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ABSTRACT

Macromolecules therapeutic and curative efficiency are generally
subordinated to their ability to diffuse through tissues and mucus. Recently,
several mathematical models which describe diffusion profiles of
macromoleculesin different organic tissues have been devel oped. Mucosal
tissues remain the most difficult to model. In fact, interaction between
macromolecules and mucosal epithelia structures are sophisticated as long
as both macromol ecules and epitheliafibresare not easy to configure. Inthe
last two decades, many interpretations of macromol ecules diffusion through
epitheliahave been proposed, i. e. the elastic continuum, obstruction-scaling
and tubular medium models. In thisstudy, we propose a mathematical model
which introduces conjointly macromolecules realistic geometrical
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characteristics and epithelia behaviour in terms of physical obstruction.
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INTRODUCTION

Synthetic and natural macromol ecul es as antibod-
ies, globular proteins, nucleic acids, drugsandflexible
linear polymers showed to have some promising po-
tential in applications, such™. Inmajor of these appli-
cations, macromol eculeshaveto betransported through
underlying epithelid cellslayer and hencediffuseingde
the targeted tissues. Modeling thistransport process
has been described asavery complex task. Lin et al 1%
devel oped amacromol ecules one-dimensional trans-
port modd inasemi-infinitemediumwith redigtic bound-
ary conditions, yiel ding accurate profiles of macromol-
ecules concentration versus penetration depth at spe-

cifictime points. Radomsky et al.[? proposed similarly
aparticular model for macromol ecul escrossed epithe-
lid medium: the mucusfilled capillary tubes network.
Thismodel was supported by appropriateimaging of
macromol ecul es concentration profilesalong thetubes
alongwith other results. Des Rieux et al .1 established
anin-vitro model of the human epithelium and suc-
ceaded to monitor theinfluence of macromoleculescon-
centration a the apicd side, temperature, sizeand sur-
face propertieson diffusion dynamics. Weinstein pro-
posed earlier amathematical modd of proximal tubule
epithelium. Thismodd took into account cotransport,
and passive permeability properties of some macro-
mol ecules. The steady-state transport datayielded by
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the model ed epithelium wasfitted by athree-param-
eter pump-leak model of transport so that the uncer-
tainty inextractingindividua membrane propertiesfrom
epithelial hasbeen underscored.

In this paper, the proposed mathematical model
introducesthenotion of geometrica radiusand outlines
epithelia behaviour in terms of columnar physical
obstruction.

PROBLEM FORMALIZATION

Model main governing parameters and pre-
sumptions

Inorder to model thetransport of macromolecules
through mucosa epithelia, itisunavoidableto observe
separately two magjor entities: macromolecule (diffusing

@

F e 11

Lumen Epithelium Tissue
(Macromolecules)

®)

-b 0 L
Figurel: Real (a) and schematized (b) view of the studied
system
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entity) and epithelia (medium). For the medium,
geometry, quantifiable parameters, and defined
boundary conditions haveto be accurately established
(Figure 1). Macromolecules were supposed to be
uniformly supplied at ahigh concentrationinthelumen
of theepithelia tissue (Figure 1, x<0).

Inthemgority of precedent studies, macromolecule
isgeneraly dedlt with asahydrodynamic moving body.
It issubjected, according to the approach, either toa
hydrodynamic force (or drag) or aconfinement to a
random path (Brownian motion). Thefirst approach
states that the mean diffusion coefficient D, of a
macromolecule is determined by a hydrodynamic
Stokes-Einstein model derived drag action, produced
by interactionswithitssurrounding medium:
kg T
bmu 1y,
where k; is Boltzmann’s constant, T is absolute
temperature, pismedium viscosity, 6 isacoefficient
that dependson macromoleculesizeandinitia solution
ionic strength!® and r,, isthe hydrodynamic radius of
thediffusng macromolecule.

This approach has been deserving a particular
attention sincethe definition of r,,, the hydrodynamic
radius, asthe “radius of a hypothetical hard sphere
that diffuses with the same speed as the
macromoleculeunder study™, israther setistical, with
aminor relevanceto macromolecule geometry:

o= 3m
n AmtpN , @

wheremismacromolecul€’s molecular weight, N, is
Avogadro’s number (N, =6.023x 10 mol*) and pis
macromoleculesmean density.

Moreover, pure occlusion models were usually
based on thetheory of stericinhibition dueto physica
contact & theleve of fibres, which occupy volumewithin
epithelia. The problem is hence reduced to that of a
stochastic random walk of a macromolecule with
hydrodynamicradiusr,,, throughtheavailablefractiona
volumeof straight cylindrical columnar cavitieswith
radiusr 1. For agivenmacromolecule, i. e. Lysozyme,
acomparative schemeof somecommonly defined radii
isgiveninFigure2.

One of the causes of divergence and
contradi ctoriness between the proposed model§+9 is

D, = (1+6.) )
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Figure2: Macromoleculedifferent radii (case of Lysozyme)

the assumption concerning macromol ecule geometry.
Fgure2illugratesthisfact: for thegivenexample, Mo lr
andr_aredefined asgyration, rotationd and equivaent
radii, respectively. Gyrationradius rgisdefi ned through
therdation:

z:miri2

All a%wsrni (3)

All atoms

where m, is the mass of the i" atom in the
macromoleculeandr, isthedistance fromthe centre
of masstotheit" atom.

Rotational radiusr_, is obtained by rotating the
macromolecule about the geometric centre while
equivaent radiusr_ istheradius of asolid spherewith
the samemass and specific volumeasthe considered
macromolecule.

In the present model, adifferent approach has
been adopted. Intrinsic geometrical characteristics of
themacromol ecule have been preferentially takeninto
account through considering the geometrical radius
r.» Whichiscalculated on the basis of macromolecule
real outer parallelepiped dimensions a, b and ¢
(Figure3):

va®+b?+c?
e = 2 @
Values of the geometrical radii for some
macromoleculesaregatheredin TABLE 1 aongwith
other characteristicg1.

syl Poper
Governing equationsand resolution protocol

According the summarized assumptions of the
modd, namdly:

v" Diffusing macromoleculesfollow arandomwalk:
at each time unit, agiven macromolecul e either
achievesafull unit x-oriented motion step or not
at all,

v Fbrespatia digtributionisindependent of thickness
of the layer or macromolecules motion, as per
Ogston’s geometrical assumption!*”,

v Eachunit motion stepisrelated tothemeanradius
of spacesinfibresystem,

v Each macromolecule has an effective forward
motion (x-oriented) oncethe conditionr_ <r, holds,

macromol ecul esdiffusionthrough mucosd epithdiacan

hence be described by the diffus on coefficient profile

D.(X) inside mucus (0 < x < L). Many studies

considered thisprofile asacharacteristic constant of

thetraversed medium. Accordingly, most of themodels
shared the simplistic presumption of “interconnected
pores path” as presented by Deen*®!, Anderson et
al "% and Pappenheimer et al.?% inthe earliest modds.

Intheactud modd, spatid juxtaposing of mucusfibres

istakeninto account through steric occlusion function

9(X), whichtraducestrgectory distortiondong diffusion

path, in concordancewith Ogston’s approximation!*”:

Figure3: Geometrical radiusr , definition scheme (case of
Lysozyme)
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TABLE 1: Geometrical radiusof r some macromoleculesalongwith relevant characteristics.

Dimension (nm) Hydrodynamic Geometrical
M acr omolecule Scheme radiusry* radiusrg* Ref.
a b c (nm) (nm)
Cytochrome ¢ 25 25 35 1.87 248 [17]
Myoglobin 43 35 23 2.26 3.00 [12]
Carboxypeptidase 50 42 38 2.84 3.77 [13]
Lysozyme 45 26 30 2.24 3.09 [14]
Ribonuclease 38 28 2.2 1.96 2.60 [15]
Haemoglobin 64 55 50 3.69 4.90 [16]
(*) using formula (2); (**) using formula (4)
rGHf | x
g(x) = e_@[ " ](LJ ©) B(x) = Dy (X) _ f(x)
where ¢ isthe availablefractiona volume caused by Do ("sT(lJr 0. )]
presenceof straight cylindrical cavitiesradiusr,. b T ©
Mucosal epithelium is presented asan L-thick |, 1 %é B, (0.5
layer (Figure 1) containing an irregular network of 2N, 0L

entangled flexiblemucin fibres. The poresthat exist
between the fibres are swollen with fluid.
Pappenheimer et al.2% evoked additional dynamic
constraints dueto eventual macromol ecul es-fibres
interaction which decreases mobility through the
medium. These constraints are not considered in the
actua mode.

Theresolution protocol isbased onthe Boubaker
PolynomidsExpans on Scheme (BPES). According to
thedefinition?-9, thisschemeisperformed by applying
theexpression:

where D(x) isthedimensionlessdiffusivity profile, B X
denotes the 4g-Boubaker polynomials, o, is 4g-
Boubaker polynomial minimal root, N, isaprefixed
integerand& |, ,areunknownreal coefficients.

We have here apre-resol ution verification of the
boundary conditionsexpressed by Eq.(7-8) duetothe
BPESpropertieg?340;

Dm (X)|x:0 = DO
D (¥, =0

Macromolecules
)4#‘7:«#’4«?0%@



MMAIJ, 7(3) 2011

K.M.Boubaker

109

'dDm(X)

=0
dX x=0
dbD,,(x)
J—m 7 =d. = 'X =
ax | 0o=9( )|X:|_

®)

rG +rf
_ et ) o
| r L

Thefinal derivation step consists henceof calculating
the set coefficients &

. which minimize the

g=1,...,N

functiond [T,
2
No . Lo et | x
].-.[No ={Z§qwq _,fo S ﬁ[ 't ][LJdXJ
gq=1
] ©)
with : W, =ﬁjo o Bug (0 1ok

Thefind solutionishence:

~ D 1 3
b= 220 =S By ) (10
0 0 q=1

The specific dimensionlessdiffusivity b, of amacro-
molecule (i) isthuseva uated asamean value:

R 15 . 1 Not, X
Di =fID(X)dX= Zng'B4q(aq f)dx
0

No q=10

(1)

RESULTSAND DISCUSSION

Calculations have been carried out for the macro-
molecules presentedin TABLE 1. Obtained values of
thedimensionlessdiffusivity have been plotted versus
geometrical radius (Figure4). Inthisfigure, dotted line
correspondsto afragment of the abacus devel oped by
Amsden et al Y fitted to therange of the actua study.

A prima comparison with theresults published by
Radomsky et al.[? Saltzman et al.[ and Cu et al.*?
led instantaneoudy to the evoked remark about “poor
estimates for smaller solutes™?¢42 and the non-
concordance of the experimental datawith predicted
resultsfor radii between 2.0 nmand 8.0 nm. The present
result showsthat thisproblemisinexistent for thewhole
range 1nm-10nm. Thisdifferenceisfavourableto the
use of the geometrical radius rather than the
hydrodynamic one. Moreover, the presumption of

—= Py Paper

congtant diffusivity dongtheepithdid tissuemakesthe
expression of dimensionless diffusivity strictly
proportiona toinverseradius. Indeed, thisdependence
explainsthe sharp decrease of diffusivity for highsize
macromol eculesbut raisesproblemsfor small values.
In the actual model, Eq. (9) and Eq. (11) monitor an
additiona regulatory r_-dependenceviathe coefficients

%q .....

versid and expected decreasing trend for high radii while
giving acuter resultsfor small ones.

E-m-
=(a. u.) qﬁ%"ﬁ“ﬂ-_
(Q o.r I
gE ﬁ : Actual model
E - --: Ref. [41]
i (nm)
0.01 o | 1 2 4 1 Isll L s ?0
FG

Figure 4 : Dimensionless diffusivity ver sus geometrical
radiusr,

The actual results have been in good agreement
with those of Olmsted et al .!*?, except for the case
of biologica molecules(so-cdledviruslikepatides).
Infact the actual model doesn’t discuss the effects
of chemical or biological interaction between
macromol ecul es and fibers bodies. Nevertheless,
dimensionless diffusivity concordance with other
results presentsameaningful support to the adopted
presumption concerning cylindrical -poresepithdial
tissue modelling against the juxtaposed-rods
configuration proposed by Clague et al.[*! and
Perrinset al [,

CONCLUSION

Macromoleculesdiffusionthroughmucosd epithdia
has been model ed and results have been compared to
someresultspresented intherdated literature. A magjor
moativation of thiswork wasthedivergenceof theearlier
proposed model sand the consistency of their assump-
tions. Adoption of anewly defined macromoleculera-
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diusa ongwith conserving the most adopted epithelia
medium conception yid ded macromoleculesdiffusivity
vauescloser tothoseexistingintherecent literature.

The mucosa epitheliahavelong beenidentified as
critical barriersin macromolecul es diffusion toward
membranetissues. Indeed many studies and models
have been proposed out for better understanding of
factorsthat affect diffus on dynamicsof macromolecules
through thisbarrier. asmucus have been proposed for.
Inthematter of globular and chain-likemacromol ecules,
modd spresented two mgor trends. macromoleculege-
ometry versushydrodynamic properties.

Inthiswork we havetried to give amathematical
model which better explainsobserved datafor agiven
dimension range. Further improvement of thesignifi-
cance and performance of the model appears to be
possible. Among the governing factorsto be studied
arethecontribution of activetrangport, environment pH,
macromolecul e-ligand specific binding effects, possble
ionicinteractionsand temperature-dependent epithdia
tissuepermesbility.
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