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ABSTRACT

An improved model of dermal concentrations and clearance is presented. This was
accomplished by refining the assumptions in the current computational model and by
developing and analyzing additional data. Accurate values of partition and diffusion
coefficients within the lower skin layers are among the information required in order to
estimate skin concentrations of permeants following topical application. For highly
lipophilic compounds these parameters also play a significant role in determining
systemic absorption rates. A modified in vitro experimental methodology was employed
to measure the transport parameters of 3 solutes varying in lipophilicity, namely, DEET,
diclofenac and parathion. Isolated human dermis obtained from surgical reduction was
mounted in side-by-side diffusion cells in the presence and absence of a dialysis
membrane (5000 MW cutoff) placed between the dermis and the donor solution. The
results indicate that for permeants such as diclofenac and parathion, that are more than
about 87% bound to soluble proteins in the dermis, the dialysis membrane method is
important in order to obtain accurate estimates of transport and partitioning parameters in
dermis.

A computational model for estimating dermal clearance in humans of arbitrary, non
metabolized solutes was developed. The blood capillary component employed slit theory
with contributions from both small (10 nm) and large (50 nm) slits. The lymphatic
component was derived from previously reported clearance measurements of dermal and
subcutaneous injections of "*'I-albumin in humans. Model parameters were fit to both

blood capillary permeability data and lymphatic clearance data. Small molecules are
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cleared largely by the blood and large molecules by the lymph. The combined model
showed a crossover behavior at approximately 29 kDa, in acceptable agreement with the
reported value of 16 kDa. When combined with existing models for stratum corneum
permeability and appropriate measures of tissue binding, the developed model has the
potential to significantly improve tissue concentration estimates for large or highly

protein bound permeants following dermal exposure.

The dermal clearance model combined with existing models for stratum corneum
permeability and appropriate measures of protein binding were used to analyze in vivo
concentration data from the literature and compare it to predictions made by the current
mathematical model. All data were analyzed using the modified mathematical model;
however, for permeants with reported absorption data, a curve-fitting spreadsheet was
also used which took into account both skin concentration profiles and absorption profiles
in urine. For most permeants the model predicted a steeper slope and hence a quicker
decrease in the skin concentration with depth than the observed data. Acceptable
predictions were made for Econazole, Methoxsalen, Flurbiprofen and ketoprofen with
adjustments to the diffusivity of the stratum corneum. The revised computational model
is able to make predictions for topically applied permeants, yet further work can be done

to better improve the predictive capability of the model.
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1. INTRODUCTION

The skin constitutes the primary barrier to the absorption of chemicals into the body. It
consists of three main regions which collectively control the overall absorption of a
solute into the body. These regions include a highly lipophilic stratum corneum which is
considered the primary barrier, a hydrophilic epidermal layer whose role is increased as
the lipophilicity of the permeant increases,(Gupta, Wientjes et al. 1995) and finally the
dermal layer whose vascular nature leads to the clearance of solutes into the systemic
circulation or surrounding tissues as well as tissue retention of the solute due to protein
binding. Knowledge of the rate and extent of dermal absorption is of great importance in
the cosmetic and transdermal drug delivery industry.(van der Merwe, Brooks et al. 2006)
Another pressing need has been in the area of dermal risk assessment in occupational,
environmental and leisure settings.(Kruse, Golden et al. 2007)

In the case of topical drug delivery; lag times, skin concentrations in the dermal tissue
and clearance to its targeted sites, are all important factors that determine the efficacy of
the drug. With regards to dermal risk assessment, these same factors give insight into the
exposure effects of toxins on the skin and the body as a whole. In principal, the study of
chemical penetration in humans in vivo would provide us with the most relevant values of
the transport parameters associated with absorption. Yet, such studies are expensive and
may be unethical. /n vivo animal studies have also become less popular due to ethical and
economic reasons. Thus, in vitro studies utilizing human skin and animal skin have

become the standard in permeation studies, the former being preferred due to differences



in skin characteristics between species. To experimentally predict the absorption of every
permeant would be extremely time consuming and expensive.(Kruse, Golden et al. 2007)
Thus alternative methods have become popular in these fields. The most promising
methods available are predictive models developed to estimate the transport parameters
of a permeant based on its physicochemical properties and the properties of the skin
layers. The quality of these models often depends on the quality of the experimental data
to which they have been fitted. Ideally, these models would accurately mimic the
transport properties of the different layers of the skin in order to estimate the absorption
profiles of varying solutes. However, they have not fully reached this level of
sophistication. Further refinement is required concerning the physiological basis of the

models as well as the experimental methods utilized to develop calibration data.

1.1 Predictive models

Many articles in the literature have been devoted to the description of skin absorption
models. These models can be divided into two main types:(van der Merwe, Brooks et al.
20006)

- Quantitative structure-activity relationship (QSAR) models. These models
predict the steady-state permeability constant of molecules based on physical-
chemical properties of permeants, solvents and chemical mixtures.

- Mathematical models that simulate the effects of partitioning and transport
processes involved in absorption. These models vary according to how they

are correlated to the physiology of the skin.
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o Compartmental Models: Such models may be traditional
compartmental models that are not physiologically relevant. These
models solve rate equations and describe solute transport in terms of
pharmacokinetic parameters.

o Diffusion Models: These models account for descriptions of body
compartments and tissues based on the physiology of these
components. The transport parameters derived by these models are
based on diffusion equations and not rate equations used in

pharmacokinetics.

There are, however, limitations associated with most of these models in terms of their
predictive power. QSARs do not predict absorption outside of the steady-state portion of
the absorption/time curve. Also, Cleek and Bunge(Cleek and Bunge 1993) have
demonstrated that the absorption of the solute as described by steady-state parameters
may be highly underestimated in comparison to the actual absorption of the permeant as

seen in the figure below.
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Simplistic compartmental models that do not account for the physiology and anatomy of
the skin give rough estimates of the transport parameters associated with dermal

absorption and thus are poor as predictive tools.(van der Merwe, Brooks et al. 2006)

Scheuplein(Scheuplein 1965; Scheuplein 1967) was among the first to quantitatively
model the skin barrier. The stratum corneum (SC) was assumed to be a uniform diffusion
medium with parallel follicular pathways. The viable tissue (VT) was established as the
rate limiting barrier for highly lipophilic compounds. Michaels et al.(Michaels,
Chandrasekaran et al. 1975) modeled the SC as a brick and mortar structure with
molecules diffusing intercellularly or interstitially. However, the model was deemed

conceptual rather than predictive due to the fact that it required exacting information that
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was unavailable. Berner and Cooper(Berner and Cooper 1987) assigned parallel lipodal
pathways and polar pathways. A third pathway, a heterogeneous oil-water multi-laminate
pathway was added. Yet the parameters required for the model lacked physiological
and/or experimental basis. Albery and Hadgraft(Albery and Hadgraft 1979) had a similar
model to Berner and Cooper(Berner and Cooper 1987) and thus were faced with the same
limitations. Kasting et al.(Kasting, Smith et al. 1987) described skin permeation as a
simple passive diffusion process. The SC was considered the rate limiting barrier and was
treated as a homogeneous layer. Solubility limitation for the permeant in the SC and the
molecular size dependence for the diffusivity were incorporated into the model.
Flynn(Flynn 1990) also recognized the dependence of the diffusivity on molecular weight
(MW) and classified permeability coefficients according to chemical polarity such that
hydrophilic compounds used polar pathways. Guy and Hadgraft(Guy and Hadgraft 1988)
and Potts and Guy(Potts and Guy 1992) challenged the polar pathway idea and theorized
that the higher permeability k, for the smaller polar compounds (low MW) was due to
their high diffusivity specifically that the normalization of k, by Kocr leads to an inverse
dependence on the MW. A concise summary of the above developments may be found in

(McCarley and Bunge, 2001).(McCarley and Bunge 2001)

1.1.1 Pharmacokinetic models

In these models the body is represented by one or more well-stirred compartments. Most
commonly found in the literature are one-compartmental and two-compartmental skin
models. Kruse et al.(Kruse, Golden et al. 2007) developed a four-compartmental skin

model and Higaki et al.(Higaki, Asai et al. 2002) developed a six-compartmental model
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representing the muscles and underlying tissues affected by systemic clearance and direct
penetration from the dermis. It should be noted that the literature at times may be
confusing due to the lack of clarity when referring to the viable tissues (VT). Some
models consider the VT as the epidermis sans the SC, while others consider it as the
combination of epidermis sans the SC and dermis. For simplification, compartmental
models consider average concentration across the skin layer rather than position-
dependent concentration, which in itself may be considered a limitation since the
concentration of the permeant varies with position and tissue layer.

The common theme observed in all of these models is that the viable epidermis and
dermis are treated as a single aqueous homogenous layer, with complete clearance of the
permeant at the base layer. This serves as less than satisfactory for the following
scenarios: (a) when the SC barrier has been compromised; (b) topical application of
vasconstrictive agents with the permeant; (c) contact sensitization thresholds; (d) effects
of age and environmental/pathological conditions.(Kretsos, Miller et al. 2008)

Another common problem associated with compartmental models is the fact that they are
adequate in describing the absorption of permeants to which the model has been fitted,
yet are unable to describe the absorption of new permeants. Thus, the use of such models
as predictive tools is unsuitable for hypothesis generation and testing.(van der Merwe,
Brooks et al. 2006)

McCarley and Bunge(McCarley and Bunge 2001) published a review on one-
compartmental and two-compartmental models available in the literature. The authors
stated that in the process of their research, although hundreds of papers had been

dedicated to compartmental model representations of the skin, the majority of these
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papers estimated values for rate constants from the experimental data without relating
these values to the physiological and physical parameters of the skin. Also, several of the
models did not state the assumptions built into their development, nor did they clearly
define the relationship between the rate constants and physicochemical properties of the
skin and permeant. Another issue that arose was the fact that skin layers included in the
models were not always clear. Such models are inadequate for use in predicting new
permeants since the unknowns are too numerous and cannot be explained or used by
anyone other than the authors of the respective models. The objective is to develop a

model that can be easily used by any individual.

1.1.2 One-compartment models
One-compartmental models can be grouped into three main categories:

- The compartment represents the SC or the viable epidermis (VE) alone. The
assumption put forth in such models is that other skin layers do not contribute
significantly to the storage capacity and overall resistance.(McKone 1993;
Bunge, Flynn et al. 1994; Bunge, Cleek et al. 1995; McCarley and Bunge
1998) For example: the rate limiting barrier to the penetration of a highly
lipophilic permeant would be the aqueous viable epidermis. These simplistic
models do not account for parameters of the excluded skin layer which may
have implications on factors other than resistance such as lag times, tissue
concentrations and systemic clearance.

- The compartment represents all skin layers.(McDougal, Jepson et al. 1986;

Kubota and Maibach 1992; Rao and Brown 1993; Blancato and Chiu 1994;

15



Kubota and Maibach 1994; Singh and Roberts 1994) It may or may not
include the dermis.

- The compartment represents a hybrid, such that the penetration of the solute is
limited by the SC, but the storage capacity is controlled by the VE.(Guy,

Hadgraft et al. 1982; Guy and Hadgraft 1985; Brown and Hattis 1989)

Several assumptions are built into the development of these models: (a) equilibrium
between the skin and blood (b) equilibrium between the skin and vehicle (c) rate of mass
transfer into the skin from the vehicle is proportional to the steady-state permeability
coefficient k;, (d) rate of removal from the skin is controlled by the solubility of the solute

in the blood and the blood flow rate.

Table 1. Category and Common Assumptions of Several One-Compartment Models

Used
Equili- Membrane
brium Equilibriom k% Estimated Model to
between between i Pro- Assuming Rate Estimate
Skin and Skin and  portional Blood Flow  Constant Rate
Model # Model Category  Vehicle Blood L0 Paginv Limited Neglected Constants
1 McKone” 1 (se) v v V (RAS)
2 MeCarley™ 1(scorve) v v
3 Rao'’ 2
4 Blancato™ 2 v v V v
5 MeDougal 14 2
B Kubota 18 2 v kA
7 Singh'? 2 v v (kA
8 Guy =1 3 v V)
9 Brown'® 3 v V v

Table 1.1 Category and common assumptions of several one-compartmental
models.(McCarley and Bunge 2001) Source: McCarley KD, Bunge AL. 2001. J Pharm

Sci 90(11):1699-1719
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Guy et al. model: (Guy, Hadgraft et al. 1982; Guy and Hadgraft 1985) This model is
different from other one-compartmental models in the sense that the chemical being
absorbed is in a solid form as opposed to a solution. Therefore, the cumulative amount of
permeant crossing the skin is proportional to the mass remaining on the skin. The rate
constant representing the transfer from skin to vehicle was neglected in this model. When
compared to the 2-membrane model, which is a more realistic model and also accounts
for the changes in concentration with position, the cumulative amount of chemical
crossing the epidermal-blood interface was overestimated, especially for more lipophilic
compounds. Also the predicted values of the cumulative mass in the epidermis and

cumulative mass crossing the epidermal-blood interface were independent of K.

Singh and Roberts model:(Singh and Roberts 1994) This model assumes that the transfer
rates from epidermis to vehicle and epidermis to blood are based on the steady-state
concentration of the epidermis. The rate constant representing the transfer from blood to
skin is neglected. When compared to the 2-membrane model, the cumulative amount of
chemical crossing the epidermal-blood interface was overestimated for lipophilic

compounds.

Kubota and Maibach model:(Kubota and Maibach 1992; Kubota and Maibach 1994)
Rate constants were derived by forcing the model to match the behavior of the one-
membrane model. The model does not clearly define which skin layers are included.

Also, the rate constant representing the transfer from blood to skin was neglected. When
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compared to the two-membrane model it was a better predictor of the transport

parameters due to the fact that it was based on the one-membrane model.

McCarley and Bunge model:(McCarley and Bunge 1998) Similar to the Kubota and
Maibach model, this model was matched to the one-membrane model where 11 different
one-compartmental models were developed. However, unlike the Kubota and Maibach
model, the authors suggested the use of only one skin layer, i.e., the SC, for moderately
lipophilic chemicals and the use of two separate one-compartmental models for highly
lipophilic solutes representing the SC and VE. The model neglects the mass transfer
resistance in the vehicle. This model underestimates the mass of absorbing chemical in
the epidermis and overestimates the cumulative mass of chemical crossing the vehicle-
epidermal interface. Yet, like the Kubota and Maibach model, this model was a better
predictor when compared to the two-membrane model. It should be noted that all the
models were used to predict chloroform data and compared to experimental data except
for this model. This was attributed to the fact that the model’s development had not been
based on experimental data for chloroform and thus could not be used as a predictor for
this permeant. This highlights the issue with compartmental models not being adequate

for the prediction of new permeants.

Brown and Hattis model:(Brown and Hattis 1989) This model includes an adjustable
parameter that accounts for uncertainties in estimating permeability and partition
coefficients, blood flow rates, skin thickness and deviations from Fick’s law. The effect

of solute size on the diffusivity in the viable epidermis Dyg was neglected and it was
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assumed that Dyg = 6x10"° cm?/s. The model was inappropriate for use when the receptor
compartment had no flow, due to the fact that the model in this limit predicts that there is

no flux from the skin to the receptor compartment.

McKone model:(McKone 1993) includes an adjustable parameter that accounts for
“exposure conditions”, yet it does not define the term and what it encompasses. When
compared to the two-membrane model, the mass of absorbing chemical in the epidermis
was underestimated and the cumulative mass of chemical crossing the vehicle-epidermal

interface was overestimated.

Roberts and Cross model: (Roberts and Cross 1999) The single compartment represents
the viable epidermis and dermis. Changes in the amount of solute in the tissue
compartment are described in terms of exponential absorption kinetics. Single pass hind
limb perfusions using male Wistar rats were used to develop the experimental data for
comparison with the model predictions. Perfusates of both dextran and bovine serum
albumin (BSA) were used to show the effects of protein binding of diclofenac (DCF) in
both tissue and blood on respective tissue and concentrations as well as on clearance of
the solute. The predicted clearance values in the presence of BSA were higher than the
observed values, yet were of the same order of magnitude. The authors claimed that the
absorption of a solute into the dermis from an aqueous solution is independent of the
protein binding and Kocr of the solute. Our results shown later contradict this claim. The
authors also state that the use of a one-compartmental model is inadequate since the

solute concentrations in the tissues are not uniform.
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1.1.3 Two-compartment models

In these models, one compartment represents the SC and the other compartment
represents the VT. McCarley and Bunge(McCarley and Bunge 2001) found that there
were only 2 models that were clearly defined in terms of physicochemical and physical

properties of the skin. The assumptions built into these models is as follows: (a)
penetration into the SC is proportional to the steady-state permeability k> of the SC (b)
clearance is controlled by the solubility of the permeant in the blood and the blood flow
rate (¢) penetration into the VE is proportional to the steady-state permeability kZT of the

VT.

Shatkin and Brown model:(Shatkin and Brown 1991) The rate constant representing
transfer from the SC to the vehicle includes an arbitrary factor of 2. Estimates of the
individual components of k; were used, that is, diffusivity D;, partition coefficient K; and
thickness h; where 1 corresponds to the respective skin layer. This model like the Brown
model neglected the effect of solute size on diffusivity in the VT. This model was a better
predictor of the experimental data for chloroform when there was no blood flow,
however, it did not adequately predict the experimental data when blood flow was present

and was deemed inappropriate for use in such scenarios.

Chinery and Gleason model:(Chinery and Gleason 1993) Unlike the Shatkin and Brown

model, estimates of k; were used as opposed to its individual components. This model

was also considered inappropriate for use when there is no flow in the receptor

compartment.
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1.1.4 Four layer diffusion model

The compartments represent the donor, the SC, the VE and the receptor. The model
parameter for the diffusivity coefficient (D;) is dependent on the molecular weight (MW)
of the chemical and the distribution between the layers is determined by the partition
coefficient (K;) which is dependent on the lipophilicity and composition of the
tissue.(Kruse, Golden et al. 2007) It is a one-dimensional model that describes the mass
flows between the different compartments. For computational purposes the skin layers
are divided into multiple sub-layers, such that the SC is divided into six sub-layers and
the VE into five sub-layers. Diffusion in the individual sub-layers is described by a
numerical approximation to Fick’s 1% law that is, using concentration differences
between the sub-layers. The effects of clearance out of the tissue and volume are
represented by an additional receptor compartment. Skin hydration is not accounted for in
this model. The model was used to predict transport for 5 compounds (triclosan,
testosterone, malathion, parathion and caffeine). Experimental data were collected from
in vitro experiments utilizing both finite and infinite doses for each of the compounds.
The model predictions were than compared to the experimental data. Model parameters
were fitted to the data, however, due to the limited availability of data, the assumption
was made that the most critical parameters were those of the SC. Thus, the partition
coefficient Kgc and diffusivity Dgc were utilized as the fitted parameters of this model.
Several limitations were observed. The biggest limitation was that two sets of fitted
parameter values were obtained depending on the input starting values chosen. The better
parameter set was then chosen by either seeing which set best fit the finite dose

experimental data or the set that was closest to the QSAR based approximation. A
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problem arises for new permeants for which experimental data are not available- the issue
of selecting the better parameter set becomes difficult. Also the model generated profiles
that fit the data at long times well, yet did not match the non-steady-state regions. Model
predictions for finite dose only fit the experimental data well for time periods less than
Shrs, thus the authors stated that the model was not an adequate predictor of finite doses
absorption for long time periods. For lipophilic compounds, the predicted values of the
permeability coefficient k, were larger than those determined experimentally. This could

possibly be attributed to inadequate experimental techniques as discussed later.

1.1.5 Six-compartment model

This model(Higaki, Asai et al. 2002) consists of 6 compartments, the donor, the VT
(includes the dermis), the muscle directly below the site, plasma, contralateral muscle,
contralateral tissue. The SC was not included in this model. The model was initially
developed based on experimental data for antipyrine. The model was then used to predict
the transport parameters for 10 other drugs, however, the model equation used to
calculate the distribution volume of the plasma was changed since the original equation
only gave valid solutions for antipyrine and not the other 10 drugs. This is a an example
of how these compartmental models are difficult to generalize for new permeants unless
modified, which would be difficult for anyone other than the developers of the model.
This model predicted that the drug reaching the muscle was mainly derived from direct
penetration from the skin as opposed to the systemic circulation. The direct delivery

increased with an increase in the unbound fraction of the drug.
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1.1.6 Isolated diffusion model

This model describes the decline of drug concentration with depth as a function of
diffusion and capillary membrane clearance, such that the decline in the concentration is
exponential with depth.(Gupta, Wientjes et al. 1995) The authors suggest that the SC and
epidermis can be explained by simple diffusion models, whereas, the dermis is better
explained by the distributed model described above. The assumptions made in this model
are that (a) metabolism is negligible (b) capillaries are uniformly distributed (c) capillary
wall transport is a passive process. The predicted parameters from the distributed model
and simple diffusion model were compared to both in vitro and in vivo experimental data.
The distributed model was a better predictor and better fit to the experimental data,
showing that incorporation of clearance in a predictive model is necessary. However, this
model does not account for the effects of the stratum corneum on the overall transport
process. Also, the simplistic representation of the capillaries in the dermis may provide
inaccurate predictions of clearance and ultimately tissue concentrations in the dermis

since an increase in clearance would reduce the tissue concentration and vice versa.

1.1.7 Bunge et al. model(Bunge, Cleek et al. 1995)

This model is currently in use as the predictive tool at the Environmental Protection
Agency (EPA). In this model the dermis and epidermis are lumped as single
homogeneous layer. As mentioned earlier, they thus assume absolute dermal clearance
which may serve as an inadequate assumption in certain situations. The model predicts

the mass of solute absorbed by using estimates of diffusivity D;, partition coefficient K;

and thickness of the skin layer h; instead of the steady-state permeability k; which lumps
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all three parameters together. The possible limitation here may be in the limited
availability of these separate parameters, since most experimental data represent a
combination of D; and K; and an exact thickness of the various skin layers is not
completely known. Also, the author states that the model should not be used to predict
the absorption of permeants that are highly hydrophilic, specifically permeants that have
a Kocr less than 1.8. The effects of systemic clearance and lymphatic clearance are not

accounted for in this model.

1.1.8 Transient distributed-diffusion model

Here the skin is represented in three separate layers, the SC, the viable epidermis and the
dermis where the epidermis is presently treated as unperfused dermis. The model is a
transient one-dimensional skin permeation model that can predict transport from a finite
dose. As mentioned previously, several models assume absolute clearance which is not a
valid assumption under certain conditions. Thus, the dermal clearance here is modeled
realistically as it would appear in vivo, specifically as a distributed phenomenon
modulated by diffusion.(Kretsos, Kasting et al. 2004) The model does not include the
hypodermis, since its incorporation into the model had negligible effects on the predicted
parameters of the dermis. The assumptions built into the model include partitioning
equilibrium and continuity of flux at the interfaces and a uniform first-order clearance in
the dermis. Clearance via the lymphatic system is ignored. Although the exact
contribution of lymphatic clearance is unclear, it has been established that large
hydrophilic macromolecules are taken up primarily by the lymphatic system. This

limitation is further implied by the inability of the model to predict parameters for highly
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bound lipophilic compounds such as retinoic acid due to the absence of lymphatic
clearance.(Kretsos, Miller et al. 2008) Also one study of stripped skin has shown that
direct penetration from the dermis to the underlying tissues is predominant over systemic
clearance; thus the assumption that all clearance occurs via the blood may be
inadequate.(Higaki, Asai et al. 2002) The model predicts an exponential decay in
permeant concentration with depth in the dermis and a linear decay in the SC and
epidermis. With regards to protein binding, the model assumes that most of the solute
binding occurs to albumin which is present in the dermis and makes up 2.7% w/v.(Bert,
Mathieson et al. 1982) The model neglects the mobility of the albumin and limits the
contribution of the dermal lipids which may serve as a limitation and is a possible
explanation to why our current model under predicts the skin concentrations when
compared to those measured in vitro. A recent study by the Novartis Pharma group
examined the binding of two highly lipophilic drugs, pimecrolimus and tacrolimus, to
soluble skin proteins and plasma proteins. With regards to soluble skin proteins, both
drugs were bound to an unidentified protein with a molecular weight of approximately 15
kDa, possibly corresponding to macrophilin 12.(Weiss, Fresneau et al. 2008) For plasma
proteins, the study showed, that binding was highest to lipoproteins, particularly high-
density lipoproteins (HDL) followed by al-acid glycoprotein and y-globulins. Albumin
was less relevant to the overall plasma protein binding of the drugs as shown in Figure
2.(Weiss, Fresneau et al. 2008) This study contradicts our assumption that most protein
binding in the skin occurs with albumin. The clearance values of the dermis predicted by

the model were not as accurate when compared to in vivo data. This can be attributed to
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the underlying assumption of the steady-state distribution of the permeant in the tissue

and also the assumption of uniform clearance with depth.
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Figure 1.2 Binding of pimecrolimus and tacrolimus to human plasma proteins. Plasma(100 _I)
was loaded onto a gel filtration column equilibrated with either pimecrolimus or tacrolimus. A,
total binding to plasma proteins analyzed on a HiTrap column at actual free concentrations of 88
and 87 mg/ml for pimecrolimus and tacrolimus, respectively. B, binding to human plasma
proteins separated on a Superose 6HR 10/300 column. The major UV peak at approximately 70
kDa corresponds mainly to albumin, and neither pimecrolimus nor tacrolimus coelutes strongly
with this peak. The major peaks for pimecrolimus correspond to the expected elution volumes of
HDL (_170 kDa) and LDL (approximately 3500 kDa); the major peaks for tacrolimus correspond

to the expected elution volumes of _1-acid glycoprotein (approximately 43 kDa) and HDL (_170

26



kDa). Elution profiles in B are from one representative of three experiments; the UV signal is in

arbitrary units. ( Source: Weiss et al. 2008. Drug Metab Disp. 36: 1812-1818).
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Figure 1.3 Current Kasting et. al computational model. Kasting GB, Miller MA, Bhatt VD.

2008. J Occup Environ Hyg 5:633-644

1.2 BLOOD CAPILLARIES

1.2.1 Blood capillary structure
The blood capillary wall in most tissues consists of a three-layered structure. The
endothelial glycocalyx layer (EGL) found on the luminal side of the capillary, the

basement layer found on the albuminal side, and the endothelial cell lining found between
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the basement membrane and glycocalyx layer.(Sarin 2010) The blood capillary can be
classified as non-sinusoidal or sinusoidal, where the distinguishing factor is the presence
or absence of a continuous basement membrane, respectively. Furthermore, these
capillaries are classified as fenestrated or non-fenestrated. There are 2 main types of
capillaries found in all organs with the exception of the kidney, liver and bone marrow as
described below.
(a) Non-sinusoidal non-fenestrated blood capillary/continuous capillary: both the
basement membrane layer and endothelial cell lining layer are continuous.(Sarin
2010) The interendothelial clefts, which are the clefts between 2 adjacent
endothelial cells, constitute the primary transport pathways due to the absence of
fenestrations. Although the reported width of the interendothelial cleft is
approximately 20 nm, the actual available width for transport through the cleft is
much narrower due to the presence of junction strands with a resulting effective
diameter of 4-10 nm.(Sarin 2010) These capillaries have a high permeability to

water and small solutes, yet a low permeability to proteins and macromolecules.
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Figure 1.4 Non-Sinusoidal Non-Fenestrated Blood Capillary. The green pillars represent the
individual mucopolysaccharide fibers of the EGL. The orange hatched region represents the

basement membrane. (Courtesy of Sarin, 2010).

(b) Non-sinusoidal fenestrated blood capillary: the basement membrane layer is
continuous; however, the endothelial cell lining is fenestrated. In all organs except
for the kidney, these fenestrations and diaphragmed, such that they are not
completely open, but are covered with plate-like sieves believed to be about 2-7
nm wide.(Sarin 2010) These capillaries have a higher permeability to water and
small solutes than non-fenestrated capillaries, yet they exhibit a similar

permeability to proteins and macromolecules.
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Figure 1.5 Non-Sinusoidal Fenestrated (Diaphragmed Fenestrae) Blood Capillary. The green
pillars represent the individual mucopolysaccharide fibers of the EGL. The orange hatched region
represents the basement membrane. The endothelial cell lining contains diaphragmed fenestrae

depicted by the red plates. (Courtesy of Sarin, 2010).

With regards to skin capillaries, there is no general agreement on the type of capillaries
found in the dermis. Some have reported that only continuous capillaries are found in the
skin,(Imayama 1981) while others have reported the presence of both fenestrated and
non-fenestrated capillaries. Braverman and Yen (Braverman and Yen 1977) suggested
that majority of the capillaries found in the skin are continuous, yet fenestrated capillaries
can be found in certain skin regions such as the fingertips and heels that have highly
developed rete ridges. A study by Imayama (Imayama 1981) on the walking pads of rats
demonstrated that the capillaries further away from the epidermis were continuous,
whereas, the capillaries closer to the dermal-epidermal junction and those close to the

dermal papillaec were fenestrated in nature.
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Endothelial Glycocalyx Layer (EGL)

In the 1940s Danielli (Danielli 1940) and Chambers and Zweifach (Chambers and
Zweifach 1947) first proposed the possibility that a thin layer may cover the entire
endothelial cell lining. By 1966 Luft (Luft 1966) was able to detect the presence of this
layer in rat intestinal mucosa. In 1979, Klitzman and Duling (Klitzman and Duling 1979)
detected a much thicker layer than observed by Luft. Although, the function of the EGL
was not completely understood at the time of these discoveries, in 1994, Pries et al.
(Pries, Secomb et al. 1994) were able to demonstrate that the EGL contributed to the
microvascular flow resistance of the capillary. The EGL consists of a matrix of
proteoglycans, namely heparan and heparan sulfate; and glycosaminoglycans (GAGs),
specifically hyaluronan and chondroitin sulfate that contain sialic acid residues that
impart a net negative charge on the EGL,(Weinbaum, Tarbell et al. 2007; Flessner 2008)
Although, the EGL is not completely understood, it is believed that plasma proteins such
as albumin absorb into the side chains of the GAGs forming a fiber matrix with a gap
spacing between fibers equivalent to the diameter of albumin.(Sugihara-Seki and Fu
2005) Studies have shown that the thickness of the EGL 1is about 100 -500
nm.(Weinbaum, Tarbell et al. 2007)

The EGL is believed to be the primary molecular sieve for plasma proteins and
macromolecules, but in turn allows the free exchange of water and small lipid-insoluble
solutes. This hypothesis was confirmed when observing the permeabilities of both
fenestrated and non-fenestrated blood capillaries. Although the hydraulic conductivities

of fenestrated capillaries are higher than non-fenestrated capillaries, their permeability to
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plasma proteins and macromolecules are remarkably similar.(Berg, Nieuwdorp et al.

2006; Weinbaum, Tarbell et al. 2007)

1.2.2 Transport Pathways

Transcellular Pore

Vesicle
Fenestra

Intercellular Cleft

Figure 1.6 Transvascular pathways in the microvascular wall.(Sugihara-Seki and Fu 2005)

(Courtesy of Fu, 2001).

(a) Cell membrane: consists of 3 barriers. The cell membrane, cytoplasm and plasma
membrane. Small lipophilic solutes as well as water may use this pathway.

(b) Interendothelial cleft: may be the primary pathway for water, hydrophilic solutes
and plasma proteins. Although the cleft is reported as 20 nm wide, the presence of
junction strands within the cleft make the available area of the cleft much
narrower with a resulting effective diameter of 4-10 nm.(Renkin 1977; Levick and
Michel 2010) Adamson and Michel (Adamson 1993) studied frog mesenteric
capillaries and demonstrated that the junction strand exhibited infrequent breaks
that were on average 150 nm long, spaced about 2-4 um apart along the length of
the strand. Some investigators believe that larger pores or clefts, of about 50-70

nm in width are present much less frequently than the smaller pores and generally
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are attributed to the transport of proteins and macromolecules (Audus and
Borchardt 1991). The width of these large pores may be reduced to 20-30 nm
depending on the narrowness of the stricture. (Audus and Borchardt 1991) It
should be noted that there is no solid evidence to support this theory.(Sarin 2010)

(c) Vesicles: are believed to be the major pathway for the transport of plasma
proteins and macromolecules. They operate in a shuttling mode (transcytosis)
similar to Brownian movement and their transport characteristics are those of
diffusion. (Renkin and Curry 1982; Renkin 1985) The contribution of vesicular
transport is of some controversy. Rippe and Haraldsson (Rippe and Haraldsson
1994) and Taylor and Granger (Taylor and Granger 1984) found little or no
positive evidence to support the importance of transcytosis when analyzing large-
solute transport. Furthermore, Rosengren et al. (Rosengren, Rippe et al. 2006)
studied protein transport in mice completely lacking vesicles and found that the
transport of proteins actually increased, suggesting that transcytosis does not in
fact contribute to the transport of macromolecules.

(d) Fenestrae: believed to be an additional pathway for water, ions and small lipid-
insoluble solutes, but not necessarily for proteins.(Sugihara-Seki and Fu 2005;
Sarin 2010) These openings may be open or closed based upon the presence of a
diaphragm, a sieve-like plate. Open fenestra are specific to renal glomerular
capillaries.(Audus and Borchardt 1991; Sugihara-Seki and Fu 2005; Sarin 2010)

(e) Transcellular pore: is an additional pathway for the transport of macromolecules
that may be opened in response to inflammation and/or local injury.(Sugihara-

Seki and Fu 2005)

33



Based on the physiology of the blood capillaries and the various transport pathways,
several investigators have developed models to describe the transport of water, ions,
small lipid-insoluble solutes and macromolecules. The earliest and most basic of all
models was the simple “pore/slit theory”. (Wilschut, ten Berge et al. 1995) As
understanding and knowledge of the capillary structure progressed, so did the

complexity of models.

1.2.3 Blood capillary models
Membrane transport is described by the Kedem-Katchalsky equations derived from the

principles of irreversible thermodynamics,(Kedem and Katchalsky 1958)

J,=PAC+(1-0,,C (1.1)
J=L,(AP-0,AT) (1.2)
where Js is the solute flux; J, is the fluid flux; P is the diffusive permeability to solutes;
AC is the concentration difference across the membrane; oy is the solvent drag due to
membrane restriction; C is the mean intramembrane solute concentration; L, is the
hydraulic conductivity which describes the membrane permeability to water; AP is the
difference between local capillary blood pressure and interstitial hydrostatic pressure; o4
is the reflection coefficient which describes the selectivity of the membrane to solutes;
and Ar is the difference between colloid osmotic pressure in plasma and the underside of

glycocalyx. For ideal solutions ¢ is equal to 64 and is represented by o, the reflection

coefficient.(Curry 1983; Michel and Curry 1999)
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1.2.3.1 Pore theory
The permeability of the capillary wall is described in terms of flow through a water-filled

cylindrical pore, which is the cleft between 2 adjacent endothelial cells.

The hydraulic conductivity L, can be calculated from Poiseuille’s Law (Michel and Curry

1999; Sugihara-Seki and Fu 2005)

_ NaR*
P 8uAx (1.3)

L

where N is the number of pores per unit surface area of the capillary wall; R is the pore
radius; p is the water viscosity at 37 °C; and Ax is the depth of the cleft from lumen to
tissue.

The solute permeability within the pore Ppor is

P,.=NmR’>xD ><2 (1.4)
Ax

pore pore

where Dy, is the solute diffusion coefficient within the pore; and ® is the solute partition

coefficient. Respectively,

D,,.=D,,(1-2.10442+2.088774* —0.948134° —1.3722°) (1.5)
d=(1-1)° (1.6)
'8
A=l 1.7
. (1.7
D = 74x 1078 T(MWwater i ¢water)1/2 (1 8)
aq /JV/?G)

where 1; is the solute radius; D,q is the aqueous diffusivity calculated at 37°C using the

Wilke-Chang relationship; T is the temperature in K; ¢waer 1S the solvent association

35



parameter for water; p is the viscosity of water at 37 °C; and V4 is the molar volume of

the solute at boiling point.

1.2.3.2 Slit theory

The interendothelial cleft is modeled as a slit instead of a cylindrical pore. It seems more
likely that the cleft resembles a rectangular slit, more so than a cylindrical pore.(Rippe
and Haraldsson 1994)

The hydraulic conductivity L, can be calculated from Poiseuille’s Law(Michel and Curry

1999; Sugihara-Seki and Fu 2005)

L__MW3
P12 uAx

(1.9)

where L is the total slit length per unit area of vessel wall; W is the width of the slit, f is
the fraction of the length of the slit open to a width W; p is the water viscosity at 37 °C;
and Ax is the depth of the cleft from lumen to tissue.

The solute permeability within the slit Py is (Michel and Curry 1999; Sugihara-Seki and
Fu 2005)

@
Rm=ﬂﬂxDmXZ; (1.10)

where Dyt 1s the solute diffusion coefficient within the slit; and @ is the solute partition

coefficient. Respectively,

D, =D, (1-1.0042+0.418%" +0.2102" —0.16961) (L.11)
,
/1 -5
(w/2) (1.12)
1/3
N (1.13)
’ 4r
D =(1-2)
o =(1-®d)
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(1.14)
(1.15)

= 74>< 10_8 T(MWwater .¢water)l/2 (116)

Daq /lV/;)6

where D,q is the aqueous diffusivity calculated at 37°C using the Wilke-Chang
relationship; A is the ratio of the solute radius r; and half-width of the slit; T is the
temperature in K; @y, is the solvent association parameter for water; p is the viscosity

of water at 37 °C; and V, is the molar volume at boiling point.

1.2.3.3 Fiber matrix theory

The glycocalyx is considered to be the primary molecular sieve to plasma proteins and
macromolecules. Luft (Luft 1966) was the first to describe the presence of the glycocalyx
on the luminal side of the interendothelial cleft based on staining experiments using
ruthenium red and Alcian blue for cell surface glycoproteins. These studies suggested
that the glycocalyx extended into the outer regions of the cleft. Curry and Michel (Curry
and Michel 1980) were the first to provide a quantitative description of the fiber matrix
model using the stochastic theory of Ogston et al (Ogston, Preston et al. 1973). Solute
exclusion was accounted for be a network of fibers characteristic of glycoproteins on the
endothelial cell surface. The solute partition coefficient ®, and ratio of the solute
diffusion coefficient of the matrix to the free diffusion coefficient Dgpe/Dree Were
described in terms of the fraction of the matrix volume occupied by the fiber S¢ and the
fiber radius rr. This initial fiber matrix theory assumed that the matrix occupied the entire

length of the cleft. The resistance of the fibers to water flow K, was calculated using the
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Carman Kozeny equation.(Curry and Michel 1980; Michel and Curry 1999; Sugihara-
Seki and Fu 2005)

Upon the discovery of junction strands within the cleft by Adamson and
Michel(Adamson 1993) and their observations that only a maximum of 20-30% of the
junction is effectively opened, the initial assumption of fiber matrix occupying the entire
length of the cleft showed that water flows would be underestimated by at least 3-fold.
Thus a revised fiber matrix theory was established that incorporated the junction strand
geometry and limited the presence of the fiber matrix to the cleft entrance. As a result,
Tsay and Weinbaum (Tsay and Weinbaum 1991) introduced and an effective
conductivity of the matrix K.g, which was related to the value of K,,. It should be noted
however that some investigators, namely Rippe et al. (Rippe 2008) who are responsible
for the two and three Pore Theories are not advocates of the theory that the glycocalyx
contributes to the size-selectivity of the capillary wall. They state that there is not enough

evidence to collaborate the glycocalyx hypothesis.

0.5
A=r, (Sij 2 (1.17)

where A is the gap spacing between the fibers; ¢ is the fiber radius; and St is the fraction

of the matrix occupied by the fiber. The Darcy hydraulic conductance K, is

2.377
K, =0.0572r; (AJ (1.18)

Ty

This is related to the effective conductivity of the matrix K¢ by

tanh|(w /2)/ /K, |
- w/2)/ K,

K,=K, (1.19)
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where W is the width of the slit/interendothelial cleft.

The solute partition coefficient @ and the Dyper/Dyiee for an ordered fiber arrangement are

as follows

2

a

d=1 —Sf[1+—] (1.20)
Ty

D, 2a
fiber
=1-| J1-S,|1+——
D / /_m”f (1.21)

free

where a is the solute radius and Dg.. is the aqueous diffusivity at 37°C is calculated as

described above for the Slit Theory.

Thus the solute permeability Pgper and the hydraulic conductivity L, are

A, D
ﬁber — ﬁber ﬁber ¢ (122)
L Dfree
A, K .
L, = 2 (1.23)
L Hepy

where Agper 1S the area of the fiber filled pathway; L is the depth of the pathway; and s

is the effective viscosity related to the viscosity of water p at 37°C.

wr2)1 /&, |
S =S w ) JK, — tanbl12)/ K | (124
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1.2.3.4 Two-pore and three-pore theory

This theory was developed by Rippe et al. (Rippe and Haraldsson 1987; Rippe and
Haraldsson 1994).The principal hypothesis underlying this theory is that there are
essentially 2 types of pores. Small pores with radiuses of 4.5 nm, and less frequent large
pores with radiuses of 25 nm. It is believed that the frequency of the large pore may be as
such that there are approximately 200-10,000 small pores to every large pore (Renkin,
Watson et al. 1977; Rippe and Haraldsson 1987). Hence, in this theory a ratio of 95:5 of
small pore to large pore was chosen. Rippe et al. (Rippe and Haraldsson 1987; Rippe,
Rosengren et al. 2002) challenge the idea of vesicular transport (transcytosis) of
macromolecules due to the fact that in true capillaries, these channels cannot be found by
electron microscopes. They believe that the passive convection of macromolecules across
large pores can account for the bulk transfer of the major plasma proteins from the blood
to tissue, although albumin and smaller solutes can also permeate the capillary membrane
by diffusion through the smaller pores.

The three-pore theory is an extension of the two-pore theory such that a water-only
conductive pathway, specifically the aquaporin, was introduced (Rippe et al, 2000,
Venturoli and Rippe, 2001). The small pore radius was set to 4.3 nm and the large pore
radius to 25 nm. The ratio of the small pore: large pore: aquaporin is 90:7:3. Furthermore,
the three-pore theory was further modified to include a fiber matrix model to represent
the interstitium. (Rippe and Venturoli 2007)

The reflection coefficient ¢ is

1-27 p--2r}1-2)

1_£+g.ﬂ’2
3 3

o=1- (1.25)
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where A is the ratio of the solute radius to the pore radius. A reflection coefficient for
each pore radius is calculated such that a total reflection coefficient Gy 1S

Cpp =Q,0,+Q,0, (1.26)

where oy is the area fraction of large pores and oy is the area fraction of small pores (1-

(XL) .

The permeability-surface area product PS is

A A,

1.27
A, Ax (127)

where A/A, is the diffusive restrictive function, A,/Ax is the total unrestricted area of
exchange per unit diffusion path length and D,q is the aqueous diffusivity calculated
using Stokes-Einstein relationship.

RT

D =————- 1.28
“6muN 1, (125)

i (1_1)9/2

A 1-0.39564+1.061612

4

(1.29)

where RT is the product of the gas constant and absolute temperature in Kelvin; p is the
viscosity of water p at 37°C; Ny is Avogadro’s number; and r is the solute radius.

The total permeability-surface area product PSc,, and total hydraulic conductance are

A 4 y
PSp =Dy '{(I_AL)'(A_JS +4, .LA_OM (1.30)
_Arn e (1.31)
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1.2.3.5 1-D and 3-D models

Hu and Weinbaum (Hu and Weinbaum 1999) had developed a sophisticated 3-D model
with five separate regions to describe the transport of solutes across the glycocalyx, cleft
and junction strands within the blood capillary wall. This model was far to complicated
for most investigators to use and required considerable computer time for the numerical
solutions to converge (Zhang, Adamson et al. 2006). As a result, they developed a
simpler 1-D model such that each of the five regions of the 3-D model was described by a
1-D convection-diffusion equation. The key simplification of thel-D model was the
conversion of the tight junction strands with periodic breaks into a single continuous slit.
This continuous slit was modeled to provide the same permeability and hydraulic
conductivity as predicted by the 3-D model. The values and parameters used for this
model were taken from the literature of rat mesenteric microvessels (Zhang, Adamson et
al. 2006). This model provides the user with 13 different equations that can be solved

simultaneously and in much less time than the 3-D version.

1.3 LYMPHATIC CAPILLARIES

1.3.1 Structure and function
The lymphatics serve various functions in the body. Amongst these functions are: (Strand
and Bergqvist 1989)

(a) The production and transport of thymus-dependent small lymphocytes that

play a role in cellular immunity.
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(b) Production of large lymphocytes and plasma cells which then produce
antibodies.

(c) Filtration of body fluids through nodal sinuses.

One of the most important functions of the lymphatics is the return of larger proteins and
lymphocytes from the interstitium to the blood. About 20-40 L/day of fluid is filtered into
the interstitium and of that volume, about 2-4 L/day is carried away by the
lymphatics.(Ryan 1978) Due to the unidirectional flow of lymph, the fluid is recovered
from the periphery and then finally to the major lymphatic vessel, the thoracic duct,
which in turn returns the fluid to the vasculature. (Porter and Charman 2000) In the skin,
the lymphatic vasculature begins in the subpapillary layer of the dermis.(Schmid-
Schonbein 1990) Joory et al.(Joory 2004) studied the depth of lymphatics in the human
forearm and found that the highest density was found at 250 um from the dermal-
epidermal junction. The initial lymphatics found in the subpapillary layer of the dermis
are closely interconnected in a hexagonal pattern and connect through a set of
precollectors with deeper layers of lymphatics.(Schmid-Schonbein 1990) The lymphatic
capillaries in the skin are 100 pm wide and consist of a single layer of overlapping
endothelial cells that are joined together by large intercellular junctions.(Modi, Stanton et
al. 2007) The basement membrane in these capillaries is discontinuous or absent and are
noncontractile.(Swartz 2001) Anchoring filaments attach to the lymphatic capillary wall
and to the collagen fibers of the interstitium which maintain the structure of these
capillaries. Both the anchoring filaments and overlapping endothelial cells provide an

endothelial microvalve that allows the unidirectional flow of lymph.(Schmid-Schonbein
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1990; Swartz 2001) The endothelium of the lymphatics poses very little hindrance to
solute uptake, yet, the protein concentration in lymph fluid is inversely dependent on the
flow rate.(Swartz 2001) Larger solutes are preferentially absorbed by the lymphatics, yet,
the larger the solute, the slower the uptake into the lymphatics. Uptake by the initial
lymphatics is not only a function of size, but also shape, charge and lipophilicity.(Swartz
2001) The initial lymphatics drain into thicker-walled collecting ducts which are not only
comprised of an inner endothelial layer, but are covered by a connective sheath
containing elastic and muscular cells. The contraction of these muscle cells allows for the
propulsion of the lymph through the vessels, lymph nodes and ultimately to the thoracic
duct and systemic circulation. In addition to the contraction and relaxation of the muscle
cells, other factors affect the propulsion of lymph through the vessels such as muscular

activity, respiratory movement, massage, heat, and venous pressure.(Swartz 2001)

1.3.2 Effect of molecular weight on lymphatic absorption

The blood capillaries are poorly permeable to large hydrophilic macromolecules, as a
result, these larger molecules are primarily transported via the lymphatics. Supersaxo et
al.(Supersaxo, Hein et al. 1990) studied the effect of molecular weight on lymphatic
absorption following subcutaneous injection. 4 compounds, namely, 3H-
Fluorodeoxyuridine (*H-FUDR) (246.2 Da), *H-Inulin (5200 Da), '*C-Cytochrome ¢
(12,300 Da) and Interferon alpha-2a (19,000 Da) were injected subcutaneously into the
hind leg of White Alpine and Black Jura sheep. The efferent duct of the popliteal lymph
node was cannulated and samples of the lymph were collected for 24 hrs. The

concentration of the Interferon alpha-2a was measured by an enzyme-linked
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immunosorbent assay, and the remaining compounds were analyzed via a scintillation

counter.

The recovery of the compound in lymph was expressed as a percentage of the
administered dose and was calculated as the product of the concentration in the lymph
and the volume of lymph collected at each time interval. The cumulative recoveries
were:

= FUDR(246.2Da): 4+ 1.5%

* Inulin (5200Da): 21.0 £ 7.1 %

= Cytochrome c (12,300Da): 38.6 £ 6.7%

= Interferon alpha-2a (19,000Da): 59.5 + 7.7%

A linear relationship was found between the molecular weight and the proportion of dose
lymphatically absorbed, such that for compounds with a molecular weight of 16,000 Da
and above, more than 50% of the administered dose was being transported via the

lymphatics.
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Figure 1.7 Correlation between molecular weight and the cumulative recovery in the
lymph.(Supersaxo, Hein et al. 1990) Source: Supersaxo A, Hein WR, Steffen H. Pharm Sci.

1990. 7: 167-169.

Cross and Roberts(Cross and Roberts 1993) also studied the absorption kinetics of
interferon alpha-2a in female Sprague Dawley rats in vivo. An incision on the lower
abdomen was made to the level of the subcutaneous tissue. The skin was separated from
the subcutaneous layer and an absorption cell was then fixed to the moist tissue. The cell
was clamped in position and maintained at 37°C. Radiolabeled albumin and PBS solution
was introduced into the absorption cell and the experiment was carried out to 6 h. Blood
samples were collected from the tail vein at the end of the study, and the tissue below the
absorption cell was removed and analyzed for radioactivity. Nor-adrenaline was
administered with interferon in some cells to observe its effect on the overall clearance.
Nor-adrenaline is a vasoconstrictor and had no effect on the clearance of interferon. This

is a strong indication of the fact that interferon is cleared mainly via the lymphatics,
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hence a constriction in the blood capillaries had no effect on its clearance. The clearance
of interferon was 1.41 + 0.38 x 10° mL min" and the absorption half-life from the
solution was 3.8 £+ 1.1 h. Furthermore, at 2 h, a loss of 38.9 £10.3% of interferon from the
cell was measured and at 6 h was 57.5 £ 11.9%. Only 1% of this dose was recovered in
the tissues directly below the cell. These results are in close agreement with the in vivo

values observed by the Supersaxo group in sheep.
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Figure 1.8 Cross SE, Roberts MS. J Pharm Pharmacol. 1992. 45: 606-609.
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These studies demonstrate the important role played by the lymphatic capillaries with
regards to the clearance of macromolecules. Yet, questions regarding the transport rate
of these macromolecules cannot be answered by such studies. Instead, these queries are
answered by studying how quickly these macromolecules move out of the injection site

and into the lymph and plasma.

1.3.3 Lymphatic capillary flow studies

The measurement of lymph flow has been of great importance in the characterization and
understanding of clinical diseases such as edema and lymphedema which are primarily a
consequence of impaired lymphatic drainage and flow.(Modi, Stanton et al. 2005; Modi,
Stanton et al. 2007) Many methods for the study of lymph flow rate are available,
however, only a few of these studies are noninvasive. The most widely used method
involves an injection of a radioactive macromolecule into the dermis or muscle of
subcutis followed by the measurement of the rate of disappearance from the injection
site.(Modi, Stanton et al. 2007) This method is referred to as quantitative
lymphoscintagraphy. Different methods available for the assessment of lymphatic
function in vivo are as follows:(Modi, Stanton et al. 2007)

(1) Direct lymphangiography: small lymphatic collectors are visualized by a
subcutaneously-injected dye. These lymphatics are then dissected under local anesthesia,
cannulated and then infused with a radiopaque contrast agent. This technique provides
anatomical information yet very little functional information and is no longer used

because it may exacerbate lymphedema.
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(i1) Indirect lymphangiography: involves the injection of a large molecular weight
contrast medium interstitially, which is taken up by the lymphatic capillaries and then
enters the main collecting ducts. Both some anatomical and functional information can be
deduced from such studies.

(ii1) Fluorescence microlymphography: a small bolus of fluorescein-labeled dextran is
injected intradermally. The drainage of the solution into the lymphatic network can be
visualized by fluorescence microscopy. These studies provide information regarding the
number of capillaries, their diameters, lengths etc. but do not measure lymph flow.

(iv) Direct lymph collection: lymphatic collector vessels in the limbs of healthy subjects
are cannulated and the lymph flow and lymphatic pumping pressure are measured

directly.

None of the described methods above measure lymph flow except for direct cannulation.
Although, some of these methods provide information on lymph velocity, that parameter
can not be used to determine lymph flow due to the fact that the lymphatic cross-sectional

area is unknown.

1.3.3.1 Cannulation studies

In these studies the test molecules are injected intravenously or intramuscularly in the test
subject. A lymphatic duct such as the thoracic duct or popliteal duct is cannulated and
regular samples of lymph are collected. The state of the subject varies from one study to
the other, such that lymph flow rates may be measured under physical activity, passive

movement, anesthesia or conscious subjects, increases in venous pressure and increases
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in temperature of the site. A comprehensive summary of these various studies can be
found in the table below. The flow rate from the cannulated vessel is a function of the
pressure at the outflow end of the vessel.(Laine, Allen et al. 1987) The height and
resistance of the cannula has significant effects on the pressure at the outflow end, hence
significant effects on the lymph flow rates being measured, such that the flow rate
measured in a cannulated lymph vessel is not equal to the flow rate had the vessel not
been cannulated. (Laine, Allen et al. 1987) Furthermore, the changes in the lymph flow
rate measured in the cannulated vessel are not proportional to the total tissue lymph
flow.(Laine, Allen et al. 1987) Additionally, studies involving the cannulation of the
thoracic duct may be misleading because although most lymph vessels run from an organ
through the lymph nodes and then finally into the thoracic duct which then empties into
the veins in the neck; some lymph vessels from some tissues enter the veins by routes

other than the thoracic duct.

Table 1.2 Cannulation studies in various species with varying conditions of subject

Species Site Method of Lymph Flow (Q) Lymph Flow Reference
Measurement Original Units Q) 5!
x 10°
Dog Hind leg Cannulation 2x10°mL g's™ 20 (Garlick and
(Anesth) Renkin 1970)
Dog Thoracic ~ Cannulation 2mL kg h 0.556 (Lesser 1871)
duct (Anesth)

50



Dog

Cat

Rabbit
Rabbit

Horse

Sheep &
Lamb

Dog

Dog

Thoracic
duct

Lung

Calf
Muscle

Hind limb
Muscle
Hind
Limb Skin
Abdomen
(jejunum)

Thoracic
duct

Thoracic

duct

Thoracic
duct

Cannulation
(Anesth)

Cannulation
(Anesth)
Cannulation
(Anesth)

Cannulation
(Anesth)
Cannulation
(Anesth)
Cannulation
(Anesth)

Cannulation
(Anesth)

Cannulation
(Non-Anesth)

Cannulation
(Non-Anesth)

32.54 uL min™ kg™

0.1 mL min"' 100g™

0.013 mL min™'100
g!

(passive
movements)

0.02 mL min™' 100
g!

(induced
movements)

21 pL min™ 100g™

240 uL min 100g
1

5.1+ 1.7 pL min™
kg'1

0.157 +£0.033 mL
min” kg (lamb)
0.046 £ 0.018 mL
min” kg (sheep)

49.3 £26.2 pL min’

e
(at rest)

98.6 uL min™ kg™
(walking)

0.543

16.7

2.17

3.5
40
0.085
2.62
(lamb)

0.767
(sheep)

0.822

1.64

(Schad and
Brechtelsbauer
1977)

Looked at
dogs that were
conscious at
rest, and
conscious with
walking and
dogs under
ansesth
(Gabel and
Drake 1979)
(Jacobsson
and Kjellmer
1964)

(Bach and
Lewis 1973)
(Bach and
Lewis 1973)
(Dabareiner,
White et al.
2005)
(Harake and
Power 1986)

(Schad and
Brechtelsbauer
1977)

(Schad and
Brechtelsbauer
1977)
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1.3.3.2 Disappearance studies (lymphoscintigraphy)

This method is the most widely used technique to assess lymph flow rates primarily due
to its noninvasiveness. Typically, these studies involve the subcutaneous or intradermal
injection of radiolabeled albumin or other radiolabeled macromolecules. The
disappearance of the solute from the injection site is then measured externally via a
Geiger Counter and the appearance of the radiolabeled compound in the blood is
measured from collected plasma samples. The clearance of these injected solutes from
the injection site is not only site specific, but is greatly affected by physical activity, heat
and venous pressure.(Olszewski, Engeset et al. 1977) The type of injection employed
(subcutaneous, intradermal, skeletal muscle) may also have a significant affect on the
lymph flow rates being measured. Intradermal injections are cleared much faster than
subcutaneous injections due to the high lymphatic density in the dermis. A few of these
studies will be discussed further. It should be noted that many of these studies observed
the transport rate in both healthy patients and patients with an impaired lymphatic system.
In the interest of my work, only data from radiolabeled-albumin injected into normal

human subjects will be discussed.

Ellis et al.(Ellis, Marks et al. 1970) studied the clearance rate of "*'I-albumin from 3
different intradermal injection sites in 20 healthy subjects; the dorsum of the index finger
in the midline 2 cm proximal to the nail fold (proximal finger), the dorsum of the other
finger 0.5 cm proximal to the nail fold (distal finger), and the cheek 3 cm below and 2 cm
medial to the lateral orbital tubercle on the outer margin of the of the orbit. The

disappearance rate of '*'I-albumin from the injection site was measured externally via a
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Geiger Counter for 24 h. For the majority of patients, the radioactivity fell exponentially

172

and the clearance rate of *'I-albumin varied with site. The clearance half-time (T %) was

calculated from the radioactivity detected at the injection site versus time, such that T '

was 0.693 divided by the slope as depicted in Figure 1.9
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Figure 1.9 Source: Ellis JP, Marks R, Perry BJ. BrJ Derm. 1970. 82: 593-599.

The highest clearance rate half-time was observed in the distal finger, 8 + 2.8 h (mean +
SD), followed by the proximal finger 12.9 + 3.8 h, and finally the cheek 33.5 + 25.1 h.
The effects of movement were also studied in some of the subjects, such that the right

and left fingers were both injected at the proximal site. The left hand was splinted and the
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right hand remained free. The clearance rates for both fingers were very similar ( T '

left= 18 h, T "* right=20 h).

Hollander et al. (Hollander, Reilly et al. 1961) studied the clearance rate of "*'I-albumin
when injected subcutaneously in the limbs of 15 healthy subjects. The disappearance rate
of radioactivity was measured externally at the injection site using a scintillation counter.

2 in the limb

Blood and urine samples were also collected. The clearance half-time T
averaged 33.4 £ 9.3 h (mean £ SD) and ranged from 18 — 48 h. In the forearm, the
average T "? was 23.1 + 2.1 h and ranged from 19 — 27 h. Figure 1.10 shows the

disappearance rate of "'I-albumin from the limb of a healthy subject.
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Figure 1.10 Source: Hollander W, Reilly P, Burrows BA. J Clin Invest. 1961. 40: 222-233.

B albumin

Taylor et al.(Taylor, Kinmonth et al. 1957) studied the disappearance rate of
when injected subcutaneously in the limbs of 6 healthy subjects. The effects of physical

activity were observed on the clearance rate of "'I-albumin from a highly active
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individual to a subject confined to bed rest. The disappearance rate from the site of
injection was measured externally via a scintillation counter and blood samples were also
collected. Results showed that the clearance rate from the site of injection increased with

increasing physical activity as shown in Table 1.3.

Table 1.3 Source: Taylor et al. Br Med J. 1957.

TaBLE 1.—Results of Local Counting Over Injection Site in
Human Subjects

' . Removal Rate of R.P.P.
Subject Degree of Physical (Percentage of Dose
Activity Removed per Hour)

t‘.;.'on:rai' Group

JR. .. - Very active 39
F.5. .. . l Active 22
F.B. .. .. Slight 1-2
M.AH. Y Bed 2-5
E.W.H. . . l-o
E.J. e 1-7
Mean 2-24+0-4

Similarly, physical activity had a significant effect on the concentration of "*'I-albumin
reaching the systemic circulation, such that an increase in physical activity led to an
increase in *'I-albumin detected in the blood stream. However, physical activity had no

effect on the time taken for '*'I-albumin to initially enter the blood stream as shown in

Table 1.4.
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Table 1.4 Source: Taylor et al. Br Med J. 1957.

TaBLE IL.—Estimation of Arrival in Blood of R.P.P. Injected
Subcutaneously in Human Subjects

Initial Rate of Rise of

. Initial Delay Radioactivity in Blood.
Subject (in Hours) (10 *27 of ml.
of BImd.-Hnur}
Control Group
JR. 0-5 9-3
F.S. 0-9 6-3
F.B. .. .- 1-0 2-5
E.W.H. . .- -7 1-6
E.J. .. .- 0-8 0-8
Mean .. 0-840-1 4-14-1-6

Staberg et al. (Staberg, Klemp et al. 1983) studied the disappearance rate of both "*'I-

albumin and '*’I-albumin injected intradermally in 9 patients with psoriasis vulgaris.
Both the diseased and normal limb in each subject was injected with a different tracer so
that the appearance of each could be distinguished in the blood samples collected.
External measurements at injection sites were made via a scintillation counter. The
average clearance half-time was 29.1 + 9.6 h. Figure 1.11 shows the disappearance rate of

B!-albumin and '*’I-albumin in one patient.
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Fig. 1. An example of the local clearance of radiola-
belled albumin from uninvelved (o) and involved (e)
skin of a patient with psoriasis. The ordinate is in log
scale.

Figure 1.11 Source: Staberg et al. J Amer Acad Derm. 1983.9: 857-861.
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The effect of physical activity on the clearance rate of albumin was observed such that
the subjects were allowed to walk around 3 h after the injection had been administered. A
steep increase in the radiolabeled albumin in the blood was observed as shown in Figure

1.12.
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2
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5 10 15 20
HOURS

Fig. 4. An example of the plasma appearance of radio-
labelled albumin injected intradermally in uninvolved
(o) and involved (e) skin of a patient with psoriasis.
The arrow indicates the time when the patient was al-
lowed to move.

Figure 1.12 Source: Staberg et al. J Amer Acad Derm. 1983.9: 857-861.

From these studies one can conclude that the clearance rate of macromolecules via the
lymphatic capillaries, specifically albumin, is very site specific. These variations from
site to site are not completely understood, however, they may be due to variations in
lymphatic drainage, differences in blood and lymphatic flow, differences in the thickness
and density of the dermis and subcutaneous tissues, differences in pressure or differences
in the lymphatic capillary network. Irrespective of which of these may have an effect,
variations in the clearance rate of albumin from one site to another must be considered
and taken into consideration. Also, the effects of physical activity on the clearance rate of

albumin are significant and should also be taken into consideration.
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1.4 DERMAL TRANSPORT STUDIES

1.4.1 In vitro human dermal permeability studies

The development of predictive models stems largely from theory and experimental data.
The experimental data are utilized to fit parameters in the model and ultimately fit the
model to explain the experimental data adequately. Thus, the quality of these models and
their ability to predict transport parameters of solutes is dependent on the quality of the
experimental data. If the data are lacking or are not a clear representation of what is
occurring in the skin layers, then predictive models will fail. Many studies have been
dedicated to the characterization and study of the stratum corneum. Simple models such
as Potts-Guy (Potts and Guy 1992) and variations thereof have been developed.
Although, these models are adequate for predicting the steady-state transdermal flux and
overall skin permeability of moderately lipophilic permeants, they underestimate lag time
after application, half life of the permeant and tissue concentrations, the knowledge of
which is valuable in dermal risk assessment and transdermal drug delivery.(Kretsos,
Kasting et al. 2004) Thus, the study of the lower skin layers is essential for providing an
encompassing model to accurately describe the overall transport of a solute in skin. As
mentioned earlier, several models treat the epidermis and dermis as a single aqueous
homogeneous layer. Yet, studies have shown that the permeation of solutes in the
epidermis can be explained by a simple diffusion model where a linear concentration
profile is observed whereas, and the dermis better explained by a distributed model that

accounts for clearance and an exponential decay of solute with depth is observed.(Gupta,
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Wientjes et al. 1995) Treating both these layers as one and in the same can be misleading
and may lead to less accurate predictions. Thus the refinement of these predictive models
requires the separate characterization of these layers since they display different transport
properties. Khalil et al. (Khalil, Kretsos et al. 2006) reported that the diffusivity of
glucose in the dermis was Dgy.= 2.64 + 0.42 x 10 cm?/s whereas values for the viable
epidermis ranged from D= 0.037 x 10 cm?/s to 1.0 x 10® cm?/s depending upon the
estimation method. Differences between the tissues in permeability as well as the product
of diffusivity and partition coefficient were also observed. This suggests that the idea of
treating both tissues as a single homogenous layer may not be valid. Studies of the viable
epidermis are very limited. This is primarily due to the difficulty in obtaining this tissue
and studying it in vitro. In order to obtain the viable epidermis, the stratum corneum must
be removed via tape stripping or dermatoming, both of which have limitations. A
fundamental limitation of tape stripping is that the SC cannot be totally removed and that
some of this layer remains attached to the epidermal surface as “islets”.(Touitou, Meidan
et al. 1998) Also, one cannot determine whether part of the viable epidermis has been
removed. Dermatoming also has its limitations since one is not entirely sure of how much
of the viable epidermis is being removed. Unless sufficient data are available about the
exact thickness of each layer, preliminary experiments are required to determine this
parameter.(Touitou, Meidan et al. 1998) The dermis can be removed by heat separation
(Kilgman and Christophers 1963). Yet, the remaining tissue, the viable epidermis is a soft
gooey substance that can be physically difficult to work with. /n vivo dermis studies are
relatively rare, whereas in vitro dermis studies are more numerous, yet not as common as

stratum corneum studies. Understanding permeation through the dermis gives insight into
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important factors such as skin concentrations, clearance and protein binding which are

important in risk assessment and topical drug delivery.

1.4.2 Tissue sample preparation for in vitro studies

Tissue samples may either be obtained as human cadaver skin or from surgical
procedures such as abdominoplasties and breast reduction surgeries. A review of dermal
penetration studies in the literature show that a wide variety of sample preparations have
been used. Some studies use dermis tissue from human split-thickness skin and derive
transport parameters based on these samples that are then implemented into predictive
models. The problem that arises here is that the dermis layer is not complete, thus the
transport parameters being derived do not correlate to a full dermis layer, although the
predictive model describes a full thickness dermal tissue. This problem can also be
observed with skin from breast reduction surgeries that has been dermatomed to remove
the subcutaneous fat layer where a portion of the dermis may also been removed.
Although assumptions can be made that the differences in the transport parameters of full
and partial dermal tissue may not be significant, there is no real evidence to support this
assumption.

Another question that arises in tissue handling is whether the process of heat separation
has an effect on the transport properties and integrity of the dermis. A study by Liu et al.
(Liu, Higuchi et al. 1994) set out to answer this question. A comparison was made
between the transport parameters of heat separated dermis and dermatomed dermis. No
significant differences were observed between the different preparations, showing that

the heat separation process did not affect the integrity of the dermal tissue. The same
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study compared the transport parameters of fresh dermal tissue to that of stored dermal
tissue and also found that there were no significant differences between the two
preparations. One issue that is yet to be addressed is the effect of dermal tissue thickness
on the transport properties of diffusivity, Dq. and partition coefficient, K4.. A significant
thickness effect would imply that careful consideration must be taken when selecting

tissue samples for in vitro dermal penetration studies.
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1.4.3 Experimental setup

Ground Joint Sampling Ports
for Analysis

To / From To/From
Heater Heater
Circulator Circulator
Tension
Water Membrane Knob
Jacket !
Cell
Clamp
| ; ST
% F F| ] |
A==
Receptor Chamber Stirbars Donor Compound

Figure 1.13 Side-by-side diffusion cell. (Source: www.permegear.com)

Studies of dermis transport employ side-by side diffusion cells or Franz diffusion cells.
The side-by side cells provide more of a uniform environment for the tissue sample since
it is sandwiched between well-stirred aqueous solutions. In the Franz cell only the
underside of the dermal tissue is exposed to an aqueous solution. Also, stirring is poor in
the receptor solution and non existent in the donor solution. The side-side diffusion cells
were chosen for our work due to full hydration, better stirring and better temperature
control than Franz cells. Some studies maintain the temperature of the cells at 32°C,
while others at 37°C. For stratum corneum studies, the former temperature is adequate
since the surface of the skin has a lower temperature than the lower skin layers. However,
for lower skin layer studies such as the dermis, 37°C is a more realistic temperature. Thus
predictive models relying on data collected at 32°C should be corrected for this difference
in temperature. Several studies do not correct for the aqueous boundary layer (ABL)
contribution to the overall resistance of the tissue. Although, the contribution of these
layers may be quite small, its determination can only enhance the accuracy of the

transport parameters obtained experimentally and thus enhance the predictive capability
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of the model. The most significant limitation observed in the literature is the lack of
consideration for the fact that albumin and other soluble proteins present in the tissue
may diffuse into the donor compartment. Let us consider the implications of such a
scenario. If the soluble proteins present in the dermis diffuses out into the donor
compartment, then some of the permeant present in this compartment may bind to the
albumin and soluble proteins. The more strongly protein bound the permeant, the larger
the effect. As a result, the available free concentration of the solute would be lowered.
This in turn would lower the effective concentration gradient. Thus less of the solute
would partition into the tissue, implying that the tissue has a higher resistance than what
is actually true. Thus, the data collected from such an experiment would not accurately
depict the transport parameters of that solute in the dermis. Analysis shows that the
effective dermis partition coefficient measured in such a study would be reduced from the
true value by a factor f“”"”", where f“"°" is the unbound fraction of permeant in the
donor solution. If these data were then used to calibrate a model, an inaccurate prediction
would result. Permeability and tissue concentrations would be artificially low. This
phenomenon would be enhanced in situations where the permeant is highly lipophilic or
strongly protein bound. Therefore, this scenario requires further probing. It suggests that

some of the data available in the literature today is inaccurate and must be revised.
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1.4.4 Simplified analysis of albumin effect in donor solution

Dde
Cini=K4cCa Kae

C,,= membrane concentration
C4= donor concentration
Kg4e= dermis partition coefficient
Dgye= dermis diffusivity
Hgy= dermis thickness
CanZ average concentration

Cq

0 > hde

Figure 1.14 Simplified depiction of solute partitioning through the dermis from the donor
compartment into the receptor compartment.

Scenario 1: No diffusion of albumin into the donor solution

The steady-state flux is defined as the product of the permeability coefficient k;, and the

concentration difference AC across the isolated dermis membrane in the diffusion cell

J =k, xAC (1.32)
The permeability coefficient k,, is the product of the diffusivity in the dermis Dg. and the
partition coefficient in the dermis Kge divided by the thickness of the dermis hge. Thus the
steady-state flux can be defined as

k :Ddedee

! hde

(1.33)
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J | PaexBae | (1.34)
58 h d
de

To account for binding effects that may in turn alter the diffusivity and partitioning in the
dermis the diffusivity Dy, and partition coefficient K4, can be expressed in terms of the
binding factor BF where we assume that the solute will partition into the albumin-
inaccessible fluid region with a partition coefficient of 1 and into the albumin-accessible
fluid region with a partition coefficient of 1/f,, where f, is the fraction unbound in the
donor solution, and into the lipid fraction with a partition coefficient equal to the octanol-
water partition coefficient K, multiplied by the nonionized fraction f,,. It should be
noted that based on equilibrium partitioning studies conducted by Bert et al. (1982), the
albumin-accessible and albumin-inaccessible regions of the fluid fraction of the dermis

were considered to be proportioned in the ratio of 0.32:0.68.

BF =068+ 222 10,001 f.. K. (1.35)

D Dpec (1.36)
de BF ‘

K, =K, xBF (1.37)

where Dy 15 the diffusivity in the absence of binding, Ky is the partition coefficient in
the absence of binding.

Thus the steady-state flux can be expressed as

Dﬁee x Kﬁ‘ee
Sy = ) Chree(x=0) (1.38)

d
where Cpe. 1S the free available donor concentration.

(Source:(Kretsos, Miller et al. 2008))
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Scenario 2: Albumin diffuses into the donor compartment
The albumin present in the donor compartment will bind to the solute concentration
dependent on the binding affinity of the solute. Thus, the available free concentration of

the solute will be lowered and the steady-state flux J;; would be expressed as

J, =k, xAC (1.39)

free
where ACg.. represents the free available concentration of the solute present in the donor

compartment. The steady-state flux can be expressed as

‘]s.s‘ = kp x .}pqu (140)

Due to the binding effects of albumin to the solute in the donor compartment, the

permeability coefficient k, expressed in Equation 2, will be reduced by a factor of the

fraction unbound in the donor compartment, £“°**". Thus the effective permeability

u

coefficient k;ﬁ “will be

k;ﬁr :(DdthKde]Xf;ldonur (141)
de

The apparent diffusivity Dg. will be unaffected, whereas the apparent Kde will be reduced

by a factor of the fraction unbound in the donor compartment such that the experimental

partition coefficient K" will be

C, xBF
K:Z(P — Cde — firee — = ]pudonorx E (142)
Cd C/'ree /.](1‘4 o 2
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where C,,and C,.. represent the average concentration in the dermis and the average

free concentration in the donor solution.
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2. HYPOTHESIS
An improved model of dermal concentrations and clearance can be developed by refining
the assumptions in the current computational model by developing and analyzing

additional data.

Specific aims
Aim 1 To develop improved methodology for determining transport parameters of

lipophilic compounds in dermis.

Hypothesis: Improvement of the existing experimental methodology used to study dermis
in vitro will lead to significantly better skin concentration predictions.

The improvement of the existing experimental methodology in studying the dermal tissue
in vitro was deemed necessary due to our underlying hypothesis that the albumin present
in the tissue diffuses out, thus binding to the permeant and as a result lowering the
available free concentration. This in turn would lead to an inaccurate quantification of the
diffusing and partition coefficients of the compound in question. This hypothesis led to
the idea that the use of a barrier membrane in conjunction with the dermal tissue would

eliminate this issue.

1.1 Selection of an adequate and appropriate barrier membrane and determination of
barrier membrane resistance.
1.2 To determine the contribution of the Aqueous Boundary Layer (ABL) to the overall

resistance in a side-by-side diffusion cell.
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1.3 Test the influence of diffusible protein on permeant transfer.

1.4 To quantify the presence of protein in the donor compartment in the absence or
presence of dialysis membrane.

1.5 To determine the binding affinity of the permeant to lower molecular weight proteins
diffusing out of the dermis in the presence of the barrier membrane.

1.6 Theoretical determination and calculation of coupled transport of mobile and bound

protein.

Aim 2 To utilize the developed methodology to determine the diffusivity and partition

coefficients of selected permeants in excised human dermis.

Hypothesis: Improved methodology will lead to better estimations of transport
parameters for permeants of varying lipophilicity.

Our hypothesis of the necessity of a barrier membrane to prevent the diffusion of protein
through the tissue will be tested using permeants of varying lipophilicity. We predict that
for moderately lipophilic compounds such as DEET, the absence of the dialysis
membrane will not significantly affect the transport parameters tabulated from the
experimental data. However, it is believed that this will be quite the contrary for more

lipophilic compounds, respectively DDT, parathion and diclofenac.

2.1 DEET

2.2 Diclofenac.

2.3 Parathion.
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Aim 3 To use the developed data and literature results to improve the current

computational model for solute transport in the dermis.

Hypothesis: Improvement of the current computational model leading to more accurate
estimations of the transport parameters for permeants of varying lipophilicity.

The overall main goal is to improve the current computational model and determine its
functionality in accurately calculating transport parameters for all permeants.
Consolidating the in vitro data collected from the previous Aims can aid in better
understanding how the model can be modified to better represent the effects of the
dermis. Comparison however, of previous in vivo data to the model will give us a clearer
representation of how well the model is able to calculate the transport parameters of the

permeants in question.

3.1 Collect permeability and tissue concentration data from relevant sources.
3.2 Compare the collected data for tissue concentrations and permeability parameters to
the calculated values using the current computational model.
3.2.1 Invitro
3.2.2 In vivo
3.3 To estimate the transport rate of albumin in human dermis in vivo.

3.4 Modify model to better describe and predict the data.
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3. IMPROVED METHOD FOR DETERMINING DIFFUSION AND PARTHION
COEFFICIENTS IN HUMAN DERMIS
Ibrahim, R. Kasting, G.B. Improved method for determining diffusion and partition

coefficients in human dermis. 2007. J Pharm Sci 99: 4928-2939

3.1 INTRODUCTION

It is well established that the stratum corneum dominates the skin’s barrier to transport of
polar and moderately lipophilic compounds due to its unique brick-and-mortar structure
including a continuous lipid barrier. However, highly lipophilic compounds (those with
an octanol/water partition coefficient greater than about 1000) experience significant
diffusive resistance in the lower skin layers during absorption due to the water-
continuous structure of these layers.(Cleek and Bunge 1993) Representing these layers
as an unstirred aqueous layer of about 200 um thickness has proven to be satisfactory to
describe many features of steady-state skin permeation of lipophilic
compounds.(Scheuplein 1978; Kasting, Smith et al. 1992; Cleek and Bunge 1993;
Basketter, Pease et al. 2007) However, this representation fails to account for the
magnitude of lipophilic permeant concentrations in the dermis following topical
administration. High concentrations arise due to binding of these compounds to lipids
and proteins within the tissue,(Cross, Magnusson et al. 2003; Cross and Roberts 2006;
Kretsos, Miller et al. 2008) including a substantial contribution from hair follicles.(Illel,
Schaefer et al. 1991; Grams and Bouwstra 2002; Grams, Alaruikka et al. 2003) It is of

interest to better estimate skin concentrations of topically-applied compounds for several
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applications including dermatological drug development(Mehta, Afouna et al. 1997) and

skin sensitization risk assessment.(Basketter, Pease et al. 2007)

Capillary clearance profoundly affects permeant concentrations in dermis in vivo, leading
to steady-state concentration profiles that approximate exponential decays.(Gupta,
Wientjes et al. 1995; Kretsos, Kasting et al. 2004; Kretsos, Miller et al. 2008) In vitro
experiments with isolated dermis can determine solute diffusivities and partition
coefficients in this skin layer in the absence of capillary clearance. The combination of a
steady-state permeability experiment with an equilibrium partitioning experiment suffices
to yield both parameters.(Khalil, Kretsos et al. 2006; Kretsos, Miller et al. 2008) Binding
of solutes to extravascular albumin and other soluble proteins in the dermal matrix is
thought to contribute appreciably to the partitioning of lipophilic compounds.(Cross,
Magnusson et al. 2003; Kretsos, Miller et al. 2008; Weiss, Fresneau et al. 2008) The total
concentration of serum proteins in dermis is 11 mg/g, based on Bert and coworkers’
measurements in postmortem human dermis.(Bert, Pearce et al. 1986) The concentration
in the albumin accessible regions (approximately 32% of the fluid fraction)(Bert,
Mathieson et al. 1982) has been estimated to be 2.7% w/v.(Kretsos, Miller et al. 2008) It
is furthermore evident that albumin and other serum proteins can migrate slowly through
the tissue; otherwise, they would accumulate in dermis rather than being cleared in the
lymph. This phenomenon presents a challenge to conducting accurate experiments in
vitro. In particular, if albumin or other soluble proteins migrate into the donor solution
during a side-by-side diffusion cell experiment, and the test permeant binds to the
protein, then an artificially low dermis permeability would be obtained. A similar

limitation applies to equilibrium partition coefficients determined by immersing tissue
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samples in an aqueous buffer. The method described in this paper removes this
uncertainty by preventing the diffusion of macromolecules into the donor solution. The
cost is that the permeability of the barrier membrane providing this function must be
accurately known in order to estimate the dermis permeability. The method is illustrated
using DEET, a moderately lipophilic compound that binds moderately to albumin, and
diclofenac, an ionizable and therefore water-soluble drug that is nevertheless highly

protein bound.
3.2 MATERIALS AND METHODS

3.2.1 Materials

Dialysis membrane (5000 Da cutoff) was purchased from Bel-Art Products, Pequannock,
NJ. PharmElast™ medical grade silicone (PDMS) membrane, 0.020” (~500 pm) in
thickness, was obtained from SF Medical (now Trelleborg Sealing Solutions US,
Bloomfield Hills, MI). Additional dialysis membrane (3500 Da cutoff) and dialysis
tubing (100-500 Da cutoff) were purchased from SpectrumLabs, Rancho Dominguez,
CA. Unlabeled DEET (97.3%) and diclofenac were purchased from Sigma-Aldrich,
Atlanta, GA. [Carbonyl—14C] DEET (52mCi/mmol, radiochemical purity >99%) was
purchased from Vitrax, Placentia, CA. [Carbonyl-'*C] diclofenac (55mCi/mmol,
radiochemical purity >99%) was purchased from American Radiolabeled Chemicals, St.
Louis, MO. Ultima Gold" XR scintillation cocktail and Soluene®-350 were purchased
from Perkin-Elmer, Boston, MA. A Micro BCA™ protein assay kit was purchased from
Thermo Scientific, Rockford, IL. Skin from abdominoplasty (3 donors) and

mammoplasty (4 donors) was obtained from the University of Cincinnati Academic
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Health Center. Phosphate-buffered saline (PBS), bovine serum albumin (BSA) and

sodium azide were purchased from Sigma Chemicals.

3.2.2 Barrier membrane and aqueous boundary layer studies

Dialysis membrane (5000 Da cutoff) and PDMS sheets were considered as possible
barrier membranes. Membranes were mounted in water-jacketed side-by-side diffusion
cells (1.77 cm?) maintained at a temperature of 37°C. Multiple membranes were mounted
in some experiments to probe the contributions of aqueous boundary layers. Each donor
compartment (6 mL) of the diffusion cells was filled with PBS solution to which sodium
azide (0.02%) had been added to inhibit microbial growth. The receptor compartments (6
mL) were filled with either PBS or 2% BSA-PBS solution, both supplemented with
sodium azide. Both compartments were magnetically stirred using synchronous motors
operating at 600 rpm. After a 24-h equilibration the donor compartment was spiked with
100 pL of '*C-DEET + unlabeled DEET in ethanol yielding a 10 ug/mL DEET solution
containing 0.56 pCi of 'C DEET. The donor and receptor compartments were
sequentially sampled (0.1 mL donor; 0.5 mL receptor), and the receptor solution was
replenished with an equal volume of fresh solution after each sampling. More consistent
values for the initial donor concentrations were obtained by extrapolation of later time
points (1, 1.5 and 6h) back to time zero than by taking early time points. All collected
samples were mixed with scintillation cocktail (5 mL) and analyzed by liquid scintillation
counting. For dialysis membrane similar experiments were carried out using 7.5 pug/mL

(0.56 uCi) of "*C-diclofenac in the donor solution.

For all experiments the cumulative amount of solute passing through unit area of

membrane M(r) was plotted versus time. The steady-state flux Ji was calculated as the
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slope of the linear portion of the graph, and the time lag 71 was calculated as the intercept
of the regression line on the time axis. The permeability coefficient k;, and its reciprocal,
the total diffusive resistance Ry, were calculated as

. L Js s (3.1)
R, AC C,

Il
{

where Cjy is the donor solution concentration. The approximation AC = C4 was justified
since the concentration of permeant in the receptor solution never exceeded 13% of that

in the donor solution.

The assumption was made that the membrane system under study was surrounded by two
potentially unsymmetrical, unstirred aqueous layers (aqueous boundary layers or ABLs)
having resistances R; (donor solution) and R, (receptor solution). The membrane

resistance was determined by subtracting their sum from Ryy:

R =R, —(R +R,) (3.2)

mem

The value of R; + R, for the symmetrical case in which both donor and receptor solutions
contained PBS (thus, R; = R,) was determined from a “C-DEET experiment in which N
=1, 2 and 3 dialysis membranes were mounted in series. A linear regression was
performed on a plot of Ry versus the number of membranes in each cell according to Eq.

3.3:

Rtot = (Rl + Rz) + NRDial (3-3)
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The boundary layer thickness #,,, was then calculated from Eq. 3.4 using the Wilke-

Chang relationship (Eq. 3.5) to estimate the aqueous diffusivity D,q for DEET.

hyp. = Dy Ry (3.4)

aq

_74x10°T(M - ¢)'?
nvye

Daq(cmzs'l) (3.5)

In Eq. 3.5 T is temperature in Kelvin, M is solvent molecular weight (18.01 for water), ¢
is the solvent association parameter (2.27 for water), 7 is solvent viscosity in centipoise
(0.67 cp for water at 37°C) and V', is the molar volume of the solute at the normal boiling
point in cm’mol-'. ¥, was estimated using Schroeders Method.(Poling, Prausnitz et al.

2001) Egq. 3.5 refers to the diffusivity of unbound permeant. For bound permeant, the

diffusivity would be closer to that of albumin as explained in Appendix 1.

For experiments involving other permeants, and for those in which BSA was included in

the receptor solution, the values of R; and R, were recalculated according to Egs. 3.6 and

3.7,
h
R, = s (3.6)
aq
R, = f, Hane 37
2 _fu ( . )

D,

eff

In these relationships, D,q is the aqueous diffusivity of the test permeant estimated from
Eq. 3.5 and Aagy i1s aqueous boundary layer thickness determined from Eq. 3.4, a suitable

choice since the viscosity of a 2% BSA solution is not appreciably different than that of
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water (Rheosense 2008) and the aqueous diffusivities of the test permeants are
comparable.(Pohl, Saparov et al. 1998) In Eq. 3.7, f, is the unbound fraction of test
permeant in the receptor solution and D is the effective diffusivity of the test permeant

in the receptor solution,

Deﬁ:quﬁee+(1_fu)Dbound (38)

Here Dy is the aqueous diffusivity of unbound permeant (equivalent to D,q in Egs. 3.5

and 3.6) and Dyoung is that of permeant bound to albumin. The value of Dyoung Was taken
to be 9.29 x 10~ cmz/s, the estimated diffusivity of BSA in water at 37°C.(Fardet,

Hoebler et al. 1998) A justification for Egs. 3.7 and 3.8 is given in Appendix 1.

3.2.3 Protein binding studies

These studies were carried out using dialysis membranes (5000 Da cutoff) mounted in
side-by-side diffusion cells as described above with the exception that they were
continued for 96 h to ensure equilibrium conditions. The donor solution contained
radiolabeled DEET (10 pg/mL) or diclofenac (7.5 pg/mL) in PBS and the receptor
solution contained PBS + 2% BSA. Both solutions were preserved with 0.02% sodium
azide. The value for DEET was obtained in a previous study.(Kasting, Miller et al. 2008)
The fraction of the drug unbound to protein f, was calculated as the ratio of donor

solution concentration to receptor solution concentration at 96 h.

An additional study was carried out in which donor solutions obtained from a protein
diffusion experiment employing a dialysis membrane (5000 Da cutoff — see description

below) in series with dermis were dialyzed against PBS using dialysis tubing (100-500
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Da cutoff). This study was conducted in order to determine whether protein fragments
which passed through the 5000 Da membrane were capable of binding diclofenac. The
donor solution was placed inside the dialysis tubing, which was immersed in PBS
solution. '*C-diclofenac (7.5 pg/mL) was added to either the PBS or donor solution. The

solutions were dialyzed for 31 days.

3.2.4 Dermis transport studies

Dialysis membranes (5000 Da cutoff) were prepared as previously described. In most
cases skin was stored frozen at -80°C and allowed to thaw before use. Limited testing of
fresh versus frozen skin from the same donor did not show significant differences in
transport parameters for DEET; however the supply of fresh skin was not sufficient to
rigorously test this finding. Skin samples from abdominoplasty included some
subcutaneous fat, which was cut away using surgical scissors prior to freezing. Skin
samples from mammoplasty were thinner and contained no visible fat. The skin was then
rinsed thoroughly in PBS solution to remove any traces of blood and cut into
approximately 2.5 cm x 2.5 cm pieces. Any skin samples with visible tears were
discarded. The epidermis was separated from the dermis by heat separation(Kilgman and
Christophers 1963) using 57°C water for 2 min. Excess water was then removed from the
samples, which were placed on weighing paper and accurately weighed. A trace was
made of each sample and used to quantify its area. The thickness of the sample was then
determined assuming a density of 1.075 g/cm’.(Kasting, Smith et al. 1992; Altshuler,
Smirnov et al. 2005) The dermis sample was mounted in the diffusion cell in series with
a dialysis membrane placed between the dermis and the donor solution. Test permeants

were '*C-DEET (10 pg/mL) and "*C-diclofenac (7.5 pg/mL). The receptor solutions
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were either PBS or 2% BSA-PBS solution, both supplemented with sodium azide. The
BSA was added to maintain a physiological environment within the dermis. All DEET
studies were carried out for 6 h and diclofenac studies were carried out for 48 h to attain
steady-state conditions. The remainder of the experiment was conducted as previously
described. Each dermis sample was dissolved in Soluene® (1 mL) and placed in an
autoclave oven overnight. All collected samples and dissolved skin samples were
analyzed by LSC. A separate study was conducted using dermis samples mounted

without the dialysis membrane, and the results were compared.

Permeation data were analyzed according to Egs. 3.1 and 3.2. The value of Ryem
represented either the dermis resistance Rg4 or the sum of dermis plus dialysis membrane
resistances Rge + Rpia, depending on the type of study conducted. Permeant
concentrations in the receptor compartment for DEET never exceeded 10% of the donor
concentration. Those for diclofenac at the end of the study averaged 16% (dermis only)
and 34% (dermis + dialysis membrane) of the donor concentration. The consequences of
this level of accumulation are discussed later. For dermis + dialysis membrane studies,

the value of R4 was thus calculated as:

R, =R

e tot

- Rl - Rz - RDial (3 -9)

The product of dermis diffusivity and partition coefficient Dgy.K4e, often termed
permeability Pg4. (Kretsos, Miller et al. 2008) was calculated from R4 and the thickness

hqe of each sample according to Eq. 3.10:

f)de = DdeKde = hde /Rde (310)
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The value of the dermis/donor solution partition coefficient K4 was obtained from the
average concentration measured in the dermis tissue sample C_de according to Eq. 3.11,

which is justified in Appendix 2:

2C,. R
K, = Co ( } (3.11)
Cd Rtot - R1 - RDial + Rz

Dermis diffusivity Dy, was then calculated as
Dde:F)de/Kde (312)

For studies in which the dermis dominated the time lag 71, D4, was also calculated from

Eq. 3.13:
D, =h’ /6T, (3.13)

Comparisons between diffusivities obtained from Eqs. 3.12 and 3.13 are discussed later.
Corresponding formulas for dermis only experiments also employed Eqs. 3.9-3.13 except

that the value of Rp;. was set to zero.

3.2.5 Protein diffusion studies

Human dermis was prepared and mounted in side-by-side diffusion cells as in the dermis
transport studies. In some cells a dialysis membrane (either 3500 Da or 5000 Da cutoff)
was inserted between the dermis and the donor solution. The donor solution was PBS
and the receptor solution was PBS + 2% BSA. Both solutions contained 0.02% sodium
azide to inhibit microbial growth. Five minutes after mounting the cells, and periodically

thereafter, samples (200 pL) were withdrawn from the donor solution (with replacement
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buffer added) and 150 pL of the sample was placed in a 96-well plate. In the case of the
dermis only treatment, the sample was diluted by a factor of 5 prior to assay. The
collected samples were analyzed for protein content using the Micro BCA™ assay kit.
This method utilizes bicinchonic acid (BCA) as the detection reagent for Cu'', which is
formed when Cu™ is reduced by protein in an alkaline environment. It is a non-specific
assay for protein. The assay was calibrated using solutions of BSA in PBS with varying
concentration. Results were calculated as BSA-equivalents/mL and expressed following

conversion by the cell parameters as BSA-equivalents/cm®.

3.3 Statistical Analysis. For all experiments, results were calculated individually for
each diffusion cell, then averaged to obtain a mean and standard error. Transport and
partitioning parameters obtained by different methods were compared via 2-way
ANOVA using donor as a blocking variable. The pairwise comparison test used was the
Holm-Sidak method. p-values less than 0.05 were considered to be significant. For
comparisons involving only two groups, a Student’s t-test was employed. All tests were

conducted using SigmaStat version 3.10 (SYSTAT, Chicago, IL).
3.4 RESULTS

3.4.1 Aqueous boundary layer study

Permeation profiles for '*C-DEET across 1, 2 or 3 dialysis membranes into PBS are
shown in Figure 3.1a. Total diffusive resistances calculated from these profiles based on
the slopes from 0-3 h post-dose are plotted versus the number of membranes in Figure
3.1b. Linear regression of these data according to Eq. 3.3 yielded R, + R, = (3950 + 120)

s/cm and Rpiy = (21,740 + 50) s/cm, with a squared correlation coefficient = 0.995.
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Since the boundary layers were symmetrical in this study, R; = R, = 1975 s/cm. Further
analysis according to Eqgs. 3.4 and 3.5 led to D,q=8.54 x 10 cm?/s and hap, = 0.0169 cm
or about 170 um. The total unstirred layer thickness relevant to the diffusion cells is thus
2 x hapL =~ 340 um. For diclofenac, Eqs. 3.5 and 3.6 yield Dyq = 7.08 x 10 cm?/s and R,

= 2390 s/cm for this slightly larger and more slowly diffusing permeant.
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Figure 3.1 (a) Results of aqueous boundary layer study for '*C-DEET permeating across
1 (@), 2 (o) or 3 ('¥) dialysis membranes placed in series in the diffusion cells. Data
shown are the mean £ SE of 9 determinations. (b) Analysis of data shown in panel (a)
according to Eq. (3.3). In both panels, the error bars are smaller than the size of the
symbols.
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3.5.2 Protein binding studies

The percentages of *C-DEET and '*C-diclofenac bound in a 2% BSA solution (mean +
SE, n = 4-5) were 81.1 £ 0.4% and 96.0 = 0.5%, respectively, based on equilibrium
concentrations at 96 h post-dose. Thus, f;, = 0.19 for DEET and 0.04 for diclofenac.
These results were used in combination with those in the previous section and a published
value of BSA diffusivity in water (Fardet, Hoebler et al. 1998) to estimate the aqueous
boundary layer resistance in receptor compartments containing PBS + 2% BSA. Under
these conditions, Eqgs. 3.7 and 3.8 yield R, = 1370 s/cm for DEET and 580 s/cm for
diclofenac.

Equilibration of '*C-diclofenac between donor solutions containing small protein
fragments (< 5000 Da) derived from dermis diffusion studies dialyzed against PBS using
dialysis tubing (100-500 Da cutoff) was a slow process that was not complete within 31
days. However, since the approach to equilibrium was followed from both directions
(i.e., the radiolabel was placed either inside or outside the dialysis tubing), limits to the
true equilibrium could be established. An upper limit to binding of ~11% and a lower
limit of ~2% were obtained, so that f, for the donor solutions fell within in the range 0.89
- 0.98 with a likely equilibrium value of ~0.94 (data not shown). This study thus
established that diclofenac was not strongly bound in donor solutions separated from

dermis by a dialysis membrane.

3.4.3 Barrier membrane studies

The results for dialysis membrane permeability studies are shown in Figure 3.2 and Table

3.1. No significant difference was observed between the permeability coefficients or
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dialysis membrane resistances for permeants tested with or without BSA in the receptor
solutions. However, the amount of diclofenac permeated at 6 h with BSA in the receptor
solution was significantly higher than that with PBS, suggesting that the decreased
boundary layer resistance for the BSA solution did measurably impact transport. The
average ratio of dialysis membrane resistances for DEET and diclofenac calculated from
the values in Table 3.1, Column 2 (0.85), was very close to the inverse ratio of aqueous

diffusivities calculated from the Wilke-Change relationship, Eq. 3.5 (0.83).
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Figure 3.2 Permeation of (a) '*C-DEET or (b) '“C-diclofenac across dialysis membrane
in the presence (@) and absence (©) of BSA in the receptor solutions. The data shown
represent the mean + SE of 13-19 replicates (DEET) and 4-5 replicates (diclofenac).
Error bars are smaller than the size of the symbols.
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Table 3.1 Transport Parameters (mean + SE) for DEET and diclofenac in dialysis
membrane obtained by analyzing the data shown in Figure 3.2.

ky x 10° Rpia x 107 TL
(cm/s) (s/cm) (h)
DEET
PBS 4.09 £ 0.09 0.203 +0.004 -0.06 £ 0.03
n=7(34)"
PBS +2% BSA 4.00+£0.14 0.220 + 0.009 -0.05+£0.03
n=3(13)
Diclofenac
PBS 3.35+0.09 0.252 £ 0.008 -0.03£0.01
n=1(4)
PBS + 2% BSA 3.63+0.08 0.247 + 0.006 -0.02+£0.01
n=1(5)

"Reported as n = No. of studies (Total no. of replicates)

This result is consistent with the expectation that diffusion through dialysis membrane
occurs via aqueous channels. The average value Rpj, = 21,200 s/cm for DEET is within
3% of the value Rpiy = 21,740 s/cm obtained in the aqueous boundary layer study. These
values are not significantly different. For the remainder of the analysis we used the
average value obtained from the barrier membrane studies, Rpi, = 21,200 s/cm for DEET

due to the higher number of replicates and Rpi, = 24,900 s/cm for diclofenac.

Results with PDMS membranes were not as consistent as those with dialysis membranes
(data not shown). Although the permeability coefficient and associated diffusive
resistance of PDMS membrane were comparable to dialysis membrane, the standard
deviation of these values was higher and an additional time lag of approximately 0.4 h
was introduced into the system. A plot of total diffusive resistance versus number of

membranes for PDMS membranes placed in series was not as linear as that for dialysis
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membranes (cf. Fig. 3.1b). We hypothesized that imperfect adhesion of the PDMS
membranes to one another may have led to the variability. We tried to improve the
results by coating the apposed PDMS surfaces with a thin layer of silicone grease;
however, this approach was not effective. Consequently dialysis membrane was chosen

as the barrier membrane for the dermis transport studies.

3.4.4 Dermis transport studies

The results of these studies are shown in Figures 3.3 and 3.4 and Tables 3.2 and 3.3. For
DEET, the dialysis membrane and dermis functioned together as a barrier in an
approximately additive manner. Flux across the diffusion cell (Figs. 3.3 and 3.4a) and
tissue concentrations in the dermis (Table 3.2) were lowered by the presence of the
dialysis membrane by an amount consistent with its diffusive resistance. Transport and
partitioning parameters for DEET in dermis calculated from the data in the presence and
absence of dialysis membrane, or in the presence and absence of BSA in the receptor
solution, were not significantly different (Table 3.3). Diffusivities calculated from the
time lag (Eq. 3.13) averaged 40-50% higher than those calculated from permeability data
(Eq. 3.12). These differences were significant. Breast skin and abdominal skin samples
had comparable permeability (Pg. = D4cKge) to DEET; however, breast skin had a lower
diffusivity Dg. (Eq. 3.12, p = 0.11; Eq. 3.13, p < 0.01 ) and a higher partition coefficient
Kie (p < 0.01 ) relative to abdominal skin. DEET diffusivity in breast and abdominal
skin, as calculated from Eq. 3.12, averaged 42% and 69%, respectively, of the calculated

aqueous diffusivity D,q=8.54 x 10 cm?/s estimated from Eq. 3.5 at 37°C.
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(a) BSA

M(t), ug/cm2

(b) PBS

0 1 2 3 4 5 6 7
Hours Post-Dose

Figure 3.3 Results of breast skin dermis permeation studies with '*C-DEET in the
presence (®) and absence (0) of a dialysis membrane placed between the dermis and the
donor solution. The donor solutions contained the permeants dissolved in PBS and the
receptor solutions contained in either (a) PBS + 2% BSA or (b) PBS.
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Figure 3.4 Results of abdominal skin dermis permeation studies in the presence (e) and
absence (0) of a dialysis membrane placed between the dermis and the donor solution.
The donor solutions contained the permeants dissolved in PBS and the receptor solutions
contained PBS + 2% BSA.
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The above results, in combination with literature reports involving skin and other
biological membranes,(Sawada, Ho et al. 1994; Yamashita, Furubayashi et al. 2000;
Cross, Anissimov et al. 2003) led us to focus further studies on combinations in which
the receptor solutions were supplemented with BSA. These studies were confined to
abdominal skin due to tissue supply. Based on the DEET results, the abdominal
skin/BSA combination is suitable for study if adequate time is allowed for achievement
of steady-state permeation. For the highly protein bound permeant, diclofenac, the study

period was increased to 48 h.

Results for diclofenac were strikingly different from those for DEET. Flux across the
diffusion cells was higher for the composite membrane (dialysis + dermis) compared to
dermis alone (Fig. 3.4b). Average dermis tissue concentrations were 2.7-fold higher for
the composite membrane (Table 3.2). All dermis transport and partition parameters
calculated from these data were significantly different for the composite membrane and
dermis only systems (Table 3.3). In general, the composite membrane system yielded
higher dermis permeabilities Pg4., with the major contributor to the difference being a
higher dermis/donor solution partition coefficient K4.. Mean diffusivities for diclofenac
in dermis estimated from the composite membrane data were 0.57 x 10° cm?/s (Eq. 3.12)
or 0.72 x 10° cm?/s (Eq. 3.13). These values are 8% and 10%, respectively of the

aqueous diffusivity D,q = 7.08 x 10 cm?/s estimated from Eq. 3.5.

3.4.5 Protein diffusion studies
Donor solution protein content following the mounting of human dermis in side-by-side

cells are shown in Figure 3.5.
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Figure 3.5 Results of protein assay studies in the presence (e) and absence (o) of a
dialysis membrane (5000 Da cutoff) placed between the dermis and the donor solution.
The donor solutions contained PBS and the receptor solutions contained PBS + 2% BSA.
Data represent the mean + SE of 10 determinations from one male donor.

In the absence of a dialysis membrane (5000 Da cutoff), protein concentrations in the

donor solution 0.08 h (5 minutes) post-dose averaged 610 ug BSA-equivalents/cm”.
These values rose in a non linear pattern to approximately 870 ug BSA-equivalents/cm’
at 10 h and 1230 pg BSA-equivalents/cm” at 24 h. The corresponding values for donor

solution protein content in the presence of a dialysis membrane were 25, 110 and 140 pg

BSA-equivalents/cm” at 0.08, 10 and 24 h. Thus, the total protein content in the donor
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solution was reduced by the dialysis membrane by a factor ranging from 8 to 24. No
significant differences were observed between studies employing 3500 Da and 5000 Da
membranes (data not shown). Based on the stated cutoffs, it is likely the proteins in the
donor solution for the cells containing a dialysis membrane were small peptides and
protein fragments stemming from the dermis or the BSA solution. As described in the

protein binding section, these fragments did not bind diclofenac to a significant extent.

3.5 DISCUSSION

Solute transport in dermis and the associated capillary and lymphatic clearance processes
are key to the survival and health of skin tissue. Nutrients and oxygen delivered from the
dermal capillaries diffuse into the dermis and overlying epidermis; waste products
resulting from cellular metabolism are concurrently removed by the same capillaries.
Larger cellular debris and serum proteins that have leaked into the tissue are removed by
the skin lymphatics. These same mechanisms remove exogenous chemicals, beneficial or
hazardous, that have permeated across the skin’s outer defenses (i.e., the stratum
corneum) following dermal exposure. Transient concentrations of these chemicals in the
skin depend on the permeation and clearance rates and the partition coefficient of the
chemical in the dermis tissue. In order to accurately predict these concentrations, the

underlying transport and partition phenomena must be well understood.

This study addresses a question posed in a recent modeling study of transport and
partitioning of solutes in dermis.(Kretsos, Miller et al. 2008) In that study the
investigators noted that conventional in vitro permeation and partition measurements of

solutes in dermis could be confounded by diffusion of soluble proteins from the tissue.
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Strong binding of the solute to the diffusing protein would lead to inaccurate results. The
present study confirms this to be the case for the highly protein bound drug, diclofenac (f,
= 0.04 in 2% BSA). Preventing the diffusion of large proteins, including albumin, into
the donor solution in an in vitro permeation study involving human dermis resulted in a
significantly higher permeability coefficient k, (Table 3.2) and associated dermis
permeability Pq. = DgcKqe (Table 3.3). The chief factor leading to this difference was the
dermis/donor solution partition coefficient K¢e. Blocking protein diffusion into the donor
solution resulted in 2.7-fold higher tissue concentrations (Table 3.2) and a 6-fold higher

calculated value of K. for diclofenac (Table 3.3).

The same methodology applied to a moderately protein-bound solute, DEET (f, = 0.19 in
2% BSA), did not reveal a significant difference between dermis transport or partition
parameters determined in the presence and absence of a barrier membrane. The tests did,
however, reveal significant differences between breast and abdominal skin samples with
regard to DEET diffusivities and partition coefficients. Breast skin had lower values of
Dye and higher values of K4, but comparable permeability Pg., relative to abdominal skin.
We suspect that these differences are related to the tissue thickness — abdominal samples
were approximately twice as thick as breast samples. The 6-hour time frame of the
DEET permeation experiments, which was adequate for the breast skin studies (Fig. 3.3),
may not have been quite long enough to achieve a steady state in abdominal skin (Fig.
3.4a). Such an error would lead to parameter differences in the observed direction.
However, alternative explanations involving variation in tissue structure with site or

depth cannot be ruled out.
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The 48-hour time frame of the diclofenac experiments was chosen to ensure achievement
of a steady-state. It is evident from Fig. 3.4b that this goal was met. Accumulation of
diclofenac in the receptor solution at 48 h exceeded the commonly accepted limit of 10%
of the donor solution concentration; however, it may be seen from the figure that similar
permeability coefficients and time lags would have been obtained had the experiment
been terminated earlier. Any attempt to correct these data for non-sink conditions(Parry,
Bunge et al. 1990) would only accentuate the difference between the dermis only and
dermis + dialysis permeation profiles, as the latter would have the larger (positive)
correction. We refrained from applying such a correction, since the uncorrected data
already establish the case that the dialysis membrane is an essential component of the
system. Were a correction to be made, the resulting time lags would be slightly longer,
and the Eq. 3.13 diffusivities slightly lower, than those reported in Table 3.3.
Permeabilities and Eq. 3.12 diffusivities would be slightly higher. Thus, agreement
between diffusivities calculated from Eq. 3.12 and Eq. 3.13 would improve. In general, it
is worth noting that, if the primary purpose of calculating a tissue diffusion coefficient is
to estimate transport across the tissue, then the use of Eq. 3.12 (which directly invokes
permeability) is a wiser choice than Eq. 3.13. The comparisons discussed below employ

Eq. 3.12 diffusivities.

It is of interest to test the agreement of the data reported here with the model developed
by Kretsos et al.(Kretsos, Miller et al. 2008), which represents the existing dermis
permeability and partitioning database. For the case of delivery from a pH 7.4 donor
solution into tissue at the same pH, Kretsos’ formulas for diffusivity and partition

coefficient can be summarized as follows:
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K 4epur.4 = 0.6 - BindingFac tor (3.14)

D,, =107+1°70630eMY BindingFac tor (3.15)

BindingFac tor = 0.68+0.32/ £, +0.001 /.. K. (3.16)

Here fion is the fraction nonionized and K, is the octanol/water partition coefficient.

Values for Kqe/pr7.4, Dge and Pge calculated from this model are shown in Table 3.4.

Table 3.4 Transport and partitioning parameters calculated from Egs. 3.14-3.16.

Property Units DEET Diclofenac
MW Da 191.3 296.2
log Ko - 2.18% 4.51%
pK, - - 4.0
Jion @ pH 7.4 - 1 3.98 x 10™
Ju - 0.19 0.04
BindingFactor - 2.52 8.69
Kaelprira - 1.51 5.22
Dge x 10° cm®/s 0.898 0.196
Pge x 10° cm®/s 1.36 1.02

a —
Rie - Kde/pH744Dde

For diclofenac a comparison with the Dialysis + dermis results in Table 3.3 shows that
the model underestimates K4., D4. and Pg4. by factors of 1.4, 2.9 and 3.9, respectively.

For DEET comparison of these calculations with the averages of the values given for
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breast skin in Table 3.3 shows that Kg. is overestimated by a factor of 1.3, whereas Dy
and P4 are underestimated by factors of 4.0 and 2.9, respectively. Agreement of the
calculation with the abdominal skin parameters is comparable for P4 (2.6-fold
underestimate) but less satisfactory for Dy, and K4.. In any case, it is evident that Egs.
3.14-3.16 underestimate dermis permeability Py, for both DEET and diclofenac by 3- to
4-fold when compared to the experiments reported here. It seems likely from the above
analysis that a substantial portion of this error is incurred in the estimation of Dy
according to Eq. 3.15. It should be noted that Eq. 3.15 is based on a diffusion model in
which bound permeant is considered to be immobile.(Kretsos, Miller et al. 2008)
Replacement of this approximation with a model in which both free and bound permeant
diffuse through the tissue (cf. Eq. 3.8) may vyield better agreement.  Better
characterization of the binding proteins and their mobility within the tissue is required in

order to complete this task.

A recent study of the topical drugs pimecrolimus and tacrolimus highlights the
complexity of protein binding in skin.(Weiss, Fresneau et al. 2008) These highly
lipophilic macrolide anti-inflammatory drugs were found to bind extensively to skin and
plasma proteins. Despite their lipophilic nature, the binding was largely to proteins (or,
in blood, lipoproteins) other than albumin. In skin the strongest binding was to an
unidentified ~16 kDa protein which may have been the 12 kDa tacrolimus binding
protein Macrophilin-12. Although there are other compounds for which specific binding
proteins in skin have been identified, e.g., retinoids and Vitamin A analogs, prediction of
these highly specific interactions for the case of an arbitrary permeant is beyond our

present capabilities. In the absence of detailed binding information, the use of 2%
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albumin as a surrogate for the complex milieu of soluble proteins in skin seems a

reasonable approach to studying transport in the lower skin layers.

3.6 CONCLUSION

Binding of lipophilic permeants to soluble proteins in the dermis plays an important role
in determining their partition coefficient and effective diffusivity within the tissue. In the
absence of a stratum corneum barrier, attention to diffusion of these proteins out of the
tissue is necessary in order to obtain accurate values of these parameters from in vitro
studies involving highly protein bound permeants. For permeation studies involving
isolated dermis, this can be achieved by isolating the tissue from the donor solution with

a dialysis membrane and supplementing the receptor solution with 2% BSA.

3.7 APPENDIX

3.7.1 Diffusion of a Reversibly Bound Permeant on a Mobile Substrate

Consider the case of a permeant diffusing in one dimension (x) across an aqueous
membrane or layer containing a diffusing substrate, e.g., a macromolecule. The permeant
is rapidly and reversibly bound to the substrate according to a linear isotherm; thus Cyound
= K Ciee, Where K is the binding constant. The total permeant concentration Ciy is the
sum of Cpound + Cree.  The assumption of linearity restricts the present analysis to low
permeant concentrations. The unbound fraction of permeant £, is equal to 1/(1+K), and
the partition coefficient of the medium relative to water is 1+K = 1 / f,. The flux of
permeant at any point in the system, J, is equal to the sum of the free and bound fluxes.

Assuming these fluxes to be governed by Fick’s Law, one has
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acfree D acbound (3A1-1)

J = _Dﬁee ax ~ “bound ax

Defining the effective diffusivity D¢ as the multiplier of the total concentration gradient

that yields the observed flux, one has

oC oC oC
D tot :D free +D bound
eff ax free ax bound 6
oC
= (Dye + KDygpg) — (3A1-2)
ox
oC

tot

=(Dfree +KDbound)'fu—
ox

But Kf, = K/(1+K) = 1-f;, which is equivalent to the bound fraction f,. Thus,

Deff :qufree +(1_fu)Dbound (3A1_3)

which is the same as Eq. 3.8 in the text. The diffusive resistance of a layer of this
medium is equal to its thickness divided by the product of effective diffusivity and
partition coefficient relative to water. Identifying this resistance as R», the thickness as
hagr, and recalling that the partition coefficient of the medium is 1 / f; yields Eq. 3.7 in

the text.

3.7.2: Calculation of K4, from Average Dermis Concentration

Assume the dermis is placed in series with a dialysis membrane in a side-by-side
diffusion cell. Concentration Cy is maintained in the donor solution and sink conditions
are maintained in the receptor solution. Unstirred aqueous boundary layers develop

external to the composite membrane, as shown in Figure 3.6.
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Figure 3.6. Steady-state concentration profiles for dermis + dialysis membrane system
with aqueous boundary layers surrounding the composite membrane.

The steady-state the flux Jy across this system is

C
J =k, (Cy —0)=R—d (3A2-1)

tot

where k, is the permeability coefficient and Ry = Rpia + Rae + Ri1 + R; is the total

diffusive resistance. At steady-state, the flux across each layer is identical such that

Cy _AC, _AC, ACy, _AC, (3A2-2)
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Rearrangement of Eq. 3A2-2 yields

=

R, C
AC, =—%C, = ded (3A2-3)
Rtot Rl + RDial + Rde + R2

The sum of the concentration drops across each layer, normalized by partition coefficient,

is equal to the donor concentration, i.e.,
Cy=AC, +ACy, +AC,. /K, + f,AC, (3A2-4)
Thus the average concentration in the dermis can be written as

C. = Cdel +Cde2 _ Kde(cd _ACI _ACDial)+ KdequCZ
de — -
2 2

= %Kde(cd _ACI _ACDial +quC2)

= leecd [1 _ R Row R j (3A2-5)
2 Rtot Rtot Rtot

_ leeCd Rtot — R1 — RDial + Rz
2 Rtot

Therefore the partition coefficient for the dermis relative to the donor solution is

2C,. R
K, = Cde[ tot j : (3A2-6)
Cd Rtot - Rl - RDial + Rz
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4. PARTITIONING AND DIFFUSION OF PARATHION IN HUMAN DERMIS

Ibrahim R, Kasting GB 2012. Partitioning and Diffusion of Parathion in Human Dermis.
Int J Pharm: 435(1) 33-37 (Epub)

4.1 INTRODUCTION

The stratum corneum 1is the rate-limiting barrier to the permeation of polar and
moderately lipophilic compounds, whereas, for highly lipophilic compounds this rate-
limiting barrier may be dominated by the lower skin layers (Cleek and Bunge 1993). The
binding of these often highly protein-bound solutes to extravascular albumin and other
soluble proteins within the dermis is thought to contribute to their transport across this
layer (Cross, Magnusson et al. 2003; Kretsos, Miller et al. 2008; Weiss, Fresneau et al.
2008). Soluble proteins present in the dermis can migrate slowly through the tissue. This
potential movement necessitates a careful choice of the in vitro methodology employed in
the measurement of dermis transport parameters of highly protein-bound solutes (Ibrahim
and Kasting 2010). In particular, if soluble proteins migrate into the donor compartment
of a side-by-side diffusion cell experiment, and the test permeant binds to these proteins,
then an artificially low permeability would be obtained (Kretsos, Miller et al. 2008;
Ibrahim and Kasting 2010). In a previous study we showed that exclusion of soluble
proteins from the donor compartment of side-by-side diffusion cells had a significant
effect on the measured transport parameters for a highly protein-bound solute, diclofenac.
The study also showed that the diffusion of the soluble proteins into the donor
compartment of the cells had no effect on the measured transport parameters for a

moderately protein-bound compound, DEET. The objective of the present study is to
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determine whether this phenomenon is important for parathion, which has a partition

coefficient and protein binding affinity intermediate between DEET and diclofenac.
4.2 MATERIALS AND METHODS
4.2.1 Materials

Dialysis membrane (5000 Da cut-off) was purchased from Bel-Art Products
(Pequannock, NJ). Unlabeled parathion (98.8%) was purchased from Sigma-Aldrich
(Atlanta, GA). [Carbonyl-'*C]-parathion (0.8 mCi/mmol, radiochemical purity > 99%)
was purchased from American Radiolabeled Chemicals (St. Louis, MO). Ultima Gold™
XR scintillation cocktail and Solvable™ were purchased from Perkin-Elmer (Boston,
MA). Skin from abdominoplasty (3 donors) was obtained from Musculoskeletal

Transplant Foundation (Edison, NJ). Phosphate-buffered saline (PBS), bovine serum

albumin (BSA) and sodium azide were purchased from Sigma Chemicals.
4.2.2 Protein Binding

Binding of '*C-parathion in a 2% w/v BSA solution in PBS was determined by
equilibrium dialysis as previously described (Ibrahim and Kasting 2010). The 2% w/v
level was chosen as it is the approximate average concentration of albumin in human

dermis (Kretsos, Miller et al. 2008).
4.2.3 Dermis Transport Studies

Parathion transport studies in human dermis were conducted and analyzed as previously

described (Ibrahim and Kasting 2010). Briefly, skin samples from abdominoplasties
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were heat separated (Kligman and Christophers 1963) to isolate the dermis. The dermis
was mounted in series with a dialysis membrane (donor side) in water-jacketed, side-by-
side diffusion cells maintained at 37°C. The donor and receptor compartments were
filled with PBS and 2% BSA-PBS solution respectively and allowed to equilibrate for 24
h. BSA was added to the receptor solution to maintain endogenous levels of albumin in
the dermis (Kretsos, Miller et al. 2008) and to ensure sink conditions in the receptor
solution for highly lipophilic solutes. Unlike the previously described studies (Ibrahim
and Kasting 2010), both the donor and receptor compartments were then emptied and
replenished with fresh solutions. The new donor solution contained 3.62 pg/mL and 0.1
uCi/mL of '*C-parathion in PBS. This procedure was chosen due to inadequate mixing
when '*C-parathion was spiked directly into the donor compartment. Studies for Donor 1
were carried out for 6 h and Donor 2 and 3 studies were carried out for 32-48 h to ensure
steady-state diffusion. The run time difference was due to the considerable difference in
thickness of the samples. At the end of the experiment each dermis sample was dissolved
in Solvable™ (1mL) and analyzed by LSC. Additional studies were conducted using

dermis samples mounted without dialysis membrane and the results were compared.

The cumulative amount of solute passing through unit area of membrane M(t) was plotted
versus time. The steady state flux Ji was calculated as the slope of the linear portion of
the graph, and the time lag 71 was calculated as the intercept of the regression line on the
time axis. The permeability coefficient k, and total diffusive resistance R were

calculated according to Eq. 4.1,

PR
"R, AC C,

4.1)
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where Cy is the donor solution concentration. The approximation AC = Cy was justified
since the ratio of unbound permeant concentration in the receptor solution to that in the

donor solution was always less than 7%.

The diffusive resistance of the dermis Rg4. to parathion was calculated according to Eq.

4.2,

R, =R

e tot

- RDial - (Rl + Rz) (4-2)

where Rp;q is the resistance of the dialysis membrane and in the absence of the dialysis
membrane was set equal to zero. R; and R, are the resistances of the aqueous boundary

layers in the donor and receptor compartments, respectively,

R, =l (4.3)
Daql
R _ hABL
» = fu (4.4)

eff

In Egs. 4.3 and 4.4 hapy is the thickness of the aqueous boundary layer (0.017 cm)
(Ibrahim and Kasting 2010), D,q: 1s the diffusivity of unbound parathion in water, f, is the
fraction unbound, and D¢ 1s the effective diffusivity of parathion in the receptor solution

(Ibrahim and Kasting 2010),

Deff =quaq2 +(1_fu)Db0und (45)

Here Dyound 1s the diffusivity of albumin in the boundary layer, taken to be equal to the

diffusivity of BSA in water at 37°C, 9.29 x 107" cm’s™" (Fardet, Hoebler et al. 1998).
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The value of D, for parathion at 37°C was estimated according to the Wilke-Chang

relationship (Poling, Prausnitz et al. 2001):

_74x10°%(gM) T
Ve

D, (ecm’s™) (4.6)

where ¢ =2.26, M =18.01 grmol™ and 7'=310.15 K. The value of 7; was taken to be
0.6915 cP in the donor solution (Eq. 4.3, i = 1) and 0.7468 cP in the receptor solution
(Egs. 4.4 and 4.5, i = 2) based on viscosity estimates for albumin solutions discussed
later. The values of ¢ and 7; represent slight improvements over those chosen by
(Ibrahim and Kasting 2010), but they do not significantly change the earlier results. It is
noteworthy that the value 2.26 for the association factor for water stems from work by
(Hayduk and Laudie 1974) that is not incorporated in some modern references, e.g.
(Poling, Prausnitz et al. 2001). The molar volume at the boiling point, Vs, was estimated
using Schroeder’s Method (Poling, Prausnitz et al. 2001) to be 279.5 cm®/mol. Equation
4.6 then yielded D,q; values of 7.23 x 10°% cm?/s and 6.69 x 107° ¢cm?/s for parathion in
the donor and receptor solutions, respectively. The value Rpiy = 24700 s/cm for
parathion was then estimated by interpolating between the values of Rpij, for DEET
(21200 s/cm) and diclofenac (24900 s/cm) based on the assumption that Rpj, o Daqf]
(Ibrahim and Kasting 2010). Here the donor solution value for D,q was used since
albumin is excluded from the membrane. In making this estimate we recalculated Daq
for DEET (7.94 x 10°° cm?/s) and diclofenac (7.20 x 10™° cm?/s) using the updated values
of ¢ and 7. Insertion of these values into Eqgs. 4.3-4.5 led to the result that R; = 2351

s/cm, Ry = 1285 s/cm and Degr = 1.77 x 107 cm?/s.
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The product of dermis diffusivity Dg. and partition coefficient Kg., often termed
permeability Py, was calculated from Rg4 and the thickness /4. of each sample according

to Eq. 4.7:

h
})de = DdeKde = R_de (47)

de

The value of K4 was determined from the average concentration measured in the dermis

tissue sample C_de after correction for series resistances; thus (Ibrahim and Kasting 2010)

2C,. R
Kde — de [ tot j (48)

The dermis diffusivity Dy, was then calculated as

P
D, =_dc 4.9
de Kde ( )
As a comparison, Dg. was also estimated from the time lag 71 according Eq. 4.10, which
assumes the time lag is dominated by the dermis.
e

D, = 4.10
de 6TL ( )

The validity of assuming symmetrical boundary layers in the donor and receptor solutions

(Egs. 4.3 and 4.4) and a time lag dominated by the dermis (Eq. 4.10) is discussed later.
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4.3 STATISTICAL ANALYSIS

Results were calculated individually for each diffusion cell, and then averaged to obtain a
mean and standard error. Transport and partitioning parameters were compared via two-
way ANOVA using donor and presence or absence of a dialysis membrane as blocking
variables. The pairwise comparison test used was Holm-Sidak; values of p < 0.05 were
considered to be significant. For comparisons involving only two groups, a Student’s #-
test was employed. All tests were conducted using SigmaStat version 3.10 (SYSTAT,

Chicago, IL).

4.4 RESULTS

Physical properties of parathion are shown in Table 4.1. The fraction unbound in 2%
albumin solution was determined to be 0.134 £+ 0.005 (n=5). The results for the dermis
transport studies are shown in Table 4.2 and Figure 4.1. Data collected after 32 hours for
Donors 2 and 3 (not shown) were found to depart from linearity and were therefore not
included in the analysis. Transport and partitioning parameters calculated from the data
in the presence and absence of dialysis membrane showed significant differences
between the dermis diffusivity Dg. (p = 0.019) and partition coefficient K4. (p < 0.001).
A lower Kq4. and a higher D4, was observed in the absence of the dialysis membrane.
Despite the lower Kg4. in the absence of the dialysis membrane, a higher permeation of
parathion was observed (Figure 4.1). Diffusivities calculated from the time lag (Eq. 4.10)

were generally higher than those calculated from the permeability data (Eq. 4.9).
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Table 4.1 Physical properties of parathion

Property Units Value
MW Da 291.26
Va cm’/mol 279.5"
log Kot - 3.83°
Sy € g/L 0.011°
1 - 0.134 + 0.005°

* Schroeder’s Method (Poling, Prausnitz et al. 2001). A value of 20.5 cm®/mol was used
for phosphorus.

®(US_EPA, 2009)

¢ Water solubility at 20° C

4 Fraction unbound in a 2% w/v BSA solution

“mean + SE (n = 5)
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Figure 4.1 Results of skin dermis permeation studies for donors 1, 2 and 3 in the
presence (@) and absence (0) of a dialysis membrane placed between the dermis and
donor solution. The donor solutions contained '*C-parathion dissolved in PBS and the
receptor solutions contained PBS + 2% BSA. The solid lines were calculated as M(?) = k;
Cq(t — Tv) using the average values of k, and 71 in Table 2 and Cyq = 3.62 ng/mL.
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4.5 DISCUSSION

The analysis described by Egs. 4.1-4.10 involves several assumptions that were briefly
set forward in (Ibrahim and Kasting 2010) and are now discussed further. It is assumed
that transport in the solutions bounding the membrane can be adequately described by
film theory rather than the more elaborate boundary layer theory (Cussler 1997). This
assumption has been found to be adequate for side-by-side diffusion cells of a similar
design (Tojo, Masl et al. 1985). The widths of the aqueous boundary layers in the donor
and receptor solutions, /sapr, are assumed to be equal. This is reasonable since the cells

are symmetrical and 2% BSA imparts little additional viscosity to the PBS solution. The

effect may be estimated as follows: The intrinsic viscosity of BSA (;':jﬂ%) is about 4
mL/g, where 7y, = (7-m)/no is the fractional viscosity increase imparted by a
concentration of ¢ g/mL; furthermore the concentration dependence of BSA aqueous
solution viscosity is linear for ¢ up to 0.065 g/mL or 6.5% w/v (Friedli 1996). Thus
addition of 2% w/v BSA to water increases its viscosity 7 by about 8%, i.e. 7, = 0.08.
Hence, the viscosity of a 2% w/v BSA solution at 37°C is about 0.75 cP, slightly higher
than that of water (0.69 cP). Following the analysis of (Tojo, Masl et al. 1985), hapL
scales as 7°"°; therefore an 8% increase in 77 would increase &g by 5-6%. This change
is well within the uncertainty of the analysis. Finally, Eq. 4.10 assumes the time lag (7)
to be fully determined by diffusion in the dermis. Application of multilaminate time lag
models (Ash, Barrer et al. 1965; Sinko 2011) to the data in Table 4.2 suggests this
approximation cannot be justified. The dialysis membrane in particular is expected to

contribute to the time lag since its diffusive resistance Rpi, is an appreciable fraction of
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the dermis resistance and its effective partition coefficient Kpi, is very low. This effect
may be estimated as follows: The thickness of this membrane was about 20 pm Rp;, was
estimated above to be 24700 s/cm. Assuming an aqueous diffusivity within the pores of
7.23 x 107 cm?/s yields an effective Kpj, value of 0.0112. Insertion of these values plus
average values for the dermis (Table 4.2, Row 4) into the two-layer time lag formula
given in Sinko (2011) leads to the prediction that the dialysis membrane should increase
the time lag by 67% with respect to a dermis-only experiment. Examination of Table 4.2
shows that the actual impact of the dialysis membrane on the observed time lag is
somewhat larger than this. However quantitative agreement between the time lags
predicted from multilaminate slab models and those observed is poor. Hence, neither Eq.
4.10 nor multilaminate variations thereof can be recommended and diffusivity of the

permeant in the dermis should be calculated from Eq. 4.9.

Kretsos et al. (2008) noted that the conventional in vitro permeation and partition
measurements of solutes in the dermis could be confounded by diffusion of soluble
proteins from the tissue. This hypothesis was confirmed in a previous study from this
laboratory employing DEET and diclofenac (Ibrahim and Kasting 2010). Whereas
results for DEET (f, = 0.189 £ 0.004) were not affected by the insertion of a barrier
membrane between the donor solution and dermis, results for diclofenac (f, = 0.040 +
0.005) were sensitive to this change. In the case of diclofenac, contrary to what one
would expect, a higher permeation was observed in the absence of the dialysis
membrane. This was attributed to the presence of soluble proteins in the donor
compartment (Ibrahim and Kasting 2010). The objective of this study was to test the new

methodology with parathion, a compound whose protein-binding affinity as expressed in
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terms of fraction unbound (f;, = 0.134 £ 0.005) lies between DEET and diclofenac. . We
had to modify the “control” methodology due to the low water solubility of parathion,
which led to inadequate mixing when the donor solution was spiked with labeled solute
immediately prior to the study as in the previous experiments. In the present study,
following the equilibration period, the PBS solution was removed and replenished with a
donor solution of radiolabeled parathion which had been agitated overnight. Thus, a
substantial amount of the diffused soluble protein was removed. Yet, the results were
still impacted by the presence or absence of dialysis membrane. Significant differences
in Dy, and K4 were obtained, although smaller than those observed for diclofenac. We
conclude that compounds that are more than about 87% bound to soluble proteins in the

dermis should be tested using the new methodology.

It is of interest to compare the results of these experiments with the predictions based on
current models of dermis permeability. A limited comparison, using data and models

generated by our research group, is shown in Table 4.3.

Table 4.3 Transport and Partitioning Parameters in Human Dermis for Selected Permeants

(Mean + SE)
Compound Dy x 10° Py x 10°
(sz/ s) Kaerphr.a (sz/ s)

DEET
Observed™® 459 +1.41 0.83 +£0.35 3.33+0.86
Kretsos et al. 2008 0.90 1.51 1.36
Dancik et al. 2012 0.96 1.51 1.44
Egs. 4.11-4.14 1.41 1.51 2.13

Diclofenac
Observed™” 0.57+0.06 7.56+0.67 3.95+0.31
Kretsos et al. 2008 0.196 5.22 1.02
Dancik et al. 2012 0.284 5.22 1.48
Egs. 4.11-4.14 1.02 5.22 5.34
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Parathion

Observed’® 0.83 +£0.08 591+£028 5.18+0.50
Kretsos et al. 2008 0.175 5.90 1.03
Dancik et al. 2012 0.196 5.90 1.16
Egs. 4.11-4.14 0.372 5.90 2.20
Glucose
Observed* 264+042  065+0.09 1.36+0.22
Kretsos et al. 2008 2.36 0.61 1.41
Dancik et al. 2012 2.36 0.61 1.41
Eqgs. 4.11-4.14 2.36 0.61 1.41

* (Ibrahim and Kasting 2010)

bAverage of all dermis + dialysis measurements
¢ Table 4.2

¢ (Khalil, Kretsos et al. 2006)

The relationships employed in these calculations may be found in (Kretsos, Miller et al.
2008) or (Dancik, Miller et al. 2012) and the permeant physical properties may be found
in the original references or in Table 4.1 (for parathion). The (Kretsos, Miller et al. 2008)

model assumes permeant bound to albumin to be immobile. (Dancik, Miller et al. 2012)

impute some mobility to bound permeant, assigning it a diffusivity D of 1 x 107

cm’s”' in the albumin-accessible region of the dermis only. The (Kretsos, Miller et al.
2008) calculation works effectively to predict Kq4.; consequently it has not been changed.
It also gave a satisfactory prediction for Dg. for glucose (which does not bind to proteins),
but both (Kretsos, Miller et al. 2008) and (Dancik, Miller et al. 2012) substantially
underestimate Dy, for the other three permeants. Since Py = Dge K4e, dermis permeability
is also underestimated. In order to correct this we propose the following modification to

the calculation scheme presented in (Dancik, Miller et al. 2012):

BF = 0.68+0.32/ f, +0.001 f, K., (4.11)
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K yopr7.4=0.6xBF (4.12)
log D;,. =—4.15-0.655 logMW (4.13)

Dy, =| /Dy + (1= fODES(£,BF) 1 D =3x107 em’s”! (4.14)

bound

In Egs. 4.11-4.14, BF is a binding factor associated with permeant binding to mobile
proteins as well as partitioning into immobile lipids, f; is the unbound fraction, fyon is the
fraction nonionized, K, 1s octanol/water partition coefficient and MW is molecular
weight. Ky has been expressed relative to a pH 7.4 buffer to coincide with the
experiments described herein. In order to calculate its value with respect to the

nonionized concentration in water, the result from Eq. 4.12 should be divided by fion

(Kretsos, Miller et al. 2008). The value of D has been increased three-fold with

respect to (Dancik, Miller et al. 2012), and it applies broadly across the tissue. The net
change is a ten-fold larger contribution of bound permeant to Dg.. In addition to
providing a better match to the data in Table 4.12, a rationale for this change may be
drawn from the work of Jain and coworkers (Nugent and Jain 1984; Chary and Jain
1989). Using two different optical methods, FITC-labeled albumin and an in vivo rabbit
ear “sac” model, these workers measured albumin diffusivities in tissue ranging from
0.11 x 107 em’s™ t0 5.8 x 107”7 cm’s™". The former value was obtained with a relaxation
method (Nugent and Jain 1984), the latter with Fluorescence Recovery After
Photobleaching (Chary and Jain 1989). The investigators argued that the relaxation
method measures diffusion in the gel phase of the dermis, whereas FRAP is sensitive to

diffusion in the fluid phase. Notably FRAP diffusivity of FITC-albumin fell to 1.7 x 10~
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cm’s™! in sacrificed rabbits. The investigators proposed that the fluid channels collapsed
in the dead animals, leading to lower diffusivities. Considering these results it seems

reasonable to propose the value D™ =3 x 107" cm’s™' in Eq. 4.14 for permeants in

bound
excised human dermis that primarily bind to albumin. It is furthermore possible that a
larger value could apply to human dermis in vivo due to the presence of smaller binding

proteins and (potentially) more open fluid channels.

The use of these values is as follows: Eqgs. 4.11-4.14 summarize the results of a
microscopic model for dermis partitioning and transport (Kretsos, Miller et al. 2008) that
leads to a macroscopic value of the partition coefficient K4, and an effective diffusivity
Dy, that, when multiplied together, yield an estimate for dermis permeability Pgy. that may
be used in a homogenized transport model in which each skin layer is represented as a
uniform slab (Dancik, Miller et al. 2012). For ionizable solutes care must be taken to

choose an appropriate reference state for Kq. as described above.
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5. DERMAL CLEARANCE MODEL FOR EPIDERMAL BIOAVAILABILITY
CALCULATIONS
Ibrahim R, Nitsche JM, Kasting GB 2012. Dermal Clearance Model for Epidermal

Bioavailability Calculations. J Pharm Sci. 101: 2094-2108

5.1 INTRODUCTION

Knowledge of the rate and extent of permeation of topical applications on skin is of great
importance in dermatology, transdermal drug delivery, cosmetic science and occupational
safety. A quantitative description requires the understanding of not only the input rate of
the permeant into the skin but also its output rate. A one-dimensional multilayer model
allowing transient skin absorption calculations on a spreadsheet has been developed and
described elsewhere.(Kasting, Miller et al. 2008; Dancik, Miller et al. 2012) A Java
version of this program is available on the web.(Fedorowicz, Milller et al. 2011) This
three-layer model represents the stratum corneum, viable epidermis and dermis as slabs
with effective properties derived from wunderlying microscopic transport models.
Capillary permeability was described by a simple relationship based on the Potts-Guy
relationship to represent membrane permeability as in the Robinson model.(Wilschut, ten
Berge et al. 1995) This relationship was adequate for small, moderately lipophilic
permeants.(Kretsos, Miller et al. 2008) Here we present a clearance model more closely
related to the capillary permeability literature and furthermore include lymphatic
capillaries for the transport of large and highly protein-bound permeants. The primary
purpose of the revised calculation is to make better predictions of skin concentrations of

very hydrophilic and very lipophilic, low molecular weight skin permeants in the context

121



of the spreadsheet skin absorption model.(Kasting, Miller et al. 2008; Dancik, Miller et
al. 2012) Since small lipophilic compounds are often highly bound to proteins it was
important to include dermal clearance mechanisms for both small and large solutes into

the model.

Capillary clearance has been widely studied for decades, yet the mechanisms involved in
the transport of large solutes are still not fully understood. Several theories have been
proposed, many tracing back to Renkin and coworkers.(Pappenheimer, Renkin et al.
1951; Renkin 1964; Renkin 1977; Renkin, Watson et al. 1977) The simplest of these is
the pore/slit model.(Deen 1987; Curry 2005; Sugihara-Seki and Fu 2005) More elaborate
theories are available, such as the fiber matrix theory,(Curry and Michel 1980; Sugihara-
Seki and Fu 2005; Khakpour and Vafai 2008) the two-pore theory,(Rippe and Haraldsson
1994; Levick and Michel 2010) the three-pore theory(Rippe 1993; Rippe and Venturoli
2007) as well as complex 1D and 3D theories.(Weinbaum, Tsay et al. 1992; Zhang,
Adamson et al. 2006) These models differ in complexity with regards to the physiologic
microstructure of the blood capillaries. The most established routes of transport of
solutes across blood capillaries are between the endothelial cells and through the
endothelial membrane. Controversy surrounds other routes such as vesicles and large
pores.(Rippe, Rosengren et al. 2002; Rosengren, Rippe et al. 2006; Sarin 2010)
Furthermore, although it is widely accepted that the glycocalyx layer is the primary
sieving element for large solutes and proteins, some investigators do not believe that
there is enough evidence to support this claim.(Rippe 2008) These models, and all the
open questions associated with them, pertain only to the clearance via blood capillaries,

and do not address the competing mechanism of lymphatic clearance. Fewer studies have
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been dedicated to lymphatic clearance, and to our knowledge no quantitative models have
been developed. Published studies focus on determining the lymph flow rate by either
cannulation of lymph ducts (Bill 1979; Bocci, Muscettola et al. 1986; Harake and Power
1986; Havas, Parviainen et al. 1997; Leu, MJW. et al. 2001) or by measuring the
disappearance rate of large solutes from a specific site.(Hollander, Reilly et al. 1961;
Ellis, Marks et al. 1970; Fernandez, Davies et al. 1983; Staberg, Klemp et al. 1983)
Dermal capillary clearance was modeled by Kretsos et al.(Kretsos, Miller et al. 2008) as a
uniform first order clearance through the blood capillaries into the systemic circulation.
This simplified approach was adequate for the clearance of small permeants as well as
moderately bound permeants. Here, we present a more general dermal clearance model
based on a two-slit theory for blood capillary permeability which, when combined with a
slow lymphatic clearance, is sufficiently flexible to describe the clearance of all diffusing
species including macromolecules and protein-bound solutes. It should be noted that
heterogeneous pore theory, slit theory and fiber matrix theory are equally efficient in
describing the major features of capillary transport for small and large solutes and that
there are no fundamental differences between these three concepts;(Rippe 2008) hence
the selection of the two-slit theory for the present model is not essential, but rather is one

of several nearly equivalent choices that could be made.

5.2 COMPUTATIONAL MODEL FRAMEWORK

5.2.1 Blood Capillary Clearance

Mass transport through capillary endothelia is often described by the Kedem-Katchalsky

equations according to the principles of irreversible thermodynamics.(Kedem and
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Katchalsky 1958; Curry 1983) Here these equations have been modified to include the

effective exchange surface area S,(Rippe and Haraldsson 1994; Michel and Curry 1999)

thus
J,=P,S-AC+(1-0,)J,C (5.1)
J, =L S(AP-c,Ar) (5.2)

where J; is the solute flux per unit volume of tissue, J, is the water flux per unit volume
of tissue, P, 1s the total diffusive permeability to solutes, A4C is the concentration

difference across the membrane, o is the solvent drag reflection coefficient (also known

as the ultrafiltration coefficient) for the solute due to membrane restriction, C is the
effective intramembrane solute concentration for convection, L, is the hydraulic
conductivity, 4P is the difference between local capillary blood pressure and interstitial
hydrostatic pressure, g4 is the osmotic reflection coefficient which describes the
selectivity of the membrane to solutes contributing to osmotic pressure and Ax is the
difference between colloid osmotic pressure in plasma and the interstitium. For ideal
solutions containing a single solute or is equal to o4 and is represented by o, the reflection
coefficient.(Curry 1983; Michel and Curry 1999) For more complex solutions it is
understood that the contributions of each solute must be summed to calculate the osmotic

pressure; thus o Az — 2,0, Ax;. This formulation implicitly assumes that AC

represents freely diffusing solute, equivalent to Cre. in Ref (Kretsos, Miller et al. 2008).

This distinction will become important later.
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The permeability of the capillary wall is described in terms of flow through a water-filled
cylindrical pore or rectangular slit, essentially the cleft between two adjacent endothelial
cells. The representation of the interendothelial cleft as a slit is morphologically more
defensible than a cylinder; hence the slit theory was chosen as our working model.(Rippe
and Haraldsson 1994) The transport of macromolecules is a complex process that is
riddled with controversy. We chose to use the framework of the two-pore theory
presented by Rippe and Haraldsson,(Rippe and Haraldsson 1994) wherein small pores
dominate the transport of smaller solutes and larger pores allow the transport of
macromolecules. It should be noted that the purpose of the present model is to describe
the clearance of a solute from the interstitial space into the blood and lymph, which are
regarded as sinks. Hence, we focus on unidirectional transport, although consequences
for the more general case in which bidirectional transport occurs are discussed. Because
it is limited to the steady state the model in its present form will not be useful for
studying swelling, inflammation or other pathophysiological conditions.(Rippe and

Haraldsson 1994)

Following Rippe and Haraldsson,(Rippe and Haraldsson 1994) we assume there are two
populations of slits; one has half-width W2 (small), the other Wi/2 (large). The

following equations apply to each population of slits.

The hydraulic conductivity L, for a slit of width /¥ in a capillary wall can be calculated

from Poiseuille’s Law (Michel and Curry 1999; Sugihara-Seki and Fu 2005)

3
P 69
Y7
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where L is the total slit length per unit area of vessel wall, fis the fraction of the length of
the slit open to the full width W, u is the water viscosity at 37 °C, and 4x is the depth of

the cleft from lumen to tissue.

The solute permeability within such a slit is (Michel and Curry 1999; Sugihara-Seki and

Fu 2005)

P, = fWLx D, % % (5.4)
where Dy 1s the solute diffusion coefficient within the slit, and ® is the solute partition
coefficient. In Eqgs. (5.3-5.4) the product of fWL is defined as the slit area per unit
membrane area and can be denoted as A4, and the slit area per unit cleft depth as
Ao/Ax.(Fernandez, Davies et al. 1983; Sugihara-Seki and Fu 2005) The diffusion
coefficient contains a hindrance factor H(/) that depends on the ratio 4 of solute radius 7
to slit half-width /2. We choose a form that has been recommended for calculations

involving a wide range of solute sizes, thus(Dechadilok and Deen 2006)

9

H(A) =1+ AInA~1.193587 + 0.42852° —0.31924* +0.084281° (5.5)
Dslit = Daq d H(ﬂ’) (5.6)
I
A= > 5.7
W /2) 6.7

The solute radius 7 is generally chosen to be the hydrodynamic radius, i.e. one associated

with an appropriate diffusion equation.(Renkin 1977) Given that
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3V 1/3
r, = A
(4NA7ZJ

(5.8)

for a spherical solute of molar volume V4, we can relate »; and 1 to an appropriately

chosen molar volume. Here division by Avogadro’s number (V) converts from molar to

molecular properties. Because the values of 7y and V5 are essential to the theory and

furthermore are not readily available for most solutes, their estimation will be carefully

described later.

The solute partition coefficient for a slit is (Deen 1987)

O =(1-4)

and the reflection coefficient ¢ may reasonably be chosen as (Anderson 1981)

c=1->p+la
2 2

The aqueous diffusivity of a solute can be calculated as follows:

= 7.4X10710T(Mwwater 'Hwater)l/2

Daq ,UVlfé

7s<0.56 nm

kT
6ur,

75> 0.56 nm

(5.9)

(5.10)

(5.11a)

(5.11b)

In Eq. (5.11a) T is the temperature in K; Oy, 1 the solvent association parameter for

water; u is the viscosity of water in poise, V is calculated at the normal boiling

point,(Poling, Prausnitz et al. 2001) and k is Boltzmann’s constant (1.38 x 107
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dyne-cm'K™"). Equation (5.11a), the Wilke-Chang relationship,(Cussler 1997; Poling,
Prausnitz et al. 2001) is used to calculate D,q for solutes with a radius 7, smaller than
about 0.56 nm. For solutes with a larger r,, the Stokes-Einstein relationship (Eq. 5.11b)
is used, which works better than Eq. (5.11a) for macromolecules diffusing in a dilute
solution.(Cussler 1997; Poling, Prausnitz et al. 2001) The transition is made at 0.56 nm
because the two calculations give very nearly the same result at this value of r; (which

corresponds to ¥ = 443 cm’/mol).

The integration of Eq. (5.1) between the boundary conditions C, (unbound concentration
in the plasma) and Cpe. (unbound concentration in the dermis) yields (Rippe and
Haraldsson 1994)
C -C,.e’™
_ p free
J, —PcapS-AC+ZJVi (1—01)—1_6_% (5.12)
where 1 represents the population of slit (s=small, L=large), and Pe a modified Peclet
number. The equations presented by Rippe and Haraldsson (Rippe and Haraldsson 1994)
describe solute/tracer flux from blood to tissue, hence Cgee = 0 and the solute flux

described in terms of clearance can be written as

J 1
(PS)ePf :C_S:|:})capS+ZJVi (l_o-i )1—67} (5.13)

p

Our model was developed to describe solute/tracer flux from tissue to blood; in this case

Crree 1s finite and C, =0 and Eq. (5.12) can be expressed as
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—Pe;
(PS) = 2= | PS5, (1-0) =
free 1 I-e

(5.14)

Following Rippe and Haraldsson,(Rippe and Haraldsson 1994) Pe is calculated as

P _‘]vi(l_ai)
e = v (5.15)
P.S

slit;

The right-most term within the brackets in Eq. (5.14) has the limit >..J . (1 — O'i) for large

Peclet numbers and > P, Sas Pe — 0.(Rippe and Haraldsson 1994) Thus this

contribution to (PS).s is dominated by the diffusive portion, Pgj;.S, for low values of Pe

and by the convective portion, J(1-0), for high values of Pe.

J*" is the total fluid volume flux per unit area of tissue across both slits; thus (Rippe and

Haraldsson 1994)

JO=d 0+, (5.16)

The components of Eq. (5.16) are represented by (Rippe and Haraldsson 1994)

J.=a,LS(AP—o,Ar) (5.17)
Jo =a LV'S(AP -0, Ar) (5.18)
or, alternatively, by (Rippe and Haraldsson 1994)

J=-a (1-a )LV'S(o, —o AT + o, T (5.19)
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Jo=a (l-a )L'S(o, —o AT+, I (5.20)

Here oy is the fraction of hydraulic conductivity attributed to the large slit and oy = 1 —a
that of the small slit. Their ratio is given by (Rippe and Haraldsson 1994)
3 2

a _m (W) AW (5.21)
aS nS WS AS WS

where 7y is the number of small slits, 7y is the number of large slits, 4 is the small pore
area and A the large pore area. Note that Eq. (5.21) differs from the corresponding
formula in Ref. (Rippe and Haraldsson 1994) because the hydraulic conductivity of slits

is proportional to #* (cf. Eq. (5.3)) whereas that of cylindrical pores varies as *. The slit

length per unit area of vessel wall for each slit population is calculated as
L =L-n;L =L-n_ (5.22)

The osmotic pressure difference An develops largely through the size-selective leakage of
serum proteins from the blood capillaries into the tissue. In our formulation of the
problem we simplify this picture by assuming representative values of AP and Arx taken
from the literature, then calculating J,s and Jy; based on the properties of albumin. Thus
os and o, are reflection coefficients related to albumin. The hydraulic conductivity L;f‘

tot
v

is chosen so that the total water flux into the tissue, J ', is equal to the lymph flow

(discussed later). The albumin balance between blood and tissue, C,/C;, can then be
determined by simultaneously solving Eq. (5.12) and Eqgs. (5.16-5.18) for a solute having

the properties of albumin.
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At this point we return to Eqs. (5.12-5.14) and consider also the permeability of the
endothelial cell membrane lining the blood capillaries, Pc.p. This term must be included
in order to properly calculate the clearance of membrane-permeable solutes. P, consists
of a membrane permeability Ppe, in series with an aqueous boundary layer having

permeability P,q; thus (Xiang and Anderson 1994)

At (5.23)
cap mem Paq

Permeability across the endothelial wall Py 1s described in terms of a regression model
based on phospholipid bilayer membrane data assembled from the literature (JMN,
unpublished data). This is the primary route for the diffusion of highly diffusible lipid-

soluble solutes.(Michel and Curry 1999) An analysis of these data to be discussed

separately yielded
logP,,, =1.64logK , —1.37MW" +2.82 (5.24)

n=37;5s=0.71; 7 = 0.8951

Equation (5.24) was developed primarily from data on the permeability of egg lecithin
and DOPC bilayers, as well as DMPC bilayers, to low molecular weight solutes under the
constraint that solute lipophilicity be characterized by K. It factors in a correction to
37°C, an assumed cholesterol mole fraction of 0.30 and the fact that the solute must pass
through two such membranes to traverse the capillary endothelial cell. A more precise
analysis of the phospholipid data is possible using 1,9-decadiene/water partition

coefficient to describe lipophilicity (Xiang and Anderson 1994) and accounting explicitly
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for the free surface area of the phospholipid bilayer.(Xiang and Anderson 1995; Xiang
and Anderson 1997) However as neither approximation has been compared directly with
endothelial cell membrane permeability and Kgecadiene/water Values are not readily available
we choose Eq. (5.24) to represent Py Because of additional limits imposed by aqueous
boundary layers, slit permeability, and blood and lymph flow (discussed below), total

dermal clearance is not highly sensitive to Pyem SO long as its value is chosen reasonably.

In Eq. (5.23) P,q is the permeability coefficient across the aqueous boundary layer
adjacent to the membrane. Inclusion of the P,q term limits the permeability of small

highly lipophilic solutes, which are otherwise overestimated.(Xiang and Anderson 1994)

Da
Pa=" A (5.25)

where /1,4 1s the thickness of the boundary layer and for small solutes is estimated to be

about 1 x 107 cm.

To connect Eq. (5.14) with the clearance model described in Ref. (Kretsos, Miller et al.

2008), we now consider the limitation of blood flow, Qb1°°d, on clearance; thus, the
microscopic blood capillary clearance constant of unbound solute k;°* is given by

(Kretsos, Miller et al. 2008)

-1

1 1
kblood: + 526
((PS)eﬁ Q"“’"d] (520

. . . kblood
The corresponding microscopic clearance constant for bound solute “beund follows

directly from Eq. (5.26). For a low molecular weight solute one simply replaces (PS)efr
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with the appropriate value for the binding protein. Thus, for a small solute bound to

albumin one has

-1

1 1

Jeliood _ (5.27)
bound (PS )Zi}f)umm leood

For a large solute bound to a protein one must recalculate the properties of the complex,

but this limit is not of much interest. If leOOd is given in (cm’ of blood)/[(cm’® of

1

tissue)-s], then the units of k;'0°" and k/°°% are s™'. Other clearance constants discussed

bound

below share these units.
5.2.2 Lymphatic Capillary Clearance

The blood capillaries are poorly permeable to large hydrophilic macromolecules; as a
result, these larger molecules are primarily transported via the lymphatics. Supersaxo et
al. (Supersaxo, Hein et al. 1990) studied the effect of molecular weight on lymphatic
absorption following subcutaneous injection. A linear relationship was found between
the molecular weight and the proportion of dose lymphatically absorbed, such that for
compounds with a molecular weight of 16,000 Da and above, more than 50% of the

administered dose was found to be transported via the lymphatics.

The lymphatic capillaries are extremely permeable, admitting cellular debris as well as

small molecules and proteins. Hence it is reasonable to assume that lymphatic clearance
is flow-limited and £2™" = g™ — QW™ where Q™" is the volume flow of lymph

. . 3,3 -1
per unit volume of tissue (cm’/cm™s =s").
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5.2.3 Macroscopic Clearance Constants

In order to link the microscopic dermal clearance constants to a first-order clearance
constant in a homogenized tissue model (Kasting, Miller et al. 2008; Kretsos, Miller et al.
2008; Dancik, Miller et al. 2012) a relationship must be established between the
concentration of solute in each dermis compartment and the average bulk tissue
concentration Cq4.. This relationship is developed in the Appendix. The result for

clearance from the tissue into the body is

00 00 00 5.28
e R AL (528
kymt = L (5.28b)

°  f.CF
kit = kg k™ (5.28¢)

In Eq. (5.28) £, is the unbound fraction of the solute and CF is a proportionality constant

defined such that C4. = CF - Cgee. It 1s calculated to be

CF= Elaq ( . I}IT) + Elllpfnunf{llp.-"w (529)

where ¢4 and ¢, are the volume fractions of the aqueous and lipid compartments,
respectively, and fyon is the nonionized fraction of solute in the aqueous compartment.

The percentage of permeant cleared by the lymphatics is

pymaph
04 l}rmph = (kT"E—

+kie

) X 1009% (5.30)
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The use of Eq. (5.28) is such that solute flux per unit area out of the tissue in a
homogenized, spatially-dependent model such as the one discussed in Refs. (Kasting,

Miller et al. 2008) and (Kretsos, Miller et al. 2008) is

Jo = [ ki €4.(2)dz + (loss into underlying tissue) (5.31)

Here the integral extends over the entire thickness of perfused dermis and the loss into
underlying tissue is calculated as the Fickian flux into the fat layer. It is understood that
an extension of this scheme to allow blood and lymphatic capillary density and/or flow to
vary with depth in the tissue (e.g., by varying S or 0"**% would cause k' to become
spatially dependent. Such an elaboration might better represent the capillary loop
structure of the reticular dermis, which is more highly perfused than the papillary dermis
(Kretsos and Kasting 2005) or even the lymphatic network, which has been depicted as
confined to the papillary dermis.(Kretsos and Kasting 2005) If blood clearance starts
very close to the dermal-epidermal junction and lymphatic clearance is restricted to the

papillary dermis, then the percentage of a topically applied permeant cleared via the

lymph will be lower than that predicted by Eq. (5.30). We note that the product Area x

tot
Depth ><kﬂ'e plays a role analogous to clearance (Cl) in a compartmental model, but it is

not expressed this way because of the spatial variation in C and (potentially) of &' .

For blood-to-tissue clearance relationships analogous to Egs. (5.28) and (5.29) apply, but
the lymphatic clearance term is not relevant and the concentration factor CF is calculated
more simply. If solute concentration is expressed with respect to plasma volume, then

Eq. (5.29) is replaced by
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1

CF = fplasma

(5.32)

where ™™ is the fraction of unbound solute in plasma. It should be noted that binding

of small solutes in the present model is assumed to involve only albumin.(Kretsos, Miller
et al. 2008) We realize that this is a simplification of the binding processes occurring in
the dermis, considering that solutes may bind to a wide variety of soluble
proteins.(Weiss, Fresneau et al. 2008) It is possible to later relax this restriction once

more information is known regarding the binding of a specific solute.
5.3 SELECTION OF PARAMETER VALUES

The parameters appearing in the outlined theory are assembled in Table 5.1. The

clearance data we considered most relevant to the analysis (in addition to those described
in Ref. (Kretsos, Miller et al. 2008)), are listed in Tables 5.2 and 5.3. Column 6 of Table
5.2 gives blood capillary permeabilities inferred from experiments on hydrophilic solutes

diffusing from blood to tissue, P.s(observed).
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Table 5.3 Lymphatic flow data calculated from the disappearance of "*'I-albumin from
the injected site.

Injection Site 0x10°%s"? Reference
Intradermal Cheek 5.76 (Ellis, Marks et al.
1970)
Intradermal Leg 6.62 (Staberg, Klemp et
al. 1983)
Subcutaneous Forearm 8.33 (Hollander, Reilly
et al. 1961)
Subcutaneous Leg 5.75-5.89 (Hollander, Reilly
et al. 1961;
Fernandez, Davies
et al. 1983)
* Resting limb

Table 5.3 gives lymphatic flow rates in humans estimated from disappearance of B
albumin.  Additional data on dermal physiology were assembled in a recent
review.(Kretsos and Kasting 2005) In selecting these data from many others the
following points were recognized: (1) Blood capillary permeability to lipophilic solutes
is much higher than that for hydrophilic solutes and has not, to our knowledge, been
measured in vivo. It must be inferred from other sources. (2) Blood capillary
permeability to highly lipophilic solutes is likely to be limited by diffusion across an
aqueous layer, as it is in phospholipid membranes.(Xiang and Anderson 1994) (3)
Lymphatic flow is highly dependent on body site, physical activity, heat and venous
pressure.(Olszewski, Engeset et al. 1977; Schmid-Schonbein 1990) Blood flow also
depends on site and activity and is strongly connected to body temperature as a
consequence of thermoregulation. Only representative values can be suggested. Given

these inherent restrictions on obtaining a solution that represents any more than an
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“average” condition, the process used to select parameter values is outlined in the

following section.
5.3.1 Blood Capillary Clearance

The observed width of the interendothelial cleft is about 20 nm;(Weinbaum, Tsay et al.
1992; Sugihara-Seki and Fu 2005; Weinbaum, Tarbell et al. 2007) however, due to the
absence of the glycocalyx layer and the simplicity of the theory, the width is usually
chosen to be no larger than 10 nm in order to provide reasonable hindrance to the
transport of macromolecules.(Curry and Michel 1980; Rippe and Haraldsson 1994;
Michel and Curry 1999; Rippe 2008) Based on the work of other investigators (Rippe
and Venturoli 2007) and fits of the model parameters to the data in Tables 5.2 and 5.3,
the widths of the small and large slits were chosen to be 10 nm and 50 nm, respectively
(Table 5.1). The presence of the junction strands within the cleft can be roughly modeled
by restricting the open fraction of the length of the slit to lie between 0.025 and
0.10.(Michel and Curry 1999) Based on fits to the data in Table 5.2, we chose 0.05 and
0.025 for small and large slits, respectively. Additionally, according to the two-pore
theory of Rippe and Haraldsson,(Rippe and Haraldsson 1994) the ratio of the contribution
of small and large pores to the hydraulic conductance L‘;‘ 1s 95:5. Yet, in the three-pore
theory,(Rippe and Venturoli 2007) which includes a contribution from aquaporins, the
ratio (small pores:large pores:aquaporins) is 90:7:3. Considering these values, along with
the literature data for blood capillary permeability and lymphatic clearance, we selected
the two-pore model ratio (os:0p) of 95:5. It follows then from Eq. (5.21) and the chosen

slit widths that the number ratio np:ngs of large slits to small slits is 4.21 x 10, The
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cylindrical pore literature states that large pores constitute only 1 part per 10,000-30,000
of the total population which corresponds to number ratios from 3.33 x 107 — 1 x
10 .(Rippe and Haraldsson 1994; Michel and Curry 1999) The present ratio is
somewhat higher since the hydraulic conductance of slits varies as #° whereas that of

. . . 4
cylindrical pores varies as 7.

Selection of the values AP = 21,600 dyne/cm? and Az =18,700 dyne/cm” was based upon
the literature. Levick (Levick and Michel 2010) reported 21560 dyne/cm” (22 cm H,0)
to be a typical value for AP under basal conditions. This value takes into account both
small and large pore filtration and is furthermore associated with normal (not inflamed)
blood capillaries. Rippe and Haraldsson (Rippe and Haraldsson 1994) employed the
value Az = 18745 dyne/cm” (14.06 mmHg) in their two-pore model calculations. Based
on a colloid osmotic pressure calculation from Landis and Pappenheimer (Landis and
Pappenheimer 1963) they state that this value corresponds to a ratio Ci/C, = 0.5 for total
protein (albumin) concentration at a plasma protein concentration of 6.5 g/dL. (Note:
The published value of 6.5 g/L(Rippe and Haraldsson 1994) is clearly a misprint.) Their
interstitial concentration Cj is equivalent to Cyee in Eq. (5.12). A constant Ax is expected
during tracer experiments in which the changes in solute concentration in blood and

tissue are negligible.

Reported values for the blood capillary hydraulic conductance L, of varying species/sites
are within the range of 1.3 x 10 — 3.0 x 107" cm’/dyne-s.(Renkin 1977) The upper and
lower limits of L, represent fenestrated capillaries and tight junctions found in the brain,

respectively. The reported L, values for non-fenestrated capillaries, which are typically
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found in the skin,(Imayama 1981) are between 2.5 x 107" and 5 x 107"
cm’/dyne-s.(Renkin, Watson et al. 1977) Investigators proposing single pore theories
(Curry and Michel 1980; Weinbaum, Tsay et al. 1992) utilized L, values on the order of
107'% cm?/dyne.s for the model calculations. In the two (Rippe and Haraldsson 1994) and

three-pore(Rippe 1993) theories estimates of L, on the order of 107" cm*/dyne.s were

employed. The present value Ltp"t = 1.01 x 107" ecm’/dyne's was chosen to match the

volume flux of water into the tissue, J.*', to the lymphatic flow rate, O"™" described
later. This choice leads to a steady-state water balance in the interstitial tissue, a

condition representing healthy physiology. It should be noted that a higher value of Ltp"t

would be required if a lower value of Am was selected as discussed by Levick and

Michel.(Levick and Michel 2010)

The values of additional parameters used in this theory and their literature sources are

shown in Table 5.1.
5.3.2 Lymphatic Capillary Clearance

Although the lymphatics have not been extensively investigated as blood capillaries,
several studies dedicated to the measurement of lymph flow rate can be found. Careful
consideration was given to the methodologies employed in these studies, the species, site
and state of subject, specifically muscle activity. It was determined that the most
applicable studies for our purposes were those involving the intradermal and
subcutaneous injection of radiolabeled albumin into resting the limbs, forearm and cheek

of human subjects.
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bmeh “calculated from the disappearance of *'I-albumin

Values for the lymph flow rate, O
from subcutaneous and intradermal injection sites in human subjects are shown in Table
5.3. The disappearance was measured using a Geiger counter and Q"™ was calculated
from the half —life. The selected value of Q™" =8 x 10™°s™" lies toward the upper end
of the range reported in the literature. It should be noted that values for Qlymph for the
fingers and hands (Ellis, Marks et al. 1970; Pain, Barber et al. 2003) are much higher;

thus application of the model to body sites other than limbs or broad body surfaces may

require adjustments to this value.
5.3.3 Molecular parameters

At various points in the calculation three different measures of molecular size are
required — molecular weight (MW), hydrodynamic solute radius (r;) and associated
hydrodynamic molar volume (V4). MW is generally available. V4 and r; were always
related by Eq. (5.8), but they were obtained in different ways depending on the size of the

molecule and available information.

Small solutes (MW < 1000 Da): If aqueous diffusion data were available, V5 was
calculated from D,q by rearranging Eq. (5.11a). If they were not, Vs was calculated from
Schroeder’s Method.(Poling, Prausnitz et al. 2001) Eq. (5.8) was then used to calculate
rs. This procedure yielded solute radii slightly different from those calculated by Renkin
(Renkin 1977) or other workers from that period (Beck and Schultz 1972), who employed
other modifications to the Stokes-Einstein relationship that are now less accepted than the
Wilke-Chang relationship. To evaluate Eq. (5.11a) we used the modified association

constant (Gyaer = 2.26) suggested by Hayduk and Laudie, (Hayduk and Laudie 1974) a
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temperature of 310.15 K and a viscosity of 0.0069 poise. In order to plot graphs for
arbitrary solutes as a function of molecular weight we developed a relationship for Va
from a regression on MW using the database of Schroeder V4 values reported by Wang et

al.(Wang, Kasting et al. 2007) These data are shown in Figure 5.1.

log V,

log MW

Figure 5.1 Relationship of molar volume (¥, cm’/mol) to molecular weight (MW, Da)
for a variety of solutes. V4 values for small molecules (MW < 1000) were taken from
supplemental material for Wang et al.(Wang, Kasting et al. 2007) and represent molar
volume at the normal boiling point calculated from Schroeder’s Method.(Poling,
Prausnitz et al. 2001) V, values for large molecules (MW > 1000) were those in Table

5.4. The solid line represents Eqgs. (5.33a) and (5.33b).
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The resulting regression equation was

logV, =0.9365log MW+ 0.1890 10 <MW<1000 (5.33a)

n=98;s=0.062; = 0.9528

Large solutes (MW > 1000 Da): For the solutes studied by Renkin (Renkin 1977) we
used the 7 values reported therein. These are hydrodynamic values obtained from
aqueous diffusivities by means of the Stokes-Einstein equation, Eq. (5.11b). For other
solutes and to draw the graphs we used V' values calculated from Eq. (5.33b). This
relationship was obtained by first calculating V4 for the Renkin solutes from Eq. 5.(8),
then regressing these values against MW with the constraint that the result match Eq.

(5.33a) at MW 1000.

logV, =1.1565log MW —0.4710 MW >1000 (5.33b)

n=7;s=0.086; 7 = 0.9988

These data and the regression line are also plotted in Figure 5.1.

Octanol/water partition coefficient (log K,) was obtained from the experimental values
in the EpiSuite database,(US EPA 2009) when such values were available; otherwise it
was obtained from the estimated values in this database. = For hydrophilic
macromolecules not contained in the database we set log Kot = —1. This choice was
suitable because the membrane permeability to these molecules (Eq. (5.24)) is negligible

compared to that of large and small slits.
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Protein binding data (f,) were either taken from the literature or estimated according to
the method of Yamazaki and Kanaoka.(Yamazaki and Kanaoka 2004) The latter method
has been employed before to provide estimates where no experimental data are
available.(Kretsos, Miller et al. 2008) This is essentially a hydrophobic binding model
that provides guidance for the binding of lipophilic compounds to albumin. It should be
considered a rough estimate only for f,; for greater accuracy experimental data or more
sophisticated calculations (Kratochwil, Huber et al. 2002) are required. For hydrophilic
macromolecules for which the arbitrary value log Ko = —1 was assigned, f, was set equal

to 1, as these molecules are not expected to undergo binding in aqueous solutions.
5.3.4 Albumin plasma/tissue ratio

Based on the model parameters already selected and the requirement of albumin balance,
a unique ratio of plasma-to-tissue albumin concentration, Cy/Cfee, can be calculated from
Eq. (5.12). The albumin balance is achieved by equating the leakage rate into the tissue
calculated from Eq. (5.12) with the lymphatic clearance, O"™"Cp.. For the present
choice of parameters, the result is Cy/Cpe. = 1.847. Thus if the plasma concentration of
albumin is 40 mg/mL, then the predicted tissue concentration is 40/1.847 = 21.7 mg/mL.
This value is close to the average value of 20 mg/mL determined by analysis of human
dermis post-mortem as discussed in Ref. (Kretsos, Miller et al. 2008). Application of
van’t Hoff’s Law to this concentration difference yields an osmotic pressure contribution

from albumin of 9015 dyne/cm?, or 48% of the A value listed in Table 5.1.
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5.4 RESULTS

The results of dermal clearance calculations using the developed model are shown in

Tables 5.2 and 5.4 and Figures 5.2-5.5.

Table 5.4 Model calculations for total dermal clearance k> (Eq. (5.28¢)) and the
percentage of solute recovered in the lymph (Eq. (5.30)).

Solute MW Va, log fu CF J ol x % % Lymph
cm’/mol Ko 1(;59 = Lyrnp£1 (observed)”
(calc)
Urea 60.06  584° 211 0.70 1206 0.95
Glucose 180.16  192.8° -3.24 0.70 651 1.8
Methoxsalen 216.19  203.0°  2.00 0.09° 3.03 755 3.9
Didanosine 23623 2240 -124 095" 0.71 590 2.0
FUDR 2462 2065 -1.16 0.70 627 1.8 40+1.5
Sucrose 34230 295.4° -3.70 0.70 509 2.2
Piroxicam 33135 322.0°  3.06 0.02¢8 117 227 15.1
Desoximetasone  376.47  416.5%° 235 0.15" 213 1012 2.5
Econazole 381.68 360.5¢ 5.61 0.02° 297 8.96 15.0
Raffinose 504.44  400.6° —6.76 0.70 422 2.7
Inulin 55000  8511° - 0.70  90.8 12.6 21+7.1
Cytochrome C 123K 192K* - 0.70  50.4 227  38.6+6.7
Myoglobin 167K 173K° - 0.70 547 20.9
rIFN alpha-2a 19K 314K - 0.70 339 337 59.5+7.7
Albumin 69K 113K° - 0.70 132 86.9
Transferrin 90 K 200 K¢ - 0.70 11.5 99.7
Haptoglobin 100K 245K° - 070  11.4 100.0
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Immunoglobulin 160 K 443 K° - 0.70 11.4 100.0

Fibrinogen 340K 822 K° 0.70 11.4 100.0
o- 820K 1900 K* - 0.70 11.4 100.0
macroglobulin

*Eq. (5.30); " Supersaxo et al. 1990(Supersaxo, Hein et al. 1990); ¢ Calculated from 7, (Table
5.2) using Eq. (5.8); 4 Schroeder’s Method; © Obach 1999(Obach 1999); f Hardman et al.
2001(Hardman, Limbird et al. 2001) ; £ Richardson et al. 1987(Richardson, Blocka et al. 1987);
also fun = 0.0124 @ pH 7.4 since pK, = 5.5; " Yamazaki & Kanoka 2004(Yamazaki and Kanaoka
2004); ' DoubleCheckMD(Enhanced Medical Decisions 2009); ’ Supersaxo et al.(Supersaxo,
Hein et al. 1990) reported the MW as 5200; Eq. (5.33D).
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Figure 5.2 Calculated tissue-to-blood clearance constants for solutes having varying radii

and log Kot (-1, 0, 1, 2, 3, 4, 5). The corresponding f; values were (1, 0.63, 0.39, 0.19,

0.08, 0.03, 0.01).(Yamazaki and Kanaoka 2004) (a) Microscopic clearance constant for
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unbound solute calculated using Eq. (5.26). (b) Total tissue-to-blood clearance constant

calculated using Eq. (5.28a).
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Figure 5.3 (a) Total tissue-to-blood clearance constant for larger solutes calculated as in

Figure 5.2b. (b) Total dermal clearance constant calculated using Eq. (5.28c). This
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relationship includes lymphatic clearance, which dominates the blood clearance for larger

solutes.
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Figure 5.4 Calculated blood-to-tissue (solid line) and tissue-to-blood (dashed line)

clearance constants for varying radii and log Ko (=1, 5). The symbols represent the
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experimental data in Column 6 of Table 5.2. The points were calculated by substituting

the Pesr (observed) value from the table for P, in Eq. (5.13), then calculating k2! from

Eq. (5.26). For these hydrophilic solutes f, = 1.

The general features of the model will first be noted, followed by a comparison of these
results with experimental clearance data. To understand the smooth curves that are
reported it should be noted that a specific relationship between octanol-water partition
coefficient K, and binding to albumin (f;) has been employed.(Yamazaki and Kanaoka
2004) This is not a requirement for solutes for which these values are obtained
independently, or which bind to proteins other than albumin. The curves are thus
illustrative of model properties, but lack the specificity that detailed information on solute

properties could ultimately provide.
5.4.1 Capillary Clearance — Tissue-to-Blood

Figure 5.2 shows the impact of lipophilicity/protein binding on tissue-to-blood capillary
clearance for solutes with radii less than 1 nm, corresponding to molecular weights less
than about 2000 Da. Panel (a) shows the microscopic clearance coefficient for freely
diffusing solutes (Eq. (5.26)), whereas Panel (b) reflects clearance with respect to total
solute concentration in the dermis (Eq. (5.28c)). Both curves illustrate the selectivity of
the capillary membrane to solute molecular weight and lipophilicity according to Eq.

(5.24). The plateau for small solutes reflects blood flow limitations as exemplified in Eq.

(5.26). The convergence to a single value of kgoo for solutes with radii > 1.0 nm

reflects clearance through the aqueous slits. The solutes are differentiated in this region
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when lipophilicity/protein binding is taken into account (kﬁhund , Fig. 5.2b). Highly bound
solutes are cleared more slowly by blood capillaries than free solutes because the
diffusion of small solutes bound to macromolecules is hindered within the slits (cf. Egs.

(5.4-5.14)).

Figure 5.3a shows the continuation of Fig. 5.2b for solutes up to and exceeding molecular
weights of 10° Da. The impact of the two-slit structure may be clearly seen as clearance
drops sharply when the small slits are unable to accommodate the solute. However, this
behavior is completely masked when lymphatic clearance is added, as shown in Figure

5.3b.
5.4.2 Capillary Clearance — Blood-to-Tissue

In order to compare the model predictions with the experimental results summarized by
Renkin (Renkin 1977) it was necessary to compute the effective permeability in the
blood-to-tissue direction (Eq. (5.13)), rather than tissue-to-blood (Eq. (5.14)). This is
because the experiments were conducted by measuring depletion of solutes in venous
blood versus arterial blood after circulation through the tissue. The results of these
calculations are shown in Table 5.2 and Figure 5.4. For small solutes there is little
difference between effective permeabilities in both directions because transport is
primarily diffusive. However, this pattern changes for solutes the size of inulin (rs = 1.5
nm) and above. For these compounds blood capillary transport is primarily mediated by
convection within the slits. Since the volume flow of water (J,) in the steady-state model
is always from blood to tissue, the corresponding values of blood capillary permeability

and clearance for large solutes are much higher in this direction. Good agreement
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between the model predictions and capillary permeability in human forearm or cat leg
(Table 5.2, Rows 1-5) may be seen. For the larger solutes, for which permeability was
measured in either dog or cat limbs, the model underpredicts some of the experimental
values by as much as a factor of 3.3. However it should be noted, as discussed by
Renkin,(Renkin 1977) the experimental values “...are diffusion permeabilities, calculated
on the basis that diffusion or vesicular exchange is the dominant mode of transport in this
size range. To the extent that convective transport is involved, they are overestimates of

the true permeabilities.” The present calculation is consistent with this statement.

5.4.3 Lymphatic Clearance

Lymphatic clearance calculations and experimental data for selected molecules are shown

in Figure 5.5 and Table 5.4.
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Figure 5.5 Model predictions for percentage of solute cleared by the lymphatic
capillaries for solutes log K,.—= —1 and f, = 1. The dotted line represents the crossover
point at which lymphatic clearance begins to dominate the overall clearance in the
dermis. The inset represents a subset of the data at lower MW. The symbols are the
values from sheep hind limb(Supersaxo, Hein et al. 1990) listed in Column 9 of Table

5.4.

For hydrophilic solutes that do not themselves bind to larger molecules, lymphatic uptake
in the present model is simply a function of size. A linear increase in lymphatic uptake
with increasing molecular weight is predicted for solutes up to approximately 40 kDa,
corresponding to a lymphatic recovery of 67%. For larger solutes the curve gradually
approaches the 100% plateau. The crossover point at which lymphatic uptake equals
50% occurs at 29 kDa. Highly protein-bound molecules show an entirely different
pattern, as the bound fraction moves with albumin, which is 87% cleared through the
lymph (Table 5.4). Hence a small, lipophilic compound like econazole, reported to be
>98% bound in plasma,(Enhanced Medical Decisions 2009) has a calculated lymphatic
recovery of 15% based on the assumption f, = 0.02 in tissue, with the binding confined to
albumin. It may be seen from an examination of Figure 5.5 that solutes binding to
smaller proteins would have lower clearance through the lymphatics for an equivalent

binding affinity.
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Figure 5.5 and Table 5.4 show also the experimental percentage lymphatic recovery of
hydrophilic, radiolabeled compounds following injection into cannulated hind legs of
sheep.(Supersaxo, Hein et al. 1990) These data follow the linear trend with molecular
weight exhibited by the model; however lymphatic recovery is significantly higher than
the model predictions, with the crossover point from blood to lymph occurring at 16 kDa.
We found we could not match these values and still maintain consistency with Renkin
(Figure 5.4) as well as a plausible resting lymph flow. It is worth noting that hind leg
cannulation is an invasive procedure that may have increased the lymph flow in
sheep.(Supersaxo, Hein et al. 1990) Were this the case the experimental data may be no
more accurate than the model for predicting lymphatic recovery in humans. Hence we
chose to accept this difference in favor of a good match to blood -capillary

permeability.(Renkin 1977)

5.5 DISCUSSION

Dermal capillary clearance was modeled by Kretsos et al.(Kretsos, Miller et al. 2008) as a
uniform first order clearance of permeant through the blood capillaries into the systemic
circulation. This simplified approach was adequate for the clearance of small permeants
and moderately protein-bound permeants. However, for plasma proteins,
macromolecules and highly protein-bound permeants, the contribution of the lymphatic

capillaries to the overall clearance cannot be ignored.

The transport of solutes across the blood capillaries, especially macromolecules, is not
completely understood; nevertheless, it has been extensively described at several levels of

complexity. The slit/pore theory and its variants are among the simplest of the theories.
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These models do not account for the complex physiology of the interendothelial cleft,
specifically the presence of the glycocalyx which is believed to be the primary sieve for
macromolecules, as well as the junction strands present within the cleft that restrict the
transport of solutes by narrowing the width of the available cleft region. Although these
models are unable to successfully explain the whole body of available experimental data,
they do provide a good starting point to understanding and being able to evaluate the
permeability properties of the blood capillary wall.(Sugihara-Seki and Fu 2005) The
present analysis shows that a two-pore model combined with a constant lymphatic
clearance term is adequate for simultaneously describing certain blood capillary
permeability data (Renkin 1977) and lymphatic clearance data (Supersaxo, Hein et al.
1990) available in the literature. Because both blood and lymph flow vary substantially
with body site and physical activity of the subject, and because of the limited calibration
dataset, quantitative predictions arising from the present model should be treated
cautiously. However certain qualitative features emerge within a framework that lends
itself to improved calibration for specific exposure scenarios as more experimental data

become available.

For very highly protein-bound solutes and macromolecules, the dominating clearance
mechanism is via the lymphatic capillaries. The permeability of these capillaries is very
high; hence, the rate of clearance is flow-limited. The selected value for this flow
(O"™") for subjects at rest was 8 x 10 s™'. This value does not take into consideration
data obtained from studies involving the fingers and hands.(Ellis, Marks et al. 1970; Pain,
Barber et al. 2003) Clearance at these specific sites is very high due to physiological

differences from other body sites. Use of the model to describe uptake of chemicals from
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hands should judiciously reflect increased lymphatic flow, as well as other physiological
differences including the structure and permeability of palmar stratum corneum. The
present model parameters are considered to be useful for estimating uptake from limbs
and other broad body surfaces. This restriction is consistent with other approximations
incorporated in our present three-layer skin model.(Kasting, Miller et al. 2008; Dancik,
Miller et al. 2012) In particular, stratum corneum permeability in the full-thickness
model also derives from experiments involving broad body surfaces. These limitations

should be kept in mind when analyzing different exposure scenarios.

Other key factors that must be considered when attempting to quantitatively explain the
uptake of small molecules from skin are the details of the binding processes occurring
within the dermis, especially those involving soluble proteins. The strength and
reversibility of the binding as well as the molecular weight of the substrate(s) all play a
role in clearance. Highly bound solutes will be predominately cleared in a pattern
dictated by the substrate. Consequently detailed information on protein binding in the
skin 1s of considerable value in assessing the fate of topically applied permeants. In the
current model, it is assumed that these compounds primarily bind to albumin. This is an
oversimplification as there are other proteins to which these solutes may bind. For
example the highly lipophilic macrolides pimecrolimus and tacrolimus have been found
to bind to a variety of soluble skin proteins with the most clearly identified substrate an
approximately 15 kD protein postulated to be macrophilin 12.(Weiss, Fresneau et al.
2008) Examination of Figure 5.5 suggests that the size of the binding proteins will have
a strong effect on the lymph/blood clearance ratio. It is readily shown that lipophilicity,

molecular weight and protein binding affinity of the solute all play a role in determining
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this ratio. Consequently we encourage those who would use this model to make
predictions for hazardous compounds to develop reliable protein binding data before
attaching too much meaning to the results. This is especially the case for topically-
applied compounds whose systemic toxicity is considered to be related to the mode of
uptake within the skin. Great care must be exercised to avoid drawing inappropriate

conclusions by using an oversimplified model.

5.6 CONCLUSION

The mechanism of dermal clearance for both small and large solutes can be adequately
modeled using a two-slit theory model for the blood capillary component and a constant
clearance for the lymphatic component. We have shown that the current model makes

adequate predictions for both large and small solutes when compared to literature data.

5.7 APPENDIX.

5.7.1 Clearance of free and bound solute

Consider the dermis to be a porous matrix composed of three compartments — collagen
and elastin fibers, aqueous/GAG milieu, and embedded lipids — with volume fractions
Priver, Pag, and ¢hip, respectively. These volume fractions sum to one. Solutes are excluded
from the fibrous region; their average concentrations in the other regions are C,q and Cip,.
Following Kretsos et al.(Kretsos, Miller et al. 2008) the aqueous region has an albumin-
inaccessible region (68%) and an albumin-accessible region (32%). The latter contains
free and bound solute in the ratio f,/(1-£,); thus Caq = 0.68Cfiec + 0.32(Ciee + Coound) =

(0.68 + 0.32/f,)Ciee since Cpound = [(1-f)/fu] Chee. Ciip 1s related to the nonionized
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component of Cge. by an equilibrium partition coefficient Kiipw; thus Ciip = Kiip/w/nonCree-
In the present simplified picture all bound solute is bound to albumin and Ky 1S
represented by the octanol/water partition coefficient Ko These definitions vary slightly

from those presented in Ref. (Kretsos, Miller et al. 2008), where ¢;, was considered to be

a subcompartment of ¢y,
Mass balance on a unit volume of dermis requires that

CdE = @aqcaq + E'hpf.'up

fu

2
= [@aq (0'68 + ) + Elllpglip.-"wfnun Cfree

(5A-1)

= CF-Cpee.

Here the concentration factor CF is defined as the proportionality constant between the
freely diffusing unbound solute concentration Cy.e and the average concentration in the
bulk tissue Cg.. This distinction is useful in linking the microscopic clearance constants
to the effective clearance parameter kg4 in a homogenized tissue model.(Kasting, Miller et
al. 2008) CF is closely related to the binding factor introduced by Kretsos et al.(Kretsos,
Miller et al. 2008) except that it explicitly contains ¢, The relevant phase volumes are
approximately @rper = 0.3, ¢hq = 0.7 and ¢, = (0.7)(0.001) = 0.0007.(Kretsos, Miller et al.

2008)

The total flux of solute out of the tissue is the sum of the fluxes of free and bound forms

into the blood and the lymph. Thus
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JE = JPY(free) + J°*(bound ) + J ™" (free )+ J ™" (bound) (5A-2)
Rewriting Eq. (5A-2) in terms of clearance one has
Jstot = k(;(:alcde = kf:::)()dcﬁee + ktl:(l)?l(r):icbound + kf]':é:]phcﬁee + klln};tigcbound (SA-3)

Substituting Eq. (5A-1) for Cge and rewriting Cpoung in terms of Cpee, then dividing the

result by Che. yields

kblood

el Ao | K 1
CF fCF) CF | f.CF

o et - s ]

total __
kde -

(5A-4)

since free and bound solutes are cleared at the same rate in lymph. The effective blood

and lymphatic capillary clearances are

S5A-5

ke - L - e A
lymph

g =t (5A-6)
/.CF
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6. ANALYSIS OF EX VIVO SKIN CONCENTRATION USING A TRANSIENT

DIFFUSION MODEL WITH DISTRIBUTED DERMAL CLEARANCE

6.1 INTRODUCTION

The ability to calculate in vivo skin concentrations of topically-applied compounds and
estimate their epidermal bioavailability relies on the knowledge of both the input and
output rate from the tissue. The former is dominated by the barrier properties of the
stratum corneum, whereas the latter is dominated by capillary clearance unless the
compound degrades extensively in the skin. Both blood capillaries and lymphatic
capillaries contribute to clearance; however, their contribution varies widely depending
on the physicochemical properties of the solute. Small permeants are largely cleared
through the bloodstream unless they are highly protein-bound. High molecular weight
permeants (>16 kDa) are largely cleared through the lymph.(Supersaxo, Hein et al. 1990)
The availability of in vivo data in the literature is scarce. Additionally, the performance
of such studies today poses serious ethical concerns. Hence, the ability to predict skin
concentrations in vivo of topically-applied permeants would be invaluable. The
organization of the blood and lymphatic capillary network within the dermis varies with
depth, body site, age, skin condition and ultimately the individual. This complexity
makes the accurate depiction of such networks with mathematical models extremely
difficult.

It is believed that the subepidermal layer for most human skin contains non-fenestrated or
continuous capillaries.(Imayama 1981) These capillaries have a high permeability to

smaller permeants and a much lower permeability to larger solutes. The transport or
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diffusion of solutes across these blood capillaries is primarily through the interendothelial
cleft found between two adjacent endothelial cells and across the endothelial cell
membrane.(Michel and Curry 1999; Curry 2005; Sugihara-Seki and Fu 2005; Sarin 2010)
Other routes of transport, e.g. vesicular transport, which some consider the main route for
macromolecules and proteins, are controversial.(Rippe, Rosengren et al. 2002;
Rosengren, Rippe et al. 2006; Sarin 2010) The interendothelial cleft is about 20 nm
wide,(Michel and Curry 1999; Curry 2005; Sugihara-Seki and Fu 2005; Sarin 2010)
however, in the absence of explicitly representing the glycocalyx layer, which is believed
by some to be the primary molecular sieve for macromolecules and has a gap length of 7
nm between fibers,(Berg, Nieuwdorp et al. 2006; Flessner 2008; Rippe 2008) the cleft
can be considered to have a width of 8-10 nm.(Michel and Curry 1999; Sugihara-Seki
and Fu 2005; Rippe and Venturoli 2007) The controversy surrounding vesicular transport
as a route of transport for macromolecules has led some investigators to propose that the
presence of clefts with a width far larger than 20 nm, about 500 nm, is responsible for
macromolecular transport.(Renkin and Curry 1982; Rippe 1993; Rippe and Haraldsson
1994; Michel and Curry 1999; Rippe, Rosengren et al. 2002; Rippe and Venturoli 2007)

This theory is not without some controversy.(Michel and Curry 1999; Sarin 2010)

The microstructure of the lymphatic capillaries is not as crucial as that of the blood
capillaries due to the fact that the former have a high permeability to macromolecules and
hence, are flow-limited. Supersaxo et al. (1990) showed that for solutes larger than 16
kDa, more than 60% of the clearance is attributable to by the lymphatic

capillaries.(Supersaxo, Hein et al. 1990) Additional literature reports of clearance
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following dermal and subcutaneous injections of "*'I-albumin at various body sites in
humans were utilized to derive the lymphatic component of the model.(Hollander, Reilly
et al. 1961; Ellis, Marks et al. 1970; Fernandez, Davies et al. 1983; Staberg, Klemp et al.
1983)

Using our current dermal clearance model combined with existing models for stratum
corneum permeability and appropriate measures of protein binding; the goal of this
present work is to analyze in vivo concentration data from the literature and compare it to

predictions made by the current mathematical model. (Dancick et al, 2012)

6.2. DIFFUSION MODEL

A transient one-dimensional diffusion model implemented as an Excel spreadsheet was
used for all calculations. This multilayer model has been described in considerable detail
elsewhere.(Miller, Bhatt et al. 2006; Nitsche, Wang et al. 2006; Wang, Kasting et al.
2006; Wang, Kasting et al. 2007; Kasting, Miller et al. 2008; kasting, Miller et al. 2008;
Kretsos, Miller et al. 2008; Nitsche and Kasting 2008) Briefly, the model is a transient 1-
dimensional 3 layer diffusion model where predictions can be made for both finite and
infinite doses. The stratum corneum is represented by a brick and mortar model (Nitsche,
Wang et al. 2006; Wang, Kasting et al. 2006; Wang, Kasting et al. 2007), the viable
epidermis is represented as unperfused dermis, and the dermis is represented as a
homogenous layer with a distributed capillary clearance.(Kretsos, Kasting et al. 2004;
Kretsos, Miller et al. 2008) Within the dermis component of the model is the dermal
clearance component, which consists of both the blood and lymphatic capillary clearance

mechanisms. The dermal clearance model has been described in detail elsewhere in
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Chapter 5. Briefly, the dermal capillary clearance is represented by a two-slit theory with
a contribution of lymphatic clearance for highly protein-bound solutes and
macromolecules. The slit represents the interendothelial cleft between two adjacent
endothelial cells. The small slit is 10 nm wide and is the primary route for small solutes,
the large slit is 50 nm wide and is the primary route for macromolecules. The ratio of
small slits to large slits is 95:5. Furthermore, solutes may diffuse through the endothelial
cell wall. This contribution to the total capillary permeability is based on a model of
phospholipid permeability summarized in Chapter 5 and described in detail elsewhere
(JMN, GBK, J Pharm Sci, submitted).

Lymphatic capillaries are abundant in the dermis. They have been reported to start in the
sub-papillary layer, specifically under the capillary loops and microvascular
meshwork.(Schmid-Schonbein 1990) Joory (Joory 2004) measured lymphatic vessel
depth and distribution in the human forearm and reported that the highest lymphatic
vessel density occurred within 250 um of the dermal-epidermal junction. Considering
that the reported value represents the highest lymphatic vessel density, a distance of 200
pm from the dermal-epidermal junction was chosen as the starting point for lymphatic
clearance in the model. The model value for lymphatic clearance value was derived
from data involving the disappearance of *'I-albumin from subcutaneous and intradermal
injection sites.(Hollander, Reilly et al. 1961; Ellis, Marks et al. 1970; Fernandez, Davies

et al. 1983; Staberg, Klemp et al. 1983); this development in described in Chapter 5.
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6.3 EX VIVO SKIN CONCENTRATION DATA

The physical properties for each permeant are listed in Tables 6.1 and 6.2. The in vivo
skin concentration data are summarized in Table 6.3. Many of the data listed in Table 6.3
have previously been analyzed using a simpler model for partitioning, diffusivity and
clearance in dermis.(Kretsos, Miller et al. 2008) The objective was to describe the skin
concentration profiles using the modified mathematical model. The experimental in vivo
data are shown in Figures 6.1 and 6.2. A regression analysis was preformed on the
experimental data (not shown), such that the slope E, also referred to as the decay
parameter, was used to calculate the clearance constant k, while assuming a 1% order

clearance (Kretsos, Miller et al. 2008).

total
kde

Dde

E = (6.1)

All equations used for this analysis can be found in explicit detail in Chapter 5.

6.3.1 Methoxsalen (Kammerau et al.)

The data from the patient exposed to the wool-wax alcohol ointment was used for this
analysis. The authors assumed a thickness of 20um for the stratum corneum, 160 um for
the epidermis and 1050um for the dermis. Urinary excretion data was available for this

patient.

6.3.2 Triamcinolone Acetonide
Patients with both healthy/uninvolved skin concentrations and urinary excretion data

available were used in this analysis. Although urinary excretion data was available, it was
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not used due to the fact that the permeant was applied to both healthy and psoriatic skin
and too many assumptions would have been made in order to extrapolate data that could

have been used in this analysis.

6.3.3 Flurbiprofen and Ketoprofen

The current model represents physiological parameters for both human and mouse
species. Hence for this data, the mouse species model was utilized to analyze the rat data
which assumes that mouse skin is three times more permeable than human skin. For this
analysis optimum values for D, were fit to four types of data: the total tissue
concentration in the viable epidermis, the total dermis concentration, the absolute
bioavailability (taken to be the amount absorbed) and amounts remaining in the patch.
Additionally a different value for the diffusivity of bound solute D, was used than the 3 x
10”7 cm/s* used for human data; a detailed description of this parameter can be found in
Ibrahim, Kasting 2012. The solubility of the solutes in the vehicle was unknown, hence
two conditions were tested, negligible solubility and 10% solubility (100g/L).
Furthermore, two assumptions were built into the analysis, complete removal of the
solute from the surface of the skin after patch removal was assumed, and that the
absorption amounts reported were taken at 12 hours. This latter assumption works well

for fluorbiprofen but not ketoprofen.

6.3.4 Econazole

The concentration profile data for patient #2 was utilized for analysis. Urinary excretion

data was available from another patient whose skin concentration profiles had not been
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measured. However, the data were not used because the amounts absorbed at 1.5 hours in
the dermis were very similar to the amounts absorbed at 48 hours, which seemed highly

unlikely.

6.3.5 Piroxicam

Urine concentrations were not measured here, however, the authors reported a mass
balance from which amounts absorbed were deduced. The experiments were conducted in
pigs, because of the similarity in skin permeability to human, the human species model
was used to generate predictions. Concentration profiles from both cranial and caudal

sites were utilized for analyses.

6.3.6 Hydrocortisone and Testosterone (Huber)

The experiments were conducted in hairless rats, however due to the lack of a rat model,
the mouse model parameters were used for analysis. Both compounds were tritium-
labelled. The concentration profiles for normal skin after 6 hours post-treatment were

used for our analysis.

6.3.7 Methoxsalen and Desoximetasone (Schaeffer)

Concentration profiles for normal/healthy skin were utilized for analyses. Urinary

excretion data was not available for either these solutes.
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6.3.8 Retinoic Acid

The radioactive solute was tested in two different fat-like ointments, however, it is
unclear in the concentration profiles shown which ointment was being observed. Only
one concentration profile was shown for uncompromised skin; this profile was used for
analyses. It should be noted that excretion data were presented, however, they
corresponded to patients with compromised skin and so were not used for analyses

purposes.

6.3.9 Didanoisne (Gao and Gupta)

Both experiments utilized Fisher rats, that is, rats with high follicular density. Plasma
concentration profiles were available for both studies, however, they were not used
because systemic pharmacokinetic parameters for didansosine in rat were not available.
Assumptions regarding the rate of blood-flow and flux would furthermore have been

required.

6.3.10 Hydrocortisone (Schaeffer)

During the initial analysis of this data set, it was the opinion of the investigators that the
skin concentrations reported by the authors were unrealistically high for such a solute as
hydrocortisone. In order to better comprehend the data, the investigators communicated
with the author (Schaeffer), who stated that he believed that the radiolabelled compound
had been unstable, leading to measurement of both the solute and a radiolabeled

exchange product, thus exaggerating the actual solute concentrations in skin.
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6.4 DATA ANALYSIS

Two types of analyses were employed, the choice depending on the published data for
each permeant. All data were analyzed using the modified mathematical model (Chapter
5); however, for permeants with reported absorption data, a curve-fitting spreadsheet was
also used which took into account both skin concentration profiles and absorption profiles
in urine. It should be noted that the current model makes predictions for only two species,
human and mouse. Hence, for the data listed in Table 6.3, the mouse model was used to
represent the rat data and the human model was used for the porcine data.

With regards to the curve-fitting spreadsheet used for solutes with absorption data, the
diffusivity of the stratum corneum (Dy.) was overridden such that optimum values of D,
and a first order irreversible viable tissue binding rate constant (kyyping) Were
simultaneously fit to three data value types: the total tissue concentration in the viable
epidermis, the total dermis concentration and the total urinary excretion (taken to be the
amount absorbed). Concentration profile data were not fit, only the total concentration in
each of the two viable tissue layers. Solutes analyzed by this method are shown in Figure
6.1. Figure 6.2 shows concentration profile predictions for solutes that did not have
absorption data reported. In such analyses, the curve-fitting program was not utilized and
fitting was controlled solely by adjusting Dy.. Additionally, Dy, values of 3 x 107 cm/s”

was used for human data and 3 x 10" cm/s? for rat data.
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6.5 RESULTS

The skin concentration profiles from the literature and our model predictions as shown in
Figures 6.1 and 6.2. Figure 6.1 represents solutes where both the model and curve-fitting
spreadsheet program were used due to the availability of urine excretion data. Figure 6.2
is representative of the solutes where only the computational model was used to generate
the concentration profiles. The parameters calculated by the model for each solute can be
found in Tables 6.2 and 6.3. It should be noted that for the literature data calculations,
only the regression constant E was deduced from the actual data. The clearance
parameters were based on assumptions incorporated into the model and actual values
from the model. For permeants that had not attained steady-state conditions, the semi-
experimental clearance constants were not calculated.

6.5.1 Methoxsalen (Kammerau et al.)

The concentration profile was well fitted with Dy, being the only parameter that was
adjusted. The concentrations in the epidermis were under predicted by the model. A

regression analysis of the data indicated that steady-state had not been attained.

6.5.2 Triamcinolone Acetonide
Figure 6.2 shows that the model was unable to accurately predict total concentrations in
the tissue layers. It should be noted that the results of a regression analysis on the

experimental data indicated that steady-state had not been reached.
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6.5.3 Flurbiprofen and Ketoprofen

The model significantly under predicted the concentration profiles for both solutes. The
predictions were significantly improved when the diffusivity of the stratum corneum was
increased by about 50 times, except for flurbiprofen when the solubility in the vehicle
was assumed to be 10%. This resulted in a Dy value 500 times larger than the model
prediction, which seems highly unrealistic. It should be noted that for ketoprofen, the 4
and 8 hr profiles were considered to be at steady-state, whereas the other concentration
profiles were significantly lower than the maximum concentration achieved; hence, they
were not considered to be at steady-state. With regards to flurbiprofen, the 2 and 4 hour
profiles were considered to be at steady-state.

6.5.4 Econazole

Figure 6.2 shows that the concentration profile was accurately predicted in the epidermis
and even more so in the dermis without any need to adjust the diffusivity of the stratum

corneum or any other model parameters.

6.5.5 Piroxicam

The model under predicted the concentration profiles; the fit shown could only be
achieved with a Dy value 50 times higher than the a priori value. At depths
approximately greater than 1440 pm, the model predicted a steeper decline in the

concentration with depth than shown by the experimental data.
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6.5.6 Hydrocortisone and Testosterone (Huber)

The model under predicted the concentration profile for hydrocortisone; the optimum fit
was achieved by multiplying Dy, by a factor of 30. For testosterone the model under
predicted concentrations at depths less than 163 um, yet at increasing depths, the model
was able to make adequate predictions as seen in Figure 6.2. The model also predicted a
steeper decline in concentration at depths below 800 pm than shown in the experimental
profile. The value of Dy, was multiplied by a factor of 3 for the fit shown. It should be
noted that the investigators state that a significant variability in skin concentrations were

observed between rats.

6.5.7 Methoxsalen (Schaeffer)

D, was multiplied by a factor of 100 in order to fit the experimental data. Although, the
adjusted model slightly overestimated the concentration, it provided an adequate fit. One
cannot ignore that Ds. was increased significantly. The difference is difficult to
understand. It should also be noted that a regression analysis on the experimental data
indicated that steady-state had not been attained. It has also been found that other
methoxsalen datasets have much lower skin concentrations and do not require a
substantial increase in Dy to be consistent with the diffusion model (M. A. Miller,
personal communication). This difference could possibly be attributed to the fact that in
this experiment, methoxsalen was applied to a site that was to be surgically excised for

the presence of tumors.
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6.5.8 Desoximetasone

Ds. was multiplied by a factor of 20, yet despite this, the model significantly under
predicted the concentration profile. Increasing the diffusivity of the stratum corneum
depleted the concentration at 100 minutes, which was the experimental time interval;
hence the value of Dy, was not further increased because doing so did not improve the fit.
Furthermore, desoximetasone was applied to a site that was to be surgically excised for

the presence of tumors.

6.5.9 Retinoic Acid

Ds. was multiplied by a factor of 15. The adjusted model prediction falls within the
experimental time points. It should be noted that the fraction unbound calculated by the
model using the Yamazaki and Kazaka method was approximately 0.006 which is barely
above the minimum allowed by the current model. Additionally, steady-state had not
been attained at the experimental time interval according to model calculations. It should
be noted that the authors stated that there was evidence of the degradation of the
formulation on the surface of the skin, hence it was unknown whether the label measured

in the skin corresponded to retinoic acid or a degraded by-product.

6.5.10 Didanosine (Gao and Gupta)

The model under predicted the concentration profile for the Gupta data, yet the slopes of
both profiles are in adequate agreement. With respect to the Gao data, the model
adequately predicted the concentration profiles. It should be noted that the optimum Dy,

was 2000 times and 3500 higher than the a priori value of the stratum corneum
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diffusivity for the Gupta and Gao data, respectively. This optimum Dy, indicates that the
stratum corneum barrier was almost completely removed in the model in order to achieve
the respective concentration profiles. This finding raises the question as to whether the

barrier was intact during the in vivo study.

6.5.11 Hydrocortisone (Schaeffer)

Although Dy, was multiplied by a factor of 100, the model continued to significantly
under predict the solute concentration in the lower skin layers. This was understandable
in light of the opinions of Dr. Schaeffer mentioned above. Despite the under predictions
of the model, it can be seen that the slopes of both curves are in good agreement with one

another.

6.6 DISCUSSION

The number of studies dedicated to permeant transport in the dermis in vivo are limited.
Despite this limited availability, such in vivo data are invaluable in determining the
efficacy of mathematical models in making adequate predictions for solute skin
concentration profiles. Here we analyzed the skin concentration profiles of in vivo data
from the literature and compared them to our model predictions as shown in Figures 6.1
and 6.2. Assuming a 1*" order clearance in the dermis and the model calculation of kg,
Kfees Dge, the model generates an expected concentration profile based on the
physicochemical properties of the permeant. Furthermore experimental conditions for

each solute were incorporated into the model, such as concentration of the solute applied,
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hydration state of the skin, dermis and epidermis thickness and complete removal of the
solute from the surface of the skin at the end of the exposure period.

For most permeants the model predicts a steeper slope and hence a quicker decrease in
the skin concentration with depth than the observed data. This is most probably due to the
simple assumption built into the model, that clearance is uniformly distributed within the
dermis. We recognize that this assumption is oversimplified and that in fact, it does not

accurately depict the capillary network distribution physiologically. In Table 6.3, the

semi-experimental values for k'“ and k”“° are calculated from the slopes of the

free
experimental profiles and assumptions built in the current clearance model. A comparison

between the semi-experimental values for £'”“' and the model predictions indicates that

for compounds such as piroxicam, testosterone, flubriprofen and didanosine (Gupta), the

values are in good agreement and this can be further observed in the graphical

kblood

Sfree

representations shown in Figures 6.1 and 6.2 for these solutes. The values for also

seem to be within adequate agreement except for flurbiprofen, where the semi-
experimental value is much higher.

There are several identifiable factors that may be contributing to the overall picture
portrayed here. There is no question that the current model is an oversimplification of the
actual skin processes occurring during the transdermal delivery of permeants across the
skin. Specifically, the lack of shunt pathways, follicular pathways, the oversimplification
of the stratum corneum, the lack of data available to construct models to better represent
the rat and mouse species, the depiction of the epidermis as unperfused dermis, the over
simplification of the complex microcirculatory network found physiologically in the skin

and finally the lack of microstructures and proteins present in the dermis that contribute
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to the binding of permeants in the dermis. These limitations are not easily addressed due
to the complexity of the skin structure and the fact that not all of these processes are
completely understood today. Additionally, questions arise regarding the actual
experimental concentration profiles. The instability of *H-hydrocortisone raises the
question as to whether this issue applies to other tritiated corticosteroids. Also, the fact
that several of the profiles had not attained steady-state raises the question whether the
model would have made better predictions had steady-state been achieved. This
conjecture can be justified by the fact that in some instances, the model was able to
accurately predict the total concentrations achieved in the lower layers of the skin,

however, the variation with depth was poorly predicted.
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Table 6.1. Physical properties of permeants required by mathematical model.

Permeant MW Log fu Sy x 107 P,, (32°C)
Kool (32°C)° torr
(mg/L)

Methoxsalen 216.19 2.00 0.09¢ 49.8 5.99E-06
Econazole 381.68  4.48¢  0.02° 124" 2.33E-9
Desoximetasone 376.47 2.35 0.15°¢ 42.1 9.71E-12
Piroxicam 331.35 3.06 0.028 29.0 8.71E-14
Didanosine 236.23 -1.24 0.95°¢ 1.60 6.03 E-10
Testosterone 288.43 3.32 0.30 2.75 5.79E-08
Hydrocortisone 362.47 1.62 0.25 37.6 5.92E-13
Retinoic Acid 300.44 6.30 0.01 0.013 3.09E-07
Triamcinolone 434,51 2.53 0.125 2.60" 5.90E-14
Acetonide _

Flurbiprofen 244.26 4.16 0.01’ 1.01 9.70E-06
Ketoprofen 254.29 3.12 0.05’ 6.42 4.08E-06

*Experimentally measured values obtained from EPISUITE, Version 4.1, U.S. EPA, 2011

(2011) unless otherwise noted.

bExperimentally measured values obtained from EPISUITE, Version 4.1, U.S. EPA, 2011

(2011) and temperature corrected by Jain and Yalkowski’s equation (Jain and

Yalkowsky 2001) unless otherwise noted.

Obach, 1999

dCalculated values obtained from PhysChem Suite 12.0, 2010, Advanced Chemistry

Development (2010).

¢ Calculated by the method of Yamazaki and Kanaoka(Yamazaki and Kanaoka 2004),

neutral/basic category

f Regression on 23, 37°C experimental values from Cogswell et al., 2006(Cogswell,

Berger et al. 2006)

£ Richardson et al. 1987(Richardson, Blocka et al. 1987)

h Regression on 23-50°C experimental values from the Aquasol database, (Yalkowski

1993)

JKratochwil et al., 2002(Kratochwil, Huber et al. 2002)

182



Table 6.2 Model calculations for diffusivity of stratum corneum D, partition coefficient of stratum corneum K,
solubility of solute in the stratum corneum C,, and the amount of solute it takes to saturate the deposition zone in the
stratum corneum M,,,.

Permeant Model D, x10" Ke Cyur Y,
cm?/s mg/em’  pg/em’
(fitted)
Methoxsalen Schaffer Human 23.1 16.09 0.80 0.04
Methoxsalen Kammerau ~ Human 1.0 16.09 0.80 0.04
Econazole Human 3.85 82.71 10.24 1.11
Desoximetasone Human 0.56 21.05 1.58 0.05
Piroxicam (caudal) Human 5.47 39.59 1.15 0.04
Piroxicam (cranial) 6.43
Didanosine Gao Mouse 57.3 1.42 4.24 0.85
Didanosine Gupta Mouse 6.83 2.24 6.68 5.35
Testosterone Mouse 11.6 51.87 1.83 0.18
Hydrocortisone Mouse 0.95 12.20 441 0.44
Human 1.41 12.20 4.41 0.15
Retinoic Acid Human 3.63 5274.77 0.08 0.01
Triamcinolone Acetonide Human 0.04 24.40 0.65 0.02
Flurbiprofen Mouse 314 51 0.52 0.05
Ketoprofen Mouse 118 15 0.97 0.10
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Figure 6.1. In vivo skin concentration profiles for permeants with skin concentration profiles and
urinary excretion data (not shown) listed in Table 6.3. The scatter plot represents the experimental

data and the solid line represents the model prediction at the experimental time interval.
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Figure 6.2. In vivo skin concentration profiles for permeants with no urinary excretion data listed
in Table 6.3. The scatter plot represents the experimental data and the solid line represents the

model prediction at the experimental time interval.
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7. CONCLUSIONS AND RECOMMENDATIONS

The use of predictive models in the field of dermal risk assessment for topically applied
solutes is of great importance in several industries. The development of these models
stems from both experimental data and theory. Experimental data are used to calibrate the
models; hence, the quality of the data used is of high importance. The objective of this
investigation was to improve upon the experimental procedures used to study the
transport of solutes across the dermis and also improve the theory as implemented in the

dermis portion of the current three-layer skin diffusion model.

With regards to in vitro methods, our hypothesis was that the traditional experimental
techniques were inadequate for highly protein bound solutes. We postulated that the
transport parameters calculated for such solutes would be incorrect if soluble proteins
present in the dermis tissue were allowed to diffuse out the tissue and into the donor
compartments of side-by-side diffusion cells. The binding of the test solute to these
soluble proteins would lead to lower available concentration. Three solutes with varying
lipophilicities were studied -- DEET, diclofenac and parathion. A new experimental
technique utilizing a dialysis membrane placed in series with the dermis tissue was
compared to the traditional technique where the dermis tissue is placed between both
compartments. The results of the study showed that for a moderately lipophilic
compound such as DEET, the presence of the dialysis membrane had no significant effect
on the measured values of the transport parameters. However, for the highly protein
bound solutes diclofenac and parathion, significant differences in both diffusivity Dy, and
partition coefficient K4. were observed in the presence and absence of the dialysis

membrane. The differences observed were more pronounced for diclofenac, and were in a
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direction such that the calculated values of Dq4. and K4 were significantly higher in the
presence of the membrane. For parathion, D4, was significantly higher and Ky was
significantly lower in the presence of the membrane. Additionally, we further established
the hypothesis of soluble proteins diffusing from the dermis tissue into the diffusion cell
donor compartments by conducting protein assay studies in the donor solutions of cells
containing excised human dermis. The results showed that the total amount of protein
present in the donor compartment in the presence of the dialysis membrane was lowered
by a factor ranging from 8 to 24 compared to values without dialysis membrane. We
conclude that, for solutes that are more than 87% bound to soluble proteins, a dialysis

membrane should be utilized in transport studies.

In the second part of this investigation, the dermal clearance calculation within the three-
layer skin diffusion model was revised to make better predictions of skin concentrations
of very hydrophilic and very lipophilic, low molecular weight skin permeants.
Previously, capillary permeability was described by a simple relationship based on the
Potts-Guy equation to represent membrane permeability. This relationship was adequate
for small, moderately lipophilic permeants. Since small lipophilic compounds are often
highly bound to proteins it was important to include dermal clearance mechanisms for

both small and large solutes into the model.

The blood capillary component employed a two-slit theory with contributions from both
small (10 nm) and large (50 nm) slits. The lymphatic component was based on
previously reported clearance measurements of dermal and subcutaneous injections of
131

[-albumin in humans. Model parameters were fit to both blood capillary permeability

data and lymphatic clearance data. Small molecules were cleared largely by the blood and
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large molecules by the lymph. Implementation of the revised clearance model showed a
crossover behavior at approximately 29 kDa, which was in acceptable agreement with the
reported value of 16 kDa. Furthermore, the clearance of small hydrophilic solutes with
low binding affinities to proteins was adequately described by the model when compared
to the blood capillary clearance data reported by Renkin. The clearance of these solutes is
predominately controlled by the size of the permeant. In conclusion, the mechanism of
dermal clearance for both small and large solutes was adequately modeled using a two-
slit theory model for the blood capillary component and a constant clearance for the
lymphatic component. A comparison with literature data shows that the revised model

makes adequate predictions for both large and small solutes.

Finally, the revised computational model was utilized to make predictions for in vivo skin
concentration data reported in the literature. Two types of analyses were employed based
upon the available reported data. All data were analyzed using the revised computational
model, however, for solutes for which absorption data were reported, an additional a
curve-fitting spreadsheet which took into account both skin concentration profiles and
absorption profiles in urine was employed. For most permeants the model predicted a
steeper slope and hence a more rapid decrease in the skin concentration with depth than
the observed data. This was most probably due to the simple assumption built into the
model, that clearance is uniformly distributed within the dermis. For most permeants,
diffusivity within the stratum corneum D, was adjusted by upward in order to match the
experimental data. The complexity of comparing the model predictions to the in vivo data
is thought to arise from several identifiable contributing factors including the reliability

of the experimental data and the lack of follicular and polar diffusion pathways in the
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model. Other contributing factors may be the oversimplification of the stratum corneum
portion of the model, the depiction of the epidermis as unperfused dermis, the over
simplification of the complex microcirculatory network and finally the lack of
microstructures and proteins present in the dermis that contribute to the binding of
permeants in the dermis. These limitations are not easily addressed due to the complexity
of the skin structure and the fact that not all of these processes are completely understood
today. This conjecture can be justified by the fact that in some instances the model
predicted the concentration profile accurately, in others it was able to accurately predict
the total concentrations achieved in the lower layers of the skin, but the variation with

depth was poorly predicted.

Further improvement of the predictive abilities of the revised computational model
should be achievable by addressing some of the limitations described above. Developing
a more realistic representation of the distribution of the microcirculatory network would
potentially improve the ability to make better predictions of skin concentration with
depth. Also, improving the quantification of binding in the dermis would enhance the
predictive capabilities of the model, especially in instances where the current model
underpredicts the amount of solute present in the dermis. The current model assumes that
most binding occurs to albumin, an assumption which published literature shows is not
completely accurate. The incorporation of binding substrates such as collagen and other
proteins would improve this aspect of the model. A less simplified representation of the
stratum corneum would also play a big role in the improvement of the current

computational model. The development of these predictive models is still progressing.
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The introduction of polar pathways, shunt pathways and follicular pathways would
present a more complete picture of transport across the stratum corneum and hence

improve the predictive ability of the model.

The importance of adequate predictive models to describe the transport of topically
applied permeants continues to be a pressing need in the field of dermal risk assessment.
The objective of this work was to gain a step closer in attaining a more realistic depiction
of the model as well as develop better methods for determining parameters that are
ultimately used to calibrate such models. This work, clearly demonstrated that the current
experimental methodologies used in the determination of transport parameters for highly
protein bound solutes are inaccurate. In turn we have provided an improved in vitro
methodology which reduces this inaccuracy. Furthermore, to our knowledge there are no
models describing the clearance of macromolecules and highly protein bound solutes. We
have introduced a model that is more closely related to the physiology of blood
capillaries, as well as a lymphatic clearance portion that contributes and at times
dominates the clearance of macromolecules and highly protein bound solutes. The
significance of this work 1s the presentation of a predictive model that can describe the
clearance of a wider spectrum of solutes and can be applied within its current limitations

to the field of dermal risk assessment.

As we better understand the skin and the complex processes involved in transport of

topically applied solutes and as more data become available, the predictive power of

these models will increase.
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