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Abstract

Clinical response to most topical dermatological drug products (TDDP) depends on the availability
of the drug in the dermis. Dermal Microdialysis (dMD) is a sampling technique that permits
measuring the concentration of a drug over time, in vivo, directly into the target tissue, the
dermis. The pharmacokinetic parameters obtained from such studies may help to optimize the
development of TDDP and potentially can be applied to the assessment of TDDP bioequivalence.
However, these studies require several hours or even days of continuous sampling that makes it
often stressful and unpractical for human subjects as well as animals. The goal of this dissertation
was to develop a reliable and consistent ex-vivo dMD method to complement and assist in vivo

dMD experiments.

In the first part of the project, we have developed and tested the ex-vivo dermal
microdialysis method on two different experimental skin models using freshly excised porcine
skin. Porcine skin was selected due to the close resemblance to human skin, it is advantageous
in terms of availability and expense. For the microdialysis study, in-house dermal microdialysis
probes were conveniently manufactured with controlled specifications and the microdialysis
recovery process was screened with an in vitro setup to match the intended use. The in vitro
microdialysis method was optimized for probe specification, analyte suitability, perfusion flow
rate, and perfusate composition. A maximized, rapid, and steady recovery was demonstrated
within a wide range of concentrations. For the ex vivo dermal microdialysis study, the two
different skin models developed were: M1-- Full-thickness skin (x0.25 cm) without subcutaneous
fat layer placed on a hydrated 0.5 cm cellulose backing support, and M2 -- Full-thickness skin
with subcutaneous fat layer (total thickness = 1.0 cm) placed directly on an aluminum boat,

avoiding any kind of hydration. Both setups were tested on TDDP cream and gel of metronidazole



(MTZ) for which both in vivo and IVPT data are available for comparison. The two different
formulations, Metronidazole cream and gel, were compared side-by-side for the rate and extent
of delivery to the dermis. The latter skin model was found suitable, manifesting data comparable
to the available data from in vivo pig and IVPT (human cadaver) study. The selection of the best-
fit-model was based on the comparative bioavailability response from the negative control,
Metronidazole gel, resulting in a lower bioavailability profile (90% CI). Using this suitable ex vivo
dMD model, site-specific results of the drug can be conveniently monitored in the dermis leading

to dose-dependent rate and extent in concentration-time exposure.

The M2 model was further tested for the effect of temperature of the skin on the
bioavailability profile of the drug. As reported in several pieces of literature, an increase in dermal
exposure is expected with the rise in skin temperature. Superficial addition of heat to the skin
was not feasible as it may change the thermodynamics of the formulation leading to alteration in
permeation kinetics. Thus, the physiological temperature of ex vivo pig skin explant was achieved
by providing continuous heat from the ventral side using a closed water-bath system. The process
of supplementation of temperature did not impact the bioavailability profile, rather unfavorable
damages to the skin microstructure due to thermal degradation was observed. Further studies

with the proposed model ex vivo dMD model were conducted at ambient lab temperature.

Yet another aspect of the proposed model was to test its capability to determine
bioequivalence (BE). The potential of using this model for BE testing was validated by comparing
the BA of MetroCream with its USFDA-approved generic Metronidazole 0.75% cream. The overall
BE estimation resulted in an In-AUC of 91.65 (80.93, 104.88) and an In-Cmax value of 87.56
(74.87,102.39). The fact that reference and test formulations can be tested simultaneously at

multiple sites on a skin sample harvested from a single animal subject reduces the burden of
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inter-subject variability. The experimental population size required to establish bioequivalence for

topically applied drugs can be reduced.

Yet another aspect of the study was to design a mathematical model, based on the ex
vivo dMD findings, to extend its predictability to in vivo outcomes. A first-of-its-kind unit impulse
response method was applied in dermis tissue of skin explant to measure the absorption
independent elimination parameters. The estimated parameters were employed to calculate the
cumulative absorption of the drug from different topical formulations. The absorption profile of
the developed model was time-scaled and absolute-scaled with a permeation scaling factor to
map with available literature data on in vivo pig. The levy point-to-point regression coefficient
was employed to predict the in vivo PK profile thereafter. With the current intervention, we
propose a mathematical possibility to predict in vivo outcomes for a given topical dose. The
studies presented were limited internal predictions only, and external validation with a different

set of data is yet to be performed and to be undertaken at another time.

Overall, the studies presented in this work provides a foundation stone for an elaborate
field of work that can be undertaken to minimize the use of animal in pharmacokinetic evaluations
for topical and transdermal products. Ex vivo dermal microdialysis warrants testing on a plethora
of drug molecules of different polarities to decide on the future of the technique. Regardless, the

technique holds unmet potential and needs to be nurtured over time.
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Chapter 1: Introduction



1.1 Statement of Problem

Topical dermatological drug products (TDDP) are intended to present their therapeutic effect on
the skin. Hence, the characterization of the permeability kinetics of drug molecules in the various
layers of the skin would promote the development of more effective formulations and better-
informed clinical use of these products. Dermis microdialysis (dMD) has emerged as a potential
tool to study pharmacokinetics in vivo directly in the skin for drugs applied topically. It is an
accurate, sensitive, reproducible, and efficient method to measure drug concentration in the skin.
dMD has the potential to discriminate between formulation types (1) and to evaluate
bioequivalence for TDDP. Currently, the bioequivalence of TDDPs is based on evidence-based
clinical end-points studies; however, in the last decade, the FDA in collaboration with academia
is evaluating quantitative approaches like dMD or dermal open flow microperfusion (dOFM) as
more efficient tests to demonstrate bioequivalence of TDDP. While these techniques provide
promising results, one thing became clear: the assessment of dermal pharmacokinetics from
TDDP is a lengthy process that requires several hours or even days for the complete
characterization. Thus, these experiments can be very onerous for the participants also
considering that the sampling probes must stay implanted in their skin for the entire duration of
the experiment restricting their freedom of movement or, in animal studies, requiring continuous

sedation.



1.2 Rationale for the Study

Clinical response to dermal products is a function of the availability of the drug at the site of
action, often located in the dermal region. The evaluation of permeability and availability of the
drug candidate in the dermal compartment is pivotal to the drug discovery and development
process. The estimation of the dermal drug concentration-time profile during product

development would help to optimize the selection of the most successful formulation composition.

Dermal microdialysis (dMD) allows the measurement of the analyte concentration at the
site of action without disturbing the surrounding tissue, thereby making it possible to monitor the
concentration-time course of the active pharmacological ingredient (API) in vivo directly in the
dermal compartment (2,3). Dermal microdialysis studies could be potentially useful in the animal
model during preclinical studies to understand critical experimental details before proceeding to
clinical studies in humans. Such preclinical studies for TDDP are usually conducted in hairless
minipigs, an animal model that is recognized as the most predictive of human permeability for a
wide spectrum of molecules (4). Swindle et al. reported the structural similarity of porcine skin
with human skin. Similarity includes epidermal thickness and dermal-epidermal thickness ratios.
Also, pig skin is relatively hairless, has a fixed subcutaneous layer, and dermal hair follicles density
similar to humans (5). However, working with live pigs has some disadvantages. Given the length
of the experiments and the fragility and complexity of the dMD technique, animals must be
continuously sedated. Besides, studies involving livestock require dedicated housing and
specialized procedural facility, certification from USDA, approval from IACUC, trained personnel
for handling and proper biohazard disposal, and many other unaccounted financial and

management issues.

In this current study, we have laid down the fundamentals to develop an ex vivo model

using porcine skin explant harvested from domestic pigs to test and tune-up dMD conditions and
_3_



experimental parameters. Porcine skin would easily be available to purchase from a local meat
shop. The feasibility and reliability of the ex vivo model were thoroughly evaluated for the model
to provide robust data supporting the study design of subsequent pre-clinical or clinical studies.

Ultimately, it may even become a surrogate for clinical endpoints.

Fresh porcine skin explant with high moisture content has been reported as a suitable
alternative to fresh human skin (6). Various approaches to maintain this hydration of skin explant
were undertaken and evaluated to develop a meaningful and reproducible model. Variables tested

and optimized include

. level of hydration,

. skin thickness,

. occlusion,

. backing support, and
. temperature.

The experimental conditions were tested and optimized for the following criterion:

. Specificity: A proposed model will be considered selective only if the drug concentration
detected via dMD at a dosing site is free of interferences by the analyte from the neighboring test
sites. The specificity of the dMD method can be tested by probing the lateral diffusion of the test
analyte in the skin at known distances from the application site. Optimization of the minimum
distance between the application/test site would help to maximize the utilization of the skin

sample.



. Sensitivity: The ability of the devised dMD method to record dose-dependent responses
to TDDP will ensure the sensitivity of the method. Linear dose-response with high regression co-

efficient will determine the degree of sensitivity of the model.

. Discriminatory: The ability of the devised dMD method to selectively discriminate between

formulations that are known to have different pharmacokinetic profiles.

. Reproducibility: The ability of the devised dMD method to provide similar results in

different subjects will determine the reproducibility of the method.

Commercial Metronidazole (MTZ) TDDP formulations were used as a model drug to test the ex
vivo model. MTZ is an approved topical treatment for rosacea since 1995. The site of action is
believed to be the dermis layer of the skin. MTZ being a hydrophilic molecule with low protein
binding (7,8), and having a molecular mass of 207.61 g/mol presents as a good substrate for
microdialysis recovery. Yet another reason for selecting MTZ as our model drug is the availability
of in vivo permeation data of MTZ products on the Yucatan mini-pig model which in turn provided

us a basis for reference.

Once the model was developed, bioequivalence (BE) of commercially available MTZ
generic products was tested in comparison to its reference listed drug (RLD) product. According
to the current accepted criteria, two formulations are deemed bioequivalent to each other when
the ratio of log-normal AUC of the test formulation is between 0.8 and 1.25 of reference

formulation, at a confidence of 90% (9).

Additionally, we presented a method to study the dermal pharmacokinetics of
metronidazole (MTZ) independently of its absorption from topical administration. While, the study

design mentioned above can measure changes in the dermal concentration-time profile, the
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absolute absorption, and the intrinsic distribution/elimination data are inseparable. For systemic
administrations, the absorption process can be elucidated by deconvolution of the plasma
concentrations with the unit impulse response (UIR). A plasma UIR is usually estimated from
intravenous administration, a type of administration that by-pass the absorption process. In our
research group, we have earlier proposed a retrodialysis/microdialysis approach to deliver
metronidazole (MTZ) directly to the dermis (intra-dermally) to estimate the dermis unit impulse
response (dUIR). The dUIR provides a measure of dermal disposition independent of the
absorption process. The dUIR was then applied to estimate the flux into the dermis and the
cumulative amount (CA) absorbed via numerical deconvolution of the dermal concentration
profiles detected at the topical formulation administration sites (10). In the present project, the
same approach was applied ex vivo by comparing the ex vivo flux and the cumulative amount
absorbed into the dermis with the in vivo skin permeation testing data (IVPT) to develop an Ex
Vivo In Vivo Correlation (EVIVC). Since the major difference between the in vivo and ex vivo
experiments is the absence of blood flow, this approach may help to sort out the influence of in

vivo blood elimination on the dermis PK profile.



1.3 Specific Aims

Overall Aims:

To develop an ex vivo dermal microdialysis (dMD) method on excised pig skin to predict the

pharmacokinetics of topical dermal products.
Background work:

e Validation of HPLC method from the existing in-house method for Metronidazole (MTZ).
e In vitro microdialysis and retrodialysis study- optimization of flow rate and establishment

of linearity in probe recovery.

Specific Aim 1: Identify the experimental conditions that make the excised skin model a robust

environment for the assessment of dermal pharmacokinetics using dMD.

Specific Aim 2: Test the model developed to determine the bioequivalence of commercial

generic topical drug product of MTZ to its reference listed drug product.

Specific Aim 3: Determine the dermis MTZ disposition independent of the formulation by dermal
infusion of MTZ, thereby, estimating the dermal unit impulse response and development of an
EVIVC (Ex Vivo In Vivo Correlation) on pig skin with available in vivo permeation testing data for

prediction of dermal drug exposure.



1.4 Schematics of the overall goal of the research work

Ex Vivo Pig Skin
dMD-PK model

Aim 1

dermal PK
parameters

I ? .
I Dermis unit
i_Impulse response

Ex Vivo In Vivo
Correlation

! Bioequivalence

1
1
L

Aim 2 Aim 3

Figure 1.1: Schematic representation of the overall study- development of an ex vivo model (Aim 1), testing the model
for Bioequivalency (Aim 2), and understanding the disposition of the drug in the target tissue (Aim 3).



Chapter 2: Background



2.1 Skin structure and the source of variability in permeation between species

Skin can be defined as the partition layer between the body and the outside environment. It
serves as an important interface through which the body interacts with the surrounding in a
controlled physiological process. This ability to finely regulate the exchange of substances makes
the skin selectively permeable. It is highly selective as to what it lets into or out of the body and

at what rate. This introduces a challenge for delivering drugs across the skin into the body (11).

Full-thickness mammalian skin broadly comprises three distinct layers of cell structures-
epidermis, dermis, and deeper subcutaneous fat & connective tissues. The outermost layer of the
skin known as the epidermis is made of proliferating basal and differentiated supra-basal epithelial
keratinocytes held tightly by surrounding lipid-enriched extracellular components to represent a
brick and mortar design (11). The outermost layer of the epidermis, stratum corneum, is about
10-15 layers of terminally differentiated keratinocytes called corneocytes. These non-living
corneocytes have a cornified envelope instead of the plasma membrane and are surrounded by
a lipid coat which contributes to the hydrophobic barrier function of the skin and exceptionally
low permeability to water-soluble drugs (12). These variations in the membrane structure and
lipid composition provide the structural and biochemical basis for intra-subject, inter-subject, and

inter-species differences in permeability of drugs.

The avascular epidermal layer of the skin is supported and nourished by the diffusion of
intracellular fluids from the vascular dermal layer beneath. The dermis is composed of a dense
extracellular matrix that supports the cutaneous vasculature, sensory nerve cells, sweat glands,
and hair follicles. The collagen fiber from the dermis is responsible to bind water and contributes

to the hydrophilicity of the skin.
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2.2 Permeation pathway

Drug molecules are expected to permeate through the skin via either the transepidermal pathway
(diffusing across the stratum corneum) or the appendageal route (diffusion through hair follicles
and/or sweat ducts). These pathways are not mutually exclusive, and a combination of pathways

is taken by most drugs.

The transepidermal route can be classified into the paracellular route (=passing through
the intercellular space) and the transcellular route (=through a cell). In the paracellular route,
the drug navigates the convoluted path within the extracellular matrix, avoiding passing through
the cells. While this route occupies a small portion of the entire epidermal layer, it provides a

continuous path through the epidermis into the dermis and the hypodermis.

Appendage 3
(hair follicle, Drug formulation Cofnéogyte
sweat duct) St | \ (‘brick’)
= | b —— >
| —_— e Stratum
o : > G corneum
| e — \———
Y Y Y Extracellular matrix
(a) (b) (c) (‘mortar’)

Figure 2.1: Drug permeation pathways in the stratum corneum: (a) the appendageal route, (b) the transcellular route,
and (c) the paracellular route (11).

Corneocytes in the transcellular route contain an intracellular keratin matrix that is relatively
hydrated and thus polar in nature. Permeation through the transcellular route requires repeated
partitioning between this polar environment and the lipophilic domains. The transcellular pathway

is lesser preferred of the two pathways. Overall, the transepidermal pathway is the primary route
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of drug permeation in the skin (11,13). Thereby, diffusion across the stratum corneum is the rate-

limiting step that governs the flux of a drug through this pathway.

Due to the sparse existence of appendages on the skin surface (hair follicles or sweat

ducts), percutaneous transport through appendages is usually minor.

2.3 Topical dermatological drug products Bioequivalence: A regulatory

perspective

Topical dermatological drug products (TDDP) are intended to act locally in the skin. Thus, local
tissue concentrations at the site of action are critical components in determining bioequivalence
(BE) for such products. However, such data is not readily available or even measured for most
products. Additionally, topical administration of drug products typically does not lead to
quantifiable drug concentrations in the systemic circulation, rendering bioequivalence evaluation
a challenging process for these complex dosage forms in the absence of local drug

pharmacokinetic data.

The Food and Drug Administration (FDA) draft guidance on topical dermatological drug
products of 1998 introduced a dermatopharmacokinetic (DPK) approach to develop the kinetic
relationship of the TDDP after topical application in vivo in humans (14,15). Briefly, the stratum
corneum (SC) layer at the application site was removed by sequential tape-stripping, and
subsequently, the drug was extracted for quantification. Topical products that produced
comparable SC drug quantity versus time profiles were deemed bioequivalent (16). FDA
eventually withdrew the guidance as the DPK method was not only exclusive for products that
are intended for therapeutic effectiveness at the SC but also provided conflicting results between

laboratories (17).
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FDA ensures that high-quality topical dermatological generic drug products are made
available to consumers. On that note, the FDA has taken multiple research initiatives to evaluate
the feasibility of alternative, scientifically valid methods for evaluating the therapeutic equivalence
for these TDDPs (18). Such research projects are intended to explore the development of
appropriate in vitro and in vivo approaches that have the potential to support BE studies based
upon cutaneous PK approaches. FDA is also funding institutional researchers working to develop
dMD and dOFM based pharmacokinetic methods to evaluate the rate and extent to which a
topically applied compound becomes available in the dermis, at or near a site of action within the
skin, and to evaluate the relative sensitivity of dermal pharmacokinetic methods to discriminate
differences in drug concentrations in the skin. The goals of these research initiatives include
developing appropriate and relevant study conditions to evaluate the BE of topical drug products

and developing predictive models to help evaluate topical BE.

2.4 Alternative approaches to the human skin model

Human skin for research is available in limited amounts and can only be sourced from clinics
performing cosmetic surgeries or harvested from cadavers. In comparison, animal skin is easily
available. Some of the most commonly used animal models for biological research are rodents
like mice, rats, and guinea pigs. These animals are easy to handle and relatively inexpensive, but
the structure of their skin is not comparable to humans (19). Rodents are often referred to as
loose-skinned animals due to their lack of strong adherence to the underlying structures, which
provides a bias for comparison (20). Furthermore, the presence of thick fur on the skin and non-
comparable skin thickness to humans presents a challenge to mimic the human skin permeation
model. To obtain a reliable prediction of the PK profile of a drug that is indicative of human skin,
physiological differences between human and test species skin need to be minimized. Conversely,

porcine skin is attached to the underlying subcutaneous fat like in humans, it possesses
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comparable morphology, and has a similar hair density. In the late 70s, Yorkshire pig or the
domestic pig was considered the only animal to have morphological and functional characteristics
comparable to human skin (21); thus, meeting the requirements of a model for human skin;
however, with advancing research smaller porcine species (e.g., Gottingen, Yucatan, and Bama
mini-pigs) gained popularity given their ease of handling. Gore et al, demonstrated that the in
vitro permeation characteristics of dorsal domestic pig skin are closer to human cadaver skin than
the Yucatan pig skin and thus suggested the domestic pig model to be a better and more
economical model to study transdermal permeation of drugs in vitro (22). Likewise, Qvist et al
reported similarity in the permeation rate between cadaver and dorsal domestic pig skin. Their
study also concluded that the variance in the result is least in domestic pig compared to human

and Gottingen pig skin (23).

2.5 Microdialysis

Microdialysis (MD) is a semi-invasive sampling technique that allows continuous sampling of a
target analyte in an organ matrix. MD probe containing a semipermeable segment is introduced
into the organ at the target site and an isotonic solution is perfused through the probe. A diffusion-
based process drives the influx of analyte from the concentration-rich target tissue into the
perfusate according to the concentration gradient between the outside sample space and the

perfusion fluid.

The microdialysis technique came into use in the 1980s and was soon adapted into
pharmacological research. The number of publications per year involving MD reached 700-800 in
the late 90s and since then balanced out to about 400-500 publications per year. Although the
majority (about 70%) of these publications are in the field of neurotransmitter studies and brain
research (24); a range of other applications of MD in different fields of biological research has

also been illustrated (25). In the last 25, years over 800 papers have been published on skin
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microdialysis (26), mostly on the pharmacology of skin diseases and their medicinal interventions.
Dermal Microdialysis (dMD) has since its introduction been instrumental in improving the
understanding of drug distribution into tissues in vivo and thereby makes it possible to determine
extracellular unbound drug concentrations over time at the site of action as a function of dose.
The method has substantially improved drug pharmacokinetic measurements from depending on

discrete plasma and whole tissue samples to better-informed pharmacological results.

2.6 The current state of ex vivo dermal microdialysis studies

In the context of TDDPs, the difference between in vitro and ex vivo testing is not clearly defined.
Generally, the term in vitro permeability is used to describe experiments performed with
dermatomed skin i.e., cryopreserved human cadaver skin, 0.5-0.9 mm thick, obtained from a skin
bank and stored at -80 °C until use. Alternative animal models are skin from pig inner ears, and
nude mice or rats of similar thickness and similarly preserved. These types of experiments are
conducted using Franz diffusion cell apparatus (22,23), where the dermatomed skin is the
membrane separating the donor and the receiver compartments. Conversely, the term ex vivo is
used for experiments performed on fresh specimens obtained for example from cosmetic surgery
on otherwise healthy individuals. A large number of documented methods are available on the
use of human and animal skin ex vivo for percutaneous permeability studies (27); however, there

is a limited number of reports available on the use of dMD ex vivo for TDDP permeation studies.

In one of the earliest report, Ault and his group (28) evaluated the feasibility of dMD in
Sprague Dawley rat skin ex vivo where the excised skin flap (cleaned of excess connective tissue
and adipose tissue, hydrated in Dulbeccos modified phosphate buffer saline) was implanted with
an MD probe to monitor the drug flux in the dermis from topically applied 5-fluorouracil cream.
The group observed a rapid increase in flux for the first six hours after which a steady-state level

was achieved. One of the key observations was an increase in flux due to minor disruption of the
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skin microstructure from the insertion of guide cannula for dMD probe. These adverse effects can

be minimized by a reduction in the size of the cannula itself.

Leveque et al (29), used dMD on abdominal skin fragments from female donors to monitor
the intrinsic dermal level of ascorbic acid followed by quantification of the skin penetration of
ascorbic acid and its degradation products from their topical formulation. In another report (30),
researchers used dMD on human skin explant to compare an in-house formulation of

dexamethasone and compared its dermal penetration with its marketed formulation.

From our preliminary literature survey, we understand, dMD on human or animal skin ex
vivo was performed either to explore the permeation of model drugs in the skin or quantify the
drug permeation from any in-house TDDPs of respective labs. There is one report on the
comparison of dMD and dOFM performance of two model drugs of opposite polarity using skin
explant (31). Since then dMD and dOFM have been reported in various scientific articles and
conference proceedings to develop in vivo bioequivalence between TDDPs. Exploration and
development of a statistically meaningful comparative ex vivo dMD method will contribute to the
FDAs Critical Path Initiative (32) for preclinical development of generic TDDPs that are generally

difficult to demonstrate bioequivalent (33).
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Chapter 3: Determination of Relative Recovery of The Dermal
Microdialysis Probe And Assessment of Influence of
Perfusion Rate on The Recovery.

-17-



3.1 Introduction

Microdialysis is a tissue sampling technique used for continuous measurement of free, unbound
analyte concentrations in the extracellular fluid with the help of implanting a probe containing a
semipermeable exchange window of the desired length directly into the tissue matrix. The
exchange of analyte molecules occurs at the junction of the tissue matrix and the semi-permeable
membrane of the dialysis probe. The ability of this probe to recover the analyte of interest from
the target tissue matrix or interstitial fluid is vital to the selection of an experimental design. Some
parameters of importance in this procedure are the perfusate flow rate, temperature,
characteristics of the semipermeable membrane, probe geometry, surface of the semipermeable
membrane, membrane length, perfusate composition, and tubing characteristics (34). Parameters
related to the exchange membrane selection have been extensively studied by Kuzma, et al where
Gambro AN 69 HF from a PrismaFlex System with 17mm probe window were found optimal for

Metronidazole.

The binding of the analyte to the probe wall, connector tubing, or any component of the
microdialysis system may lead to an initial lag time or erroneous estimation of the drug analyte
in vivo (24), and thus needs to be evaluated in the experimental design. One general practice to
determine the binding is to conduct a series of in vitro microdialysis experiments with all the
proposed components of the methods. It is performed by accounting for gain in analyte
concentration with time in the microdialysis probe when immersed in a known concentration of
the bulk sample. The in vitro microdialysis studies not only help to determine the binding but also
helps to assess the linearity of the method with changing analyte concentration. The slope of
steady-state recovery (gain) and the bulk concentration of the analyte will give the Relative

Recovery (RR) of the analyte, specific to the experimental conditions. The RR in vitro is different

-18-



from the RR in vivo since the tissue resistance is much greater than the resistance in a solution

(35).

The in vitro recovery is inversely dependent on the flow rate of the perfusate. With a
faster process, the recovery is reduced. Ultraslow microdialysis has been used in the past to
increase recovery (36). However, the method resulted in initial lag time and very low sample
output. The microdialysis experimental design must include an optimum flow rate that will balance

the recovery as well as the sample volume.

In the present chapter, we have conducted in vitro microdialysis to determine the linear
response of our in-house microdialysis probe for Metronidazole, established the in vitro relative
recovery (RR), determined the optimum perfusate flow rate, and optimized our microdialysis

system for downstream ex vivo studies.

3.2 Method

3.2.1 Microdialysis Probe

Disposable linear dermal Microdialysis probes (will be referred to as dMD probes here onward)
were made in-house using a modified Stagni et al method (37). The probe has two non-permeable
arms, a semi-permeable membrane, and a stainless-steel wire support. Briefly, a 25 mm long
tubular piece of semipermeable polyacrylonitrile membrane of molecular weight cut-off value of
50 KDa (Gambro AN 69 HF from a PrismaFlex System, M100, Baxter, Int., Inc.) was cut and two
arms of 75 mm segments of polyimide tubings (0.127 mm ID x 0.165 mm OD, Nordson Medicals,
Marlborough, MA) were introduced into the membrane and glued with Loctite Cyanoacrylic glue
(Henkel Corp, Hartford, CT) leaving an exchanged window of 17 mm on the membrane.
Eventually, a stainless-steel guide wire (0.0381 mm diameter, Molecu-Wire Corp., Wall Township,

NJ) was inserted in the probe to provide support from bending and stretching. Tygon ND 100-80
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Polytetrafluroethylene tubing (0.25 mm ID x 0.76mm OD, Saint Gobain, Akron, OH) was glued to
one end of the probe using Loctite glue. The probes were made no more than 2 days before the
experiment and stored in a heat-sealed pouch. Before connecting to the pump, all probes were

quality checked for dimensional similarity and flushed with LRS to check for leak or blockage.
3.2.2 HPLC method

The concentration of analyte was measured using an Agilent 1100 series HPLC-UV apparatus
(Agilent Technologies, Santa Clara, CA) and the results were integrated using Agilent
ChemStation. Briefly, the system consists of a degasser, quaternary pump, temperature-
controlled autosampler with a 50 pL sampling loop, a temperature-controlled column
compartment, and a DAD Detector. The column compartment was fitted with an Xbridge C18
3.0x50mm 5um reverse phased column (Waters Corp. Milford, MA) and was set at 25°C. The
mobile phase consisted of deionized water (DI) and acetonitrile (ACN) at the ratio of 90:10 and
an isocratic flow was maintained at 0.3 mL/min. The detection wavelength was 325 nm
(bandwidth £ 4nm) and the reference wavelength was set at 400 nm (bandwidth £ 5nm). The

autosampler was maintained at 5°C.

Intra-day precision calculations were performed on four batches of calibration standards
on the same day. Inter-day precision calculations were based on intra-day for 3 different days.
Results for intra-day and inter-day precision experiments were represented as Mean % SD.
Accuracy data of all the intra-day and inter-day runs were pooled together and presented as %

Error from theoretical concentration.

3.2.3 In vitro dose linearity study

The relative recovery of Metronidazole (MTZ) was investigated for a range of concentrations by
the following scheme (Figure 4.1). Four linear dMD probes, with a 1.7 cm diffusion window, were
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placed in a jacketed beaker (maintained at 32 + 0.5 °C) and fixed at the rim to keep the adjacent
probes at least 1 cm apart. Three such jacketed beakers were set up and filled with 0.5, 2.0, and
6.0 pg/mL of MTZ in Lactated ringer solution (LRS) respectively. Two of the four probes were
perfused with LRS (Blank) and the other two with internal standard Acetaminophen (APAP) 1.0
pMg/mL in LRS (Blank + APAP) at 0.5 pL/min using Chemyx Fusion 400 Pump (Chemyx, Inc.;
Stafford, TX). The dialysate was collected every 60 minutes and analyzed in HPLC. In vitro study
at different concentrations was repeated on three different days and the recovered dialysate
concentration of MTZ was plotted against time. Data were represented as Mean = SEM). Alpha

errors less than 0.05 were considered significant.

MTZ 0.5 pg/mL

/_\
fi=—
0.5ul/min = \ l
MTZ 2.0 ug/mL
e ———
D2
0.5ul/min == \ L
MTZ 6.0 ug/mL
/_\
DZE
0.5ul/min == \ L
=== Blank + APAP == Blank

Figure 3.1: A sample schematics of the dMD probe placement for in vitro Relative Recovery study. The rectangular
boxes represent the pump and the flow rate of the microdialysis system. Tubing for perfusate with APAP is drawn in
blue and tubing for perfusate without APAP in orange. The circle represents individual jacketed beakers containing bulk
metronidazole solutions of known strength as mentioned above each circle. Samples are collected at the open end of
the probe at every hour interval for 4 hours.
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3.24 In vitro flow rate optimization study

Four (4) in-house linear dMD probes were placed in a jacketed beaker as mentioned in section
4.2.3. Three such jacketed beakers were filled with a bulk solution of 100 pg/mL of MTZ in
Lactated ringer solution (LRS) respectively (Figure 4.2). Two of the four probes in each beaker
were perfused with LRS (Blank) and the other two with internal standard Acetaminophen (APAP)
100 pg/mL in LRS (Blank + APAP). Perfusate flow rates for each of the three jacketed beakers
were set at 0.5, 1.0, and 1.5 pyL/min respectively using Chemyx Fusion 400 Pump (Chemyx, Inc.;
Stafford, TX). The dialysate was collected every 60 minutes and analyzed in HPLC. In vitro study
flow rate study was repeated on three different days and the recovered dialysate concentration
of MTZ was plotted against time. Data were represented as Mean = SEM. Alpha-errors less than

0.05 were considered significant.

MTZ 100 pg/mL
—_— ——
=
0.5ul/min = \ /
MTZ 100 pg/mL
.4—”—__——_“‘~;
L
1.0pl/min - T \ L
MTZ 100 pg/mL
W S E e
Lo
1.5pl/min - T \ L
=== Blank + APAP == Blank

Figure 3.2: A sample schematics of the dMD probe placement for in vitro flow rate study. The infusion pumps were
operated at three different flow rates of 0.5, 1.0 and 1.5 pL/min. Tubing for perfusate with APAP is drawn in blue and
tubing for perfusate without APAP in orange. The circle represents individual jacketed beakers containing bulk solution
of 100 pg/mL of Metronidazole in Lactated ringer solution (LRS). Samples are collected at the open end of the probe
at every hour interval for 4 hours.
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3.3 Results

3.3.1 HPLC Analytical method

With an auto-injection of 20 L of the blank (LRS) spiked with MTZ, a typical chromatogram
showed a sharp and symmetric peak at a retention time of 2.1 £ 0.1 min. No interfering noise
was detected within 0.5 min from the retention time of the analyte in the blank (LRS) as well as
the blank dialysate from ex vivo skin (Figure 6.1). The LOD of the method was < 10 ng/mL;
however, the LLOQ selected was 125 ng/mL. A typical workflow included a seven-point calibration
in the beginning and at the end of the experiment. The calibration curve, in the range of 125 -
10000 ng/mL, showed a linear response in all experiments, R?= 0.99. The precision and accuracy
data obtained from intra-day (n=4) and inter-day (n=3) study are tabulated in table 6.1. The
CV% were less than 15% at any instance of calibration standards and QCs (HQC, MQC, and LQC
standards were 8000, 4000, and 400 ng/mL respectively). Carryover was not observed in any

carryover-blank samples.

[ ] DAD1A, Sig=325,4 Ref=400,5 (J\EXVIVO\LC DATA\EX10 02112020\EX10-001.D)

mAU ]
A. Blank (LRS)

s e e T S s e s L s e e e S s e s ey e A e e e e N R m p
0 0.5 1 15 2 25 3 35 min
[ 1 DAD1A, Sig=325,4 Ref=400,5 (J:\EXVIVO\LC DATA\EX10 02112020\EX10-004.D)

B. MTZ LLOQ (0.125 ug/mL)

2229

S s e e S s e e s e e e e S S s e s e L B s e e s e S
0 0.5 1 15 2 25 3 35 min

Figure 3.3: Representative chromatogram from Agilent 1100 HPLC with DAD detector at 325+4 nm with a reference
band at 400+5 nm. (Top) Chromatogram for a blank sample. (Down) Chromatogram for Metronidazole lower limit of
quantitation 0.125 pg/ml at a peak retention time of 2.229 min.
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Table 3.1: Precision and Accuracy of calibration standards at intra-day and inter-day run. (Mean % SD).

Calibration Precision Accuracy
Standards Intra-day (n=4) Inter-day (n=3) (n=12)
ng/mL ng/mL CV % ng/mL CV % Error %
125 126.63 £ 4.59 3.62 126.63 + 3.13 2.62 -1.30
250 252.14 £ 7.63 3.03 252.14 £+ 3.25 1.29 -0.86
1250 1254.19 + 18.62 1.48 1254.19 £ 1395 1.11 -0.33
2500 2505.38 £ 24.32 0.97 2505.38 £ 8.59 0.34 -0.22
5000 5032.13 £ 62.63 1.24 5032.13 £ 27.14 0.54 -0.64
7500 7515.12 +£ 107.63  1.43 7515.12 £ 86.15 1.15 -0.20
10000 10055.27 + 120.27 1.20 10051.52 + 64.94 0.65 -0.55

3.3.2 In Vitro linearity study

Assessment of linearity and relative recovery of MTZ in the dMD probes was performed by placing
the probes in jacketed beakers containing 0.5, 2.0, and 6.0 pyg/mL MTZ bulk solutions, with
circulating water at 37 £ 0.5 °C, as illustrated in Figure 3.1, (n=3). The perfusate with and
without the presence of APAP was perfused at a flow rate of 0.5 pL/min. In vitro microdialysis
recovery was close to 100% of bulk concentration at the first-hour sampling, and thereafter a
steady-state in the concentration was observed until the end of the study (Figure 3.4). The
presence of APAP as an internal standard in the perfusate had no significant difference in the
percentage recovery of MTZ at different concentrations (non-parametric, one-sided, t-test, p =
0.5464, 0.0972, and 0.3547, respectively). The recovery of MTZ from bulk solution at different

concentrations shows a linear relationship (Figure 3.5), and the %RR is tabulated in Table 3.2.
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Figure 3.4: Recovery of MTZ from bulk in-vitro at three different concentrations (0.5, 2.0, and 6.0 pg/mL). Purple-
recovery of MTZ in absence of APAP; Orange- recovery of MTZ in presence of APAP in the perfusate. (Mean + SEM,
n=3). The presence of APAP as an internal standard in the perfusate had no significant difference in the percentage

recovery of MTZ at different concentrations (p = 0.5464, 0.0972, and 0.3547, respectively).
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Figure 3.5: Linear relationship of Steady-State Recovery of MTZ from bulk in vitro at three different concentrations
(0.5, 2.0, and 6.0 pg/mL). Left-recovery of MTZ in absence of APAP; Right- recovery of MTZ in presence of APAP in

the perfusate. (Mean = SEM, n=3).

Table 3.2: In vitro Relative Recovery (RR) of Metronidazole calculated from the slope of linear regression of response
of dMD recovered at variable concentration. The influence of the internal standard APAP on the RR of MTZ was verified.

No significant difference was observed with or without APAP. (Mean £ SEM, n=3, a= 0.05).

Relatlvg Recovery  of Correlation Factor (R?)
Metronidazole

Perfusate without internal standard APAP 97 % 0.9988

Perfusate with internal standard APAP 93 % 0.9999
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3.3.3 Flow rate study

The recovery of MTZ at a flow rate of 0.5 pL/min was close to 100% of the bulk concentration
during the first-hour sampling and remained steady till the end of the study. The recovery of MTZ
substantially reduced with an increase in the flow rate (Figure 3.6). No significant difference in
the recovery of MTZ with and without APAP was observed at a flow rate of 0.5 uL/min (non-
parametric, one-sided, t-test, p=0.0663). At higher flow rates of 1.0 uL/min and 1.5 uL/min, the

recovery of MTZ with and without APAP changed significantly (non-parametric, one-sided, t-test,

p= 0.0001 and 0.0002 respectively).
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Figure 3.6: Recovery of MTZ from bulk in-vitro at 3 different flow rates (0.5, 1.0, and 1.5 pL/min). Purple-recovery of
MTZ in absence of APAP; Orange- recovery of MTZ in presence of APAP in the perfusate (Mean + SEM, n=3). At 0.5
ML/min there was no significant difference (p=0.0663) in the recovery of MTZ with/without the presence of APAP in
the perfusate. At flow rates of 1.0 and 1.5 pL/min, a significant difference (p= 0.0001 and 0.0002 respectively) in MTZ

recovery was observed between APAP and without APAP groups.

3.4 Discussion

At such a low sample volume, any form of evaporation will inflate the data and will present
confounding results. The volume of dialysate was verified by weighing the sampling inserts before

and after sample collection, at every time interval during the flow rate study (section 3.2.4) and
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no discrepancies were observed. This observation relieved us of the extra measure that needs to
be taken during the sampling; however, precautionary measures were taken to seal the sampling

inserts immediately after collection and were analyzed at the earliest.

In-vitro microdialysis recovery (gain) study was performed to maximize our in-house dMD
probe performance and optimize the recovery of MTZ during our ex vivo studies. We observed
that the in-vitro relative recovery of MTZ was independent of drug concentration and the presence
of probe calibrator (APAP), at a slow perfusion rate of 0.5 pL/min. The concentration of bulk MTZ
for in-vitro MD linearity study was selected based on our expected concentration from ex vivo
studies; however, during pilot studies, the concentration of MTZ recovered from ex vivo studies
was significantly higher than the ULOQ of the analytical method. Analysis of such a highly
concentrated analyte sample could be addressed by dilution of the sample immediately before
injection into the HPLC. Another way would be to reduce the relative recovery of the analyte
during the dialysis by increasing the flow rate of the dialysis. This warrants the study of the effect
of flow rate on MTZ recovery. In a different set of in-vitro studies, MTZ recovery was assessed at
three different flow rates (0.5, 1.0, and 1.5 pyL/min) with an elevated bulk concentration of 100
Mg/mL of MTZ. The dialysate was similarly collected every 60 minutes and analyzed in HPLC. We
observed that the in vitro relative recovery of MTZ was independent of drug concentration and
the presence of probe calibrator (APAP), at a slow perfusion rate of 0.5 pL/min. However, with
increasing the flow rate of perfusion, an anomaly of recovery was observed between the groups
with & without APAP. It is clear from the above results, transfer of molecules across the semi-
permeable membrane is a function of the time and physicochemical nature of the drug, and surely

the flow rate is a rate-limiting factor for drug diffusion, directly affecting the recovery.

In an in vitro setting, analytes are free to move in a solution. The rate of removal of the

analyte inside the probe is in equilibrium with the rate at which molecules appear at the external
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surface of the probe. In an in vivo setting, where the tissue provides resistance to analyte flow,
the rate of analyte removal from the inside of the probe is higher than the rate of analyte replaced
at the probe membrane surface (38). We can anticipate that the in vivo results will vary from our
in vitro findings. However, by correcting the microdialysis recovery of MTZ from the skin tissue
with the loss in APAP (probe calibrator) from perfusate, as originally proposed by Larsson (39),

we could get the nearest estimation of MTZ in the dermal tissue.

3.5 Concdlusions

A dose-linear recovery of Metronidazole from bulk was verified using in vitro microdialysis. The
microdialysis method was thus optimized for the in vitro process for probe specification, analyte
suitability, flow rate, perfusate composition (Lactated ringer isotonic solution, and
Acetaminophen). A maximized, rapid, and steady recovery of MTZ was possible at 0.5 yL/min
perfusions within a wide range of concentrations (0.5 to 100 pg/mL). Thus, 0.5 yL/min perfusion
with APAP as probe calibrator was decided to be used for MTZ recovery from dermis ex vivo

dermal bioavailability studies.

-28-



Chapter 4: Development of An Ex-Vivo Dermal Microdialysis
Model for Characterization of Dermal Disposition of
Drug from Topical Dermatological Drug Products
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4.1 Introduction

The therapeutic efficacy of a drug product is challenged by the availability of the active constituent
at the site of action. Pharmacokinetic (PK) methods are generally employed to measure the
unbound drug concentration in the plasma and the tissue to properly evaluate the
pharmacodynamic (PD) nature of the drug. Likewise, the rate and extent of percutaneous
permeation of molecules is a key step in the evaluation of topical dermatological drug products
(TDDP). The gold standard for therapeutic evaluation of topical products would be a human study
in vivo (40); however, in the case of TDDPs, it may not be always feasible to measure the unbound
drug levels in plasma and correlate the drug concentration at/near site of action (dermis),
rendering bioequivalence evaluation a challenging process for these complex dosage forms in the
absence of local drug pharmacokinetic data. Thus, there is an unmet need for an alternate method
for assessment of these products that will produce permeation kinetics, produce local

bioavailability data, and can be translated to human equivalent results.

The Food and Drug Administration (FDA) draft guidance on topical dermatological drug
products of 1998 introduced a dermatopharmacokinetic (DPK) approach to develop the kinetic
relationship of the TDDP after topical application in vivo in humans (14,41). Briefly, the stratum
corneum (SC) layer at the application site was removed by sequential tape-stripping, and
subsequently, the drug was extracted for quantification. Topical products that produced
comparable SC drug quantity versus time profiles were deemed bioequivalent (16). FDA
eventually withdrew the guidance as the DPK method was not only exclusive for products that
are intended for therapeutic effectiveness at the SC but also provided conflicting results between
laboratories (17). The progress in conversion of branded TDDPs to their generic counterpart has
not proceeded at the same pace as for other drug products (42), and may be contributed to the
lack of a proper pharmacokinetic method. To address this issue, the Hatch-Waxman Act was
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amended in 2003 for the evaluation of bioequivalence of drugs that are not intended for systemic
absorption (43). Yet, alternative methods accepted for the evaluation of bioequivalence for TDDPs

have remained limited.

Measuring the unbound drug concentration in the tissue has been made possible (28) in
the past three decades by the advancement in dermal Microdialysis (dMD) techniques. In a typical
dMD study, a linear thin hollow capillary with a central piece made of a semipermeable membrane
of known length and porosity is implanted directly in the dermis traversing a designated section
of the skin. The hollow capillary with membrane, commonly known as dMD probe, is perfused
with a sterile isotonic physiological buffer at a fixed flow rate using an infusion pump. The probe
capillary may be compared to a tissue vasculature where the probe window helps in diffusion or
exchange of free molecules across the diffusion gradient between the perfusate and the tissue
and delivered out with the dialysate to be analyzed. The unique feature of microdialysis is thus
that it samples local unbound concentrations, thereby making it possible to directly reflect tissue
concentrations to pharmacological effects (24). The concentration over time at the dermis can
lead to a more meaningful pathway for the development of safe and efficacious medications and
their dosing regimens. The ability to understand the PK of a drug at or near the site of action will

provide the key for effective use of medications.

In the present chapter, we have tried to explore the feasibility of using the dermal
microdialysis process to assess the bioavailability of Metronidazole 0.75 topical product on pig
skin ex vivo model. The microdialysis probes and experimental specifications developed in chapter
3 (by in vitro studies) were evaluated on skin ex vivo. A study design was proposed, tested, and
optimized for estimation of bioavailability, selectivity of performance by testing two different
formulation types, and eventually testing the dose sensitivity (linearity) of the model to different

dosing.
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4.2 Method

4.2.1 Chemicals and reagents

Metronidazole (99%) (MTZ) was purchased from Beantown Chemical (Hudson, NH). Lactated
Ringer Solution (LRS, NDC- 0338011703, Baxter Healthcare Corp., Deerfield, IL), Metronidazole
0.75% Cream (NDC- 0168032346, Fougera Pharmaceutical Inc., Melville, NY), Metronidazole
0.75% Gel (NDC- 0115147446, Impax Generics, Hayward, CA) and all other medical supplies
were purchased from Henry Schein (Melville, NY). LC Grade acetonitrile, water, and other supplies

were purchased from Fisher Scientific (Fair Lawn, NJ, USA).

4.2.2 HPLC Analytical method

The concentration of the analyte in the dialysate was measured using an Agilent 1100 series
HPLC-UV apparatus (Agilent Technologies, Santa Clara, CA) and the results were integrated using
Agilent ChemStation. Briefly, the system consists of a degasser, quaternary pump, temperature-
controlled autosampler with a 50 pL sampling loop, a temperature-controlled column
compartment, and a DAD Detector. The column compartment was fitted with an Xbridge C18
3.0x50mm 5um reverse phased column (Waters Corp. Milford, MA) and was set at 25°C. The
mobile phase consisted of deionized water (DI) and acetonitrile (ACN) at the ratio of 90:10 and
an isocratic flow was maintained at 0.3 mL/min. The detection wavelength was 325 nm
(bandwidth £ 4nm) and the reference wavelength was set at 400 nm (bandwidth £ 5nm). The

autosampler temperature was maintained at 5°C.

4.2.3 Dermal Microdialysis Probe

Disposable linear dermal Microdialysis (dMD) probes were made in-house using a modified Stagni
et al method (37). The probe has two non-permeable arms, a semi-permeable membrane, and a

stainless-steel wire support. Briefly, a 25 mm tubular piece of a semipermeable membrane of
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molecular weight cut-off value of 50 KDa (0.240 mm ID x 0.340 mm OD, GambroAN69-HF
Hospal-Gambro, Inc, CA) was cut and two arms of 75 mm segments of polyimide tubings (0.127
mm ID x 0.165 mm OD, Nordson Medicals, Marlborough, MA) were introduced into the membrane
and glued with Loctite Cyanoacrylic glue (Henkel Corp, Hartford, CT) leaving an exchanged
window of 17 mm on the membrane. Eventually, a stainless-steel guide wire (0.0381 mm
diameter, Molecu-Wire Corp., Wall Township, NJ) was inserted in the probe to provide support
from bending. One end of the probe was introduced into Tygon ND 100-80 Polytetrafluroethylene
tubing (0.25 mm ID x 0.76mm OD, Saint Gobain, Akron, OH) and glued with Loctite glue. Before
connecting the Tygon tubing to the pump, all probes were quality checked for dimensional
similarity and flushed with LRS to check for leak or blockage. The other end of the probe was left
open to be inserted into the skin and the dialysate will be collected from this end into plastic vials.
The probes were made no more than 2 days before the experiment and stored in a heat-sealed

pouch.

4.24 Ex vivo experimental setup

Skin explants were harvested from fresh slaughtered female Yorkshire pig belly purchased from
a local meat shop. The harvested skin was used to develop two different ex vivo experimental
setups (M1 and M2). The experiments differ principally in the skin thickness and

presence/absence of external hydration.

M1 — Hydrated skin model: Four, square Ancare Nestlets (Bellmore, NY) of 5 cm at the edge,
were placed side-by-side on an aluminum tray of 1 cm height. A total of 60 mL (15 mL per testing
site) of Lactated ringer solution (LRS) was poured and evenly spread on top of the nestlets and
allowed to hydrate the setup until the TEWL measurement was constant. These hydrated nestlets
act as physical backing support as well as a water reservoir providing hydration from the vascular

side of the skin. A full-thickness pig skin explant (thickness ~0.25 cm), cleaned of the underlying
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subcutaneous fat layer was placed on top of the hydrated backing support and allowed to hydrate

until the TEWL measurement on the top of the skin is constant (Figure 4.1, top).

M2 — A full-thickness pig skin explant with the underlying subcutaneous fat layer (total thickness
=1 cm) was placed on an aluminum tray. No additional LRS or external hydration was applied in
this method. The skin explant was allowed to equilibrate until the TEWL measurement on the top

of the skin was constant (Figure 4.1, bottom).

A total of six skin explants from different animal subjects (n=3, for M1 and M2 respectively), each
of dimension 5 x 20 cm was used. On each skin strip, four different application sites (5 x 5 cm)
were marked and a parallel four-period full-replicate (RTRT) design was employed (Figure 4.2).
These application sites were visually inspected for damages or discoloration. Skin pieces with
defects or deviation of TEWL more than 20% within the application sites were excluded from the
study. On each application site, a circular (2.5 cm diameter) location, towards the center, was
selected and two dMD probes, 1 cm apart, were inserted into the dermis with the help of a guide
cannula (a total of eight probes per skin strip), and one lateral diffusion probe was inserted in the

dermis toward the center of the skin at a distance of 2 cm from the adjacent test probes.
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Figure 4.1: Schematic representation of the pig skin explant setup for ex vivo dMD study — Method 1 for hydrated skin
using full-thickness skin without underlying subcutaneous fat layer (top), Method 2 for full-thickness skin with
underlying subcutaneous fat layer (bottom).
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Figure 4.2: A sample template of the dMD probe placement and application site for the formulations on the skin. The
probe and application site for MTZ cream is marked with purple and MTZ gel with orange. The application sites are
circular (diameter 2.5 cm) and the probes in each site are 1cm apart. The lateral diffusion probe (blue) is 2 cm apart
from adjacent probes.
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On one end of the probe arm, Tygon tube connected to Chemyx Fusion 400 Pump
(Chemyx, Inc.; Stafford, TX) was attached. The entire probe tubing was flushed with LRS
perfusate to remove any air bubbles. After flushing, the perfusate was set to a perfusion rate Of
0.5uL/min. A 3M double-sided tape (3m, Minneapolis) with a circular hole (2.5 cm diameter)
punched out, was placed on the top of the application area as a guide for formulation application,
and commercially available generic Metronidazole 0.75% topical cream and Metronidazole 0.75%
topical gel were applied alternately on the four marked sites of the skins (Figure 4.2). In each
circular application site (area = 4.9 cm?), 10 mg/cm? of the formulation was carefully administered
with a positive displacement pipette (Gilson Distriman, Middleton, WI) and rubbed in a circular
motion with the rubber head of 1ml BD syringe plunger for 15 sec. The time of application of
formulation is noted and samples were collected at the end of each hour in HPLC inserts for eight

hours and terminally at 24th hours and analyzed immediately.

4.2,5 Probe depth measurement

The role of the dMD probe depth on the local microenvironment (AUC) of the drug in the skin
was determined using a 20 MHz ultrasound machine (Logiq E7, GE Healthcare, Chicago, IL) at
the end of each study. Briefly, the 1.5 cm ultrasound probe was placed over the skin where the
dMD probe is placed (the entry and exit of dMD probe serve as a guide), and three images from
each probe were captured to calculate the mean probe depth (PD) and the ratio of probe depth

over the thickness of the dermis, called as relative probe depth (RPD) was calculated.

4.2.6 Dose-Response study

In a separate set of experiments, the dose-response relationship of the best fit ex-vivo dMD
method was evaluated. Typically, fresh Yorkshire pig belly skin was harvested and cut to a

dimension of 5 x 30 cm. Six different dose application sites were marked and experimental steps
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(as mentioned in the ex vivo microdialysis section) were followed. MTZ 0.75% cream was applied
at the dose of 5.0, 10, and 30 mg/cm? on the application site (two sites per dosing), and the dMD
scheme was applied. The concentration calculated from the dialysate sample collected hourly for
8 hours and terminally at the 24™ hour was plotted against time and NCA was performed to

estimate the dose-response relationship. The experiment was repeated three times.

4.2.7 Data processing

The calculated concentration of MTZ in the samples was plotted against mid-sample interval time
using PhoenixWinNonlin 8.2 (Certara; Princeton, NJ). A non-compartmental analysis (NCA) was
used to obtain pharmacokinetic parameters and the log ratio of the geometric mean of PK
parameters (AUC, Cmax) between cream and gel was established. For the selection of the best-
fit model, the log-ratio data were compared with reported in-vivo Yucatan minipig data (44) and
IVPT data for cadaver skin (calculations performed on available data of (45)). Occasional plotting

of data was performed using Prism 8 (GraphPad, San Diego, CA)

4.2.8 Statistical analysis

For ex vivo studies, a two-stage analysis approach was employed. The first stage of the approach
involves estimating the PK parameters from individual dense concentration over time data (taking
mid-points of the sampling intervals) using noncompartmental methods in PhoenixWinNonlin.
Individual parameter estimates obtained during the first stage were used as input data for the
second-stage calculation of descriptive summary statistics on the sample, typically, mean
parameter estimates, SEM, median, and range. The non-parametric, unpaired Mann-Whitney test
was used to compare the descriptive statistical differences (GraphPad Prism Software, San Diego,
CA). ANOVA was done to check if there is any difference in the mean of data between two or

more groups of data. The definition of statistical significance was set at an alpha error of less
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than 0.05. The NCA outcomes were used for ranking of formulation in the Bioequivalence function
of WinNonlin taking cream as the reference formulation in a parallel study. For linear regression
of the dermal bioavailability and dose study, the Mean (SD) was plotted for each dose and linear

line fitting was generated.

4.3 Results

4.3.1 Lateral diffusion

Lateral diffusion probes were strategically placed between two adjacent dosage application sites,
one for cream and the other for gel. If there was any potential lateral diffusion from any of the
formulations, it would have been detected in the probe. In all the studies, the signal for MTZ in
the lateral diffusion probe was below the LLOQ of the analytical method and could not be

conclusively determined.

4.3.2 Dermal Pharmacokinetic profile

Following the topical application of the MTZ cream and gel, a rapid rise in the dermal penetration
was observed, and Cmax was achieved within the first 2 hrs in both methods M1 and M2 (Figure
4.3). The AUCo-24 of MTZ gel was significantly higher than the cream treatment in M1 (unpaired,
non-parametric, t-test, p value=0.0294). The higher permeability of gel ex vivo in M1, leads to

higher relative bioavailability, the ratio of In-AUC = 1.27 (90% CI: 1.06-1.53) (Figure 4.4).
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Figure 4.3: Concentration-time profile of MTZ in the dermis after topical administration of formulations in two different
experimental conditions M1 (left) and M2 (right). Purple- profile after treatment with MTZ 0.75% topical cream and,
Orange- profile after treatment with MTZ 0.75% topical gel. (Mean + SEM, n=3).

An opposite response was observed in the studies performed by the M2 method. The overall
permeation profile of cream was significantly higher than the gel (unpaired, non-parametric, t-
test, p value=0.0005). The ratio of In-AUC from M2 was reduced to 0.58 (90% CI: 0.45-0.74)
and the ratio of In-Crnaxwas 0.81 (90% CI: 0.58-1.12) (Figure 4.4). The effect of the M2 method
is supported by the observations in vivo in pig (1). The descriptive statistics of PK parameters

from either method are tabulated in Table 4.1.

B . B AUC
M2 Cmax
M1 :

(I) 5IO 1(I)0 'IéO 2(I)0 2;30

Ratio Percentage

Figure 4.4: 90% confidence intervals of the ratio of the In transformed AUC (purple) and Cmax (orange). The reference
is the cream while the test is the gel. The dashed lines indicate the bioequivalence limits of 80-125% CI.
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Table 4.1: Pharmacokinetic parameter calculated in the dermis for both methods M1 and M2. (n=3).

M1 M2
PK . .
parameters Units Formulation Median Median
(Range) (Range)
1422.02 2525.98
Cream
(1355.58) (2064.72)
AUCo-24 hr*ug/m/
1654.44 1260.43
Gel
(2603.94) (1680.4)
154.46 220.22
Cream
(471.29) (248.57)
Cmax ug/ml
251.1 149.79
Gel
(560.49) (243.75)
1.5 1.5
Cream
4) 4)
Tmax hr
1.5 1.5
Gel
(5) 3)
0.069 0.051
Cream
(0.049) (0.067)
A 1/hr
0.07 0.10
Gel
(0.042) (0.085)
10.03 13.74
Cream
(7.35) (16.6)
Thalf hr
9.96 6.91
Gel
(6.02) (6.75)
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4.3.3 Relationship of Permeation profile with probe depth

Benfeldt et al. in a study reported, at the end of a comparative study of lidocaine formulations,
the skin thickness at the site of application of ointment was thicker compared to a cream (46).
Owing to the fact that ointments are more occlusive, the author explained higher thickness at the
ointment site as the result of the higher skin hydration compared to the cream application site.
In our experimental setup, external hydration did not affect the thickness of the skin (comparison
between M1-hydration method and M2-non-hydrated method) but an expected change in
thickness was observed in the gel application sites (Figure 4.5). This change between gel and
cream could be attributed to the higher occlusivity of the cream formulation. When one-way
ANOVA followed by Tukey’s comparison test was performed within the groups, skin thickness

observed by the ultrasound measurement was not significantly different (Table 4.2).
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Figure 4.5: Box plot with whiskers showing the mean with min & max values of skin thickness measurement (cm) from
Ultrasound recordings of either M1 and M2 methods. The cream is marked in purple and gel in orange. No significant
difference in thickness was observed. [n=12 for each group]
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Table 4.2: One-way ANOVA followed by Tukey’s multiple comparison test shows no significant difference in the skin
thickness (cm) between the groups.

Tukey's multiple comparisons test Mean 1 Mean 2 Summary P Value
M1 Cream vs. M1 Gel 0.2512 0.2298 ns 0.4081
M1 Cream vs. M2 Cream 0.2512 0.2343 ns 0.6508
M1 Cream vs. M2 Gel 0.2512 0.2165 ns 0.0919
M1 Gel vs. M2 Cream 0.2298 0.2343 ns 0.9897
M1 Gel vs. M2 Gel 0.2298 0.2165 ns 0.796

M2 Cream vs. M2 Gel 0.2343 0.2165 ns 0.6529

From the ultrasound skin thickness and probe depth measurements, the AUCy-»4 values for either
formulation were plotted against PD and RPD. Although the figures for all combinations of AUC,
PD, and RPD from either method (M1 and M2) are represented in Figure 4.6, we were more
interested in the results from the method M2 since it has the most favorable outcome (as
discussed earlier). Inverse relation of PD with AUCo-24 was observed and the slopes for cream and
gel were not significantly different (p= 0.7335, AUC vs PD; p=0.6523, AUC vs RPD). However;
the coefficient of linear regression observed were very poor (RZp-ceam= 0.03655, RZ%pp-gei=

0.04961, R%rep-cream= 0.0012, R%zpp-gei= 0.0893).
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Figure 4.6: (Top) AUC of MTZ between 0 and 24 hrs (AUC o-24) plotted against average probe depth for Cream and Gel
treatments in either method M1 and M2. (Bottom) AUC of MTZ between 0 and 24 hrs (AUC o-4) against average relative
probe depth for Cream and Gel treatments in either method. The line of linear regression is drawn in red, the Rsq value

indicates poor correlation.

A slight relationship between PD or RPD and the partial area from time zero to 2 hours, pAUCo.-2

was observed (Figure 4.7). During the first 2 hours, the exposure would be maximum and a better

relationship between PD and AUC might be captured.
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Figure 4.7: (Top) Partial AUC between 0 and 2 hrs (pAUCO-2) plotted against average probe depth for Cream and Gel
treatments using method M2. (Bottom) pAUCO-2 plotted against average probe depth ratio for Cream and Gel
treatments using method M2. The line of linear regression is drawn in red, the Rsq value indicates poor correlation.
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434 Dose-response study:

In a separate set of dose sensitivity experiments, Metronidazole 0.75% topical cream applied on
two sites for each dosing of 5, 10, and 30 mg/cm?, demonstrated a linear response (AUC) to
dosing (R?=0.9995, Figure 4.8). This demonstrates a good sensitivity of dMD method to detect

differences in the concentration of drug at the target tissue.
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Figure 4.8: Concentration-time profile in the dermis after topical administration of MTZ 0.75% Cream at three different
dosages 5, 10, and 30 mg/cm? using strategy M2. (Inset) Linear regression of AUCo-24 with dose, R2=0.9995. [Mean

(SD), n=12 probes]
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4.4 Discussion

The present investigation was performed to check the feasibility of undertaking an ex vivo
permeation study with topical application of commercial pharmaceutical products and the
likelihood to determine the bioequivalence of such products. Ex vivo dermal microdialysis (dMD)
studies have been performed in the past (29,47,48) to investigate cutaneous permeation of drug
in solution; yet, we were interested in designing a first of its kind ex vivo skin model to
discriminate between formulations and establish it as a routine bioequivalence tool. Various
factors that were pertinent to the ex vivo dMD process needed to be understood and standardized.
In the previous chapter, we have discussed and standardized the dMD probe, perfusion rate, and
sampling frequency. In this chapter, we have focused on our goal to select an appropriate skin

model and test the system for specificity, selectivity, and sensitivity.

Outcomes of our ex vivo experiments could be translated to in vivo conclusions only when
the in vivo variables are mapped to our ex vivo studies. During the initial pilot study, the full-
thickness skin without subcutaneous fat layer (0.25 cm), in absence of a backing hydration
reservoir, was observed to get dry with time and bent inwards toward the stratum corneum side.
This phenomenon was resolved with a mechanistic approach of the addition of a backing
hydration support/reservoir. A range of cellulosic fiber and Styrofoam sheets were evaluated and
eventually, the Ancare Nestlet (mentioned in the M1 method section) was selected as backing
material due to its wicking capacity suitable for our purpose. The backing material provided a
cushion for the skin and when moistened with a surplus amount of lactated ringer solution (LRS)
it acted as a reservoir that continuously provided moisture from the ventral side of the skin
throughout the experiment. The TEWL of the skin was monitored often during the ex vivo MD
study and LRS was added to the peripheral wall of the aluminum boat as and when required to
keep the TEWL level within £20% of the value recorded at the start of the experiment. Also, the
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skin was occluded with a parafilm layer after application of the formulations. With these
modifications, the skin at the end of the 24 hrs study was visually similar to the skin before the

starting.

Historically, dermal microdialysis research has been jeopardized by high variability in inter-
subject results (46,49). Fact that the intra-subject variability reported in these studies was lower
than 20%, same skin explant from a single donor could be employed for four-period full-replicate
two formulation design for BE study, as suggested by the latest USFDA Guideline on Statistical
Approaches to Establishing Bioequivalence (9). In all experiments, fresh porcine skin strip (5 cm
by 20 cm) from the belly of female donors was harvested. A total of six ex vivo experiments were
conducted, three for either method (M1 and M2). Each time, a Parallel Four-period Full Replicate
(RTRT) design approach was followed and nine dMD probes were inserted in the dermis of a skin
strip. The reference (R) formulation was Metronidazole 0.75% topical cream (Fougera), and the
test (T) formulation was Metronidazole 0.75% topical gel (Impax), and one additional lateral
diffusion probe. Lateral Diffusion data shows no sign of analyte. This is first-hand proof that the
signal observed in the probe beneath the application site into the dermis is not influenced by the
analyte permeated from the adjacent application site and the crosstalk of dMD probes from these
application sites should be rejected. The response obtained from the dMD probes confirms
specificity to the respective application site. Also, Ex vivo full-thickness skin sample can be
compared to a vasoconstricted system (50). Due to the lack of vascular circulation, the
distribution-redistribution mechanism was assumed to be absent. This presents a strategical
advantage and justifies our scheme of testing the reference and the test formulation
simultaneously adjacent to each other on the same skin sample harvested from a single animal

subject and reduces the burden of inter-subject variability.
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The MTZ dermis PK profile observed by the M1 dMD method is not consistent with the
results from reported in vivo pig data where the gel has always underperformed compared to
cream (1). The results were supported with evidence that the gel formulation dries out
comparatively faster and permeates slower than the cream (45). Both over-hydration and
occlusion, have been reported to significantly increase the percutaneous absorption of compounds
(51). This explains the anomaly in the increased exposure from gel formulation in our study

method M1 and the probable reason for bioavailability profile reversal.

A repeat study was performed without occlusion of the application site, this time the ratio
of In-AUC reduced to 0.94 but the 90% CI was still higher (0.60-1.49). The investigation from
the concentration-time profile curve of the no-occlusion study revealed a substantial difference
in the initial absorption phase. The ratio of In-Cmax reduced from 1.64 to 1.29. This gives us the
idea that occlusion at the application site in synergy with other underlying factors (probably
hydration) was leading to increased absorption of MTZ in gel treatments. Eventually, the
concentration-time profile from the experimental method M2 proved the anomaly in absorption
for gel treatment was due to over-hydration in the earlier experiments. Changes in the
hydrodynamics of the skin modulate the permeation profile yet the dMD model was selective

enough to discriminate between the formulation differences.

Comparing M1 and M2 methods, the former needed complicated hydration steps that may
present errors due to the operator and needed constant monitoring of TEWL. Whereas the M2
method was a simple ‘old school’ type without any complex conditioning or monitoring steps, yet
it produced the desirable results (mimic permeability profile of in vivo and IVPT, Figure 4.9). The
sensitivity of the M2 dMD was assessed using various increasing doses of formulations. The three
doses tested (3, 10, and 30 mg/cm?) displayed different dermal bioavailability profiles to permit

noticeable discrimination between the doses and demonstrated the sensitivity of the dMD to
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detect changes in MTZ’s local bioavailability. All the doses were applied in duplicate on a single
strip of skin explant from the same pig subject to eliminate any statistical bias and produce
meaningful correlations. While a 30 mg/cm? dose application is quite large, yet at this high dose

the response was linear and dose saturation was not observed.
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Figure 4.9: Comparison of AUCs between Gel formulation (negative control) and reference Cream formulation. The
outcome of the ex vivo dMD method is consistent with in vivo data from Yucatan minipig (1), and IVPT data from a
human cadaver (calculations performed on available data from Murthy et al (45)).

4.5 Conclusions

The lack of signal in the lateral diffusion rejects any possible cross-talk of dMD probes and
indicates the probes implanted underneath a designated formulation application site is specifically
measuring their local bioavailability. The ex vivo M2 dMD method selectively captured the
differences in bioavailability between the cream and the gel and was sensitive to variable doses
for which a linear dose-response was observed. The fact that reference and test formulations can
be tested simultaneously, the experimental population size required to establish bioequivalence
for TDDPs can be reduced. It is efficient on time and resources and mimics more closely the

permeability behavior observed in vivo. This current experimental setup may provide a
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convenient, reliable, cost-effective, table-top, and quantitative approach to evaluate the

percutaneous drug permeability of TDDP.
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Chapter 5: Effect of Temperature on Permeation of
Formulation Using Ex Vivo Dermal Microdialysis
Method
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5.1 Introduction

In the previous chapters, we have defined a suitable dMD method using pig skin ex vivo whereby
we have sequentially explored the effect of hydration, occlusion, and thickness of the skin in the
bioavailability profile of gel and cream formulations. The M2 method was useful in manifesting a
concentration-time profile of drugs relevant to in vivo outcomes, and also the method was found
to be linear. While the sole intention of the study was to explore the feasibility of an ex vivo dMD
method and optimize the parameters, the study was performed at ambient laboratory
temperature of 25.1 £ 1.2 °C and warrants us to explore the pharmacokinetic performance of

the formulations using the M2 dMD method at the physiological temperature.

The three major events in the drug permeation process, namely- release of drug from
TDDP, drug partitioning in stratum corneum, and the drug diffusion/permeation through the skin;
are all affected by the modulation of the temperature of the skin. With the increase in
temperature, activation-energy-related changes in the formulation are attributed to the changes
in the permeation profile of formulations. An early report by Scheuplein in the 1960s
demonstrated the changing relationship of the permeation of water through the skin at different
temperatures (52). In yet another report, Blank et al. investigated the effects of temperature on
the transport of nonelectrolytes across the skin and found that polar and nonpolar molecules
appeared to diffuse through the epidermis by different molecular mechanisms characterized by

different activation energies (53).

In the last two decades, considerable work has been done to understand the effect of
temperature on the permeant and the cellular components. Although, there are mixed opinions
on the increased permeation of drug with temperature, the change in the structure of the skin
with increasing temperature has been well documented (54). In an expert review, Hao et al (55),

summarized outcomes from a myriad of in vivo studies of transdermal and topical drug products
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under elevated temperatures. The review also tabulated the levels of increase in permeability
with temperature changes. However, in their opinion, in vitro and in vivo methods reported in the
literature to study heat effects of transdermal/topical drug products are based on inconsistent
study conditions, and in vitro models require better characterization. An increase in the local
bioavailability of any drug in the dermis may be attributed to the drug’s lipophilicity, the solubility
of the drug in the formulation, skin permeation pathway, activation energy, presence of hydrogen
bonding groups (56). Thereby it is essential to understand the actual mechanism behind the
permeation of the drug in the skin and may require careful consideration while designing a dermal
bioavailability experiment. In this chapter, we will explore the effect of skin temperature on the

permeation profile of metronidazole using ex vivo dMD.

In absence of a vasculature system in our ex vivo experimental method, thermoregulation
is not possible. To mimic a physiological temperature, we are limited to provide heat from the
ventral side of the skin explant since providing heat from the top might alter the thermodynamics

of the formulation and affect the stratum corneum.

5.2 Method

5.2.1 Chemicals and reagents

Metronidazole (99%) (MTZ) was purchased from Beantown Chemical (Hudson, NH). Lactated
Ringer Solution (LRS, NDC- 0338011703, Baxter Healthcare Corp., Deerfield, IL), Metronidazole
0.75% Cream (NDC- 0168032346, Fougera Pharmaceutical Inc., Melville, NY), Metronidazole
0.75% Gel (NDC- 0115147446, Impax Generics, Hayward, CA) and all other medical supplies
were purchased from Henry Schein (Melville, NY). LC Grade acetonitrile, water, and other supplies

were purchased from Fisher Scientific (Fair Lawn, NJ, USA).
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5.2.2 HPLC Analytical method

The concentration of the analyte in the dialysate was measured using an Agilent 1100 series
HPLC-UV apparatus (Agilent Technologies, Santa Clara, CA) and the results were integrated using
Agilent ChemStation. The system consists of a degasser, quaternary pump, temperature-
controlled autosampler with a 50 pL sampling loop, a temperature-controlled column
compartment, and a DAD Detector. The column compartment was fitted with an Xbridge C18
3.0x50mm 5pm reverse phased column (Waters Corp. Milford, MA) and was set at 25°C. The
mobile phase consisted of deionized water (DI) and acetonitrile (ACN) at the ratio of 90:10 and
an isocratic flow was maintained at 0.3 mL/min. The detection wavelength was 325 nm
(bandwidth £ 4nm) and the reference wavelength was set at 400 nm (bandwidth £ 5nm). The

autosampler temperature was maintained at 5°C.

5.23 Experimental setup

A general-purpose water bath of dimension 14x10 inch (Thermo Scientific, Waltham, MA) was
filled with 3L distilled water and set at 50°C. The bath was covered with a stainless-steel (SS)
sheet and kept ‘ON’ overnight to attain a temperature of 40°C at the surface of the sheet. The
following day, skin explants were harvested from fresh slaughtered female Yorkshire pig belly
purchased from a local meat shop. A full-thickness pig skin explant with the underlying
subcutaneous fat layer (total thickness ~1 cm) was placed on an aluminum foil tray (refer M2 ex

vivo dMD method, chapter 4), and placed on top of the SS sheet to equilibrate (Figure 5.1).
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Figure 5.1: Schematic representation of the setup for the study of the influence of temperature on the ex-vivo dMD
study using pig skin explant. Briefly, a water bath, filled with distilled water, covered with a stainless-steel plate is setup
at 50°C. Pig skin explant housed in an aluminum foil tray is heated from the ventral side when placed on top of the
steel plate over the water bath. The arrow on the left shows the gradient of heat from 50°C at the bath to 33°C at the
surface of the skin.

For dermal microdialysis, disposable linear dMD probes were inserted in the skin as
discussed earlier for M2 dMD setup in chapter 5. On one end of the probe arm, Tygon tube
connected to Chemyx Fusion 400 Pump (Chemyx, Inc.; Stafford, TX) was attached. The entire
probe tubing was flushed with LRS perfusate to remove any air bubbles. After flushing, the
infusion pump was set at a flow rate of 0.5uL/min. A 3M double-sided tape (3m, Minneapolis)
with a circular hole (2.5 cm diameter) punched out, was placed on the top of the application area
as a guide for formulation application, and commercially available generic Metronidazole 0.75%
topical cream and Metronidazole 0.75% topical gel were applied alternately on the four marked
sites of the skins. In each circular application site (area = 4.9 cm?), 10 mg/cm? of the formulations
was carefully administered with a positive displacement pipette (Gilson Distriman, Middleton, WI)
and rubbed in a circular motion with the rubber head of 1ml BD syringe plunger for 15 sec. The
time of application of formulation is noted and samples were collected at the end of each hour in

HPLC inserts for eight hours and terminally at 24th hours and analyzed immediately.

TEWL (VapoMeter, Delfin Technologies, Miami, FL) measurement at the surface of the

skin was measured before placing the skin on the SS sheet and after the equilibration of the skin.
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Temperature of the SS sheet on the water bath, aluminum foil, and the skin tissue was routinely

monitored using an Infrared Thermometer (Fluke Corporation, Everett, WA).

5.24 Ultrasound measurement

The role of the dMD probe depth on the local microenvironment (AUC) of the drug in the skin
was determined using a 20 MHz ultrasound machine (Logiq E7, GE Healthcare, Chicago, IL) at
the end of each study. Briefly, the 1.5 cm ultrasound probe was placed over the skin where the
dMD probe is placed (the entry and exit of dMD probe serve as a guide), and three images from
each probe were captured to calculate the mean probe depth (PD) and the ratio of probe depth

over the thickness of the dermis, called as relative probe depth (RPD) was calculated.

5.25 Data processing

The calculated concentration of MTZ in the samples was plotted against mid-sample interval time
using PhoenixWinNonlin 8.2 (Certara; Princeton, NJ). A non-compartmental analysis (NCA) was
used to obtain pharmacokinetic parameters. Occasional plotting of data was performed using

GraphPad Prism (GraphPad Software, San Diego, CA).)

5.2.6 Statistical analysis

A two-stage analysis approach was employed, the first stage of the approach involves estimating
the PK parameters from individual dense concentration over time data (taking mid-points of the
sampling intervals) using noncompartmental methods in Phoenix WinNonlin. Individual parameter
estimates obtained during the first stage were used as input data for the second-stage calculation
of descriptive summary statistics on the sample, typically, mean parameter estimates and SEM.
Non-parametric, unpaired Mann-Whitney test (GraphPad Prism Software, San Diego, CA). was
used to compare the descriptive statistical differences. The definition of statistical significance

was set at an alpha error of less than 0.05.
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5.3 Results

5.3.1 Dermal Pharmacokinetic profile

In an attempt to mimic the physiological temperature of skin explant, we have provided the heat
from the ventral side of the skin. For this, a water bath with a flat steel top was used. Although,
the surface temperature of the SS plate was stabilized to about 40 °C, when the aluminum tray
containing the skin was placed on top of the SS plate, it took several hours before the surface
temperature of the skin reached the physiological temperature. Correspondingly, the TEWL of the
skin was increased and the surface became dry before sample application. To speed up the
process to attain the physiological temperature of the skin explant, the temperature of the water
bath was increased to 60 °C; however, this approach had to be discontinued because the
subcutaneous fat layer of the skin explant, in contact with the heat, began to melt. The
subcutaneous fat layer, in a way, failed to conduct the heat to the dermis and underwent a
thermal degradation at a higher temperature. Thus, although time-consuming, the slow
attainment of temperature was preferred for ex vivo pharmacokinetic study. The mean
temperature of the skin before the application of the dosage was 33°C and drifted approximately

+0.1 °C every hour as the study progressed.

Following the topical application of the MTZ cream and gel, under a controlled temperature
of the skin, a rapid rise in the dermal penetration was observed, and Cmax was achieved within
the first 2 hrs. The overall permeation profile of cream was significantly higher than the gel
(unpaired, non-parametric, Mann, p value=0.0005) but there was no significant difference in
Cmax between cream and gel (unpaired, non-parametric, t-test, p value=0.8428) (Figure 5.2).
The change in mean AUC of MTZ cream (n=3 replicates with 4 probes for each formulation on
different days) at elevated temperature compared to laboratory temperature shows no significant

difference (p=0.2575) but the temperature has a significant effect on the mean AUC of MTZ gel
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(p=0.0236). No statistically significant effect of temperature was found in Cmax of cream and gel
formulation (p=0.4868 and 0.2675 respectively, n=3 replicates with 4 probes for each formulation
on different days) (Figure 5.3). Fold increase in the AUC and Cmax value at physiological

temperature compared to dMD performed at laboratory temperature (chapter 4) is tabulated in

Table 5.1.
M2 dMD 25 °C M2 dMD 33 °C
2 4007 € 4007
S - Cream ? —— Cream
2 3001 -5 Gel = 300+ -=- Gel
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Figure 5.2: Concentration-time profile of MTZ in the dermis after topical administration of formulations in two different
experimental conditions M2 at ambient laboratory temperature 25°C (left) and M2 controlled physiological temperature
33°C (right). Purple- profile after treatment with MTZ 0.75% topical cream and, Orange- profile after treatment with
MTZ 0.75% topical gel. The AUC of Cream is higher than Gel at both temperature settings, but the Cmax for Cream
and Gel at 33°C was equivalent. (Mean + SEM, n=3 replicates with 4 probes)
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Figure 5.3: (Left) Change in mean AUC of MTZ Cream and Gel formulations between ambient laboratory temperature
(25°C, orange) and physiological temperature (33°C, purple). * A significant rise in AUC for Gel formulation is observed
at the elevated temperature (p=0.0236). (Right) Change in mean Cmax of MTZ Cream and Gel formulations at two
different temperatures. No significant change in Cmax was observed (p=0.4868, 0.2675). (Mean + SEM, n=3 replicates
with 4 probes for each formulation on different days).
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Table 5.31: AUC and Cmax values of MTZ Cream and Gel formulation at two different experimental temperature in ex
vivo dermal microdialysis. (Mean £ SEM, n=3 replicates with 4 probes for each formulation

AUC Cmax

Laboratory Physiological Fold Laboratory Physiological  Fold

Temp (25°C) Temp (33°C) Increase | Temp (25°C) Temp (33°C) Increase

Cream 2329.5+205.9 2725.4+218.3 1.17 209.6+37.5 242.6+21.3 1.16

Gel 1374.7+43.3  1860.2+129.7* 1.35 170.2+26.8  237.8445.2  1.40
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5.3.2 Ultrasound Measurement

Ultrasound measurements, to verify proper probe placement in the dermis and record structural
deformities of the probe, were performed terminally at the end of 24 hours of sampling. During
this time, the surface of the skin was found to be visually different from the initial setup. By this
time, the skin has lost a lot of its surface moisture, shrunken in size (about 10% linear reduction),
and has warped on the surface. Due to these proceedings, ultrasound measurement was
unsatisfactory (refer to Figure 5.4), thereby, no fruitful correlation between the probe depth and

the AUC could be developed.
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Figure 5.4: Ultrasound images captured using GE-Logiq E7 with 20 MHz probes at Nerve-Superficial setting. (A) Image
captured from pig skin explant using M2 method after 24 h sampling at ambient temperature. The epidermis layer is
smooth, and the probe is linear (bright horizontal line) without any wavy interferences. The dermis layer is distinct and
continuous. (B) Image captured from pig skin kept at 33°C shows deformed epidermis making probe depth calculation
with some errors. (C) Image captured from pig skin kept at 33°C shows wavy interferences. With time the skin shrinks
and becomes warped, the ultrasound probe fails to make smooth contact with the skin resulting in wavy interferences
and gives inadequate imaging; probe depth and skin thickness estimations are unrealistic. (D) The warping of the skin
results in deeper tissue deformation and bending of the probe; measurement of probe depth or skin thickness from
such images is not possible.
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5.4 Discussions

Andersen et al., in a stud,y investigated the physiological thermoregulation effect in pigs housed
in kennels with low temperatures. With the lowering of ambient temperature to freezing and sub-
freezing conditions, the core body temperature remained unchanged, but the body surface
temperature decreased with decreasing temperatures. The author explains this reflex as a heat
conservation mechanism by peripheral vasoconstriction (57). Also, the thicker fat layer in adult
pigs enables them to limit the heat flow from the body core to the surroundings (58). The ex vivo
skin explant in our study could also be compared to a vasoconstricted system with a thick
subcutaneous fat layer that restricts the conduction of heat provided from the bottom to the
dermis and upwards. As a result, the surface of the skin was colder, and the fat layer underneath
was melting. Superficial addition of heat was also not feasible as it may change the
thermodynamics of the formulation leading to alteration in permeation kinetics. Thus, the
dilemma is to select an appropriate method to maintain the physiological temperature of the skin

ex vivo.

Early in the 60s, in a series of pioneering works, Robert Scheuplein proposed a mechanistic
relationship of the flux of permeant across the human epidermal membrane with temperature.
He observed about 2 fold increase in the flux of tritiated water when the receptor temperature
was raised from 25 to 35°C (52,59). In a similar experiment with another polar molecule
(caffeine), Akomeah et al reported about 2 fold increase in flux across the human epidermis with
every 7-8 °C rise in temperature of the cell (56). In our ex vivo pig skin study, using a polar
permeant (MTZ), we expected a significant increase in the permeation profile when compared
between ambient laboratory conditions and physiological temperature. However, the increase in
the AUC values of MTZ after 24 hrs of microdialysis sample from the dermis suggests that the
model is not sensitive for MTZ to respond to changes in temperature.
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Elevated skin temperature would not only bring structural changes in the skin morphology
but also leads to the drying of formulations. Such metamorphosis of the formulation may lead to
a reduction in the aqueous phase due to evaporation, precipitation, or even crystallization of the
drug on the skin surface and change in the diffusion constant of the entire product (60). In one
trial experiment, the surface temperature of skin was intentionally elevated and the formulation
(cream and gel both) drying was monitored with a microscope every hour until the end of the
study. No crystal precipitation on the surface of the skin was observed throughout the study.
Microscopic images of the formulation at the application sites during the microdialysis experiments
were randomly monitored and no physical formulation change other than gradual drying was
observed. This observation at physiological temperature is visually the same as that at ambient
laboratory conditions, thus no changes based on the temperature of the testing method can be

concluded.

Any temperature-related activation-energy or permeation changes of individual

components of the formulations are beyond the scope of the study and were not addressed.

5.5 Conclusions

The physiological temperature of ex vivo pig skin explant was achieved by providing continuous
heat from the ventral side using a closed water bath system. The process of attainment of the
temperature is labor-intensive and adds several extra hours of pre-experimental set-up time;
regardless, at the cost of thermal-degradation of the sub-cutaneous fat layer. After 24 hours of
sampling duration, the skin is visually different, shrunk 10% in each dimension, and warped at
the surface. The difference in the permeation profile of MTZ cream as well as gel formulations at
physiological temperature is not apparent and may be attributed to the physiochemical nature of
the permeant (MTZ). The present study methodology might be applied in the future with another

model drug with different physiochemical properties (logP, polarity, etc.) to test the limits of the
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method. However, with the current outcomes in place, the ex vivo dMD method developed yet
should be used at ambient laboratory temperature (around 25°C) for the Bioequivalence

estimation of Metronidazole 0.75% cream generic with regards to its RLD commercial product.

-63-



Chapter 6: Feasibility Testing of A Bioequivalence Study of
Metronidazole Cream Using An Ex Vivo Dermal
Microdialysis Method.
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6.1 Introduction

In the preceding chapters, we have designed and tested a dMD method using pig skin ex vivo
system to estimate dermal bioavailability of topically administered products; whereby, the method
was successfully employed to discriminate within the kinetic profiles of the gel and cream
formulations. The method was not able to discriminate the effects of temperature and manifested
a concentration-time profile of the drug which was relevant to similar in vivo study data.
Importantly, the method was found to be linear with dose-response. A worthwhile intention of
the development of the model was to explore the feasibility of the model to be used in the

bioequivalence study of topically applied pharmaceutical products.

The FDA requires that drug manufacturers demonstrate, among other things,
Bioequivalence (BE) between the generic product and its corresponding reference listed drug
(RLD) product (61). One of the parameters that the generic drug is considered bioequivalent to
the RLD if they do not show significant differences in their rates and extents of absorption. The
rate and extent of drug absorption are determined from the following PK endpoint parameters
namely peak concentration (Cmax) and the area under the concentration-time curve (AUC),
respectively. The average bioequivalence calculation is based on the 90% confidence interval for
the geometric least-squares mean ratio of the test formulation over the reference formulation for

Cmax and AUC, and must fall between the BE limits, set from 80% to 125% (9).

In the present chapter, we propose to evaluate the ex vivo dMD model developed thus
far for the bioequivalence (BE) estimation between RLD (reference listed drug product) and its
generic TDDP of Metronidazole. The BE will be determined by comparing the ratio of log-normal
AUC of the generic formulation with its RLD formulation, at a confidence of 90%. The RLD
Metrocream (Galderma) and its generic product Metronidazole 0.75% topical cream (Fougera)

will be applied topically on pig skin ex vivo as discussed earlier in the method M2 (chapter 4)
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using the same parallel four-period full-replicate design and the PK parameters will be compared
to test the bioequivalence. The data thereby obtained will be compared to available literature or

studies from other groups to ascertain the reliability of the new method.

6.2 Method

6.2.1 Chemicals and reagents

Metronidazole (99%) (MTZ) was purchased from Beantown Chemical (Hudson, NH). Lactated
Ringer Solution (LRS, NDC- 0338011703, Baxter Healthcare Corp., Deerfield, IL), MetroCream
(Metronidazole topical cream 0.75%, NDC-0299386545, Galderma Pharmaceutical company,
Lausanne, Switzerland), Metronidazole 0.75% Cream (NDC-0168032346, Fougera Pharmaceutical
Inc., Melville, NY) and all other medical supplies were purchased from Henry Schein (Melville,
NY). LC Grade acetonitrile, water, and other supplies were purchased from Fisher Scientific (Fair

Lawn, NJ, USA).

6.2.2 HPLC Analytical method

The concentration of the analyte in the dialysate was measured using an Agilent 1100 series
HPLC-UV apparatus (Agilent Technologies, Santa Clara, CA) and the results were integrated using
Agilent ChemStation. The system consists of a degasser, quaternary pump, temperature-
controlled autosampler with a 50 pL sampling loop, a temperature-controlled column
compartment, and a DAD Detector. The column compartment was fitted with an Xbridge C18
3.0x50mm 5pm reverse phased column (Waters Corp. Milford, MA) and was set at 25°C. The
mobile phase consisted of deionized water (DI) and acetonitrile (ACN) at the ratio of 90:10 and
an isocratic flow was maintained at 0.3 mL/min. The detection wavelength was 325 nm
(bandwidth £ 4nm) and the reference wavelength was set at 400 nm (bandwidth £ 5nm). The
autosampler temperature was maintained at 5°C.
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6.2.3 Ex vivo experimental setup

Skin explants were harvested from fresh slaughtered female Yorkshire pig belly purchased from
a local meat shop. A full-thickness pig skin explant with the underlying subcutaneous fat layer
(total thickness =1 cm) was placed on an aluminum foil tray (M2 ex vivo dMD method, chapter
4). A total of three skin explants from different animal subjects, each of dimension 5 x 20 cm
were used. On each skin strip, four different application sites (5 x 5 cm) were marked and a
parallel four-period full-replicate (RTRT) desigh was employed. These application sites were
visually inspected for damages or discoloration. Skins with defects or deviations of TEWL more
than 20% within the application sites were excluded from the study. On each application site a
circular (2.5 cm diameter) location, towards the center, was selected and two dMD probes, 1 cm
apart, were inserted into the dermis with the help of a guide cannula (a total of eight probes per
skin strip), and one lateral diffusion probe was inserted in the dermis toward the center of the

skin at a distance of 2 cm from the adjacent test probes (Figure 6.1).

Al A2 Bl B2 LD 1 2 D1 D2
| | | | |
| Yorkshire pig
belly skin
1
t i
i
1.7cm i
l 1
1
Ref | Ref
| | | | |
—t
1cm 2.0cm

2.5cm

Figure 6.1: A sample template of the dMD probe placement and application site for the formulations on the skin. Probe
and application site for RLD MTZ cream is marked with purple and marketed generic MTZ cream with orange. The
application sites are circular (diameter 2.5 cm) and the probes in each site are 1cm apart. The lateral diffusion probe
(blue) is 2 cm apart from adjacent probes.
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On one end of the probe arm, Tygon tube connected to Chemyx Fusion 400 Pump
(Chemyx, Inc.; Stafford, TX) was attached. The entire probe tubing was flushed with LRS
perfusate to remove any air bubbles. After flushing, the infusion pump was set at 0.5 uL/min. A
3M double-sided tape (3m, Minneapolis) with a circular hole (2.5 cm diameter) punched out, was
placed on the top of the application area as a guide for formulation application, and RLD of
Metronidazole 0.75% topical cream and its approved marketed generic were applied alternately
on the four marked application sites of the skins (Figure 6.1). In each circular application site
(area = 4.9 cm2), 10 mg/cm? of the formulations was carefully administered with a positive
displacement pipette (Gilson Distriman, Middleton, WI) and rubbed in a circular motion with the
rubber head of 1ml BD syringe plunger for 15 sec. The time of application of formulation is noted
and samples were collected at the end of each hour in HPLC inserts for eight hours and terminally

at 24™ hours and analyzed immediately.

6.2.4 Data processing

The calculated concentration of MTZ in the samples was plotted against mid-sample interval time
using PhoenixWinNonlin 8.2 (Certara; Princeton, NJ). A non-compartmental analysis (NCA) was
used to obtain pharmacokinetic parameters. The Bioequivalence Module of PhoenixWinNonlin was
used to determine the 90% confidence interval for the ratio of the geometric mean of the PK
endpoint parameters of generic and its RLD, and plotting of data was performed using GraphPad

Prism (GraphPad Software, San Diego, CA).

6.2.5 Statistical analysis

A two-stage analysis approach was employed, the first stage of the approach involves estimating
the PK parameters from individual dense concentration over time data (taking mid-points of the

sampling intervals) using noncompartmental methods in Phoenix WinNonlin. Individual parameter
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estimates obtained during the first stage were used as input data for the second-stage calculation
of descriptive summary statistics on the sample, typically, mean parameter estimates and SEM.
The in-built Bioequivalence module of PhoenixWinNonlin was used for the BE estimation. Relevant
data plotting was performed using Graph Pad (GraphPad Prism Software, San Diego, CA). The

definition of statistical significance was set at an alpha error of less than 0.05.

6.3 Results

6.3.1 Dermal Pharmacokinetic profile

The dermal concentration kinetic profile of the formulations from three different skin samples
with the RTRT design (as discussed in the method section above) is represented in Figure 6.2.
The dermal exposure of the RLD and generic product of Metronidazole cream was similar across
the study but for the second skin donor where the mean and standard deviation of the approved
generic product was lesser throughout all sampling points. The overall study results indicate that
the exposure of the test formulation measured at the dermis is equivalent to the reference product

at 90% CI (Figure 6.3).

Skin donor 1 Skin donor 2 Skin donor 3
400+ 400+ 400+
-+ RLD
3001 3001 3001 ——  Generic

2004 .. 2004 o 200

MTZ concentration (ug/mL)

1 1 1
0 4 8 20 24 0 4 8 20 24 0 4 8 20 24
Time (hr) Time (hr) Time (hr)

Figure 6.2: Concentration-time profile of MTZ in the dermis after topical administration of formulations in three different
skin donors. Purple- profile represents treatment with RLD and, Orange- profile represents treatment with approved
commercial generic MTZ 0.75% topical cream. Data represented in Mean (SD) for duplicate probes in RTRT design for
each skin.
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Figure 6.3: Concentration-time profile of Metronidazole 0.75% cream from individual probes under application site of
(top left) RLD and (top right) Generic product, n=12. (Bottom) Mean (SEM) concentration-time profile of MTZ in the
dermis after topical administration of formulations, purple-profile represent treatment with RLD and, orange- profile
represent treatment with approved commercial generic of Metronidazole 0.75% topical cream.
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6.3.2 Bioequivalence testing

A non-compartmental analysis (NCA) was used to obtain pharmacokinetic parameters and the log
ratio of the geometric mean of PK parameters (AUC, Cmax) between the RLD and the generic
cream was established. The NCA outcomes were used for ranking of formulation in the
Bioequivalence function of PhoenixWinnonlin taking cream as the reference formulation in a
parallel study. Due to the lower dermal PK profile of the generic cream in the second skin sample,
the log ratio of AUC, as well as Cmax, was found lower on the bioavailability limit. The overall
data from the three different skin samples resulted in an In-AUC of 91.65 (80.93, 104.88) and an
In-Cmax value of 87.56 (74.87,102.39). The overall bioequivalent outcome of the generic cream

compared to the 90% confidence interval (CI) of the RLD PK parameters is represented in Figure

7.4.
SR S U o
Study 1 II | AUC
Study 2 L : Overall BE E E
i —
Study 3 : :
(I) SIO 1 (I)O 1 éO 2(‘30 O 5'0 1 (')O 1 ‘50 2(I)0
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Figure 6.4: 90% confidence intervals of the ratio of the In transformed AUC (purple) and Cmax (orange). The reference
is the cream while the test is the gel. The dashed lines indicate the bioequivalence limits of 80-125% CI. From the
overall study (left), the rate and extent of the generic formulation are similar to the RLD product.
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6.4 Discussion

The study presented in this chapter was part of a series of experimental undertakings to check
the feasibility of dermal microdialysis (dMD) sample technique on pig skin ex vivo and thereby
estimate the permeation of commercially available topical formulation of a model drug
metronidazole. The end goal of the study was to develop a dMD based test method suitable for
bioequivalence (BE) estimation of the generic product of our model drug to its reference listed
drug (RLD) product. The study was inspired by a similar study done on Yucatan pigs in vivo (1),

with the intention to miniaturize the test method.

In the previous chapters, we have discussed the likelihood and developed an ex vivo dMD
method and optimized experimental conditions for downstream BE study. In this chapter, we
have provided the proof-of-concept of the possibility of developing a robust ex vivo dMD method.
In two out of three skin samples, following a parallel full replicate design, we have observed an
overlapping permeation profile of the generic formulation with its RLD. In a similar study, to
explore the BE of TDDP on rabbit skin in vivo, the Test/Reference ratio of AUC and Cmax was
about unity, yet the limits of 90% CI were reported to be outside the 80-125 permissible range

(62).

The permeation in the skin sample, where the test and the reference PK profile did not
overlap, could be related to intra and inter-species variation. Such variations in permeation profile
across the skin membrane have been widely reported (49,63,64). Skin samples within a species
vary in their micro-structure, vasculature, and biochemical function (12,65). With the
employment of skin ex vivo, it is appropriate to comment that the vasculature and biochemical
component of the skin on permeation are neutralized, and the resulting permeation is the function
of micro-structure in the skin. The demographic, age, Body-mass index, and genetic differences

affect the structure of the skin (66,67). Since we used pig skin harvested from the same source,
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thus the demographic variation can be ruled out, yet the age (68) and genetic make of the animal

is expected to have a large impact leading to variability in permeation.

To obtain the BE results with higher confidence, we need to redesign the study with a
larger number of subjects. We firmly believe, increasing the sample size to a larger number, the

power and the statistical confidence in the result can be improved.

6.5 Conclusions

In the current study, we have presented a hypothesis to estimate the Bioequivalence (BE) of RLD
(reference listed drug product) and its generic TDDP of Metronidazole using dermal microdialysis
on pig skin ex vivo and reported the proof-of-concept respectively. The method employed for the
current BE evaluation has demonstrated discriminatory results between two formulations differing
in their Q1/Q2 and produced overlapping concentration-time profile in the dermis with FDA-
approved bioequivalent products. Although the 90% CI of the Test/Reference ratio of PK
parameters (AUC, Cmax) was skewed toward the lowers end of the limits (80%-125% permissible
range), yet the data is promising considering the study was performed at a pilot-scale where the
sample size was small (n=3). Increasing the sample size, the study design can be implemented
for preliminary formulation selection during the development of drug products and other early

phase preclinical studies.
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Chapter 7: Estimation of Dermal Unit Impulse Response in
Skin Ex Vivo, Absorption-Independent Drug

Disposition in Dermis and Development of An Ex
Vivo- In Vivo Co-relationship.
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7.1 Introduction

Kinetics of Topical dermatological drug products (TDDP) is a complex interplay between the active
substance, the formulation, and the skin. Generally, in vitro and in vivo studies are widely
employed to evaluate drug release and permeation characteristics of such products.
Understanding the rate-limiting steps that determine dermal permeation, i.e. drug release,
diffusion across stratum corneum (SC), ability to bind to the SC or form skin reservoir, and/or
other formulation-related aspects could benefit the development of a better product. An in vitro—
in vivo correlation (IVIVC) is a predictive mathematical model often employed to describe the
relationship between an in vitro property of a dosage form and a relevant in vivo response (69).
A validated IVIVC model can be used to predict BA/BE based on in vitro data that are already

available.

Similar to solid oral products, as described in the FDA IVIVC Guidance for extended-release
oral dosage forms (70), Level A IVIVC correlates in vitro drug permeation across the skin in Franz
cell setup, and in vivo absorption in the skin could be established. The static nature of Franz
diffusion cells from in vitro studies could be substituted with the use of real-time drug monitoring
capabilities of dermal microdialysis (dMD) in ex vivo studies. Dermal Microdialysis studies help in
the estimation of the actual free drug concentration in the dermis and provide meaningful
evidence of drug available for actual therapeutic effect. In contrast, drug concentration measured
by in vitro Franz diffusion studies reflects the entire fraction of the drug that has permeated over
time. Ex vivo dMD study would eventually be used to compare with in vivo results. The only
shortcoming of using ex vivo dMD for estimation of drug kinetics is the absence of a vasculature
system which is present in the in vivo environment and helps in comparatively faster clearance
of the drug. However, we expect the effect of vasculature will be constant and intend to capture

in the correlation factor used for translation of ex vivo data to its corresponding in vivo outcome.
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In the current chapter, we have explored the feasibility of developing an Ex vivo-in vivo
correlation (EVIVC), and if successfully achieved, it would be the first study of its kind. Drug
concentration estimated in dermis over time in pig skin ex vivo by dermal microdialysis would be
compared with the respective data obtained from available in vivo data (1), and a mathematical
model would be developed to obtain the correlation factor. Such explorative study will not only
provide means to extrapolate ex vivo data to in vivo outcome but will also offer a mechanistic
understanding of the drug disposition independent of any absorption process (discussed in a later

section).

In a dynamic situation, the concentration-time profile is the integration of an absorption
function and a disposition function (71). The concept of unit impulse response would be used to
initially estimate the disposition parameters, namely elimination constant and inverse volume of
distribution. Once we can design a method to quantify the absorption independent disposition of
the drug, it is mathematically possible to estimate the absolute absorption or permeation

parameters of a drug into the skin, namely input rate, cumulative amount, and fractional input.

In the current investigation, we propose to introduce a drug in the dermis by retrodialysis
(equivalent to a dermal infusion). Once the microenvironment around the dialysis probe in the
dermis is saturated with the drug (steady-state), the dialysis perfusate could be switched to an
isotonic solution, and a microdialysis process would be undertaken. In turn, the input function
will be shunt and the elimination from the microenvironment will be captured in the dMD probe.
The elimination kinetics thus achieved could be considered as the dermal unit impulse response

(dUIR).

At the steady-state, the number of molecules leaving the probe is equal to the number of
molecules being eliminated from the dermis. The exact dose delivered for a determined time

interval can be calculated by subtracting the concentration in the perfusate minus the
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concentration detected in the dialysate, at steady state, and then multiplied by the volume

perfused for that time interval (Equation 7.1).

= . f— X
Dosetl—tz (Cm—perfusate Cout—ss)tl_tz Vperfused t1-t2

Equation 7.1 Calculation of the dose administered where Cin-perfusate is the concentration in the perfusate, Coutss is the
concentration in the dialysate at a steady-state, and Vyerfused is the volume perfused for that time interval.

Infusion of the drug into the dermis microenvironment by dMD would be independent of any
absorption process that may confound the clearance of the drug. The dermis clearance of the
drug can be estimated by the ratio of the dose delivered divided by the area under the curve

(AUC) for that time interval (Equation 7.2).

Dose1—2

CLgermis = AUC,1 1
t1-t

Equation 7.2 The calculation of dermis clearance, where the dose is calculated using Equation 7.1 and the area under
the curve AUC is estimated using a non-compartmental approach for the specified time interval.

During the microdialysis process, the drug elimination phase would be characterized. The drug
concentration-time profile will be used to identify the number of phases in the dermis distribution,
the terminal elimination rate constant, and the corresponding half-life. The volume of distribution

within the dermis can be calculated using Equation 7.3.

_ CLgermis
Vdermis - 2
z

Equation 7.3: Calculation of Volume of distribution in the dermis where CLgermis is the dermis clearance, A is the terminal
elimination rate, and Vgermis is the volume of distribution within the dermis
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For the dermal unit impulse response (dUIR) function calculation, the volume of distribution from

above can be rearranged as Equation 7.4, where A is the inverse of V.
dUIR = A.e™ %t

Equation 7.4: Equation for Dermis Unit Impulse Response (dUIR) calculation where A is the inverse of Vgermis the volume
of distribution within the dermis, and 2 is the terminal elimination rate.

The concentration-time profile from topical administration of dermal products (refer to chapter 4)
can be deconvolved using the dUIR function, and the absorbed (or input) function can be
estimated. At this point, the fractional absorbed from topical administration ex vivo (Fexvivo) will
be compared with fraction absorbed using human skin in vivo (Finvivo) studies. A typical Levy plot
is expected to be constructed to align Finvivo and Fex vivo into a linear regression with a correlation

factor.

7.2 Method

7.2.1 Chemicals and reagents

Metronidazole (99%) (MTZ) was purchased from Beantown Chemical (Hudson, NH). Lactated
Ringer Solution (LRS, NDC- 0338011703, Baxter Healthcare Corp., Deerfield, IL), Metronidazole
0.75% Cream (NDC- 0168032346, Fougera Pharmaceutical Inc., Melville, NY), Metronidazole
0.75% Gel (NDC- 0115147446, Impax Generics, Hayward, CA) and all other medical supplies
were purchased from Henry Schein (Melville, NY). and all other medical supplies were purchased
from Henry Schein (Melville, NY). LC Grade acetonitrile, water, and other supplies were purchased

from Fisher Scientific (Fair Lawn, NJ, USA).

7.2.2 HPLC Analytical method

The concentration of the analyte in the dialysate was measured using an Agilent 1100 series

HPLC-UV apparatus (Agilent Technologies, Santa Clara, CA) and the results were integrated using
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Agilent ChemStation. Briefly, the system consists of a degasser, quaternary pump, temperature-
controlled autosampler with a 50 pL sampling loop, a temperature-controlled column
compartment, and a DAD Detector. The column compartment was fitted with an Xbridge C18
3.0x50mm 5pm reverse phased column (Waters Corp. Milford, MA) and was set at 25°C. The
mobile phase consisted of deionized water (DI) and acetonitrile (ACN) at the ratio of 90:10 and
an isocratic flow was maintained at 0.3 mL/min. The detection wavelength was 325 nm
(bandwidth £ 4nm) and the reference wavelength was set at 400 nm (bandwidth £ 5nm). The

autosampler temperature was maintained at 5°C.
7.23 Bioavailability and dUIR experimental design

Skin explants were harvested from fresh slaughtered female Yorkshire pig belly purchased from
a local meat shop. Two different pieces of full-thickness pig skin explant from the same animal
were selected (each of dimension 5 x 20 cm), such that the skin samples were devoid of any
observable defects and deviation of TEWL measurement were not more than 20% on the selected
study sites. The full-thickness pig skin pieces with underlying subcutaneous fat layer (total
thickness ~1 cm) were placed on an aluminum foil tray (M2 ex vivo dMD method, chapter 5). On
the first skin, four different application sites (5 x 5 cm) were marked and a parallel four-period
full-replicate (Cream-Gel-Cream-Gel) design for routine bioavailability study was planned,
discussed earlier in chapter 4 and 5. On the other skin piece, four different probes were inserted
into the dermis with the help of a guide cannula 4 cm apart, and one lateral diffusion probe was
inserted in the dermis toward the center of the skin at a distance of 2 cm from the adjacent test

probes for the proposed dUIR investigation (Figure 7.1).
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Figure 7.1: (Top) A sample template of the dMD probe placement and application site for the formulations on the skin.
The probe and application site for MTZ cream is marked with purple and MTZ gel with orange. The application sites
are circular (diameter 2.5 cm) and the probes in each site are 1cm apart. The lateral diffusion probe (blue) is 2 cm
apart from adjacent probes. (Bottom) A sample template of the retrodialysis-microdialysis probe (purple) and lateral
diffusion probe (blue) placement on the skin. The probes in each site are 4cm apart, and the lateral diffusion probe is
2 cm apart from adjacent probes.

7.24 Retrodialysis and Microdialysis procedure

Bioavailability of Metronidazole 0.75% Cream (NDC- 0168032346, Fougera Pharmaceutical Inc.,
Melville, NY), Metronidazole 0.75% Gel (NDC- 0115147446, Impax Generics, Hayward, CA) was
performed on the first skin explant, discussed earlier in chapter 4. The dUIR investigation was
performed on the second skin explant as described in Figure 7.1 (bottom). System suitability trials
with a range of concentration of drug solution were performed (for retrodialysis-microdialysis
optimization) to determine the drug loss on retrodialysis on each skin strip, determine the infusion

time to reach steady-state in the dermis, and optimize the sampling time to capture the
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elimination phase during microdialysis at a higher resolution. Once the experimental setup was
verified with a certain level of investigator’s confidence, the retrodialysis-microdialysis study was
performed on fresh skin. Metronidazole (MTZ) at a concentration of 100 ug/mL in LR was found
suitable during the initial trials. The loss for metronidazole in the retrodialysis step was calculated
to be about 60% at a perfusion rate of 0.5 uL/min. In an optimized process, the probes were
flushed with 100 ug/mL at a flow rate of 25 uL/min for 10 min and then perfused at 0.5 uL/min
for 8 hrs. Samples were collected at every hour to determine the loss due to the retrodialysis
process. At the end of 8 hours, the infusion pump was switched to LR (blank perfusate) and the
probe lines were flushed with LR at a flow rate of 25 uL/min for 10 min. The perfusion rate was
lowered down to 0.5 uL/min and the perfusate was discarded for the first 10 min, followed by

continuous sampling at every 20 min until the next 4 hours.
7.25 Estimation of dermal disposition

The amount of drug delivered (dose) into the dermis at the steady-state was calculated from

Equation 7.5. The dose delivered was calculated for each probe.

X2.5—7.5 = (Cperfusate - Css) X Vperfused (2.5-7.5)

Equation 7.5: Where X is the dose administered at a steady-state between 2.5 and 7.5 hr, Cperfusate is the
concentration in the perfusate, Css is the concentration (ug/ml) in the steady-state portion of retrodialysis phase, and
Vperfused is the volume of solution perfused for the duration of steady-state, between 2.5 and 7.5 hrs.

Clearance of MTZ from the dermis at the steady-state phase was calculated as per equation 7.2
where T1 and T2 were 2.5 and 7.5 hrs respectively. Similarly, the volume of distribution in the
dermis was calculated using equation 7.3, where Az was the terminal elimination rate constant
estimated from the Non-compartmental analysis of the microdialysis data. The inverse value of
the volume of distribution was then applied for the calculation of the dermis unit impulse response

(dUIR).
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7.2.6 Ex vivo in vivo correlation (EVIVC) development

The bioavailability data of metronidazole: In our current bioavailability study using pig skin ex
vivo, regular sampling was continued until 8 hrs and terminally at 24 hrs. Data for the missing
time points between 8th and 24th hrs were bootstrapped by spline analysis from the mean of the
profile from all probes. The available in vivo bioavailability data from the pig (10) was considered
as the reference in the study here onwards, and the 48 hr PK data was trimmed at 24 hr to match
our ex vivo study design. The dUIR parameters from both ex vivo and in vivo studies were
employed to deconvolute individual PK data (from each donor/probes) for the estimation of the
cumulative absorption (CA) kinetics. Mean CA from cream as well as gel products was generated
for both ex vivo and in vivo population, later fractional cumulative absorption (fCA) was generated
for either method. Mean permeation time (MPT) of the active molecules in the pig skin in vivo
was determined using the PhoenixWinNonlin Dissolution module (MPT is the same as Mean
Dissolution Time, MDT, in the software module). Two different permeation models (Hill, and
Weibull) were used, and the MPT values thus obtained, were employed to investigate the time-
scaling (TS) of the ex vivo mean fractional Cumulative Absorbtion (fCA) profile. Eventually, the
scaled time of ex vivo fCA data was compared to in vivo time for corresponding fCA, and the Levy
plot was constructed. The selection of either the Hill model or the Weibull model was be
determined from the slope and Rsq value of the Level A Correlation of the Levy plots. The formulas
used in the mathematical conversion are listed below:

Finf .t°

Xt=—-——
MPT?D + tb

Equation 7.6: Hill equation of dissolution to calculate the amount (Xt)of drug absorbed at time t, where, Finf is the
fraction of drug absorbed in the system at infinity, MPT is the mean of permeation time and b is a shape factor.
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—t \b
Xt = Finf 1—exp(m) ]

Equation 7.7: Weibull equation of dissolution to calculate the amount (Xt) of drug absorbed at time t, where, Finf is
the fraction of drug absorbed in the system at infinity, MPT is the mean of permeation time and b is a shape factor.

x.MpT?\'"
t= (2
(Finf—X)

Equation 7.8: The formula to calculate the inverse of the Hill equation. This formula is generally useful for reverse
calculation of the time taken for a quantity of drug (X) to absorb, where Finf is the fraction of drug absorbed in the
system at infinity, and the MPT and shape factor b value is known.

1
t Inl1 X\ MPT
——n( _Finf) '

Equation 7.9: The formula to calculate the inverse of the Weibull equation. This formula is generally useful for reverse
calculation of the time taken for a quantity of drug (X) to absorb, where Finf is the fraction of drug absorbed in the
system at infinity, and the MPT and shape factor b value is known.

7.2.7 Extrapolation of ex vivo data to in vivo PK profile and validation

The regression values of scaled time from the appropriate Levy plot were matched to fCA and
original CA of ex vivo study and an absolute scaling (scaling the cumulative absorption with a
hypothetical factor) was used to match the extent of in vivo CA profile. Thereafter, the absolute
scaled ex vivo profile was convoluted with its dUIR parameters using PhoenixWinNonlin
Convolution module to estimate the in vivo PK profile. Whenever required, a spline analysis was
applied to bootstrap data from the convoluted profile for a better fit. The PK parameters (Cmax,
AUC) from the ex vivo convolution data were compared to the in vivo bioavailability data to

determine the percentage predictability error (%PE) in the prediction profile from ex vivo data. A
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general flowchart of the EVIVC development, in vivo PK profile prediction, and validation is

provided in the scheme below (Figure 7.2).
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Figure 7.2: A sample algorithm to design a Level A EVIVC and predict in vivo concentration-time profile from ex vivo
dMD data.

7.28 Statistical analysis

A two-stage analysis approach was employed, the first stage of the approach involves estimating
the PK parameters from individual dense concentration over time data (taking mid-points of the
sampling intervals) using nhoncompartmental methods in PhoenixWinNonlin (Certara; Princeton,
NJ). Individual parameter estimates obtained during the first stage were used as input data for
the second-stage calculation of descriptive summary statistics on the sample, typically, mean

parameter estimates and SEM. Bootstrapping of data from spline analysis, and other statistical
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calculations was GraphPad Prism (GraphPad Software, San Diego, CA). Prediction fold error was

calculated using Equation 7.10.

(Pobs — Ppred)
Pobs

%PE =( ).100

Equation 7.10: Percentage prediction error (%PE) calculation to calculate prediction accuracy. Pops is the observed
value and Ppreq is the predicted value.

7.3 Results
7.3.1 Ex vivo dermal bioavailability and disposition

The dermal microdialysis samples collected from the bioavailability study of Metronidazole 0.75%
cream and gel, on the first skin setup, presented a similar concentration-time profile as observed
in previous chapters. The concentration of drug observed in the lateral diffusion probes at both
the skin samples was below LLOQ. From the retrodialysis study, on the second skin sample, upon
perfusion of metronidazole solution (100 pg/mL in LR) at a flow rate of 0.5 uL/min, we observed
the concentration to reach equilibrium at the beginning of the third hour, and the perfusion was
continued until the eight hours. An average of 8.9 ug (n=4) of the drug was infused into the
dermis during that 5 hours of perfusion at equilibrium. On termination of the infusion process,
the drug concentration in the dermis, captured by the microdialysis process, exhibited a first-
order decay (Figure 7.3) with the elimination rate constant X,= 0.21 (0.06), corresponding to an

average half-life of 3.44 (0.99) hr.
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Figure 7.3: Overall dialysate concentration-time data from the retrodialysis-microdialysis process. The orange shaded
area is the error band of loss of perfusate from all probes in the retrodialysis process. The loss was at equilibrium
between 2.5 and 7.5 hr. The vertical dotted line represents the end of drug perfusion in the dermis by retrodialysis and
marks the beginning of recovery sampling by microdialysis. The purple shaded area is the error band of recovery of
the drug from all the probes. The initial drop in concentration at around 9™ hr is assumed to be due to lag time in
recovery of the probe. Elimination rate constant estimated from the terminal phase beyond 10 hr of dermis tissue
sampling, an overall mono-exponential equation was fitted, purple solid line. (n=3)

7.3.2 Dermis Unit Impulse Response (dUIR)

The total drug infused into the dermis and terminal elimination ();) value calculated from
retrodialysis and microdialysis process respectively was used in the calculation of dermal
clearance and volume of distribution estimations (Table 7.1). The inverse of the volume of
distribution was used for A value calculation for each probe and then the mean of all A values

was used in the dUIR. The dUIR equation thus is as following:

dUIR = 6.99¢7 021t

Equation 7.7: Dermis Unit Impulse (dUIR) calculated from the individual probes used for deconvolution of ex vivo
bioavailability data.
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Table 7.1: Estimated and derived parameters from retrodialysis and microdialysis in ex vivo pig skin. (Mean % SD, n=4)

Parameter Dose AUC \z Cl vd A

ug ug*hrymL 1/hr mil/hr m/

Mean (SD) 8.90 294.33 0.21 0.03 0.15 6.99

(0.20) (4.24) (0.06)  (0.00)  (0.04)

7.33 Ex vivo in vivo correlation (EVIVC) development

The bioavailability data of Metronidazole 0.75% Cream and Gel topical formulation performed on
the pig in vivo was kindly provided by Kuzma (10) and was compared to the ex vivo pig skin
study, as described in the method section (Figure 7.3). The concentration over time-scale
expressed in the in vivo bioavailability profile is magnified by three orders of magnitude in ex vivo
bioavailability data. The Mean (SEM) Cmax for Metronidazole cream in vivo and ex vivo are 41.27
(10.73) ng/ml and 204.31 (39.90) ug/mL respectively. Similarly, the Mean (SEM) Cmax for gel
formulation in vivo and ex vivo are 15.10 (9.61) ng/mL and 165.82 (25.97) ug/mL. The difference
in thickness of the skin at different locations within Yucatan minipig and domestic Yorkshire pig
breed has been reported (72—-74), and from our ultrasound images, we have observed similar
differences between the back (dorsal side) of the Yucatan minipig and belly skin (ventral part of
pig) of Yorkshire domestic pig. This difference in thickness of skin between the breeds is surely

a contributing factor for the difference in permeation profile.

Using the dUIR obtained in the in vivo and ex vivo studies, their individual PK profiles were
deconvolved. The 2, of in vivo study was reported as 0.47 1/hr and was observed as 0.21 1/hrin

ex vivo pig skin. The cumulative absorption (CA) over time for in vivo studies was gradual, and
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on the other hand a bi-phasic CA was observed in ex vivo, where after an initial rush in the flux

the rate changes after around the 5™ hour duration (Figure 7.4).

The difference in both the extent and the rate of absorption between the two studies was
observed. Thus, to generate a point-to-point correlation the ex vivo scale was scaled to match
the in vivo profile. Due to the vast difference in magnitude, the CA in each case was converted
to max value 1 and fractional cumulative value (fCA) was respectively generated at every time
point. Figure 7.5 demonstrate a common disparity in the trend of mean fractional absorption with
respect to time in both cream and gel formulation in either study and a general need to bring the
ex vivo (orange) profile close to in vivo (purple) profile for a point to point comparison was

warranted.

Time-scaling by calculating dissolution in vivo and applying the mean permeation time
(MPT) of the dose observed in in vivo to the ex vivo permeation, we observed a point-to-point
match of the two profiles. Figure 7.6 demonstrates the Levy plot construction before time scaling,
and after time scaling with the Hill dissolution method and Weibull dissolution method. The
application of the Weibull method gave a better slope and Rsq value for the time-to-time matching
on the Levy plot for both gel and cream. Hill dissolution for cream (Rsq=0.9879, Slope=1.0665),
and gel (Rsq=0.9865, Slope= 1.0411); Weibull dissolution for cream (Rsq=0.9990,

Slope=1.0026) and gel (Rsq=0.9969, Slope=1.0039) respectively.
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Figure 7.4: Bioavailability profile of MTZ in the dermis after topical administration of cream and gel formulation in vivo
(left), and ex vivo (right) at a dose of 10 mg/cm?. Purple- profile after treatment with MTZ 0.75% topical cream and,
Orange- profile after treatment with MTZ 0.75% topical gel. Data presented in Mean (SEM).
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Figure 7.5: Cumulative absorption profile of MTZ in the dermis in vivo (left), and ex vivo (right) at a dose of 10 mg/cm?.
Purple- profile after treatment with MTZ 0.75% topical cream and, Orange- profile after treatment with MTZ 0.75%
topical gel. Data presented in Mean (SEM).
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Figure 7.6: Mean Cumulative absorption profile of MTZ in dermis expressed in fraction (Fabs) for cream (left) and gel
(right) formulation. Purple- profile was observed in in vivo pig, and Orange- profile was observed in ex vivo pig skin.
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Figure 7.7: Levy plot constructed for point-to-point comparison of Tinvivo (Time In Vivo) as independent variable and
Tinvitro (Ex Vivo Scaled-Time) as the dependent variable. The top row indicates the mapping of cream and gel
formulation and the bottom row for Gel formulation before time-scaling, the slope and Rsq values indicate poor
correlation. The middle row indicates Levy Plot after time-scaling the ex vivo timeline with Hill absorption equation
(equation 8.8), the Slope and Rsq values were improved with time-scaling. The bottom row demonstrates the Levy
plot after time-scaling with the Weibull absorption equation (equation 8.9). The Rsq of the mapped time point is linear
(Rsg>0.99) in both cream and gel. The slopes were closer to 1.00.
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7.3.4 Extrapolation of ex vivo data to in vivo PK profile and validation

The regression values of scaled time obtained from Levy plot construction using the Weibull
dissolution formula were used to generate corresponding CA values ex vivo. These values were
scaled down using a permeation factor of 2000 for Cream and 3200 for Gel to match the in vivo
extent of in vivo PK profile. Figure 7.7 demonstrates the mapping of ex vivo Cumulative absorption

data to the in vivo cumulative absorption profile.
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Figure 7.8: Observed and mapped Cumulative Absorption Curve. Purple- The purple dot and shaded region denote the
Mean (SEM) of cumulative absorption of MTZ cream in vivo pig, Orange — the orange square, and shaded region
denotes the Mean (SEM) of cumulative absorption of MTZ gel in vivo pig. The black down arrow and up arrow with
connecting lines denotes the mapped cumulative absorption of MTZ cream and gel extrapolated from ex vivo data.

Convolution of the above mapped CA of ex vivo cream/gel profile with the ex vivo dUIR function
generated the predicted in vivo profile from ex vivo data (Figure 7.8). The PK parameters
observed from NCA of the predicted profile resulted in fold error of 1.03 for Cmax of cream, 0.98
for Cmax of gel, and 0.94 for AUC of cream, 0.90 for AUC of gel. The model developed presented

a point-to-point prediction of the anticipated in vivo profile; however, it started deviating from
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23" hour for Cream and 22™ for Gel. The regression analysis obtained from the Levy plot failed

to capture any data point beyond these time values, resulting in a drop in the T/R value for AUC.
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Figure 7.9: Predicted vs Observed concentration-time profile. Purple- The purple dot and shaded region denote the
observed Mean (SEM) of cumulative absorption of MTZ cream in vivo pig, Orange — the orange square, and shaded
region denotes the observed Mean (SEM) of cumulative absorption of MTZ gel in vivo pig. The blue continuous line
denotes the predicted concentration-time profile extrapolated from ex vivo data for cream and gel in respective graphs.
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7.4 Discussion

In the previous chapters, our goal was to develop an ex vivo dermal microdialysis model that will
manifest a bioavailability profile of topically applied drugs, similar to its in vivo counterpart. We
have achieved satisfactory data from pig skin ex vivo. In this chapter, we have explored the
possibilities to extrapolate the data from the ex vivo study to in vivo with some certainties. To
study the absorption independent drug disposition in the skin, it was challenging to introduce the
drug directly into the dermis without changing the microenvironment of the same. Through the
dermal retrodialysis method, we have successfully infused a very high concentration of drug into
the skin ex vivo. The advantage of the process is that a certain amount of the drug was introduced
into the dermis tissue without adding any external fluid or vehicle to the tissue itself (as would
be expected in subcutaneous infusion or bolus injection). In a way, we have avoided any external

variables that will disturb or obscure the PK measurements.

Despite the infusion of a very high dose of metronidazole solution (100 pg/ml), the lateral
diffusion probe did not pick any signal from the adjacent infusion sites. Not only, signals obtained
from individual probes were independent of any bias, but also we could derive two other possible
outcomes of this observation: (a) if there was any lateral diffusion in the dermis it did not travel
enough to extend up to a very optimistic distance of 2 cm to be detected in the lateral diffusion
probes, previously reported up to 1.2 cm beyond application site (75,76), (b) the diffusion of
active molecules were down the gradient towards the next layer of cells in the dermis. The latter
hypothesis could be better understood if two probes were introduced horizontally at different

depths in the dermis.

During the initial feasibility trials, to optimize the variables of the retrodialysis study, we

have explored the effect of the flow rate of perfusate (0.5 and 1.0 uL/min) and the concentration
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of perfusate (50, 100, and 200 pg/mL). The loss decreased with increased flow rate; this
observation is consistent with in vitro microdialysis observations (refer to section 3.3.3). Each
skin sample tested gave different loss values within a range, this may be contributed to the inter-
donor skin’s microstructure; however, the percentage loss was constant across different perfusate
concentrations. At the flow rate was 0.5 pL/min the average loss ranged from 45 to 65% of the
initial perfused concentration. A similar loss in retrodialysis was found in pig skin in vivo. This
consistent equilibrium behavior of the retrodialysis process across in vivo and ex vivo pig skin
confirms a steady-state situation was reached. To attain the steady-state concentration,
generally, it would require about 5 half-lives of the drug in the dermis (77). Although we have
observed an early equilibrium state, this does not affect our experimental design as our goal was
only to load the dermis tissue with a quantifiable amount of drug and to derive the elimination

parameters from the terminal declining phase.

Introduction of metronidazole in the skin by retrodialysis was previously used by Kuzma
to study the dermal disposition of the drug in vivo. In his studies, he has observed a mono-
exponential decay and the elimination rate constant was A,=0.47 1/hr; whereas the mono-
exponential decay constant in this ex vivo study was 2,=0.21 1/hr. The higher exponential decay
may have been contributed by the continuous clearance of the drug from the skin by the
microvasculature. A follow-through ex vivo study had helped us understand the extent to which
these micro vasculatures affect the clearance of the drug from the dermis. The three-order
magnitude increase in the bioavailability profile of the formulations from in vivo to ex vivo could
be due to two reasons, (a) in the ex vivo tissue the barrier function is compromised leading to
higher permeation values supported by the higher TEWL value observed, (b) reduced elimination

due to lack of microvasculature.
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In a traditional IVIVC involving oral dosing, the fraction dissolved in vitro is compared to
the in vivo input rate which is a function of in vivo dissolution (70). For topical formulations, two
concerns need to be addressed before attempting to design a correlation- (a) the dissolution term
is required to be adopted as absorption/permeation, (b) the amount absorbed/permeated is
seldom a major fraction of the dose. Also, due to the observed difference in rate and extent of
absorption between ex vivo and in vivo systems, a comparison of the actual fraction of dose
absorbed will be inadequate for developing a correlation. In a similar situation, where the
formulations in vitro and in vivo presented dissimilar time scales (78), the problem was resolved
by modeling the relationship between the times at which the same fraction of the max dissolution
was achieved. Similarly, we have considered the cumulative absorption at the last time point as

1 and converted the entire cumulative range as a fraction.

Conventionally, for topical and transdermal products, we correlate permeation profile in
vitro with the deconvoluted in vivo absorption profile (79,80). This is the first report where we
have tried to correlate the dermal bioavailability profile on pig skin in vivo and ex vivo with the
aid of real-time dermal drug concentration estimation using microdialysis. Here both the
experimental models resulted in PK profiles, and dermal Unit Impulse Response was of dire
importance to deconvolute the drug absorption profile. The retrodialysis-microdialysis process
was beneficial in replacing the traditional UIR determination by IV injection. The application of an
appropriate release function (Weibull dissolution) helped us to unlock the most vital key - the
Mean permeation time (MPT). The MPT indeed attributed to the mathematical conversion of the

time function of live in vivo skin to excised ex vivo skin.

Mathematical conversion of ex vivo rate and extent, and its sequential mapping with the

in vivo profile, offered us a matching cumulative absorption over time curve profile (Figure 7.7).
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Consequently, the predictability, the attribute of a mathematical model that defines its usefulness

in real life, was established by convolution of the predicted CA profile to a predicted PK profile.

A one-on-one comparison of the observed and predicted PK profile is recommended by
the FDA guidance for IVIVC. There is enough space for the investigator as a variety of methods
are possible and potentially acceptable. Methodology for the evaluation of IVIVC predictability is
an active area of investigation and a correlation should predict in vivo performance accurately
and consistently. We have attained predictability within the accepted (percent prediction error
(% PE) of 10% or less for Cmax and AUC). The study presented here was a beneficial learning
experience and a scientific exploration where the validity of the approach must be further
investigated. Once fully understood, ex vivo bioavailability assay by dermal microdialysis can be
used confidently as a surrogate for in vivo bioavailability/bioequivalence of topical dermal drug

products.

7.5 Condusions

In the present chapter, we have successfully introduced the drug into the dermis and estimated
the absorption independent elimination kinetics parameters. Deconvolution of the absorption
profile of the drug from the different topical formulations was possible from these elimination
parameters. Both the studies were performed on the skin from a single subject and same location,
thereby any bias of skin variability was avoided. In the later part of the chapter, we have
compared the estimated ex vivo profiles with an available in vivo data set and developed a
mathematical correlation between the two profiles. A point-to-point correlation has been
demonstrated with the potential to predict in vivo drug kinetic profile from the extrapolation of

ex vivo outcomes. In the future, the model would be used for external predictability and we can
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foresee this comparison could play a pivotal role in replacing the burden of extensive experiments

on animal subjects during early preclinical research.
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Chapter 8: Conclusion and General Discussions
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With the increasing demand for dermal tissue monitoring technologies, such as dermal
microdialysis (dMD), dermal open-flow microperfusion (dOFM), imaging by Raman spectroscopy,
there is a constant need for human and animal subjects for product performance testing.
Especially, the application of these cutting-edge technologies on animals during preclinical
evaluations could be expensive and inconvenient. In the work presented here, we hypothesized
to decrease this burden of animal testing by introducing the performance testing on excised skin
by dermal microdialysis. We have laid down experimental design, proved our concepts through a

data-driven approach, and optimized the conditions required to perform the tests.

The central component of the dermal microdialysis process is the microdialysis probe.
While different configurations and speciation of the probes are commercially available, we decided
to use our in-house Gambro AN 69 probe with a 1.7 cm exchange window, based on our previous
experience for metronidazole recovery. Making the probes in-house provides us the flexibility to
manufacture them only when we require, this not only prevented the timely deterioration of the

polymeric exchange membrane but also helped lower the cost per experiment and inventory.

The wide availability of reported data on the similarity of the pig skin to human skin
motivated us to explore the use of excised skin from pigs for the ex vivo dermal microdialysis
study. Human cadaver skin and excised pig skin from commercial sources are stored at freezing
temperatures. There are conflicting reports from various research groups on the proper storage
temperature for the skin (27); however, studies with fresh skin remain the gold standard in such
assays. A statistics by OECD in 2019 reported the United States as the fifth largest consumer of
pork meat in the world (81); with nearly a hundred million pigs slaughtered in a year, there would
be a stiff amount of fresh pig skin available at slaughterhouses or local meat shop. Fresh skin
samples of any dimension or specification could be made available from these sources to design

a suitable experiment. We have explored one such avenue to source fresh domesticated Yorkshire

-99-



pig skin explant to design and conduct bioavailability study of commercial products of
Metronidazole 0.75% topical formulations using dermal microdialysis. In our initial studies, we
have compared the feasibility of using frozen pig skin (excised in-house at different temperatures:
-20 ©C, -40 °C, -80 °C, and flash-freeze by liquid nitrogen) with freshly sourced skin explant from
a local meat shop. Thawing of frozen skin at ambient lab temperature takes a couple of hours
and subsequently increases the hydration of the surface layer to the extent where the permeation
of the drug is too high. Comparatively, the thawing step was not required for the outsourced skin

and it was ready for downstream processing.

Reports of microdialysis for dermal tissue fluid sampling are widely available but we were
interested to design and test a first-of-its-kind ex vivo skin model to discriminate between
formulations and establish it as a routine bioequivalence tool. After the probe and microdialysis
system performance was characterized in vitro, the method was transferred to the skin explant
for dermal tissue fluid monitoring. The physiological differences between living and excised skin
were anticipated early in the study and trials were planned to reduce the physiological differences
to a minimum. One critical aspect of the study was to keep the skin performance similar
throughout the study. Measuring the performance of the skin would be complex, hence we
intended to keep the skin visibly the same until the end of the study, especially when the skin
tends to dry with time and bent inwards toward the stratum corneum side. One novel approach
was undertaken, a full-thickness skin without a subcutaneous fat layer was placed on a wicking
material that constantly provided hydration from the ventral side of the skin. The experimental
plan led to an over hydrated system causing the negative control to present a larger exposure
profile in the dermis. In the alternate approach, where a skin flap (full-thickness skin with the
subcutaneous fat layer) was used, the dermal microdialysis sampling provided a bioavailability

profile of both the test and the negative control similar to available literature data. This best-fit
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method was eventually optimized and tested for dose-response linearity with satisfactory

outcomes.

The ex vivo skin explant of our study is comparable to a vasoconstricted system. Here the
absence of a dynamic circulatory system not only makes the skin dry over time but also fails to
provide thermoregulation. Superficial addition of heat on the skin is deemed to alter the
thermodynamics of formulation hence affect the permeation kinetics. An alternate approach to
mimic thermoregulation was explored; simply, the heat was provided to the skin from the bottom
using a regulated heating system. The ex vivo skin system in conjugation with dermal
microdialysis sampling was expected to give a significant increase in the permeation profile when
compared between ambient laboratory conditions and physiological temperature. However, the
fold increase in the AUC values after 24 hrs of microdialysis sample from the dermis suggests that
the model is not sensitive to respond to changes in temperature. Mimicking the thermoregulation
provided no added benefit to the ex vivo dermal microdialysis system; rather, the process became
labor-intensive. It added several extra hours of pre-experimental set-up time; regardless, at the
cost of thermal degradation of the subcutaneous fat layer. After 24 hours of sampling duration,
the skin was visually different, shrunk 10% in each dimension, and warped at the surface making
the whole sampling technique unreliable. Due to the aforementioned reasons, we have decided
to use the ex vivo skin model in routine bioavailability studies at ambient laboratory temperatures

at around 25 °C.

The ex vivo pig skin microdialysis method was developed with the intention to employ the
model in bioequivalence studies of topically applied pharmaceutical products. Comparing the
commercially available RLD and approved generic of Metronidazole 0.75% cream from the
microdialysis data, the log-normal ratio of T/R for AUC and Cmax was found within the FDA limits

although skewed towards the lower boundary of the 90% confidence interval. The window of
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variation (width of the confidence interval) was 24% and 27% for AUC and Cmax respectively.
Generally speaking, narrow CI is an indicator of tighter values and is often observed in larger
population sizes. In our experimental results, we have observed narrow CI width even when we
had a small population size. One possible implication is that the method gives very consistent
outputs; however, we would like to accept the results with caution. We firmly believe, increasing
the sample size to a larger number, the power and the statistical confidence in the result can be

improved.

Yet again, the fact that reference and test formulations can be tested simultaneously, the
experimental population size required to establish bioequivalence for TDDPs can be reduced. It
is efficient on time and resources and mimics more closely the permeability behavior observed in
vivo. The lack of signal in the lateral diffusion rejects any possible cross-talk of dMD probes and
indicates the probes implanted underneath a designated formulation application site is specifically
measuring their local bioavailability. This current experimental setup may provide a convenient,
reliable, cost-effective, table-top, and quantitative approach to routinely evaluate the

percutaneous drug permeability of TDDP.

Lastly, we were driven by curiosity to explore the predictability of in vivo PK profile from
our current ex vivo bioavailability outcomes. In this exercise, we have mathematically mapped
the two profiles with a point-to-point correlation similar to a Level A IVIVC. During this explorative
study we had overcome the challenge to introduce the drug to the dermis directly without
disturbing the interstitial fluid, quantified absorption independent elimination kinetics, understood
the drug disposition and the effect of the microvasculature on the clearance of the drug from the
dermis. This simple study was indeed very fruitful in understanding the drug kinetics and

dynamics within the dermis tissue.
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Dermal microdialysis ex vivo can be potentially employed to expand the knowledge of
dermis pharmacokinetics. It can be instrumental in small explorative investigations, as well as in
larger populations for BA/BE studies. Ex vivo, in combination with in vivo dermal microdialysis has
the potential to become a powerful tool in the future. In addition, dermal microdialysis can provide
a link between dermis concentration-time profiles and permeation profiles generated in IVPT
studies. While there were several assumptions made in this work, the models proposed in this
study can be tested with other compounds with a suitable study design to refine and optimize

this tool.
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