lecithin
were also investigated for optimization.
Morphology, size, surface charge and entrapment efficiency
The morphology of NR SLNs was investigated using transmission electronic
microscopy (TEM). Ten-time-diluted sample was placed on copper grid supported carbon
film and negative stained with phosphotungstic acid. Afterwards, the sample was air
dried and immediately observed under Hitachi H-7500 TEM (Hitachi. Ltd, Tokyo,
Japan). The average particle size, polydispersity index and zeta potential were measured
by dynamic light scattering using zetasizer (Nano-ZS, Malvern Instruments, UK). The
entrapment efficiency (EE%) of NR SLNs was determined by centrifugation followed by
ultra-filtration (Equattion 2). 1 ml of NR SLNs formulation was centrifuged at 17,000 g
for 3 hours. The supemanent was then transferred to Centricon-3 centrigugal filter device
(3kD molecular weight cut off) and centrifuge at 6000 g for 1 hour. The amount of free
NR in aqueous phase was extracted with methylene chloride and analyzed using a
fluorescence spectrophotometer.
EE% = (initial amount of NR - Free NR) / initial amount of NR -Equation 2
Qualitative study: laser scanning confocal microscopy (LSCM)
LSCM studies were performed to visualize the permeation profile of NR SLNs. In
the first experiment, excised porcine ear skin was treated with either NR solution or NR
SLNs as described in the next section for 10 minutes. The skin was directly observed
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using Zeiss confocal laser microscope LSM410 (Calz Zeiss Inc., Goettinger, Germany).
Images were captured in Z-stack scanning model (a series of images parallel to surface).
In the second experiment, a 24 hour study was performed. The treated site was embedded
in OCT medium and frozen at - 80 °C until use. Vertical sections, each 10 pm thick, were
obtained using a cryotome (Cryo-star HM 560MV, Microm), and further stained with 30
pM DAPI for 1 minutes. The specimens were examined under LSCM. The excitation of
NR and DAPI was 543 nm and 405 nm, respectively. The filters for them were BP 475525 and BP585-615 for optimal emission.
Flow Cytometry
The skin was treated with NR solution or NR SLNs at predetermined time points.
Epidermal cell suspensions were then prepared by enzymatic digestion method modified
from literature (Peiser, Grutzkau et al. 2003). Briefly, skin was cut into small pieces and
incubated in Dispase I solution (4.9 unit/ml in IX PBS) at 37 oC for 3 hours. The
epidermal membrane was gently removed and then dipped into 1 ml of 0.025% trypsin.
Single cell suspension was obtained by repeatedly pipetting the liquids and passing
through 40 pm cell strainer (BD FalconTM, Germany). The samples were diluted to
2.3 xlO6 cells/ml for flow cytometry using FACS Calibur and CellQuests software
(Becton Dickinson, Heidelberg, Germany). A total number of 20,000 events were
recorded.
Set up of in vitro permeation experiment
In vitro permeation experiment was performed using full-thickness porcine ear or
back skin over a period of 24 hours. The skins were excised and cleaned. The
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subcutaneous tissues were removed and the hairs were carefully shaved. Afterwards, the
skins were mounted on vertical Franz diffusion cells (Permegear, Inc., Hellertown, PA,
USA). The effective diffusion area and receptor volume was 0.64 cm and 5 ml,
respectively. 300 pi of either 20pg/ml NR solution in propylene glycol (control group) or
NR SLNs formulation was added into the donor compartments. The receptor
compartments were filled with deionized water.
Differential stripping
After 24 hours permeation study, excess NR was removed and the skins were
cleaned with an alcohol swab. A technique called differential stripping was utilized to
investigate the follicular delivery of NR SLNs (Teichmann, Jacobi et al. 2005). Briefly, a
piece of 3M transpore tape (St. Paul, MN, USA) was pressed onto the skin with the help
of a glass roller and removed quickly. This procedure, called tape stripping, was repeated
20 times to ensure complete removal of stratum comeum (SC). Subsequently, a drop of
cyanoacrylate superglue was applied on the skin and covered with another tape. After the
superglue was completely polymerized, the tape was quickly removed and follicular casts
remained on it. This procedure was validated by vertical histological sectioning of skin
followed by hematoxylin and eosin staining. The tapes were then extracted with
acetonitrile (1 ml per tape for ear skin samples and 0.6 ml per tape for back skin samples)
and shaken at room temperature overnight. The cyanoacrylate tapes were sonicated in
acetonitrile and extracted using the same procedures.
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Skin extraction and recovery studies
Skin extraction studies were performed to analyze the level of NR in underlying
skin. Following differential stripping, the treated site was minced and extracted with 3 ml
of methylene chloride overnight. The extracts were evaporated under nitrogen and
reconstituted with 1ml of acetonitrile for quantification. Recovery studies were also
performed to determine the efficiency of extraction. NR (600ng, 300ng, lOOng, 50ng and
20ng) was added to minced porcine ear skin or back skin. Following three hour
incubation, NR was extracted using the method described above. The actual amount of
NR in skin was calculated by extrapolation the standard curve of extraction efficiency.
Quantitative analysis
NR was quantified by fluorescence spectrophotometer. All the samples were
centrifuged and 200 pi of each was added into black 96 well plates and then analyzed
using microplate reader. The excitation and emission wavelength for NR was 530 nm and
590 nm, respectively.
Results and discussions
The formation of SLNs using the emulsion-solvent evaporation method was
known to be affected by many factors including encapsulated molecule, the type and
concentration of lipid and surfactant, the volume of organic and aqueous phase,
dispersion and evaporation techniques (Cortesi, Esposito et al. 2002, Bunjes, Koch et al.
2003, Jensen, Magnussson et al. 2010). In our research, formulations with different

lecithin levels were investigated. Higher amounts of lecithin resulted in decreased size for
SLNs (Table 4). Pilot studies also suggested filtration and altered volume of organic
phase did not affect the particle size significantly. Formulation 1 containing 0.5% of
lecithin resulted in SLNs having smallest particle size of 326.94 ± 6.73 nm. Zeta potential
measurement of these nanoparticles indicated a negative surface charge of -25.77 mV,
which is necessary for the stability of nanoparticles. As a result, formulation 1 was
selected for all future studies. In addition, the entrapment efficiency for formulation 1
was 99.66 ± 0.13 % (n = 3), indicating good incorporation of NR in lipid matrix.
Table 4 Effect of lecithin concentration on the size of solid lipid nanoparticles
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TEM observation of NR SLNs (Figure 8) showed that NR SLNs were spherical
and the size was approximately 200 to 400 nm, which is consistent with measurement
using dynamic light scattering.
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Figure 8 Transmission electronic microscopic images for NR SLNs
Laser scanning confocal microscopy (LSCM) is a powerful imaging tool to
visualize topical delivery of fluorescent labelled compounds (Alvarez-Roman, Naik et al.
2004). It provides in-depth (up to 2mm) imaging and avoids conventional fixation and
sectioning process (z-stack mode). Porcine ear skin treated with NR SLNs were observed
using LSCM (Figure 9). The results demonstrated that incorporating NR into SLNs did
not change its penetration pathway. Lipophilic NR, both in solution and in SLNs forms,
permeated into skin via intercellular route and transfollicular route. However, the level of
penetrated NR was significantly higher in NR SLNs as compared to that in solution.
Vertical sections of skin simultaneously stained with DAPI and NR were
observed as well. Figure 10 showed distribution of NR from solution (control) and SLNs
at the end of 24 hour permeation study. In control group, NR was mainly accumulated in
SC, and only a minimum amount penetrated into viable epidermis {Figure 10C).
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Encapsulation of NR in SLNs, in contrast, resulted in a drastically enhanced skin uptake.
The majority of NR was distributed into both SC and viable epidermis whereas a
considerable level was distributed in upper dermis (Figure 10G). The penetration depth
for NR solution and NR SLNs was 58.22 and 615.94pm, respectively. Images showing a
single hair follicle (Figure 10D and 1OH) indicated that the transfollicular route played
an indispensable role in the delivery of NR in both solution and SLNs forms. Higher NR
levels permeated skin in SLN group comparing to control group. On the other hand, it
should be noted that NR mainly accumulated in the infundibulum region and did not
reach deeper region of hair follicle in both cases.
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Figure 9 Follicular delivery of NR solution and NR SLNs porcine ear skin as a function
of depth. White area indicated follicular shunt.

Figure 10 Penetration of NR solution (Upper panel) and NR SLNs (Lower panel). Red,
blue and purple color indicated NR, DAPI and overlay of both dye, respectively.
Flow cytometry involves the passage of fluorescent labeled suspended cells
through an electronic detection apparatus for cell counting and sorting. It has been used
to examine drug internalization in certain types of cells such as epidermal cells and
Langerhans cells (Vogt, Combadiere et al. 2006, Rancan, Papakostas et al. 2009). Figure
11 demonstrated the distribution of NR in viable epidermis as a function of time. Flow
cytometry analysis was performed on epidermal cells suspensions isolated from NR
solution or SLNs treated skin. The flow cytometry histogram of SLNs group showed a
clear right shift with respect to untreated skin at 1 hour, suggesting the increase of NR
permeation. In contrast, the right shift for NR solution was not obvious until 8 hours. At
16,20 and 24 hours, the histogram and fluorescent intensity were similar, which
indicated saturated epidermal absorption after 16 hours permeation.
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Figure 11 Flow cytometry shows permeation of NR in epidermal cells as a function of
time. Blue and red line indicated NR solution and NR SLNs, respectively.
Differential Stripping is a recent technique combining tape stripping with
cyanoacrylate skin surface biopsy. It enables the quantification of follicular delivery of
topically applied substances distinct from other penetration routes. Histological images
(Figure 12) demonstrated the effectiveness of our differential stripping protocol. After
stripping with 20 tapes, the stratum comeum was completely removed whereas the hair
follicles remained intact (Figure 12B, C). Subsequent stripping with cyanoacrylate
allowed removal of the follicular contents (Figure 12D).
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Figure 12 Histological Images for Differential Stripping (A) Intact skin; (B) Tape
stripped skin; (C) Tape stripped skin (follicles); (D) Differential stripped skin (follicles)
Figure 13 shows in vitro permeation profile of NR SLNs and NR solution. At 16
hours, transepidermal and transfollicular delivery was significantly enhanced when NR
was incorporated with SLNs. In the control group, approximately 80% of permeated NR
was distributed in stratum comeum. In SLNs group, NR delivery in hair follicles and
stripped skin accounted for 15% and 37% of total permeation. The amount of NR in hair
follicles was also increased from 5.77 ± 0.47 ng to 16.55 ± 5.71 ng as compared to
control. In contrast, incorporation of NR into SLNs resulted in comparable NR levels in
stratum comeum or hair follicles as compared to control group (P>0.05) at 24 hours. This
could be explained by saturated absorption in stratum comeum and hair follicles since
permeation of NR SLNs in stratum comeum and hair follicles did not change
significantly when the permeation time was increased from 16 hours to 24 hours. This
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can also be supported by flow cytometry analysis, which showed similar histogram as
representative of epidermal absorption after 16 hours permeation. In addition, SLNs
significantly improved dermal uptake of NR both at 16 hours and 24 hours.
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Figure 13 Permeation profiles of NR solution and NR SLNs at 16 hours and 24 hours
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Figure 14 Skin depositions of NR solution and NR SLNs using porcine ear skin and
porcine back skin model
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Permeation of NR SLNs using porcine ear and back skin models were also
compared as shown in Figure 14. In the porcine ear skin, NR level in stratum comeum
was close to that in back skin (P>0.05). However, the penetration in hair follicles and
remaining skin was significantly higher as compared to back skin model (P<0.05).
Hair follicles are associated with a variety of skin disease such as acne, hirsutism,
Alopecia areata and skin infections. Follicular targeting is thus an attractive aspect for
dermatology. Many micro/nano particulate systems such as liposomes, microspheres and
SLNs exhibit considerable follicular accumulation and good potential for follicular
targeting (Chourasia and Jain 2009). SLNs are good carriers targeting to hair follicles
because follicular uptake will be improved when the lipophilicity of vehicles was
increased (Grams and Bouwstra 2002). On the other hand, unlike polymetric microsphere
and metal nanoparticles which are poorly soluble in SC, SLNs are able to interact with
lipid domain in SC, resulting improved partition of drugs into skin. Therefore, the
intercellular route would always play a significant role in penetration. As in our case, the
majority of NR were localized in SC and viable epidermis rather than in hair follicles.
The follicular uptake of micro/nano particulate carrier is affected by their particle
size. Smaller size will generally favor the delivery of micro/nano particles. Ossadnik
demonstrated the optimum size of particles for follicular penetration should range from
320 to 700 nm (M. Ossadnik 2006). Therefore, NR SLNs, which has an average particle
size of 326.94 ± 6.73 nm, will be suitable for follicular penetration.
Confocal images revealed that penetration of NR in SC and HF was improved
when NR SLNs were utilized in the early stage. As the penetration continued, the NR
levels in SC and HF were saturated and a depot was formed. That is why no differences

were found in the accumulation of NR in SC and HF between non-particulate and
particulate formulations. As a small and highly lipophilic molecule, NR had moderate
percutaneous absorption, but is only limited to upper layer of skin. Incorporation with
SLNs resulted in faster and enhanced penetration into deeper skin layers.
The in vitro permeation study demonstrated that the follicular route only
accounted for approximately 5% of total penetration of NR SLNs. However, it played an
important role for percutaneous penetration. NR absorption was higher in ear skin as
compared to back skin. Such difference is most likely the result of the differences in hair
follicles. The hairs were approximately 11/cm for porcine back skin and 20/cm for ear
skin whereas the diameter in back site was slightly larger. The higher density of hairs in
porcine ear skin will improve follicular penetration and further facilitate topical delivery.
On the other hand, hair follicles can work as a long-term reservoir due to the lower
depletion rate as compared to SC. It has been reported that topically applied fluorescein
can be remained in hair follicles up to 4 days, and use of nanoparticles further improve
follicular accumulation up to 10 days (Lademann, Richter et al. 2007). Patzelt also found
that follicular reservoir in vitro only accounted for 1% - 20% of the in vivo reservoir
(Patzelt, Richter et al. 2008). He attributed such reduction to the contraction of the elastic
fibers in excised skin. This finding suggested that follicular route may place a more
important role in vivo over in vitro excised skin model.
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Conclusions
NR SLNs were successfully produced for topical application. SLNs penetrate skin
via the intercellular route and the transfollicular route. NR SLNs accumulated in stratum
comeum, epidermis and infimdibulum region of hair follicles more effectively compared
to NR solution. They provided a promising enhancement approach for topical delivery.
The transfollicular route played a significant role in delivery of SLNs formulation.
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CHAPTER 5
FORMULATION, CHARACTERIZATION AND TOPICAL DELIVERY OF
ADAPALENE LOADED NANOSTRUCTURED LIPID CARRIERS TARGETING TO
HAIR FOLLICLES
Abstract
Adapalene (ADL) is topical retinoid drug which is highly effective in the
treatment of acne. High lipophilicity of adapalene has to be addressed for effective
permeation in skin. The objective of this study is to develop nanostructured lipid carriers
(NLCs) for topical delivery of adapalene. Adapalene loaded NLC consisting of
tripalmitin (solid lipid) and oleic acid (oil) were prepared using high pressure
homogenizer. The size, surface charge and entrapment efficiency of NLC was measured
using dynamic light scattering and size exclusion chromatography, respectively. NLC
formulations with different lipid/oil ratio are compared and the optimal one which
contained 0.7 g of tripalmitin and 0.3 g of oleic acid was used for further studies.
Permeation study was performed followed by differential stripping and skin extraction
assay. The resulting optimal adapalene NLCs showed size of 63 nm and polydispersity
index of 0.3. NLCs were spherical and in amorphous state. NLCs resulted in a significant
increase of ADL permeation in both stratum comeum and hair follicles as compared to
control. The permeation profile of ADL NLCs was also compared with a commercial gel.
The percentage of follicular ADL uptake was increased from 4% to 10% with respect to
total permeation. To conclude, NLCs are promising nanocarriers for topical and
transfollicular delivery of highly lipophilic drugs like adapalene.
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Introduction
Acne is one of the most common dermatological conditions affecting over 17
million people in US. It predominantly occurs in adolescents and young adults, and is
associated with hyperactivity of sebaceous gland, abnormal follicular keratinization and
overgrowth of P. acne in skin flora. Topical retinoids are the most effective and popular
therapeutics for the treatment of acne. Adapalene is a naphthenic acid derivative which
shows potent retinoid pharmacology. It is a selective agonist to retinoic acid receptor p
and y and stable to oxidation and UV light as compared to other retinoid drugs like retinol
and tretinoin (Martin, Meunier et al. 1998). The structure and physicochemical properties
of adapalene are given in Table 5. Adapalene addresses the abnormal proliferation and
differentiation of keratinocytes and significantly inhibits inflammatory responses in skin
(Shroot and Michel 1997). Therefore, adapalene has been extensively used in the clinic
for the treatment of acne (Irby, Yentzer et al. 2008, Bettoli, Borghi et al. 2013).
Table 5: The structure and physicochemical properties of adapalene

Adapalene

Light sensitive

Current products

Differin®, Epiduo® Gel
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Currently, adapalene is formulated and marketed as 0.1% or 0.3% gels or creams.
Other novel delivery systems like microspheres, nanoemulsion and liposomes have also
been studied to improve the targeted delivery of adapalene into hair follicles. For
example, adapalene was encapsulated with 5 pm PLGA microspheres (Rolland, Wagner
et al. 1993). The results indicated that microspheres were effectively delivered into hair
follicles and resulted in a 10-fold increase in therapeutic effect in vivo. Another
interesting delivery system investigated was cyclodextrin and soybean oil based beads
with size of 1-5 pm and entrapment efficiency >96%. Adapalene loaded beads showed
good skin tolerance and similar permeation compared to the commercial gels and creams
(Trichard, Delgado-Charro et al. 2008). More recently, Gaurav et al formulated adapalene
load microemulsion for transfollicular delivery (Bhatia, Zhou et al. 2013). The
microemulsion resulted in a 3 fold-increase in total permeation and a 17-fold increase in
follicular absorption as compared to control.
NLCs are lipid-based nanocarriers which have excellent potential for the topical
and transfollicular delivery of lipophilic drugs like adapalene. They are able to stabilize
incorporated drugs and enhance percutaneous delivery with minimum systemic side
effects. NLCs have several advantages as compared to SLNs. Oils such as oleic acid and
medium chain triglycerides are incorporated in NLCs, preventing the P transformation of
lipids and thus increasing drug encapsulation and particle stability (Muller, Radtke et al.
2002). NLCs have several advantages as compared to SLNs, nanoemulsion and
liposomes. The oils such as oleic acid and medium chain triglycerides are incorporated in
the nanoparticles, which prevent the p transformation of lipids. Thus the drug
encapsulation and particle stability are improved. NLCs resulted in superior enhancement

effect as compared to SLNs. For example, a lipophilic anti-oxidant Resveratrol was
incorporated with SLNs and NLCs (Gokce, Korkmaz et al. 2012). The entrapment
efficiency of NLCs was 18% higher than SLNs. Resveratrol in NLCs could penetrate
deeper and more effectively in the skin as compared to SLNs. Cytofluorometric studies
also indicated higher anti-oxidation effect for NLCs. Another study regarding
clotrimazole also suggested higher stability of clotrimazole loaded NLCs than SLNs
whereas both of them showed sustained release of the drug (Das, Ng et al. 2012).
Lipophilic drugs like adapalene incorporated well with lipid-based delivery system such
as NLCs. NLCs are potential nanocarriers targeting to hair follicles, which will benefit
the treatment of acne.
The aim of this study is to develop adapalene loaded NLCs (ADL NLCs) and to
enhance the absorption of adapalene in skin and hair follicles.
Materials
Porcine ears were obtained from local slaughter house. Tripalmitin and adapalene
was purchased from Acros Organics (Morris Plains, NJ, USA) and Haorui Pharma ChemInc. (California, USA), respectively. The other reagents were purchased from Fisher
Scientific (Pittsburgh, PA, USA).
Methods
Preparation of ADL NLCs
ADL NLCs were produced by a high pressure homogenization method. The
composition of NLCs formulations is given in Table 6. Briefly, the mixture of drug and
lipid components was melted at 80 °C. The lipid phase was poured into pre-heated
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surfactant solution containing Pluronic F86 and sodium dodecyl sulfate (SDS) and was
emulsified by stirring and sonication. The hot emulsion was then passed through high
pressure homogenizer (Nano Debee, Bee International Inc. US) at the pressure of 10000
psi for 5 cycles. The formulations were cooled down in an ice bath to obtain NLCs.
Table 6 Formulation of ADL NLCs with different lipid: oil ratio

Formulation

T rip a lm itin (g)

Olcic acu ity )

Adapalene (mg)

Surfaetants

0.8 g of Tween 80,
0.25 g of
PluoronicF68 and
0.05 g of SDS

Characterization of ADL NLCs
Dynamic light scattering (zetasizer, Malvern Instruments, UK) and transmission
electronic microscopy (TEM) were performed to examine the size, surface charge and
morphology of ADL NLCs. The entrapment efficiency (EE%) was measured by size
exclusion chromatography using a Sephadex® G-75 column. Every 2 ml of eluent
(deionized water) was collected separately. Due to the relative large size of NLCs,
encapsulated adapalene was eluted first while free drug was retained in the column for a
longer period of time. The samples were extracted with organic solvent with the help of
sonication.
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Stability of ADL NLCs
NLC formulations were maintained at 4°C over a period of two months. Long
term stability of ADL NLCs was evaluated by measuring the size and surface charge at
predetermined time points.
Release of ADL NLCs
Dialysis was employed to study the release of ADL NLCs. NLCs formulation (3
ml) was placed into dialysis tube with a MWCO of lOkDa. The release medium was 30
ml of PEG 400 and water (v:v=50:50). The samples (1 ml) were taken at predetermined
time points. At the end of the study, the amount of adapalene remained in NLCs (in
dialysis tube) were extracted. All of the samples were analyzed by HPLC. The release
was reported as percentage released from NLCs (Equation 3).
n/ „ ,

cumulative amount in release medium at time T
total released drug + unreleased drug

% Release at time T = ----------;—;--- —------------:-----—----------

_

..

_

-Equation3
1

Differential Scanning Calorimetry (DSC)
The NLCs formulation was lyophilized. Sucrose (5%) was used as cytoprotectant. Approximately 10 mg of sample was placed in a hermetic aluminum pan. The
temperature was ramped up from 20 to 80 °C at a constant rate of 2 °C/min.
LSCM
Confocal images were observed using Zeiss multi-photon confocal microscopy.
The skin was treated with ADL NLCs over a period of 24 hours. Cross sections in 10 pm
thick were prepared using cryotome (Cryo-star HM 560MV, Microm). The specimens
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were then observed at excitation of 360nm (correspond to 720 nm in single photon
confocal microscopy) and emission of 390-465nm.
In vitro permeation study
In vitro permeation studies were performed using Franz diffusion cells and
porcine ear skin. ADL solution in PEG 400 (50 ug/ml) or ADL NLCs formulations were
added in the donor. Preliminary studies have showed no ADL permeation in receptor
when PEG400 was used as receptor medium to maintain sink conditions (Data not
shown). Thus adapalene cannot penetrate across the skin and IX PBS was used in this
study. Differential stripping and skin extraction assay were performed to determine ADL
permeation in stratum comeum, hair follicles and stripped skins. The procedure was
similar to that described in Chapter 4 except that the extraction medium is a mixture of
acetonitrile, tetrahydrofuran, water and trifluoroacetic acid (43: 36: 21: 0.02, volume
ratio). The experimental design was described in Table 7.
Quantification assay
The amount of adapalene was determined by isocratic HPLC assay using
fluorescent detection (Martin, Meunier et al. 1998). The mobile phase was a mixture of
acetonitrile, tetrahydrofuran, water and trifluoroacetic acid (43: 36: 21: 0.02) Adapalene
was eluted at 6.5 minutes at a flow rate of 1 ml/min. A fluorescence of 320nm/435nm
was used for detection. The standard curve was y=379352x+3342957 at the range of 1
ng/ml to 10 pg/ml.
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Table 7 In vitro permeation studies to investigate topical delivery of ADL NLCs

To investigate transfollicular delivery

ADL solution

6,12 and

as a function of time

Formulation 2

24 hours

To investigate the effects of drug

Formulation 2

Experiment 1

24 hours

Experiment 2
loading on permeation

Formulation 4

To compare ADL NLCs formulation

Aderferin Gel

Experiment 3

24 hours
with a commercial gel

Formulation 2

Results and discussions
Table 8 summarized the comparison of NLCs formulations with different lipid/oil
ratio. The size of NLC was decreased with an increase of oil components. However, the
uniformity was compromised when more oil was used. Lipid/oil ratio plays a key role in
formulating NLCs. Increase of oil concentration in NLCs caused a less ordered
crystalline lattice, thus improved drug encapsulation and particle stability (Pathak and
Nagarsenker 2009, Wang, Liu et al. 2009). It also enhanced the mobility of incorporated
drugs and resulted in faster release behaviour (Teeranachaideekul, Boonme et al. 2008,
Shen, Sun et al. 2010). Considering the size and homogeneity, NLCs with the lipid/oil
ratio of 7:3 were selected for future studies. The size and polydispersity index was 62.99
nm and 0.293, respectively. According to literature, the absolute value of zeta potential
beyond 30 mV might be necessary to stabilize nanoparticles in liquid formulations
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(Muller, Jacobs et al. 2001, Sonavane, Tomoda et al. 2008). Therefore, the negative
surface charge (-37.57 mV) of NLCs will be beneficial to stabilize the nanoparticles.

Table 8 The Effect of lipid/oil ratio on ADL NLCs
( )lcic

0.7

a c u l

0.3

Si/c (m i')

62.99

1’

0.293

/.C l.!

nlrapmcnt

Polcnlia

CII 1C!0‘K‘\

-37.57

69.79

The stability of NLCs was influenced by lipid type, type and concentration of
surfactant and storage conditions (Radomska-Soukharev and Muller 2006). The change
of size and zeta potential as a function of time was also shown in Figure 15 and Figure
16, respectively. For NLCs with lipid/oil ratio of 7:3, the size and zeta potential did not
show significant alternations within 2 months, suggesting the stability of NLCs.
TEM images confirmed the formation of spherical NLCs (Figure 17 upper). DSC
showed that physical mixture exhibited a sharp peak at 66 °C which represented melting
point peak of tripalmitin. Formation of NLCs reduced melting enthalpy and the melting
peak shifted towards lower temperatures (Figure 17 lower). This is due to interaction of
solid lipids with oil or surfactant, leading to a more amorphous state in NLCs (Bunjes,
Koch et al. 2003, Doktorovova, Araujo et al. 2010). Similar results were also observed by
previous studies (Attama, Schicke et al. 2007, Araujo, Gonzalez-Mira et al. 2010,
Gonzalez-Mira, Egea et al. 2010)
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Figure 15 Change of size as a function of time over two months
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Figure 16 Change of zeta potential as a function of time over two months
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Figure 17 TEM images (upper) and Differential scanning calorimetry for adapalene
NLCs (formulation with a lipid/oil ratio of 7:3) Red line: physical mixture of NLCs
components; Blue line: NLC formulations

Release study provides information on incorporation of actives into nanoparticles.
Drugs may homogeneously disperse in lipid matrix. Alternatively, they can present in
drug enriched shells or cores (Muller, Mader et al. 2000). Release behavior was affected
by drug property, manufacturing process, oil components, surfactant concentration, etc.
(Muller, Radtke et al. 2002). Figure 18 showed the release profile of NLCs formulation.
Approximately 90% of ADL was released from solution within 10 hours whereas ADL
NLCs resulted in a prolonged release behavior. At 10 hours, only 9.47% drugs were
released from nanoparticles and around half of the drugs still remained in nanoparticles at
the end of 48 hours. There was little release in the initial 6 hours and the release rate
increased afterwards, suggesting formation of drug-enriched core. This can be supported
by previous research which found that active tended to form drug-enriched core when the
drug loading was close to its saturated solubility in melted lipids (Muller, Mader et al.
2000).

120

100

ADL NLCs

ADL solution

Figure 18 Cumulative percentage releases of ADL NLCs
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(A ) C o n tro l

Figure 19 Confocal images for topical delivery of (A) Control; (B) ADL NLCs
Confocal studies visualized the permeation of adapalene NLCs as showed in
Figure 19. Incorporation of adapalene in NLCs significantly improved its topical

delivery. NLCs were able to interact with the lipid domain in stratum comeum and
increase the partition of lipophilic drugs in the skin. ADL NLCs did not permeate through
the skin due to the lipophilic nature of particle matrix. ADL NLCs were also accumulated
in follicular opening, offering potentials to follicular targeting.
Previously, follicular penetrating and targeting was mainly investigated by
microscopic method (Alvarez-Roman, Naik et al. 2004). Few studies addressed
quantification of follicular delivery. Differential stripping provides a useful tool to
evaluate follicular absorption. As Figure 19 showed, ADL NLCs resulted in significant
higher drug absorption in stratum comeum and hair follicles. In the NLCs group, the
accumulative amount of adapalene in stratum comeum, hair follicles and remaining skin
following 24 hours permeation was 649.72 ± 252.29, 81.03 ± 38.43 and 22.56 ± 8.48 ng,
respectively. The majority of the drugs distributed in stratum comeum whereas over 10%

of adapalene penetrate in hair follicles. NLCs facilitate follicular absorption of
adapalene.
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Figure 20 Permeation profile of ADL NLCs
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Figure 21 Permeation of ADL NLCs with two different drug loading
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Figure 21 demonstrated the comparison between ADL NLCs with drug loading of
0.16% and 0.26%. The cumulative amount of ADL in stratum comeum was increased as
the increase of drug loading. However, ADL levels in hair follicles did not show
significant difference. This is probably due to saturated follicular absorption. The
permeation of ADL NLCs as a function of time was also studied as shown in Figure 22.
Permeation of ADL NLCs was time-dependent. Following 6 hours of permeation, ADL
levels in stratum comeum and hair follicles were 266.10 ± 13.94ng and 13.96 ± 2.46ng,
respectively. The permeation of adapalene in stratum comeum increased as an increase of
permeation time. However, the drug levels in hair follicles did not change significantly
among three time points. NLCs were able to accumulate in hair follicles within 6 hours
and form follicular depot, which enabled permeation of ADL into deep dermis. NLCs
resulted in localized permeation and were capable to minimize the systemic side effects.
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Fig. 22 Permeation of adapalene in ADL NLC as a function of time
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The permeation of ADL NLCs was also compared with a commercial gel. Table 9
demonstrated that the follicular uptake of ADL accounted for 4.92% and 10.46% with
respect to total permeation. NLCs improved transfollicular delivery of ADL. Therefore,
NLCs could be potential delivery system targeting to hair follicles, which will be
advantageous to hair follicles associated diseases like acne.
Table 9 Comparison of ADL NLCs and commercial adaferin gel

Adaferin gel

Stratum c o n ta i n 1

Hair l b l l i d a

Strip p ed skin

94.77%

4.92%

0.32%

Conclusion
ADL was successfully incorporated in NLCs with different lipid/oil ratio. NLCs
with lipid/oil ratio of 7:3 was optimal, which showed size of 63 nm and zeta potential of 37.57 mV. DSC studies suggested lower degree of crystallinity in NLCs. NLCs
significantly improves the topical and transfollicular delivery of ADL. The percentage of
drug penetrating into hair follicles was significantly higher as compared to a commercial
gel. Therefore, NLCs could be excellent delivery systems for highly lipophilic drugs such
as adapalene. The accumulation of NLCs

CHAPTER 6
IN VITRO PERMEATION STUDIES AS A SURROGATE MODEL FOR
INVESTIGATION OF TOPICAL DICLOFENAC TOPICAL FORMULATIONS
Abstract
A well designed in vitro permeation study provides a convenient, economic and
powerful tool to select formulations for expensive and lengthy clinical testing. The
objective of this study was to develop in vitro permeation models to assess the delivery of
topical diclofenac diethylamine (DDEA) formulations. A finite dose of 10 mg/cm2, which
corresponds with a clinical dose, of topical diclofenac gel (Ultragel containing 1.16% of
DDEA) was spread in the donor compartment of Franz cells. Porcine or human
dermatomed skins were tested. Receptor samples were taken at predetermined time points
over a period of 24 hours. Following permeation, mass balance study was conducted.
Excess undelivered drugs were collected by washing the skin with 25% ethanolic PBS.
Tape stripping and skin extraction was performed to determine DDEA levels in skin.
Penetration across porcine and human dermatomed skin resulted in similar permeation
profile of DDEA. Use of 25% ethanolic PBS and IX PBS as receptor solution also did
not show significant difference. Mass balance studies showed a recovery of 80-120% for
the applied dose, suggesting effective permeation procedures. To conclude, finite dose
application and mass balance were effectively used to determine the intradermal and
transdermal delivery of a diclofenac gel.
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Introduction
Non-steroid anti-inflammatory drugs (NSAIDs) are the most frequently
prescribed drugs worldwide for the management of pain and inflammation (Heyneman,
Lawless-Liday et al. 2000). NSAIDs are antagonist for cyclo-oxygenase (COX), an
enzyme required to produce prostaglandins. COX-2 is present in muscles and muscle and
contributed to local inflammatory responses while COX-1 is expressed in gastrointestinal
tract. Interaction of NSAIDs with COX-1 is responsible for their gastrointestinal side
effects. Novel NSAIDs that selectively binds to COX-2 like rofecoxib and valdecoxib
have been developed to improve the efficacy and safety of NSAIDs (Chen, Jobanputra et
al. 2008).
The efficacy and safety of oral and topical administration of NSAIDs has been
extensively studied in clinical (Heyneman, Lawless-Liday et al. 2000, Brewer,
McCarberg et al. 2010). Oral delivery of NSAIDs causes many adverse reactions such as
gastrointestinal irritation, increased risks of cardiovascular events and renal problems
(Peterson, McDonagh et al. 2010). Percutaneous route is considered to be an attractive
alternative for oral route. Topical NSAIDs result in comparable therapeutic effects as
compared to oral administration. They also offer advantages such as avoidance of
gastrointestinal bleeding and localized drug delivery to site of action like muscles and
joints.
Diclofenac is a well-established NSAID prescribed for the treatment of conditions
such as arthritis, musculoskeletal disorders, and dysmenorrhea (John 1979). Topical
formulations are preferable due to hepatic metabolism and low oral bioavailability of
diclofenac. Sodium and diethylammonium salt are commonly used. Diclofenac
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diethylamine (DDEA) with molecular weight of 369 g/mol and pKa of 4.87 is good
candidate for percutaneous route and is used in this study. In vitro permeation model was
established to provide a powerful and reliable tool for evaluation of topical diclofenac
formulations.
Materials

Diclofenac diethylamine (DDEA) was purchased from Pure chemistry scientific
Inc. (Sugarland, TX, USA). Human dermatomed skins were purchased from New York
firefighter skin bank (NY skin) or Ohio valley skin bank (OV skin). Porcine skin was
obtained from local slaughter house. The other reagents and supplies were purchased
from Fisher scientific (Pittsburgh, PA, USA). The test gel (Iodex Ultragel, GSK) contains
1.16% of DDEA (equivalent to 1% w/w of Diclofenac Sodium), 10% of methyl salicylate
and 5% of menthol.

Methods
Preparation of skin membranes
Human dermatomed skins were dipped into lx PBS for thawing so as to remove
preservatives according to supplier’s instruction. Porcine skin was separated from the ear
and then dermatomed. The blade was held at 45 degree and the thickness was set up to
0.5 mm. Dermatomed porcine skins with thickness of 0.48 ±0.04 mm were obtained for
permeation studies.
Skin integrity test
Skin resistance was monitored to ensure the integrity of the skin. The skin
resistance was measured using a Keithley 2612 system sourcemeter (Keithley
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Instruments, Inc. OH, US). The current applied was 10 pA. The skins with resistance
higher than lOkQ were selected for studies.
In vitro permeation studies
In vitro permeation studies were performed using Franz diffusion cell with 5 ml
receptor volume and 9 mm orifice (PermeGear V6 station vertical cell stirrer and Logan
FDC-6 console system). The diffusion area was 0.64 cm . The cells were cleaned with
75% ethanol, deionized water and PBS buffer prior to experiment. Test formulations
with a dose of 10 mg /cm2 (6.4 mg) were applied in the donor using a positive
displacement pipette. The formulations were gently spread onto the skin surface to form a
uniform layer with the help of the pipette tips. The donor compartments were left open to
mimic in vivo conditions. The receptor samples (0.5mL) were at the following time
points: 0 ,1 ,2 ,4 ,6 , 8,10,22, and 24 hours. At the end of the permeation study, excess
donor formulation was carefully removed using a Q-tip soaked in 25% ethanolic PBS.
The undelivered drug was collected by squeezing the solvent out of Q-tips and washing
the Q-tip with 25% ethanolic PBS. The samples were diluted to 5 ml for analysis. The
skin was then dabbed by Kim-wipes for tape stripping.
Tape stripping and skin assay
3M Transpore tapes were cut into 0.75 x 0.75 inch pieces. The tape was placed on
the skin and was pressed for proper adhesion. It was rolled 20 times with the help of a
glass rod. Then the tape was quickly removed using forceps. This procedure was repeated
with 20 tapes to remove all of the stratum comeum. The first 5 tapes were collected
individually in 6-well plates and the rest of the tape strips were pooled as tape 6-10 and
11-20. The extraction solution for the first 5 and the pooled tapes was 1 ml and 5 ml of
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25% ethanolic PBS (IX, pH 7.4), respectively. The 6-well plates were shaken at 150 rpm
overnight. The remaining skin was minced and extracted in 1ml of 25% ethanolic PBS
(IX, pH 7.4).
Quantification assay
The levels of DDEA were analyzed by isocratic HPLC method using Luna C8
column (5 pm, 4.6 * 250 mm). The drug was eluted by a mixture of 66 % Methanol and
34% lOmM NaH2P04 (pH 2.5) at 40 °C. The flow rate and injection volume was 1.2
ml/min and 20 pi, respectively. DDEA was eluted at 15 minutes at 275 nm. The standard
curve was y = 36,729.25x + 499.26 at the range of 0.25-25 pg/ml.
Statistical analysis: Student’s t test was performed to investigate the significance between
two groups. One-way analysis of variance (One way ANOVA) followed by Tukey's HSD
test was employed to investigate the significance among multiple test groups. Statistical
significance was shown as P < 0.05. Statistical analysis was carried out using Microsoft
Excel.
Results and discussions
In vitro permeation studies are influenced by many factors like skin membrane,
and composition of donor and receptor solutions. The types of skin membrane play an
important role in permeation studies. Since the blood vessels of skin are mainly located in
papillary dermis, the uppermost layer of dermis; permeation studies using full thickness
skins may underestimate transdermal delivery. Dermatomed skins consisting epidermis
and part of dermis (0.2-0.8 mm) are more appropriate models simulating in vivo
conditions Porcine ear skin is an excellent model for percutaneous absorption. The
thickness of skin layers, lipid compositions and skin permeability are similar to human
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skin (Dick and Scott 1992). The first study in this project was to compare different skin
membranes for the permeation of diclofenac gels. As Figure 23 showed, dermatomed
porcine and human skin resulted in similar permeation profile (P>0.05). The cumulative
amount of DDEA in skin and receptor at 24 hours did not change significantly. Human
skin from two sources were also compared. DDEA levels in receptor at 24 hours did not
show significant difference among groups.
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Figure 23 Permeation profile of DDEA using different skin models.
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Effective permeation studies rely on proper selection of receptor medium. Sink
condition has to be maintained, which means the receptor should have adequate
solubilizing capacity to mimic blood clearance in vivo. For lipophilic drugs, alcohols,
propylene glycol and other solubilizing agents are commonly to assure sink condition.
Table 10 showed permeation of DDEA using 25% ethanolic PBS and PBS buffer as
receptor medium. For 25% ethanolic PBS, the cumulative amount of DDEA in receptor
and skin was 57.32 ± 5.57 pg and 15.50 ± 5.83 pg, respectively. The permeation in and
across skin did not change significantly when the receptor medium switched from 25%
ethanolic PBS to PBS alone (P<0.05). DDEA has sufficient solubility in PBS (IX, pH
7.4); and then was used in future studies.
Table 10: Comparison of two receptor solvents
I 'lti-iiuc!

25".! F i h a n o l i c P B S

PBS

Receptor (pg)

57.32 ±5.57

64.02 ±4.92

Stripped skin (pg)

4.30 ± 0.32

6.96 ± 2.42

As Figure 24 showed, 64.02 ± 4.92 pg of DDEA was penetrated in receptor,
which represented the delivery in deeper tissues and systemic circulation. The maximum
flux of 8.56±0.91 pg/cm2/hour was achieved at 8 hours. Mass balance analysis was also
performed. It involves quantification of undelivered drug and drug permeated in different
skin layers. In this study, the recovery was calculated by equation 4. Recovery of 85%115% was obtained, suggesting the effective delivery of DDEA gels.
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Total permeation DDEA + Undelivered DDEA
* Recovery of DDEA (%) = -------..
--------,— r
x 100
DDEA added in donor (74.24 pg)
-Equation 4
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Figure 24 Permeation profile of Diclofenac gels. Upper panel: cumulative
amount; low panel: flux
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Figure 25 demonstrated distribution of DDEA in different skin layers. Over 75%
of DDEA was distributed in receptor. This suggested effective drug absorption in
targeted tissues like muscles and joints. This can be attributed to physicochemical
property of DDEA which is suitable for transdermal delivery as well as formulation
factors such as enhancement of menthol (Kaplun-Frischoff and Touitou 1997, Rizwan,
Aqil et al. 2008).
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Figure 25 Distribution of DDEA after 24 hours application of DDEA gels
Conclusion
In vitro permeation model was established to investigate topical diclofenac
formulations. A finite dose of lOmg/cm was used to mimic clinical application. Studies
were performed to determine the appropriate skin model and receptor medium. Human
dermatomed skin and IX PBS was selected. Diclofenac gels resulted in 64.02 ± 4.92 pg
and 16.67 ± 2.55 pg of drug permeation in and across the skin. Mass balance study
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showed a recovery of 85-110%. More than 75% of DDEA distributed in receptor
compartments. This suggested that the actives were able to penetrate across the skin and
reach the site of action (muscles and joints). In vitro permeation study provides an
effective method to evaluate the intradermal and transdermal delivery of topical
formulations..
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CHAPTER 7
SUMMARY
Enhancement techniques play an essential role in percutaneous absorption.
Microdermabrasion (MDA) is a well-established cosmetic procedure. It is able to bypass
the stratum comeum physically and serves as potential active enhancement technique.
The aim of this study was to investigate the effects of microdermabrasion on skin
structure and percutaneous permeation. Histology, TEWL and in vivo imaging studies
were performed to examine the alteration and recovery of skin post MDA treatment.
Permeation profile of hydrophilic and lipophilic model drug molecules was investigated
using laser scanning confocal microscopy (LSCM) and in vitro permeation studies. MDA
partially removed the stratum comeum and disrupted the skin barrier function.
Transdermal delivery of hydrophilic model compound nicotinamide and dermal
deposition of lipophilic model compound retinol was significantly improved. Therefore,
MDA could be a potential enhancement technique for topical and transdermal delivery.
Lipid nanocarriers show several advantages in topical use such as reduction of
drug degradation, increase of drug solubility and partition in skin, increase of dermal
absorption and transfollicular delivery of drugs. In this study, nile red loaded solid lipid
nanoparticles (NR SLNs) were formulated using emulsification-solvent evaporation
method. Transepidermal and transfollicular delivery of NR SLNs was also investigated
by confocal microscopy and in vitro permeation studies followed by differential
stripping. NR SLNs showed particle size of 326.94 ± 6.73 nm and zeta potential of -25.77

mV. NR was incorporated into SLNs with high entrapment efficiency of 99.6%. Flow
cytometry analysis revealed that NR permeation in epidermis was time-dependent. SLNs
were able to penetrate in epidermis following 1 hour permeation while NR solution was
localized to stratum comeum. NR deposition in epidermis was found after 8 hours
permeation. Incorporation of NR into SLNs significantly enhanced the skin absorption of
NR. The follicular uptake was also increased from 5.77 ± 0.47 ng to 16.55 ± 5.71 ng post
16 hours permeation. Porcine ear and back skin was also compared. NR permeated in
porcine ear skin more effectively as compared to back skin due to higher hair follicle
density. SLNs were good delivery systems for topical and transfollicular delivery.
In addition, nanostructured lipid carrier (NLCs), the daughter generation of SLNs
were utilized for the delivery of anti-acne drug adapalene. Acne is common skin
conditions associated with abnormal function of sebaceous gland. Drag delivery targeted
to hair follicles will be beneficial for the treatment of acne. In this study, high pressure
homogenization was employed to produce ADL NLCs consisting of different ratio of
tripalmitin (solid lipid) and oleic acid (oil). The optimal formulation resulted in particle
size of 63 nm and surface charge of -33.57 mV. ADL NLCs were stable within 2 months.
DSC indicated that NLCs was in more amorphous lattice as compared to pure lipids. In
vitro permeation studies were performed to investigate topical and transfollicular delivery
of ADL NLCs. NLCs significantly improved the dermal and follicular uptake of ADL.
ADL NLCs was also compared with a commercial gel. NLCs resulted in higher
percentage of follicular penetration with respect to total permeation. NLCs address
shortcomings of SLNs and show good potential to transepidermal and transfollicular
delivery of lipophilic drags like adapalene.
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Topical diclofenac formulations are popular and well-established therapeutics for
the management of pain and inflammation. It shows many advantages as compared to
oral administration, for example, avoidance of gastrointestinal bleeding, bypass first pass
metabolism and localized drug concentration in target sites. In this study, in vitro
permeation study was established to assess topical diclofenac gels using finite dosing and
mass balance study. Human dermatomed skin (from New York Firefigher) and PBS
buffer was selected as skin model and receptor medium. Diclofenac gels delivered 64.02
± 4.92 pg and 16.67 ± 2.55 pg of DDEA into receptor and skin, respectively. Mass
balance study suggested a recovery of 85-110%. Over 75% of DDEA permeated across
the skin, suggesting effective drug delivery into site of action. To conclude, in vitro
permeation studies provide valuable and reliable informations for evaluation of topical
formulations.
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