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Abstract

Inadequate drug delivery to tumours is now recognised as a key factor that limits the
efficacy of anticancer drugs. Extravasation and penetration of therapeutic agents
through avascular tissue are critically important processes if sufficient drug is to be
delivered to be therapeutic. The purpose of this study is to develop an in silico model
that will simulate the transport of the clinically-used cytotoxic drug doxorubicin across
multicell layers (MCLs) in vitro. Three cell lines were employed: DLD-1 (human colon
carcinoma), MCF7 (human breast carcinoma) and NCI/ADR-Res (doxorubicin resistant
and P-glycoprotein [Pgp] overexpressing ovarian cell line). Cells were cultured on
transwell culture inserts to various thicknesses and doxorubicin at various
concentrations (100 or 50 uM) was added to the top chamber. The concentration of drug
appearing in the bottom chamber was determined as a function of time by HPLC-
MS/MS. The rate of drug penetration was inversely proportional to the thickness of the
multicell layer. The rate and extent of doxorubicin penetration was no different in the
presence of NCI/ADR-Res cells expressing Pgp compared to MCF7 cells. A
mathematical model based upon the premise that the transport of doxorubicin across
cell membrane bilayers occurs by a passive “flip-flop”” mechanism of the drug between
two membrane leaflets was constructed. The mathematical model treats the transwell
apparatus as a series of compartments and the multicell layer is treated as a series of cell
layers, separated by small intercellular spaces. This model demonstrates good
agreement between predicted and actual drug penetration irn vitro and may be applied to
the prediction of drug transport in vivo, potentially becoming a useful tool in the study
of optimal chemotherapy regimes.

Keywords: Drug transport; P-glycoprotein; chemotherapy; theoretical model



Introduction

Both acquired and inherent resistance to cytotoxic and targeted anticancer agents are
typically associated with biochemical or molecular changes at the cellular level. These
include decreased drug uptake, increased drug efflux via extrusion pumps such as P-
Glycoprotein (Pgp), reduced target expression, direct mutation of the molecular target
and increased repair of DNA damage . Whilst these undoubtedly contribute to drug
resistance, impaired drug delivery to tumours or ‘pharmacokinetic drug resistance’ is
also recognised as a significant barrier to effective drug treatment . Seminal studies
conducted in the late 1970’s using multicell spheroids ir vitro clearly demonstrated that
significant drug penetration barriers exist for clinically important anticancer drugs such
as doxorubicin . This comparatively simple experimental model provided the first
indication that the failure of many solid tumours to respond to chemotherapy could be
due to insufficient drug being delivered to the tumour. The factors that determine how
much drug is delivered to the tumours are complex, but include the drug’s
pharmacokinetic profile, elevated interstitial pressure in tumours, the chaotic and
inefficient nature of the blood supply to tumours and strong binding of drugs to cellular

and extracellular macromolecules .

The development of in silico models that can forecast the movement of drugs through
tumours may provide tools for optimising drug delivery. A quantitative understanding
of drug delivery to tumour cells requires a mathematical framework to describe the
dynamics of how drugs get to and penetrate through the tumour mass. In the first
instance, a basic model is required in order that key mechanisms influencing drug

delivery can be identified and characterised. The experimental multicell layer (MCL)



model, initially developed by Cowan et al. (1996) and modified by Phillips et al. (1998)
fulfils this criterion (figure 1). Cell layers are grown in a controlled manner to various
thicknesses on a microporous membrane and the drug added to the top chamber. The
concentration of drug appearing in the bottom chamber can be determined as a function

of time using chromatographic techniques.

The aim of this work was to develop a mathematical model for drug transport through
MCLs for doxorubicin, an anthracycline cytotoxic drug used widely in the treatment of
patients with cancer. Doxorubicin was selected for several reasons; first, previous
studies have shown that tissue penetration is an issue with doxorubicin. Secondly,
doxorubicin transport into and out of cells and extravascular transport through MCLs
have been modelled mathematically. These models are limited as they are primarily
focused on drugs whose penetration through MCLs is diffusion-limited; they do
however serve as a basis for the current study. Finally, doxorubicin also has the
advantage of being naturally fluorescent so is easily detectable by chromatographic

techniques and fluorescence microscopy.

Methods

Cell culture and drug penetration

A schematic of the experimental apparatus is shown in figure 1A. It consists of a
transwell insert placed into one well of a 24 well plate. Cells are grown on a collagen
coated membrane (0.4 um pore size) that separates the top from the bottom chamber.
The thickness of the multicell layer can be varied (figure 1B) by adjusting incubation

time post-seeding. The membrane itself is 50 um thick and is 6.5 mm in diameter. The



cells have an average diameter of approximately 25 um so there are around 70,000 cells

in a layer one cell thick.

Three cell lines were used in this study: DLD1 (human colon carcinoma), MCF7
(human breast carcinoma) and NCI/ADR-Res (doxorubicin resistant OVCARS cells ).
Resistance of NCI/ADR-Res cells to doxorubicin was confirmed prior to drug
penetration. IC50 values measure the effectiveness of a compound in inhibiting
biochemical function and represent the concentration of a drug required for 50%
inhibition in vitro. Following 1 hour exposure to doxorubicin, IC50 values of >100 uM,
1.05 £ 0.67 uM and 2.20 = 0.78 pM were obtained for the NCI/ADR-Res, MCF7 and
DLDI cells respectively. Cells were routinely maintained in RPMI 1640 culture
medium supplemented with 10% foetal calf serum, sodium pyruvate (2mM), L-
glutamine (2 mM) and buffered with HEPES (25 mM). Phenol red free medium was
used for drug penetration studies, to prevent interference with doxorubicin peaks on
HPLC chromatograms. MCLs which had been cultured for 1, 3 and 5 days were
analysed for each cell line, in parallel with no cell controls. The thickness of the MCL
was determined by microscopic analysis of histological cross sections using a graduated

eyepiece which had been calibrated using a stage micrometer.

Doxorubicin (at 50 or 100 uM) was added initially (as bolus) to the top chamber and the
concentration of drug reaching the bottom chamber was determined as a function of
time by high pressure liquid chromatography (HPLC) with mass spectrometry (MS)
detection. The bottom chamber was constantly stirred. Samples, each of 10 pl, were

taken from the bottom chamber every 2 minutes for the first 10 minutes, then every 5



minutes subsequently. At each time point, 10 pl of fresh media was added to the bottom

chamber such that the volume in the bottom chamber remained constant at 600 pl.

HPLC analysis of Doxorubicin.

High purity HPLC grade solvents (Fisher Scientific, Loughborough, UK), analytical
grade chemicals (Sigma Chemical Co. Ltd. Poole, UK) and triple distilled water were
used throughout. Each 10 pul sample taken for analysis was added to 290 ul of fresh
culture medium and doxorubicin, extracted by solid phase extraction (SPE). Each SPE
cartridge C18-(EC), 50 mg, was primed by adding 1 ml methanol followed by 1ml of
0.02% formic acid into the cartridge. The analytical sample (300 pl) was added to each
cartridge which was washed by adding 1 ml of 0.02% formic acid solution, then dried
under vacuum. Doxorubicin was eluted from the cartridge using 1.5 ml
isopropanol:methanol (3:1) and the eluent evaporated to dryness in a centrifugal
evaporator at room temperature. The sample was reconstituted in 30 pl of mobile phase

A and transferred to polypropylene vials for injection into the HPLC.

Chromatographic analysis of doxorubicin used mobile phase A comprising 90% 5 mM
ammonium formate, adjusted to pH 3.5 with formic acid, 10% acetonitrile and mobile
phase B comprising 40 % 5 mM ammonium formate, adjusted to pH 3.5 with formic
acid, 60% acetonitrile. The mobile phases were mixed in a ratio of 60% A to 40% B.
Separation was achieved using a Waters C18 10cm Acquity column (1.7 um x 2.1 mm:
Milford, MA, USA) with a mobile phase flow rate of 0.4 ml/min was used. Samples
were injected (5 pl) using a Waters Acquity Separation Module and the total run time

was 3 minutes. Detection was performed using a Waters Quattro Premier MS/MS in



parallel with diode array UV-vis absorbance detection. MS detection of doxorubicin
utilised a Multiple Reaction Monitoring (MRM) channel extracted at 544.04 > 396.9
m/z. in ES+ mode. Capillary voltage was set to 3.75 kV, cone 22 V, source temperature
100 degrees C, desolvation temperature 300 C and collision energy 12V. The MRM
dwell was 0.2 seconds. The limit of quantification for this method of detection was 2
nM doxorubicin. Calibration curves were established by spiking tissue culture medium
(300 pl) with a range of doxorubicin concentrations (0-50 nM): samples ere extracted

and analysed as described above.

Biological basis of the mathematical model

Figure 2 is a schematic of the transport of doxorubicin in and out of MDR-type cells,
based on the work of Eytan (2005) who considered the case of a single cell contained
within a pool of drug. Our model develops from that to consider doxorubicin transport
through multicellular layers. Doxorubicin in the extracellular medium is adsorbed
(represented by the rate constant k) into the outer leaflet of the plasma membrane. The
reverse process is represented by k... Drug bound to the membrane then undergoes a
“flip-flop” process (k;) in which it is transferred from the outer to the inner leaflet and
vice-versa. Doxorubicin in the inner leaflet is rapidly released from (ks) and can rebind
to (k_s) the cytoplasm. Once inside the cell, drug can bind (k) to molecular sinks in the

nucleus, such as DNA, and also be extruded directly out into the extracellular space via

Pgp (k).

The rates of adsorption and desorption of the drug present in the cell membrane are

sufficiently fast that drug in the outer membrane is in practical equilibrium with the



drug pool in the extracellular medium . Similarly, drug in the inner membrane is in
equilibrium with the pool in the cytoplasm. For this reason, the mathematical model

neglects these processes, assuming the flip-flop (k;) to be the rate-limiting step.

The histology of the MCLs seen in figure 1B shows that the cell lines considered in this
work are tightly packed, so it is reasonable to assume that all drug transport between top
and bottom chambers (in the presence of cells) is via the mechanism shown above, i.e.

there is no leakage.

Mathematical model

The mathematical model treats the transwell apparatus as a series of compartments,
shown in figure 3. The MCL is treated as a series of cell layers, separated by small
intercellular spaces. The number of layers used in the model is determined by the
duration of incubation used to grow the MCL. Typically, layers incubated for 1, 3 and 5
days are approximately 1, 2 and 3 cells thick respectively. The collagen-coated

membrane is treated as a compartment in its own right.

It is assumed that all cells contain a given concentration of sites to which doxorubicin
can bind. The model allows doxorubicin within the cell layers to bind to these sites until
no free sites remain. Drug can also dissociate itself, becoming free within the cell layer
once again and also making its binding site available. Since doxorubicin can also bind
within the Transwell membrane, a similar process to represent this is included in the

model.



The Pgp pumping can be modelled by Michaelis-Menten type kinetics (Eytan and
Kuchel, 1999) and its pump activity in typical Pgp overexpressing cells is estimated to
be around 1-50 nmoles / second / 10° cells (Eytan, 2005). Transport rates associated
with the binding of doxorubicin within the cell and membrane layers are assumed to be
proportional to the product of the concentration of free drug and the concentration of
free binding sites. The transport rate between all other compartments is assumed to be

proportional to concentration in the originating compartment.

Suppose 7 cell layers are present. We denote the concentration of drug (UM) in

compartment j by C;, as shown in figure 3.

The parameters used in the model are shown in table 1, which also shows the values of
those parameters which are known or estimated at the outset. The values of 7, 7.5, r; and
r.; will largely depend on the rates of the reactions by which doxorubicin binds to DNA
or to sites in the collagen-coated membrane. These rates have been assigned nominal
values on the assumption that they will be significantly larger than the other transport
rates (Eytan and Kuchel, 1999) and therefore their exact values will not greatly affect
the overall rate of drug penetration since the flip-flop process will always be the rate-
limiting step. Dissociation rates (.; and r_;) were assumed to be a tenth of their
respective binding rates, following Eytan (2005). V; and V; were estimated by

examining microscopic histology images such as those shown in figure 1B.

The concentrations in each compartment over time are then defined by the following

system of ODEs, using the nomenclature of figure 3.
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For the top chamber compartment:

dcC, rpCLl

Vy =-rnC, +rC, +

The LHS of this equation is the rate of change of the amount of doxorubicin in the top
chamber. The first term on the RHS corresponds to drug being lost (at a rate r;) from
the top chamber into the first cell layer, and the second term is the reverse process. The
third term is the Michaelis-Menten term associated with the Pgp pump extruding

doxorubicin from the first cell layer back into the top chamber.

The next compartment holds the free drug in the first cell layer:

dc r,Cu
dtLl =nC, +1rC, -2rC,, —m—ﬁcu (Co=Cy)+7,C

VL
Here, the first three terms represent the passive transport of drug between the first cell
layer and its neighbouring compartments (the top chamber and the first intercellular
layer). The fourth term is drug being lost from the compartment due to the Pgp pump.
Free drug in this layer can also be lost due to binding at a rate proportional to the
concentration of free drug multiplied by the concentration of free binding sites. This

process is modelled in the fifth term, while the sixth term represents bound doxorubicin

being released back into the compartment.

The remainder of the equations are derived similarly and are shown below:
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dcC,,

=10 (Co = G =1y
C C
v dCn _ —21C +1C, +RC, + g + e
2(k, +C,,)  2(k,+C,,)
dc,, r,Cu
V. TIL =1Coy +1C, = 21C, — m =10, (G =G +1,C,
dc,.
V. ;’" =nCL(C,—C,)—1,C, i=2,..
4 rC,. r,.C,.,
v @ ==2rC +1CL +RC iy — o
dt 2(r, +Cp) 205, +Crii)
dac,, nC
4 TIL = 1Cpmy TGy, = 2RC, _m -nCL, (G —C,)+r,C,,
dc
VL bn rZCLn (CO — Cbn) — r—ZCbn
an r C n
v, 11 =-nC, —1rC, +rC,, +1r,C, +m
dc
M dtM =-2rC,, +1,Cp, +1,Cy = 1C (M = Cyy ) +15C,,
v, dC,, _ nC,, (M, —C,,)—7:C,,,
dc
B dtB =-1rCy +1,Cy

The ODEs are subject to the initial conditions:

This system has one realistic (non-negative) steady state given by:

C,=C,=C, =Cy=¢ i=l...n

C,=9 i=1,...,n
r,C
C,),:A i=1...,n
P )
rnM .
C,y =——>— i=1..,n
v+

where ¢ and ¢ satisfy:
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Ve +V,, +C VOV, +n(V,o+V,C,. +V,0) =TV,

2}”1(p2 +Q2rk,, + r,— 2rP)p-2rk,¢p=0

In the absence of the Pgp pump (7,=0), we have ¢=¢.

Note that if 7,=0 and also r.3 << r3 and r., << r; (in other words the dissociation of
doxorubicin is much slower then its binding) the steady state solution can be written

down concisely and becomes

oV, +V,, +Vy+nV, +nV, )+ MV, +nC)V, =T,V,
. TV, —M,V, —nC,V,
V. +V,, +V,+nV, +nV,

which is intuitively reasonable.

We can non-dimensionalise the above system as follows, switching to a long time scale.

il
T=—1
£
1 1 1 1
ZT_T Cr.zy _T_CLI’Zbi = Ch:’Zh_T C, i=1,...,n
0 0 0 0
Zy = Chy,Zym CovrZp Cy
0 0 0
r r,C r M r r k
Gy =—=,0, ===, f, === 0, = ——, f; = _3:0‘;;: 0, =
n n nT, n rT, nT, 0
V. V. V. V.
W, =L W, =-Lw,,=—"W,=—"
Ve Vi V' B

The resulting system of equations is as follows:
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=-zptzpyt

dT 2(a(m +ZL1)
1 dZLl apZLl
=zptz, -2z, - —a,z,(I-z,)ta, 5,2,
W, dt (am +ZL1)
1 dz,
=o,z,(1-z2,) -, p,2,
w, dr
1 dz, a,zp x,Zp,
— J =2z, tz, tz,+ n +
w, dr 2(0% ZLI) 2z, +z;,)
1 dZL‘ apZLi
- =Zygy T2 =22, - ~a,z,,(1-z,))+a, B,z
w, dr (@, +z,,)
1 dz, .
W dTl =a,z,(1-z2,)-a, bz, i=2,..
L
1 odz, oy 4g 4 +_ % &pZ i)
W d 2 T2 T 2134 2( " ) 5
1 4 am ZLi (am +ZL(i+1))
1 dZLn a,pZLn
W d = Ziy TZp -2z, - ( T )_azan (I-z,)+to,pB,z,
L T am ZLn
1 dz,
- :a22Ln(1_an)_a2ﬂZan
w, dr
1 le apZLn
— =z, =0z, tz, Tz, T
W, dr 2e, +z,,)
1 dz,,
=204z, * oz, toyz, — oz, (1-z,, )t oy Bz,
Wy dr
1 dz,,
=z, (1-z,,) -, 2,
w, dr
L &, =—0hzy TGz,
W, dt

The approximate non-dimensional parameter values are given below.

W, = 200,W, =~1000,%,, =~ 60, W, =0.2
a,~13,a,=10",a, =50

T, =100

a,,o, =10°

ﬂzaﬂ3 =107



It can be seen from these values that, over this time scale, the terms corresponding to
the Pgp pump are small in comparison to others since &, is small. Also, since 1/W;, 1/W;

and 1/W¢ are all small, the left hand sides of the ODEs involving these terms are small.

Approximate solution

If we accept the approximations above (a,, 1/W., 1/W;, 1/W¢= 0) thereby neglecting
the Pgp pump, then we can reduce the system to two differential equations and a system
of linear equations:

dz,
dr
0=z, +z,-2z,,

0=-2z, +z, +z,,
O:ZI([—1)+ZIi_2ZLi } i=2
0=-2z,+z, 2,4 o

=—Z;+z,

0=z, tz, -2z,
0=-z, -0z, +z,, T,z
0=-20,z, ta,z, ta,z,

1 dz,
W_B dr

=—Qyz; T0,zy,

The set of 2n+1 linear equations can now be solved for z;;, z;; and z¢ in terms of zy and
zg. This solution is as follows:

_ z,2noy —2jo, +2+a,)+2jo, —a,)z,

Y 2(1+ney,)
_Zr(nao_jao+l)+ja023

v (+ne,)
_zp+(1+2na,)z,

M 2(1+ney,)

dzy _ o (z, -z )=_LdZ_B

dr  2(+na,) ' W, dr

which leads to the final solutions

14
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2 (1) = Wy e )
B
W, -, (1+Wy)T
25(0) = (L= )
B
0!0

W, =—-
2(1+ney)

In dimensional terms, this is

TV, V.
Cr(t)=—"2—(+e™)
Vit Vy Vy

T,V
CB(Z):O—;/(l—e*Q’)
T B

_ roh (Ve +V5)
2V, V(1 +nry)

If the quantity of drug bound in the cell and collagen layers is significant, a better
approximation to Cj is given by:

T, -nV,C, -V, M,
V,+V,

C, (=11 (1)

Figure 4 shows the full and approximate model solutions for one cell layer with varying

values of 7.

Pharmacokinetic drug input

Suppose that rather than having a top chamber that contains an initial concentration of
drug which then transfers through the system, the concentration of drug at the input to
the system is a function of time, pi(z). This is closer to the situation ixn vivo in which

drug concentration in the vasculature follows a known pharmacokinetic profile in time.
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In this case, the ODE corresponding to the top chamber is discarded and the equation

for C;; becomes:

dC rC
L= npy () +nC,=2rCp, _p—u_rzcu(co -Cy,) +r,Cy

(km +CL1)

If we suppose that pi(¥)=T, p(7), with p(0)=1, then we can non-dimensionalise as

4

before. If the previous approximations remain valid, the long time-scale approximate
solution is:

_p(0)2nay -2jo, +2+0,)+ (2 o, —0)z,

v 2(1+na,)
A: p(D)(na, —jo, +1)+ jor,z,
v (+na,)
_p(0)+(1+2na,)z,
. 2(1+ne,)
and
1 dz, a,

-—— 2= z, —p(T
Wodr 2i+nay) ot PO
Ap(z-):dZB +Az,, _ oW

dt 2(1+na,)

The solution to this ODE is given by

z,(1)=e " (const +A Ie“p(r)dr)

If p(7) is a typical PK profile of the form p(7) = Zeie_‘s‘f and z3(0)=0, then

2,(0) = A(i (e - >j

i=1

Note thatz,(0) >0, and z,(7) =0 for some 7>0 only if 8, > A for some i.
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It follows from the expressions for the approximate cell concentrations and from z that

the jth cell layer concentration is of the form

z,;,(7) = (Z ﬂije_‘s”j — Ay’
i=1

for some constants Agj,..., Anj (see below)

The area under the concentration-time curve for the jth cell layer is therefore given by

i=1 0

T, °]ZLj (r)dt = To(i[ﬂy o]‘e—éfdrj -4, a]e—ArdTJ
0 0

o 0, A

1

T, [z, (2)dt = To[ = ——°j
0
where the constants Ajjare given by

/1” =¢£ 1+M
! l (wnWB _é‘z)

m £
Ay =W, (2j 1)) ———r

0/ n B( J );O)HWB—&Z.
and
w, = %

2(1+neay)

Results
Concentrations of doxorubicin over time were measured in the bottom chamber of the
transwell experiments in the absence of cells following addition of 50 and 100 uM
doxorubicin (figure 5); for each of the cell lines after addition of 50 (figure 6) and 100

UM doxorubicin (figure 7). The measured concentrations of doxorubicin in the top and

bottom chambers are shown in figure 8 after addition of 50 and 100 uM doxorubicin.
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Experiments were also performed using 25 UM doxorubicin (figure 8). In the presence
of cells, however, typical bottom chamber concentrations on day 5 were often below 1-2
ng/ml (2 uM) which is lower than the analytical limit of quantitation. For this reason,

these data were not considered in the analysis below.

The 100 uM control experiments (figure 5), along with weighted least squares curve-
fitting techniques, were used to determine the value of the model parameters rpas 0.13

W/s and My as 200 UM.

Three cell lines were used, DLD1, MCF7 and the drug resistant NCI/ADR-Res, in
which substantially more active extrusion takes place. MCLs cultured for 1, 3 and 5
days were generated. The approximate thicknesses of the resulting cell layers are shown

in table 2.

The penetration curves for the MCF7 and NCI/ADR-Res cells were very similar and
generally within experimental error of each other (figure 9). This is consistent with the
prediction of the model that realistic values of 7, will mean that pump terms are small in

comparison with other transport mechanisms.

Values of ; and Cpwere determined for each cell line by fitting model predictions to
the 100 UM measured data, since these data were less subject to experimental error. The
resulting values were »;=0.1 /s for DLD1 and »;=0.05 pl/s for both MCF7 and

NCI/ADR-Res; Cp=200 uM in all cases.
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Using these parameter values, the model predictions of bottom chamber doxorubicin
concentrations, after addition of 100 UM doxorubicin to the top chamber, were
determined for the differing MCL thicknesses of MCF7 (figure 10) and DLD-1 cells
(figure 11). There was a high level of concordance in all cases between the
concentrations measured in vitro and those calculated using the model in silico. Note
that the predictions shown in these graphs are those of the full mathematical model, not

the long time-scale approximation.

Discussion

Drawing on Eytan’s previous work (Eytan, 2005), we have developed a novel model for
the transport of doxorubicin through MCLs performed initial validation using a
Transwell system described above. This model has several important advantages over
existing models; first, it incorporates pharmacokinetic data reflecting the changing
concentration of drug in a blood vessel supplying a tumour over time. Secondly, the
model previously developed by Eytan addressed doxorubicin transport into and out of
cells rather than across a MCL which is more representative of a tumour. Finally, Hicks
et al. (1997) have described a model for extravascular transport of drugs through MCLs;
this process is diffusion-limited which is not the case for some drugs including

doxorubicin (see below).

The current model treats the system as a group of compartments, including a series of
cell layers, which are assumed to be well mixed on the time scales at which drug moves
between them. The processes of drug transport through cell layers in our model are

based on the biological mechanisms associated with movement of doxorubicin in drug-
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resistant cells as previously described. Pgp substrates such as doxorubicin cross cell
membranes by distinct flip-flop events rather than by diffusion (Tunggal et al, 2000).
Doxorubicin dwells in the outer membrane leaflet for on average 0.7min (Regev et al.,
2005) and this is likely to be a limiting factor where cells are tightly packed. Because
doxorubicin inhibits DNA and RNA synthesis by intercalating between base pairs, for
the purpose of examining drug distribution it effectively binds inside cell nuclei. The

model incorporates all of these characteristics.

The model parameters ry, r;, My and Cy were used to fit model predictions to the
experimental data, and it was possible to achieve generally good agreement between the
two, although the measurements were subject to significant experimental uncertainty.
The effect of ATP dependent drug transporters, such as the Pgp pump on drug
penetration, has been debated and potentially competing processes have been identified.
Interestingly, in this study we found no significant difference in the bottom chamber
concentrations of doxorubicin between the Transwell experiments with MCF7 and
NCI/ADR-Res MCLs. Eytan makes a quantitative estimate of the pumping activity of
drug-resistant cells that suggests the quantity of drug transported in this way would be
small by comparison with the other processes taking place. It is possible, however, that
with smaller quantities of drug in the system, the pump may play a more significant

role.

When the amount of drug in the system is large compared to the quantity of binding
sites, it is possible to solve the mathematical system analytically to achieve an

approximate solution for the concentration in all compartments over a prolonged time
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scale. In this situation, the concentration of drug in a given compartment over time
depends linearly on 7 and all available binding sites will be occupied in a short period
of time. However, the more interesting and clinically relevant situation is one in which
the number of binding sites is comparable to the amount of drug in the system. In this
case, the approximate solution is not valid, and the proportion of binding sites occupied
in a given layer over the course of a PK drug input depends nonlinearly on 7 and the
number of cell layers present. Given that the anthracyclines and many other cytotoxics
must intercalate DNA or RNA to be effective, this information is potentially of great
clinical relevance to optimising chemotherapeutic regimes in cases where penetration of

drug into the tumour is an important factor in cellular resistance.

The model has several potential uses. In early pre-clinical development, it could be
incorporated in the process of lead optimisation so that tissue penetration becomes one
of the criteria for selecting which one out of a series of potential therapeutics is taken
into detailed in vivo evaluation. Potentially more important, however, is the ability of
such a model to predict the extent of drug penetration clinically under conditions that
cannot be achieved in the Transwell. For example, it is possible to simulate in silico
MCLs more than 3-4 cells thick, which are difficult to achieve in vitro. Likewise, our in
vitro experiments used initial doxorubicin concentrations of 50 and 100 UM to allow
easier detection of drug in the bottom chamber. Such concentrations are not
physiologically achievable, but the mathematical model allows estimation of
penetration at more clinically relevant concentrations. In mice and humans, peak plasma
concentrations of doxorubicin following IV injection can be as high as 30 pg/ml though

typical values are between 1 and 10 pg/ml (Loadman et al, 1999). These translate to
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peak values of around 60 pM and typical values of 2-20 uM. As described in the results,
experiments performed with 25 uM doxorubicin result in typical bottom chamber
concentrations of 1-2 ng/ml (2 nM) which, given a sample of 10 pl, are lower than the
analytical limit of quantitation. While the model has therefore not been verified at these

lower concentrations, it is assumed that it can be used to extrapolate to these situations.

Finally, whereas the in vitro model has a fixed concentration of drug initially in the top
chamber, the in silico model can predict doxorubicin distribution across MCLs over a

period of time as the pharmacokinetic profile of the drug under evaluation changes.
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Figure legends

Figure 1. The experimental Transwell setup (A) and histology of DLD-1 multicell
layers (B) ranging from 20 pm to 85 pm thick . The scale bar in figure 1B equals 50

pm.

Figure 2. Transport mechanisms of doxorubicin in MDR-type cells, adapted from

Eytan.

Figure 3. Schematic of the compartmental setup and transport mechanisms for the
mathematical model with two cell layers present. The nomenclature for doxorubicin

concentrations in each compartment is also shown.

Figure 4. Comparison of full and approximate model solutions. One cell layer present,

with parameter values as given elsewhere for the DLD1 cell line.

Figure 5. Bottom chamber measurements. Control experiments (no cells present). Each

value represents the mean + standard deviation for three independent experiments.

Figure 6. Bottom chamber measurements of doxorubicin concentration for three cell

lines with initial top chamber concentration of 7)=50uM

Figure 7. Bottom chamber measurements of doxorubicin concentration for three cell

lines with initial top chamber concentration of 7;=100uM.
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Figure 8. Bottom chamber measurements of doxorubicin concentration in DLDI1 cells

with initial top chamber concentration of 7y=25uM.

Figure 9. Comparison of bottom chamber measurements of doxorubicin concentration
between MCF7 (solid lines) and NCI/ADR-Res (dotted lines), for initial top chamber

concentrations of 50 and 100 uM.

Figure 10. Comparison of modelled (dotted lines) and measured (solid lines) bottom
chamber doxorubicin concentrations. MCF7 cell line with initial top chamber

concentration of 7)=100uM

Figure 11. Comparison of modelled (dotted lines) and measured (solid lines) bottom
chamber doxorubicin concentrations. DLD1 cell line with initial top chamber

concentration of 7;,=100uM

Figure 12. Comparison of modelled (dotted lines) and measured (solid lines) bottom
chamber doxorubicin concentrations. MCF7 cell line with initial top chamber

concentration of 7,=50uM

Figure 13. Comparison of modelled (dotted lines) and measured (solid lines) bottom
chamber doxorubicin concentrations. DLD1 cell line with initial top chamber

concentration of 7,=50uM



29

ACCEPTED MANUSCRIPT

Table legends

Table 1. Model parameters and their meaning with known and estimated values where

applicable.

Table 2. Approximate thicknesses of multicellular layers for each cell line.

Measurements are in pm.
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Table 1
Parameter
ro

ry

r

r

rs

r.3

Vr
Vi
Vi
Vm
Vg

Co

My

Meaning
Rate of transport
to/from membrane
Rate of transport
to/from cell layer

Rates of transport
due to
binding/dissociation
within cell layer

Rates of transport
due to
binding/dissociation
within membrane

Maximum transport
rate due to Pgp
pumping
Michaelis constant
associated with Pgp
pumping
Volume of top
chamber
Volume of cell
layers
Volume of
intermediate layers
Volume of
membrane
Volume of bottom
chamber
Initial concentration
of free binding sites
in cell layer
Initial concentration
of free binding sites
in membrane

Value
n/a

n/a

100 plpM's™

10uls?

100 ul pM's™

10 uls™

0.0035 umol s™

2.0 uM

100 pl
0.8 pl
0.05 ul
1.65 ul
600 pl

n/a

n/a

Source
to be determined
experimentally
to be determined
experimentally
nominal value

nominal value

nominal value

nominal value

Eytan, 2005

Eytan, 2005

known

estimated from
histology
estimated from
histology
known

known

to be determined
experimentally

To be determined
experimentally
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Table 2.
Day MCF7 NCI/ADR-Res DLD-1
1 246+ 6.4 214+44 184+74
3 374 +8.1 356 +7.8 29.6+10.1
5 462 +4.3 451+9.2 37.4+5.6
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