for more effective delivery of drugs, including compounds that previously could not be
delivered via this route of administration [7, 8]. Naltrexone’s mode of action results in
attenuation of euphoric effects of opioids and its effectiveness is well-established [4, 9-
13]. The rationale behind NTX treatment is that the repetitive lack of desired
alcohol/opiate effects will, over time, result in the decrease of craving thereby breaking
the dependence. NTX itself, being an antagonist, does not present a problem of

potential misuse [14, 15].

In the United States, naltrexone is currently available under three brand names: ReVia®,
Depade® and Vivitrol®. The first two are available in the form of naltrexone hydrochloride
50mg tablets with a daily dosing regimen, the latter is a naltrexone 380mg extended-
release intramuscular injection administered monthly. Additionally, low-dose naltrexone
is prescribed for other therapeutic indications such as auto-immune disorders (multiple
sclerosis). The oral dosing regimen is less than optimal and one of the main issues
related to the NTX therapy is poor patient compliance. Moreover, gastrointestinal (Gl)
tract side effects as well as low and varied interpatient bioavailability (5-40 %) are further
disadvantages of this route of administration [5]. In 2004, the Food and Drug
Administration (FDA) approved Vivitrol® which is an injectable formulation that can be
used as an alternative. Vivitrol® injection overcomes some of the limitations associated
with the oral formulations including the lack of compliance, pharmacokinetics with large
daily fluctuations in plasma concentration, and Gl toxicity. However, this formulation
requires patients to come to a healthcare center to obtain a painful intramuscular
injection. Moreover, in August 2008 FDA released an alert notifying healthcare
professionals of the risk of adverse injection site reactions in patients receiving Vivitrol®.
Serious injection site reactions including abscesses and drainage and cases of tissue

necrosis needing surgical intervention have been reported [16]. Additionally, in case of












Figure 5.2.

Maximum transdermal flux calculated from eq. (6) (Jpeq) plotted against the
experimental maximum transdermal flux (Jexp) Of solutes included in the
permeation database (Table 1). The solid line indicates ideal correlation while

dashed lines enclose the region of ideal correlation £ 1 log unit.
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Figure 5.3.
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Figure 5.4.
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Figure 5.5.
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Chapter 6
Development of a mathematical model for characterization of drug transport

across microneedle-treated skin

6.1. Introduction

The aim of this chapter is to introduce a simple mathematical model for analysis of the
drug permeation data across MN-treated skin in fulfilment of the research goal 3.1.
Although permeation data can be analyzed without use of any mathematical model by
comparison of drug apparent permeability coefficients for MN-treated and untreated skin,
such analysis lacks insight and is not easily transferable to different experimental
conditions. Therefore, a simple mathematical model, which accounts for existence of two
parallel routes of permeation — microchannel pathway and intact skin pathway — and the
diffusional resistance of individual skin layers will be introduced. This model will
accommodate the change in the number of microchannels created by microneedles,
assign the permeability coefficients to unionized and ionized species permeating through
either MN-treated or untreated skin, and account for different skin thickness used in the
in vitro diffusion experiments. Fragments of the following discussion related to

conceptual model development have been published in Pharmaceutical Research [39].

6.2. Classical transdermal transport

The description of percutaneous transport across untreated skin usually comprises
several assumptions about the nature of the barrier and the nature of the drug
penetrating this barrier. Often the barrier properties of the skin can be well-described by
accounting for the barrier properties of SC alone. Despite its heterogeneous nature, the
SC is frequently assumed to be a thin layer of skin that is lipoidal in nature. Current

marketable drugs that are passively delivered through the skin into systemic circulation
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are uncharged, small and moderately lipophilic compounds [8]. It is believed that these
drugs traverse the SC mainly through continuous intercellular lipids, which becomes the
rate-limiting step in transport across skin. Hence, the transdermal delivery of fairly

lipophilic drugs through intact skin is usually described by the following equation:
_ _ Dgc
Jisp = Pisp * AC = K¢ jyen * s * AC (6.1)

where Jisp is flux, Pisp is permeability coefficient, Kscuen IS partition coefficient between
SC lipid domain and vehicle, Dsc is the diffusivity of the drug in SC, hsc is effective
thickness of the SC; and AC is the drug concentration difference across SC. The
subscript “ISP” refers to the “intact skin pathway” or the only pathway available for drug
diffusion across untreated skin. A good understanding of the above parameters and the
role they play in transdermal delivery permits recognition of potential drug candidates
and optimization of delivery systems.

Many studies have found that the partitioning between SC lipids and aqueous vehicle,
although relatively hard to be determined directly, can be estimated by use of the
octanol-water partition coefficient K,cyw. The character of the octanol microenvironment,
although isotropic in nature, was found to be similar to the microenvironment of
anisotropic SC lipids and they can be correlated through a linear free energy relationship
[179, 180]. On the other hand, the diffusivity of a drug molecule in SC lipids can be
linked to its size through a free volume theory. Habitually molecular volume is
substituted with molecular weight for simplicity and without large loss of prediction
accuracy. This relationship predicts a sharp drop in the drug diffusivity within the SC’s
lipid bilayers with increasing molecular size [60, 168]. Also, the effective thickness of the

SC differs from the real SC thickness. The microstructure of the SC shows keratinocytes
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being surrounded by a continuous phase of lipid bilayers in a “brick and mortar”-like
arrangement [51, 100, 101]. The actual pathway along which a drug molecule diffuses
using intercellular lipid domain across the SC is longer than just its thickness [51, 201-
204]. Lastly, transdermal flux is affected by the concentration (more precisely activity)
gradient across the SC. When sink conditions are maintained on the receiver side of skin
then the concentration gradient is simply the drug concentration in the donor solution.
Therefore, the upper limit of the transdermal delivery rate can be attained by using
saturated donor solutions. Moreover, having the same drug saturated in different
solvents corresponds to the same (maximum) activity of the drug in those solvents [205].
Thus, transdermal flux values obtained from such donor solutions should be the same,
as long as the solvent does not significantly affect the permeability of the skin. This is the
basis for a generalization that a certain percent solubility of a drug in different solvents
will provide approximately the same percutaneous flux. This is expected to be true only if
transport across skin is occurring through the intercellular lipid domain of SC and there is

no effect of the solvent used on the barrier properties of SC.

6.3. MN-enhanced transdermal transport

Transdermal transport characteristics change dramatically when MN are used as an
enhancement method. MN create transient agueous channels through the upper skin
layers thus providing a new route of transport. This new pathway bypasses the SC
barrier and continues through microchannels directly into deeper layers of skin.
Transport across microchannels, therefore, is not expected to be SC-limited. A diffusing
drug molecule needs to traverse several layers in series before it reaches the receiver
solution (in vitro experiments) or the microvascular bed (in vivo experiments). Although
this scenario is analogous to delivery across intact skin, one important difference needs

to be taken into account. For untreated skin, the diffusional resistance of the SC is
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typically orders of magnitude larger and overrides that coming from vehicle, epidermis
and dermis [18, 54, 59]. In the context of this thesis, MN-enhanced delivery was limited
to the use of MN in skin pretreatment and subsequent application of the drug-containing
formulation on the treated area resulting in zero-order drug delivery. Other applications
of MN, such as hollow MN with drug, coating MN with drug, using self-dissolving drug-
containing MN etc. were not considered for development of this mathematical model. In
the case of the microchannel pathway (MCP), corresponding to the channels and
underlying dermis, the resistance from SC is eliminated and diffusional resistances from
the microchannel and the dermis beneath the microchannel become important. Also,
transport is not dependent on partitioning between two distinct hydrophilic and lipophilic
phases. The relative contributions of individual layer resistances to the total resistance
will determine a new rate-determining step in skin transport. The individual layer
resistance depends on drug diffusivity in that layer as well as on its thickness. G. Flynn
reported that drug diffusivities in viable tissue (epidermis and dermis) are typically no
more than 10 times lower than in bulk water and are without great molecular selectivity
[18] while Kretsos et al. calculated the free drug diffusivities in the viable tissue to be
about 3.7-fold lower than their diffusivities in water [206]. The thickness of the viable
tissue used in in vitro diffusion experiments can be controlled by using either different
length MN or different thicknesses of skin. In the following studies the thickness of the
microchannel layer was typically about half the thickness of the underlying dermis layer
(0.6 mm and 1.2 mm, respectively). Hence, it is anticipated that the dermis layer would
present a higher resistance to a diffusing drug molecule as compared to the
microchannel itself. Nevertheless, the difference between these two layers is not
expected to be anywhere close to that between SC and viable tissue seen in delivery
through untreated skin. Another crucial difference in transport via the microchannel

pathway is the absence of a lipoidal layer that separates vehicle from viable tissue. By
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creating microchannels in the skin and bypassing the SC an aqueous pathway is formed
for transport which connects an aqueous vehicle through interstitial fluid to the aqueous
milieu of viable tissue. As expected, the partition coefficients between aqueous vehicle
and dermis for a variety of drugs are close to 1 [18] (and authors unpublished data).
Moreover, aqueous vehicles are miscible with interstitial fluid within the microchannels.
These conditions sharply contrast those met in the delivery across intact skin. An
equation that can describe the steady-state flux through the microchannel pathway is as

follows:

1 1

Ryc+Ryr 5 5
Mc Dyt

where Jycp is flux, Dyc is diffusivity of the drug in the microchannel, Dyt is diffusivity of
the drug in the viable tissue, hyc is thickness of the microchannel, hyr is thickness of the
underlying viable tissue, and AC is the drug concentration difference across skin. The
terms in this equation no longer relate to SC as it is not involved in the transport.
Instead, two individual resistance terms from the microchannel and the underlying viable
tissue are included. One important realization is that, contrary to intact skin, transport
through microchannels no longer revolves around SC-oriented optimization of the
physicochemical parameters of a drug molecule. A commonly reported logK,, value
around 2 provided favorable drug partitioning into the lipid domain of the SC lipids and a
small molecular volume assured that diffusivity of the drug across SC would be
sufficiently high to provide desired transdermal flux. These physicochemical parameters
of the drug molecule seem to be no longer critical.

Drug diffusivity in the bulk solution doesn’t follow the relationship described by the free

volume theory used for SC. Rather, it obeys the Stokes-Einstein equation:
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kT
D= p— (6.3)

Where: k is the Boltzmann constant, T is the absolute temperature, n is the viscosity of
the medium and r is the hydrodynamic radius of the solute. Although this equation
predicts the decrease of diffusivity with increasing molecular size of the drug molecule,
the magnitude of this effect is much smaller. It has been shown by McAllister et al. that
MN-enhanced transdermal flux values for a variety of compounds of different sizes
correlated well with prediction based on the Stokes-Einstein eq. [27]. It suggests that
diffusivity of drug molecules in the microchannels will resemble that in the bulk solution
rather than in the SC lipid bilayers. The thicknesses of layers that a diffusing molecule
has to traverse in series in an in vitro diffusion experiment depend on several factors. In
contrast to the SC, the effective thicknesses of the microchannel layer and underlying
dermis layer are expected to resemble closely their real thicknesses. Dermis, for the
purpose of diffusion studies, is a highly agueous, gel-like phase with a meshwork of
collagen fibers surrounded by a proteoglycan matrix. Molecular motion in this milieu is
not restricted to a large extent, and drug molecules can diffuse relatively unhindered
along the concentration gradient.

Upon piercing the skin with MN, a new route of delivery is created. This new
microchannel pathway (MCP) is in parallel with the intact skin pathway (ISP), which was
originally the only route available before the MN treatment. Assuming independence of

these two routes, percutaneous flux can be described according to the equation:

Jror = Juce +Jisp = (fucp * Pucp + fisp * Pisp)AC (6.4)
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where Jor is the total flux through MN-treated skin, Jycp is the microchannel pathway
flux, Jis is the intact skin pathway flux, fucp is the fractional skin surface area of the
microchannel pathway, Pycp is the apparent permeability coefficient of the microchannel
pathway, fisp is the skin surface fractional area of the intact skin pathway, Pis is the
apparent permeability coefficient of the intact skin pathway and AC is the drug
concentration difference across skin. In other words, the flux values coming from two
independent parallel routes are additive. The relative importance of each pathway for a
given drug molecule depends on that pathway’s distinct features, reflected in the
respective permeability coefficient, and the fractional area of skin each pathway covers.
A MN treatment produces numerous microchannels; however, the fractional area
occupied by them is typically very low. For example, McAllister et al. estimated that in
their in vitro experimental set-up the fractional area of microchannel pathway was on the
order of 0.001 or 0.1% [27]. Consequently, as a result of the MN-treatment the fractional
area of intact skin pathway decreases only by 0.1% to 99.9% of the original value. In the
in vitro diffusion experiments described in the following chapters of this thesis, typically a
skin area of 0.95 cm? was treated with MN to obtain the total of 100 microchannels.
Assuming the diameter of a single microchannel opening is around 50 pm, 100
microchannel openings translate into 0.2 % of the total skin surface area. This allows a
simplification to be introduced. Since fisp = 1 (100%) the fisp*Pisp term can be well-
approximated by the value of P\sp alone. Additionally, from a practical point of view, the
exact knowledge of fycp is not necessary as long as it remains very small.

In the experiments involving MN, it is sometimes assumed that intact skin is
impermeable to drug and flux is ascribed to the microchannel pathway exclusively. This
premise may or may not be sound depending on the drug being used and particular

experimental conditions and is further discussed in Chapter 7. Additional experiments
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with untreated skin allow determination of the value of Jisp (Pisp) independently which
then can be used to calculate Jycp (fucp*Pmcp) from Jror (ProT).

MN-enhanced transport permits the use of ionized drug molecules and increases the
maximum achievable driving force for diffusion through the use of highly water soluble,
charged molecules. The question whether charged molecules can permeate through SC
becomes important because the majority of skin surface area after MN-treatment is still
intact SC and this pathway may contribute to the total flux. The area of transdermal
research dealing with transport of charged molecules across SC is not extensively
developed and less understood. There are reports that indicate that the transport of
small charged molecules is possible through a polar route in SC [207, 208]. Transport
via this polar route is not expected to obey the relationships discussed earlier for
classical transdermal delivery. In most cases, the treatment of ionic equilibria in
percutaneous transport evokes the pH-partition theory which states that the neutral form
of a drug molecule traverses membranes far more readily than its ionized counterpart
[66]. Therefore, the correction introduced to solutions containing partly ionized drug is to
multiply the total drug concentration by the fraction of uncharged drug. While this
approach works, it is important to realize that although the SC permeability of charged
species is low, their solubility might be much higher. Consequently, while working with
saturated donor solutions at different pH’s, the experimental results may be somewhat
counterintuitive as evoked by Hadgraft showing higher transdermal flux of ibuprofen in
its charged form through intact skin as compared to its uncharged form. These results
suggest that, in this particular case, lower permeability of the charged species is more
than compensated for by its increased solubility [209]. Another relevant question is how
the diffusivity of a molecule in bulk solution changes as its charge varies. It has been
shown that the ionization of molecules typically doesn’t change their bulk diffusivity

much, if at all [54]. In the case of small molecules, the diffusivity of charged species may
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drop slightly due to solvation effects and the resulting increase in the hydrodynamic
radius. Those effects are not expected to play an important role with regard to larger
molecules. Therefore, as long as the microchannel environment can be properly
described by bulk solvent properties, one would expect that diffusional resistance of the

microchannel should be similar for both charged and uncharged species.

6.4. In vitro skin diffusion studies

Full-thickness hairless guinea pig skin was harvested from the dorsal region of
euthanized animals. Animal studies were approved by the University of Kentucky
IACUC. Subcutaneous fat from skin samples was removed with a scalpel. Such skin
samples were immediately placed in a plastic bag and frozen until use (-20 °C). Before
the permeation study, skin samples were allowed to thaw for about 30 min. Skin used for
MN treatment was placed on a wafer of polydimethylsiloxane polymer, which mimicked
the naturally occurring mechanical support of underlying tissue because of its
comparable structural elasticity. MN which were obtained from Dr. Prausnitz’s laboratory
were fabricated by laser cutting of stainless steel sheets as reported previously [210].
MN were solid metal, two-dimensional “in-plane” rows each containing five MN oriented
with their axis parallel to the steel sheet. This design is characterized by the following
MN dimensions: 750 um long, 200 um wide and 75 um thick. The insertion of MN into
skin was carried out manually by applying gentle finger pressure followed by their
instantaneous removal. The diffusion area of skin (0.95 cm?) was pierced 20 times with a
row containing five MN (i.e., to make a total of 100 individual and non-overlapping
piercings) before mounting the skin in the diffusion cell. If any damage to MN was
observed a new array was used. Untreated skin samples were placed directly into the
diffusion cells. Three to four cells were used per donor solution composition per case

(untreated or MN-treated skin) (n = 3-4). A PermeGear flow-through (In-Line,
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Riegelsville, PA) diffusion cell system was used for the in vitro diffusion studies. Normal
saline with 10% ethanol was used as the receiver solution. The flow rate of the receiver
fluid was set at 1.5 ml/h to maintain sink conditions. Skin samples in the diffusion cells
were kept at 32°C using a circulating water bath. The diffusion experiments were
initiated by charging the donor compartment with 0.3 ml of the donor solution. Samples
were collected from the receiver compartment in 6 h increments over 48 h. All samples
were stored at 4°C until processed by HPLC. The permeation data were plotted as the
cumulative amount of NTX<HCI collected in the receiver compartment as a function of
time. The flux value for a given run was calculated from the terminal slope of the
cumulative amount plotted vs. time.

Quantitative analysis of indomethacin concentrations was carried out by HPLC. The
HPLC system consisted of a Waters 717 Plus autosampler, a Waters 600 quaternary
pump, and a Waters 2487 dual wavelength absorbance detector with Waters
Empower™ software. A Brownlee (Wellesley, MA, USA) C-18 reversed phase Spheri-5
Mm column (220x4.6 mm) with a C-18 reversed phase guard column of the same type
(15x3.2 mm) by Perkin EImer® was used with the UV detector set at a wavelength of 254
nm. The mobile phase consisted of 60% methanol and 40% 0.03 M KH,PO, buffer (pH
7.0). Samples were run at a flow rate of 1.5 ml/min with a run time of 8 min. The injection
volume used was 100 pl. The retention time of NTX<HCI was 5.0 + 0.1 min. Samples
were analyzed within a linear range of the NTX+HCI standard curve from 100 — 10000
ng/ml.

The statistical analysis of data was carried out with student t-test at significance level a =

0.05 using SIGMA-STAT (SPSS, Inc., Chicago, IL, USA) software.
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6.5. Indomethacin permeation

Indomethacin was chosen as a model drug for model testing due to its physicochemical
characteristics. Its molecular weight 357.8 Da resembles that of naltrexone 341.4 Da.
Indomethacin lipophilicity, as measured by logK,u, is 3.1 and higher as compared to
naltrexone’s logK.,, of 1.8. Finally, indomethacin is an acid with pK, of 4.5 while
naltrexone behaves as a base at acidic to neutral pH with pK, of 8.2. Hence, with careful
selection of experimental conditions meaningful comparisons between the ionized and
unionized species, their solubility and permeability through intact skin and through
microchannels can be made.

In the current experimental design two sets of in vitro diffusion experiments — with
untreated and MN-treated skin — and at two pH values of 2.5 and 8.0 were performed.
The absence or existence of microchannels in skin translated into the absence or
existence of the microchannel pathway, respectively, in addition to the intact skin
permeation pathway, according to Eq. 6.4. Next, the pH control allowed influencing the
ionization state of indomethacin. At pH of 2.5 (2 units below pK,;) the species
predominantly present in the solution were unionized while at pH 8.0 (over 2 units above
pK,) the predominant species were negatively charged. Also, the pH affects the total
solubility of indomethacin. At pH 2.5 the saturation solubility in propylene glycol:water
(PG:water) 1:3 solution was measured to be 5.1 mg/ml while at pH 8.0 it was 182.3
mg/ml. By performing studies which employ untreated skin at two pH values it is possible
to estimate Jisp, and using the experimental drug concentration in the donor solution
(equal to saturation solubility) calculate P,sp according to Eq. 6.1. On the other hand,
carrying out the studies with MN-treated skin provided estimates for Jror and Pror from
which Jycp and Pycp can be calculated according to Eq 6.4. The permeation profiles of
indomethacin are presented in Figure 6.1. The first striking feature of the comparison is

that the flux of indomethacin from a pH 8.0 donor solution and through MN-treated skin
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is by far the highest. All other cases resulted in much lower flux. In simple terms, the flux
enhancement ratio as result of MN skin treatment at pH 8.0 is around 8-fold. However, at
the same time at pH 2.5 this enhancement ratio is only about 1.4-fold. These
enhancement ratios are a quick way to estimate the benefit of employing MN in drug
delivery but do not provide much insight of the drug transport process. It is difficult to
judge why such change in the enhancement ratio is observed as a function of pH. Also,
it is difficult to predict what critical parameters govern the permeation through MN-
enhanced skin. On the other hand, by Eq. 6.1 and 6.4 the flux and permeability
coefficients corresponding to the intact skin pathway and microchannel pathway can be
calculated. The analysis of these parameters provides much more informative
comparison. As presented in Figures 6.2 and 6.3 the total flux Jror is composed of Jisp
and Jycp. However, at pH 2.5 the relative contribution of Jycp to the Jror is small while at
pH 8.0 the contribution of Jycp to the Jror is overwhelming. To explain this experimental
observation it is necessary to recall that at low pH indomethacin is predominantly
unionized which makes it a relatively good transdermal permeant through untreated
(intact) skin. Thus, the flux across intact skin around microchannels is relatively high and
the formation of microchannels increases total flux only by around 40 %. Conversely, at
high pH indomethacin is negatively charged which makes it a poor permeant across
intact skin. In this scenario, the formation of microchannels in skin brings about a
substantial increase in the total flux of around 800 %. lonized species are not disfavored
at permeation through microchannel pathway because there is no requirement of
crossing highly resistive barrier of stratum corneum lipids. Thus, the recourse to the
nature of the permeant and barrier of the intact skin pathway and microchannel pathway
can satisfactorily explain experimental observations. Interestingly, it should be noted that
in terms of indomethacin permeation through the intact skin alone, the highly soluble but

poorly permeating ionized species provide higher flux over poorly soluble but highly
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permeating neutral species. This demonstrates that the drop in the indomethacin
permeability coefficient caused by ionization (Figure 6.4) is more than compensated for
by the increase in the donor solution solubility. Even more interesting is the evaluation of
ability of the ionized and neutral species to permeate through the microchannel pathway.
Figure 6.4 shows that the permeability coefficients of negatively charged and neutral
species are statistically equal (t-test p>0.05). This finding suggests that the intrinsic
ability of indomethacin to permeate across microchannel pathway is independent of the
molecular charge. Since the length of the microchannel hyc and underlying dermis hyr
are experimental constants, the comparisons of permeability coefficients can be
interpreted as changes in drug diffusivity. Such observation is in good agreement with
the fact that diffusivity of the molecule in bulk solution is independent of or barely
affected by its electronic state [54]. Also, since the permeability coefficients of negatively
charged and neutral species were found to be the same it implies that the drug diffusivity
in the whole microchannel pathway — including underlying dermis — is independent of the
molecular charge. This bears an important consequence on the overall understanding of
drug delivery through MN-treated skin. First, the current data suggests that high
aqueous solubility, irrespective of the permeant’s charge, will result in the elevated flux
though microchannel pathway. In reality, for many permeants high aqueous solubility is
achieved through the presence of molecular charge. Second, the apparent enhancement
ratios obtained as a consequence of MN skin treatment at different pH values will
primarily depend on the permeant’s ability to cross the untreated (intact) skin as its
ability to permeate through the microchannel pathway remains the same irrespective of
the ionization state. Finally, the direct comparison of total permeability coefficients Ptor,
which can be done without use of the mathematical model presented herein (Figure
6.4), is meaningless because Ptor contains confounded information about overall

permeation and does not discriminate between intact skin and microchannel pathways.
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Hence, no differences in the nature of the barriers are recognized and properly
addressed by such comparison.

Furthermore, Figure 6.4 reports the Pycp values multiplied by fraction of skin surface
area available for microchannel pathway fycp. This approach allows a direct comparison
between the magnitude of indomethacin flux between 100 microchannels used in the
present study (microchannel pathway) and 1 cm? of intact skin. To obtain a comparison
between the relative ease at which indomethacin permeates the same area of
microchannel pathway and intact skin pathway a correction accounting for the surface of
the area taken by the microchannel pathway fycp needs to be made. Assuming a 50 um
opening of a single microchannel a fycp of 0.2 % can be calculated. Numerically, Pycp is
expected to closely mimic the permeability coefficient that would be obtained by
employing SC-devoid skin in in vitro diffusion experiments. At pH 2.5, unionized
indomethacin has a Pycp of 8.77 102 cm h'* and P,sp of 4.07 10° cm h™. This translates
into approximately 200-fold increase in the ease of permeation through microchannel
pathway as compared to the intact skin pathway. On the other hand, at pH 8.0, ionized
indomethacin has a Pycp of 1.71 102 cm h'* and P,sp of 4.93 10° cm h™. This translates
into approximately 3500-fold increase in the ease of permeation through microchannel
pathway as compared to the intact skin pathway. The difference in these values, again,
is reflective of the change in the ability of ionized and unionized species to permeate
through intact skin pathway and not their ability to permeate through microchannel
pathway which remains unchanged. Also, the influence of number of microchannels
present in the skin on the flux is accounted for by fycp. It was found that flux increases
proportionally with the increase in the number of microchannels in accordance with Eq.
6.4 (unpublished data). Lastly, the influence of the thickness of the microchannel layer

(its length) and the thickness of the underlying dermis on steady-state flux is also
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incorporated in the model. An increase in the barrier thickness causes inversely
proportional drop in the flux. This topic will be further discussed in the Chapter 10.

A reasonable doubt can be expressed about the statistical equivalency of the
microchannel pathway permeability coefficients presented in Figure 6.4. The error
related to the Pycp estimate at pH 2.5 is large and makes the power of comparison with
Puce at pH 8.0 less than desirable. However, it should be noted that the attainment of
Puce estimate at pH 2.5 with narrow margin of error is extremely difficult. This is due to
the fact that it is calculated from the difference of P+or and P,sp Which is numerically very
small. Despite of the reasonable errors associated with both Ptor and P,sp estimates the
error associated with the difference between these values becomes large. The only way
to address this issue is the collection of extremely precise estimates of Pror and Pigp. At
present, the comparison reported herein between Pycp at pH 2.5 and 8.0 is deemed
acceptable, however, more precise estimates would be very helpful in strengthening the

conclusions.

6.6. Naltrexone and 6B-naltrexol permeation

The permeation of naltrexone and 6f-naltrexol across MN-treated skin had been
extensively studied [6, 32, 155, 211]. In vitro diffusion experiments of similar design to
these described above for indomethacin showed that the highly water-soluble ionized
species in combination with microneedle skin treatment afforded the highest transdermal
flux. On the other hand, the effect of microchannels on the permeation of unionized
species was much less pronounced. In other words, the overall behavior of naltrexone
and 6B-naltrexol seems to follow the trend seen for indomethacin [6]. Noteworthy, the
ionized species of naltrexone and 6B-naltrexol possess positive charge unlike negatively

charged indomethacin.
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6.7. Conclusions

A simple mathematical model was developed for analysis of steady-state permeation
data through MN-treated skin. The distinct feature of the model is that it recognizes the
microchannels as a separate permeation pathway in parallel to the intact skin
permeation pathway. Since the fractional skin surface area taken by the microchannel
openings is very small the formation of microchannels does not significantly affect the
intact skin pathway. Hence, MN-treatment can be seen as a method of providing an
additional permeation pathway through skin without affecting an already existing one. In
vitro diffusion studies with indomethacin demonstrated that the formation of
microchannels increases percutaneous drug transport. The magnitude of flux
enhancement depends on the drug donor solution solubility and permeability through
both: intact skin pathway and microchannel pathway. The interplay between these
factors determines the overall benefit of using MN. Former studies carried out with
naltrexone and 6B-naltrexol provided similar results. This mathematical model provides a
simple framework for analysis of in vitro permeation data presented in Chapters 7,8 and

9.
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Figure 6.1.
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Permeation of indomethacin across untreated and MN-treated guinea pig skin at

two different pH values 2.5 and 8.0. Mean = SD (n = 3-4).
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Figure 6.2.
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Indomethacin flux at pH 2.5 across MN-treated guinea pig skin (Jror), intact skin

pathway (J;sp) and microchannel pathway (Jucp). Mean + SD (n = 3-4).
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Figure 6.3.

25.0 ® pH 8.0 (indomethacin ionized)
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Indomethacin flux at pH 8.0 across MN-treated guinea pig skin (Jror), intact skin

pathway (J;sp) and microchannel pathway (Jycp). Mean + SD (n = 3-4).
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Figure 6.4.

9.0E-05 m pH 2.5 (indomethacin unionized)

8.0E-05 ® pH 8.0 (indomethacin ionized)
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Indomethacin permeability coefficients at pH 2.5 and 8.0 across MN-treated guinea
pig skin (Pro1), intact skin pathway (P,sp) and microchannel pathway (Pucp). Mean £
SD (n = 3-4). Psp at two pH values is statistically different (t-test p<0.05), while

fucp*Puce at two pH values is not statistically different (t-test p>0.05).
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Chapter 7
Formulation effects on the in vitro permeation of naltrexone hydrochloride across

untreated and microneedle-treated skin

7.1. Introduction

The purpose of this chapter is to present the formulation optimization efforts to maximize
the delivery of naltrexone hydrochloride through MN-treated skin. As stated in the
research plan 3.2 there is a literature gap with respect to examination of preferred
formulation characteristics for MN-enhanced drug transport. Oftentimes, diffusion studies
involve a direct application of an aqueous drug solution to the treated skin area. This
approach works well in in vitro conditions. However, in in vivo studies the application of
drug-containing agueous solution although not impossible [212], is highly inconvenient
and without prospect of being ultimately developed into a practical transdermal patch. It
is the intent of this chapter to first analyze the influence of the propylene glycol, a
ubiquitous thickening cosolvent excipient in percutaneous drug delivery, on the flux of
NTX<HCI in an aqueous system. Then, the application of other cosolvents will be
examined. Finally, gel systems will be investigated and the application of gels and
hydrocolloids in in vivo studies will be briefly discussed. Fragments of the following
discussion related to the use of propylene glycol have been published in Pharmaceutical
Research [39].

The SC possesses formidable barrier properties that prevent most xenobiotics from
permeating through the skin. Since the pool of molecules possessing necessary
physicochemical properties to cross this barrier is limited, the amount of drugs that can
be delivered percutaneously at therapeutically relevant rates is also low [17, 18, 141].
Increasing drug permeation rates across skin represents a great challenge. MN offer a

method of substantially increasing the transdermal delivery of drugs by transiently
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compromising the barrier properties of SC. The use of MN enables the formation of
microchannels that extend over upper layers of skin and allow drug molecules to diffuse
directly into deeper layers of skin. In general, this process results in up to several orders-
of-magnitude enhancement of transdermal transport of drugs [6, 27, 152, 213].

Naltrexone is a potent, competitive opioid receptor antagonist. It is used to treat opioid
and alcohol addiction [83]. This drug undergoes an extensive first-pass effect and is
characterized by low and varying bioavailability ranging from 5 to 40% [214, 215]. The
currently marketed oral ReVia® and Depade® are not well-suited for long-term therapy as
they produce gastrointestinal side effects and result in poor patient compliance. On the
other hand, injectable Vivitrol® affords effective plasma levels for as long as 30 days but
necessitates in reporting to a healthcare professional upon administration [80]. Also, it
cannot be easily discontinued, if needed, without painful surgical removal. It would,
therefore, be advantageous to use the transdermal route of delivery for this drug. A
transdermal patch would allow eliminating some of the drawbacks related to either oral
or injectable alternatives. Since naltrexone itself does not possess the physicochemical
properties that would result in percutaneous transport at therapeutically relevant rates an
enhancement method is needed [20]. Previous studies showed that a prodrug strategy
resulted in increased percutaneous transport of NTX, however, observed flux values
were still below expectations [21, 96, 164]. Alternatively, MN were used to improve the
delivery of the highly-soluble hydrochloride salt form of NTX. Initial in vitro and in vivo
animal studies proved the utility of the MN method of enhancement showing
approximately an order-of-magnitude increase in the transdermal flux over that through
non-MN treated skin [6]. Subsequently, the first published human MN study
demonstrated that skin pretreatment with MN and subsequent application of four NTX
patches afforded drug plasma levels in the lower end of the therapeutic range targeted

[216]. The results of these studies validated the interest put into the development of MN

94



techniques for increased transport of drugs across skin. Although a large number of
articles focusing on the engineering aspects of MN use and their effectiveness has been
published there is little systematic work done in the area of the formulation influence on
the rate of MN-enhanced transdermal delivery of drugs. Recent publications report the
efforts to combine liposomes with skin MN pretreatment to further increase drug delivery
rates [28, 217]. Y. Qiu et al. studied the combined strategy of using conventional and
elastic liposomes with MN skin pretreatment for the delivery of poorly water-soluble
docetaxel through porcine skin. The results indicated that this approach afforded
superior flux values from both liposomal drug formulations as compared to the saturated
docetaxel solution alone. Additionally, the elastic liposomes produced shorter lag times
as compared to conventional liposomes. Another study by M.M. Badran et al. focused on
the effect of the microneedle length and flexible liposomal formulation on the transport of
a model hydrophilic compound, mannitol, through human skin. It was shown that the
flexible liposomal formulation delivered a larger fraction of the dose applied in the donor
compartment as compared with the aqueous mannitol solution. Moreover, the effect of
MN length on flux values was more pronounced in liposomal formulations. These
examples illustrate that adequate formulation choice may have a substantial effect on
the delivery through MN-enhanced skin.

PG is a very common, generally recognized as safe (GRAS), non-irritating cosolvent
widely used in topical formulations [218]. It is fully miscible with water and as such is
often used to increase the solubility of poorly water soluble compounds in formulations.
Its effect on the transdermal delivery of drugs has been the subject of many studies. In
the ideal case when the vehicle does not affect the integrity and barrier properties of the
SC, flux values from saturated solutions of a given drug should be the same as
suggested by Higuchi [205]. Therefore, the presence of PG in an aqueous formulation of

a saturated drug solution should not translate into a different flux. However, it rarely is
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the case. B.W. Barry examined the PG-human skin interactions and implied that this
cosolvent can act as a skin permeation enhancer by solvating keratin and occupying
hydrogen-bonding sites as well as promoting drug partitioning into the skin [219].
Similarly, Michael Goodman et al. suggested that the effect of PG on human skin may
be related to the solvation effects on keratin in the corneocytes [220]. Later, N.A.
Megrab, A C. Williams and B.W. Barry showed that saturated PG-rich donor solutions
afforded higher flux values of estradiol through human epidermal membranes as
compared to their water-rich counterparts [221]. Authors explained the outcome in terms
of increased solubility of estradiol in SC which was not offset by somewhat decreased
apparent diffusivity of the drug in the barrier. On the other hand, L. Trottet et al. studied
the depletion of PG from topical drug-containing formulations in vitro. It was found that
the permeation enhancement effect on human cadaver skin showed time-dependence
that correlated with PG levels in the formulation [222]. In another study, Christophe
Herkenne et al. investigated the effect of PG on ibuprofen absorption on into human skin
in vivo. Authors found that PG enters SC increasing ibuprofen’s solubility in the barrier
but does not affect the drug’s diffusivity in the barrier [223]. Moreover, R.M. Watkinson et
al. studied the influence of the PG concentration on the permeation of ibuprofen in vitro.
The experiments were analyzed in terms of thermodynamic (partitioning) and kinetic
(diffusivity) parameters. In accordance with the above studies it was concluded that the
effect of PG on the human epidermis had little effect on the drug diffusivity in the barrier
but had a substantial influence on the partitioning from the vehicle into the SC [224]. In
other words, it seems that the predominant effect on the PG on the human skin is
reflected in the increased solubility of lipophilic drugs in the PG-altered SC but little
effect, if any, on the drug diffusivity in this rate-limiting environment. These are a few
examples illustrating that PG affects and modifies dermal permeation rates of drugs

through intact skin.
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No published studies to date have focused on the investigation of the PG effect on the
MN-enhanced transdermal delivery of drugs. Since PG is ubiquitous in the area of
topical formulation, understanding its influence on transport could provide some insights
into formulation optimization for this new enhanced route of delivery. The present study
is an evaluation of the effect of different PG-water donor solution compositions on the

rate of delivery of NTX*HCI through MN-treated skin.

7.2. Materials and methods

Chemicals

NTX hydrochloride was purchased from Mallinckrodt (St. Louis, MO, USA). Water was
purified using NANOpure Diamond™, Barnstead water filtration system. 1,2-Propanediol,
Hanks’ balanced salts modified powder, and sodium bicarbonate were purchased from
Sigma (St. Louis, MO). 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
gentamicin sulfate, trifluroacetic acid (TFA), triethylamine (TEA), 1-heptane sulfonic acid
sodium salt, and acetonitrile (ACN) were obtained from Fisher Scientific (Fairlawn, NJ).
Reagent-grade chemicals were obtained from Sigma Chemical Company (St. Louis,

MO).

Donor solution preparation

Adequate volumes of deionized water and PG (total 5 ml) were pipetted into a
disposable plastic beaker and stirred magnetically until well-mixed. Seven donor solution
PG-water binary mixtures with the following compositions were prepared: 0-100, 10-90,
25-75, 40-60, 75-25, 90-10 and 0-100 % (v/v). To each of these donor solutions
NTXeHCI was added to obtain the concentration of 110 mg/ml. The solutions were
placed in glass vials, closed tightly with a plastic cap, sonicated for 15 min and left in the

shaking water bath at 32 °C overnight before use to ensure all the drug is dissolved.
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NTX-HCI solubility

The apparent solubilities of NTX<HCI in different composition PG-water binary mixtures
were obtained by equilibrating excesses of NTX<HCI with these mixtures. Each slurry
was continuously shaken in a tightly closed glass vial in a shaking water bath at 32 °C.
Samples were taken at 24h, 48h, 72h and 96h, filtered using a 32°C prewarmed syringe
and VWR syringe filter with a 0.2 pm membrane, and diluted with the adequate amount
of acetonitrile-water 70:30 (v/v) to be analyzed by HPLC. Long equilibration time proved
to be necessary for PG-rich donor solutions for which the attainment of equilibrium was

slow. The solubility determination was repeated twice for each sample (n = 2).

Viscosity measurements

A Brookfield DV-Ill LV programmable cone/plate rheometer with a CPE-40 spindle was
used for measuring viscosity of the donor solutions. The sample volume was 0.5 ml. All
determinations were carried out at 32°C using a circulating water bath TC-102. Each
donor viscosity measurement was taken three times at low, medium and high instrument
torque value in the range of 10-100% (n = 3). Results are reported as mean and

standard deviation.

In vitro diffusion studies

Full-thickness Yucatan minipig skin (approximately 1.8 mm thick) was harvested from
the dorsal region of a euthanized 6-month-old animal. Animal studies were approved by
the University of Kentucky IACUC. Subcutaneous fat from skin samples was removed
with a scalpel and sparse hair shaved. Such skin samples were immediately placed in a
plastic bag and frozen until use (-20 °C). Before the permeation study, skin samples

were allowed to thaw for about 30 min. Skin used for MN treatment was placed on a
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wafer of polydimethylsiloxane polymer, which mimicked the naturally occurring
mechanical support of underlying tissue because of its comparable structural elasticity.
MN which were obtained from Dr. Prausnitz’s laboratory were fabricated by laser cutting
of stainless steel sheets as reported previously [210]. MN were solid metal, two-
dimensional “in-plane” rows each containing five MN oriented with their axis parallel to
the steel sheet. This design is characterized by the following MN dimensions: 750 um
long, 200 um wide and 75 pm thick. The insertion of MN into skin was carried out
manually by applying gentle finger pressure followed by their instantaneous removal.
The diffusion area of skin (0.95 cm?) was pierced 20 times with a row containing five MN
(i.e., to make a total of 100 individual and non-overlapping piercings) before mounting
the skin in the diffusion cell. If any damage to MN was observed a new array was used.
Untreated skin samples were placed directly into the diffusion cells. Three to four cells
were used per donor solution composition per case (untreated or MN-treated skin) (n =
3-4). A PermeGear flow-through (In-Line, Riegelsville, PA) diffusion cell system was
used for the in vitro diffusion studies. Isotonic HEPES-buffered Hanks’ balanced salts
solution (pH 7.4) was used as the receiver solution. The flow rate of the receiver fluid
was set at 1.5 ml/h to maintain sink conditions. Skin samples in the diffusion cells were
kept at 32 °C using a circulating water bath. The diffusion experiments were initiated by
charging the donor compartment with 0.3 ml of the donor solution. Samples were
collected from the receiver compartment in 6h increments over 48h. All samples were
stored at 4 °C until processed by HPLC. The permeation data were plotted as the
cumulative amount of NTX<HCI collected in the receiver compartment as a function of
time. The flux value for a given run was calculated from the terminal steady-state portion

of the graph. Permeability coefficients can be calculated from Fick’s first law of diffusion:
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L
A \dt

) =Jss =P+AC (7.1)

where, Jgs is the steady-state flux, M is the cumulative amount of NTX*HCI permeating
the skin [nmol], A is the area of the skin [0.95 cm?], P is the effective permeability
coefficient [cm h™], and AC is the concentration difference [nmol cm™] of the drug in
donor and receiver solutions. Since sink conditions prevail under constant flow of the

receiver solution AC is well-approximated by the drug donor concentration alone.

Quantitative analysis

Quantitative analysis of NTX*HCI concentrations by HPLC was carried out using a
modification of the assay described by Hussain et al. [225]. The HPLC system consisted
of a Waters 717 plus autosampler, a Waters 600 quaternary pump, and a Waters 2487
dual wavelength absorbance detector with Waters Empower™ software. A Brownlee
(Wellesley, MA, USA) C-8 reversed phase Spheri-5 pm column (220x4.6 mm) with a C-8
reversed phase guard column of the same type (15%x3.2 mm) by Perkin EImer® was used
with the UV detector set at a wavelength of 215nm or 278nm. The mobile phase
consisted of 70:30 (v/v) ACN:(0.1% TFA with 0.065% 1-octane sulfonic acid sodium salt,
adjusted to pH 3.0 with TEA aqueous phase). Samples were run at a flow rate of 1.5
ml/min with a run time of 4 min. The injection volume used was 100 pl. The retention
time of NTX°HCl was 2.3 + 0.1 min. Samples were analyzed within a linear range of the
NTX<HCI standard curve from 100 — 10000 ng/ml. The standard solutions exhibited

excellent linearity over the entire concentration range employed in the assays.

Hydrogel preparation
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Commercially available AquaSite® (Derma Sciences, Princeton, NJ) hydrogel sheets
were cut into circular discs, 0.9 cm in diameter. Next, a solution of benzyl alcohol 1%,
ethanol 5%, propylene glycol 10% and water for injection 84% (v/v) was prepared and
NTX<HCI was dissolved to obtain a concentration of 110 mg/ml. A four-fold excess of
NTX<HCI solution, with respect to the weight of the hydrogel, was equilibrated with the
discs for 48 h. The equilibrium NTX<HCI concentration in the hydrogel discs was
determined by HPLC to be 90 mg/g. Drug-loaded hydrogel discs were applied on the

MN-treated skin areas.

Statistical analysis
The statistical analysis of data was carried out with one-way ANOVA using SIGMA-
STAT (SPSS, Inc., Chicago, IL, USA) software. P < 0.05 was considered statistically

significant.

7.3. Propylene glycol

The aim of this study was to investigate the influence of PG-water donor solution
composition on the MN-enhanced transdermal flux of naltrexone hydrochloride in vitro.
In order to do so, a series of seven donor solutions containing equal concentrations of
NTXeHCI 110mg/ml were prepared. This subsaturation concentration was chosen to
avoid potential problems related with the use of saturated solutions with excess solid
such as obstruction of microchannel openings or deposition of solid drug in the
microchannels. These donor solutions consisted of binary mixtures of PG and water.
One set of in vitro experiments aimed at evaluating transdermal NTX<HCI flux with the
use of MN, the other employed untreated (no MN) skin.

Naltrexone pK, values at 32 °C calculated with the help of the Van’'t Hoff's equation are

8.20 and 9.63 [226]. The first pK, corresponds to the dissociation of the protonated
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aliphatic nitrogen proton and the second to the dissociation of the phenolic proton. The
pH of a 110 mg/ml aqueous solution of NTX+*HCI was found to be 4.95. Hence, in this
solution NTX is expected to be positively charged.

Figure 7.1 shows a representative diffusion profile of NTX*HCI through MN-treated skin
and untreated skin. The steady-state is reached quickly for MN-treated skin but less
rapidly for untreated skin. This is consistent with a previous report which showed
decreased lag times upon pretreatment with MN [6]. Transdermal flux values were
obtained from the slope of the linear, terminal portion of the graph. Individual flux values
obtained from each donor solution composition were collected and plotted against the
increasing concentration of PG in the donor solution. Figure 7.2 shows the summary of
data derived from two sets of experiments. The first set of experiments evaluated the
permeation of NTXeHCI through MN-enhanced skin. Transdermal flux values varied
greatly with the highest flux of 30.9 + 4.4 ug cm™ h™ obtained from a pure aqueous
solution and the lowest flux 0.8 + 0.3 yg cm™ h™* corresponding to a pure PG solution.
The gradual drop in the transdermal flux was a non-linear function of the PG content in
the donor solution with the greatest effect seen in water-rich solutions. The magnitude of
the flux difference obtained from MN-treated skin is as much as =40 fold and indicates
how great the influence of the formulation on this route of delivery can be. Additionally,
the same set of experiments was repeated with the intact, non-MN-treated skin. The
results revealed that for all donor solutions tested the flux values were much lower
ranging from 0.3 + 0.02 to 3.4 + 1.0 yg cm™2 h™. Initially, the increase in the PG content
in the donor solution resulted in a slight rise in the flux, but between 10% and 40% PG-
water (v/v) the flux values leveled off and finally dropped from PG-rich solutions. The
maximum flux was measured from a 25% (v/v) PG-water donor solution. Although there
is a qualitative trend in the data showing that water-rich donor solutions provide higher

flux over PG-rich donor solutions, this trend doesn’t mimic the one seen with MN-treated
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skin. Hence, the effect of donor solution composition is different and had a much more
pronounced effect on MN-treated skin as compared to the untreated skin.

The same data can be presented in terms of the flux enhancement calculated as the flux
through MN-treated skin over that through untreated skin. Figure 7.3 shows such
enhancement as a function of the donor solution composition. Clearly, the enhancement
obtained by piercing the skin with MN is not the same for all formulations and equals =17
for the pure aqueous donor but drops to only =3 for PG-rich donors. Therefore, it seems
that the flux enhancement, although providing a quick measure of the efficacy of skin

MN-treatment, may be of limited practical use as it varies with formulation.

7.4. Viscosity influence on drug diffusivity

In order to examine in more detail the possible reason for seeing a non-linear rise in the
MN-enhanced flux with increasing donor solution water content the viscosities of PG-
water binary mixtures were measured and are presented in Table 7.1. The donor
solutions’ viscosities seem to be inversely related to the flux obtained from experiments
with MN-enhanced skin. Such a relationship may be described by the Stokes-Einstein
equation (Eq. 6.3). To better visualize the interrelation between flux and donor viscosity,
the original data is plotted as NTX<HCI flux versus its calculated diffusivity in the donor
solution. The diffusivity of NTX in water was calculated using the Stokes-Einstein
eguation using an experimentally determined viscosity value of 1.03 cP and assuming
the hydrodynamic molecular radius is 4.6 A yielding a value of 4.7 10° cm? s* [227].
Other diffusivity values of NTX in PG-containing donors were obtained by employing the
experimentally determined viscosity of the relevant donor solution. In Figure 7.4 two
data sets correspond to the experiments performed with MN-enhanced and untreated
skin and the third set results from the treatment of data according to Eq. 6.4. The

experiments carried out with MN-treated skin provided transdermal flux corresponding to
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Juce and Jisp while those with untreated skin produced flux corresponding to Jisp alone.
By simple subtraction, the value of the microchannel pathway flux is obtained. It is worth
noting that in Figure 7.4 the data points corresponding to PG-rich solutions are situated
to the left of the graph, unlike any other table of figure reported here.

It can be noted that Jisp doesn’t show linear dependence on diffusivity of the donor
solution. This is not surprising, as in the presence of SC one would expect that it will
provide a major diffusional resistance. If the drug molecule traverses SC by partitioning
into intercellular lipids and diffusing along its tortuous route, then in the ideal case, the
transdermal flux should correlate with percent saturation of the donor solution. The
apparent solubility of NTX<HCI in donor solutions is summarized in Table 7.2. There is a
gualitative agreement between percent saturation in donor solution and observed flux.
Furthermore, PG is known to be a weak permeation enhancer and may affect SC
characteristics adding additional complexity to the interpretation of data from intact skin
experiments.

On the other hand, Jycp correlates with NTX diffusivity in the donor solution. The fact
that a very good linear correlation (R* = 0.99) was observed for microchannel pathway
flux is interesting because it indicates that although the diffusivity calculations in Figure
7.4 account for the changes of the donor solution exclusively, it seems that they reflect
drug diffusivity changes in the whole microchannel pathway. A possible explanation for
this observation is that PG diffuses out of donor solution into MN-treated skin affecting
its diffusional properties. To test that hypothesis a calculation accounting for changes in
drug diffusivity in the microchannel and underlying dermis was carried out. In the first
case (Figure 7.5), it was assumed that PG enters the microchannels, which causes a
decrease in NTX diffusivity in this region but no changes in NTX diffusivity in the
underlying dermis are observed. In the second case (Figure 7.6), it was assumed that

not only PG enters the microchannels, which causes a decrease in NTX diffusivity in this
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region, but also it decreases NTX diffusivity in the underlying dermis. The calculations
assumed the changes in diffusivity can be well-described by Stokes-Einstein equation
(Eqg. 6.3), effective fucp Of 2%, and the following NTX diffusivity values for microchannels
and dermis unaffected by PG: 4.7 10° [cm s™] and 3.4 10° [cm s™], respectively. In the
first case, the overall diffusional resistance is controlled mainly by the resistance of the
viable tissue and only in the PG-rich region the diffusional contribution of the
microchannels comes into play. On the other hand, in the second case, the total
diffusional resistance is practically equal to the resistance of the viable tissue throughout
the whole range of vehicle composition tested. When these resistance values are used
to calculate steady-state microchannel pathway flux, the profiles shown in Figure 7.7 are
obtained. The experimental data closely follows the pattern outlined by the prediction
based on the second case calculations. Considering the above, it seems that it is not
reasonable to assume that by varying the propylene glycol-water composition of the
donor solution, only the properties of the vehicle and microchannel but not dermis are
affected. In such case, in water-rich solutions transport through the microchannel
pathway would likely be controlled by diffusion through viable tissue underlying the
microchannel. Therefore, transdermal flux would not be expected to correlate with
viscosity of the donor solution until the viscosity of the donor solution would be high
enough to produce microchannel resistance that would overcome the resistance of the
underlying dermis. The prediction based on the first case reveals insensitivity of
microchannel pathway flux to the changes in composition of water-rich donors, but their
dependence on the donor composition in the PG-rich region. The experimental data
obtained in the current study clearly shows that this is not the case. Conversely, the
experimental profile correlated well with prediction based on the second case and can

be explained by the influence of propylene glycol on the diffusional properties of both
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microchannel and underlying dermis through the relationship predicted by the Stokes-
Einstein equation.

The Jror obtained from MN-treated skin experiments also seems to follow the linear
correlation with NTX donor solution diffusivity calculated from viscosity determinations
(R2 = 0.98). The likely reason for this is that the contribution of Jisp to the Jror in water-
rich donors is minor. As shown in Figure 7.8, the contribution of J;sp to the total flux is of
most importance in the PG-rich donors where it accounts for around 40% of Jror but
diminishes to less than 10% in water-rich donors. Figure 7.4 obscures the region
corresponding to the PG-rich solutions which could reveal difference between behavior
of Jucp and Jror as their values diverge in this area. In order to have a closer look at the
difference between Jror and Jycp the original data set was transformed by normalization
of transdermal flux on the basis of viscosity. Since it was observed that viscosity of
donor solutions seems to affect transdermal flux in MN-treated skin in accordance to the
Stokes-Einstein equation, viscosity influence on flux can be cancelled out by multiplying

the observed flux by individual viscosities of donor solutions according to the equation:

J'=]x*n (7.2)

where: J’ is the viscosity-normalized flux, J is the flux and n is the viscosity of the donor
solution. Such viscosity-normalized flux values are presented in Figure 7.9. The
viscosity-normalized flux values correspond to a donor viscosity of 1 cP which is close to
the value obtained for agueous solutions. It can be noted that the viscosity-normalized
flux values remain relatively constant both for the microchannel pathway alone and for
the microchannel and intact skin pathways combined (MN-treated skin total flux)
irrespective of the donor composition used. Statistical analysis (ANOVA) revealed no

statistically significant difference between viscosity-normalized flux values within either
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of the two data sets at a = 0.05. Because of large uncertainty in viscosity-normalized flux
values in PG-rich donor solutions it is impossible to discriminate between Jror and Jyce.
Nevertheless, Figure 7.9 suggests that while Jycp flux shows no trend as donor solution
composition is varied the Jror shows a slightly decreasing trend with increasing PG
content in the donors. This observation is in accordance with the expectation that only
the microchannel pathway resistance closely correlates with donor solution compaosition.
Total flux, besides Jucp, also incorporates Jisp Which doesn’t depend greatly on the
viscosity of the donor solution. Overall, the behavior of viscosity-normalized Jycp
indicates that accounting for viscosity of the donor solution can very well predict the
microchannel pathway transdermal flux. It is important to note that in the experimental
set-up used in the present work the concentration of NTX<HCI in all donor solutions was
maintained at a constant value, and therefore the relationship shown here between flux
and viscosity is exactly the same for corresponding permeability coefficients and
viscosity.

Since from the practical point of view one is often interested in the maximum flux
attainable it is interesting to look at the apparent solubility of NTXeHCI in different donor
solutions and their viscosities. As reported in Table 7.2, the addition of PG to an
agueous donor gradually increases NTXeHCI solubility up to the donor solution
composition of PG-water 90-10 after which a sharp drop is observed. Simultaneously,
higher NTX<HCI concentration causes elevated viscosity of the donors. The data show
that increased solubility is more than compensated for by elevated viscosity, and
therefore saturated and PG-containing solutions of NTX*HCI do not deliver the drug at
higher rates though MN-treated skin as compared to purely aqueous, saturated donor

solution (data not shown).
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7.5. Other common excipients

At the next stage of investigation, the main question to be addressed was whether the
apparent viscosity effect on flux seen in the propylene glycol study can be generalized to
other cosolvents and excipients. This information is valuable from the perspective of
optimization of formulations designed for MN-enhanced skin. Besides viscosity, some
other factors that might come into play are the difference in the osmotic pressure
between the donor and receiver solutions. This could drive the water flow across
microchannels in the opposite direction and interfere with drug permeation. Other
possibilities are related to the pH-gradients across skin and possibility of convectional
flow through microchannels. To address these possibilities collectively in a qualitative
manner an experiment was designed in which the viscosity of the donor solutions
containing NTX+HCI and excipients at different concentrations was kept constant. Other
parameters such as osmotic pressure and pH varied. By comparing the experimental
results to the viscosity-predicted conclusions were drawn.

The selection of excipients involved: propylene glycol (PG), poly(ethylene glycol) 400
(PEG 400), sucrose and hydroxyethylcellulose (HEC). All four were compared to the
NTX+HCI permeation from an aqueous donor solution alone. For all donor solutions the
NTX<HCI was kept constant at 90 mg/g.

Figure 7.10 demonstrates experimental NTX<HCI steady-state flux obtained from five
different donor solutions. Also, flux is compared to the viscosity-based prediction
calculated from Stokes-Einstein equation (Eq. 6.3). It is important to realize the flux
values collected in this study are total flux through MN-treated skin and not microchannel
pathway flux values since no experiments were performed with untreated skin. It is
implicitly assumed that the contribution of flux through the intact skin pathway is small at
all times. Hence, it is expected that some error will be introduced by such simplification.

For example, for PG based on Figure 7.5, an error of around 20 % can be expected.
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Table 7.3 summarizes the physicochemical properties of the formulations including
excipient concentration, solution viscosity, osmotic pressure, and pH. As evident from
Figure 7.10 flux values obtained from donor solutions containing PG, PEG 400 and
sucrose agree reasonably well with the predictions based on the viscosity donor solution
changes (pair-wise t-test between experimental and predicted values show no difference
at a = 0.05). Flux obtained from donor solution containing HEC does not (the means are
statistically different at a = 0.05). First, it is interesting to analyze the PG-containing
donor solution which is characterized by osmotic pressure approximately 4-fold higher
than either solution containing PEG 400 or sucrose. It could be expected that the flow of
water in the opposite direction to the drug flux could slow down the apparent permeation
of NTX+HCI from a high-osmotic-pressure donor solution. However, no evidence of such
behavior is observed. The flux values obtained from the first three solutions are
approximately the same and there is no trend corresponding to the varying osmotic
pressure of the donor solutions. The same holds true for the apparent pH effects.
However, a major striking feature of Figure 7.10 is the disagreement between the
experimental and predicted flux value seen for HEC-based donor solution. The
experimental flux is statistically equal (p > 0.05) to the flux obtained from purely aqueous
solution. No drop in the transport rate is observed even though the viscosity of the donor
solution is 2.45 cP. A plausible explanation to this apparent discrepancy is related to the
fact that HEC is the only high-molecular-weight polymer used in the study. It can be
envisioned that the diffusion of 720 kDa molecules into the microchannel will be very
slow due to is low aqueous diffusion coefficient. Moreover, its mobility may be further
limited in dermis if it ever reaches that skin layer. As a result it could be anticipated that
the diffusional properties of the skin will not be altered. At the same time the molecular
mobility of NTXeHCI in the HEC solution is not expected to be lowered as the

macroviscosity measured experimentally does not mimic microviscosity of the solution.
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The concept of micro- and macro-viscosity applies to gel systems and the diffusion
coefficients of low-molecular-weight drugs will be related to the microviscosity only. In
case of large compounds such as proteins microviscosity may not correlate well with a
diffusion coefficient as hindrance coming from gel meshwork can no longer be ignored.
According to Zhao and Chen the discrepancy between the macro- and micro-viscosity
for a HEC solution at 0.13% (w/w) used in this study is approximately 2.5-fold [228]. In
consequence, the microviscosity of the HEC solution is close to 1cP, or, the viscosity of
the aqueous solution. This finding rationalizes the equivalent flux from HEC and

aqueous donor solutions.

7.6. Gel systems

The findings of the preceding section are directly applicable to the development of a gel-
based transdermal system. Gels offer the advantage of relatively sturdy structure and
easy-to-use formulation form. In the following study, the effect of increasing
concentration of the HEC in the NTX+HCI-containing donor solution was evaluated. HEC
gellified aqueous donor solutions at the concentration of 1% (w/w) reached a
macroviscosity of approximately 1000 cP, while the microviscosity only increases to
about 1.03 cP [228]. Higher HEC concentrations provide gels of even higher
macroviscosity, which slows down the gel flow and makes their use in vivo more
convenient. NTXHCI at 90 mg/ml in aqueous solution, 2% HEC, 3% HEC, and 4% HEC
were used as donor solutions. The flux through MN-treated skin was recorded and is
presented in Figure 7.11. As demonstrated experimentally, indeed, the flux drops only
marginally as a result of the increase of the HEC in the donor solution from 0 to 4%.
Hence, it was confirmed that for a gel system the macroviscosity does not correlate with

the flux through MN-treated skin.
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7.7. Sheet hydrogels and hydrocolloids

Despite the encouraging results from gel formulations presented in the proceeding
section additional improvement of the formulation was desired. The main reason for
further formulation optimization is not related to the rate of NTXHCI percutaneous
transport but to the fact that amorphous gels, although a major step forward as
compared to aqueous solutions, still presented practical challenges when applied in vivo.
One of the main problems was the containment of the gel in a custom-made covering
patch over the experimental duration of several days. Amorphous gel had a tendency to
leak from beneath the prototype patch and out of the MN-treated skin area. Another
challenge was related to the fact that gels based solely on agueous solutions with no
cosolvents present (PG or PEG 400) tended to collapse during in vivo experiments due
to the water evaporation at elevated skin temperature of 32 °C. To address these two
major concerns the suitability of commercially available wound dressings as vehicles for
MN-assisted drug delivery were evaluated. Two distinct classes of dressings: sheet
hydrogel and hydrocolloids were selected.

Sheet hydrogels, besides the benefit of providing a vehicle from which NTXHCI could
be delivered through MN-enhanced skin at the rate similar to the one obtained from
agueous solution, also provided additional benefit of improved formulation sturdiness. As
the name implies the sheet hydrogels are not amorphous, but rather formed in a disc or
square-shape and don’t flow. That allowed full control over the application area and
addressed the first containment problem. Of three commercially available sheet
hydrogels tested: AquaFlo™ (Kendall), AquaClear® (Hartmann), and AquaSite® (Derma
Sciences), the latter was found to have the properties that best suited in vivo study
needs. As for the second problem, the addition of 10% highly-hygroscopic PG to the

formulation allowed several-day use of hydrogels without collapse or drug precipitation.
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A price, however, is paid in an approximate 25% decrease in the flux due to the
microviscosity increase.

The sheet hydrogel formulations were prepared by 48 h equilibration of the commercial
product with the excess solution of NTX<HCI at 100 mg/ml in 10% PG aqueous solution.
The hydrogel absorbs loading solution with the end result of increase in the hydrogel
mass about 4-fold. Such prepared formulations were tested in an in vitro diffusion
experiment across MN-treated skin and compared to the loading solution alone, and the
gel formulation used previously in the first-in-human MN study [216]. The following flux
values at 48 h were obtained: new AquaSite®-based hydrogel formulation 74.5 + 6.7
nmol cm? h™, loading solution 71.6 + 13.1 nmol cm™ h*, and former gel formulation 11.9
+ 0.5 nmol cm™ h* (courtesy of Priyanka Ghosh). In conclusion, formulation optimization
resulted in a 6-fold increase in in vitro flux and an improved, more user-friendly hydrogel
sheet form.

Apart from the sheet hydrogels, another group of wound dressing products that was
selected for testing were hydrocolloid dressings. These dressings possess lower water
content than hydrogels, but also absorb aqueous solution to a great degree and
additionally possess acrylate adhesives which facilitate adhesion to skin. Two
commercial products were evaluated: Tegaderm™ hydrocolloid dressing (3M™), and
Cutinova Hydro (Smith&Nephew). The experimental procedure involved the preloading
of hydrocolloid dressing by equilibration with a drug-containing loading solution.
However, the hydrocolloid performance in in vitro diffusion studies was less than
satisfactory. The non-steady-state flux at 48 h was only 17.8 + 3.7 nmol cm™? h™ and the
altered structure of the fully-hydrated dressing made it impossible to provide appropriate

intimate adhesion to the MN-treated skin surface (courtesy of Priyanka Ghosh).
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7.8. Conclusions

Overall, it is possible that factors other than the viscosity of the donor solution can
influence MN-enhanced percutaneous flux. One example is the case of drugs with lipid
binding and protein binding potential in dermis. Low binding to immobile cell-membrane
dermal lipids as well as low-mobility albumins would be expected to elongate lag times,
but not to affect steady-state flux values. However, in the case of drugs extensively
bound to albumin the diffusivity of the drug-albumin complex would need to be
considered and could translate into lower-than-expected permeation rates.

In conclusion, this work investigated the influence of donor solution composition on the
rate of transdermal transport of NTX+HCI through MN-enhanced skin. It was found that
flux correlated well with changes in drug diffusivity caused by donor viscosity variations.
Also, it is likely that the microchannel pathway flux rather than total flux (combined
microchannel pathway and intact skin pathway flux) correlates with viscosity changes of
donor solution through the Stokes-Einstein equation. Moreover, this work indicates that
percutaneous flux of charged species across intact skin may become important when a
large skin area is exposed to the drug formulation. In broader context, the findings of this
work may help improve the design of delivery systems for MN-enhanced skin. In
classical percutaneous delivery the vehicle plays a critical role in the appearance and
delivery rates of a drug. Excipients impart the desired rheological character to the
dosage form. Also, they determine physical properties of the vehicle and its ability to
modify stratum corneum, the rate-limiting barrier to transport of most drugs. PG, PEGs
and other viscous cosolvents are common excipients used in topical dosage forms.
Changes in the physicochemical characteristics may promote drug partitioning from a
topically applied formulation into the barrier as well as diffusion of drug molecules
through the barrier. Based on the results from current work it seems reasonable to state

that when maximum flux through MN-treated skin is sought, then the viscosity of the
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formulation should be kept as low as possible. However, that restriction does not hold
with respect to high molecular weight polymeric systems which do not seem to increase
the diffusional resistance of the microchannel pathway. The selection of a water-rich
sheet hydrogel formulation proved the most successful in conjunction with MN-assisted

transdermal drug transport.
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Table 7.1. Viscosities of NTX*HCI (110 mg/ml) in PG-water binary mixtures (n = 3)

NTXeHCI 110mg/ml 0-100 10-90 25-75 40-60 75-25 90-10 100-0

in PG-water % (v/v)

1.03 + 148 + 247 = 401 £ 1440 +£ 2843 + 46.33 =
Viscosity [cP] £ SD
0.01 0.03 0.01 0.01 0.00 0.12 1.01
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Table 7.2. Apparent NTXeHCI solubility and corresponding viscosity in binary
mixtures of PG-water (n = 2 for solubility determinations and n = 3 for viscosity

determinations)

PG -water %(v/v) 0-100 10-90 25-75 40-60 75-25 90-10 100-0

NTXeHCI solubility 121 + 1 148 +24 159 +1 189+22 222+12 301+3 13015
[mg/ml] £SD

1.09

+

1.70

+

2.94

+

5.20

+

2097 + 6100 = 5157 %
Viscosity [cP] £ SD
0.00 0.02 0.01 0.01 0.06 0.53 0.25
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Table 7.3. The summary of physicochemical properties of the donor solutions

containing NTXeHCI at 90 mg/g and the excipient listed in the first column of the

table. Concentrations of excipients vary but the donor solution viscosity remains

approximately constant 2.7 cP. Osmotic pressure ([]) and apparent pH describe

the characteristics of the donor solutions while the difference in the osmotic

pressure (A[1) and the difference on the apparent pH refer to the difference

between donor and receiver solutions.

Donor MW Concentration Concentration Viscosity [] Al

solution  [Da] [% (wiw)] [molll] [cP] [mOsm] [mOsm] P ApH
PG 76 29.7 3.91 2.66 4222 3922 335 4.05
PEG 400 400 22.1 0.55 2.67 1277 977 315 425
sucrose 342 274 0.80 2.98 1346 1046 540 2.00
HEC 720000 0.13 1.8 x10°% 2.45 311 11 504 2.36
DI water n/a n/a n/a 0.98 312 12 531 2.09
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Figure 7.1.
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Representative diffusion profile of NTX*HCI through MN-treated Yucatan minipig

and intact skin (PG-water 25:75 v/v) (n=3).
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Figure 7.2.

40 -

35 T
30 &4 A MN-treated skin

25 = % O Untreated skin
20 -

i

%

Z;? 0 : % i & &

0 10 20 30 40 50 60 70 80 90 100

NTX HCI flux [pg cm2 hrl]

PG in water % (v/v)

Steady-state flux values of NTXeHCI permeating through untreated and MN-treated
Yucatan minipig skin as a function of the donor solution composition. The
concentration of NTXeHCI is constant 110 mg/ml for all donors, while the amount

of PG increases to the right of the graph (n = 3-4).
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Figure 7.3.
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NTXeHCI flux enhancement as a result of MN-treatment of the Yucatan minipig

skin (n = 3-4).
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Figure 7.4.

40 -
A Total flux
35 -
— 0O Microchannel pathway _
& R?=0.98
“-‘E O Intact skin pathway
Q
=18}
=
5
(=
o
T
P
—
=

0 ik 2 3 4 5
Diffusivity x 108 [cm? 5]

Steady-state flux values of NTXeHCI for intact skin pathway, microchannel
pathway, and the sum of both plotted against calculated diffusivity of NTX in the
donor solution. Low diffusivity on the left of the graph corresponds to the PG-rich

donors (n = 3-4).
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Figure 7.5.
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the total transdermal flux of NTXeHCI. Calculated according to Eq. 6.4. (n = 3-4).
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Figure 7.6.
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Case 1. Propylene glycol assumed to increase the diffusional resistance of the
microchannel but not the underlying dermis. Dotted line (°**) corresponds to the
resistance of the microchannel, dashed line (---) corresponds to the resistance to
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resistance of the microchannel pathway.

123



Figure 7.7.
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Case 2. Propylene glycol assumed to increase the diffusional resistance of the
microchannel and the underlying dermis. Dotted line (*s*) corresponds to the
resistance of the microchannel, dashed line (---) corresponds to the resistance to
the underlying dermis (viable tissue), and solid line (—) corresponds to the total

resistance of the microchannel pathway.
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Figure 7.8.

100
::F 8[] [T: .........................
R
“ e [ X T
s t} ....... .
L A ~
x 40 ~ .,
E *
= ~
[ -
0 20 40 60 80 100
PGin water % (v/v)

Microchannel pathway flux predictions based on the Case 1 (dotted line) and Case
2 (dashed line) assumptions plotted against experimentally obtained flux (unfilled

boxes). Experimental data presented as mean + SD (n = 3-4)
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Figure 7.9.
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Viscosity-normalized flux of NTXeHCI through Yucatan minipig MN-treated skin

calculated according to Eq. 7.2. (n = 3-4)
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Figure 7.10.
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Steady-state flux (black bars) from donor solutions containing NTXeHCI at 90
mg/g. The first four donor solutions also contained the following excipients:
propylene glycol (PG), poly(ethylene glycol) 400 (PEG 400), sucrose, and
hydroxyethylcellulose (HEC). The concentration of excipients varied and was
adjusted so that the viscosity of the donor solution equals approximately 2.7 cP.
The last donor solution contained no excipient and its viscosity was
approximately 1 cP. Gray bars correspond to the flux predictions calculated based
on the viscosity change of the donor solution according to Eq. 6.3. All data

presented as mean = SD (n = 4).
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Figure 7.11.
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The flux of NTXeHCI across MN-treated Yucatan minipig skin as a function of
increasing HEC concentration in the donor solution. Data presented as mean *

SD, n =3.
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Chapter 8

In vitro permeation of naltrexone prodrugs across microneedle treated skin

8.1. Introduction

The aim of this chapter is to present the potential of naltrexone prodrugs to be used in
conjunction with MN-treated skin. In order to fulfill the research goal 3.3 a variety of
naltrexone prodrugs from different chemical classes were synthesized in Dr. Crooks’
laboratory. Prodrug structures underwent rigorous examination with respect to the
hydrolytic stability (at physiologically-relevant skin surface pH of 5.0 and tissue and
blood pH of 7.4) as well as solubility. Only a few prodrugs were deemed suitable for in
vitro permeation testing. First, a PEGylated ester 3-O’-naltrexone prodrug stability and
solubility will be described in detail followed by permeation through MN-treated skin.
Then, other prodrug classes and the challenges associated with them will be outlined.
The contents of the following chapter besides point 8.7 have been published in Journal
of Controlled Release [229].

The restrictions in percutaneous drug delivery are largely governed by skin anatomy.
Skin has evolved to provide an adequate interface between the external and internal
body environment, to minimize water loss, and to impede the penetration of xenobiotics.
This evolutionary hurdle results in very low skin permeability to most foreign substances
[55, 57, 230]. The barrier property of the skin for most compounds lies in the stratum
corneum (SC) extracellular matrix of lipid bilayers [51, 101]. The pool of molecules
possessing the necessary physicochemical properties to cross this barrier is limited, and
the number of drugs that can be delivered transdermally at therapeutically relevant rates
is also low [17]. To overcome this challenge, a variety of different techniques can be
used [8, 22]. One of the most promising and effective approaches involves the use of

microneedles (MN). Micrometer-size needles were shown to be long enough to
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penetrate the skin effectively breaching the SC barrier, but at the same time being short
enough to minimize pain sensation. In general, this process results in up to several
orders-of-magnitude enhancement of drug transdermal transport [8, 152].

Naltrexone (NTX) is a potent, competitive opioid receptor antagonist used to treat opioid
and alcohol addiction [83]. The percutaneous delivery of this agent could bear
substantial advantages over currently available dosage forms: i.e. oral tablet and
intramuscular controlled-release injection [20, 231]. Although neither NTX, nor its active
metabolite, 6-R-naltrexol, permeate through skin at clinically relevant rates from
reasonably-sized patches [20, 231], the use of MN proved to significantly improve
transport [6]. Studies have shown that although the creation of microchannels in the skin
after MN treatment did not have a substantial effect on the delivery rates of the neutral
(free-base) form of NTX or 6--naltrexol, an improvement in the delivery of positively
charged (salt-form) species of these drugs was possible [6]. It was proposed that higher
NTX and 6-R-naltrexol water-solubility at the lower pH range, rather than the presence of
a positive charge, was responsible for the observed increase in the transport rates of the
salt forms of these drugs [6]. In vitro and in vivo animal studies proved the utility of the
MN method of enhancement showing approximately an order-of-magnitude increase in
the transdermal flux of highly water soluble species via MN-assisted delivery over that
through untreated skin [6, 155]. Subsequently, a first-in-human MN study demonstrated
that the combination of MN skin pretreatment and application of four NTX<HCI patches
afforded drug plasma levels in the lower end of the targeted therapeutic range [216].
Furthermore, an increase in flux would be expected to translate into higher plasma
levels, as well as allow a decrease in the number of patches needed.

It is known that PEGylation, or the process of covalent attachment of polyethylene glycol
polymer chains to another molecule can substantially increase aqueous solubility of

hydrophobic drugs and proteins [232, 233]. Besides improved water-solubility,
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PEGylation is commonly used in the field of pharmaceutics to serve other purposes,
such as enhancing stability, modifying pharmacokinetics, shielding labile molecules from
proteolytic enzymes, or eliminating protein immunogenicity [234-236]. In the field of
transdermal drug delivery, PEGylation has been employed to alter the physicochemical
properties of prodrugs to enhance delivery across non-MN-treated skin. Overall, these
attempts translated into limited success for passive transdermal delivery. An elevated
agueous solubility was postulated to contribute to a moderate increase in flux observed
for some derivatives. All these studies involved drug delivery through non-MN-treated
skin [64, 167, 237].

Based on the experiments by Banks et al. [6], it could be anticipated that an aqueous
solubility increase achieved through PEGylation of NTX would favorably affect flux
through MN-enhanced skin. No previous peer-reviewed literature reports have described
the transdermal potential of PEGylated drug molecules used in conjunction with MN skin
treatment. The aim of this work was to evaluate the in vitro transport of a PEGylated
NTX prodrug through MN-treated skin, as a function of concentration in the donor

solution.

8.2. Materials and methods

Chemicals

Naltrexone was purchased from Mallinckrodt (St. Louis, MO, USA). Water was purified
using a NANOpure Diamond™ Barnstead water filtration system. Hanks’ balanced salts
modified powder, and sodium bicarbonate were purchased from Sigma (St. Louis, MO).
4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), gentamicin sulfate,
trifluoroacetic acid (TFA), triethylamine (TEA), 1-heptane sulfonic acid sodium salt, and
acetonitrile (ACN) were obtained from Fisher Scientific (Fairlawn, NJ). 1-Octane sulfonic

acid sodium salt was obtained from ChromTech (Apple Valley, MN, USA).
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Synthetic procedure for the preparation of the naltrexone PEGylated prodrug (PEG-
NTX). The following synthetic procedure was carried out by Dr. Reddy Thirupathi from
Dr. Crooks’ laboratory.

The detailed synthetic procedure for the preparation of 3-O-[3-(2-(2-
hydroxyethoxy)ethoxy)propanoyl]naltrexone prodrug has been reported in Bioorganic &
Medicinal Chemistry Letters [238]. Briefly, to a mixture of naltrexone (0.341 g, 0.001
mol), DMAP (0.146 g, 0.0012 mol), and dicyclohexylcarbodiimide (DCC, 0.247 g, 0.0012
mol) in chloroform (30 ml), 3-(2-(2-hydroxyethoxy)ethoxy)propanoic acid (0.178 g, 0.001
mol) in chloroform (5 ml) solution was added dropwise over a period of 5-10 min under
an argon atmosphere at ambient temperature. The solution was stirred at ambient
temperature for 24 hrs, then it was cooled to 0-5 °C, and the precipitated dicyclohexyl
urea by-product filtered-off. The filtrate was washed with ice-cold water (20 ml), ice-cold
brine solution (20 ml), dried over Na,SO,4, and the solvent evaporated in vacuo. The
resulting residue was purified by column chromatography (silica gel, eluted with 3% v/v
methanol in chloroform) to obtain pure 3-0-[3-(2-(2-

hydroxyethoxy)ethoxy)propanoyl]naltrexone (0.42 g, 85% yield) as a colorless oil.

Solubility

The apparent solubilities of the PEG-NTX prodrug and NTX in 0.3M acetate buffer (pH
5.0) were obtained by equilibration of an excess quantity of prodrug/drug in 6ml of buffer.
After addition of prodrug/drug, the pH of the resulting slurry was adjusted to pH 5.0, if
this was found to be necessary. The PEG-NTX prodrug slurry was continuously shaken
in a tightly closed glass vial in a shaking water-bath at 32°C for 12h. A relatively short
equilibration time was chosen, due to the hydrolytic instability of the prodrug. The NTX

slurry was continuously shaken in a tightly closed glass vial in a shaking water bath at
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32°C for 24h. At the end of the equilibration time, samples were transferred to
prewarmed plastic centrifuge vials and centrifuged for 10 min at 12000 x g at 32°C. The
supernatant was sampled, filtered using a 32°C prewarmed syringe containing a 0.2 pm
membrane syringe filter (VWR 28145-491), diluted with an adequate amount of ACN-
water 70:30 (v/v), and resulting solution analyzed by high pressure liquid

chromatography (HPLC). Solubility determinations were repeated twice (n = 2).

Prodrug stability

For the purpose of determining the pH-rate profile, several 20mM buffers were prepared
and adjusted to the constant ionic strength of | = 0.1 with NaCl: i.e. pH 2.0 (phosphate
buffer), pH 3.3 (citrate buffer), pH 4.4 (formate buffer), pH 5.4 (acetate buffer), pH 5.9
(citrate buffer), pH 6.9 (phosphate buffer) and pH 8.7 (ammonium buffer). A stock
solution of PEG-NTX was obtained by dissolving about 40mg of the prodrug in 2 ml
ACN. Then, 100ul of the stock solution was transferred to 10ml of buffer thermostated at
32°C, vortexed and filtered through a 0.45um nylon syringe filter (Acrodisc® Premium
25mm Syringe Filter). Multiple samples were drawn over a period of 140h. Next,
prodrug stability studies in donor (0.3M acetate buffer pH 5.0) and receiver solutions
(25mM HEPES-buffered Hanks’ balanced salt solution pH 7.4) were initiated by charging
a 10ml volume of hydrolysis media thermostated at 32°C with =1mg of prodrug, filtering
the solution through a 0.45um nylon syringe filter (Acrodisc® Premium 25mm Syringe
Filter) and taking samples of the filtrate over a period of 120h. Samples were then
diluted with ACN-water 70:30 (v/v) for HPLC analysis. All PEG-NTX-prodrug hydrolysis
studies showed pseudo-first-order kinetic behavior. Apparent pseudo-first-order
hydrolysis rate constants, kapp, Were estimated from the slope of the log-transformed
amount of PEG-NTX prodrug remaining in the medium. All stability studies were carried

out in duplicate (n = 2).
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Donor solution preparation

Acetate buffer (0.3M, pH 5.0) containing prodrug at saturation (629mM) was diluted with
0.3M acetate buffer, pH 5.0 to obtain solutions at 10, 20, 40, 70 and 90% solubility.
Solutions were vortexed and used immediately in in vitro diffusion studies.

NTX was added to 0.3M acetate buffer, pH 5.0 to obtain concentrations of 25, 50, 75,
178 and 338mM and the pH of the solutions adjusted to 5.0, if necessary. Solutions were

vortexed and used immediately in in vitro diffusion studies immediately.

Viscosity measurements

A Brookfield DV-IIl LV programmable cone/plate rheometer with a CPE-40 spindle was
used for measuring the viscosity of the donor solutions. The sample volume was 0.5 ml.
All determinations were carried out at 32 °C maintained by a circulating water-bath TC-
102. Each donor viscosity measurement was taken three times at low, medium and high

torque value in the range of 10-100% of the instrument specifications (n = 3).

In vitro diffusion studies

Full-thickness Yucatan minipig skin was harvested from the dorsal region of a
euthanized 6-month-old animal. Animal studies were approved by the University of
Kentucky IACUC. Subcutaneous fat from skin samples was removed with a scalpel and
sparse hair clipped. Such skin samples were immediately placed in a plastic bag and
frozen until use (-20°C). The effect of freezing on skin viability [239-241] and
permeability to xenobiotics [241-244] has been the subject of multiple studies. The
presence [241-243] or absence [244] of freezing-induced increased skin permeability is
related to factors such as skin type, nature of the permeant, freezing conditions and time

of storage. Our experience indicates no major detrimental effect is caused by Yucatan
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minipig skin freezing up to one year of storage for the purpose of use in in vitro drug
permeation studies. Before the permeation study, skin samples were allowed to thaw for
about 30 min. Skin used for MN treatment was first dermatomed to a thickness of about
1.7mm and then placed on a wafer of polydimethylsiloxane polymer, which mimicked the
naturally occurring mechanical support of underlying tissue because of its comparable
structural elasticity. In the context of studies described in this article “MN” refer to
microneedle rows obtained from Dr. Prausnitz’s laboratory. They were fabricated by
laser cutting of stainless steel sheets as reported previously [29]. MN were solid metal,
two-dimensional “in-plane” rows each containing five microneedles oriented with their
axis parallel to the steel sheet. This design is characterized by the following microneedle
dimensions: 750 um long, 200 um wide, 75 um thick and 1.35 mm inter-needle spacing.
The insertion of MN into skin was carried out manually by applying gentle finger
pressure followed by their instantaneous removal. The diffusion area of skin (0.95 cm?)
was pierced 20 times, with a row containing five microneedles, gradually advancing the
MN application area to obtain 100 non-overlapping piercings before mounting the skin in
the diffusion cell. If any damage to the MN was observed a new array was used. Three
to four cells were used per one drug/prodrug concentration (n = 3-4). A PermeGear flow-
through (In-Line, Riegelsville, PA) diffusion cell system was used for the in vitro diffusion
studies. Isotonic HEPES-buffered Hanks’ balanced salts solution (25mM, pH 7.4) was
used as the receiver solution. Additional experiments were carried out to ascertain that
the receiver flow rate of 1.5 ml/h was sufficient to maintain sink conditions. An increase
in flow rate to 7.5ml/h did not change the amount of drug permeating over time, and a
lower 1.5ml/h flow rate was used for all experiments for practical convenience. Skin
samples in the diffusion cells were maintained at 32°C using a circulating water bath.
The diffusion experiments were initiated by charging the donor compartment with 0.4 ml

of the donor solution. Samples were collected from the receiver compartment in 6h
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increments over 48h. All samples were stored at 4°C until HPLC analysis, which was

carried out within 24 hours.

Transepidermal water loss (TEWL) measurements

TEWL was used to assess the integrity of the skin barrier using a DermalLab® TEWL
probe (CyberDerm Inc.). MN-treatment, by itself, increases TEWL and detection of
possible barrier compromise due to vehicle alone under such conditions would be
difficult at best. Therefore, a separate diffusion experiment was carried out to evaluate
the effect of the drug-free donor solution (0.3M acetate buffer) on the barrier properties
of the untreated skin. The TEWL values for uncompromised minipig skin are known, and
are generally equal or less than 10 g m? h™ [245-247]. Measurements were taken after
30 min. equilibration of the untreated skin with the receiver solution in the diffusion
apparatus before charging the donor chamber with the drug-free 0.3 M pH 5.0 acetate
buffer. Another measurement was obtained after removal of the buffer from the donor

chamber after 48 h, and 30 min equilibration.

Prodrug skin disposition

After the completion of the diffusion experiment, skin samples were rinsed three times
with distilled water to remove residual formulation and then dismounted from the
diffusion cells. A circular section of the skin corresponding to the diffusion area was
excised with a scalpel and weighed. Next, the skin sample was placed in a glass vial
containing 10 ml of ACN, the vial closed tightly and left in a shaking water bath
thermostated at 32°C for 12 h. Solutions were then sampled, diluted with ACN and
analyzed by HPLC. The PEG-NTX prodrug and NTX content was normalized by skin

weight and reported as the concentration in the skin.
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Quantitative analysis

Quantitative analysis of NTX and the PEG-NTX prodrug by HPLC was carried out using
a modification of the assay described by Hussain et al. [225]. The HPLC system
consisted of a Waters 717 plus autosampler, a Waters 600 quaternary pump, and a
Waters 2487 dual wavelength absorbance detector with Waters Empower™ software. A
Waters YMC™ CN column (2.0mm x 150mm) with a CN guard column of the same type
(2.0mm x 20mm) was used with the UV detector set at a wavelength of 278nm. The
mobile phase consisted of 70:30(v/v) ACN:0.1% TFA containing 0.065% 1-octane
sulfonic acid sodium salt, adjusted to pH 3.0 with TEA aqueous phase. Samples were
run at a flow rate of 1.5 ml/min with a run time of 4.5 min. The injection volume was 100
pl, and the retention times of PEG-NTX and NTX were 3.2 min and 3.5 min, respectively.
Samples were analyzed within a 100-5000ng/ml linear range of the PEG-NTX prodrug
and NTX standard curves. Standard solutions exhibited excellent linearity over the entire
concentration range employed in the assays.

The permeation data were plotted as the cumulative amount of PEG-NTX and NTX
collected in the receiver compartment as a function of time. The steady-state flux value
for a given run was calculated from the terminal slope of the cumulative amount plotted

against time. The permeability coefficient was obtained from Fick’s first law of diffusion:
1 (dM
+(5)=Jss=PxAC (8.1)

where, Jg is the steady-state flux, M is the cumulative amount of drug permeating the
skin [nmol], A is the area of the skin [0.95 cm?], P is the effective permeability coefficient

[cm h™], and AC is the concentration difference [nmol cm™] of the drug in donor and
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receiver solutions. Since sink conditions prevail under constant flow of the receiver

solution, AC is well-approximated by the drug donor concentration alone.

Statistical analysis
The statistical analysis of the data was carried out by one-way ANOVA with post-hoc

Bonferroni’s analysis using SIGMA-STAT software (SPSS, Inc., Chicago, IL, USA).

8.3 Stability and solubility of PEGylated naltrexone prodrug

The structures of both parent drug (NTX) and its PEGylated prodrug (PEG-NTX) are
presented in Figure 8.1. A short, two ethylene-glycol unit side chain is attached through
a hydrolytically labile carboxylate ester linkage to the 3-O position of the NTX molecule.
Before the in vitro evaluation of the prodrug permeation through the MN-treated skin was
carried out, its stability was studied at different pH values. A wide pH range was
investigated with the aim of identifying the pH-dependency for slow and fast chemical
hydrolysis. The prodrug stability studies at all pH values showed pseudo first-order
degradation behavior. Apparent pseudo first-order rate constants (Kap,) were obtained
from the slope of the log-transformed amount of prodrug remaining plotted against time.
Figure 8.2 summarizes the pH stability in the form of a U-shaped pH-rate profile. At pH
values around 3-5, the PEG-NTX prodrug is most stable. Lower pH values reveal acid-
catalyzed hydrolysis while higher pH values demonstrate base-catalyzed hydrolysis.
Specifically, in the pH region 7-9, the slope reaches a value of unity, indicating that
hydroxide ion-catalyzed hydrolysis is the predominant mechanism of hydrolysis in this
pH range. Since under normal conditions, the surface pH of the skin oscillates around
4.5 — 6.0, a donor solution of pH 5.0 was chosen for diffusion experiments to closely
mimic the physiological milieu [248, 249]. This pH value also provides the best stability

for the PEG-NTX prodrug, as indicated by the pH-rate profile. On the other hand, the
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receiver solution was buffered to the physiologically relevant pH 7.4, reflecting the
environment of the deeper layers of skin and bodily fluids [250, 251]. Because the actual
composition of the donor and receiver solutions differed from buffers used in the stability
determination, an additional hydrolysis study was carried out to evaluate PEG-NTX
stability in those media. It was found that the prodrug’s Kk, in the donor solution was
1.93-10° h?, which translates into a te of about 54 h, while in the receiver solution Kapp
equaled 2.88-102 h™ or a tgy of about 4 h. In other words, by chemical hydrolysis alone,
PEG-NTX would be expected to degrade releasing the parent drug 15 times faster in the
receiver solution as compared to the donor solution. Overall, the tyy of over 48 h (the
duration of diffusion experiment) was deemed to be sufficient to ensure that only a small
portion (<10 %) of NTX coming from prodrug in the donor solution would be formed, and
would not substantially affect the interpretation of the data. Besides stability, the second
key parameter of interest was solubility. The main purpose for designing a PEGylated
NTX prodrug was to achieve increased water-solubility of the drug in the donor solution.
The apparent aqueous solubility values for the parent drug and prodrug were 338 mM
and 629 mM, respectively, showing nearly a 2-fold increase in apparent agueous

solubility of the prodrug compared to that of NTX.

8.4. Permeation and simultaneous bioconversion

The potential detrimental effect of the acetate buffer (present in donor solution) on skin
was evaluated in a separate experiment involving transepidermal water loss (TEWL)
measurements before and after charging the donor chamber with the drug-free donor
solution over 48 h. Typical readings for untreated minipig skin were equal to or less than
10 g m? h* [245-247]. The experimental TEWL values for untreated skin remained low
and increased from 2.2 + 0.4 to 3.1 = 0.2 g m™ h™* over 48 h, suggesting no damage to

the barrier had occurred. All in vitro diffusion experiments used MN-pretreated Yucatan
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minipig skin. Minipig skin is a well-established model for human skin in transdermal drug
delivery as it possesses the characteristics similar to those of the human skin [34, 35].
However, as every model, it has some limitations [36] and results reported here should
not be extrapolated to human skin without caution. Differences in the structure of the
dermis may translate into different diffusional resistance of that tissue and, therefore,
affect the flux values obtained from MN-enhanced permeation experiments. The
diagram of the experimental set-up used to investigate the transport of PEG-NTX
prodrug across MN-treated skin is presented in Figure 8.3.

The transdermal permeation through MN-enhanced skin was evaluated at 6
concentrations for PEG-NTX: i.e. 10, 20, 40, 70, 90 and 100 % saturation, or 63, 126,
252, 440, 566 and 629 mM. The saturated solution did not contain any undissolved
prodrug to ensure that potential interference between excess prodrug and
microchannels, such as obstruction of the microchannel opening, presence of the
undissolved prodrug in the microchannels, etc., would not affect the results. Since the
prodrug possesses much lower chemical stability at elevated pHs, its diffusion across
MN-treated skin is accompanied by simultaneous chemical hydrolysis and possibly
enzymatic bioconversion. As a result, two species, the prodrug itself and NTX generated
from hydrolysis of the prodrug, are detectable in the receiver solution. Prodrug
permeation from donor solution at either concentration tested resulted in steady-state
conditions after a relatively short lag time. A representative permeation profile is
presented in Figure 8.4 and permeation data is summarized in Table 8.1. The total flux
was obtained by summation of prodrug flux and NTX-from-prodrug flux, and can be seen
as a measure of overall performance of the prodrug. Steady-state total flux values
plotted as a function of PEG-NTX concentration in the donor are shown in Figure 8.5.
(Note that Table 8.1 reports flux of unhydrolyzed (intact) PEG-NTX prodrug and NTX-

from prodrug separately while Figure 8.5 sums them up to obtain total PEG-NTX
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prodrug flux (filled circles) which is contrasted with the flux of NTX alone obtained from a

separate experiment).

8.5. Deviations from ideal behavior

While in the lower concentration range (63—252 mM) the increase in the flux is roughly
proportional to the increase in concentration, at higher concentrations (440-629 mM) the
flux is independent, if not inversely related, to the donor concentration. The behavior in
the low concentration range can be well predicted by using Fick’s first law of diffusion
and a concentration-independent permeability coefficient. However, the deviation from
ideal behavior is substantial in the higher concentration range. Additionally, Figure 8.5
illustrates the permeation of the parent drug alone from data obtained from a separate
experiment. NTX alone provides higher flux as compared to the PEG-NTX prodrug at
any corresponding concentration. The permeability coefficient of the prodrug is expected
to be somewhat lower than the permeability coefficient of the parent drug, due to its
higher molecular weight. In bulk solution (as in microchannels), the Stokes-Einstein
eqguation can be used to inversely relate solute diffusivity to the cubic root of the size of a
molecule, D ~ MW, On the other hand, in dermis, Kretsos et al. found that the Wilke-
Chang relationship, which predicts a steeper drop in diffusivity as a function of
increasing molecular weight, D ~ MW, correlated well with their experimental data
[59]. However, other functional relationships including that predicted by the Stokes-
Einstein equation were not excluded. In other words an increase in the molecular weight
from 341 Da (parent drug) to 502 Da (PEG-NTX prodrug) would be expected to
decrease prodrug diffusivity by about 12% (by the Stokes-Einstein equation) or about
20% (by the Wilke-Chang relationship). Furthermore, the hydrodynamic radius of the
PEG-NTX prodrug may be actually larger than that calculated from the molecular weight

alone due to the association of water molecules with the PEG chain. Overall, superior
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prodrug solubility, even with a somewhat decreased diffusivity, but in the absence of

non-ideal behavior, should result in improved transdermal flux through MN-treated skin.

8.6. Viscosity influence on prodrug diffusivity

It has been suggested that the viscosity of the donor solution may have a vital effect on
drug delivery rates through MN-treated skin [39]. The relationship between the viscosity
(n) of the diffusion medium and the diffusion coefficient is given by the Stokes-Einstein

equation:

kT
D= (8.2)

where k is Boltzmann’s constant, T is absolute temperature, and r is the radius of the
diffusant (assuming it can be represented by a spherical particle). Specifically, it was
shown that the NTX<HCI flux through microchannels and underlying dermis correlated
well with the decrease in the calculated drug diffusivity in the donor solution. Additionally,
the flux through microchannels using aqueous drug solutions was found to be well
approximated by the flux through MN-enhanced skin (the contribution of flux through
skin around microchannels was low). To test the hypothesis that an increase in the
viscosity of the prodrug-containing donor solution may explain low PEG-NTX flux at high
concentrations, the donor solution viscosity values were measured. It is known that at
sufficiently high solute concentration, solvent viscosity can be altered, exerting a
secondary effect on the solute’s own diffusivity [54]. Figure 8.6 shows that donor
solution viscosity increases in an exponential fashion as a function of the prodrug
concentration, and demonstrates approximately a 3-fold increase between the lowest

and highest concentrations tested. A simple log-linear empirical equation in the form of:
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logn=axC+b (8.3)

was used to describe this trend for later flux calculations, where C is concentration [mM]
and a and b are fitted parameters [252]. The experimental data can be transformed by
normalizing either flux or permeability coefficient for apparent viscosity effect.
Multiplication by viscosity of a given donor solution affords the viscosity normalized

parameter, e.g.

J=Jx n (8.4)
or
P=Pxn (8.5)

where J' is the viscosity-normalized flux, J is the experimentally measured flux and n is
the viscosity of the donor solution, and the P’ is the viscosity-normalized permeability
coefficient and P is the experimentally determined permeability coefficient. Such
correction results in flux or permeability coefficient values corresponding to a viscosity
value of unity. If the hypothesis is valid, it would be expected that the viscosity-
normalized flux will correlate linearly with the prodrug concentration in the donor solution
over the whole concentration range tested. A plot of viscosity-normalized flux is
presented in Figure 8.7, which shows a reasonable linear correlation (R* = 0.96).
Moreover, from the slope of this graph, an average viscosity-normalized permeability

coefficient P, Of 23.01- 10®° + 2.57 - 10™ (mean + 95% CI) was estimated. Individual
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viscosity-normalized permeability coefficients (P’) are reported in Table 8.2. Apart from
the P’ for the 63 mM concentration which is somewhat higher than the average, the
normalized permeability coefficients are concentration-independent over the range of
prodrug concentrations tested (one way ANOVA with post-hoc Bonferroni’'s analysis
reveals a statistically significant difference at a = 0.05 between the P’ at 63 mM and P’ at
629 mM). In other words, the changes in MN-enhanced percutaneous flux of the PEG-
NTX prodrug can be satisfactorily explained by changes in the viscosity of the donor
solution.

Assuming that most prodrug molecules permeate through microchannels and into the
dermis below, rather than through skin around microchannels, a two-ply membrane
concept incorporating the microchannel and underlying dermis can be used to rationalize
the data. In the experimental set-up used in the current study the thickness of the dermis
below the microchannel exceeds the length of the microchannel, and the diffusion
coefficients of drugs in the dermis are known to be approximately 3.7-fold lower as
compared to those in the bulk aqueous solutions [59]. Based on the above, it can be
expected that the major diffusional resistance lies in the dermis layer. Therefore, flux
should not depend on the viscosity of the donor solution unless it changes the properties
of the barrier (dermis). It is possible that the prodrug-containing, elevated-viscosity donor
solution alters the microenvironment of the dermis by increasing its diffusional
resistance. Assuming this effect is similar to that seen in the bulk solution, flux through
microchannels and dermis below would be inversely related to the viscosity of the donor
solution. In other words, the results from the current study imply that changes in the
prodrug diffusivity in the donor solution are reflective of prodrug diffusivity changes in the
whole skin barrier. Using the previously estimated average viscosity-normalized
permeability coefficient (P’ae) and the viscosity of the donor solution at any given

concentration, an expected flux (Jcac) can be calculated from:
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P'ave
Jealc= T x C (8.6)
which, after incorporation of Eq. 3, becomes:

PlaVe
Jealc= xC (8.7)

10(0.000807><C - 0.097641)

where C is the prodrug donor concentration [mM]. Figure 8.8 presents experimental
data and compares it to the predicted total flux for the PEG-NTX prodrug. A reasonable
agreement between experimental and calculated values lends practical utility to this
approach. Finally, prodrug skin disposition studies at the end of the diffusion experiment
were carried out. Both prodrug and NTX-from-prodrug were detected in the skin. Table
8.3 shows the amount of each as a function of changing concentrations in the donor
solution. The extent of prodrug metabolism, calculated as fraction of prodrug converted
to NTX, does not differ substantially and remains constant at 37 + 10%. This value is
somewhat higher that its counterpart (29 + 9%) obtained from flux values (Table 8.1),
and likely reflects extra degradation that occurred during sample processing time and
skin extraction procedures. A lack of decline in the fraction of prodrug metabolized with
an increase in concentration suggests either chemical hydrolysis alone or chemical
hydrolysis accompanied by non-saturable enzymatic hydrolysis is the primary

mechanism for PEG-NTX hydrolysis in skin.

8.7. Other prodrugs and codrugs for MN-enhanced drug delivery
A multitude of other naltrexone and 63-naltrexol prodrugs and codrugs were synthesized

by Dr. Crook’s group. Most of them were evaluated with respect to the hydrolytic stability
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in the aqueous vehicle at pH 5.0 and with respect to the hydrolytic stability at pH 7.4. A
list of structures possessing a variety of prodrug moieties and different chemical linkers
are presented in Table 8.4. It was decided that chemical stability at pH 5.0 should be at
least enough to provide less than 10% prodrug degradation over the duration of the in
vitro diffusion experiment. This translated into a pseudo first-order hydrolytic rate
constant of less than 2.2x10° h™. As evident from a stability summary in Figure 8.9
many prodrugs did not fulfill this requirement. The lack of adequate formulation stability
was the single major issue related to prodrug use. Some of the comparisons, among the
tested compounds, are instructive. The hydrolytic stability between compounds of the
same chemical linker containing minor modification at the side chain situated far from
the reaction center is similar (YTR-NTX-20 vs. YTR-NTX-43 and YTR-NTX-28 vs. YTR-
NTX-63). Everything else being the same, carbamate esters hydrolyzed 2-fold slower
than carboxylate esters (YTR-NTX-20 vs. YTR-NTX-28 and YTR-NTX-43 vs. YTR-NTX-
63). NTX prodrugs containing an electron-withdrawing oxygen atom situated close, 8, to
the reaction center hydrolyzed about 16—fold faster as compared to the structures
possessing an oxygen atom in the farther y position (YTR-NTX-29 or YTR-NTX-31 vs.
YTR-NTX-43), which can be rationalized on the basis of facilitating the nucleophilic
attack at the carbonyl. A carboxylate carbohydrate prodrug hydrolyzed much faster than
its PEGylated counterparts (YTR-NTX-69 vs. YTR-NTX-29 or YTR-NTX-31). A cholyl
carbonate prodrug of NTX hydrolyzed at a similar rate to the PEGylated carboxylate
prodrugs of NTX with oxygen in the B position (YTR-NTX-100 vs. YTR-NTX-29 or YTR-
NTX-31). The NTX-cytisine codrug (JAE-1) is characterized by very high chemical
stability (no hydrolysis observed over the stability study duration) as can be expected
from a disubstituted carbamate linker [253]. Finally, with respect to the reactivity of the
30’ and 60’ hydroxide groups of NTX and NTXol; the reactivity of the phenolic —OH is

much greater as can be expected from a better leaving group character. The pK, of a
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phenolic group is around 10 while the pK, of an aliphatic hydroxide group is around 14.
This difference is readily observed while comparing the hydrolytic rates of 30’ NTX and
60’ NTXol amino acid prodrugs (Val-3O’-NTX and Leu-30’-NTX vs. Val-60’-NTXol and
Leu-60’-NTXol). Also, the duplex carbonate NTXol codrug (YTR-NTXol-89) hydrolyzed
slowly as could be expected based on the lower reactivity of the 60’ hydroxyl group and
steric hindrance provided by two bulky NTXol molecules in the direct vicinity of the
reaction center. In order to increase the stability of some prodrugs the change in
agueous vehicle composition was investigated. The addition of a cosolvent, such as PG,
to unbuffered water was found to dramatically influence the rate of hydrolysis. The
increase in the abundance of PG caused a decrease in the hydrolysis rate. The
magnitude of this effect was different for carboxylate and carbamate esters as shown in
Figure 8.10 and Figure 8.11. However, the practical utility of this approach is limited
due to the effect that a cosolvent exerts on flux through MN-treated skin as described in
Chapter 7.

The stability at pH 7.4, was typically at least one order of magnitude lower as compared
to pH 5.0, which was expected and advantageous from the perspective of systemic drug
delivery. The notable exception was the JAE-1 codrug, which was very stable under both
pH values. This observation is in agreement with a different, and extremely slow,
mechanism which is involved in the hydrolysis of disubstituted carbamates [253].

The fulfilment of the stability prerequisites was not interpreted as a warrant for
progressing to the in vitro diffusion studies. In addition to the adequate stability a
produg/codrug must possess high solubility so that the driving force for diffusion is high.
An example of a codrug which possessed desired stability but failed to demonstrate high
solubility is YTR-NTXol-89. Despite promising formulation stability the solubility at
relevant pH of 5.0 was very low (Figure 8.12) and no permeation studies were carried

out with this molecule.
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8.8. Conclusions

The current study explored the in vitro permeation of a PEGylated NTX prodrug across
MN-treated skin as a function of its concentration in the donor solution. It has been found
that the flux did not proportionally increase when high concentrations of the prodrug in
the donor solution were utilized. In other words, the apparent permeability coefficient
(calculated as a ratio of flux over drug concentration in the donor solution) is not a
concentration-independent proportionality constant between flux and drug concentration.
It was hypothesized that this non-linearity was caused by elevated viscosity of the donor
media. Calculations based on the Stokes-Einstein equation afford a reasonable
explanation of the experimental data. Interestingly, if this reasoning is correct, a clear
decline in flux would be expected with further increases in prodrug concentrations in the
donor solution. It was not possible to investigate this with the present PEG-NTX prodrug,
due to its limited solubility. Overall, it cannot be excluded that other formulation
characteristics besides viscosity of the donor solution may also alter transport rates
through MN-treated skin. Apart from kinetics considerations, a decrease in the
thermodynamic chemical potential of the diffusant at high concentrations may also
contribute to deviation from ideal behavior. Nevertheless, in the present study,
accounting for changes in viscosity alone provided a rational interpretation for the data
obtained. Obviously, the generalization of the results obtained from the current study will
require further investigation. It is not expected that the type of behavior seen in the
present study will be universal for all MN-involving transport experiments as different
methods of MN application, MN design and formulation characteristics play a significant
role in the drug transport across MN-treated skin [254]. In consequence, the generality of
the present in vitro findings may be limited to the studies involving, among others, water-
based formulations, MN-pretreated skin with microchannels having similar nature to

those obtained in this study and permeants which cross the skin mainly through
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microchannels and underlying dermis, rather than through the intact skin around
microchannels. Overall, it is very likely that the prodrug approach to increase aqueous
solubility of a poorly soluble lipophilic parent drug could be successful in increasing flux
across microchannel pathway. However, in the present study, charged NTX possesses
already high water solubility and further increase seems not to translate into any
practical benefit due to deviations from ideal behavior. If the above reasoning is correct,
the maximum flux for a compound permeating across microchannel pathway would
occur where the ratio of donor solution concentration to donor solution viscosity is the

highest.
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Table 8.1. Summary of the in vitro permeation of the PEG-NTX prodrug through
MN-treated Yucatan minipig skin from donor solutions containing prodrug at
different concentrations. Simultaneous diffusion and hydrolysis of the prodrug
resulted in the detection of both: prodrug itself and NTX-from-prodrug in the

receiver phase. Each value represents the mean + SD (n = 3-4).

Fraction of
Prodrug NTX-
prodrug
concentration in Prodrug from-
converted * SD
donor solution prodrug
[%]
[mM]
Flux + SD Lag time Flux + SD Lagtime
[nmolecm2h'] £ SD[h] [nmolcm2h'] £ SD [h]
63 17953 58+0.7 6.8+25 105+1.1 28+12 3
126 229+57 84+26 9.0+25 95+22 28+10 4
252 379+£73 78+1.0 141+£28 86+1.1 2717 4
440 450+ 4.1 7.7+0.6 205+23 12017 314 3
566 40.8+13.8 42+23 170+4.8 86+15 29+ 11 4
629 355+10.1 35+27 146 +3.6 78+29 29+9 4
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Table 8.2. Summary of individual permeability coefficients (P) and viscosity-

normalized permeability coefficients (P’) as a function of the prodrug

concentration in the donor solution. Permeability coefficients were normalized per

viscosity according to Eq. 5. Each value represents the mean + SD (n = 3-4).

Prodrug donor

concentration [mM] 63 126 252 440 566 629

n 3 4 4 3 4 4

P x 105+ SD [cm h] 39.3+93 25449 20.7 3.1 149+ 11 102+2.6 8.0+17
P’ x 105+ SD [cm h™'] 36.1+8.6 25449 25939 265+19 23259 21.0x45
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Table 8.3. Summary of the drug skin disposition at the end of the 48 h diffusion
experiment involving MN-treated Yucatan minipig skin. Both the PEG-NTX prodrug
and NTX-from-prodrug were detected in the skin. Each value represents the mean

+ SD (n = 3-4).

Prodrug donor
63 126 252 440 566 629
concentration [mM]

n 3 4 4 3 4 4
Prodrug amount * SD
367 + 127 597 + 214 850 + 306 1445 + 123 1352 + 125 1459 + 236
[nmol/g skin]
NTX from prodrug
amountt SD 253 + 54 404 +129 504 + 189 752 + 68 749 + 68 784 + 87

[nmol/g skin]
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Table 8.4. A list of prodrug and codrug structures of naltrexone and 6B-naltrexol
tested for hydrolytic stability at pH 5.0 and pH 7.4. Name, molecular weight,

estimated log Ko (ChemDraw®8.0), and chemical structure are reported.

CARBOXYLATE PEGYLATED PRODRUGS
Name MW logKomw Structure
YTR-NTX-20 502 0.08
YTR-NTX-21 606 2.21
YTR-NTX-29 502 0.15
YTR-NTX-31 458 0.30
YTR-NTX-43 516 0.44
H3CO
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CARBAMATE PEGYLATED PRODRUGS

Name MW logKomw Structure
YTR-NTX-28 517 -0.12
YTR-NTX-63 530 0.24

CARBOXYLATE CARBOHYDRATE PRODRUGS

Name MW logKow Structure
YTR-NTX-69 685 -04
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CARBOXYLATE AMINO ACID PRODRUG PRECURSORS

Name MW logKomw Structure
|
OH
JAE-2 647 2.82 . @Q:}
LR T
HN
o]
Ra
CARBAMATE CODRUGS
Name MW logKomw Structure
7
JAE-1 558 0.19 -
-
(0]
CARBONATE DUPLEX PRODRUGS OF 6-B-NALTREXOL
Name MW logKow Structure
YTR-NTXol-89 712 N/A

OH HO
o) Q
N o N
HO )k OH
(o) (o)
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