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CHAPTER 1

INTRODUCTION

1.1 Objective

The goal of this dissertation is to help provide improved clinical results for large molecule
pharmaceutical products and biological drugs using minimally invasive transdermal
delivery systems. More specifically, this research focuses on the development of a
theoretical model based on transport phenomena principles to assess and predict drug
delivery of encapsulated sumatriptan succinate active pharmaceutical ingredients in
soluble microneedle systems alone and soluble microneedles aided by iontophoresis. The
theory-based approach has the potential for validating preliminary laboratory studies and
enhancing properties of the microneedle systems. Methods based on laboratory
experiments and mechanistic modeling will make the clinical research less risky, less
empirical and more reliable than trial-and-error experimental procedures.

In Chapter 2, materials and methods for development, the evaluation and in vitro
testing of the microneedle array systems are described. The micro array formulations are
analyzed to determine the best properties with respect to uniformity, strength, and
flexibility, and the ability to penetrate minipig skin. This step is critical because dissolving
microneedle arrays need to preserve uniformity in terms of needle array pattern, pitch
(space between needles), height and width. Test methods include: optical microscopy,
mechanical testing, and transepidermal water loss (TEWL). In vitro experiments with
vertical Franz diffusion cells measure the transdermal permeation of the active

pharmaceutical ingredient (API) across Gottingen minipig skin. Permeation experiments



are conducted with dissolving microneedles alone and aided by iontophoresis to enhance
penetration of drug molecules through the skin.

In Chapter 3, dissolving microneedle array systems are investigated as a suitable
alternative delivery method of sumatriptan for the relief of migraine. The formulations
consist of a positively-charged, encapsulated pharmaceutical ingredient (sumatriptan
succinate) and a hydrophilic, bio-compatible polymer (polyvinylpyrrolidone) approved by
the U.S. Food and Drug Administration (FDA). In vitro diffusion studies with Gottingen
minipig skins demonstrate an increase in drug release as compared to previously developed
sumatriptan transdermal patch systems. Further enhancement with electrical current
densities of 100, 300 and 500 pA/cm? shows an increase in the steady-state flux of drug
with current density.

Finally, in Chapter 4, a mathematical model is developed to predict the in vitro
permeation of sumatriptan succinate molecules across the skin. Mass balance equations are
derived to detail the dissolution, diffusion, electromigration and transport of encapsulated
drug substance across the epidermis. A mathematical software (Mathematica®) is used to
solve the equations and derive relationships to predict the effects of critical parameters on
drug release. The computed (e.g., theoretical) release profiles were then validated with in
vitro diffusion studies using female minipig skin. The model successfully describes the in

vitro permeation of three distinct microneedle formulations containing sumatriptan.

1.2 Motivations
The oral administration of biological and pharmaceutical drug products is limited by poor
drug absorption and/or first pass effect metabolism in gastrointestinal (GI) tract or liver

[1-3]. The most common alternative is drug administration through subcutaneous/



intramuscular injections or intravenous infusion. However, the use of hypodermic needles
have several drawbacks, including the pain associated with injection. In addition, they are
difficult to administer, cost more and must be sterile. Another disadvantage is that these
drug delivery routes (except for intravenous infusion) lead to fluctuations in concentration
of drug in the blood plasma, a situation which can lead to toxic effects or ineffective
treatment [4].

This is the case with the drug sumatriptan succinate prescribed for the treatment of
acute migraines and cluster headaches. A triptan compound acts to bind serotonin (5-
hydroxytriptamine) receptors in the brain and induce vasoconstriction of arteries to reduce
neurogenic inflammation. Sumatriptan was the first available triptan compound and is
recognized as the leading standard in prescription migraine therapy [5-7]. Migraines affect
over 1 in 10 people globally, 31.8 % of patients experience three or more headaches per
month, and 53.7 % of migraine’s require bedrest due to severity [8, 9]. Migraine symptoms
typically include throbbing or pulsing pain, aura, sensitivity (light and sound), nausea and
vomiting [10-12]. There are several treatment options including various dosage forms
(intranasal spray, oral tablet, subcutaneous injection) but each method has limitations
which reduce patient compliance. For example, the oral and intranasal delivery routes
demonstrate lower therapeutic response (bioavailability 14% and 16%, respectively) and
may cause side effects (nausea and vomiting) [13, 14]. On the other hand, subcutaneous
injection is difficult for an individual to administer and may cause pain around the injection
site [15].

An attractive minimally invasive alternative is the use of transdermal systems

which can be self-administered and deliver a controlled amount of medication through the



skin over an extended period of time (up to 7 days). These systems provide effective, pain-
free delivery of active ingredients into the bloodstream (avoiding first-pass metabolism
effects) with minimal side effects. A typical model of a transdermal therapeutic system
(TTS) is the matrix-controlled patch shown in Figure 1.1. The patch is comprised of an
occlusive backing layer, a drug-containing adhesive and a release liner. After removing the
release liner, the patch is applied to the skin for controlled release of the medication. The
drug must diffuse through the stratum corneum (10-20 um thick) and the viable epidermis
(50-100 pm thick) to enter the capillary-rich dermis for systemic absorption. The primary
barrier is the stratum corneum comprised of “bricks” of corneocyte cells surrounded by a
“mortar” of intercellular lipid matrix of lipid bilayers. Typically, successful transdermal
drugs are low molecular weight compounds (< 500 Da), lipophilic (log P ~ 1 - 3), and
effective at low doses (few milligrams per day) [16-19]. Chemical permeation enhancers
can be added to formulations as excipients to reversibly disrupt the intracellular lipid
structures located in the stratum corneum and increase the permeation of large molecules.
The challenge is that the chemicals increase skin irritation and can damage deeper living
cells in dermal layers. Only a limited subset of chemical enhancers have been used to

successfully increase small molecule diffusion without skin irritation [20, 21].

. «————— Backing Layer

. ¢ Drug Containing
Adhesive Layer
e «———  Release Liner

(Protective Layer)

Figure 1.1 Transdermal matrix-controlled system.



Sumatriptan Succinate (C18H27N306S) has a molecular weight of 413.5 g/mol, is
freely soluble in water, hydrophilic (Log PpH 7.4 = -1.5), and has melting point of 165°C
making it ideal for aqueous formulations [22, 23]. However, previous in vitro studies by
Balaguer-Fernandez et al. demonstrate that standard transdermal methods, including
enhancers, are not suitable for the delivery of sumatriptan. A patch system comprised of
drug solution, methyl cellulose polymer and Azone® (enhancer) required a lag time of
15.21 h and surface area of 293 cm? to achieve the target Cmax value of 72 ng/ml [24, 25].

Modern transdermal applications incorporate microneedle (MN) technology, or an
array of micron-sized needles in a small patch, designed to deliver macromolecules and
hydrophilic compounds through the skin. These microneedles effectively bypass the
stratum corneum and epidermis to achieve systemic drug uptake into the dermis. They are
designed with a pattern of micron-sized needles for perforation of the epidermis with
micron-sized ‘holes’, which create channels for drug delivery into dermal capillaries and
entry into the blood circulatory system. The individual microneedles are designed with
height in the range of 150 to 1,500 pum and a surface density less than 2000 needles/cm?.
These dimensions allow them to puncture the dermis without causing pain as they do not
penetrate into deeper skin layers to sever nerves and blood vessels. Several types of
microneedles (solid, coated, hollow and dissolving polymeric microneedles) have been
developed and investigated for different drug delivery applications. Solid microneedles are
used to enhance permeation of drugs through the skin by pre-treating an area of the skin
with microneedles prior to application of a transdermal formulation (i.e., ‘poke and patch’
method). Coated microneedles are coated with drug solution and inserted into the skin (i.e.,

‘coat and poke’ method). Hollow microneedles contain arrays of solid, hollow micron-



sized needles filled with drug solution that is deposited directly into the dermis by diffusion
or pressure-driven flow (i.e., ‘poke and flow’ method). Dissolving microneedles are
fabricated with biodegradable polymers containing encapsulated active drug ingredients
which solubilize and are released into the skin [26-28].

Microneedle technology has been shown to greatly enhance in vitro and in vivo
transport of sumatriptan succinate drug across the skin. The ‘poke and patch’ method was
successfully utilized by Nalluri et al. (2015) for transdermal delivery of sumatriptan
through pig ear skin following pretreatment with Dermaroller® microneedle roller or
AdminPatch® solid microneedle patch. In vitro permeation results indicated that acceptable
therapeutic dose was possible with a 2.5 cm? transdermal patch following pre-treatment
with an AdminPatch®, fitted with 1.5 mm length needles [29]. However, these solid,
stainless steel AdminPatch® microneedle systems are not disposable and considered
biohazardous sharps waste [30, 31]. Separately, two research groups developed dissolving
microneedles from polysaccharide polymers (sodium hyaluronate or dextran) for in vivo
delivery of sumatriptan succinate. In vivo studies for both polysaccharide microneedle
systems showed promising bioavailability (> 90%) compared to subcutaneous 6-mg
Imitrex® (sumatriptan) injection [32, 33]. Finally, a polyvinylpyrrolidone-based
microneedle device, ZP-Zolmitriptan, was developed by Kellerman et al. to deliver
zolmitriptan. Clinical phase | results showed ZP-Zolmitriptan achieved maximum blood
serum levels, and a Cmax value equal or greater than 2.5-mg oral dose of Zolmitriptan
[34].

The combination of iontophoresis and microneedle technologies has been shown to

have synergistic effects and increase uptake of macromolecules through the skin while



modulating the drug delivery rate. lontophoresis applies a low-density electric current (<
500 pA/cm?) to the skin to propel charged drug molecules through the low-resistance
tunnels created by the needles. For a positively charged drug, molecules are repelled by the
positive electrode (anode) and attracted to the negatively charged electrode (cathode) [16,
35-38]. Several in vivo and in vitro studies have demonstrated increased delivery of
macromolecules (oligonucleotides, dextrans, proteins) through porcine skin with
microneedle pre-treatment and iontophoresis as compared to iontophoresis alone [20].
However, research on the combination of dissolving microneedle and iontophoresis
technologies for drug administration is limited and neither method has influenced greatly
the transdermal drug delivery market.

The experimental portion of this research focused on i) developing dissolving
microneedles for the release of sumatriptan and ii) combining microneedle arrays with
iontophoresis to optimize delivery (Figure 1.2 and 1.3). Dissolving microneedles are
formulated from water-soluble biodegradable polymers that encapsulate the API within the
matriX. The dissolvable microneedles are inserted into the epidermis where they dissolve
in minutes, releasing the API into the dermis for rapid release into the systemic circulation.
Microneedles dissolve leaving no sharp medical waste for disposal after use and studies
show that skin punctures left by microneedles are painless and heal within 3 days [39-41].
There are several factors that affect drug delivery with microneedles, including
microneedle height, microneedle density, number of microneedles, drug concentration, and
size of encapsulated drug molecule [28, 39]. This research considered several sumatriptan
preparations to evaluate the formulations with respect to its strength, flexibility, uniformity,

and ease of insertion into the skin. These preparations were then combined with a range of



current densities (100 — 500 pA/cm?) to determine the effect of the system on lag time,
steady-state diffusion flux and cumulative drug release. In vitro studies were conducted
with vertical Franz cells to determine sumatriptan release, from microneedle alone and

microneedle combined with iontophoresis, through Gottingen minipig skin [42].

!
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Figure 1.2 Schematic representation of dissolvable microneedles for rapid release of
encapsulated drug.
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Figure 1.3 lontophoretic transdermal microneedle patch.



Design optimization of the essential parameters of the microneedle systems is
paramount to improving drug delivery through the skin. The dissolving microneedle
systems must be able to properly insert into the skin without fracturing individual needles
in the array. Several physical properties effect microneedle insertion, including
microneedle geometry (shape of array), surface area, needle height, pitch width (center-to-
center distance of adjacent needles), and polymer matrix type. In 2004, a study by Davis et
al. demonstrated that the needle height and pitch-width were important properties with
long, densely packed arrays required for greater needle penetration into the skin [28, 43].
In 2008, Al-Qallaf et al. working with hollow or solid squared-shaped microneedle arrays,
developed a mathematical algorithm for determining the best parameters for the transport
of drug macromolecules across the skin. The study showed that the pitch width had a
greater impact on drug delivery than the needle radius [44]. In a separate study, Al-Qallaf
and Davidson et al. developed a mathematical model, based on Fick’s first law of diffusion,
to predict delivery of macromolecules from coated solid microneedles which confirmed
that needle height and pitch-width were crucial for increasing drug diffusion [45]. These
models are based on solid and hollow microneedle systems and cannot be applied to drug
delivery from dissolving microneedle arrays which involve dissolution and diffusion
processes.

In 2015, Kim et al. designed a system of dimensionless governing equations for
describing dissolution of an individual conical shaped microneedle and release of
encapsulated drug into a control volume. Several simulations were conducted with sucrose
microneedle containing encapsulated fentanyl citrate active substance that indicated i) a

decreased pitch led to an increased permeation and ii) the dissolution rate was independent



of the elimination rate constant [46]. This research builds on previous studies by deriving
several mathematical models based on Nernst-Brunner equation, Fick’s 2" law and
Coulomb’s law to describe: 1) dissolution of dissolving microneedles, 2) diffusion of drug
through the skin and 3) impact of iontophoresis on microneedle dissolution and drug
diffusion. Simulation experiments for each model allowed for a thorough analysis of the
impact of model parameters (e.g., drug load, needle height, needle pitch width and polymer
concentration) on the device performance. The predictions were then evaluated in the lab
with in vitro permeation experiments using Franz cells, excised Gottingen minipig skin
samples, and iontophoresis. Soluble microneedles with different formulations consisting

of PVP polymer and sumatriptan succinate API were tested to confirm the models.

1.3 Research Significance and Impact

This research focused on the development of theoretical models based on transport
phenomena principles to assess and predict drug delivery of encapsulated sumatriptan
succinate in soluble microneedle systems alone and soluble microneedles aided by
iontophoresis. The models were then used to identify critical attributes of the microneedle
system (i.e., microneedle height, base width, pitch width), formulation factors (i.e.,
concentration, solubility and density) and process parameters (i.e., current density). The
work was validated using in vivo permeation experiments with vertical Franz diffusion
cells and skin excised from female Géttingen minipigs.

The developed platform can help explain new experimental results, aid in product
design and the development of manufacturing processes. The contribution can be used to
evaluate the delivery of protein and peptide macromolecules, as well as, poorly soluble

drug molecules. The framework will potentially reduce R&D expenses, increase the quality
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of results and make the clinical research less risky, less empirical and more reliable than
trial-and-error experimental procedures.

The advantages of this research will be i) development of optimal transdermal drug
systems for the delivery of macromolecules to the systemic circulation, ii) more precise
prediction of drug delivery into the body, iii) reduction of therapeutic ‘lag time’ effect, and
iv) increased therapeutic effects of drug molecules.

The application and benefits of combining dissolved microneedles and
iontophoresis merit further analysis to unlock the full potential of this burgeoning
technology. A detailed assessment of the synergistic effects of the two methods promises
to result in a deeper understanding of design criteria pertinent to the transdermal delivery
of macromolecules. For example, many medical diseases and conditions require treatment
over a long period, e.g., from 24 hours to 7 days. For these cases, a slow and constant
supply of a macromolecule can be achieved by designing an iontophoretic transdermal
system with a slow dissolution of the microneedles. The current density is easily increased
to provide a faster release for patients requiring an immediate pain relief. It is possible to
adjust the device to design appropriate treatment regimens for specific patient groups and

drug molecules.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Chemicals and Reagents

Microneedle formulations consisted of the active pharmaceutical ingredient (API)
sumatriptan  succinate  [3-[2-(dimethylamino)  ethyl]-N-methyl-indole-5-methane-
sulfonamide succinate (1:1)] purchased from Meohs Fine Chemicals (Iberica SL),
polyvinyl pyrrolidone (Kollidon K30) acquired from BASF (Ludwigshafen, Germany),
polysorbate 80 procured from Croda (New Castle, DE), and glycerine obtained from P&G

chemicals (Cincinnati, OH). All other chemicals and reagents were analytical grade.

2.2 Preparation of Sumatriptan Microneedle Arrays

The sumatriptan succinate microneedle systems were fabricated using methods previously
described by the author [42]. A total of four PVP-based sumatriptan microneedle
formulations were developed for characterization studies and their compositions are listed

in Table 2.1.
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Table 2.1 Microneedle Array Wet Composition (%, w/w)

Excipients P1 P2 P3 P4
Sumatriptan 10 5 5 15
Polyvinylpyrrolidone 30 30 20 30
Water 58 63 73 53
Glycerine 1 1 1 1
Polysorbate 80 1 1 1 1

An aqueous pre-solution was prepared by slowly dissolving PVP, polysorbate 80
and glycerine in purified water, and degass by sitting on benchtop. The active solution was
formulated by adding an aliquot of this pre-solution (e.g., 2 — 5 ml) to a small beaker,
adding the sumatriptan succinate API, stirring until fully dissolved, and degas by sitting
un-stirred on the bench-top. Approximately 100 mg of active solution was pipetted into
each negative mold of platinum-cured silicone microneedle arrays (i.e., negative molds)
and pressed into microneedle chambers by pressure using methods described by other
research groups [47, 48]. The molds were dried at room temperature under ambient
conditions overnight on the lab bench. The dried microneedle arrays were carefully
removed from the PDMS molds and sealed in water-resistant containers. The PVP-
sumatriptan microarrays were stored in the sealed containers at room temperature for up to

6 weeks and retained their pyramid needle shape, as examined under microscope.
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These fabrication techniques were used to prepare circle microneedle arrays from

each preparation (P1 — P4 ) and square arrays from P1 formulation (Figure 2.1).

Figure 2.1 Photographs of P1 formulated dissolving microneedle arrays; A) circle array
containing 600 pyramid-shaped needles; B) square array containing 196 pyramid-shaped
needles.

2.3 Characterization of Microneedles with Light Microscope

The microneedle systems were visually examined using light microscope (Nikon Optishot-
2, Nikon, Japan), digital sight (Nikon D5-Fil, Nikon, Japan) and imaging software (NIS-
Elements, Nikon, Japan) [42]. Circle microneedle arrays from each preparation (P1 —P4)
and square arrays from P1 formulation were inspected to ensure they maintained consistent
appearance, shape and dimensions. Circle arrays from each formulation were inspected to
ensure they contained 600 uniform pyramid-shaped needles with consistent height of 500
pm, base width of 300 um and pitch width (i.e., center-to-center distance between needles)

of 300 um (Figures 3.4 — 3.7). Also, square-shaped arrays (P1 formulation) were examined
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to confirm each contained 196 individual pyramid-shaped needles with consistent height
of 500 pm, base width of 385 um and pitch width of 700 pm.

A different optimal microscope (Swift-Duo, Vision Engineering, Woking, UK) and
imaging software (M3 Metrology, Vision Engineering, Woking, UK) were used to examine
minipig tissue samples following in vitro permeation trials. The minipig samples were
inspected for patterns of small holes corresponding to the circle and square microneedle

array patterns.

2.4 Tensile Strength

The microneedle systems mechanical strength was evaluated using a texture analyzer
(TA.XTPlIus, Stable Microsystems Ltd, Godalming, UK), as described previously [42]. The
mechanical failure force of individual arrays was measured using the instrument in
compression mode equipped with a 3-point bend fixture (HPD/3 PB, Stable Microsystems
Ltd, Godalming, UK). Prior to performing the tests, the PVP-sumatriptan microneedles
were stored for 24 hours at 25 °C and 45% relative humidity for 24 hours. For each test, a
single microarray is loaded onto the 3-point bend fixture (Figure 2.1), a sensor probe
applied an axial load to the microneedle at 0.1 mm/s. The test was terminated when a
maximum displacement (5 mm) was attained or force decreased below a threshold (< 0.1
N). For each test, a force (N) versus displacement (mm) curve (similar to stress versus

strain curve), based on average force values (n=3), was generated.
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Figure 2.2 Set-up of three-point bend apparatus for testing mechanical strength of
microneedle array.

2.5 Mass, Drug Content and Density of Microneedle Systems

Laboratory experiments were conducted to determine the mass, drug content and density
of the microneedle systems. Ten microneedles, from each formulation, were prepared per
the methods described in Section 2.2. During preparation, the wet weight of drug solution
dispensed into each mold, mwet, and the dry weight of fabricated microneedles, mqry, were
measured on an analytical balance. The mass of the microneedle was calculated as the

average dry weight of the ten microneedles. The average drug content (i.e., mass fraction
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of sumatriptan API, B), in each microneedle was calculated using Eq. 3.11; where

% Drug, . IS the percent (%, w/w) of sumatriptan in the microneedle solution.

ﬂ _ (% DrugMN,wet )(mwet) (21)

The density of the microneedle systems was measured by standard water displacement
technique described in [49]. A 5 ml aliquot of purified water was dispensed into a 10 ml
volumetric flask. The ten microneedles were inserted into the flask and submerged beneath
the surface of the water. The total volume of water was measured and used to calculate the

average density of the dissolving microneedles from each formulation.

2.6 Simulated Biological Fluid Preparation

A simulated biological solution was prepared, as previously described [49], as a surrogate
for interstitial fluid located in the skin. A one liter parenteral simulated body fluid,
developed by Marquis et. al. [50], was blended in the lab. The solution was determined to
be a suitable substitute for determining the solubility of the microneedle matrix polymer
(i.e., polyvinylpyrrolidone) in tissue fluid. The fluid was originally designed as a
dissolution medium for conducting experiments on parenteral dosage forms including

subcutaneous, intravenous, and intramuscular injections or implants.

2.7 Polyvinylpyrrolidone Solubility

The solubility of the matrix polymer (PVP) was measured in a simulated biological fluid
(solvent), as previously described by the author [49]. One hundred milliliter of simulated

biological solution was dispensed into a 250 ml glass beaker and stirred with a stand mixer

17



(Eurostar, IKA, Staufen, Germany). PVP polymer was added to solution in increments of
10 g and allowed to dissolve into solution. The visual appearance was recorded and solution
viscosity was measured using a handheld Brookfield viscometer (Viscotester 2-plus,
Haake, Karlsruhe, Germany). The biological solution was determined to reach saturation
at 1.0 g/ml when the fluid viscosity exceeded that of lubricant oil (approximately 10 dPas).
It is presumed that the interstitial fluid viscosity would not exceed that of lubricant oil and
that this described a realistic solubility value. A plot of the viscosity (dPas) versus

concentration (g/ml) is shown in Figure 2.2.

40

35

—o—r\P

Lubricant Oil Viscosity

Viscosity (dPas)
N
o

0 0.2 0.4 0.6 0.8 1
Concentraton (g/ml)

Figure 2.3 Viscosity — concentration curve for PVP in simulated biological fluid.

2.8 Minipig Skin Preparation
Whole female Gottingen minipig skin tissue samples (Ellegaard Goéttingen Minipigs

Agricultural Service, Denmark) were purchased and prepared as described in [42]. Frozen
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full minipig skin samples were thawed at room temperature, rinsed with water, shaved to
remove hair and dermatomed to thickness of 800 um (Acculan 3TI; Aesculap AG). The
prepared skin samples were punched into samples (25 mm diameter), frozen and stored for
use within a 9-month period. Goéttingen minipig tissue was selected for the in vitro
permeation studies as an excellent model for human skin. The minipig skin is histologically
similar to human skin and exhibits lower inter- and intra-variation due to breeding

standardization [51, 52].

2.9 Optical Coherence Tomography Imaging

Optical coherence tomography (OCT) imaging equipment was used to generate high-
resolution, cross-sectional tomographic images of the Gottingen tissue structures in real-
time during microneedle treatment. OCT imaging creates a set of 2-dimensional images
representing back-reflected light from a series of cross-sectional planes through the sample
[53]. In the lab, imaging was performed with an optical coherence tomography device
(VivoSight TP1302, Michelson Diagnostics Ltd., Kent, UK) and imaging software
(VivoSight 4.5 software, Michelson Diagnostics Ltd., Kent, UK). In vitro studies of
microneedle systems dissolving within the minipig tissue samples were imaged in real-

time until needles were fully dissolved.

2.10 Transepidermal Water Loss (TEWL)

Transepidermal water loss (TEWL) was used to characterize the barrier function of the
minipig skin using a TEWL device (Biox AquaFlux, AF200, London, UK). The TEWL,
or skin surface vapor loss, is good indicator of the barrier function of the stratum corneum

with damaged skin (e.qg., dry skin) displaying high TEWL values compared to normal skin
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[54-56]. Tests were conducted on mini-pig skin samples before and after insertion of
dissolving microarrays into the skin. Individual 10 mm diameter microneedles were
applied to a 25 mm diameter mini-pig skin samples. The microneedles were inserted using
a custom device which applied uniform tangential force across the skin (approximately 150
N/cm?). After insertion, the microneedle was held in-place on the skin for a period of 15
seconds to ensure good penetration into the skin surface. For comparison, TEWL was
measured before and after tape-stripping minipig skin 15x to remove the stratum corneum.
Tape-stripping skin 15x has been shown to remove horny corneocyte layers (stratum
corneum) from the epidermis [57]. The tape-stripping method involved applying a standard
pressure-sensitive adhesive tape (e.g., Scotch-tape®) to the skin surface, pressing firmly for

over 5 seconds and slowly remove tape.

2.11 Invitro Permeation Studies

In vitro diffusion experiments, as described previously [42], were performed in vertical
Franz diffusion cells (Glastechnik, Gréfenroda, Germany) with a diffusion area of 1.595
cm?. Frozen tissue samples (25 mm diameter) were thawed and placed with skin surface
(stratum corneum side) facing up on benchtop. To imitate realistic conditions, the tissue
samples were not pre-wetted. Sumatriptan microneedle arrays were placed gently onto the
skins and inserted into the skin using a custom applicator device designed to apply a
uniform impulse force (150 N/cm?) during insertion. The microneedle-skin samples were
covered with a PET liner and immediately placed into the Franz cells with the microneedles
facing the donor compartment. The occlusive PET liner was placed over the microneedle-
skin samples to facilitate diffusion into the skin. The receptor chamber was filled with 10-

mL phosphate buffer solution (pH 7.4) (PBS) containing sodium azide (0.1%, w/w), stirred,
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and controlled at 32 °C. At prearranged time intervals, the receiver cell solution was
withdrawn completely and replaced with fresh PBS (10 ml) to maintain sink conditions.
The diffusion studies were used to acquire data, including microneedle drug load (ug/cm?);
percentage drug released after 24 hours (%); cumulative amount of drug released after 24
hours, Q2an (Ug/cm?); sumatriptan steady-state flux, Jss (ug/cm?/h); sumatriptan retained in
skin (ug/cm?) and lag time (h).

For comparison, passive diffusion (control) studies were conducted with inverted
microneedle samples from preparations P1 and P2. The control samples were prepared by
gently placing inverted microneedles (i.e., needles faced upward) onto minipig skin
samples, covered with occlusive PET liners and inserted into vertical Franz cell device.
Additional passive diffusion studies were performed with P1 and P2 microneedles on skin
samples after removing the skin’s stratum corneum. The stratum corneum was carefully
removed from the minipig skin samples using the tape-stripping method (15x) described
in Section 2.10. Following removal of the stratum corneum, inverted microneedles were
gently placed onto skins and covered with PET liners for placement in Franz cell. Finally,
in vitro permeation of a sumatriptan reference donor solution was measured. Reference
solution samples were prepared by applying 100 ul aliquot of 5 mg/ml sumatriptan
succinate in PBS (pH 7.4) solution to the non-woven pad (SA = 1.188 cm?) applied to the

skins (Figure 2.3), cover with PET liner and inserted into Franz cell.
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'

Non-woven pad

Figure 2.4 Non-woven pad on minipig skin containing sumatriptan reference solution.

For iontophoresis, in vitro permeation studies were set-up in a two chamber Franz
cell configuration with silver/ silver chloride electrode couples connected by a silver wires
(Figures 2.4 - 2.5). Sumatriptan succinate is positively (+) charged at pH 7.4, the anode
electrodes were placed in the donor compartment directly on-top of the microneedle-skin
samples [58]. A constant physiologically acceptable electric current, between 100 to 500
nA/cm?, was applied to microneedle-skin samples using a power supply (Hameg HM
7042-5, Mainhausen, Germany) [37, 59, 60]. The iontophoretic diffusion studies were used
to acquire data including: microneedle drug load (pg/cm?); percent drug permeated in 6
hours (%); cumulative amount after 6 h, Qen (Lg/cm?); sumatriptan steady-state flux, Jss

(ng/cm?/h); and lag time (h).
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Figure 2.5 Two-chamber franz cell system with electrical current.
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Figure 2.6 Two-chamber franz cell system with silver-silver chloride electrodes.

2.11 Analytical Methods

Analytical sample aliquots, collected from the receiver cell, were analyzed with a High-
Performance Liquid Chromatography (HPLC) system (Jasco LC-2000Plus Series, Tokyo,
Japan) [42]. The HPLC was equipped with a C18 column (Kromasil, 250 x 4.6 mm, 5 um,
VDS Optilab, Berlin, Germany) and a UV Detector (Jasco 2077). The mobile phase
contained a mixture of sodium dihydrogen phosphate solution and acetonitrile (pH 3.2)

(90:10, v/v); flow rate of 1.5 ml/min. The UV detection set at 227 nm and the injection

24















a
SKin Layer [2n:+r1nt:entratin:+n[”—3
Cm

0.05

0.04}

0.03
0.02

0.01¢

Height(cm)

0.01 002 003 004 005

Figure 4.9 Modelling effects of drug loading on sumatriptan succinate release using P1
formulation parameters; mass fraction () sumatriptan succinate in microneedle
[B=0.1% (~*), p=0.2% (—), p = 0.3% (--)].

4.3 Development of Mathematical Model for In vitro Dissolution, Diffusion and
Release of Drug Substance From Dissolving Microneedle Array

In this section, a mathematical model, which includes the dissolution and diffusion, is

introduced to predict drug release from a dissolving pyramid-shaped microneedle. The

previous model, developed in Section 4.1 and described in [49], estimated the percentage

of drug released from dissolving microneedles using equations for microneedle height

(Equation 4.3) and skin layer concentration (Equation 4.2). Note that the simplified model

assumed a constant homogenous drug concentration in the skin layer. In this study, a new

model is developed by applying Fick’s second law of diffusion and a material balance on

the drug in the skin. This approach will be used to predict the drug concentration profile

within the epidermis over time during and after dissolution of the microneedle.
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4.4 In vitro Release Studies for Validation of Sumatriptan Microneedle Dissolution
and Diffusion Mathematical Model

Simulations, using the dissolution and diffusion mathematical model (Section 4.3) will be
run to evaluate the effects of key design parameters (drug load, polymer concentration,
needle height and pitch width) on the release of sumatriptan succinate from microneedles.
Later, the model will be validated with in vitro data from pyramid-shaped sumatriptan

microneedle devices containing a rectangular base-plate.

4.4.1 Simulation Experiments

The P1 formulated circle microneedle arrays were used as a base-case with dimensions and
formulation parameters determined by laboratory experiments (Section 3.2) and
summarized in Table 3.1. The dissolution rate (ko = 0.0143 cm/h) for P1 formulation,
determined through regression techniques in Section 4.2, was applied. The diffusion

coefficient for sumatriptan succinate across Gottingen minipig skin (D) was approximated
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Figure 4.10 Contour plot of sumatriptan drug release from P1 microneedle after 4 hours
[h=0.05 cm, B =21.42%, pw = 0.035 cm].
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Figure 4.11 Contour plot of sumatriptan drug release from P1 microneedle after 4 hours
with reduced mass fraction API [h =0.05 cm, = 17.14%, pw = 0.035 cm].
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Figure 4.12 Contour plot of sumatriptan drug release from P1 microneedle after 4 hours
with reduced pitch width [h = 0.05 cm, B = 21.42%, pw = 0.028 cm].
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Figure 4.13 Contour plot of sumatriptan drug release from P1 microneedle after 4 hours
with reduced microneedle height [h =0.04 cm,  =21.42%, pw = 0.035 cm].

4.4.2 Comparison of Simulated and Experimental In vitro Minipig Results

A comparison was conducted to evaluate the dissolution and diffusion model estimated

drug release profiles versus the in vitro data for the dissolving microarrays containing

encapsulated sumatriptan in microneedles and a base-plate. Equations 4.48 and 4.49 were

used to predict the drug release profiles of three different sumatriptan formulations (P1,

P2, and P3) with different drug loading and polymer concentration (Table 2.1). Both the
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microneedle dimensions and formulation properties were previously determined in lab
experiments (Section 3.2) and are summarized in Table 3.1. In vitro data was augmented
to include data from pull-points at 1, 2, 4, 6, 8, 24, 28 and 32 hours. Mathematica® software
was used to apply regression techniques to the in vitro data for prediction of dissolution
rate constant, kp; and diffusion coefficient, D. The standard weighted squared error
between simulated values from Equation 4.48 and in vitro results was minimized with
respect to kp and D (Table 4.3). The predicted kp and D values were used to generate
theoretical release profiles which compared extremely well with the experimental results
(Figures 4.14 — 4.16). Additionally, contour plots showing the diffusion gradient in the skin
layers after 4 hours are shown for each formulation (Figures 4.17 — 4.19).

The estimated diffusion coefficients for all three formulations showed the following
trend, D [P1] = D [P3] > D [P1] (Table 4.3), where D [Pi] represents the Pi formulation
value. The 12 — 14% increase in D values for P1 and P2 indicates a possible inverse
relationship between the diffusion coefficient and formulation drug content. On the other
hand, dissolution rate constants for each of the formulations increased in the order of kp
[P2] < kp [P1] <<< kp [P3]. As expected, a similar trend was observed in relation to both
the microneedle dissolution times and the base-plate dissolution times. The P3 formulated
microneedles exhibited very rapid pyramid dissolution time (1.6 min) and base-plate
dissolution (0.2 min) compared to P1 and P2 microneedles (> 37 min). This demonstrates
that polymer content has a significant impact on dissolution with a 10% (w/w) reduction
in PVP concentration between preparations P1 and P2 versus P3 yielding over 26,000%
increase in kp. The drug loading had a much less significant role with 10% (w/w) increase

in sumatriptan between P2 and P1 only generating 38% increase in dissolution rate.
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Table 4.3 Estimated Sumatriptan Microneedle Formulation Parameters for Dissolution
and Diffusion Model

Formulation t(?]l) t(?f) (clr(r?/*h) (10 E:nzlh)
Circle Arrays
P1 0.625+0.28 1.65+0.024 0.0264 +0.012 1.57+13
P2 0.904 £0.19 2.00+0.0045 0.0192 +0.0040 1.75+0.81
P3 0.0265 +0.22 0.0034 = NA 7.01 £ NA 1.79+0.88

*Microneedle dissolution time, tp1; base-plate dissolution time, tpz; dissolution rate
constant, kp; diffusion coefficient, D; value + confidence interval (NA refers to standard
deviation greater than 3 times the mean.
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Figure 4.14 Plots comparing minipig in vitro cumulative percent release of P1
microneedles (solid dots) to predicted profiles (solid lines).
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Figure 4.15 Plots comparing minipig in vitro cumulative percent release of P2
microneedles (solid dots) to predicted profiles (solid lines).
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Figure 4.16 Plots comparing minipig in vitro cumulative percent release of P3
microneedles (solid dots) to predicted profiles (solid lines).
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Figure 4.17 Contour plot of sumatriptan drug release from P1 microneedle after 4 hours.
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Figure 4.18 Contour plot of sumatriptan drug release from P2 microneedle after 4 hours.

108



0.08 [ ey | Drrug Conc.
(g/cm”3)
10.09
0.06)
1 0.08
E 10.07
_—
2 .04/ 1 0.06
(]
2 0.05
7 0.04
0.02} 0.03
0.02
0.01
0.00)

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035
Pitch Width (cm)

Figure 4.19 Contour plot of sumatriptan drug release from P3 microneedle after 4 hours.

4.5 Development of Mathematical Model for In vitro Dissolution, Diffusion, and
Release of Sumatriptan From Dissolving Microneedle Array Aided by lontophoresis

Here, a mathematical framework, incorporating dissolution, diffusion and electro-
migration, is presented to estimate drug release from dissolving pyramid-shaped
microarrays under a low-density electric current. For this study, a new electrophoretic
transport model is derived by applying Ohm’s law of electro-migration, Fick’s second law

of diffusion, and a mass balance on the drug in the skin. This method will allow for
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researchers to predict how drug is transported during and after microneedle treatment
combined with iontophoresis.

The equations for dissolution, diffusion and electrophoretic transport of ionic drug
molecules were developed using the control-volume depicted in Figure 4.1. The model is

based on the following assumptions, listed below:

e One-dimensional drug transport in the negative z-direction.

e Drug metabolism in the skin is not considered.

e Drug binding to viable skin tissues is not considered.

e Mass transport through sides of control-volume not considered.

e Impact of needle properties on insertion into skin was not considered.

e Decrease in needle volume directly correlates to increase in available skin layer
volume.

e Microneedles and skin layer tissues are isotropic and dissolution occurs evenly
over surfaces of needle.

e Electrical current is applied through an anode electrode placed above the
microneedle array after insertion into the skin (Figure 1.3).

The developed equations are listed below and includes changes in the microneedle
height and in the skin layer drug concentration. The detailed derivation provided in
Sections 4.1.1 and 4.5.1. All of the equation parameters are listed in Table 4.1.

The material balance for drug mass in the skin layer is given by Equation 4.50;
where y is a dimensionless electromigration/convection parameter which represents the

influence of the current applied to the microneedle and skin.

X _plc_yRAL k@Ol fo—c | (1-F1c)  (450)
ot oz & oOx pcoso Vo +Veo —Ve £

110



The height of the pyramid is defined as

i __ kd.cs (4.51)
dt psing
The initial conditions are
h(0)=h, (4.52)
and
¢(x,0)=0 (4.53)
The drug concentration at the base of the control-volume (ie. blood stream):
c(d,,t)=0 (4.54)

Therefore, diffusive flux, J(t), through the base of the control-volume (i.e., blood

stream) is defined as
Jt)=—p*D—"-1 455
(t)=-p. o7 (4.55)

The cumulative amount of drug released Q(t) is then determined from the

diffusive flux, (J(t),

Q(t)=] 3(r)dz (4.56)
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The cumulative percent drug released, M(t), is obtained by dividing Q(t) by

/prc,o"'mo-

J‘;J (r)dr

M= v o) en

4.5.1 Derivation of Electrophoretic Transport Governing Equations for Skin Layer
Concentration

The iontophoretic transport equation for ionic compounds through the skin is given by
Equation 4.58 which defines the concentration of drug in the skin layer as the result of

passive diffusion, electro-migration, and convection [83-85].

@:Da_ZC_Q@_U@ 4.58
ot P 5, 0x X (4.58)

Where v is the convective flow velocity in the viable skin, and v is an iontophoretic

model parameter defined as v:%; z is the ionized drug charge; F is the Faraday

constant; E is the electric field; R is the ideal gas constant; and T is the temperature.

vD
Equation 4.58 is simplified by substituting the model parameter }/=5—+u , Which
S

accounts for electro-migration and convection processes. However, at relatively low fluid

vD
velocities the convection processes are negligible (i.e., 7 = R ), yielding Equation 4.59,
S

@:Da_ZC_F@@ 4.59
ot o* o ox (459)
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d(vc) ; is the result of passive

Therefore, drug accumulation in the control-volume,

2

e C _— : . vDac T
diffusion D e ; the electro-migration of drug into the skin, 5. ox and its elimination
S

into the systemic circulation (Section 4.1.2), 4 ko ®@n& | fp-c c _[1=£]
pCosO Vo +Veo —Ve

2
@: Da_(z:_£§+4 thang h2 ﬂp_c CS_ ﬂ Cc (460)
ot 0z= o5 OX pcosé Vo +Veo —Ve i)

4.6 Simulation Studies to Evaluate Sumatriptan Microneedle Dissolution,
Diffusion, and Electro-migration Mathematical Model

Computer simulations were conducted with the dissolution, diffusion, and electro-
migration transport model (Section 4.5) to determine the effect of electrical current (i.e.,
parameter y) on the release of sumatriptan succinate from dissolving pyramid-shaped
microneedles. The study uses the P1 circle microarray system dimensions and formulation
parameters that were determined previously in Section 3.2 and summarized in Table 3.1.
In vitro minipig release data were used to determine the dissolution rate (kp = 0.0143 cm/h)
by applying regression techniques described in Section 4.2. Also, release values were used
to estimate the diffusion coefficient (7.901 x 10> cm?/h) from the steady-state diffusion
equation for lag time, tig =h?/6D [82]. The electromigration/convection parameter, v, was
approximated to be 0.8 based on reference data for similar iontophoretic in vitro
experiments applied to the drug amitriptyline HCL [84, 86].

Equation 4.66 was used to predict the in vitro drug release profiles of P1 formulated

microarray patches under varied electrical current (Figure 4.19). The y parameter correlates
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to the influence of current on the drug transport with increased y values related to increased
current levels [84]. The study showed a favorable increase in percent sumatriptan released
through the skin. A y value of 1.6 related to an estimated 42% drug released after 8 hours,

as compared to approximately 34% with no applied current.

Drug Release (%)
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2 4 6 8 (h)

Figure 4.20 Predicted effect of the iontophoretic parameter, y, on in vitro cumulative
percent sumatriptan released from P1 microneedles over an 8 hour period; y = 0 (solid);
v = 0.8 (dashed); and y = 1.6 (dot-dashed).
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CHAPTER 5

CONCLUSION

This research involves a dissolving polyvinylpyrrolidone-based microneedle device
designed for the transdermal delivery of sumatriptan succinate for migraine relief. The
product is a suitable alternative drug delivery method that is painless and with minimal
unwanted side effects. The microneedle systems were fabricated from a 0.785-cm? circular
array with 600 pyramid-shaped needles with consistent height (500 pum), width (300 pum),
and pitch (350 um). Three formulations (P1, P2, P3) were successfully prepared from 5 —
10% (w/w) sumatriptan succinate API, 20 — 30% (w/w) polyvinylpyrrolidone, polysorbate
80, glycerol and purified water. Tensile tests showed that the microarray strength was
improved by increasing polyvinylpyrrolidone concentration or decreasing the sumatriptan
load. In vitro experiments were carried out on female Goéttingen minipig skins with and
without iontophoresis (i.e., low electrical current). Microneedles from each formulation
properly inserted into the minipig skin as observed with optical microscope and visual
inspection with indicator solution (Nitrazine yellow dye). Transepidermal water loss
(TEWL) studies performed pre-and post- microneedle treatment demonstrated a 4.9-fold
reduction in the barrier function. This change was greater than the 4.6-fold decrease
observed following removal of the stratum corneum by tape-stripping (15x). These TEWL
results indicate the microarrays produce an array of low-resistance tunnels which facilitate
transport of water through the stratum corneum. In vitro release studies showed a major
decrease in the lag time and an increased steady-state flux compared to previously

developed sumatriptan transdermal delivery systems. Additional iontophoretic in vitro
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experiments were conducted on each of the three microneedle formulations using a small
electrical current of 100 — 500 pA/cm?. The electrical current significantly increased the
flux of sumatriptan across the skin with only one third of the API required to deliver a
similar therapeutic dose as that of a microneedle device alone.

The design of new dissolving microneedle systems will require additional experimental
design work and in vitro studies to optimize the microneedle geometry and formulation
parameters. Model-based design was selected in this contribution as an efficient approach
to assist researchers in the design and optimization of microneedle systems for drug
delivery of macromolecules.

Initially, a mathematical model was derived to predict sumatriptan succinate delivery
from a pyramid-shaped microarray system. The model was applied to the three different
sumatriptan microarray formulations to estimate the cumulative amount of drug released
calculate the dissolution and elimination rate constants. It was concluded that increasing
the drug load led to a rise in the maximum drug concentration in the skin; increasing the
microneedle height resulted in a minor enhancement of drug layer concentration; and
increasing the pitch width significantly reduced the sumatriptan content in the epidermis.
Next, a second mathematical model was generated to describe the dissolution and diffusion
of the medication through the dermal layers. The platform was used to predict diffusion
profiles of the three sumatriptan formulations and estimate the diffusion coefficient and
dissolution rate constants. Computer simulations determined that the polyvinylpyrrolidone
concentration had a major impact on the microneedle dissolution. Reduction of the pitch
width greatly increased diffusion through the skin. Finally, mathematical equations were

derived to describe the dissolution and permeation of soluble microarrays and changes in
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the dermal drug concentration following the application of a low-density electric current.
Simulation studies showed that moderate improvement in the sumatriptan drug release

could be achieved by increasing the current density.
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