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ABSTRACT

Purpose: Paclitaxel is a highly promising phase-sensitive

antitumor drug that could conceivably be improved by

extended lower dosing as opposed to intermittent higher

dosing. Although intratumoral delivery of paclitaxel to the

whole tumor at different loads and rates has already been

achieved, determining an optimal release mode of paclitaxel

for tumor eradication remains difficult. This study set out to

rationally design such an optimal microsphere release mode

based on mathematical modeling.

Experimental Design: A computational reaction-diffu-

sion framework was used to model drug release from

intratumorally injected microspheres, drug transport and

binding in tumor interstitum, and drug clearance by

microvasculature and intracellular uptake and binding.

Results: Numerical simulations suggest that interstitial

drug concentration is characterized by a fast spatially

inhomogeneous rise phase, during which interstitial and

intracellular binding sites are saturated, followed by a slow

spatially homogeneous phase that is governed by the rate of

drug release from microspheres. For zero-order drug release,

the slow phase corresponds to a plateau drug concentration

that is proportional to the ratio of the rate of blood clearance

of drug to the rate of drug release from microspheres.

Consequently, increasing the duration of intratumoral drug

release extends the duration of cell exposure to the drug but

lowers the plateau drug concentration. This tradeoff implies

that intratumoral drug release can be designed to optimize

tumor cell kill. Synthesizing our modeling predictions with

published dose-response data, we propose an optimal

protocol for the delivery of paclitaxel-loaded microspheres

to small solid tumors.

INTRODUCTION

In recent years, attempts have been made to effect shrinkage

of solid tumors as a preoperative adjunct to surgery, since this

allows for a cleaner removal of the tumor, less radical surgery,

and at times renders inoperable tumors operable (1, 2). Three

preoperative chemotherapeutic approaches have been tested in

order to achieve this goal: systemic i.v., intra-arterial (emboli-

zation or chemoembolization), and intratumoral. Many antican-

cer drugs are phase sensitive. I.v. and intra-arterial dosing being

of relatively short duration may miss the sensitive phase of the

tumor cells even when giving high dose intensity. Intratumoral

injection of chemotherapeutic drugs could potentially ensure

high local drug concentrations while avoiding systemic side

effects (3) but has not been particularly effective due to three

principal physiologic barriers to intratumoral drug delivery (4, 5).

These are the abnormally high density of the tumor cells, which

hinders drug transport and constricts intratumoral blood vessels;

the abnormally high interstitial fluid pressure within the tumors,

which reduces the migration of drug into the interstitial fluid; and

the leakiness of tumor microvasculature, which results in fast

clearance of diffusing drug. These physiologic barriers can to a

great extent be overcome by intratumoral injection of micro-

spheres formulated to provide sustained release of chemother-

apeutic drugs (3). Injection enhances convective delivery of

microspheres due to the establishment of a pressure gradient, and

at sufficiently high pressures of injection can induce pore

increase and interstitial connectivity thereby further facilitating

spread of microspheres in the tumor bulk (6).

Paclitaxel is an example of a highly promising phase-

sensitive antitumor drug that could conceivably be improved by

frequent lower dosing or extended dosing as opposed to

intermittent higher dosing (7, 8). Intratumoral injections of

paclitaxel have been carried out using gels (9), pastes (10), and

microparticles (11). By varying the drug load and the

composition of the carrier, it is possible to release the drug at

different rates and for different durations ranging from 1 week

(9, 12) to 100 days (11, 13). In all the foregoing studies,

paclitaxel showed some efficacy but responses were only

moderate. In the above-cited studies, the carriers were designed

and formulated to give extended release over 50 to 100 days and

therefore should have been able to cover all phases of the cell

cycle efficiently. However, the results were not as good as hoped

for and no clear design principles were identified for increasing

the efficacy of intratumoral delivery using drug-loaded carriers,

without inducing toxicity. Thus, whereas intratumoral delivery

(9) and cell culture studies (7) with paclitaxel both imply that
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efficacy increases with dose and exposure time, the need to

minimize systemic toxicity implies that drug load and exposure

time cannot be increased indefinitely.

Because intratumoral drug concentration is time and

space dependent, whereas dose-response cell culture experi-

ments are conducted by exposing cells to a spatially uniform

and time-independent concentration of extracellular drug, it is

not clear how the latter can be used to plan rational

intratumoral drug delivery protocols. When coupled with the

complexity of cell uptake, intracellular and tissue binding and

microvascular clearance an intuitive approach to the optimi-

zation of intratumoral delivery using drug-loaded carriers

becomes impossible. In the current work, we use mathematical

modeling to analyze spatially homogeneous intratumoral drug

delivery via microspheres. Relying on cell culture dose-

response experiments, we propose a rational methodology for

predicting the efficacy of uniform intratumoral delivery of

paclitaxel into small solid tumors. This methodology is

applicable to paclitaxel in soluble form, in suspension with

albumin (14), and from drug eluting pastes (10) or micro-

spheres (11, 15), and can be used to design protocols for each

of these dosage forms (or combinations).

THEORY

Optimization Strategy

The major goal of the present work is the rational design of

an optimal intratumoral delivery strategy from uniformly

distributed drug eluting microspheres. Three independent control

variables are at our disposal: (a) W0, the average drug load per

microsphere; (b) d(W/W0)/dt , the average fractional rate of drug

release per microsphere; and (c) RK, the average distance

between microspheres. The goal of our optimization strategy is

deceptively simple: the eradication of tumor cells subsequent

to drug delivery. However, what should our optimization

objective be?

Here, we suggest an approach based on empirical dose-

response data obtained by Au et al. (7). That work showed that

exposing tumor cells for 96 hours to a threshold extracellular

paclitaxel concentration of 100 nmol/L or more guarantees the

eradication of f90% of the cells. Our optimization objective is

therefore the design of a drug release mode that yields an above

threshold interstitial paclitaxel concentration for at least 96 hours

(but not extensively more).

The Model

For definiteness, we shall restrict our discussion to small

spherical solid tumors with a radius RT on the order of 1 cm and

assume that it is macroscopically homogeneous with respect to

cell and microvessel distribution. Thus, we do not distinguish

between necrotic and viable tumor regions, which implies that

drug clearance by the vasculature is probably overestimated by

our model. However, this should not bother us, as our main

concern is to model a worse case scenario for intratumoral drug

delivery. Moreover, the importance of such variability can

largely be accounted for by numerical sensitivity analysis

(see Fig. 3).

Following Baxter and Jain (16–18) and others (19, 20), we

adopt a continuous approach for modeling the processes that

govern drug distribution in a representative volume of the tumor.

We consider drug dynamics in two compartments, the interstitum

(denoted by subscript i) and intracellular space (denoted by

subscript c). Drug concentration in the interstitial compartment,

X i, is described by the following convection-diffusion reaction

equation

@ci
@t

þ @bi
@t

� DiDci þ uirci ¼ aðcc � ciÞ � cci; r 2 Xi ðAÞ

where D denotes the Laplace operator, r the gradient operator,

c i and b i are, respectively, the free and bound interstitial drug

concentrations (moles per unit interstitial volume), cc is the free

intracellular drug concentration (moles per unit cellular volume),

D i is the interstitial diffusion coefficient of the drug, u i denotes

the velocity of fluid flow in the interstitum and we introduced the

permeability rate constants

a � PCSC=/i; ðBÞ

c � PmvSmv=/i: ðCÞ

Here f i denotes the interstitial volume fraction, Pc and Pmv are,

respectively, the effective cellular and microvascular permeabil-

ities and Smv and Sc are, respectively, the microvascular and cell

surface fractions. Assuming reversible bimolecular binding of

drug to nonspecific interstitial sites, we have

@bi
@t

¼ ki;onciðbi;max � biÞ � ki;off bi; r 2 Xi; ðDÞ

where b i,max is the concentration of interstitial binding sites

(moles per unit interstitial volume) and k i,on and k i,off are,

respectively, the interstitial binding on rate and off rate.

Similarly, assuming that intracellular drug binds specifically to

a single type of sites we have

@cc
@t

þ @bc
@t

¼ að/i=/cÞðci � ccÞ; r 2 Xc; ðEÞ

@bc
@t

¼ kc;onccðbc;max � bcÞ � kc;off bc; r 2 Xc; ðFÞ

where Vc denotes the cell compartment and fc denotes its

volume fraction, bc,max is the concentration of intracellular

binding sites (moles per unit intracellular volume) and kc,on
and kc,off are, respectively, the intracellular binding on rate and

off rate.

Flux continuity at the surface of each of the N drug-eluting

microspheres implies the boundary conditions

/ið�Dirci þ uiciÞ ¼ Fk ; jr̄� r̄k j ¼ ak ; k ¼ 1; . . . ;N ðG1Þ

where r̄ 2 V i, r̄k denotes the center of the kth microsphere, ak
denotes its radius and Fk denotes the flux of drug released at its

surface. Noting that the surface area of the k th microsphere is
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4kak
2 yields a simple relationship between Fk and the rate of drug

release from the kth microsphere, dWk/dt

Fk ¼ � 1

4pa2k

dWk

dt
: ðG2Þ

Assuming that the tissue is devoid of drug prior to injection of

the microspheres and that injection is fast compared with drug

release, we obtain the following initial conditions

ðci; bi; cc; bcÞ ¼ ðci0; 0; 0; 0Þ; t ¼ 0: ðHÞ

These initial conditions allow for the possibility that the injected

solution of microspheres also contains some soluble drug.

Model Simplification

A central element in our model is that a large number of

microspheres are uniformly distributed in the tumor such that the

average interparticle distance between microspheres, RK < 50

Am. For a tumor radius of 1 cm, this restriction implies the

intratumoral injection of at least N z 1.0 
 107 microspheres.

Such a distribution can be achieved within minutes of

microsphere injection (6) and is designed to overcome poor

penetration of hydrophobic drugs (18, 21). The extremely high

number of discrete drug sources rules out a direct numerical

solution of Eqs. A-H. However, as we argue below, the

assumption of a uniform distribution of a large number of

microspheres (N ! 1) implies that the detailed spatiotemporal

dynamics in the whole tumor can be approximated by a set of

simplified averaged equations in a representative volume.

Equations A and G1 imply that the typical time scales for

drug transport by diffusion convective flow are, respectively,

RK
2/D i and RK/u i and suggests that we define a Peclet number as

the ratio of these time scales, Pe i � u iRK/D i (22). Accordingly,

Pe i >> 1 implies that mass transfer is convection dominated,

whereas Pe i << 1 implies that it is diffusion dominated. For RK

V 50 Am, the baseline values listed in Table 1 imply that

Pe i V0.007, so that convection can be safely neglected. The

neglection of convection not only reduces the number of

equations in the model, but also eliminates the anisotropy from

the problem, thereby allowing us to adopt a modeling approach in

the spirit of Krogh’s classic model for capillary exchange (23).

That is, because the microspheres are distributed uniformly inside

the tumor, we confine our computational domain to a Krogh

sphere of radius RK (the intermicrosphere distance) surrounding

a single microsphere and model the effect of the remaining

microspheres using symmetry boundary conditions (e.g., no flux)

at the surface of the sphere (see Fig. 1)

Di

@ci
@r

¼ 0; r ¼ RK : ðIÞ

Thus, Eqs. A and D-F need only be solved in the spherical

shell Rm V r V RK, subject to initial conditions H and the

spatial average of boundary condition G2

Here Rm is the average microsphere radius and dW/dt is the rate

of drug release from an average microsphere (moles per second).

NUMERICAL METHODS

Equations A, D-F, and H-J are a set of stiff nonlinear partial

differential equations and were therefore solved numerically

using the finite-element method (FEM; ref. 24). FEM is a general

method used for numerical solution of partial differential

equations (25). The interested reader can find a concise account

of the FEM formulation of reaction diffusion and convection

diffusion problems in (16, 26, 27). Noting that a (Krogh) sphere

is equivalent to a quarter of a circle in logical space (24), we

employed the two-dimensional mesh depicted in Fig. 1C in our

FEM simulations. A zero flux boundary condition was enforced

on the external boundary corresponding to the surface of the

Krogh sphere (Eq. I). Prescribed flux boundary conditions were

enforced on the internal boundary corresponding to the surface

of the microsphere (Eq. J). The approximation of a prescribed

flux of drug at the surface of the microsphere implies that the

bulk of the microsphere is not part of the computational domain.

The resulting algebraic equations were integrated using the

backward Euler method with variable time stepping and up to ten

inner quasi-Newton iterations (24).

RESULTS

The Baseline Case

Equations A, D-F, and H-J were solved numerically using

the baseline variables listed in Table 1. These values correspond

to the average literature estimates for paclitaxel (see Supplement

A for details). Subsequently, some variable values were varied in

order to obtain a sensitivity analysis for those variables (variable

ranges used in the sensitivity analyses appear in brackets in

Table 1 Drug transport variables

Parameter Meaning Baseline value (range)

Di Interstitial
diffusivity

1.0 
 10
�7

cm
2
s
�1

ui Interstitial
convection

0.016 Am per s

bi,max Interstitial
binding capacity

5.0 Amol/L

KD ,i Interstitial
binding affinity

0.8 Amol/L

ki,off Interstitial
binding off rate

14.4 h
�1

bc,max Intracellular
binding capacity

60 Amol/L (60-120 Amol/L)

KD ,c Intracellular
binding affinity

4.9 nmol/L

kc,off Intracellular
binding off rate

3,550 h
�1

a Cellular uptake
rate constant

64.8 h
�1

(64.8-6480 h
�1
)

c Microvascular clearance
rate constant

36 h
�1
(18-180 h

�1
)

RK Krogh Radius 15 Am
Rm Microsphere radius 1.5 Am
W0 Drug load per microsphere 5.9 
 10

�15
mol

Tmax Duration of Drug release 4 d (4-100 d)

�Di
@ci

@r
¼ � 1

4pR2
m

dW

dt
; r ¼ Rm: ðJÞ
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Table 1). In all the cases considered below, spatial variations

were found to be negligible (e.g., <5%). This is not surprising

because paclitaxel is a small fast diffusing molecule and we are

only interested in small RK values. Consequently, the baseline

values listed in Table 1 imply that diffusion is the fastest

transport process (see Supplement B), so that spatial inhomo-

geneities are expected to be short lived. Thus, for simplicity,

only spatially averaged concentrations are plotted in the figures

below because this is sufficient for illustrative purposes.

However, because the baseline variables only represent average

values, diffusion can potentially be of the same order of

magnitude as the rates of microvascular and cellular uptake.

Thus, in order to retain accuracy, unless stated otherwise all the

results presented below were obtained by using the FEM to

solve Eqs. A, D-F, and H-J.

Sensitivity to Microsphere Release Kinetics

Paclitaxel release from microspheres is generally, either zero

order or biphasic (12, 13). In the latter case, the amount of

remaining drug in themicrosphere iswell parameterized as (27, 28)

AptW ¼ W0ð f expð�kf tÞ þ ð1� f Þexpð�kstÞÞ; ðKÞ

where W0 denotes initial drug load per microsphere (moles), f

denotes the fraction of initial drug load that is released by a fast

process with a characteristic rate constant k f, whereas the

remaining fraction of the drug load, 1-f , is released by a slower

process with a characteristic rate constant, ks. Figure 2A illustrates

the dependence of free interstitial drug concentration on various

biexponential releasemodes of the same load and overall duration,

but varying ks < k f values. The total fluxes per microsphere are

defined as �dW/dt withW as defined in Eq. K. As can be seen in

all the cases depicted in Fig. 2A , the initial burst of half of the drug

load leads to a fast increase of the interstitial drug concentration,

but then the concentration decays to negligible values. For the

three values of ks, an above threshold concentration is maintained

during the first 30 hours or so for the baseline case. Similar results

are obtained for the corresponding limits of instantaneous cellular

uptake, a ! 1. The dose-response experiments of Au et al. (7)

imply that the concentration profiles obtained in Fig. 2A can at

most eradicate 55% of the tumor cells. Thus, intratumoral

injection of microspheres with a biexponential drug release

profile does not seem to be a viable approach for tumor

eradication. Comparison of the concentration profiles depicted

Fig. 1 Schematics of the computational domain. A, a typical tissue
section in the tumor bulk. Microspheres (white circles) are dispersed
almost uniformly in the tissue (gray). Dashed black circles, Krogh
spheres. B, a blowup of one of the Krogh spheres depicted in A . Each
Krogh sphere contains a single microsphere at its center and has a volume
VT/N where VT is the volume of the tumor and N is the number of
microspheres. C, a two-dimensional FEM mesh of the computational
domain depicted in B . This mesh is defined in logical space and uses the
equivalence of a sphere in physical space to a quarter circle in logical space
(FIDAP). This example illustrates 105 linear four-node quadrilateral
elements. Preliminary simulations with a homogenous mesh showed large
spatial gradients near the internal boundary. To resolve these gradients, we
subsequently employed a higher element density near the microsphere.

Fig. 2 Spatially averaged free interstitial drug concentration as a
function of the rate of drug release by microspheres (for the same drug
load). A, double exponential drug release (Eq. K) with f = 0.5, k f =
0.075 h�1, and k s = 0.025 h�1 (light gray); ks = 0.015 h�1 (black); k s =
0.0075 h�1 (gray). B, zero-order drug release with Tmax = 96 hours
(black), Tmax = 240 hours (gray). solid lines, variable values shown in
Table 1; dashes, same except for a ! 1; diamonds, steady-state free
interstitial drug concentration as estimated by Eq. L2; arrows, rise time
as estimated by Eq. L1.
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in Fig. 2A to the corresponding fluxes (data not shown) reveals

that the post-peak decay of the interstitial concentration is

governed by the flux of released drug. This suggests that a

constant rate limiting flux of drug would eventually result in a

constant free interstitial drug concentration.

The finding that diffusion is not a rate-limiting process for

the baseline variable values listed in Table 1 motivated the

derivation of a simple pharmacokinetic approximation of Eqs. A,

D-F, and H-J. The derivation for the case of zero-order drug

release is given in the Supplement B and yields the estimates

and

ci;ss �
W0

VKTmaxc
ðL2Þ

for the initial rise time and the steady-state free interstitial drug

concentration, respectively. Here VK � (4k /3)RK
3 is the Krogh

sphere volume.

Figure 2B compares two zero-order release kinetics, both of

the same drug load as in Fig. 2A , but different release durations.

As can be seen, Eq. L2 is an excellent approximation of the quasi-

steady state phase, whereas Eq. L1 only yields an order of

magnitude estimate of the rise time for attaining the plateau

concentration. These simulations illustrate the tradeoff implied by

Eqs. L1 and L2, namely, that extended drug release prolongs the

exposure of tumor cells to drug but lowers the plateau drug

concentrations. Because Eq. L2 implies that the plateau

concentration is proportional to the total flux of drug per

microsphere, W0/Tmax, there is no need to illustrate a separate

sensitivity analysis for W0.

Sensitivity to Physiologic Variables

The assumption of a constant microvascular clearance rate

is an oversimplification because in reality the morphology of the

tumor is heterogeneous, with mature tumors exhibiting a necrotic

core (29). Figure 3A illustrates the effect of varying the rate of

microvascular clearance of free drug, while using the baseline

values of the remaining variables. Eq. L2 is an excellent

approximation of the quasi-steady state phase, whereas Eq. L1,

which is derived by neglecting microvascular clearance of free

interstitial drug (see Supplement B), only yields a lower bound

estimate of the rise time (data not shown).

Intracellular paclitaxel binds primarily to microtubules

(with an exact 1:1 stochiometry) and inhibits their depolymer-

ization into tubulin monomers (30, 31). Unassembled tubulin

shows insignificant affinity for paclitaxel. The intracellular

binding capacity, bc,max, therefore corresponds to the concentra-

tion of microtubules in the treated cells and is consequently a

time dependent quantity. Kuh et al. (32) estimated that the

intracellular fraction of polymerized tubulin (e.g., microtubules)

more than doubles following a 24-hour incubation of MCF7

cells with 1,000 nmol/L paclitaxel. The effect of varying the

intracellular binding capacity is therefore examined in Fig. 3B .

As can be seen, increasing bc,max results in a longer rise time, but

does not affect the plateau concentration. Finally, inspection of

Figs. 2 and 3 reveals that variations in the cellular uptake

variable a affect the free interstitial drug concentration only

during the initial rise phase. Increasing values of a imply faster

internalization of drug into the cells and occupation of

intracellular binding sites, and therefore result in shorter rise

times and more switch-like temporal profiles.

Thus, all the physiologic variables are important during the

initial rise phase, but only c (Fig. 3A) and the rate of drug release

(Fig. 2B) affect the quasi-steady state phase. In principle,

diffusion also plays a role during the rise phase. However, as

already mentioned, this effect is minimal for small molecules

such as paclitaxel.

Optimal Strategies

Figures 2 and 3 share the common feature of an initial

rise phase of variable duration, followed by a plateau

interstitial concentration that only ends when the injected

microsphere drug is depleted. Moreover, whereas the plateau

concentration is proportional to the average rate of drug

release from the microspheres (see Eq. L2), the initial rise of

20 to 40 hours is predominantly governed by the physiologic

variables a , c , and bc,max. This suggests two complementary

Fig. 3 Free interstitial drug as a function of the rate of microvascular
uptake, g , and intracellular binding capacity, bc,max. Solid lines, spatially
averaged numerical solution of Eqs. A, D - F and H -J using the variable
values listed in Table 1; dashes, the same except for a ! 1. A,
g = 18 hours�1(gray), g = 36 hours�1(black), and g = 72 hours�1(light
gray). B, bc,max = 60 Amol/L (black) and bc,max = 120 Amol/L (gray).

Trise

Tmax



0; if ci0 > bc;max þ bi;max
bc;maxþbi;maxþci0

ðW0=VkÞ if ci0 < bc;max þ bi;max

�
ðL1Þ
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strategies of optimization, either minimizing the rise time or

maximizing the duration of the plateau phase.

Strategy I. Figure 3A illustrates that high intracellular

binding capacity can render an otherwise optimal release profile

(solid black), suboptimal (solid gray). Numerical simulations

illustrate that the problem of a subthreshold interstitial drug

concentration depicted in Fig. 3A can be overcome by simply

doubling the drug load per microsphere, thereby reducing the

rise time (data not shown).

Strategy II. Figure 4 illustrates the effect of including

soluble drug along with the injected microspheres, which is

modeled as c i0 > 0 in Eq. H. As can be seen in Fig. 4A , the

rise time decreases significantly with increasing c i0 values for

the baseline case. Figure 4B shows that the same is true for a

high intracellular binding capacity case and illustrates that the

injection of a free drug load of c i0 = 250 Amol/L can render

an otherwise suboptimal release profile (Fig. 3B , solid gray)

optimal (Fig. 4B , solid light gray). In the absence of the

microsphere load, the concentration of free interstitial drug

drops well below 100 nmol/L within 1 hour for the cases

depicted in Fig. 4 (data not shown). These results imply that

intratumoral delivery of microspheres is essential for the

success of this treatment, but that injection of soluble drug

should be considered as an adjunct to intratumoral injection of

drug loaded microspheres.

Analysis of Mice Xenograft Experiments

The preceding analysis was used to design an optimal

strategy for the treatment of mice xenograft tumors derived from

MCF7 human cells. Details of these experiments are given in

Supplement C.

In an in vivo setting, there is ambiguity not only in the

precise rate of microvascular clearance, but also in the rate of

drug release from the intratumoral microspheres. As will be

shown below, this dictates that we should aim for a maximal

total drug load of microsphere-trapped drug. The average

microsphere radius and drug load used in these experiments

were Rm = 1.75 Am and 75% w/w (2.56 
 10�14 mol),

respectively. For the typical tumor radius used in these

experiments, RT = 0.38 cm, it is possible to inject 108

microspheres without disrupting tumor integrity. In Supplement

C, we used N = 7.5 
 10�7 microspheres, which implies RK �
RTN

�1/3 
 9.0 Am. Substituting these estimates into Eqs. L1 and

L2 we obtain

Trise 
 65lMð Þ 0:01Tmax ðM1Þ

and

ci;ss 

8:4mmol=L

cTmax
: ðM2Þ

Equations M1 and M2 were verified to be very good

predictions for several cases in the variable ranges Tmax = 4

to 100 days and g = 36 to 180 h�1 (data not shown) and can

therefore be used to assess the efficacy of different

microsphere release modes. Because Eq. M1 implies that the

duration of the rise phase is a negligible fraction of the

duration of microsphere release, we focused on the steady

state phase. F5Figure 5 depicts a contour plot of Eq. M2 for the

ranges Tmax = 4 to 100 days and g = 36 to 180 h�1. Thus,

the contour c i,ss = 100 nmol = L partitions the plane into two

nonoverlapping regions, one corresponding to treatments that

will likely fail, c i,ss < 100 nmol/L, and the other

corresponding to treatments that are likely to succeed, ci,ss
z 100 nmol/L. Whereas most of the treatments depicted in

Fig. 5 are likely to fail, it is noteworthy that even 100-day

treatments are likely to succeed at g = 36 h�1, but only

treatments of 4 to 20 days are likely to succeed even if the

microvascular clearance rate constant is 5-fold higher than the

default value. Consequently, injection of microspheres is

predicted to be efficacious for the case considered in

Supplement C, and moreover, addition of soluble drug will

have negligible added value because it will only shorten an

already negligible rise time. These predictions are consistent

with the preliminary experimental findings discussed in

Supplement C.

DISCUSSION

While the search for new antineoplastic agents continues,

optimizing the delivery of existing drugs can remarkably

improve their efficacy in cancer treatment. Paclitaxel is one

such drug deserving attention due to its multiple pharmacologic

effects, namely, antiproliferative, antiangiogenic, antimetastatic,

Fig. 4 Free interstitial drug as a function of the initial load of soluble
drug, c i0 and the intracellular binding capacity, bc,max. A, bc,max = 60 Amol/
L; B, bc,max = 120 Amol/L. Solid line, spatially averaged numerical
solution of Eqs. A, D-F, and H-J using the variable values listed in Table
1, except for bc,max; Dashes, the same as solid line , except for a ! 1.
Color scheme: ci0 = 100 Amol/L (gray), ci0 = 200 Amol/L (black), and ci0 =
250 Amol/L (light gray).
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and apoptotic properties (8). Systemic delivery (e.g., i.v. bolus

injection) or regional delivery (e.g., infusion to the cavity or

tissue surrounding the tumor) of smart drugs or drug conjugates

are hampered by physiologic barriers to drug uptake from the

surrounding medium or vasculature (4, 5). Intratumoral delivery

circumvents these barriers and is well suited for solid mammary

tumors due to their accessibility.

In this work, we considered intratumoral infusion of

paclitaxel-loaded microspheres, resulting in a near uniform

distribution of microspheres in the solid tumor. The advantages

of this approach are 2-fold: (a) drug targeting is trivial and

ensures localized drug delivery to the tumor thereby minimizing

harmful effects along the systemic route and (b) it is possible to

control the release of drug so as to optimize the therapeutic

efficacy of the drug. The present study set out to use

mathematical modeling as a tool for (a) determining the principal

mechanisms governing the pharmacokinetics and pharmacody-

namics during localized paclitaxel delivery and quantitatively

simulating intratumoral drug concentration and (b) determining a

drug release profile which maximizes tumor cell kill. To attain

these ends, we derived a reaction diffusion model, which

describes the principal processes governing drug transport inside

a solid tumor: diffusion and binding in the interstitial medium,

drug clearance from the interstitial medium through the leaky

microvessels, passive uptake of free interstitial drug by the

intracellular medium, and specific and nonspecific binding of

drug in the intracellular medium. Drug metabolism in the

interstitial or intracellular mediums and active efflux from the

cells (33, 34) can easily be incorporated into the model.

Three approximations underlying the model deserve special

attention. (a) Drug released from themicrospheres was assumed to

be a prescribed function of time. This assumes that the inherent

(in vitro) rate of drug release from themicrospheres is rate limiting

and is justified by the slow rate of zero-order drug release

considered in this study. (b) Interstitial convection was neglected

in Eqs. A and G1. This is justified whenever the characteristic

Peclet number, defined as the ratio of the time scale for diffusion to

the time scale for convection, is much smaller than 1 (35). For

paclitaxel, the baseline estimates of u i and D i (Table 1) imply a

Peclet number of <0.1 provided that the average intermicrosphere

distance is <690 Am. (c) Instead of modeling the whole tumor we

focused on a representative spherical volume of radius RK

containing a single microsphere. This assumption is similar to the

notion of Krogh cylinders in models of trans-vascular delivery.

The radius of such a Krogh sphere, RK, must be much smaller than

the tumor radius, RT, to justify the notion of a representative

volume element of the tumor bulk, otherwise surface effects

become important. We estimated RK as the average distance

between uniformly distributed microspheres. Even when injected

under pressure into a tumor, microspheres with diameters of

several tens of microns are larger than typical interstitial pores and

distribute only in the vicinity of the injection site (36). Conversely,

microsphere distribution may be time varying and inhomoge-

neous if the average microsphere diameter is smaller than the

cutoff size for microvascular uptake (37). Because the cutoff size

of microvascular uptake in tumors can be as high as 1 Am (38),

these opposing constraints suggest that optimal intratumoral

distribution of injected microspheres should be achieved for

microspheres with diameters in the range of 2 to 10 Am. In a pilot

experiment fluorescently labeled microspheres were injected into

mice xenografts, tumors were excised and microsphere distribu-

tion was assessed qualitatively by viewing the tumor bulk along

two orthogonal cuts as well as by exposing it to UVradiation. Both

methods indicated that microspheres with a diameter of 2 Am
spread homogeneously into most of the tumor, including the

periphery, whereas microspheres with a diameter 10 Am spread

through most of the tumor but were apparently absent from certain

areas (15).

Analysis of the simplified model suggests that the dynamics

of interstitial drug consist of a fast spatially inhomogeneous rise

phase, during which drug released from the microspheres

saturates the interstitial and intracellular binding sites, followed

by a slow spatially homogeneous phase that is governed by the

rate of drug release from microspheres. For zero-order drug

release, the slow phase corresponds to a plateau drug

concentration that is proportional to the ratio of the rate of

blood clearance of drug to the rate of drug release. Consequently,

increasing the duration of intratumoral drug release extends the

duration of cell exposure to the drug, but lowers the plateau.

drug concentration. For drug such as paclitaxel, whose

cytotoxicity increases monotonically with concentration and

time (7), our analysis implies that extending intratumoral drug

delivery does not maximize cell kill. Instead, Eqs. L1 and L2

suggest how to vary microsphere drug load and release duration

to maintain threshold interstitial concentration for a threshold

duration that guarantees optimal cell kill. In certain cases, this

solution may not be practical, because whereas the design of

release kinetics is well developed, intratumoral delivery of

drug-loaded microspheres may be hard to achieve. Our analysis

suggests that this problem may be overcome by simultaneous

injection of free drug along with the drug eluting microspheres,

because this can dramatically reduce the rise time.

A major thrust of this paper has been to illustrate how zero

order intratumoral release kinetics can be designed to optimize

cell kill subject to the constraint of minimal dosage. This is of

Fig. 5 Steady state free interstitial drug as a function of release duration
(Tmax) and the rate of microvascular clearance (g). Variable combina-
tions for which ci,ss z 100 nmol/L (black) and ci,ss < 100 nmol/L (white).
Black region, treatments that are likely to succeed; white region,
treatments that are likely to fail.
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practical importance since the technology for tailoring micro-

sphere release kinetics is well developed, and Eqs. L1 and L2

imply straightforward design principles. Moreover, comparison

of Fig. 2A and B illustrates that zero-order release outperforms

monotonically decreasing release of the same drug load in terms

of cell kill, because the fraction of drug lost during the rise phase

is minimized. That is, for monotonically decreasing release

kinetics the initial rate of release is highest, and may be higher

than the effective rate of drug uptake by the cells, in which case

a large fraction of drug is cleared by the microvasculature.

Eventually the rate of release must drop to <0.01 h�1 to ensure

an exposure of about 100 hours, similar to the proposed rate of

zero-order release. Thus, our analysis suggests that optimization

of zero-order release provides a global optimum for intratumoral

delivery.

More than one approach can presumably be used to solve

the drug release optimization problem at hand. We chose to

combine pharmacodynamic experimental results with simulation

of a mathematical model that allows a direct, if approximate, test

of different drug release scenarios. In this manner, the

optimization problem is reduced to finding a microsphere

release profile that results in an interstitial drug concentration

that guarantees maximal tumor cell eradication for a given drug

load, as determined by pharmacodynamic experiments. This

phenomenological approach to the optimization problem circum-

vents the need for a detailed modeling of cell cycle and cell kill

kinetics (39, 40) and simplifies the problem considerably without

sacrificing generality.
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