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Supervisors’ Foreword

Human skin is a remarkable example of sophisticated bioengineering. The skin has
many vital functions including, most significantly, to limit the rate of water loss
from the body and to protect the organism from exposure to harmful chemicals,
viruses and bacteria. This impressive barrier function also constrains the diffusion
of topically applied drugs into and across the skin. Nonetheless, there remains an
obvious need to develop better and more efficient drug products to treat dermato-
logical disease, and transdermal drug delivery—for the relief of local, subcutaneous
inflammation and of various systemic conditions (e.g. analgesia, hormone
replacement therapy, etc.)—presents, for the right compounds, very real advantages
over more conventional oral and intravenous formulations.

Many methods have been developed to overcome skin’s barrier function and to
effectively deliver drugs at a sufficient rate to achieve the required therapeutic
concentration at the site of action either within or below the skin, or systemically.
Polymeric film-forming systems (FFS) represent a relatively novel class of for-
mulations for (trans)dermal drug delivery. The FES typically comprises a polymer,
a plasticiser and a drug dissolved in a volatile solvent; upon application to the skin,
a thin and flexible film is formed as the solvent evaporates. These films dry quickly,
have good substantivity (i.e. resistance to being rubbed off), and are essentially
invisible, features that surpass those of more conventional formulations, such as
creams, ointments and gels, and confer good patient compliance. In addition, the
area over which the film is applied can be varied, allowing flexible dosing to treat
(for example) that part of the skin which is diseased.

In this thesis, Hazel Garvie-Cook investigated two FFS, one based on a rela-
tively hydrophobic polymer, Eudragit, the other on the more hydrophilic Klucel.
While atomic force microscopic (AFM) images of the films demonstrated the
homogeneous incorporation of the plasticizer triethyl citrate, different behaviour
was observed when the latter was replaced with medium-chain triglycerides (MCT),
a commonly used excipient in dermatological formulations. In this case, AFM
imaging and nanoindentation of the films revealed a two-phase structure with soft
inclusions, 0.5 to 4 pum in diameter, surrounded by more rigid material. Chemical
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maps of the films, acquired using Raman micro-spectroscopy, revealed the spatial
distribution of the constituents, and specifically that MCT was primarily confined
within the inclusions. When a model drug, the corticosteroid, betamethasone
valerate (BMV), was incorporated, its distribution was more uniform although, in
contrast to MCT, somewhat more was found in the material surrounding the
inclusions. The Raman spectra also showed that the physical state of the drug
within the formed film depended on the polymer used, and upon whether it was
located within the inclusions or within the surrounding material. Importantly, the
biophysical characterisation of the FFS permitted the mechanism, by which the
faster BMV release observed from formulations containing MCT (the more lipo-
philic plasticiser), to be explained.

Considerable research interest is currently focussed on methods to “porate” the
skin, for example with microneedles, to facilitate the transdermal delivery of a
much broader range of active compounds (including macromolecules, such as
vaccines). Laser ablation of the skin has been considered for this purpose, but
earlier efforts often produced thermal damage around the edges of the created pores,
resulting in tissue coagulation and limited drug diffusion. More recently, however,
it has been demonstrated that the thermal damage can be dramatically reduced by
using very short (107" s) laser pulses that induce plasma-mediated ablation. In this
case, the pulse duration is so short, and the skin so rapidly ablated, that no sig-
nificant thermal damage to the surrounding tissue occurs. Unfortunately, such short
laser pulses cannot propagate in standard optical fibres, making delivery of the laser
radiation to the skin technically difficult. Hazel Garvie-Cook solved this problem by
using hollow core fibres, designed and fabricated in the Department of Physics at
the University of Bath, to specifically deliver ultrashort laser pulses to the skin. It
was further demonstrated that the power threshold for poration could be dramati-
cally reduced by the pre-application of ink to the skin and that, under these con-
ditions, significantly increased skin permeation of a model drug was achieved. It
follows that dye-enhanced, plasma-mediated ablation of the skin is a potentially
new and advantageous approach with which transdermal drug delivery may be
facilitated.

Claverton Down, UK Prof. Sergey Gordeev
October 2015 Prof. Richard Guy



Abstract

The skin provides an effective barrier against the diffusion of drugs applied topi-
cally, to the surface of the skin. There are many advantages of this delivery route,
however, which motivate its development. Formulation optimisation and methods
to physically porate the skin are two methods discussed here to overcome this
barrier and efficiently delivery drugs through the skin. Atomic force microscopy
(AFM) and Raman micro-spectroscopy have been used complementarily to
investigate topical polymeric films of varying compositions. AFM imaging showed
the homogeneity of the incorporation of a commonly used plasticizer, triethyl
citrate. A reduction in elastic modulus with increasing plasticizer content was
determined using AFM nanoindentation. Raman chemical mapping of the plasti-
cizer and drug, betamethasone-17-valerate (BMV), incorporated within the films
revealed their even distribution, as suggested by AFM images. Medium-chain
triglycerides (MCT) were incorporated as a putative plasticizer. AFM imaging and
nanoindentation showed the formation of a two-phase system of softer inclusions
surrounded by a more rigid film. More MCT, and less BMV, was contained within
these inclusions than was found in their surroundings, as determined using Raman
chemical mapping. The drug was equally soluble in all areas of Eudragit films with
MCT, but was more soluble in the inclusions in Klucel films with MCT than their
surroundings. The softer nature of the inclusions, and the environment they provide
in which the drug is more soluble, were believed to contribute to the enhancement
in release observed. A technique to porate the skin using femtosecond pulsed laser
ablation has been developed. The application of dye to the surface of the skin
reduced the power necessary for ablation and the resulting micropores showed little
thermal damage, as determined using Raman micro-spectroscopy. Ablation was
thought to be plasma mediated, with the ink providing a means to initiate the
formation of the plasma. The delivery of caffeine across porated skin increased
compared to intact skin, and the enhancement was greater when higher powers were
used for poration.
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Systemic
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Fraction of the administered dose which
reaches the target tissue and the rate at
which it gets there.

Components of tissue which absorb a
specific wavelength of light. Examples
in skin include collagen and water.
Compounds are applied to the skin for
delivery to pathological sites within the
skin.
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substance. An example of an excipient is
glycerol.

The energy per unit area per exposure to
a laser beam.

A measure of the relative affinity of a
drug between two phases. In (trans)der-
mal delivery, the octanol and water
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for how well the drug will enter and
cross the skin.

Absorption through the skin from topi-
cal application.

Also called pulse width or pulse length.
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that the intensity of the pulse is half its
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Affecting the entire body.

Compounds are applied to the surface
of the skin and diffuse into/across the
skin.

Compounds are applied to the skin for
delivery to the blood stream and sys-
temic circulation.

Formed from excipients and contains the
drug substance. Together, the vehicle
and the drug substance comprise the
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Chapter 1
Introduction

The skin provides a vital barrier against the loss of water from the body and the entry
of harmful foreign agents. The stratum corneum (SC), the uppermost layer of the
skin, provides the majority of this barrier function. This thin layer (up to ~30 pm
thick) also limits the penetration of drugs applied topically, to the surface of the
skin. Although topical delivery presents practical difficulties, its advantages over
other delivery routes, such as oral and intravenous delivery, motivate the ongoing
development and optimisation of topical drug delivery strategies.

Formulations applied to the surface of the skin are designed for delivery to patho-
logical sites within the skin (dermal delivery) or to the blood stream and systemic
circulation (transdermal delivery). These formulations must be cosmetically accept-
able, to ensure good patient compliance, and must also maximise the amount of drug
available for absorption by the skin. Conventional topically applied formulations
include creams, ointments and transdermal patches. These formulations are designed
to provide a stable environment to contain the drug substance and to facilitate the
required period and extent of its delivery into the skin.

Polymeric film forming systems (FFS) offer a novel and potentially advantageous
approach to (trans)dermal delivery. A solution is applied to the skin and a thin and
nearly invisible polymeric film forms upon solvent evaporation. The mechanical
properties and release dynamics of these films can be altered using additives, such
as plasticizers and lipid components. A good FFS would form a film which flexes
with the skin when in situ on its surface and ideally the two would remain in intimate
contact for a prolonged period of time without breaking.

The atomic force microscope (AFM) provides a means of nanoscale imaging and
mechanical investigation of samples in physiological environments. Nanoindenta-
tion using AFM probe tips allows mechanical properties, such as elastic modulus,
of nanoscale features in thin samples to be extracted. Atomic force microscopy has
therefore proved especially useful in the investigation of biological and pharmaceu-
tical samples, including drug particles, skin and skin creams. Samples are not stained
or treated prior to investigation, allowing their behaviour during application to be
predicted.

© Springer International Publishing Switzerland 2016 1
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The development of Raman micro-spectroscopy has facilitated the chemical
analysis of samples down to a resolution of approximately 1 wm. Based on the
excitation of molecular vibrations, Raman spectroscopy of samples reveals finger-
print spectra of their constituents. The chemical distribution within samples can be
mapped by acquiring a grid of spectra. The environment in which a substance is
contained affects its Raman scattering, allowing its physical state to be determined.
The state of a drug, be it crystalline or dissolved, for example, can be determined
over a mapped area. Drug release from formulations is limited by the dissolution of
crystalline material. To maximise the drug’s bioavailability, ideally it would remain
stable and dissolved within its formulation. Raman micro-spectroscopy can therefore
be used to detect the formation of crystalline material within samples and hence has
proved extremely useful in the assessment of pharmaceutical samples.

Regardless of the optimisation of a formulation, the penetration of drugs with
molecular weights greater than 500 g mol~!, such as vaccines and proteins, through
the SC is severely limited. Several methods have therefore been developed to get
around the barrier that the SC presents, permitting the diffusion of these larger com-
pounds, whilst avoiding the entry of harmful pathogens. Micropores can be produced
in the skin using laser ablation. Ideally, the skin around the ablated micropores would
be free of thermal damage and would heal quickly after application of a drug sub-
stance. Devices are currently available which ablate the skin by rapidly heating
water within the tissue using pulsed lasers. The vaporization of the water and the
subsequent build up of pressure results in a micro-explosion, which removes tissue.
The use of these devices is associated with adverse side effects, like skin irritation
and prolonged healing time. The further development of this technique is therefore
required to avoid these side effects and to provide an advantageous method of SC
removal. Ablation using pico- and femtosecond pulsed lasers arises from a different
mechanism to that used in the devices mentioned. Development in the manufacture
of femtosecond pulsed lasers, and the ability to guide them using photonic crystal
fibres (PCF), has facilitated investigation into their use for the ablation of skin. Their
extremely short pulse duration, when compared to the thermal relaxation time of
skin, and the mechanism by which they ablate the skin, present exciting advances in
this field which could result in the development of more efficient and less damaging
poration devices.

This thesis describes the complementary use of AFM and Raman micro-
spectroscopy to assess and optimise polymeric films for (trans)dermal delivery of
varying compositions. The addition of triethyl citrate (TEC), a commonly used plas-
ticizer, and medium chain triglycerides (MCT), fatty acids with 6—12 carbon atoms,
to films of two different polymers, Eudragit and Klucel, have been investigated. The
homogeneity and elastic moduli of formed polymeric films were determined using
AFM imaging and nanoindentation. Raman micro-spectroscopy provided comple-
mentary information on the chemical homogeneity of the additives and the drug
substance within the films. The combination of the two techniques was used to eluci-
date the mechanism of drug release from the films. Femtosecond pulsed laser ablation
of porcine skin was also investigated. The enhancement of delivery across the skin
was determined using the in vitro release of caffeine. The application of ink to the
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surface of the skin prior to ablation reduced the laser power required and resulted in
less thermal damage.

Background information and the current application of techniques relevant to this
thesis are discussed in Chap. 2. This includes description of topical delivery and its
optimisation, the principles behind AFM and Raman spectroscopy and their appli-
cation in pharmaceutics, and the development of laser microporation. Details of the
methodology used to acquire topographical, mechanical and chemical information
on polymeric films are given in Chap. 3. The set-up and method of laser poration, as
well as the technique used to determine the permeation of caffeine across the skin,
are also described.

The incorporation of TEC plasticizer into polymeric films is discussed in Chap. 4.
AFM images are presented, revealing the differing topographies of films of varying
compositions. The deformation behaviour of the samples is shown in nanoindentation
loops and the extraction of their elastic moduli using two different models, the elastic
Hertzian model and an adapted Oyen & Cook model, are described. The results
of Raman chemical mapping of films incorporating TEC are shown, revealing the
chemical homogeneity of the formed films. Determination of the physical state of
the incorporated drug within the films is also described.

Chapter 5 discusses the incorporation of MCT as a putative plasticizer. The use
of AFM imaging to determine the nature of observed phase separation is described,
as well as the nanoindentation of these heterogeneous films. Raman chemical maps
show chemical disparity within these films and the physical state of the drug across
the mapped areas. The mechanism behind the observed enhancement in release from
films incorporating MCT is then discussed and attributed to the presence of the
inclusions.

The poration of porcine skin with a femtosecond pulsed laser is described in
Chap. 6. The refinement of the poration process is initially discussed and the use
of a dye is described, to reduce the power required for ablation. Directing the laser
beam towards the skin using a fibre resulted in the most reproducible results, which
are given in this chapter. The Gaussian beam emitted by the laser is also modelled
and used to explain the variation in pore dimensions with laser power and distance
between the end of the fibre and the skin. The enhancement in caffeine permeation
across porated skin is described and the mechanism of ablation discussed.

The results found in this work are summarised in Chap. 7 and conclusions are
drawn. Further work is also suggested to develop and extend the techniques reported.

The work presented in this thesis describes the use of techniques to analyse novel
(trans)dermal drug delivery strategies. AFM and Raman micro-spectroscopy investi-
gations of polymeric films provide micro- and nano-scale information for the refine-
ment of the composition of these formulations. Film-forming systems (FFS) can
therefore be developed to remain in prolonged and intimate contact with the skin,
making efficient use of the incorporated drug. Laser microporation of the skin has
previously been achieved using lasers with nano- and microsecond pulse durations.
Femtosecond pulsed lasers offer a novel alternative and their poration of the skin has
not been extensively investigated. Ink applied to the surface of the skin reduces the
power required for ablation, resulting in less thermal damage to the tissue surround-
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ing the pores. The development of this laser system therefore presents a method
of porating the skin in a short time with minimal thermal damage, enhancing the
delivery of topically applied compounds and potentially minimising healing time.



Chapter 2
Background

2.1 Topical Drug Delivery

2.1.1 Structure of the Skin

The principal role of skin is to act as a barrier against evaporative water loss and
against the entry of harmful foreign agents. The protective role of the skin is accom-
plished by its layered structure. The basic layers of human skin (outlined in Fig.2.1a)
consist of the hypodermis, epidermis and dermis. The hypodermis (up to several
millimetres thick across the body) is made up of a network of fat cells and plays
an important role in energy storage and metabolism [1]. It also provides protection
against injury. The dermis, with thickness in the range of 0.3-3 mm, lies above the
hypodermis and forms the bulk of the skin [2]. It is primarily composed of collage-
nous fibres and elastic connective tissue. This layer determines the elasticity of the
skin and provides the physical support needed for networks of nerves and blood
vessels [1, 3].

The epidermis (60-800 pwm thick) contains distinct layers which are commonly
categorised into the stratum corneum (SC), the uppermost layer, the stratum gran-
ulosum, the stratum spinosum and the stratum basale, the latter of which forms the
lowest layer [3]. The viable epidermis, comprising of all layers apart from the SC,
is primarily responsible for the formation of the SC and also contains melanocytes,
which produce melanin for ultraviolet (UV) absorption, and Langerhans cells, which
are responsible for the immune response of the skin [4]. After cell division in the
stratum basale, cells migrate upwards towards the skin’s surface. During this migra-
tion, the cells undergo differentiation, flattening and losing their nucleus. The SC is
composed of approximately 10-15 layers of differentiated cells and this thin layer,
up to approximately 30 pm thick, provides the majority of the skin’s barrier function.

© Springer International Publishing Switzerland 2016 5
H. Garvie-Cook, Novel (Trans)dermal Drug Delivery Strategies,
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Fig. 2.1 a The structure of human skin. Image adapted from [3]. b The structure of the SC can be
described using a “bricks and mortar” analogy. The corneocytes (in white) and the intercellular lipids
(continuous domain in dots) represent the bricks and mortar, respectively. Two routes contributing
to the percutaneous absorption of topically applied compounds, the transcellular and intercellular
routes, are shown

2.1.1.1 Stratum Corneum

The SC has a “bricks and mortar” structure (Fig. 2.1b) of dead, anucleate cells, termed
corneocytes, surrounded by a lipid matrix [5]. The SC comprises approximately 96 %
proteins and water and 4 % lipids [6]. Corneocytes are primarily composed of bundled
keratin surrounded by an envelope of cross-linked proteins and lipids. These flat,
polygonal cells are typically 0.2—1.5 pwm thick and have diameters of approximately
30-50 pm [3]. The composition of the intercellular lipids varies according to the
individual and the anatomical site, but it mostly constitutes ceramides, fatty acids
and cholesterol [7]. Corneodesmosomes are proteinaceous structures which connect
corneocytes and contribute to the cohesion of the SC [1]. The hydration of the SC
is maintained by the so-called natural moisturizing factor, a highly water soluble
mixture of amino acids, derivatives thereof, urea and specific salts [8].



2.1 Topical Drug Delivery 7

The barrier provided by the SC is influenced by physiological factors and skin
disease. Age-related changes to the structure of the SC include the maturation of the
underdeveloped premature neonatal skin [9] and an increase in corneocyte area and a
decrease in SC thickness with increasing age [1]. Skin diseases, such as psoriasis and
dermatitis, can affect both the protein and lipid composition of the SC, influencing
and disrupting its barrier function [10]. UV exposure, hydration and chemical assault,
amongst others, also affect the SC’s barrier [3].

2.1.2 Topical Medication

Topical delivery refers to the application of formulations to the surface of the skin for
the delivery of therapeutic agents (also known as drug substances) to pathological
sites within the skin (dermal delivery) or through the skin into the blood stream and
systemic circulation (transdermal delivery). Examples of dermatological conditions
which are treated using dermal delivery are psoriasis and eczema [3], while the
treatment of severe pain with fentanyl is an example of transdermal delivery [11].
In conventional topical therapy for dermatological disease, the drug is incorporated
into a vehicle, such as a cream, which facilitates the application of the formulation
and the delivery of the drug to the required site. The non-drug components of the
formulation are termed excipients. The efficacy of topical delivery depends on the
formulation and the diffusion of the therapeutic agent through the skin.

Transdermal and dermal routes of administration are advantageous in several
aspects when compared, for example, to oral and intravenous delivery. For the oral
treatment of skin disease, the systemic concentration of the drug must be high enough
to achieve therapeutic benefit at the diseased site. In contrast, a lower dose is needed
for a formulation that is applied directly to the affected site of the skin, decreasing
or eliminating any adverse effects of the drug [12]. Transdermal delivery also avoids
first pass metabolism of the drug, which decreases its concentration [13], allowing
for a lower daily dose. Oral delivery involves a peak of drug concentration in blood
and tissue, followed by a decline. (Trans)dermal delivery, however, can maintain
drug level within the therapeutic window for a prolonged period of time, extending
the duration of the action of the drug and reducing the frequency of dosing required.
In the case of patches, the drug input can be terminated simply by removal of the
patch.

2.1.2.1 Permeation Pathways

There are three main pathways by which drugs can permeate the SC: via the
appendages (appendageal), through intercellular domains (intracellular) and through
the cells themselves (transcellular) (Fig. 2.1b). The contributions of these three routes
to the percutaneous absorption of a topically applied compound, from the surface
of the skin either into the skin or into systemic circulation, depend on the nature of
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the permeating molecules and the density of appendages, such as hair follicles and
sweat ducts, at the site of application [1].

Appendages penetrate the SC and the epidermis, providing a route for perme-
ation which “bypasses” the barrier. The density of appendages varies, depending on
the anatomical site, but is consistently low. This relatively low resistance route of
transport plays a large role in iontophoris and is thought to be quite important for
compounds of low SC diffusivity, such as hydrophilic and large molecular weight
compounds [3].

The transcellular route requires the repeated penetration of the permeating com-
pound into and out of the corneocytes and the intercellular lipids. In this route of
permeation, the compound must therefore diffuse through both lipophilic regions
(lipids) and hydrophilic regions (hydrated keratin within corneocytes) of the SC.

The major pathway for the permeation of small (<500 g mol~! [14]), uncharged
molecules is believed to be intercellular [3]. Intercellular lipids, providing the only
continuous phase within the SC, form lamellar structures between corneocytes. The
permeation of compounds via this route is thought to occur by diffusion along and/or
across lipid lamellae [1] which provide the rate limiting step [15].

2.1.2.2 Diffusion

Drug transport across the SC occurs by passive diffusion and can be described by
Fick’s first law [3],

DK C sat
Joax = % 2.1)

where J,,,, 1s the maximum flux of the permeant, D is its diffusion coefficient in the
barrier (typically the SC), K sc,v is the partition coefficient of the permeant between
the SC and the vehicle, Cy** is the saturation concentration of the permeant in the
vehicle, and 7 is the diffusion pathlength. The diffusion coefficient measures how
easily the permeant traverses the SC, while Ksc,v describes the distribution of the
permeant between the SC and the vehicle, and reflects the ratio of the compound’s
solubilities in these two phases,

(2.2)

where Cgc** is the saturation concentration of the permeant in the SC. Under ideal
circumstances, therefore, J,,,, is independent of the vehicle at its saturation con-
centration, assuming that the vehicle does not alter the properties of the SC or the
permeant solubility in the SC. The diffusivity D of the drug through the SC can be
altered by the diffusion of the vehicle’s components into the SC, and the effect of
this on the drug’s solubility, and can be increased by incorporating an enhancer into
formulations. The use of enhancers, however, may produce skin irritation. Drug flux
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can be maximised via the SC-vehicle partition coefficient and the concentration of
the drug in the vehicle.

2.1.2.3 Formulation Considerations

The design and constituents of the formulation influence the onset, extent and dura-
tion of therapy. Topically applied formulations must both be cosmetically acceptable,
to ensure patient compliance, and must also maximize the bioavailability of the drug
in the formulation; that is, the fraction of the administered dose which reaches the
target tissue and the rate at which it gets there. Topically applied formulations include
creams, ointments, gels and lotions (all semi-solid), as well as transdermal patches
(solid state). In the design of an effective formulation, the following must be taken
into account: the physico-chemical properties of the incorporated drug, the stabil-
ity of the excipients and the drug substance, and the cosmetic acceptability of the
formulation (good feel on the skin, appropriate texture and fragrance) [3].

Examples of materials which are commonly used as dispersive media in the prepa-
ration of semi-solid formulations are oils and fats (e.g. petrolatum and triglycerides)
and hydrogels (usually water and/or alcohol based). These ingredients are often
included to stabilise, adhere, dilute or thicken the formulation [1]. Solvents form
the basis of the formulation and a commonly used example is water, which is non-
irritating and solubilises a wide range of compounds. Transdermal patches contain
the drug within an adhesive layer or a (typically polymeric) matrix. The rate of
delivery can be modified by varying the composition and structure of the patches.

Increasing the concentration of a compound within a vehicle increases the rate of
its release (Eq.2.1). The selection of a vehicle, however, is a compromise between
the solubility of the compound and the SC-vehicle partition coefficient. If a vehicle
is altered to make a compound more soluble, the SC-vehicle partition coeffiecient
decreases (Eq.2.2) and the “leaving tendency” of the drug from the vehicle is low. At
saturation, the release of the compound from the formulation is generally maximum
[1]. Below saturation, the rate of release of the compound is greatest for the vehicle
in which it is least soluble (having the highest “leaving tendency”). Increasing the
concentration of the drug above its saturation results in the formation of a suspension
of the drug and smaller fractions of the compound are in solution. The period over
which delivery at the maximum flux (provided by the solubilised drug within the over-
saturated vehicle) is maintained becomes shorter, as the dissolution of crystalline
material in the vehicle limits this process.

The stability of the drug within the formulation (the ability of the drug to maintain
therapeutic properties during storage and use) is related to its solubility in the vehicle.
Consideration of the metamorphosis of formulations post-application is vital: solvent
loss through evaporation and/or uptake into the SC results in an increase of the
concentration of the compound in the remaining formulation. This potentially leads
to the formation of solid drug particles or crystals which are unlikely to be absorbed
to the target site in the skin [16].
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2.1.3 Polymeric Film-Forming Systems

Polymeric film-forming systems (FFS) are a potentially advantageous approach to
topical delivery. Thin and nearly-invisible films are formed in situ on the skin upon
application of the FFS and subsequent solvent evaporation. FFS comprise primarily a
polymer, a drug substance and a volatile solvent, but may also include other excipients
such as plasticizers and/or lipids [17, 18].

Polymeric FFS have previously been used, for example, as tissue glue for thread-
free closing of incisions [19], as a preoperative skin preparation [20], and in ostomy
care [21]. FFS for transdermal drug delivery of steroidal hormones [22, 23] and anal-
gesics [24, 25] have been reported but there is limited literature describing their use
in dermal delivery. Frederiksen et al. assessed the in vitro release of betamethasone-
17-valerate (BMV), used in the treatment of inflammatory skin conditions, from
polymeric films of varying compositions [18]. Release from the films was found to
depend on the nature of the polymer and the incorporated plasticizer.

FFS present potential advantages over conventional dosage forms, such as higher
dosing flexibility and better patient compliance [26]. While the area of a patch is
fixed, that of a film can be determined by the patient, allowing flexible and complete
coverage of the affected/target site. The nearly invisible appearance of the films
renders them less noticeable and their rub off resistance and fast drying times are
more acceptable than those of semi-solid preparations, such as creams [27].

2.1.3.1 Film Composition

Suitable polymers for the fabrication of film-forming systems must form clear, flex-
ible films at temperatures close to that of the surface of the skin (approximately
28-32°C). These film-forming polymers must also be soluble in a skin-tolerant,
volatile solvent.

Increasing the polymer content of a film typically means that more drug can be
incorporated. However, this means that the film becomes more viscous. While this is
manageable up to a point, the viscosity must not be so high that the film’s application
from a spray is prevented [26].

Addition of plasticizer to the films increases their flexibility and their ability to
“move” with the skin [26, 28]. More flexible films are less likely to crack, meaning
that a constant area for drug transport is maintained over a prolonged period of time.
Increasing plasticizer content also increases the adhesion of polymeric films [26],
but can make them sticky on their outer surface. The type of plasticizer incorporated
influences drug release from polymeric films [18, 29], as do other additives, such as
lipids [17, 30] or penetration enhancers [26].
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2.2 Atomic Force Microscopy

Atomic force microscopy (AFM) provides a 3D profile of the surface of a sample
using forces between the sharp tip of an AFM and the sample surface. The probe tip
is attached to the end of a sensitive cantilever. As the tip is scanned over the sample,
the cantilever deflects according to the topography of the surface. A diagram of a
basic AFM is shown in Fig.2.2.

The main components of an AFM are a microscope stage (including the scanner,
sample holder and a force sensor), control electronics and a computer. Typically, the
cantilever deflection is measured using the reflected signal of a laser beam from the
back of the cantilever. The laser is reflected to a four quadrant photodiode, which
monitors the position of the beam by changes in its output voltage. Cantilevers are
microfabricated from silicon or silicon nitride using photolithography techniques;
probe tips typically have radii of curvature on the order of nanometers.

A piezoelectric device is used to adjust the vertical z position of the sample
according to the feedback system being used. The sample is moved in the x, y plane
using other piezoelectric devices. It is the z position of the sample, as a function of
its x, y position, which forms the topographical AFM image.

There are several advantages of using the AFM over more conventional imaging
approaches, such as light microscopy and scanning electron microscopy, especially
for biological samples. Minimal treatment is required prior to imaging using the
AFM, meaning that staining, labelling and coating of samples is avoided, minimiz-
ing damage to and alteration of the sample. Damage is also minimised in tapping

Fig. 2.2 Basic set-up of an Photodetector
AFM. The cantilever deflects

according to interactions
between the probe tip and the Laser
sample. This deflection is
measured using the reflection
of a laser beam from the
back of the cantilever to a
four quadrant photodiode

Cantilever
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mode AFM imaging, further discussed in Sect. 2.2.1. The AFM produces 3D images,
allowing for the entire surface structure of the sample to be better characterised. In
addition, AFM can be used in physiologically relevant environments, facilitating live
cell imaging and investigation of real time biological events at the nanoscale.

The major limitation of the AFM is its scan range, which is no more than approx-
imately 100 x 100 wm? in the x and y directions, and about 10 pm in the z direction.
The analysis of samples with roughness on or larger than this scale, such as skin, is
therefore limited to rather small areas.

2.2.1 Operating Modes for Imaging

In contact mode AFM, the probe tip is always in contact with the sample. The can-
tilever is directly deflected by the surface of the sample and low stiffness cantilevers
are used to maximise the deflection signal. A feedback system within the AFM cor-
rects the height of the probe tip above the sample such that the cantilever deflection
is maintained at a predetermined value, the set-point. The image of sample height is
created from this change in cantilever height. Contact mode is most successful on
stiff samples which do not deform under the load applied by the probe tip. However,
the normal load from the tip and also the lateral force can distort and damage softer
samples. Contact mode is also the most easily applied topographical mode when
imaging samples in liquid [31].

There are several dynamic modes of operation where the cantilever is driven to
oscillate, typically at its resonance frequency. As the oscillating probe approaches
the sample, the interaction between the probe tip and the sample surface changes
the frequency and amplitude of the oscillation. A feedback loop changes the height
of the sample to maintain the amplitude or frequency of oscillation. It is from this
change in height that a topographical image is acquired.

Intermittent-contact mode AFM is commonly used in ambient conditions. In this
topographical mode, the cantilever is oscillated with a relatively large amplitude
(1-100 nm), such that the tip and sample touch each other during each oscillation. The
feedback system usually maintains the amplitude of the oscillation. As the cantilever
is oscillated perpendicular to the surface of the sample, and the majority of the
oscillation is out of contact with the sample, lateral forces are almost eliminated,
making this an ideal topographical mode for imaging soft samples.

2.2.2 Nanoindentation

The AFM was designed initially as an imaging system, but the usefulness of the
force sensitivity of the AFM cantilever has since been utilized in nanoindentation.
In this technique, the response of the probe tip is recorded as it indents the sample.
Material properties such as elastic modulus and hardness can be calculated at a spatial
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resolution limited by the size of the probe. Nanoindentation can also be carried out
using dedicated apparatus but these measurements are usually on a larger scale with
lower force sensitivity. AFM nanoindentation can be used to measure properties
in thin and heterogeneous samples at the nanoscale. The interpretation of AFM
nanoindentation data is further discussed in Sect.3.1.3.

2.2.3 AFM Imaging and Nanoindentation in Pharmaceutics

The versatility of the AFM has facilitated the investigation of a large range of sam-
ples, such as metals, polymers, glasses and biological materials [31]. Little sample
modification is required for AFM analysis and samples can be contained within phys-
iologically relevant environments, meaning that this technique has proved extremely
useful in the analysis of materials relevant to the pharmaceutical industry, including
devices and drug particles.

Examples of the use of AFM for the analysis of pharmaceutical samples include
investigation of the effects of humidity on spray-dried lactose that elucidated the
process of crystallization [32]. The adhesion between lactose spheres and between
compressed powder discs of lactose has also been used to predict the dispersion of
these particles when delivered using dry powder inhalers [33]. Strong forces between
particles have been shown to decrease the efficiency of these devices. The AFM has
also been used to determine the size distribution of crystalline drug nanoparticles
[34]. The resolution of the AFM permitted the detection of nanoparticles smaller than
40 nm in diameter (which are not detectable with the light scattering techniques com-
monly used). In these experiments, the AFM also provided information on the shape
and structure of the nanoparticles that influence dosage performance. AFM imag-
ing and nanoindentation have been used complementarily to distinguish nanoscale
amorphous and crystalline domains on the surface of discs of crystalline sorbital
(a commonly used excipient) [35]. The mechanism of drug release from solid lipid
nanoparticles (SLN), during in vitro dissolution tests, was investigated using AFM
imaging and nanoindentation [36]. Identification of soft, non-crystalline layers, sur-
rounding the solid lipid core, was achieved by repeatedly imaging the particles. The
particles appeared to spread out in this process, a phenomenum that was attributed
to the deformation of the softer, outer layers by the AFM probe tip. Nanoindentation
revealed the thickness of these outer layers and the initial, fast release of drug was
explained by this softer, hydrophilic, non-crystalline outer layer.

Understanding the mechanics of the skin is useful for fully optimising topically
applied drug delivery systems or devices for porating the skin. Solid-state dosage
forms, such as the polymer films investigated in this work, ideally behave similarly to
the skin when formed in situ on its surface. In this way, the two will flex together and
remain in intimate contact for a prolonged period of time. The mechanical properties
of the skin have previously been studied using cylindrical flat punches with radii
ranging from 0.5-20 pm [37]. Elastic moduli extracted from these measurements
decreased with increasing radius of the indenter. This was thought to be due to


http://dx.doi.org/10.1007/978-3-319-28901-4_3

14 2 Background

the softer, lower layers of skin bearing the load on the stiffer, uppermost layers.
The elastic modulus extracted for the smallest radius probe (closest to the indenter
geometry used in this work) was 0.03 (£0.02) GPa. The mechanical properties of
corneocytes as a function of the depth from the SC surface were determined using
nanoneedle AFM probes, with diameters between 30 and 80nm [37]. This high
resolution study of the mechanical structure of corneocytes revealed stiffer structures
from within the cells and was predicted to be of value in the detection of disease-
related changes in cells and the effects of, for example, UV exposure. The elastic
modulus at indentations below 100 nm (surface elastic modulus) was approximately
0.3GPa.

The effect of applying a commercially available moisturiser on the nanomechanics
of skin has been determined [38]. The resistance of the skin to a scratch from an AFM
probe tip was investigated and elastic moduli before and after the application of this
skin cream were 0.09 (£0.03) and 0.05 (£0.02) GPa, respectively. The effect of
moisturizer on individual corneocytes, isolated using tape stripping, has also been
investigated and the surface roughness and elastic modulus of the cells shown to
decrease [39].

2.3 Raman Spectroscopy

Raman spectroscopy yields information on molecular vibrations. These vibrations
are sensitive to the strength and types of chemical bonds in the sample. Raman spectra
can therefore be used to identify substances and help to elucidate their structures.

Raman spectroscopy is based on the scattering of incident light by molecules
within a sample [40] (Fig.2.3). Photons from the excitation light collide with mole-
cules within the sample either elastically, without changing their energy (Rayleigh
scattering), or inelastically, exchanging energy in the process (Raman scattering).
When energy is exchanged, in Raman scattering, the molecule is excited to a virtual
energy state. The molecule undergoes a transition from this virtual state to a lower
energy state, which differs from its original state, and emits a photon.

If the frequency of the scattered photon is lower than that of the incident photon,
the interaction is termed Stokes Raman scattering. Anti-Stokes scattering occurs

Virtual energy states

v, AASS

Vibrational energy state 1

Ground state Y __Y
Rayleigh Stokes Anti-Stokes

Fig. 2.3 Energy level diagrams showing Rayleigh and Raman (Stokes and anti-Stokes) scattering
on excitation by a photon with energy hv;
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when the emitted photon has a higher frequency than the incident one. A molecule
must be initially in an excited state for anti-Stokes Raman scattering to occur. Stokes
Raman scattering arises from the interaction between a photon and a molecule in
its ground state. Molecules are usually in their ground state at room temperature,
so Stokes occurs more frequently than anti-Stokes scattering and is therefore more
frequently used for spectroscopy.

The frequency shift of photons associated with their inelastic collisions is called
spectral shift. A Raman spectrum shows the intensity of scattered radiation as a
function of spectral shift and the intensity is directly proportional to the concentration
of the scattering species [41].

Major components of a Raman spectrometer are the excitation source (a laser),
the spectrometer, the detector and the optical set up [40]. The choice of laser depends
on the sample being analysed. The use of particular wavelengths may excite strong,
broad fluorescence in the samples, which can overwhelm the Raman signal. At higher
excitation wavelengths, fewer fluorescent sources are excited but the intensity of
Raman scattering is lower [42]. If samples are unlikely to fluoresce, shorter wave-
lengths in the visible range are usually employed, requiring a lower laser power and
therefore reducing the likelihood of sample damage.

Raman spectroscopy is commonly compared to IR spectroscopy, which is based
on the absorption, reflection and emission of light, as opposed to scattering. The
two techniques can be used to provide complementary spectral information. In other
instances, one technique may be preferred. For example, water has a weak Raman
signal and does not interfere with the measurement of spectra from aqueous solutions
[41]. The strong IR spectrum of water, however, may overwhelm the spectral infor-
mation of the other components of an aqueous solution. The lateral spatial resolution
of Raman spectroscopy is about 10-fold better than that of IR, (1 wm vs. 10 wm),
facilitating the analysis of finer structure [43].

2.3.1 Raman Chemical Mapping

Chemical imaging combines spectroscopic techniques with optical microscopy.
Spectra are acquired across the sample at predefined points. The total number of
spectra in the map (corresponding to the total number of pixels) depends on the area
of the map and the area over which individual spectra are acquired. High quality
chemical maps are achieved using long exposure times and the acquisition of a large
number of spectra. The collected spectra form a chemical image in which, for exam-
ple, the concentration and the form of the constituents of the sample can be mapped.
When analysing the data and forming a map, there is ideally at least one distinct peak
for each of the constituents being mapped.
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2.3.2 Raman Spectroscopy in Pharmaceutics

Since the development of instrumentation for Raman micro-spectroscopy, the method
has been used, for example, to provide information on the homogeneity of the distrib-
ution of drug and excipients within a sample. This was demonstrated by mapping the
distribution of estradiol within transdermal patches [44]. An inclusion of crystalline
estradiol was observed (~250 pm in size), which was expected to negatively influ-
ence delivery and therefore compromise the efficacy of the patch. The distribution
of drug and excipient within pharmaceutical tablets has also been shown [45], and
related to the release rate. Raman spectroscopy has also been used to determine the
physical state of a drug within its vehicle using the position, intensity and shape of
characteristic spectral bands [46].

2.4 Laser Poration

The careful design of topically applied formulations can ensure the adequate delivery
and therapeutic benefit of low molecular weight compounds. However, the penetra-
tion of compounds with molecular weights above 500 g mol~', for example vaccines
and peptides, is severely limited by the SC barrier, regardless of formulation opti-
misation [14]. This is unfortunate in the case of vaccines because their delivery into
viable skin is expected to elicit a more efficient immune response than that seen when
they are injected subcutaneously or intramuscularly [47, 48]. It has therefore been
argued that this deficiency, as well as mitigating the risks associated with injections,
such as needle re-use and pain, might be avoided by delivery through porated skin,
the SC of which has been superficially ablated with a laser, for example. Such an
approach would also enhance the delivery of small molecular weight compounds
[49].

2.4.1 SC Penetration Enhancement Methods

The SC barrier may be circumvented, at least partially, by formulation optimisation,
energy driven approaches, minimally invasive technology and SC removal [50]. The
latter can be achieved using radio-frequency ablation, laser microporation and ther-
mal ablation, for instance [51].

Microporation using laser irradiance to ablate the SC provides several potential
advantages. It is a needle-free technique, which does not produce bio-hazardous
waste, and has been reported to be relatively painless [52]. The same device for
poration can be used repeatedly, in contrast to the use of microneedle patches, for
example. The area and depth of ablated pores depend on laser power and its deliv-
ery to the skin, ensuring that the approach is controllable and predictable [47, 53].
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Furthermore, by limiting thermal damage to a small area, the pores produced heal
quickly [47]. Devices are currently available to produce micropores in the skin and
enhance the delivery of topically applied drugs [54, 55].

2.4.2 Laser Ablation

Tissue ablation is any process of tissue incision or removal. Laser ablation of skin
is the removal of tissue by laser irradiance. The mechanism by which the tissue is
removed depends on the wavelength and pulse duration of the laser used and on
tissue characteristics [56]. There are three major models of tissue ablation by short
laser pulses: selective photothermolysis and its variations (photothermal and pho-
tomechanical); photochemical; and plasma-mediated [57]. Earlier investigations of
tissue ablation used lasers with nanosecond or greater pulse lengths, for which pho-
tothermal and photomechanical mechanisms (when visible or infrared wavelengths
were used [58, 59]) or a photochemical mechanism (in the case of UV ablation [60])
were believed to occur.

Photothermal ablation is achieved by rapid heating of a target chromophore within
the tissue [61]. Chromophores are components of tissue which absorb a specific
wavelength of light and examples include collagen, melanin and water [56]. The
target chromophore absorbs laser radiation and heats the water in the surrounding
tissue. The subsequent vaporization of the water leads to a build-up of pressure
within the tissue and a micro-explosion occurs, which ablates material from the
surroundings [48]. In the case of short laser pulses, their duration can be less than
the thermal relaxation time of the targeted tissue component, resulting in little heat
transfer, and therefore less damage, to the surrounding tissue [62]. Tissue can also
be ablated photomechanically, when the stress induced by laser heating exceeds the
strength of the material. This leads to ejection of tissue fragments [63].

In photochemical ablation, the removal of tissue also results from explosions
caused by the build-up of pressure. The pressure in this case derives from the pho-
tochemical dissociation of macromolecular bonds [60]. For far-UV (<200 nm) laser
irradiation, the photon energy is larger than that of the chemical bonds in the mole-
cule [64] and absorption of photons provokes electronic excitation and subsequent
decomposition of the tissue into smaller, volatile fragments.

For pulse lengths in the range of picoseconds to femtoseconds, plasma-mediated
ablation has been proposed [56, 65, 66]. Laser induced breakdown is one mecha-
nism for creating plasmas. In this process, the tissue under irradiance is partially
or completely ionized through absorption of laser energy and this results in a “gas”
of charged particles, a plasma [67]. Plasmas absorb optical radiation much more
strongly than ordinary matter and therefore limit the penetration of the incident light
[68]. Once the pulse has terminated, free electrons recombine with the positively
ionized molecules within the plasma and energy is transferred to surrounding mate-
rial which is ablated. The energy from this recombination can also be converted to
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Fig. 2.4 Multiphoton ionization, absorption and impact ionization leading to an avalanche growth
in the number of free electrons and the formation of plasma. E,;, is the critical electron energy for
impact ionization to occur. Adapted from [66]

mechanical energy, resulting in the propagation of a shock wave and the formation
of a cavitation bubble [69].

An initial threshold electron density must be reached for the formation of the
plasma, and the threshold for laser induced breakdown is an electron density of 10'8—
10%° cm~3 in the focal volume [65]. Two mechanisms can produce electron densities
in this range (Fig.2.4): (i) avalanche (or cascade) ionization, initiated either by seed
electrons from impurities or by multiphoton absorption, and (ii) pure multiphoton
ionization.

Free electrons are required in the focal volume for avalanche ionization to occur
[65]. These “seed” electron(s) absorb photons, accelerate and then release bound
electrons by collisional ionization. The freed electrons are then accelerated, freeing
more electrons and the avalanche process continues, resulting in the formation of
plasma. The “seed” electrons required for this process may come from easily ionized
impurities or from multiphoton ionization.

Multiphoton ionization occurs when electrons are freed by absorption of multiple
photons. High electron densities are produced by pure multiphoton ionization when
pulse lengths are in the low femtosecond range [65] so only instantaneous ionization
can occur in the duration of the time that the pulse is present in the focal volume. Each
atom is independently ionized so no seed electrons, collisions or particle-particle
interactions are required.
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2.4.3 Laser Poration of Skin

The potential of lasers in biomedical applications was realised soon after the invention
of the pulsed ruby laser in 1960 [70]. It was predicted that lasers could provide
previously unachievable precision and selectivity in the manipulation of tissues [71].
Within a couple of years, the effect of exposure of skin to a pulsed ruby laser beam
had been investigated. Goldman et al. [72] exposed non-pigmented and pigmented
rabbit and human skin to a pulsed ruby laser beam (A = 694.3nm) with a pulse
length of 200 s and observed an enhanced interaction between the laser and the
pigmented skin. Subsequent experiments showed that tissue changes were related to
the skin pigmentation, the type of laser used, the fluence (the energy per unit area per
exposure) and the duration of the exposure to the laser beam [73, 74]. The possible
treatment of birthmarks (nevi), melanomas and tattoos, based on these findings, was
proposed [75].

The first demonstration of controlled removal of the SC to enhance percutaneous
transport was in 1987 [76]. In this study, an excimer laser was used (A = 193 nm) with
a pulse length of 14 ns. An unexpected decrease in permeation when using a higher
laser fluence to remove the SC was observed, however, even though similar amounts
of material were removed. It was concluded that tissue damage and cauterization
occurred when a higher fluence was used, due to the build-up of heat. Ideally, for
drug delivery applications, the pore created would not be surrounded by coagulated
tissue, as this effectively blocks subsequent permeation through the pores [54].

Shortly thereafter, it was demonstrated that nanosecond pulsed lasers, with wave-
lengths strongly absorbed by the water in the skin, caused much less thermal damage
of the surrounding tissue [77, 78]. Since then, a range of laser systems have been
used for SC removal, as illustrated in Table 2.1.

Over the last 25 years, laser ablation of skin has focussed on the wavelengths
of 10,600 and 2940 nm, produced using CO, and Er:YAG lasers, respectively. This
causes ablation of the skin photothermally using the pulse durations reported in
Table?2.1. Here, conventional ablation refers to the use of just one, large (mm in size)
pore for drug permeation enhancement or cosmetic benefit (such as skin resurfacing
or wrinkle treatment [93]). The use of these lasers, however, was associated with
delayed re-epithelialisation and erythema (skin redness), with long recovery times
of the large wounds produced [94].

Fractional photothermolysis, first described in 2004 [95], involves the use of a
split laser beam to create an array of micropores in the skin. Fractional lasers are
advantageous in that they create smaller zones of damage, within the surrounding,
healthy skin, that are quicker to heal [82, 87].

The hand-held PL.E.A.S.E.® device (Precise Laser Epidermal System), devel-
oped by Pantec Biolsolutions AG (Ruggell, Liechtenstein), uses a fractional Er:YAG
laser to create micropores in the skin for both drug delivery enhancement [47, 53,
83-86] and cosmetic procedures [96]. The number of pores and the fluence used to
create the pores are specified prior to the use of the device, enabling the distribution
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and depth to be tailored for the application [47]. The pores created using this device
are approximately 150-200 pwm in diameter [47].

Adpverse effects after ablation by fractional Er:YAG and CO, lasers include skin
irritation and swelling, as well as those discussed for conventional laser ablation [55,
87, 97, 98]. Scarring has also been associated with the use of CO,; lasers. Fewer of
these symptoms are reported when fractional lasers are used [99]. The healing time
after fractional or conventional laser treatment is also a concern, especially when
considering multiple long-term treatments. Cost and the complex design of poration
systems are considered drawbacks to their use for the enhancement of percutaneous
transport [54].

The adverse side effects observed in ablation with microsecond pulses could be
addressed with the use of ultra-short pulses, in the pico- or femto-second range.
When these short pulses are used for tissue ablation, the laser energy is deposited
and quickly transferred to kinetic energy of the ejected material, with little being
transferred to the surrounding tissue, and minimal, if any, thermal damage [100].
Ideally, the laser system would be cheaper to develop and operate. The development
of the technology associated with a device for ablation (cheaper laser, fibre optics)
would bring down the cost of this kind of system. Also, the safety of a device, which
uses a laser, can be improved with the use of visible light. As the latter can be detected
by eye, it is much easier to avoid any unintentional exposures and harmful effects.

2.4.3.1 Ablation with Visible Wavelengths and Femtosecond Pulses

There have been few reported uses of visible laser light (400-700 nm) poration
for enhanced drug delivery. At visible wavelengths, melanin and haemoglobin are
the skin chromophores that have the greatest absorption capabilities. This means
that the absorption of visible laser light at longer pulse lengths by skin depends
on its pigmentation. Visible wavelengths are used, for example, in tattoo removal
[101] and the treatment of pigmented lesions [62]. The use of a frequency doubled
Nd:YAG laser (A = 532nm) with nanosecond pulses has been reported to enhance
the delivery of 5-fluorouracil [81] and 5-aminolevulinic acid (ALA) [59]. In the
first of these studies [81], irradiation at 532nm was found to enhance the delivery
of 5-fluorouracil, compared to its penetration across untreated skin, with no visible
damage to the surrounding skin. At a given fluence, the enhancement at wavelengths
of 355 and 1064 nm was greater, but damaging effects on the tissue surrounding the
pores were observed. In a separate study, a lower fluence from an Er: YAG laser was
required to enhance ALA delivery compared to that needed by a frequency doubled
Nd:YAG laser with a wavelength of 532 nm [59]. Histological studies again showed
no damage to the skin was caused by irradiation with the 532 nm laser.

Pulse lengths on the order of tens of femtoseconds have been used to ablate, for
example, the cornea [102], teeth [103], skin [104, 105] and neural tissue [106].
The plasma mediated ablation, which occurs when ultrashort (pico- and femto-
second) pulse durations are used, is often associated with the generation of stress that
causes tissue damage [107]. In principle, the expansion of plasma, formed by laser
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irradiance, leads to the propagation of a shock wave through the tissue. However,
the shock wave produced by femtosecond pulses has extremely high frequency and
cannot propagate through tissue, being entirely absorbed in a subsurface layer less
than 1 pm in thickness [107]. There is a paucity of literature describing the use of
femtosecond pulsed lasers to enhance the permeation of therapeutic agents into and
across the skin. Nicolodelli et al. [91] porated skin using a Ti:Sapphire laser (A =
801 nm) with a pulse length of 70 fs and found that this enhanced the depth of ALA
in the skin. Thermal damage, however, was observed surrounding the pores.

The optical absorption of the skin at 532nm is low [56]. Greater fluences are
therefore required for laser induced breakdown as seed electrons are not so easily
produced at this wavelength. The absorption of the green light can be enhanced by
applying a strongly absorbing dye to the surface of the skin. This effect has been
investigated [108] using pulse lengths from 50 to 200 ms. Carbon particles mixed
with film forming polymers provided the means by which green light was absorbed
and converted to thermal energy. The presence of the dye induced tissue ablation but
thermal injury was observed in a band of collagen denaturation in the surrounding
tissue. The use of carbon suspensions to enhance laser treatment of acne and facial
pores with a 1064 nm laser [109, 110] has been reported but there are no examples
of its use to enhance drug delivery.

There has been no reported use of ablation of dyed skin using a visible laser with
femtosecond pulses. The mechanism of ablation deriving from this combination is
of interest to the efficient delivery of vaccines, proteins, peptides and smaller drug
molecules into and across the skin.
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Chapter 3
Methodology

3.1 Film-Forming Systems

3.1.1 FFS Preparation

All materials used to fabricate polymeric film-forming systems (FFS) were kindly
provided by LEO Pharma, Denmark. The polymers used were Eudragit® RS PO
(Eudragit) (ammonio methacrylate copolymer type B) and Klucel™ LF (Klucel)
(hydroxypropyl cellulose). Additives such as triethyl citrate (TEC) and medium-
chain triglyceride (MCT) (Miglyol 812 N, caprylic/capric triglyercide) and the model
drug betamethasone-17-valerate (BMYV, purity 100 %) were also incorporated.

FFS were prepared by combining a polymer and absolute ethanol (mixed with 5 %
w/w water for Eudragit) (percentage contents are always reported as mass fractions
hereinafter). For the incorporation of TEC or MCT, 10% stocks of TEC/MCT in
absolute ethanol were prepared by stirring for 2 h. TEC/MCT stock was mixed
with the appropriate amount of polymer to achieve concentrations of 20 or 40 %
(percentages of TEC and MCT correspond to the percentage of dry polymer weight).
The solutions were stirred overnight to ensure complete dissolution of the polymer.
A clear solution was obtained after stirring. Drug loaded FFS were prepared by
dissolving 1.2 % BMV (corresponding to 1.0 % betamethasone) in the FFS. Table 3.1
summarizes the compositions of the FFS investigated in this work.

3.1.2 Atomic Force Microscopy Imaging

AFM experiments were performed in ambient conditions using a Multimode Scan-
ning Probe Microscope (Veeco, Plainview, NY) with a Nanoscope IIIA controller
and Nanoscope software (Version 7.341).
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Table 3.1 Composition of the FFS tested

Formulation Percentage by weight (%)
Polymer | TEC/MCT | Absolute ethanol Water

15 % Eudragit without plasticizer |15 0 80 5
15 % Eudragit with 20 % TEC 15 3 77 5
15 % Eudragit with 40 % TEC 15 [§ 74 5
15 % Eudragit with 20 % MCT 15 3 77 5
5 % Klucel without plasticizer 5 0 95 0
5% Klucel with 20 % TEC 5 1 94 0
5% Klucel with 40 % TEC 5 2 93 0
5% Klucel with 20 % MCT 5 1 94 0

3.1.2.1 Film Formation

For AFM imaging and nanoindentation, 10 i1 cm~2 of the FFS were cast uniformly
onto glass slides, which had been cleaned in an ultrasonic bath with acetone and then
isopropanol for ten minutes in each. Unless otherwise stated, glass slides were main-
tained overnight at a temperature of approximately 30 °C, to mimic the temperature
of the outer surface of the skin [1]. Formed films had thicknesses of approximately
10 pm.

Films were additionally formed on porcine skin for some nanoindentation inves-
tigations by casting 10 111 cm~2 of FFS on their surface. Details of the preparation
of the skin are given in Sect. 3.2.1. The skin was kept moist by applying a thin layer
of silicone grease (Rhodorsil, Hong Kong) between the bottom of the skin and the
AFM stub on which is was supported. Films on skin were dried for 6 h at room
temperature.

3.1.2.2 Image Acquisition

AFM images were obtained in tapping mode in ambient conditions. ‘Allin One’ AFM
probes (AIOAL, Budget Sensors, Sofia, Bulgaria), with nominal spring constants of
between 0.2 and 40 N m~! and resonance frequencies between 15 and 350 kHz,
were used for both imaging and nanoindentation. Images were analysed using
Nanoscope Analysis software (Version 1.3, Bruker, Billerica, MA). The frequency
of oscillation used for imaging was generally determined using the autotune function
in the Nanoscope controller software. A scanning electron microscopy (SEM) image
of an AFM cantilever is shown in Fig. 3.1a.



3.1 Film-Forming Systems

Fig. 3.1 Example SEM
images of AFM probes.
Measurements of

a cantilever length and
width, and tip radius of
curvature b before and c after
EBID are shown in yellow
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3.1.3 AFM Nanoindentation

The process of AFM nanoindentation of polymeric films, prepared according to
Sect. 3.1.2.1, and a typical cantilever deflection-displacement curve are summarized
in Fig. 3.2a. AFM nanoindentation was carried out in contact mode (non-oscillating
cantilever).

The raw data acquired in AFM nanoindentation were cantilever deflection (in volts)
as a function of the vertical displacement of the cantilever from its initial position
above the sample surface. There were several steps to convert these data to a form
which could be used to determine the type of deformation observed (be it viscous,
elastic and/or plastic) and to extract the elastic modulus.

3.1.3.1 Deflection Sensitivity and Deformation

The AFM cantilever deflection was detected using the position of a laser beam,
which had been reflected from the back of the cantilever, on to a four-quadrant
photodiode. The laser spot was initially positioned in the middle of the photodiode
and any subsequent deflection of the cantilever was detected as a change in output
voltage. The deflection of the cantilever was converted from voltage to distance by
determining the deflection sensitivity of the cantilever, which is the distance that the
cantilever deflects per volt measured by the photodiode. The deflection sensitivity
was determined by calibrating the cantilever on a surface which deformed negligibly
under the applied load (cleaned glass slides were used). The deflection sensitivity is
the inverse of the gradient of the cantilever deflection (in Volts) as a function of its
vertical displacement (in nanometers) (i.e., the cantilever deflects the same distance
that it is pushed towards the negligibly deformable surface). The deflection D of the
cantilever in nanometers was calculated by multiplying the deflection, as measured
by the photodiode, by the deflection sensitivity,

D(nm) = sensitivity(nm V™' x D(V) (3.1)

An example of a deflection sensitivity calibration is shown in Fig. 3.2a (dashed
line). The probe was not indenting the sample and the response observed is merely
the response of the cantilever to being pushed onto the sample. Typical values of
deflection sensitivities used in this work ranged from 36.5 to 68.6nm V~!.

The deformation of the sample (the depth of the indent) at a given load is the
difference in vertical position of the cantilever between the sensitivity calibration
and the experimental data (labelled in Fig. 3.2a).

3.1.3.2 Load

Once the deflection of the cantilever had been converted from volts to nanometers,
the load P on the sample during indentation was determined using the cantilever’s
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Fig. 3.2 a An example deflection-displacement curve obtained in the AFM nanoindentation of
Eudragit films without plasticizer. The deflection of the AFM cantilever as a function of its vertical
displacement from its original position was measured. A The probe tip is out of contact with the
surface of the sample. The cantilever is brought down towards the sample surface at a constant
approach rate. B The probe tip snaps into contact with the sample due to attractive van der Waals
forces. At this point, the cantilever is bent towards the sample (negative deflection). As the approach
continues, the cantilever bends upwards and becomes flat again when its deflection is zero. C While
the tip is pushed into the sample, the cantilever continues to bend upwards until reaching a maximum
deflection of 21 nm. D The cantilever is retracted and its deflection decreases. Adhesion between the
probe tip and the sample surface causes the deflection to become negative while retracting. The tip
then breaks free of this adhesion and the cantilever continues its ascent undeflected. b Deformation
of the sample with load applied (calculated from data in a). The deformation of the sample is
the difference between the sensitivity calibration, on a negligibly deformable surface, and the
approach/retract data at a given load
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spring constant k¢,

P=keD (3.2)

k¢ was calculated using a previously published method [2], requiring knowledge of
the density of the medium (in this case, air) in which the cantilever is oscillated p,,,
the width b and length L of the cantilever, the quality factor of the fundamental mode
of the cantilever in the medium Q,,, and the resonant frequency in the medium wy,,:

ke = 0.1906p,,b> L QT (wi)w?, (3.3)

where I'; is the imaginary component of the hydrodynamic function I"(w), described
by Eq. 201in [3]. This function only depends on the Reynolds number,

Re = pywb*/4n (34

where 7 is the viscosity of the medium. The density and viscosity of air are
1.18 kg m~ and 1.86 x 10° kg m~! s~ respectively. The width and length of the
cantilever are required for spring constant determination and were measured using
scanning electron microscopy (SEM) (see Sect. 3.1.3.3). The quality factor and res-
onant frequency were measured using the autotune function in the AFM Nanoscope
software. Spring constants between 1.7 and 36.1 N m~! were used in these experi-
ments.

For interpretation of deformation behaviour, it is common to show the deformation
of the sample with the applied load (hereinafter referred to as load-deformation
plots). Expressing the data in this way also allows a model to be fitted and the elastic
modulus to be extracted. This is further discussed in Sect. 3.1.3.4. An example
of a load-deformation plot, converted from cantilever deflection as a function of
displacement, is shown in Fig. 3.2b.

3.1.3.3 Scanning Electron Microscopy of AFM Probes

The dimensions of the AFM probe cantilever and the shape of the probe tip (the inden-
ter) were imaged using a Field Emission Scanning Electron Microscope (FESEM)
(6301F, JEOL, Tokyo, Japan) and were measured with Image J (1.47v). The shape
of the indenter is required for the extraction of elastic modulus from indentation data
(see Sect. 3.1.3.4). Images of probe tips and cantilever lengths and widths were taken
using an accelerating voltage of 18 kV. Example images are shown in Fig. 3.1.
Probe tips of rounded geometry were required for nanoindentation of polymeric
films. Indentation is commonly carried out using flat punch, spherical or conical
(or pyramidal) indenters [4]. The radius of curvature of AFM probe tips as manufac-
tured can be as small as a few nanometres. These sharp tips apply a large pressure
over their small contact area with the sample. For soft materials, such as polymers
and biological samples, the use of spherical indenters, with larger radii than typical
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AFM tips, results in a lower contact pressure and therefore less plastic deformation.
This allows elastic information to be extracted more reliably [5-7].

The use of a larger tip for indentation does, however, limit the resolution of the
technique. Spherical indenters are commonly fabricated by attaching, for example,
glass spheres to AFM cantilevers which do not have tips [5]. The diameters of these
spheres start from approximately 0.5 wm and the practical difficulties of attaching
the spheres to the cantilever increase as the diameter of the spheres decrease. To
fabricate spherical indenters with radii in the range of tens of nanometres, electron
beam induced deposition (EBID) can be used.

EBID arises from the decomposition of hydrocarbon molecules present as conta-
mination in SEM. By focussing the electron beam on an AFM probe tip, amorphous
carbon is deposited and the thickness of the tip increases. For further description of
EBID of AFM probes, see [8, 9]. A lower accelerating voltage is used for EBID of
AFM probe tips than for imaging. Under these conditions, the interaction volume
of the incident electrons with the atoms of the sample remains optimally within the
AFM probe [10]. If a higher acceleration voltage is used, the electron beam mostly
passes through the tip and little EBID occurs.

For indentation, the radius of AFM probe tip was increased in an SEM by bringing
it into the electron beam focus at an accelerating voltage of 10 kV. The beam was kept
on the tip at high magnification (x200000) for 30-60 min. The deposition process
was stopped when the radius of the probe tip was sufficiently large. An example of
an AFM probe tip before and after EBID is shown in Fig. 3.1. The maximum depths
of the indentation carried out in this work were less than the radii of curvature of the
tips, allowing the indenter to be modelled as spherical.

3.1.3.4 Elastic Modulus Extraction

The model used to extract material properties of a sample under indentation must
be carefully selected to comply with the kinds of deformation observed. Fingerprint
features in load-deformation plots were used to identify the kinds of deformation
occurring [7]. In the indentation of polymeric films, viscous, elastic and plastic
deformation was observed. This is further discussed in Sect. 4.2.1.

The elastic contact between two spherical surfaces with different radii and elastic
moduli was originally considered by Hertz in 1882 and was developed by Johnson
for spherical indentation [11]. For this model to apply, there must be no additional
interactions between the indenter and sample (such as adhesion) [5]. For purely elastic
samples, the relation between the load from a spherical indenter and the deformation
h it causes is given by:

P= ﬂE,h% (3.5)
3
where R is the radius of the indenter and E, is the reduced elastic modulus of the
sample. Reduced modulus takes into account the elastic moduli of the sample E and
the indenter E;,
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1 A-v) , (1-1?
L= E +— (3.6)

where v; and v are the Poisson’s ratios of the indenter and of the sample, respectively.
When the indenter modulus is much greater than the sample modulus (in this work,
150 GPa for silicon [12] and 28 GPa for EBID [8]), the elastic modulus of the sample
can be approximated as,

E=E,(-1% (3.7)

A value of 0.4 was used for the Poisson’s ratios of Eudragit and Klucel films.
This approximate value has previously been found for polymeric films of a simi-
lar nature [13].

In purely elastic samples, the approach and retract responses of the sample to
indentation are the same (no hysteresis), so the model can be fitted to either stage
(loading or unloading) of the process. If viscous and/or plastic deformation is appar-
ent, the initial stages of the loading process during indentation can be modelled as
elastic. Plastic deformation is characterized by a threshold. The deformation of the
sample below this threshold (in an elastic-plastic sample) is therefore purely elas-
tic and can be modelled using the Hertzian approach. Viscous deformation has no
threshold for onset but is time-dependent. Using data from the initial loading period
will therefore allow little time for viscous flow to affect the response of the sample
and the elastic properties can be extracted [7].

Instead of assuming the limit of purely elastic deformation during indentation of
viscous-elastic-plastic samples, a model was developed by Oyen & Cook to account
for plastic deformation and for the time-dependent viscous deformation [4]. This
model was based on the series elastic-viscous Maxwell model and was extended to
include an element for plasticity. These elements are depicted in Fig. 3.3.

The Oyen & Cook model was initially developed for indentation using a flat
punch. The area of contact between an indenter of this geometry and the sample
remains constant throughout indentation. The elastic deformation of the sample is
proportional to the load (Fig. 3.3), as opposed to the power of 3/2 found for spherical

Viscous Elastic Plastic
dh Y
Py = (d—t") P, = k;h, B, = ayHh,

Fig. 3.3 Deformation element series model for viscous-elastic-plastic indentation. Relationships
between load P and deformation %, for indentation using a flat punch, are shown for the viscous
element (Py ), elastic spring (P,) and an element for plasticity (Pp), where 1 is the linear viscosity
coefficient, 7 is the time during indentation, ; is the elastic spring constant, o] is a coefficient based
on the geometry of the indenter, and H is the hardness



3.1 Film-Forming Systems 37

indentation. The load on the viscous element is proportional to the deformation rate
dg’—zv, where hy is viscous deformation and ¢ is time. Oyen & Cook extended this
model to indentation using a conical or pyramidal indenter, where the elastic load

P, and deformation %, have a quadratic relationship,
P, = kgh? (3.8)

where ko is the quadratic stiffness related to the elastic modulus of the sample.
When indenting using a flat punch, the same power law applies for elastic and vis-
cous deformation. Oyen & Cook therefore assumed that the same power law for
elastic deformation using a conical indenter could be applied to viscous and plastic
deformation using a conical indenter. The same approach is used here to develop a
model for viscous-elastic-plastic indentation with a spherical indenter. The power
law for elastic load-deformation during indentation using a spherical punch is 3/2
(Eq.3.5). The relations for time-dependent and plastic deformation are therefore
raised to the same power. The load on the viscous element Py when indented using

a spherical indenter is:
dhy\?
Py = — 39
v ,U( I ) (3.9)

(SIS

where 1 is a viscosity coefficient and 7 is the time during indentation. The load P,
on the plastic element of deformation is given by:

3
P, =aHh} (3.10)

where £, is plastic deformation, « is related to the geometry of the indenter and H
is the hardness.

The total deformation of the sample is determined from the series combination of
the individual elements:

h=hy+h.+h, @3.11)

and the deformation rate follows from this, i.e.,

dh dh dh, dh
_ v 4+ <4 =P

— = (3.12)
dt — dr T dr T dr

The total load is the same in the viscous, elastic and plastic elements, P = Py =
P, = P,. Substituting Egs. 3.5, 3.9 and 3.10 into Eq. 3.12 yields an expression
relating the deformation rate to the applied load:

dh P§+2 1 %dPJrz 1 \3dP G
dt  \ 3\k2P) dr 3 \a2H2P) dt ’
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where k = ‘%ﬁ a _Eyz) . This relation can be solved for a variety of loading conditions,
such as different approach rates and the use of a delay at the maximum load, when the
probe is held in contact with the sample. Loading conditions can be varied to observe
the change in the relative contributions of elastic, plastic and viscous deformations.

In these experiments, trapezoidal loading conditions (with a hold) and loading
conditions without a hold were used. Trapezoidal loading conditions are shown in
Fig. 3.4. The load on the sample during the three (or two, without a hold) stages of
the indentation process were:

P
P = maxt when OEISTL
TL
P = Py when 7, <t <7+ 7y
Pmax
P = (o +7a+70 — 1) when 7 +7y <t <1 +TH+TU
Tu

where P, is the maximum load applied to the sample, 7;, is the duration of loading,
Ty is the hold period, and 7y is the duration of unloading.

While increasing the load on the sample at a constant rate, elastic, plastic and
viscous deformation occur. During loading, the relation between the total deformation

Load (P)

7 (to+ty) (@ +1h+1y)
Time (t)

Fig. 3.4 Loading conditions used in AFM indentation experiments. The probe approaches the
sample at a constant rate for a duration 7, until a maximum load P,,,, has been reached. The AFM
cantilever can then be held at its maximum vertical displacement from its initial position, for a
duration 7. The probe is then retracted at a constant unloading rate for a duration 7y until it is
finally out of contact
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and the load applied therefore includes elastic, viscous and plastic terms. When a
constant load is applied, only viscous deformation occurs.

Itis usually assumed that all plastic deformation occurs during the loading stage of
the indentation process [4]. During unloading, therefore, d:f—t” is zero and the relation
between deformation rate and applied load reduces to:

dh Pmax % 2 2 Pmax % _1
— = — (TL+TH+Tu—l)3—— (TL+TH+TU—I) 3 (314)
dt Uty 3\ kty

Integrating this with respect to time yields the following expression for deformation
during unloading:

Puar | 130
h(t) = (L+mu+10 -0 | 5 —c—+Tu+T10—10)|+hy
TU k3 SMK

(3.15)

where 4 ¢ is the residual deformation left after all load has been removed.

The Hertzian and Oyen & Cook models were used for the analysis of the viscous-
elastic-plastic indentation of polymeric films. To extract elastic modulus, data were
analysed in the form of load-deformation plots for the Hertzian model fit and
deformation-time plots for the Oyen & Cook model fit. The region of the initial
loading stage of the indentation that was used to fit the Hertzian model was the first
5-20 % of data points. This range excluded the noisiest part of the data at low load
values (first 5 %) [14]. The fit range included the next 15 % of data points to avoid
taking into account viscous and plastic deformation. The Oyen & Cook model was
fit to the middle 75 % of data. This was again to avoid the noisiest parts of the data.
Unless otherwise stated, indents were performed using an approach rate of 16 nm s~!
and a surface hold of 0 s.

3.1.4 Raman Micro-Spectroscopy

Spectroscopic measurements were performed using a Raman microscope (inVia,
Renishaw, Gloucestershire, UK) which measures the Stokes shift of scattering sub-
stances. To obtain Raman spectra of polymeric films and their constituents, an exci-
tation wavelength of 532 nm was employed.

Initially, Raman spectra of the constituents of polymeric films were acquired
using 10 % of the maximum laser power available (approximately 80 mW). Spectra
of Eudragit, Klucel, TEC and MCT in the solid state and in solution were obtained.
BMYV was prepared in three different ways to determine the relation between the
peak position and the physical state of the drug. BMV was investigated in the crys-
talline state, as provided by the supplier, in the amorphous state, formed by deposit-
ing a drop of an ethanolic solution onto a cleaned glass slide [15], and in solution
(0.4 % in ethanol). Characteristic peaks apparent in the spectra of TEC, MCT and
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BMYV, which were distinct from spectral features of the polymers, permitted their
spatial distribution to be mapped.

Raman maps of Eudragit and Klucel films incorporating 20 % TEC or MCT were
acquired using a x50 objective. To increase resolution, the excitation laser beam was
directed to the sample via a pinhole. This reduced the area from which spectra were
obtained, and therefore the area of each individual pixel of the map, to 1 x 1 wm?,
Mapping was performed using the maximum laser power available and no damage
to any sample was observed.

Raman spectra were analysed using Wire software (3.4 and 4.0, Renishaw). Back-
ground signals were subtracted using the Cubic Spine Interpolation method with the
baseline either defined by the software or the user. Spectral parameters were defined
and fitted to specific peaks for the identification of TEC, MCT and BMV. The chem-
ical compositions of the films were mapped using the intensities of fitted peaks and
also via the intensities corresponding to specific spectral shifts (if a distinct peak
could not be fitted). The physical state of BMV within the films was mapped using
the position of its characteristic peak and its relation to calibration spectra for crys-
talline, amorphous and dissolved BMV.

3.2 Laser Microporation

3.2.1 Preparation of Skin Samples

Porcine dorsal skin was used for laser microporation and AFM indentation (see
Sect. 3.1.3). Porcine skin is a recognised and representative model for human skin
[16] and is readily available and inexpensive compared to human tissue. The skin
was obtained from a local slaughterhouse shortly after sacrifice of the animal, and
was subsequently cleaned in cold water and dermatomed (Zimmer, Warsaw, IN) to
approximately 750 wm thick. The skin sections were then individually wrapped in
ParafilmTM and kept in a freezer at —20 °C. Shortly before use, the skin was thawed
and excess hair was carefully removed using scissors.

For AFM experiments, skin was cut into pieces of approximately 1 x 1 cm”. Sam-
ples for release experiments were cut to a larger area to ensure that they completely
covered the area of contact between the donor and acceptor chambers of the Franz
diffusion cells (for details, see Sect. 3.2.5). For laser microporation, skin samples
were placed on glass slides and supported in place using Parafilm™.

The skin was either prepared as above or ink was applied to its surface (now
referred to as uninked or inked skin, respectively). A black permanent marker
(Lyreco, Shropshire, UK) was used for this purpose and was drawn across the surface
of the sample. For release experiments on multiple pieces of skin, a consistent area
of ink was obtained using a stencil.

To determine a method with which to characterise the extent of thermal dam-
age, porcine skin was purposefully burnt using a soldering iron. Skin was burnt



3.2 Laser Microporation 41

at temperatures of 420, 160 and 60°C. The highest temperature was obtained by
contacting the skin directly with the soldering iron. The contact was maintained
until the temperature, measured by a thermocouple in between the skin and the sol-
dering iron, reached 420 °C. Lower temperatures were achieved by diffusing the heat
using a copper washer between the soldering iron and the skin. Again, the heating
source was removed when the temperature had reached the desired level. The depen-
dence of Raman scattering from the areas of the skin burnt at different temperatures
was then acquired (see Sect. 3.2.4).

3.2.2 Laser Set-Up

A Ytterbium doped fibre laser (Fianium, Southampton, UK), with a wavelength of
1064 nm, pulse duration of 5 ps and a repetition rate of 20 MHz was used in these
experiments. Pulses were compressed using a grating compressor pair and frequency
doubled in a 3mm lithium triborate (LBO) crystal. The laser beam resulting from
this set-up, which was used to ablate porcine skin, had a wavelength of 532 nm and
pulse duration of approximately 300 fs. A camera shutter was used to expose the
skin to a range of exposure times.

The laser was either focussed on the skin using a lens (magnification of x20,
numerical aperture (NA) of 0.4) or directed towards the skin using a hollow core
photonic crystal fibre (PCF). The skin was mounted on a translatable stage, with its
surface perpendicular to the propagation of the laser beam. In the lens set-up, the
optimum focus was found by continually exposing the skin to the laser beam and
adjusting the horizontal distance between the skin and the objective until a strong
effect was observed (smoking from the skin, flash of light).

The fibre was set up relative to the surface of the skin using an optical microscope
which was positioned above the equipment. The hollow core PCF used was designed
to guide light with a wavelength around 532 nm. The experimental set up involving
the use of fibres to guide light to the skin is shown in Fig.3.5a. An SEM image of a
fibre of the same structure of that used (though a larger diameter) is shown in Fig. 3.5b.
The diameter of the core of the fibre was 16 m and the NA was approximately 0.04.

3.2.3 Optical Microscopy

An optical microscope was used to obtain images and measure the dimensions of
laser micropores produced in porcine skin. A calibration of the number of pixels
per millimetre, depending on the objective used, was initially obtained using a grid
of lines of known separation. The diameter of the pores in the optical microscope
images could therefore be measured in Image J software and converted to the actual
length using this calibration.
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(a) Grating pair
compressor
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Half mirror 0.5m
Laser (return beam Hollow-core fibre
1064nm, Sps, 20MHz spatially offset)
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Fig.3.5 aDoubling the frequency and compressing the pulses of a fibre laser for ablation of porcine
skin; b SEM image of a hollow core PCF with the same structure as, but a larger diameter than, the
fibre used in these experiments. Images are reproduced by kind permission of James Stone and Fei
Yu, respectively, both from the University of Bath

Depth was calibrated by determining the displacement of the dial which controlled
the stage height of the microscope required to adjust the focus. The focus was initially
on the top surface of a glass slide. Once the glass slide had been removed, the height
dial was then moved so that the stage, which had previously been underneath the
glass slide, was in focus. The thickness of the slide was measured using a micrometer
and the height dial displacement was then calibrated. The depths of laser micropores
in skin were measured by initially focussing the microscope on the top surface of
the skin (the rim of the pores) then moving the height dial until the bottom of the
pores was in focus. The depth was determined as the difference in height between
the initial and final focusses.

3.2.4 Raman Micro-Spectroscopy of Porcine Skin

Raman micro-spectroscopy of porcine skin (both with and without laser microp-
ores) was performed using the same device as previously described (Sect. 3.1.4). An
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Table 3.2 Exposure times
and laser powers used to
acquire Raman spectra of

Extent of damage | Exposure time (s) |Laser power
(% of maximum)

undamaged and burnt porcine Unburnt 12 100

skin Burnt to 60°C 12 100
Burnt to 160°C 12 10
Burnt to 420°C 12 0.0001

excitation wavelength of 785 nm was used. Spectra of porcine skin obtained using this
wavelength showed less fluorescent background and revealed more spectral features
than those obtained with a wavelength of 532 nm.

Spectra of skin burnt at temperatures of 420, 160 and 60 °C and unburnt skin (see
Sect. 3.2.1) were acquired using a x20 objective. The power used for acquisition of
Raman spectra varied according to the extent of the burn. The fluorescence greatly
increased as the temperature of the burn increased, resulting in the use of lower
laser powers. Spectra were then normalised according to power. The settings used to
obtain Raman spectra of the above mentioned skin samples are shown in Table 3.2.
The process was carefully monitored to ensure that the skin was not damaged further
by the excitation laser beam.

Raman spectra of laser micropores were acquired to determine the extent of ther-
mal damage to the surrounding tissue. Initially, a spectrum was acquired of inked
skin that had not been porated using an exposure time of 12 s, 0.05 % of the maximum
laser power available, and a x 20 objective. Spectra of laser micropores were acquired
using a x 50 objective. Spectra were acquired from the bottom of laser micropores by
focussing the Raman microscope on the bottom of the pore and by placing a pinhole
in the path of the excitation beam, limiting the volume of its interaction with the
sample. Laser powers of 0.5 and 100 % of the maximum power were used to obtain
spectra of the bottom of micropores in uninked and inked skin, respectively.

3.2.5 Caffeine Delivery

Arrays of 18 x 18 micropores were produced on inked skin using two laser powers:
0.06 and 0.30 W. Inked skin was mounted on a translatable stage, perpendicular to the
fibre used to direct the laser light, and was moved approximately 130 pm between
1's exposures. The skin was positioned such that the most protruding surface of the
skin was at a distance of approximately 300 pm from the end of the fibre.

Skin samples for delivery experiments, across control and porated barriers, were
thawed and had ink applied. Producing an 18 x 18 array of micropores took approx-
imately 40 min and 2 samples of skin were porated on each day that the experiments
were performed.
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Fig. 3.6 Diagram of a side-by-side Franz diffusion cell

After poration, skin was mounted in side-by-side Franz diffusion cells (Perme-
Gear, PA), with diameters of 0.9cm and donor and receptor chamber volumes of
3.5 ml (Fig. 3.6). This well-established in vitro method is designed to closely mimic
in vivo absorption [17]. The drug is applied to the skin surface facing the donor com-
partment either in solution or as a thin film, for example. The dermatomed porcine
skin separates the two compartments. The receptor compartment is typically filled
with a physiologically relevant buffer.

In these experiments, the donor comprised an aqueous solution of caffeine (20 mg
ml~!), a model drug, the passive skin permeation behaviour of which has been well
characterised (through a normal intact barrier and across membranes compromised
by adhesive tape-stripping [18] and by the use of arrays of microneedles [19, 20]).
The receptor compartment contained the frequently used phosphate-buffered saline
at pH 7.4 [21]. Both donor and receptor solutions were continuously, magnetically
stirred. The cells were kept at a controlled temperature in an incubator at 37°C,
mimicking the in vivo skin surface temperature [1].

To track caffeine permeation, samples (1 ml) of the receptor solution were with-
drawn hourly for 6 h and replaced with fresh buffer. The samples were filtered (Cronus
syringe filter, Nylon 4 mm 0.45 pwm, Labhut, Gloucester, UK) and then assayed for
caffeine using high performance liquid chromatography (HPLC) (LC-2010 AHT,
Shimadzu, MD)[22] with UV absorbance detection at 273nm. The reverse phase
HPLC column had an internal diameter of 4.6 mm and a length of 250 mm (HiQ sil
C18HS, KYA Technologies, Tokyo, Japan). The mobile phase was 20 % acetonitrile,
0.1 % diethylamine in water and 79.9 % deionized water at pH 2.5. A flow rate of
1.0 ml min~! was used and the retention time of caffeine was 5.7 min. Overall, the
methods used followed closely those in the literature [18].
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Chapter 4
TEC Plasticization of Topical
Polymeric Films

The degree of homogeneity and the mechanical properties of topical polymeric films
for drug delivery are vital to their efficacy. The dispersal of plasticizer and the sol-
ubility of the drug within the films (the homogeneity of their distribution) affect
their function; phase separations have been shown to trigger drug crystallization
[1] and the efficacy (bioavailability) and stability of the drug are dependent on its
crystallinity [2]. Inhomogeneities may also provide weak points in the films where
fracture is more likely [3]. If the mechanical properties of the film are similar to
those of skin, it will flex with the skin and remain in intimate contact for a prolonged
period of time. The incorporation of plasticizers into polymer films increases their
flexibility [4] and permits the mechanical properties to be matched to those of skin.
In this way, film breakage is avoided and the area across which drug transport occurs
remains constant.

AFM and Raman chemical mapping have previously been used to determine the
drug/polymer miscibility in polymeric films [1, 5]. The occurrence of drug crystal-
lization was detected by the appearance of aggregates and worm-like structures in
AFM images. AFM nanoindentation has been used to determine the form of drug
particles, e.g., crystalline, and to what degree, or amorphous [6—8]. Raman mapping
has been used as a complementary method to AFM allowing direct detection, through
peak shifts, of the degree of crystallinity [7].

This chapter describes the use of the AFM to acquire images of polymer films with
and without a commonly used plasticizer, triethyl citrate (TEC), and betamethasone
valerate (BMV), a model drug most commonly used for inflammatory skin condi-
tions. Films of all compositions appear homogeneous with no obvious occurrence of
phase separation or drug crystallinity. This supports the use of TEC as an effective
plasticizer as it distributes evenly within the polymer network forming the film. The
lack of crystallization in all films confirms that the presence of the plasticizer is not
affecting the state of the drug.

AFM nanoindentation, to determine the material nature of the samples and their
elastic moduli, was carried out. The samples showed viscous-elastic-plastic behav-
iour and elastic moduli were extracted using both the Hertzian model and an adapted

© Springer International Publishing Switzerland 2016 47
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Oyen & Cook model, as described in Sect.3.1.3.4. The calculated elastic moduli
were found to decrease with increasing plasticizer content.

Raman spectroscopy of the constituents of the polymeric films (polymers, the
plasticizer and the drug substance) revealed characteristic spectral peaks by which
they could be identified. These peaks were used to determine the distribution of these
components from the measured Raman chemical maps of films containing plasticizer
and the drug. This information was on a larger scale (with a lower resolution) than
that obtained using AFM but was complementary, showing the homogeneity of the
plasticizer and drug distribution within the films.

4.1 AFM Imaging

Images of polymeric FFS, cast on cleaned glass slides, were acquired in AFM tapping
mode. Both Eudragit and Klucel films, incorporating 0, 20 and 40% TEC, were
prepared and the images of these films are shown in Fig.4.1.

Fig. 4.1 3D AFM images of polymeric films with 0, 20 and 40% TEC plasticizer, cast onto
glass microscope slides, at scan sizes of 4 x 4 umz: a—c Eudragit films with 0, 20 and 40 % TEC,
respectively, and d—f Klucel films with 0, 20 and 40 % TEC, respectively
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Fig. 4.2 a Histograms of AFM image feature height frequency, and b the change in height along
one line of AFM images of films incorporating 0, 20 and 40 % TEC plasticizer. Height profiles in
(b) are offset to facilitate comparison

Histograms of the heights of features in AFM images (Fig.4.2a) represent the
range of features observed. These histograms were produced by determining the
number of features over certain threshold heights. Height profiles along one line of the
image are also shown (Fig. 4.2b) to further support the information in the histograms.
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Fig. 4.3 RMS roughness (4 standard deviation) of Eudragit and Klucel films, with 0, 20 and 40 %
TEC, determined from three AFM tapping mode images of each film

Root mean square (RMS) average roughness provides another description of the
features observed in AFM images. It is the average of height deviations from a mean
image data plane.

Eudragit films without TEC (Fig. 4.1a) show small structural features, with heights
just below 4nm (Fig.4.2). The heights of these features decrease with increasing
TEC content and the films were smoother when 20 and 40 % TEC (Fig.4.1b, c) were
incorporated. The RMS roughness (R,) of three films of each composition, cast in
the same way, decreased from 0.55 & 0.12nm, in films without TEC, to 0.23 &+ 0.04
and 0.29 =+ 0.04nm in films with 20 and 40 % TEC, respectively. The changes in
RMS roughness with increasing plasticizer content are shown in Fig.4.3.

Klucel films without TEC show larger structural features than those observed in
the equivalent Eudragit film, with heights of approximately 20nm (Fig.4.2). The
root mean squared roughness of this film is 5.4 & 1.1nm. As the content of TEC
increases, the heights of the structural features increase to approximately 45nm in
films incorporating 40 % TEC (Fig.4.2a), but the RMS roughness did not change:
6.5 & 1.9 and 5.8 &+ 3.5nm for films incorporating 20 and 40 % TEC, respectively
(Fig.4.3).

Polymeric films form from the FFS as the solvent evaporates from the solution.
Ethanolic solutions of both Eudragit and Klucel are clear and are therefore believed to
be polymeric solutions, rather than dispersions. In solution, polymer chains are highly
mobile but come into close contact as the solvent evaporates, eventually forming a
film as shown below. The rate of film formation and the structure of the formed film
depend on the rate of solvent evaporation and the presence (or not) of a plasticizer.
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As the solvent evaporates, the mobile polymer chains move closer together until
they form rigid polymer-polymer contacts. An effective plasticizer increases the
flexibility of the film by decreasing the number of polymer-polymer contacts and
therefore the rigidity of the formed structure [3, 9-11]. Ideally, the drug is either
dissolved in the polymer or in an amorphous state within the polymeric network
[12, 13].

There are no signs of phase separation or drug crystallization in the AFM images
of any film, indicating that, when present, TEC and BMV were distributed evenly
throughout the film. TEC has therefore effectively plasticized the formed films. The
observed homogeneity of the films is an important quality as inhomogeneous polymer
coatings can cause more rapid drug release from parts of the film [10]; equally, the
formation of drug crystals decreases the eventual bioavailability of the drug [1].

The roughness of Eudragit films (with and without drug) decreases with increasing
plasticizer content. The presence of plasticizer in the polymer network provides “gap-
fillers”, which result in a smoother film [5]. The same decrease in roughness with
plasticizer content was not observed for Klucel films which did not contain the drug
substance. This may be due to the larger molecular weight of the Klucel (95,000
g mol ™), relative to the plasticizer (276 g mol '), and compared to Eudragit (32,000
g mol™!), resulting in a lower change in roughness.

4.2 AFM Nanoindentation

4.2.1 Deformation Behaviour

Nanoindentation of films of different composition was carried out using AFM probe
tips. The raw data from the indentation procedure (deflection in volts as a function of
displacement of the AFM cantilever from its original vertical position) was converted
to the deformation of the sample according to the applied load using the procedure
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Fig. 4.4 Load as a function of deformation during indentation of films with and without plasticizer
(TEC): a Eudragit with 0, 20 and 40 % TEC, and b Klucel with 0, 20 and 40 % TEC. Blue and red
lines are data collected as the load was increased and decreased, respectively. 2D AFM images of

(i—ii) Eudragit with 0 and 20% TEC, and

(iii—iv) Klucel with 0 and 20 % TEC were taken after

indentation. Scale bar represents 0.5 pwm. Indents are less obvious in (iv) due to the more viscous
nature, and the greater roughness of the sample, as compared to (if)

described in Sect.3.1.3. Examples of the resulting data from samples incorporating
0, 20 and 40 % TEC (Fig.4.4) clearly reveal the impact of plasticizer incorporation.
The greatest load is required to deform (and the steepest loading curve is obtained
for) Eudragit films without TEC (Fig.4.4a). As TEC content increases, the load
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required to deform the sample by a given amount decreases, showing the softer
nature of films. Similar behaviour, with increasing TEC content, was observed for
Klucel films (Fig.4.4b).

The variation of deformation with load on the polymeric films reveals the inden-
tation behaviour of the samples. This allows a model to be selected that accounts for
the deformation behaviour of the samples and allows determination of their elastic
moduli [14]. Large hysteresis, and a residual deformation when the load has been
removed, were observed (Fig. 4.4), implying that some plastic deformation occurred
during indentation. This residual deformation can be observed in AFM images of
the films taken after indentation (Fig. 4.4i—iv).

4.2.1.1 Viscosity

Viscous behaviour can be assessed using the unloading data obtained during indenta-
tion. For Eudragit films with 20 and 40 % TEC, the hysteresis between the loading and
unloading data remains large until the load is entirely lifted and a residual deformation
is left (Fig.4.4a). In Klucel films with 20 and 40 % TEC, this hysteresis is lower and
the depth of the residual deformation left after the load is lifted is smaller (Fig. 4.4b).
This difference shows the greater reversibility (i.e., the more elastic nature) of Klucel
films containing TEC than the corresponding Eudragit films.

Viscous deformation was investigated by varying approach rate and surface delay.
The approach rate is the speed at which the AFM probe is brought down towards
and pushed into the sample. The probe is then retracted from the sample at the same
speed. Approach rates of 4 and 16nm s~! were used for the indentation of all films
investigated. Example indentation loops acquired at these different approach rates
are shown in Fig.4.5.

Less deformation, during loading and unloading, was observed for indents carried
out at approach rate of 16nm s~! than those using 4nm s~!. Using Fig.4.5 as an
illustrative example, at aload of 30 nN, the deformation during loading of the Eudragit
film without plasticizer was lower (1.6 nm compared to 2.2 nm) at the higher approach
rate. This is also reflected in the behaviour of Klucel films with 40 % TEC; the
deformations during loading were 76 and 121 nm for approach rates of 16 and 4
nm s~!, respectively. When approaching at a higher rate, the sample provides a
greater resistance to deformation as there is less time for viscous relaxation to occur
[15]. The deformation at a given load is therefore lower.

There was less hysteresis between the approach and retract curves when a higher
approach rate was used. In Fig.4.5, the difference in deformation between the
approach and retract curves at a load of 30 nN was 2 and Snm at approach rates
of 16 and 4nm s~!, respectively for Eudragit films without plasticizer. For Klucel
films with 40 % TEC, the hysteresis between the approach and retract curves at a
load of 30 nN was 44 and 51 nm at approach rates of 16 and 4nm s~!, respectively.
Again, this difference is due to the time allowed for more viscous relaxation to occur
at a slower approach rate.
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Fig.4.5 Load as a function of deformation during indentation of a Eudragit film without plasticizer,
and a Klucel film incorporating 40% TEC, at approach rates of 4nm s~ (solid lines) and 16
nm s~! (dashed lines)

Another indication of viscous deformation is the appearance of a “nose” in the
initial unloading data of the samples. Even during unloading, the deformation of
the sample may still increase (the “nose” in the data) if the sample shows viscous
behaviour. In this case, the rate that the sample creeps under the applied load (due to
its viscosity) is greater than the unloading rate. An example of this initial increase in
deformation during unloading can be seen in Fig. 4.4a: the viscous nature of Eudragit
films with 40 % TEC is sufficient that the probe continues to sink into the sample
even after the load has begun to be lifted. The gradient of the initial unloading portion
can therefore be used to assess the viscosity of the sample.

The gradient of the “nose” was calculated for the data shown in Fig.4.4. The
values for the initial unloading portions (the first 25 % of the data) for Eudragit films
containing 0, 20 and 40 % TEC were 36, 66 and —15 nN/nm, respectively. As the plas-
ticizer content of the films increases, the probe sinks into the sample at a greater rate
during unloading. This causes the gradient to increase and then to become negative.
Eudragit films with 40 % TEC therefore show a greater viscous nature than samples
without plasticizer. The gradients of the initial unloading portions of Klucel films
were also calculated. The values were 38, 15 and 2 nN/nm for films incorporating
0, 20 and 40 % TEC, respectively. In this case, the gradient becomes shallower, i.e.,
less unloading is required for a given decrease in deformation, as expected from the
softer nature of samples containing TEC, and an obvious “nose” is not observed.
Eudragit films therefore show more viscous deformation than Klucel films when
TEC is incorporated. The molecular weight of Eudragit is lower than that of Klucel
(32,000 compared to 95,000 g mol~') and the degree of its polymer chain entangle-
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Fig. 4.6 Load as a function of deformation during indentation of a Eudragit film without plasticizer
(solid lines), and a Klucel film incorporating 40 % TEC (dashed lines). A delay of 10s at maximum
load and an approach rate of 16nm s~! were used in these measurements

ment is less. This results in greater chain mobility and the more viscous deformation
observed in Eudragit films is emphasized when TEC is incorporated [13].

Delays of 0 and 10s were used to assess the creep of the probe during indentation.
During this delay, the cantilever is held at its maximum vertical displacement, at
which point the probe tip imposes the greatest load on the sample. In purely elastic-
plastic samples, deformation would not change during this delay. When a surface
delay of 10s was used during the indentation of Eudragit films without plasticizer
and Klucel films with 40 % TEC, both of which show viscous behaviour, an increase
in the deformation of the sample at the maximum load is observed (Fig. 4.6). During
the delay, the probe sinks further into the sample, even though the cantilever is being
held at a fixed position. The deflection of the cantilever, and therefore the measured
load, decreases during the delay as the deformation caused by the samples’ viscosity
increases. In the case of Eudragit films without plasticizer, the load decreases to 87 %
of its original value before the hold period. The load decreases more, to 61 % of its
original value, for Klucel films with 40 % TEC. This is consistent with the more
viscous nature of the sample containing TEC plasticizer. An increase in the viscous
behaviour of polymeric films with increasing plasticizer content has previously been
observed in hydroxypropylmethylcellulose films plasticized with glycerol and poly-
ethylene glycol [3]. This was attributed to the reduction in rigid polymer-polymer
contacts when plasticizer is incorporated.
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Fig. 4.7 Fits of the Hertzian and Oyen & Cook models (upper and lower solid lines, respectively)
to the experimentally measured load as a function of deformation (crosses) during indentation of a
Eudragit film incorporating 20 % TEC

4.2.2 Extraction of Elastic Modulus

4.2.2.1 Comparison of Hertzian and Oyen and Cook Models

The elastic moduli of polymeric films of different compositions were determined
using the methods described in Sect. 3.1.3.4. Both Hertzian and Oyen & Cook models
were fitted to experimental indentation data, and examples are shown in Fig.4.7.

The Hertzian model describes the behaviour of purely elastic media. As shown in
Sect.4.2.1, the polymeric films under investigation are not purely elastic. However,
for very small deformations, the Hertzian model is often considered to be a reasonable
approximation for samples which are not purely elastic.

Loading data within the initial 5-20 % of experimental points was fitted to extract
the elastic modulus using the Hertzian model. The deformation here was assumed
to be essentially elastic. It is noted that the range chosen excludes the initial loading
data when the indentation process is most prone to noise [16]. This also resulted in
the most consistent results with sufficient data points for all samples to provide a
reasonable fit. The Hertzian model explains well the first 5-20 % of data but then
diverges predicting a lower deformation at a given load than is seen experimentally.
This is expected as only the elastic deformation of the sample is modelled while, at
greater loads, plastic deformation and viscous deformation become more apparent.
The experimental deformation of the sample at a given load is therefore higher than
that predicted by the purely elastic Hertzian model.

The Oyen & Cook model, which takes into account the viscous-elastic-plastic
behaviour of the sample, was fitted to the central 75 % of experimental data. Elastic
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Fig. 4.8 Examples of Oyen & Cook and Hertzian model-calculated elastic moduli for (a) Eudragit
without plasticiser, and (b) Klucel incorporating 40 % TEC, determined under four different inden-
tation conditions: approach rate of 16nm s~! and Os delay, 16nm s~! and 10 s, 4nm s~! and 0 s,
4nms~! and 10 s. Averages of Oyen & Cook and Hertzian moduli for each indentation condition are
shown as pink and green lines, respectively. Areas shaded in grey represent the standard deviations
of these averages

moduli values calculated using the Oyen & Cook model were consistently higher
than those obtained from the Hertzian model (the comparison between the results for
two different films is shown in Fig.4.8). It follows that the data range fitted by the
Hertzian model included some non-linear plastic and viscous deformation and the
model therefore predicted a greater elastic deformation than was actually occurring
(and hence resulted in a lower elastic modulus). This was verified by varying the data
range over which the elastic modulus was determined (an example of this is shown
in Table4.1). The narrower the range of data points fitted (i.e., those closest to the
start of the indent), the higher the derived elastic modulus. The deformation at these
initial points is more likely to be purely elastic and the elastic modulus extracted is
higher, and in agreement with the Oyen & Cook prediction. As the fitted data range
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Table 4'1. ElaSﬁ? modulus of Fitted range (% of loading Hertzian elastic modulus
a Eudragit film without data) (GPa)
plasticizer determined from
fits of one indentation loop to 1-16 1.04
the Hertzian model using 3-18 0.972
different data ranges 5-18 0.941
5-20 0.927
5-30 0.887
5-40 0.823

increases and includes more points from the later stages of the indent, the Hertzian
elastic modulus decreases. Here, the viscous and plastic contributions to deformation
are greater and itis likely, therefore, that the Hertzian model underestimates the elastic
modulus of the sample.

The effect of approach rate and the impact of a delay on the fitted Hertzian
and Oyen & Cook elastic moduli were determined (Fig.4.8) for each indentation
condition (i.e., 16nm s~! and Os delay, 16 nm s~!and 10s delay, etc.). The elastic
moduli calculated with the Oyen & Cook model were not significantly different
over all the indentation conditions used. This model successfully accounts therefore
for the viscous and elastic deformations, observed in Fig.4.4, that occur during
unloading. The values of elastic moduli determined from the Hertzian model also
showed no obvious dependence on approach rate and surface delay suggesting that
the contributions of viscous and plastic deformation are insignificant in the range of
experimental conditions examined.

The variation of the Hertzian and Oyen & Cook model-calculated elastic moduli
as a function of the maximum (peak) load used during indentation is shown in Fig. 4.9
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Fig. 4.9 Examples of Oyen & Cook and Hertzian elastic moduli for Eudragit without plasticizer
and Eudragit with 20 % TEC as a function of the peak load imposed during indentation
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Fig.4.10 Oyen & Cook and Hertzian model-calculated elastic moduli of Eudragit and Klucel films
without and with 20 and 40 % plasticizer. The data shown are the means and standard deviations
determined from three different samples of each film and a minimum of eight indents per sample.
The elastic modulus of skin [17], determined under similar indentation conditions, is shown as a
horizontal line for comparison, with the standard deviation shown in grey

for Eudragit films with and without 20 % TEC. The Hertzian elastic moduli did not
vary with peak load for either film, behaviour characteristic of an ideal elastic material
[7]. Elastic modulus calculated using the Oyen & Cook model appeared to decrease
somewhat at higher loads, where the viscous deformation of the sample will become
more prevalent. This suggests that the model may not have completely accounted for
the viscous behaviour of the films.

Finally, all elastic moduli calculated for all films investigated were unchanged
when the drug substance (1.2 % w/w) was incorporated (data not shown).

4.2.2.2 Variation with Plasticizer Content

Elastic moduli of Eudragit and Klucel films, calculated using Hertzian and Oyen
& Cook models, as a function of TEC content, decreased with increasing plasti-
cizer content, as expected (Fig.4.10) [4]. Although the absolute, calculated values
of the two models differed, the large decrease in modulus with the incorporation of
plasticizer is patently clear.

Similar behaviour has been observed in other films incorporating plasticizer: a
decrease in elastic modulus in hydroxypropylcellulose hot-melt extruded films when
plasticized using polyethylene glycol [18], an increase in flexibility and elasticity
when polyvinyl alcohol films incorporated glycerine as a plasticizer [19], and a
reduction in the tensile strength of Eudragit® L 100-55 films plasticized with TEC
[20]. The elastic modulus of human skin, approximately 0.3 GPa [17], is lower than
the moduli of unplasticized Eudragit and Klucel films. A plasticizer content of 20 %
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TEC must be introduced into the films to bring their elastic moduli down to that of
skin and to ensure intimate and prolonged contact between the skin and the topically
applied film. Plasticizer within the film decreases polymer-polymer contact, and the
mobility of the polymer chains is therefore increased (and the films have a lower
elastic modulus [4]). With increasing plasticizer, the effect is magnified.

The effects of plasticizer on drug release from polymer films have previously
been reported for tablet coatings [10], and strongly depended on the plasticizer used
(hydrophilic or lipophilic). Drug release from films of the same composition as those
studied here increased with with increasing TEC content [21], presumably due to
enhanced difusivity within the polymer network [13].

4.3 Raman Micro-Spectroscopy

4.3.1 Constituent Spectra

Raman spectra of the constituents of polymeric FFS were initially acquired (Fig.4.11)
to determine characteristic peaks by which they could be identified in spectroscopic
maps of the formed films. Characteristic peaks for BMV and TEC were identified at
1659 and 1734 cm™!, respectively. The peak for BMV was distinct from any polymer
or plasticizer peak and could therefore be used to map the drug within films of both
polymers. The 1742cm™! peak for TEC could be clearly distinguished in the Klucel
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Fig. 4.11 Raman spectra of the constituents of polymeric films: Eudragit, Klucel, TEC and BMV.
Spectra are normalised according to the maximum intensity within the two ranges shown. Arrows
indicate the positions of characteristic peaks for each of the constituents
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films but overlapped with a Raman signal from the polymer in Eudragit films. In these
films, therefore, the peak intensity at 857 cm~! was used to map the distribution of
TEC. Peaks which were characteristic of the polymers Eudragit and Klucel were
identified at 813 and 1358 cm™', respectively.

Raman chemical mapping was performed at a high spatial resolution to provide
comparison with AFM images. The Raman signal obtained during mapping origi-
nated from an area of approximately 1 x 1 um?. Maps were acquired of Eudragit and
Klucel films, incorporating 20 % TEC and 1.2 % BMYV, respectively. Spectra from
the maps were processed by subtracting the background. The software used assumed
the same background, as defined in one spectrum, for every pixel of the map.

The position of the characteristic peaks of TEC shifted when the plasticizer was
incorporated into Eudragit and Klucel films, as opposed to in its powder form. Over
the mapped area of Eudragit and Klucel films with 20 % TEC and 1.2 % BMYV, the
TEC peak positions were 858.3 4= 0.1cm~! and 1729.5 + 0.2cm™!, respectively.
In both cases, therefore, the position of the peak decreased, suggesting that the
environment in which the scattering TEC molecules were contained was altered. As
no inhomogeneities were observed in either AFM images or Raman concentration
maps (see Sect. 4.3.2), itis likely therefore that TEC was dispersed within the network
provided by the film-forming polymers.

A similar effect was observed when the drug was incorporated into polymeric
films; the characteristic peak of BMV shifted to 1669.0 and 1666.9 cm™! in Eudragit
and Klucel films (without TEC), respectively. This is further discussed in Sect. 4.3.3.

4.3.2 Mapping Concentration

The focus of the Raman microscope objective, and therefore its ability to collect
the scattered radiation, is affected by changes in the height of the film across the
mapped area. If the sample becomes out of focus, a lower intensity and background
will be collected. Maps of the intensities of characteristic peaks of the polymer,
plasticizer and drug within Eudragit films with 20% TEC and 1.2% BMV were
similar, suggesting that changes in the topography of the film, rather than changes
in the film’s chemical distribution, explained the distribution observed.

To account for changes in sample height, spectra acquired along a line of each
map were analysed. The intensities of characteristic peaks of polymer, plasticizer
and drug were determined for each of these spectra then normalised according to
each component’s maximum intensity in the line of spectra analysed (Fig.4.12a).
The intensities of all characteristic peaks decreased to a minimum at a distance of
approximately 9 pm along the line and then increased progressively to a maximum
value observed at approximately 26 pm.

Prior to the analysis of peak intensities, background was subtracted from the
individual spectra which formed the map. The Wire software, which was initially used
to subtract background, assumed the same background spectrum over the mapped
area. The variation in background intensities due to sample focus were therefore not
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Fig. 4.12 a Raman peak intensities of Eudragit, TEC and BMV along a row of 26 spectra of
a Eudragit film incorporating 20% TEC and 1.2 % BMYV. Intensities were normalised according
to their maximum along this row. b Peak intensities of TEC and BMV were then divided by
the intensities of the polymer peak. The maximum intensities of these divided signals were then
defined as 1. Errors were calculated using the standard deviation of TEC and BMV peak intensities
after repeating manual background subtraction five times on one spectrum. Intensities are offset to
facilitate comparison

accounted for. After the deduction of background, spectra from areas of the film
which were more in focus had higher intensities, thought to explain the variation in
intensity observed in Fig.4.12a.

The polymer was assumed to be distributed evenly throughout the film and the
intensities of the spectra along the line investigated were therefore divided by the
polymer signal, to account for the change in background (Fig. 4.12b). To estimate an
error on the intensity of characteristic peaks, the background signal of a spectrum of
each film was defined, without using the automatic function in the Wire software, and
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Fig. 4.13 a Raman peak intensities of Klucel, TEC and BMV along a row of 21 spectra of a Klucel
film incorporating 20% TEC and 1.2% BMV. b Peak intensities of TEC and BMV were then
divided by the intensities of the polymer peak. The maximum intensities of these divided signals
were then defined as 1. Errors were calculated using the standard deviation of TEC and BMV peak
intensities after repeating background subtraction five times on one spectrum. Intensities are offset
to facilitate comparison

subtracted. Intensities of characteristic peaks were then deteremined and this process
was repeated five times. The standard deviations of the determined intensities were
used to calculate percentage errors. The concentrations of plasticizer and drug over
the row of spectra from Eudragit with 20 % TEC and 1.2 % BMV were effectively
constant (Fig.4.12b) and TEC and BMV were therefore distributed evenly.

The same analysis was applied to maps of Klucel with 20 % TEC and 1.2 % BMV.
In this case, the intensity of all characteristic peaks decreased in the same manner
with increasing distance along the line of spectra, suggesting that the sample was
became progressively out of focus (Fig. 4.13a). The polymer was again assumed to be
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evenly distributed and the intensities of plasticizer and drug peaks were normalised
according to its signal. The error was calculated in the same way as described above.
The intensities of plasticizer and drug along the row of spectra analysed were, again,
effectively constant (Fig.4.13b). In both Eudragit and Klucel films incorporating
TEC and BMYV, plasticizer and drug were therefore distributed evenly, supporting
the homogeneity observed in AFM images (Fig.4.1).

4.3.3 Mapping the Physical State of the Drug

BMV was assessed spectroscopically in three physical forms and its characteristic
peak (at spectral shifts of approximately 1650-1670cm™") was determined. The
three forms were crystalline (as provided by the supplier), as an amorphous film,
formed by depositing a drop of an ethanolic solution onto a clean glass slide [22],
and in solution (0.4 % w/w in ethanol), and the spectra acquired are in Fig.4.14. The
peak shifted from 1659 and 1663 cm™' for crystalline and amorphous solid forms,
respectively, to 1666cm™" for the dissolved compound.

The physical state of BMV across the films was then determined by mapping
the frequency of its characteristic peak. In Eudragit films, the peak was observed at
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Fig. 4.14 Raman spectra of crystalline, amorphous and dissolved BMV. Spectra have been nor-

malised to a maximum value of 1 within the range shown. Gaussian functions (solid lines) were
fitted to spectral data points and used to determine the peak position
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1667.8-1667.9cm™!; that is, a range much smaller than the difference, for example,
between amorphous and dissolved drug, suggesting that BMV was dissolved and
equally soluble throughout the mapped area of the film. The corresponding range
of the peak position in a Klucel film incorporating 20 % TEC and 1.2 % BMV was
1665.9-1666.0cm™!, implying that BMV was dissolved but consistently less soluble
across the mapped area. The positions of the BMV peaks were lower than those
observed in Eudragit and Klucel films without TEC, suggesting that the incorporation
of TEC has slightly reduced the solubility of the drug within the polymer film.

4.4 Film Formation on Skin

Section4.2 describes the deformation behaviour and elastic moduli of topical films
which were cast on glass slides and dried for 24 h at 30°C. To determine whether
the observed properties would vary when in situ on the surface of skin, AFM mea-
surements of Eudragit films incorporating 0, 20 and 40 % TEC, prepared in three
different ways, were carried out. The effects of the conditions of deposition and the
substrate, i.e., glass or skin, were determined.

To examine the impact of changing the preparation method, films were cast onto
either glass slides or excised porcine skin and dried for 6 hours at either room tem-
perature or 30 °C. Example AFM indentation loops for these samples are in Fig. 4.15.
The probe used for indentation had a smaller radius than those used before: 7nm
as compared to 21-80 nm. When a smaller probe is used, more plastic deformation
occurs at a smaller load, making direct comparison of Fig. 4.15 with Fig. 4.4 less than
straightforward. In general, however, the shapes of all of the load-deformation plots
in these experiments were similar. For example, indentation of a Eudragit film incor-
porating 20 % TEC revealed similar viscous and plastic characteristics regardless of
the preparation method used. Deposition and substrate parameters do not, therefore,
appear to change the deformation behaviour of the films.

Variation in the films’ mechanical properties, when prepared differently, can be
quantified via their elastic moduli. As a sharper probe was used, more viscous and
plastic deformation was observed, resulting in large hysteresis and residual defor-
mation in all indentations. Elastic moduli were calculated by fitting the Hertzian
model to small deformations; i.e., to the first 5-20 % of data acquired during loading
(Fig.4.16). Increasing the plasticizer content of the films resulted in a decrease in
elastic modulus, as previously observed (Fig.4.10). The preparation method had the
most significant effect on the elastic moduli of Eudragit films with 40 % TEC, with
those prepared at room temperature (on both glass and skin) having lower values
than those prepared at 30°C.

Elastic moduli of Eudragit films without plasticizer, and with 20 % TEC, prepared
on glass slides at both 30°C and room temperature, were higher than those which
had been dried for 24 h at 30°C. This difference is likely due to the smaller probe
radius used for indentation. Nonetheless, the elastic moduli of the films were still
observed to significantly decrease with increasing TEC.
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Fig. 4.15 Examples of load
as a function of deformation 40 |
during indentation of
Eudragit films a without
plasticizer, b with 20 % TEC,
and ¢ with 40 % TEC. Films
were dried for 6 h on glass at
30°C (solid lines), on glass
at room temperature (thick
dashed lines), and on skin at
room temperature
(dash-dot-dashed lines).
Blue and red lines represent
the data collected as the load
was increased and decreased,
respectively, as indicated by (b)
the arrows (color online)
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Under the same load, the deformation of Eudragit films without plasticizer on skin
was greater than that on glass, suggesting a softer sample (Fig.4.15a). The elastic
modulus of this sample, using the Hertzian model, was therefore lower (0.40 &= 0.14
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Fig.4.16 Hertzian elastic moduli of Eudragit films (n =8, & standard deviation), without plasticizer
and with 20 and 40 % TEC, prepared by different methods: a dried for 6 h on glass, at 30°C and at
room temperature, and on skin, at room temperature; b method 1 dried for 24 h on glass at 30°C,
method 2 dried for 6h on glass at 30°C, method 3 dried for 6h on glass at room temperature, and
method 4 dried for 6h on porcine skin at room temperature

GPa) than seen before (Fig.4.16b), implying that the film had been softened in some
way by its interaction with the skin.

The elastic moduli of Eudragit films with either 20 or 40 % TEC, prepared on
glass and on skin at room temperature, were not significantly different. It follows
that the effect of TEC on the elastic modulus of the film is greater than the effect of
skin on that which has no plasticizer incorporated.

The temperature of film formation affects the rate at which solvent evaporates
from the FFS. Ethanol evaporation from these films occurs more quickly, of course,
at higher temperatures. It has previously been observed that Klucel LF films require



68 4 TEC Plasticization of Topical Polymeric Films

longer times to form from ethanolic solutions when formed at 25°C than at 30°C
(1.5 times longer) [23]. For the same drying time, a greater amount of ethanol will
therefore be left in a film when formed at room temperature than at 30 °C. Solvent,
like plasticizer, can reduce polymer-polymer contacts as the film forms, and more
solvent molecules will therefore have a greater plasticizing effect and lower the
elastic modulus, exactly as is seen for films containing 40 % TEC prepared at room
temperature (relative to those formed at 30°C) [3].

All indentations were performed on the surface of the film exposed to air. The
properties of the bulk film and those at its interface with the skin may be different.
While the former may be deduced from examination of the fracture surface [1, 5],
assessment of film properties at its interface with the skin offers practical challenges
that are difficult to overcome with AFM because the skin surface topography (its
furrows and wrinkles) has a dimension much greater than the height range (<5.5
iwm) of the instrument.

4.5 Summary and Conclusions

AFM imaging has been used to determine the change in topography of polymeric
films, cast on glass slides and dried for 24 h at 30 °C, with increasing plasticizer (TEC)
content. RMS roughness decreased with increasing plasticizer content for Eudragit
films. A similar change in roughness was not observed for Klucel films with the same
plasticiser content. The difference may be explained by the higher molecular weight
of Klucel relative to that of Eudragit. AFM images revealed homogeneous films with
no obvious phase separation or crystallization.

AFM indentation experiments characterised the viscous, elastic, plastic behaviour
of the polymeric films. Viscosity was evaluated by varying the rate at which the probe
indented the films and by the use of a delay at maximum load.

Elastic moduli of polymeric films were extracted from indentation loops using
the Hertzian model, at small deformations, and an adapted Oyen & Cook model.
Hertzian model-calculated elastic moduli were consistently lower than those based
on the Oyen & Cook model. The range of elastic moduli determined under different
indentation conditions, using both models, was less than the effect of plasticizer
incorporation. Elastic moduli of polymeric films decreased with increasing TEC
content, with the incorporation of 20 % plasticizer reducing this parameter to that of
skin (and allowing, thereby, the likely potential for such films to flex when in situ on
the surface of the skin without breaking).

Chemical mapping by Raman micro-spectroscopy of films incorporating TEC and
BMYV showed relatively uniform distributions of plasticizer and drug over the exam-
ined area, implying that no phase separation or crystallization occurred. Mapping
the peak frequency of the signal from BMYV, revealed that the drug was dissolved in
the polymeric films and that it was more soluble in Eudragit than in Klucel.

The impact of film preparation method (glass versus skin substrate, room tem-
perature versus 30°C, and 6 versus 24 h drying time) was explored using Eudragit
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films. In the absence of plasticizer, films formed on skin had lower elastic moduli
than those prepared on glass, suggesting a possible plasticizing effect from moisture
in the tissue. However, this was not observed when 20 or 40 % TEC was incorporated
because the effect of the plasticizer overwhelmed that provoked by skin moisture.
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Chapter 5
Lipid Incorporation into Topical
Polymeric Films

As discussed in the previous chapter, triethyl citrate (TEC) is one of several
compounds, which are commonly used to plasticize polymeric films (others include
dibutyl sebacate and tributyl citrate [1, 2]). The type of plasticizer incorporated into
the films has been shown affect drug release [3-5]. Previous investigations of Eudragit
and Klucel films reported increased release with increasing plasticizer lipophilicity,
which prompted the assessment of medium-chain triglyceride (MCT) as a plasticizer
[3]. MCT, containing fatty acids with 6—12 carbon atoms, are well-known excipients
in dermatologic formulations [6]. Initially developed for the treatment of disorders of
lipid absorption, MCT are now also used as emulsifiers and to improve the bioavail-
ability of poorly water-soluble drugs [7-10].

This chapter describes the use of a similar approach to that used for films incor-
porating TEC as a plasticizer (Chap.4). AFM imaging was used to determine the
homogeneity of films formed when MCT was incorporated into Eudragit and Klucel
FFS. Based on the observation of two-phase systems in both polymer films, tapping
mode imaging parameters were varied to reveal the softer nature of the formed inclu-
sions within a stiffer surrounding film. No drug crystallization was observed in either
of the phases present in the films. The elastic moduli of these heterogeneous films,
determined using AFM nanoindentation, varied from the moduli of polymeric films
without MCT to factors of 3 and 4 times lower within the inclusions.

Raman micro-spectroscopy was carried out to determine the distribution of the
polymers, MCT and the drug substance within the two phases observed. MCT was
mostly confined within the inclusions (with a higher proportion being confined in
Klucel films) and BMV was more evenly distributed throughout the films, but with
a higher proportion found outside the inclusions. The physical state of BMV in the
films was mapped using the shift of a characteristic spectral peak. The solubility
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of the drug was approximately constant across the mapped area of Eudragit films
incorporating MCT. In Klucel films, the inclusions provided an environment in which
the drug was more soluble.

The observed phase separation implies that MCT does not act as a conventional
plasticizer, as it was not distributed evenly throughout the polymeric film. Films incor-
porating MCT plasticizer did, however, show an enhancement in BMV release, com-
pared to films without MCT. The mechanism behind this enhancement is discussed.

5.1 AFM Imaging

Images of the topography of films cast on cleaned glass slides at 30 °C were acquired
using tapping mode AFM (Fig.5.1). Incorporation of MCT significantly changed
the topography of the polymeric films and revealed a two-phase structure (Fig.5.1b,
d). In Eudragit films, regions (from now on referred to as inclusions) were observed
which appear to dip into the sample surface (Fig.5.1c). The diameter of these inclu-
sions, as calculated using images of 6 Eudragit films prepared in the same way, was
0.8 £ 0.2 pm. These inclusions were also observed in Klucel films incorporating
MCT, but appear raised in Fig. 5.1d. The diameter of the inclusions formed in Klucel

(a) (c)
30 nm 30 nm
0nm 0nm
4 um 4 pm

(d)

30 nm
0nm

10 pm

Fig.5.1 3D AFM images of Eudragit (a and b) and Klucel (¢ and d) FFS, cast onto glass microscope
slides, with (b and d) and without (a and ¢) 20% w/w MCT incorporated. The scan size was
4 x 4 wm? for the films without MCT and 10 x 10 pm? for those with
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films was larger, 1.9 & 0.9 pm. The percentage areas that these inclusions cover were
22 £+ 17 % and 33 % 3 % for Eudragit and Klucel films, respectively. No drug crystals
were observed in these images, suggesting that the drug is molecularly dispersed in
both the inclusions and the surrounding areas.

The presence of these inclusions implies that MCT does not act as an effective
plasticizer; it is not incorporated evenly and has not therefore had a homogeneous
effect on the polymer [11]. This can be compared to the homogeneous appearance
of Eudragit and Klucel films when a well-known plasticizer, TEC, was incorporated
(Fig.4.1). The MCT-containing films may now contain weak points, a result of these
distinct regions, where fracture is more likely [10]. The drug delivery of the films
may also be affected by the different affinities of the drug to the two phases and also
by the presence of the inclusions, which may alter drug diffusivity [12].

Tapping mode AFM, as opposed to contact mode, is commonly used for soft
samples, such as polymers and biological specimens, because the damage induced
by the contact between the AFM tip and the sample is reduced [13]. The images
acquired in tapping mode are not, however, purely topographical and the relation
between the observed features and the actual surface topography must be carefully
considered. To assess further the nature of the observed inclusions, tapping mode
imaging parameters were varied.

5.1.1 Interpretation of Tapping Mode Height

In tapping mode, the cantilever is forced to oscillate vertically at a frequency close to
its resonance frequency and the probe tip makes brief contact with the sample surface
in each oscillation cycle [13]. The perturbation of the oscillation from this contact
and from tip-sample interactions, which are the result of attractive Van der Waals and
capillary forces, and the repulsive indentation force [13] (amongst others), cause the
amplitude and resonance frequency to change. An increase in sample height due to
a purely topographical feature will result in a decrease in amplitude of the cantilever
oscillation. A feedback system then increases the height of the cantilever above the
surface until the oscillation of the cantilever returns to its original amplitude, resulting
in a change in height in the image.

A region composed of a material with a more viscous and/or elastic nature than its
surroundings causes greater damping of the AFM oscillation. Over these regions, the
height of the cantilever above the sample is raised to maintain the same amplitude of
oscillation, resulting in an increase in height in the image even if the actual height of
the sample has not changed. A change in sample hydrophobicity also has an effect on
the tip-sample interaction. Under ambient conditions, a contamination layer, mainly
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composed of water, is present on all surfaces [14]. The capillary force from this layer
attracts the AFM probe tip to the sample surface. Regions of greater hydrophilicity
will have thicker contamination layers, resulting in greater oscillation damping and
therefore higher apparent topography [13].

AFM images of Eudragit and Klucel films incorporating MCT showed depressed
and raised inclusions, respectively (Fig.5.1b, d). To understand the nature of these
inclusions and determine whether the features seen were purely topographical or
affected by mechanical heterogeneity, the set-point used for tapping mode imaging
was varied. The amplitude set-point is the sustained amplitude of cantilever oscilla-
tion. A feedback system maintains this amplitude by varying the height of the AFM
cantilever above the surface of the sample according to the change in the oscillation
amplitude of the cantilever due to the above-mentioned factors.

AFM images of Eudragit and Klucel films with 20 % MCT were acquired at three
set-points (Fig.5.2). The height profiles along a line of the images, as indicated in
Fig.5.2g, revealed differences in the topography of the images depending on the
set-point used. The structures observed were therefore not purely topographical and
were affected by the imaging process. When the highest set-point (1.338 V) was used
to acquire an image of Eudragit with 20 % MCT (Fig. 5.2a), topographical features
with the lowest height differences were observed. The inclusions appeared less than
~10nm deep and the AFM image showed the least contrast between the inclusions
and the surrounding areas of the film. In the equivalent image of Klucel with 20 %
MCT (Fig. 5.1d), the inclusions appeared raised from the surrounding areas and have
heights of approximately 6 nm. As the set-point decreased, the inclusions appeared
deeper in Eudragit with 20 % MCT, reaching depths of 80nm (Fig.5.2g). Inclusions
appeared depressed into the sample surface in Klucel with 20 % MCT, with the lowest
set-point resulting in inclusions with apparent depths of approximately 10 nm.

The apparent topography observed is likely to have arisen from regional varia-
tions in mechanical properties. The cantilever is driven to oscillate freely at a given
amplitude and frequency at the start of the imaging process. The set-point amplitude
is less than this free amplitude as the oscillation of the cantilever is damped as it
approaches the surface and the tip-sample interaction increases. A lower set-point
(greater difference to the free amplitude than a higher set-point) is maintained by
greater damping of the oscillation via the tip-sample interaction. The force between
the tip and the sample is therefore greater at lower set-points. At a given set-point,
areas of the sample which have lower elastic moduli and a more viscous nature
will deform more under the force of the tip-sample contact. When the set-point was
decreased, the tip-sample force increased and deformation of the (softer) inclusions
increased, resulting in the appearance of deeper features in AFM images (Fig.5.2).
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Fig. 5.2 2D AFM tapping mode images of (a—c) Eudragit and (d—f) Klucel films incorporating
20% MCT. From left to right, the set-point for imaging decreased from (a) 1.338 to (b) 1.288 to
() 1.138 V for Eudragit films, and (d) 2.281 to (e) 2.231 to (f) 2.136 V for Klucel films. Dashed
white lines indicate the line of the image used to obtain height profiles (g) as a function of distance
along this line for the three decreasing set-points used to acquire images of each film
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5.2 AFM Nanoindentation

5.2.1 Deformation Behaviour

AFM nanoindentation of films incorporating MCT was carried out to compare their
mechanical properties to those of films without MCT. Examples of the indentation
loops of Eudragit and Klucel films incorporating MCT, as load is applied to the
surface using an AFM probe tip, are shown in Fig.5.3. Due to the softer nature of
the inclusions, as predicted from Sect.5.1.1, indents that require the lowest loads for
the most deformation are considered to be from inclusions. The areas surrounding the
inclusions were thought to be stiffer. Areas where the greatest loads were required
to deform the film the least were therefore considered to be regions of the films that
surrounded the inclusions. Nanoindentation of the areas surrounding the inclusions
in both Eudragit and Klucel films incorporating MCT revealed similar indentation
behaviour to that observed in the corresponding films without MCT (Fig.5.3).

5.2.2 Elastic Moduli

Elastic moduli of the samples were determined using the Oyen & Cook model, as
described in Sect.3.1.3.4. An example of the fit of this model to the indentation of
Eudragit with 20 % MCT is in Fig. 5.4, showing good agreement between the model
and the experimental data.

Indentation was performed at intervals of 250 or 500nm along a line across
the surface of the film. Examples of elastic modulus as a function of distance
along this line, for both Eudragit and Klucel films incorporating MCT, are shown
in Fig.5.5. The elastic modulus values, determined for each indent performed,
varied from the value of films without MCT to minimum values of 0.29 and 0.31 GPa
for Eudragit and Klucel films, respectively. The values of elastic modulus across the
lines of indents showed continuous variation between the maximum and minimum
values. Regions along the lines of indents with consecutively low elastic moduli were
thought to be inclusions. The length scale of these regions corresponded to the dimen-
sions of the inclusions. The average values of elastic moduli of the inclusions were
0.44 £ 0.12GPa (n = 6, £SD) and 0.39 £ 0.09 GPa (n = 5, £SD) for Eudragit and
Klucel films, respectively. These averages are not significantly different (p>0.05,
unpaired t-test), suggesting that the compositions of the inclusions in Eudragit and
Klucel films are similar. The variation in elastic modulus is thought to be continu-
ous (as opposed to ‘binary’) due to confinement effects, where the softer and stiffer
segments influence each other at and near their interfaces [15].

Although the elastic moduli of the inclusions in Eudragit and Klucel films were
numerically similar, their deformation behaviours differed. The indentation of inclu-
sions, specifically the hysteresis between the approach and retract data, and the
non-linearity during loading and unloading, revealed their softer and more viscous
nature than the surrounding areas of the films. Inclusions in Eudragit films deformed
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(a) 200 - Eudragit without plasticizer
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Fig. 5.3 Load as a function of deformation during indentation of (a) Eudragit £ MCT, and
(b) Klucel = MCT. Examples of indents from areas from within and from outside the observed
inclusions are shown

more under a given load than films without MCT, but the nature of the deforma-
tion of the two was similar. Indentation of inclusions in Klucel films revealed their
similar viscous-elastic-plastic nature to the surrounding areas and to films with no
MCT. The inclusions, however, deformed more under a given load due to their softer
nature. The inclusions were therefore influenced by the polymer in which they were
incorporated and they were likely to contain polymer as well as MCT. To confirm
the distribution of the constituents of polymeric films incorporating MCT relative
to the topographical features observed, Raman chemical mapping was performed
(Sect.5.3).
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Fig. 5.4 The Oyen & Cook model fit (solid dark red line) to the experimentally measured load as
a function of deformation (crosses) during indentation of Eudragit with 20 % MCT
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Fig. 5.5 Elastic modulus as a function of position along a line of indents in Eudragit and Klucel
films containing 20 % MCT. Areas shaded with crosshatching are considered to be inclusions. The
elastic moduli of polymeric films without MCT are shown as horizontal blue lines with grey shading
indicating the corresponding standard deviations
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Fig. 5.6 Elastic moduli of Eudragit and Klucel films incorporating 0 and 20 % MCT. The elastic
modulus of skin [16] is shown as a horizontal red line for comparison, with the standard deviation
shown in grey. The data were acquired using a minimum of 8 indents on 3 films of each composition

All values of elastic modulus determined for Eudragit and Klucel films with and
without MCT are shown in Fig.5.6 (a minimum of 8 indents on 3 samples of each
film were performed). Due to the different compositions of the inclusions and their
surroundings, a large spread of results was observed for films incorporating MCT.
Calculating an average elastic modulus is not representative of films incorporating
MCT due to their heterogeneous structure. Elastic moduli of inclusions approached
the elastic modulus of skin [16]. However, the comparison of the mechanical proper-
ties of these films with skin is more complex in this case, compared to films plasticized
with TEC (Sect.4.2.2.2). The stiffer regions of the films are more likely to break con-
tact than the inclusions when the film is on the skin, which constantly stretches and
flexes [17]. These films, however, show more rapid release compared to films plas-
ticized with TEC, so are advantageous in this sense. This is further discussed in
Sect.5.4.

5.3 Raman Micro-Spectroscopy

5.3.1 MCT Characteristic Spectral Features

A Raman spectrum of MCT was acquired to determine characteristic peaks by
which it could be identified in spectroscopic maps of Eudragit and Klucel films into
which it was incorporated (Fig.5.7). Characteristic spectral peaks were identified by
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Fig. 5.7 Raman spectrum of MCT, with arrows indicating the positions of spectral features used
for identifying the compound in Raman chemical maps. This spectrum has been normalised within
the ranges shown (750-1800cm ! and 2750-3120cm ™)

comparing this spectrum with the spectra of Eudragit, Klucel and BMV (Fig.4.11).
The spectrum of MCT showed a spectral peak at 2880cm™!, a frequency at which
Eudragit showed only low intensity features. The intensity of this peak in Raman
maps of Eudragit films incorporating MCT was therefore used to determine the dis-
tribution of the former within these films. In Klucel, another characteristic peak at
1745cm™" was used to map MCT (this peak was not used to map MCT in Eudragit
films as it overlapped with features specific to Eudragit). The BMV-specific peak
around 1666cm~!, as identified in Sect.4.3.1, was used to map the distribution of
the drug across the films. The signal from the drug at higher wavenumbers (2800—
3100cm™") was of insufficient intensity to be useful.

For Raman chemical mapping, films incorporating MCT were formed from solu-
tion at room temperature, as opposed to the 30°C used for AFM samples. The
inclusions formed at this lower temperature were larger (3.9 £ 1.0 pm and 3.5 +
1.0 pwm for Eudragit and Klucel films, respectively), facilitating the use of (lower
resolution) Raman micro-spectroscopy to map the constituents of the films within
the inclusions formed.

5.3.2 Mapping Concentration

Maps of the distributions of MCT and BMV in Eudragit and Klucel films are in
Fig.5.8 and spectra from bright and dark pixels are shown in Fig.5.8f. Brighter
pixels occur when the intensity of the Raman signal is higher, and hence there is a
greater concentration of the corresponding molecules. MCT maps of the two polymer
films (Fig.5.8a, c) show that there was a greater concentration of MCT within the
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Fig. 5.8 Raman chemical maps of the distributions of MCT and BMV in polymer films. The
distributions of MCT in Eudragit and Klucel are shown in (a) and (b), respectively; the corresponding
distributions of BMV are in (¢) and (d). Brightly coloured green (MCT) and red (BMV) pixels
indicate higher concentrations; black pixels reflect areas of lower concentrations. White boxes in
the maps highlight areas with clear differentiation in chemical levels. Scale bars represent 5 pm.
The variations of Raman signals from MCT and BMV along the lines drawn across the maps are
shown in (e), with the positions of inclusions indicated by diagonal shading. Example Raman
spectra from within and outside inclusions are shown in (f). Spectra have been normalised within
the ranges shown (750-1800 cm~ ! and 2750-3120cm 1) and offset to facilitate visualization

inclusions than outside. The intensity difference (and therefore concentration differ-
ence) across arepresentative line of the Raman map is shown in Fig. 5.8e. Percentages
were calculated by taking into account the underlying intensity of the polymer signal
at the positions of MCT characteristic peaks. MCT is found throughout the film but
the differences in concentration between a bright pixel and a dark pixel (correspond-
ing to the highest and lowest concentrations within the mapped area) were 87 % in
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Eudragit films and 96 % in Klucel films. A greater amount of the MCT in Klucel films
was therefore found in the inclusions than in the Eudragit films. BMV showed the
opposite distribution: more drug was located in the areas surrounding the inclusions
(Fig.5.8b, d) but the variation in distribution was less pronounced, with maximum
differences of 24 and 44 % in Eudragit and Klucel films, respectively. The distrib-
ution of the polymers reflected that of the drug; there was less polymer within the
inclusions. The segregation of MCT in Eudragit films has been observed previously
in those intended for the controlled release of lipophilic drugs [10, 18].

5.3.3 Mapping the Physical State of the Drug

Raman chemical maps of the physical state of BMV within films incorporating
MCT were determined from the shift in the position of the characteristic drug peak
across the mapped area. The same method was used for the films incorporating
TEC, as described in Sect.4.3.3. In Eudragit films, the position of the drug peak
was essentially constant at 1668.3 £ 0.4cm™! across the film. The BMV drug peak
in Klucel films varied from 1667.43 4 0.15cm™" in the inclusions to 1666.06 +
0.03cm™! in the surrounding areas (Fig.5.9). Bright pixels in Fig.5.9a show areas
where the BMV peak has a higher Raman shift; dark pixels indicate where the BMV
peak occurs at lower frequency. The colour scale in this case has no relation to the
concentration of the compound.

The positions of the BMV peaks in Eudragit and Klucel films (in the latter case,
both within and outside of the inclusions) differ from one other. This agrees with
the AFM indentation behaviour (Fig. 5.3), which suggested that the properties of the

(a) . (b)

MNormalised intensity (a.u.)

1650 1660 1670 1680

Raman Shift (cm'1)

Fig. 5.9 a Raman map of the peak position of the BMV signal from a Klucel film: the brightest
pixels originate from an average peak position of 1667.6cm™!, while the dark pixels correspond
to 1665.8cm™!. Scale bar represents 5 um. (b) Representative BMV spectra from bright and dark
pixels in the Raman map of a Klucel film. Spectra have been normalised such that the maximum
intensity of the peak shown across the mapped area was 1
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inclusions were influenced by the polymer in which they were found. The polymer
is therefore having an effect on the solubility of the drug within the inclusions.

The areas of bright intensity in the maps of BMV peak position in Klucel films
incorporating MCT (the areas of higher peak position) corresponded to areas of lower
intensity in the drug concentration map (Fig. 5.8d). This implies that there is a lower
concentration of the drug substance (intensity of the Raman peak is lower) in the
inclusions and that the drug is solubilised in these areas (position of the Raman peak
is higher) (Fig.5.9b). In Eudragit films, the drug appears to be equally soluble in all
areas of the film.

5.4 Drug Release Mechanism

Invitro BMV release studies were conducted, using the same method as that described
in [3], to determine the effect of MCT incorporation (at 20 %) into Eudragit and Klucel
films [19]. For both polymers, sustained BMV release over 72h was observed and a
significant enhancement in release was apparent from about 6 h into the experiment,
in the presence of MCT (Fig. 5.10). The rate of release was observed to increase from
0.451t02.19 pg cm™2 h™z in Eudragit films, and from 0.58 to 1.56 g cm=2 h~!in
Klucel films, when MCT was incorporated. After 72h, drug release from Eudragit
and Klucel was enhanced by factors of 4.5 and 2.5, respectively.

These results suggest that the observed enhancement in release with the incorpo-
ration of MCT can be attributed to the presence of inclusions. These inclusions were
observed in AFM images of the films (Fig.5.1). By varying the imaging conditions,
namely the tapping mode set-point amplitude, it was observed that the inclusions
were composed of a material softer than their surroundings (Fig. 5.2). This was con-
firmed with nanoindentation measurements (Figs.5.5 and 5.6); the elastic moduli
of the inclusions were approximately 3 and 4 times lower than the surrounding
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Fig. 5.10 In vitro release of BMV from (a) Eudragit, and (b) Klucel films with and without MCT
(mean = standard deviation, n = 3). Modified from [19]
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material in Eudragit and Klucel films, respectively. The indentation behaviours of
the inclusions were dependent on the polymer that contained them (Fig. 5.3).

Raman chemical mapping showed that a greater proportion of the MCT within
the films was contained within the inclusions (Fig.5.8). Drug was distributed more
evenly than MCT but showed higher concentrations in the areas surrounding the
inclusions than within them (Fig.5.8). In Klucel films, the drug was in a solubilised
form within the inclusions (Fig. 5.9a).

In Eudragit films with and without MCT, the peak of the Raman signal originating
from BMV was approximately the same across the surface of the films (1668.3
+ 0.4cm™!). The incorporation of MCT did not, therefore, change the solubility
of the drug in this polymer film significantly. The enhancement in drug release
observed may originate from the lower elastic modulus and more viscous nature of
the inclusions. By incorporating MCT, a larger area of the film (which would be in
contact with the skin or the silicone membrane as used in the release studies [3]) has
a lower elastic modulus and a lower viscosity. Regions of lower elastic moduli and
lower viscosity provide an environment in which the drug is more highly mobile.
More BMV therefore diffuses out of the film in a given time than out of films without
this phase separation (i.e., without MCT). The fractional area of the inclusions in
Eudragit was not significantly different from that in Klucel but the enhancement in
release after 72h was greater. The enhancement in release cannot, therefore, solely
originate from, for example, a larger total area in which the drug is more highly
mobile.

The Raman peak position of BMV in Klucel films incorporating MCT shifted
according to its environment, whether in the MCT-rich inclusions or the surrounding
areas. The drug was more soluble within the inclusions, where a higher concentration
MCT, and lower concentrations of polymer and the drug, were present. The solubility
of BMV outside the inclusions was indistinguishable from that in Klucel films without
MCT, as determined from Raman peak position measurements. Drug release has been
enhanced in this case, therefore, due to the softer nature of the inclusions and the
role of the inclusions in providing an environment in which the drug is more soluble.
The lower enhancement in drug release, compared to the enhancement when MCT
is incorporated into Eudragit films, may arise from the lower solubility of BMV in
Klucel.

5.5 Summary and Conclusions

A two-phase film, observed using AFM imaging, was formed upon solvent evapora-
tion from FFS incorporating MCT. Tapping mode imaging and AFM nanoindentation
revealed the softer and more viscous nature of the inclusions observed. The distri-
butions of MCT and BMV relative to the observed inclusions were mapped using
Raman micro-spectroscopy and more MCT was found within the inclusions. The
drug was distributed more evenly than MCT but a higher concentration of BMV
was observed in the areas of the films surrounding the inclusions. The physical state
of the drug was mapped using the position of the Raman spectral peak specific to
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BMYV. The drug was equally soluble in both phases in Eudragit films. BMV showed a
greater solubility in the inclusions in Klucel films with MCT, but remained dissolved
throughout the film. The enhanced rate of release observed for films incorporating
MCT was attributed to the presence of the inclusions.

The incorporation of MCT into topical polymeric films for drug delivery therefore
has advantages and disadvantages. The heterogeneity, resulting from the formation of
MCT-rich inclusions, may result in fracture of the films when the areas surrounding
the inclusions are stretched [10]. The presence of these inclusions does, however,
enhance the rate of release from these films. These films would therefore be more
useful when a high rate of release and low substantivity of the film on the skin is
required. The substantivity of the films could be increased by incorporating both
TEC and MCT, one as a conventional plasticizer, the other as a release-enhancer.
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Chapter 6
Laser Microporation of Skin

The percutaneous permeation of drugs across the skin is greatly enhanced when
the stratum corneum (SC) is compromised by physical poration. The presence of
pores allows even the transport of larger molecules, such as proteins, peptides and
vaccines, across the skin [1, 2]. Exposure to laser radiation can be used to ablate
the skin and form pores. The mechanism of ablation depends on the wavelength and
pulse duration of the laser used.

Currently, devices available for laser microporation of the skin are used both for
drug delivery and cosmetic applications [1, 3]. The pulse durations involved are in
the microsecond range and ablate the skin photothermally; the water within the skin
absorbs the laser light and vaporizes, causing ablation. However, the lasers required
are expensive and their use is associated with side effects, such as skin irritation and
a prolonged healing period [4, 5].

Ablation of skin using visible laser light has been less studied and requires a
higher fluence for ablation and permeation enhancement compared to infrared (IR)
and ultraviolet (UV) lasers [6, 7]. The use of visible light, however, is safer as unin-
tentional exposure is easily observed and can therefore be controlled. Demonstra-
tions of skin ablation using a femtosecond pulsed laser indicated that the mechanism
involved plasma formation [8—10]. Histological examination of the skin after expo-
sure to the laser beam revealed some tissue damage around the ablated pore but, due
to its shorter pulse duration, femtosecond ablation has the potential to cause much
less thermal perturbation than microsecond pulsed devices. Femtosecond ablation of
porcine mammalian has therefore been investigated here, with a view to decreasing
the fluence required for ablation and therefore limiting the extent of thermal damage.

Porcine skin has been porated using a fibre laser with a wavelength of 532nm
and pulse durations of approximately 300 fs. A dye was applied to the surface of the
skin, enabling the use of lower laser power. The ability of this ablation technique to
enhance drug permeation across the SC was investigated with caffeine as a model
drug. At lower powers, when poration was facilitated by the ink on the surface of the
skin, less thermal damage, as determined using Raman spectroscopy, was observed
in the tissue surrounding the pores. The diameters of the pores could be varied by
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changing the laser power and the distance between the skin and the fibre used to
direct the light towards the skin. Greater enhancement in the permeation of caffeine
was observed with increasing laser power. The use of both a fibre laser, and a fibre to
direct the laser light towards the skin, allows for flexibility in the design of a portable
device for laser microporation.

6.1 Pore Dimensions

Porcine skin was porated either without the application of an ink (uninked) or shortly
after ink was applied to its surface (inked). The laser light was focussed on the skin
using a lens (lens set-up) or directed to the skin using a fibre (fibre set-up).

6.1.1 Optical Microscopy of Laser Micropores

Examples of pores formed by focussing laser light onto inked and uninked skin using
a lens are shown in Fig.6.1. The appearance of burnt tissue in uninked skin was
clear, in Fig.6.1a, b, around the sides and at the bottom of the pore. The occurrence
of tissue damage in inked skin was less obvious (Fig.6.1e, f) and the bottom of
the pores was similar in appearance to the undamaged skin surrounding the pore.
The lack of obvious thermal damage may reflect the fact that the black ink obscures
visualisation of black, burnt tissue. Alternatively, it may be the case that there really
is less damage to the tissue when the skin is inked. The pore in inked skin shown in
Fig. 6.1e was formed using a lower power than that in uninked skin (Fig. 6.1a) (0.7 W
as opposed to 1.3 W) which should result in less thermal damage. The ink influences
the mechanism of poration, causing in less damage to the surrounding tissue and is
further discussed in Sect. 6.4.

Cross-sectional images (Fig.6.1c—d and g—h) were obtained by slicing through
the middle of pores using a surgical scalpel. The skin was then supported on its side
(with the cut surface facing upwards) and examined with an optical microscope. The
images of pores in uninked skin show burnt tissue at the top and sides of the pores.
In contrast, tissue burn in inked skin was again less obvious.

Laser light was also directed to the skin using a hollow core photonic crystal fibre
(PCF). This fibre was specifically designed to guide femtosecond pulsed light with
a wavelength of 532 nm, as used in these investigations. Fibres with air cores allow
light with such short pulses to be guided without distortion. In more standard, silica
fibres, nonlinear effects would alter the pulse and the high peak powers may cause
damage [11].

An example of a pore produced by directing laser light to the skin using a fibre is
shown in Fig. 6.2. Pores in inked skin were similar in appearance to those produced
using the lens set-up but lower powers were used, resulting in smaller pores. The
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(a) (b)

Fig. 6.1 Optical microscopy images of laser pores in uninked a—d and inked skin e-h, produced
by focussing laser light onto the skin using a lens. The microscope was focussed on the fop (a and
e) and bottom (b and d) of the pores. Cross section images were taken from the top down (¢ and
g) and from the side (d and h). White dashed lines mark the uppermost surface of the skin. Laser
powers of 1.0 W (a and b), 1.3 W (c and d) and 0.7 W (e-h) were used. Each row of images is
obtained from a different pore. The exposure time to the laser was 1 s
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(b)

Fig. 6.2 Optical microscopy images of the rop (a) and bottom (b) of a pore in inked skin, formed
by directing laser light onto the skin using a photonic crystal fibre. Images are taken from the top
down. A laser power of 0.1 W was used to porate the skin. The exposure time to the laser was 1 s

bottom of the pore (Fig.6.2a) does not appear to be burnt. A method was estab-
lished, using Raman spectroscopy, to determine the extent of thermal damage after
microporation. This is further described in Sect. 6.2.

6.1.2 Variation of Pore Dimensions

The laser power P (measured after the focussing optics as an average over 1 s), used
to produce pores in both inked and uninked skin, was varied to determine its effect
on the dimensions (diameter and depth) of the pores. The diameter of pores produced
in both lens and fibre set-ups increased with increasing laser power (Fig.6.3) and,
in general, the pores became deeper. Using the lens set up, the dimensions of pores
formed in inked and uninked skin were similar at the same power.

A threshold effect was apparent with respect to laser power, with different poration
thresholds observed for pores produced using the lens and fibre set-ups. The threshold
was the highest, at 0.7 W, for the production of pores in uninked skin. Below this
threshold, no effect of laser illumination, under the same exposure conditions, was
observed. The use of ink on the surface of the skin brought this threshold down to
0.2W for pores produced using the lens set-up.

The use of the fibre set-up facilitated a further reduction in the threshold for
poration to 0.05 W. The maximum power achievable at the surface of the skin was
lower using the fibre set-up (0.4 W) than that using the lens set-up due to coupling
losses when aligning the laser beam with the fibre. Pores were therefore not observed
in uninked skin using the fibre set-up because the maximum power was too low to
cause poration. The pores produced using the fibre set-up were smaller in diameter
than those produced using the currently available PL.E.A.S.E.® device [2], implying
that they would be quicker to heal.
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Fig. 6.3 Laser pore diameter (a) and depth (b) as a function of the laser power used. Dimensions
and poration thresholds are shown for pores produced on uninked and inked skin using a lens to
focus the laser light onto the skin (red and green symbols and dashed lines 3 and 2, respectively) and
on inked skin using a fibre to direct the laser light (blue circles and dashed line 1). Exposure times
of 1s were used. Averages (£standard deviation) were calculated from three pores on inked skin,
except that produced at 1.3 W, when one measurement was carried out. One pore at each power
was produced in uninked skin. The distance between the skin and the lens/fibre was kept constant.
Beam intensities at high (dashed pink) and low powers (blue) at a given axial distance, calculated
using Eq.6.3, as a function of radial distance from the centre of the beam, are shown in the inset.
A threshold value is shown (black line) to compare the diameter of pores at high and low powers

6.1.3 Beam Propagation

Laser microporation using the lens set-up was not easy to reproduce. The incidence
of poration was unreliable; the equipment would appear to be set up in the same way
as previously but sometimes no poration was observed. This is likely to be due to
the difficulty of accurately focussing the beam on the rough surface of the skin.
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Laser beams often occur in the form of Gaussian beams [12]. Laser light focussed
by a lens converges to its lowest diameter at the beam waist. It then diverges, at an
angle which is dependent on the numerical aperture (NA) of the lens (in this case,
0.4), as the axial distance from the lens increases. A beam waist with a small radius
can be obtained by focussing a laser beam using a lens with a high NA. The Gaussian
beam emitted by the fibre initially has a beam radius dependent on the fibre’s core
diameter and then diverges according to the fibre’s NA (0.04). The beam propagation
from the lens and from the fibre has been modelled using the following equations.

The fluence of laser poration, the energy per unit area per exposure, is calculated
using the following relation,

Fluence = laser pulse energy 6.1)

ef fective focal spot area

Fluence is commonly reported in similar experiments as it provides a measure of the
safety of the exposure [12]. Due to the challenge of locating the exact position of the
skin in relation to the beam waist in the case of the lens (and the large divergence of
the beam away from the waist), the effective focal spot area is difficult to determine
with high accuracy. For the results shown in Fig. 6.3, the distance between the lens
and the outermost surface of the skin was kept constant, at approximately 2 mm,
while the power was varied. The variation in power is therefore proportional to the
variation in fluence.

The radius w at which the intensity of a Gaussian beam drops to elz of its axial
value as a function of the axial distance z is given by Eq. 6.2 [12],

2
M@=w01+(i) (6.2)

ZR

.
nNA®

aperture of the lens, )\ is the wavelength of the light and the Rayleigh range zz = ”T”’z
The beam emitted from the end of the fibre is assumed to have a waist size equal to
the radius of the core of the fibre, 8 pwm. The intensity / of a Gaussian beam at an
axial distance z and radial distance r is related to the intensity at the centre of the
beam at its waist Iy [12]:

wo 2 —2}’2
I1(r,2) =1 (m) exp (wz(z)) (6.3)

p eak
Iy=—"5 (6.4)
7rw0

where the minimum radius, the waist size, wyg = where N A is the numerical

where
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and the peak power for soliton pulses, as used in these experiments, P,q.x = 0.88 %,
where R is repetition rate and 7 is pulse duration [12].

Beam propagation from the lens and from the fibre, calculated using Eqgs. 6.2, 6.3
and 6.4, is shown in Fig. 6.4a. Due to the existence of a threshold for ablation and the
divergence of the beams (Fig. 6.4a), there is a limited range of distances over which
poration can occur. Before or after this range, the fluence is below the threshold for
ablation. Poration was therefore heavily dependent on the position of the skin relative
to the lens but less so when the fibre was used, due to its lower NA. Finding the focus
of the lens (and the small range of distance for ablation) was difficult due to the skin’s
low absorption and significant scattering at 532 nm. Positioning the focus optimally
on the skin for ablation was also complicated by the skin’s roughness, caused by
larger furrows in the range of 20-100 wm, and shorter and shallower secondary
furrows (540 pwm), as well as smaller scale structures [13].

The fibre set-up ensured the reliable incidence of microporation and more repro-
ducible results than the lens set-up. Light diverges with a lower angle from the end
of the fibre than the light beam diverging from the beam waist of the lens set-up.
The intensities of the laser beam at distances of 30 and 100 pum from the beam waist
and from the end of the fibre are shown in Fig. 6.4b. There is a slower decrease in
beam intensity with distance from the fibre, allowing a greater range of distances
over which poration can occur. The roughness of the skin and its position therefore
influence poration less using the fibre set-up than the lens set-up.

The diameter of the modelled beam at these distances is less than the diameter of
the pores observed in these experiments (Fig. 6.3). The strong scattering of light by
the skin [10] is likely to have increased the effective diameter of the beam. Optical
scattering of light by the skin arises from spatial variation of the refractive index
within the skin due to its inhomogeneous structure. The distribution and size of the
components of the skin (lipids, proteins, etc.) provide a highly scattering medium
for light with a wavelength of 532 nm [14]. The situation is not easy to model due to
the contribution of various factors. Each pulse is thought to ablate a certain amount
of material, implying that subsequent pulses will ablate material with a different
spatial structure to the previous one (i.e., as the pore depth increases). The increase
in temperature associated with the formation of a plasma (as discussed in Sects.2.4.2
and 6.4) also affects the optical absorption of skin [14]. The third factor complicating
the interaction of the laser beam with the skin is the deviation of the edges of the
beam from a Gaussian function at high fluences [10]. Modelling the beam propagating
from the fibre and from the lens, without incorporation of the scattering coefficient,
provides a measure of the beam properties as functions of the distance from the
beam waist to the skin and of the laser power. Although the pore diameters were
greater than the calculated beam waist diameters, the variation in pore diameter with
laser power and fibre-laser distance (further described in Sect. 6.4) were successfully
accounted for.
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Fig. 6.4 Gaussian beam divergence using the lens and fibre set-ups, calculated using Eq.6.3: a
beam radius as a function of axial distance from the lens (NA = 0.4) waist and from the end of the
fibre (NA = 0.04), b intensity as a function of radial distance at axial distances of 30 and 100 pm
using the lens and fibre set-ups. Intensity was calculated using the maximum power (1.3 W for lens,
0.4 W for fibre) and the cross-sectional areas of the beam waist of the lens, and of the fibre core,
respectively
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Fig. 6.5 Laser pore diameter (a) and depth (b) as a function of the distance between the surface of
the skin and the fibre used to direct laser light onto the skin. Exposure times of 1 s were used and
power was kept constant at 0.3 W. Averages (+standard deviation) were calculated using five pores
at each power on two porcine skin samples

6.1.4 Poration Using the Fibre Set-Up

A low power for laser microporation, achievable using the fibre set-up, is useful in
lowering the cost of the process. At lower powers, less heat is produced in the laser
system so fewer components are needed to cool the system. Lower power emitted
from the laser system would also improve its safety profile.

Once the fibre set-up was established, enabling reliable and predictable micropo-
ration to be achieved, further investigation of the pore dimensions were undertaken.
The distance between the end of the fibre and the surface of the skin, and the amount
of time that the skin was exposed to the laser beam, were varied.

Increasing the distance between the end of the fibre and the surface of the skin
beyond 200 wm resulted in pores with larger diameters (Fig. 6.5). The surface of the
skin was considered to be the outermost edge of tissue, observed using an optical
microscope. As mentioned previously, the beam emitted from the fibre diverges
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slowly, due to its low NA. As the distance between the fibre and the skin increases,
the diameter of the diverging beam becomes larger, resulting in pores with greater
diameters. Even though the fluence is smaller at a greater distance, poration is still
possible at 1 mm away from the skin. There may be a threshold effect at greater
distances when the fluence becomes too low for poration of inked skin.

There was no significant difference between the diameter of the pores at dis-
tances of 100 and 200 wm. There is little difference between the diameters of the
beam at these distances too (Fig. 6.4a). Below 200 pm, pores of the same diameter
are produced regardless of the roughness of the skin, which is prominent at these
small distances. The diameter of the pores is therefore predictable regardless of the
roughness of the skin, which should be useful when designing a device control drug
delivery through this route.

The depth of the pores did not vary significantly with distance from the fibre
to the skin although the error on these measurements is quite large. The variability
may be due to inherent differences in the depths of the pores or to the method of
measurement. Large variations in pore depth may occur because of the interaction
of the laser light with hairs in the skin, for example, which absorb laser energy in
a different way due to their pigmentation and structural characteristics. There may
also be other regional variations in skin structure which influence the depth of the
ablated pore. However, it is likely this would also affect the diameter of the pores
although this appears not to be the case.

To measure depth, the top of a pore was brought into focus using an optical
microscope. The vertical position of the skin was then adjusted until the bottom of
the pore was in focus. The depth of the pore was determined as the difference in
vertical position between the two foci. When the pores were large (for example, at
large fibre-skin distances), the top of the pore was sometimes higher on one side
than the other due to the roughness of the skin at these larger scales. It was therefore
difficult to determine from which point the depth should be measured. The uppermost
top edge was usually used, which may have led to an overestimation of the pore depth.
Previous studies have used histology to determine the depth of laser pores and this
presents an alternative [15, 16], and potentially more accurate, method. This does,
however, require treatment and staining of the skin, which may affect the properties
of the tissue and therefore the results observed.

There was no significant difference in the diameter or depth of the pores with
exposure times in the range of 0.07-1 s (Fig.6.6). This is in disagreement with
previous studies [1, 17], which report that pore depth increased with the number
of pulses used for poration. These studies, however, used much lower numbers of
pulses than were obtainable in these experiments; 1-50, as opposed to the 1.4-20
million pulses achieved here. The pulse durations used in these previous studies were
also longer, in the range of microseconds, suggesting that a different mechanism of
poration may be operative. It is possible that a relation exists, at lower exposure
times, between the dimensions of the pores and the exposure time used to produce
them. The poration process is likely to have been completed more quickly than the
shortest exposure time used, 0.07 s. The same depths were therefore observed for
longer exposure times.



6.2 Raman Micro-Spectroscopy 97

(a) 120

100 -
80 -

50-}' T
> *

40 -

Diameter (.m)

20 -

—_
=
~

60 -

40 - 9

20 % 3 9

0.0 0.2 0.4 06 0.8 1.0

Depth (um)

Exposure time (s)

Fig. 6.6 Laser pore diameter (a) and depth (b) as a function of the exposure time. Results are
shown for pores produced on inked skin using a fibre to direct the laser light. The distance between
the skin and the fibre, and the laser power (0.3 W), were kept constant

6.2 Raman Micro-Spectroscopy

Raman spectroscopy proved a useful tool to objectively determine thermal damage
induced during poration via the fluorescence emitted by burnt tissue.

6.2.1 Thermal Damage Detection

Raman spectra of porcine skin, which had suffered increasingly severe thermal dam-
age, were acquired (Fig.6.7). The skin was burnt using a soldering iron at different
temperatures. The spectrum of skin burnt at 420 °C showed a large background flu-
orescence which was 5 orders of magnitude greater than the signal from unburnt
skin. Some spectral features, characteristic of unburnt skin, were observed in skin
which had been burnt at a lower temperature (160 °C), where the background signal
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Fig. 6.7 Raman spectra of porcine skin heated to 60, 160 and 420 °C and skin which has not been
burnt. Spectra have been normalised according to the laser power used for acquisition. An exposure
time of 10s to the Raman excitation laser beam was used for acquisition of all spectra. Insets show
the appearance of the skin after burning at 160 and 420 °C with cyan and red crosses respectively
identifying the area from which the spectrum was acquired. Scale bars are 25 pm

was still higher than that of unburnt skin. The fluorescence observed in burnt skin is
thought to arise from the denaturation of collagen or other cellular proteins during
heating [18].

The ability of Raman spectroscopy to identify thermal damage is again shown
in the variation of spectra with increasing distance from a burnt area (Fig.6.8).
Fluorescence decreases and characteristic skin spectral features become increasingly
apparent further from the burnt site. Raman spectroscopy is therefore an effective
tool to determine the extent of the damage to tissue after laser poration.

6.2.2 Comparison of Pores in Inked and Uninked Skin

Raman spectra from the bottom of pores produced using the lens set-up in both
uninked and inked skin, with depths of 300 and 120 pm, respectively, were acquired
(Fig.6.9). In uninked skin, the spectrum from the bottom of the pore shows a high
background fluorescence and lack of characteristic spectral features. The spectrum
is similar to that of skin burnt at 420°C (Fig. 6.7), suggesting that the pore has been
burnt, consistent with optical microscope images (Fig. 6.1). The spectrum of the skin
at the bottom of the pore in inked skin is approximately 50 times lower in intensity
than that in uninked skin, suggesting low thermal damage. Characteristic spectral
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Fig. 6.9 Raman spectra of the bottom of laser pores produced in uninked (red line) and inked
(blue line) skin. Powers of 1.3 and 0.7 W were used for poration, respectively. Spectra have been
normalised according to the laser power used for their acquisition (0.5 and 100 % of the maximum
power available for uninked and inked skin, respectively) using the Raman microscope. An exposure
time of 120s was used for acquisition of Raman spectra. Insets: optical images with red and blue
crosses show the positions from which spectra were taken in uninked and inked skin, respectively
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Fig. 6.10 Raman spectra of unburnt, uninked skin (pink) and of the bottom of a pore in inked skin
(green). Background fluorescence has been subtracted to better compare the spectra. The spectrum
from the bottom of the pore has been smoothed. Spectra have been normalised according to the
maximum intensity within the ranges shown: a 1100-1700cm~" and b 2800-3100cm™". Arrows
indicate spectral features of interest

peaks are also visible. This effect was observed for spectra of three pores in both
inked and uninked skin.

The fluorescent background was subtracted from the spectrum of the bottom of
the pore in inked skin and the resulting difference was compared to that of uninked,
undamaged skin (Fig.6.10). The following observations were made: a decrease in
the intensity of peaks related to the conformational order of the lipids within the skin
(peaks at 1130, 2852 and 2884 cm™"), shifts of peaks associated with the scissoring
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Fig. 6.11 Raman spectra of porcine skin which was heated to 420°C (red line), which was inked
and not heated (green) and which was inked then porated (blue). Spectra have been normalised
according to maximum intensity and offset for comparison

of CH, and C = 0 bond stretching (1450—1456 and 1654—-1670cm™!, respectively),
and the appearance of a new peak at 1250cm™' assigned to the CH, bond wagging
[19]. Previously recorded spectra of undamaged skin from locations beneath the SC
show similar features [19]. It follows that, in this case, laser poration of the skin has
caused little thermal damage.

The fluorescence observed in the Raman spectrum of the bottom of the pore in
inked skin may, in fact, be due to the ink. Spectra of unburnt, inked skin and skin burnt
at 420°C (Fig.6.11) show differences in the fluorescence from these two samples.
The spectral shape of the fluorescence arising from ink agrees more closely with the
spectrum from the pore in inked skin than the spectrum from burnt skin. This implies
that the fluorescence observed in the pore may arise from residual ink, as opposed
to thermal damage.

The difference between the Raman spectra of pores produced in uninked and inked
skin may be due to the lower power used to produce the pore in inked skin and/or
the effect of the ink on the poration mechanism. The presence of the ink permits
poration to be achieved at lower power than in uninked skin. Regardless of whether
the extent of thermal damage arises from the presence of the ink or from the power
used, there is less thermal damage in the pore produced in inked skin. Using the fibre
set-up allows even lower powers to be used to porate the skin, which would result in
further reduced thermal damage.
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6.3 Permeation Enhancement

To determine whether the pores created using femtosecond laser pulses would facil-
itate delivery in inked skin, the permeation of caffeine was investigated. Arrays of
18 x 18 pores in inked skin were produced at 0.06 and 0.3 W (Fig.6.12) (low and
high power, respectively). The diameters of the pores were 39 = 5 and 52 = 12 pm,
and the distances between the pores were 130 + 8 and 135 £ 18 wm for low and
high power, respectively. The depths of these pores were not measured as this would
have caused too great a delay between pore creation and the start of the permeation
experiments. However, based on previous experiments (Fig. 6.3), it is likely that the
depths of pores produced at high and low laser powers were approximately 50 and
15 pm, respectively.

Fig. 6.12 Optical images of laser pores produced in inked porcine skin: a an 18 x 18 array of
pores produced at a laser power of 0.06 W, b higher magnification of the previous image, ¢ pores
produced at a laser power of 0.30 W. Scale bars for b and ¢ represent 0.5 mm
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Fig. 6.13 Permeation profiles of caffeine across intact porcine skin (n = 6) and skin porated laser
powers of 0.06 (n =3) and 0.30 W (n = 3): a cumulative amount permeated, and b flux as a function
of time

The cumulative passive permeation of caffeine across non-porated skin (Fig. 6.13)
after 6h was 48 + 44 g cm~2. Laser poration elicited a significant enhancement,
increasing the cumulative amounts of caffeine delivered to 330 £ 100 and 870 +
180 g cm~2 for low power and high power, i.e., an enhancement factor of 7 for
low power and 18 for high. The flux of caffeine through the porated skin after 6h
is 7.5 and 19.9 times greater than that through non-porated skin for low and high
power, respectively. The corresponding flux increases quickly with time then begins
to plateau at approximately 50 and 200 pg cm=2 h™!.

The total area of poration produced at higher power was approximately 1.8 times
greater than that at lower power. The difference in caffeine permeation between high
and low power is likely due to the larger areas of the pores, as well their greater
depth, when using higher power. The difference is not exactly proportional to the
areas of the pores, probably because complete disruption of the SC was not achieved
in all pores. As permeation increases with higher laser power, it is likely that little
thermal damage, and therefore very little coagulation, has occurred, in contrast to
earlier observations using older laser models [20].
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6.4 Mechanism of Ablation

Due to the ultrashort (femtosecond) pulse durations used in these experiments, it
is likely that the mechanism of skin poration is plasma-mediated ablation [21], in
which the plasma is formed by laser induced breakdown of the tissue. Within the
plasma volume, tissue vaporization and disintegration occurs [14]. For breakdown
and plasma formation to occur in tissue, a threshold free electron density must be
reached [22] (see Sect.2.4.2). The presence of a threshold of poration, as shown in
Fig. 6.3, is a result of this minimum electron density requirement for laser induced
breakdown of the skin; the parameters of the laser irradiation must be such that the
electron density builds up despite the loss of free electrons through diffusion and
recombination, and loss of energy through collisions with ions [14]. This critical
density can be produced by avalanche ionization and multiphoton ionization [14].

It has been shown that the optical breakdown in water is similar to that in trans-
parent biological media [14]. The rate of pure multiphoton ionization of water is
independent of the number of free “seed” electrons, as each atom is independently
ionized [14, 22] and multiphoton ionization is independent of the linear absorption
coefficient [23]. As the thresholds found in these experiments vary according to
the presence of ink, it is likely, therefore, that laser induced breakdown occurs via
avalanche ionization, as opposed to multiphoton. The laser radiation is absorbed by
the black ink, resulting in thermionic emission of free electrons [14]. Once the irradi-
ance is high enough to produce a seed electron, the necessary density of electrons for
laser induced breakdown is rapidly reached. This effect has previously been studied
in dye-enhanced pulsed laser ablation of enamel [23].

In uninked skin, seed electrons for breakdown may arise from impurities within
the skin or chromophores which are absorbant at the laser wavelength (532 nm in this
case) such as melanin. There may also be multiphoton initiated avalanche ionization.
This also occurs in the presence of ink, but in that case, ionization due to the seed
electrons would dominate. The absorption of laser radiation by uninked skin is much
lower. A higher fluence is therefore required to ensure that a threshold electron
density is achieved. The greater fluence required results in more collateral thermal
damage in the surrounding tissue [24], and is consistent with the greater thermal
damage observed using Raman spectroscopy (Fig. 6.9).

By increasing the laser power for poration, a greater area of the beam (at a given
distance from the lens focal point or the end of the fibre) has a fluence large enough for
ablation (inset of Fig. 6.3) and therefore larger pores are produced. This also explains
the increasing diameters of the pores with greater distances between the fibre and
the skin (Fig.6.5); the width of the Gaussian beam increases with distance from
the end of the fibre. For the data shown in Fig. 6.5, the fluence was great enough to
cause poration at all distances investigated and the diameter increased with increasing
distance. It is likely that, beyond a certain distance, a greater proportion of the beam
will be below the threshold fluence and the diameter of the pores would then decrease
with increasing distance.
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Pores were shallower when produced with lower laser powers/fluences (Fig. 6.3)
but the variation in depth is less pronounced at lower powers. At higher fibre-skin
distances, it would be expected that the depth of the pores created would be shallower
due to the decrease in fluence. Although this relation was not observed here at the
powers used with the fibre set-up (Fig. 6.5), the absence of an observable trend may
be due to the measurement difficulties, discussed in Sect. 6.1.4, or by the diminishing
influence of the ink as the pores become deeper. The explosive ejection of the plasma
per pulse would leave some material at the edges and at the bottom of the produced
pore. Some of this material is likely to contain some of the absorbent ink. Its effect on
the initiation of a plasma would therefore translate to lower depths with decreasing
influence. Once the influence of the ink is removed, ablation is no longer possible
and poration ceases.

Pores in inked and uninked skin have the same diameter and depth when produced
at the same laser power above 0.7 W (Fig. 6.3). Under these conditions, a different
mechanism of poration may dominate where the bulk material properties have a
greater influence on poration than the surface ink. For example, the ink may be
rapidly removed at these powers and the poration is achieved by the interaction of
the laser radiation with uninked skin.

In the plasma mediated ablation of enamel, it was found that the ablation depth
increased with each pulse [24]. In our work on inked skin, ablation depth and diameter
show no relation with increasing pulse number (exposure time) (Fig. 6.6). This may
be because the poration process stops at times less than the minimum used (0.07 s).
Once the influence of the ink is removed, uninked skin remains that does not porate
at the fluences used on inked skin. The poration process therefore stops.

6.5 Summary and Conclusions

Femtosecond pulsed laser radiation has been used to porate porcine skin and to
enhance drug permeation. The application of ink to the surface of the skin lowered the
power required to porate the skin. The lower powers resulted in less thermal damage,
as determined using Raman spectroscopy, to the tissue surrounding the pores. This
was beneficial for enhancing drug permeation as little coagulation occurred to provide
a barrier to penetration.

The laser beam was focussed on or directed at the skin using either a lens or a
fibre. The threshold for poration was lowest in inked skin when the fibre set-up was
used. The effect of laser power, exposure time and distance between the end of the
fibre and the skin on pore dimensions was attributed to the beam propagation and
plasma-mediated mechanism of ablation.

This method of poration presents the following advantages over the more fre-
quently used ablation using longer pulses, which rely on photothermal ablation and
the strong absorption of the laser wavelength by water. The short pulse durations
used in these experiments and the incidence of poration at low fluences ensured that
there was little damage to the surrounding tissue. The use of a fibre laser and a fibre
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to direct the light towards the skin also increases the flexibility of the system and
renders a putative poration device more compact and portable. While photothermal
ablation is more efficient for strongly absorbing tissues [23], femtosecond ablation
is independent of the natural variations in the tissue properties, a particular advan-
tage given the structural heterogeneity of skin. However, femtosecond pulsed lasers
are expensive. Once the technology has developed and components become more
readily available, femtosecond ablation could provide an advantageous alternative to
that currently used. This kind of ablation may also prove promising in applications
such as damage-free separation of tissue, for example, for skin grafts [10], and for
drug delivery into the nail [25].
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Chapter 7
Conclusion

The delivery of topically applied compounds can be enhanced by either optimising
the formulation in which they are applied or by removing the SC, which provides a
rate limiting barrier. AFM and Raman micro-spectroscopy have been used to inves-
tigate polymeric films for (trans)dermal drug delivery of varying compositions. The
effect of two different additives on the properties of polymeric films were assessed
using AFM and Raman micro-spectroscopy techniques. Triethyl citrate (TEC), a
commonly used plasticizer, or medium-chain triglycerides (MCT) were incorpo-
rated with betamethasone-17-valerate (BMV), a drug commonly used for inflam-
matory skin conditions, into Eudragit and Klucel polymer films. The homogene-
ity/inhomogeneity of films was observed using AFM imaging and nanoindentation
was used to determine elastic moduli. Raman chemical mapping revealed the dis-
tribution of the films’ components. Characterisation by these methods can lead to
optimisation of the constituents of the films and their proportions.

Laser microporation was used to remove the SC and to provide a means of enhanc-
ing the delivery of (at least) low molecular weight compounds. Poration was achieved
using a femtosecond pulsed laser with a wavelength of 532nm and the application
of an ink to the skin’s surface. Little thermal damage was observed around the pores.
A fibre laser and fibre optics were used, improving the compactibility of a possible
poration device.

7.1 Summary of Results

AFM and Raman micro-spectroscopy investigations of films containing TEC sup-
ported the use of this additive to increase the flexibility of the films and act as a
plasticizer. AFM images of the films showed the homogeneity of films, containing
0, 20 and 40 % TEC, and the lack of crystallization of the incorporated drug, BMV.

Nanoindentation of films of varying compositions was undertaken using spherical
AFM probe tips as indenters. The deformation of the samples as a function of the load
applied revealed their viscous, elastic and plastic behaviour. By varying the approach
© Springer International Publishing Switzerland 2016 109
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rate of the indentation and by including the use of a surface delay at maximum load,
viscous behaviour was observed to be greater for samples containing TEC.

Elastic moduli were calculated from nanoindentation loops using two models:
the elastic Hertzian model and an adapted Oyen & Cook model, which takes into
account time-dependent viscous deformation during unloading. Values of elastic
modulus determined using the Oyen & Cook model were consistently higher than
Hertzian values, but both models detected a significant decrease in elastic modulus
with increasing TEC content.

To complement the information acquired on the homogeneity of the films using
the AFM, Raman chemical mapping of Eudragit and Klucel films with 20 % TEC
and 1.2 % BMV was carried out on a larger scale. Both TEC and BMV were distrib-
uted evenly over the mapped area of the films. The physical state of the drug was
determined using the position of its characteristic Raman peak and was found to be
more soluble in Eudragit films than in Klucel films. BMV solubility in both films
was effectively constant over the mapped areas.

Changes in the films’ mechanical properties when cast on the surface of the skin,
as opposed to on glass slides, were determined using nanoindentation of Eudragit
films containing 0, 20 and 40 % TEC. Moisture from the skin was thought to have
a plasticizing effect on films without plasticizer, decreasing their elastic modulus
compared to films cast on glass slides. Elastic moduli of films incorporating 20 and
40 % TEC did not change significantly as the plasticizing effect of the skin’s moisture
was small compared to that of the incorporated TEC.

The addition of plasticizer to the films allowed their elastic moduli to be matched
to that of skin. When in place on the surface of the skin, the films will therefore
successfully flex with the skin without breaking contact. This prolongs their intimate
contact and maintains a constant area over which drug delivery occurs. The lack
of drug crystallization observed is also important in the optimisation of these films
and implies that the incorporated BMV is available to be absorbed by the skin. The
composition of polymeric films for drug delivery can therefore be optimised, for
prolonged contact and drug bioavailability, using a combination of AFM and Raman
micro-spectroscopy techniques.

Further investigation of the interaction between polymers of differing hydropho-
bicities and the skin would give more information on the plasticizing effect of the
skin’s moisture. Klucel is a more hydrophilic polymer than Eudragit and is soluble
in water, so it is likely that its interaction with the skin’s moisture would have more
of an effect on its mechanical properties. Raman chemical mapping could also be
performed of the films on the surface of the skin. The distribution of drug and plasti-
cizer within the films could be mapped as a function of time, leading to information
on the absorption of the drug (and possibly of the plasticizer) by the skin.

The use of phase imaging would complement the topographical information
acquired using the AFM. Phase imaging contrast arises from the phase shift in the
oscillating cantilever when damped by aregion of the sample with, for example, lower
viscosity or greater adhesion. Contrast may appear where there are no obvious topo-
graphical features, such as the case for Eudragit films incorporating TEC. The AFM
used in these experiments did not have phase imaging capabilities. Information was
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acquired on the chemical homogeneity of the films using Raman micro-spectroscopy
but phase imaging would provide complementary information at the nanoscale.

The same analysis techniques were applied on films incorporating medium chain
triglyceride (MCT), which was originally incorporated to determine its function
as a plasticizer. AFM imaging revealed two phases in both Eudragit and Klucel
films incorporating 20 % MCT, in contrast to the homogeneous films resulting from
the incorporation of 20% TEC. Crystallization of the incorporated drug was not
observed in either phase. Inclusions with diameters of 0.8 & 0.2 and 1.9 £ 0.9
um were observed in Eudragit and Klucel films, respectively. The presence of this
phase separation implied that MCT does not act as a conventional plasticizer when
incorporated into polymeric films. To elucidate the nature of these inclusions, the
tapping mode force used to acquire height images was increased. At higher tapping
mode forces, the observed inclusions deformed more and appeared deeper as the force
increased. This was due to their softer nature (lower elastic modulus and viscosity)
compared to their surroundings.

AFM nanoindentation of these phase separated films revealed the differing
mechanical properties of the inclusions and their surroundings. The mechanical
properties of the surrounding material were similar to those in films without MCT.
Inclusions, however, deformed more under a given load and showed more viscous
behaviour. The mechanical properties of the inclusions was dependent on the poly-
mer film in which they were contained, suggesting that some polymer was present
within the inclusions.

Elastic moduli of the inclusions, calculated using the adapted Oyen & Cook model,
were approximately 3 and 4 times lower than the Eudragit and Klucel films without
MCT, respectively. The range of elastic moduli varied from that of films without
MCT to the modulus of skin. The inhomogeneity of the films, however, implied that
some regions are more likely to lost contact with the skin when on its surface being
stretched.

Raman chemical mapping was used to determine the chemical distribution of
MCT and the model drug BMV. Mapping revealed that more MCT was within the
inclusions than outside. BMV was distributed more evenly than MCT, but more was
found outside of the inclusions. The position of the BMV Raman peak was, again,
used to map the physical state of the drug within the films. BMV was equally soluble
across the mapped area of the Eudragit film but was more soluble within Klucel
inclusions than outside.

In vitro release was enhanced when MCT was incorporated into both Eudragit and
Klucel films. The enhancement in release from Eudragit films was attributed to the
viscous and softer nature of the inclusions, providing an environment in which the
drug was more highly mobile. The inclusions in Klucel films increased the solubility
of BMV. The increased mobility and solubility of BMV within the Klucel inclusions
was therefore thought to explain the enhancement in its release.

Although the release of BMV was enhanced, films incorporating MCT showed
mechanical and chemical inhomogeneity, which may adversely affect their ability
to remain in intimate contact with the skin. A compromise could be reached by
incorporating the conventional and effective plasticizer TEC and MCT. This could
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result in a release enhancement due to MCT within the films and greater flexibility
due to the incorporation of TEC.

Assessing the properties of these films when on the surface of the skin may also
provide useful insights into the mechanism behind the release of BMV. The size
of the inclusions was dependent on the temperature at which they formed. Solvent
evaporation of the films when formed on the surface of the skin is likely, therefore, to
be different than when they were cast onto glass, affecting the size and distribution
of the inclusions. Raman chemical maps of MCT and BMV within the films would
reveal the distribution of these components and their changes over time and could
help to elucidate the release mechanism.

AFM and Raman micro-spectroscopy have been used to characterize polymeric
films for (trans)dermal delivery. SC removal can be used as well as, or instead of,
formulation optimisation for delivery enhancement. Poration of skin, to improve the
delivery of lower molecular weight compounds and permit the delivery of compounds
with molecular weights over 500 g mol~!, was achieved by ablating the skin using
a 532nm laser with a pulse duration of 300 fs. The laser beam was either focussed
onto the skin using a lens or directed towards the skin using a photonic crystal fibre
(PCF). The skin was used either without (uninked) or with (ink) the application of a
dye to its surface.

Optical microscopy revealed burnt tissue at the edges and the bottom of pores
produced in uninked skin. Thermal damage in pores in inked skin was less obvious
but the burnt appearance of the ink made identification of black tissue more difficult.
The diameter and depth of pores increased with increasing laser power but a threshold,
below which poration did not occur, was observed. The threshold was highest for
the poration of uninked skin and decreased when ink was applied. Poration using the
fibre set up was achievable at the lowest powers.

The lens set-up resulted in unreliable poration, thought to be due to difficulties
in focussing the light on the skin and the limited range of distance from the beam
waist over which poration could occur. The numerical aperture (NA) of the fibre
was an order of magnitude lower than that of the lens, meaning that poration was
possible over a greater range of distances between the end of the fibre and the skin.
Poration using the fibre was much more reliable and reproducible. Modelling the
Gaussian beam propagating from the lens beam waist and from the end of the fibre
accounted for the greater pore diameters observed at increasing laser powers and
distances between the end of the fibre and the surface of the skin.

Raman micro-spectroscopy was used to determine the extent of the thermal dam-
age to the skin resulting from laser poration. Purposely burning the skin allowed the
difference in the Raman spectra of damaged and undamaged skin to be determined.
Fluorescence strongly increased with the extent of thermal damage and the charac-
teristic spectral features of the skin were lost. A spectrum acquired at the bottom of a
pore in uninked skin showed a large fluorescent signal, suggesting that the skin had
been thermally damaged by the poration process, as observed in optical microscope
images. In contrast, a spectrum from the bottom of pores in inked skin revealed
spectral features characteristic of the skin and lower fluorescence intensity, which
implied that the skin at the bottom of pores in inked skin was less damaged.
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Once a reproducible method for poration was achieved using the fibre set up,
caffeine permeation experiments were carried out. The presence of pores enhanced
the permeation of caffeine. A greater enhancement was observed for pores produced
using a higher power, suggesting that the tissue around the pores had not coagulated
due to thermal damage. Due to the short pulse duration used in these experiments, the
mechanism behind the poration observed was thought to be plasma mediated ablation.
The ink on the surface of the skin provided a means by which plasma formation was
initiated. Plasma formation was possible in skin without ink but required higher
powers, resulting in greater thermal damage.

Thus a technique has been developed to ablate skin using a femtosecond pulsed
laser with a wavelength of 532 nm. The interaction between the laser and the skin was
enhanced by applying an ink to the surface of the skin, bringing the power required for
ablation down. Devices are currently available for laser microporation of skin which
ablate the skin photothermally, using a laser wavelength (most commonly 2940 nm)
which is strongly absorbed by the water within the tissue. However, this devices
are associated with adverse side effects. Here, pores produced using a femtosecond
pulsed laser, directed to the skin using a fibre, were smaller than those obtainable
using the devices that are currently available. There is also little thermal damage
surrounding the pores. These qualities suggest that the delivery of topically applied
compounds and the subsequent healing of the skin will be advantageous. The use of
a fibre laser and fibre optics also improves the compatibility of a possible device to
porate the skin and visible light improves its safety profile.

All experiments were undertaken on non-pigmented porcine skin. As the intro-
duction of a black ink on the surface of the skin initiated ablation, investigations are
recommended on pigmented skin, with and without the application of ink. A device
designed to enhance the delivery of topically applied compounds must work effec-
tively on skin of all types. The threshold for ablation of uninked, pigmented skin
may be lower than that in non-pigmented skin. The dimensions of pores are likely
therefore to differ. Ideally, the application of ink on the surface of pigmented skin
would result in similar poration to that on non-pigmented skin and could therefore
be used as a measure to keep poration consistent from person to person.

The use of a permanent marker on the surface of the skin may not be very appealing
to people requiring treatment, especially when multiple treatments are required. The
laser used for poration needs to be strongly absorbed by the dye on the surface of the
skin for it to initiate ablation. Either the dye, or the way that the skin is dyed, could
be varied. For example, the dye could be applied in a polymeric film, as described
earlier in this work, which could be removed after poration using ethanol or water.

The ability of this poration technique to facilitate the delivery of high molecular
weight compounds, such as vaccines and proteins, across the skin should also be
investigated and compared to other enhancement techniques, such as iontophoresis
and microneedle delivery. This poration technique also has possible applications in
the delivery of compounds applied to the nail surface.
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7.2 Concluding Remarks

Novel topical polymeric films for (trans)dermal delivery have been assessed at the
micro- and nanoscale using AFM and Raman micro-spectroscopy. The information
provided by these complementary techniques can lead towards the elucidation of
release mechanisms and the selection of the films’ constituents. Ablating the skin,
after the application of dye, using a femtosecond pulsed laser resulted in little thermal
damage to the surrounding tissue. This technique, therefore, provides a means by
which the diffusion of topically applied compounds is increased. This thesis has
therefore described methods by which the delivery of topically applied drugs can be
enhanced and optimised.
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